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ABSTRACT

Markov Chain Monte Carlo algorithms are indispensable in classical thermodynamic
simulation, perhaps due to their mathematical simplicity, algorithmic efficiency, and
physical origin. In particular, Glauber dynamics is a detailed-balanced continuous-
time Markov chain that fixes the Gibbs distribution and also serves as a mathematically
succinct model of classical thermalization. In this thesis, we proposed a quantum
computation analog of Glauber dynamics that is exactly detailed balanced yet
algorithmic efficient, inherits the locality of the target Hamiltonian, and resembles
Davies’-like generators physically derived from a weak system-bath coupling. We
hope our proposal will serve as a quantum algorithm for quantum thermodynamic
simulation and a model of open system thermalization where a suitable construction

has been lacking for noncommuting Hamiltonians.
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The Metropolis-Hastings algorithm iterates a Markov chain to sample
from the Gibbs distribution. Each step begins with a (random) jump:
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carefully chosen probability. Otherwise, reject the move. Remarkably,
detailed balance can be enforced in a “lazy” manner via rejection
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(Up) Davies’ generator gives a continuous-time Markov generator on
the energy spectrum (assuming the Hamiltonian is nondegenerate and
the input state is diagonal in the energy basis.). The transitions are
weighted by y(w): the heating transitions (red) are suppressed by a
Boltzmann factor relative to the cooling transitions (blue), entailing
detailed balance. The operator A¢ contains the transitions with
energy difference v, which requires an infinite-time Fourier Transform.
(Down) Our Lindbladian Gibbs sampler can be considered a “semi-
classical” random walk where nearby Bohr-frequencies w + O (o !)
cannot be distinguished. The operator Fourier Transform A (w)
contains a band of transitions. This breaks the detailed balance
condition; the fixed point deviates from the Gibbs state. . . . . . . .
Quantum circuit implementation of an approximate d-time step via a
weak measurement scheme. The scheme can be extended to general
Lindbladians that include the coherence term —i[ H, p] by applying
O(6?)-precise Hamiltonian time-evolution for time & on the system
register before the above circuit is applied. For example, one could use
Trotterized time-evolution. (In case ||H|| > 1, the entire Lindbladian
should be first scaled down by a factorof ||[H]||.) . . . . . .. .. ...
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operator A“ at a time. Moreover, if A is unitary, we can simply
replace V;,,, with A¢, implying b = ¢ = 0, i.e., the third and the
forth registers can be omitted, thus n + [log(N)] + 2 qubits suffice to

simulate the Lindbladian e<’.

Circuit for operator Fourier Transform ¥ for an operator O acting
on the system p. Of course, in our use, the operator may also act
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Left: the weight as the step function. Right: An illustration for
the Fourier Transformed amplitudes Ag = Zveswo A f(w-v) =

i(v—-0)T _.—i(v-@)T .
ZveSwo A o= T — for Bohr frequency v given the energy

label @w. The expression coincides with the phase estimation profile. It
peaks near energy v = @ with a width ~ 7~! and decays polynomially.
The profile in absolute value oscillates (blue), but we also display
the norm bound to guide the eye (black). The secular approximation
truncates the profile at an energy /i farinthe tail g > 771, . . . . .
Left: the weight function as (approximately) the Gaussian distribution
but truncated at 7. Right: An illustration for the Fourier Transformed
amplitudes, which is also (approximately) Gaussian. It peaks near
energy v = & with a width ~ 77! and decays exponentially. The
secular approximation truncates the profile at an energy g in the tail
A~T
Alternative quantum circuit implementation of an approximate J-time
step via a postselective weak measurement scheme. Let C’ be the
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NOMENCLATURE

Davies’ generator. A Lindbladian rigorously derived for a system interacting weakly
with a thermal bath. It satisfies detailed balance exactly and has played the role
of Glauber dynamics in finite-sizes and commuting systems but is unphysical
for general noncommuting many-body systems. Today, there are a few
modernized proposals of Davies’ like generators, but they all violate detailed
balance in general.

Detailed balance condition. A key condition in the design and analysis of Markov
chains that prescribes a desired stationary state. This condition requires that
the mass exchange between two configurations at stationarity cancels each
other.

Gibbs state. A quantum state that is a mixture of energy eigenstates with a Boltzmann
weight. It is often assumed that a quantum system will eventually arrive at
such a state at the same temperature as the bath.

Glauber dynamics. A continuous-time classical Markov that satisfies detailed
balance regarding the classical Gibbs distribution. For both numerical and
analytic purposes, it is often the go-to dynamical model for classical systems
interacting with a thermal bath.

Ground states. The set of minimal energy eigenstates of a Hamiltonian matrix. A
Gibbs state at infinitely low temperature would be a mixture of ground states.

Lindbladian. A continuous-time Markovian process acting on quantum states, also
known as Liouvillian, or master equation. Such effective description often
arises from an open system coupled to a bath but may be considered in its
own right.

Markov chain. A discrete-time or continuous-time stochastic process where the
future is only correlated to the past through the present. Often they can be
implemented efficiently on a classical computer to sample from a desired
distribution, and is also called Markov Chain Monte Carlo as an algorithmic
method.

Phase transition. A phenomenon describing a qualitative change in the physical
properties of a system depending on the parameters such as magnetic field or
temperature. Such transition can be static in terms of ground or thermal state
properties (e.g., long-range correlations) or dynamic in terms of the behavior
of an associated Linbladian (e.g., mixing times).

Quantum algorithms. Algorithms that run on quantum computers, often described
in terms of quantum gates.
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Quantum computational advantage. An advantage of quantum computers over
classical computers for certain classes of problems. Currently, the quantum
hardware is limited in quality and scale, so most evidence is theoretical.

Quantum computers. Computers that can act quantum gates on qubits given
classical instructions. In this thesis, we will assume them to be fault-tolerant
so that we can execute quantum algorithms with high precision.

Quantum Gibbs sampling. A quantum algorithm simulating a Quantum Markov
chain (continuous or discrete time) whose stationary state is the Quantum
Gibbs state.

Quantum many-body physics. Quantum phenomena emerging from systems with
many degrees of freedom, contrasting with few-body systems. Often, complex,
unexpected behavior can occur, but it is very challenging to solve analytically
or numerically.

Quantum simulation. Simulation of a naturally appearing or artificial quantum
system with a quantum computer that allows us to extract its physical properties
in a programmable, controllable way.

Thermal bath. A large quantum system with a characteristic temperature with
Markovian properties.

Thermal state. The state describing a quantum system in equilibrium with a thermal
bath. Although broadly defined, this can sometimes mean the quantum Gibbs
state.



Chapter 1

INTRODUCTION

We often take for granted that a quantum system without isolation eventually arrives
at the thermal state, or the Gibbs state; at low enough temperatures, the system must
be in its ground state. This dogma dictates a static view we reason about the physical
properties of quantum systems, from atoms to materials to chemicals. First, we
write down a Hamiltonian operator; second, we solve the eigenvalue problem. This
mathematical paradigm has led to the exact solution for the orbitals and spectrum of
simple atomic and molecular systems. In the many-body case, while Schrodinger
equations become too complex to solve analytically, an arsenal of classical simulation
methods has been developed, such as density functional theory [89], tensor network
(e.g., [145, 177]), and quantum Monte Carlo [34], that gives a remarkably detailed
understanding of phase transitions, ground and thermal state properties, and reaction
rates. However, typically, all these classical methods break down in their own
ways in the presence of strong quantum correlation, from heavy nuclei, high-7,

superconductors, to catalysts.

Recently, a new type of computer that runs on the laws of quantum mechanics,
quantum computers, has gathered significant interest among physicists and computer
scientists. Hopefully, future quantum computers could offer new lenses into an
even broader array of quantum many-body problems that are otherwise classically
intractable. Nevertheless, decades of search for particular physical systems where
quantum computers can significantly outperform classical methods have been
inconclusive. The challenge is that current devices are limited in their sizes and
quality, leading the community to rely heavily on a theoretical proof of quantum
computational advantage. From computational complexity theory, however, the
standard many-body ground-state problem as formulated is generally intractable even
for quantum computers (QMA-hard, as a quantum analog of NP-hard) [101]. Even
though such worst-case pessimism may not apply to physically relevant quantum
systems, it foreshadows that the search for provable quantum advantage in ground-
state problems might not be clear-cut. Indeed, the efficacy of most existing quantum
algorithm proposals for low-temperature physics (e.g., [14, 30, 36, 107]) relies on
additional assumptions that are not always easy to verify and have been challenged in

numerical studies [108]. Even though quantum simulation is commonly regarded as a
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“killer application” where quantum computers may significantly accelerate scientific
discovery, still today, there has not been a go-to quantum algorithm for preparing
ground states or thermal states. Shor’s factoring algorithm from 1994 [159] remains
a concrete, stand-alone example of an end-to-end, practical quantum computational
advantage, while many other proposals [83] have later found efficient classical
solutions [165].

A motivation for this thesis is to offer a fresh perspective on the quantum simulation
problem. Conceptually, this requires confronting the fundamental “static” view
of thermodynamics and shifting towards a more physically motivated “dynamical”
formulation. This draws a parallel to the development of classical Markov chain
Monte Carlo (MCMC) algorithms that allow for direct dynamical simulation of
thermal fluctuations due to a bath, except that designing a truly quantum MCMC
algorithm faced additional conceptual challenges rooted in quantum mechanics.
These two physical and computational veins of pursuit and challenges come to a
confluence: a new Nature-inspired quantum algorithmic principle for simulation of

low-temperature physics—quantum Gibbs sampling.

1.1 Nature’s cooling process

Take a step back; there is a living example of a large-scale quantum algorithm for
low-temperature physics that we encounter every day for a wide range of systems:
refrigerators. Our experimental colleagues routinely cool their devices by lowering
the temperature of their dilution fridges and laser coolers, through which they observe
Bose-Einstein condensation, superconducting phase transitions, and the emergence
of nontrivial correlation in graphene. If any of the above quantum mechanical
phenomena could be systematically and efficiently reproduced in programmable
quantum computers, no one should doubt their practical usefulness as a quantum
simulator. Therefore, a quantum algorithm that effectively simulates Nature’s cooling
process should already be sufficient for quantum simulation purposes, in order to
reproduce physical phenomena appearing in natural thermodynamic environments.
Indeed, why should we be bothered that quantum computers cannot prepare QMA-

hard ground states if these high-complexity states never appear in Nature?

From an algorithmic designer’s view, Nature’s cooling scheme has features rarely
seen in usual quantum algorithms: it follows a macroscopic thermodynamic principle
yet works universally for various systems and baths, and it is agnostic to initial state

and noises, while standard quantum algorithms are often very structured and prone
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to errors. It is tempting to speculate that extracting the essential working principle
behind cooling could lead to a new quantum algorithmic paradigm that inherits and

even improves its efficacy.

Nevertheless, it has been nontrivial to obtain a mathematically simple but physically
adequate description of the cooling process. From first principles, a quantum
system interacting with a thermal environment is yet another many-body Schrodinger
equation with substantial degrees of freedom; one can certainly simulate or solve the
global Hamiltonian evolution [168], but that might be overkill for understanding the
system alone, which is often much smaller than the bath. To minimize the complexity
of such open system dynamics, physicists often introduce a master equation, or a
Lindbladian, that aims to capture the effect of a bath by a much simpler continuous-
time Markovian process acting upon the system (e.g., [29, 150]). However, the
seminal Davies’ generator from 1974 [56, 58], albeit simple, is derived assuming the
system to be coupled infinitely weakly to an infinitely large Markovian thermal bath.
Shockingly, even in modern versions of Davies-like Lindbladians [121, 134] that
adhere to realistic system-bath assumptions, there has not been a proof of convergence
to the thermal state for general noncommuting Hamiltonians, or provably correct
quantum algorithms that precisely simulate such Lindbladians. Even though there
has been a great volume of open system literature, quantitative arguments beyond
single-qubits appear relatively rare, and we will have to lay out algorithmic and

analytic primitives ourselves (see chapter 2).

1.2 Markov Chain Monte Carlo algorithms

Taking another step back, there is an algorithm that simulates classical thermody-
namics in almost all the ways we wished for quantum: Markov Chain Monte Carlo
(MCMC) algorithms, one of the most versatile yet simple algorithmic principles
ever devised. For any target distribution — for example the Gibbs distribution of an
Ising magnet — the Metropolis-Hastings algorithm [86, 130] prescribes a Markov
Chain that samples from the distribution and gives estimates for statistical properties
without explicitly storing the full probability distribution. The key ingredient of this
recipe is the detailed balance condition, which simultaneously ensures that the target
distribution is stationary and leads to a powerful framework to study their convergence
time (the so-called mixing time), through a mathematically well-established quantity
called the spectral gap (see, e.g., [110]). Remarkably, detailed balance admits very
efficient algorithmic implementations, as simple as local spin updates in Ising models.

Seventy years since its debut, today, Markov Chain Monte Carlo as an algorithmic
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principle continues to apply to newly emerging problems beyond physics, from

biology to artificial intelligence.

For our purpose, we should not only view MCMC methods as a purely algorithmic
construct but also as a succinct mathematical model of Nature’s cooling process.
Most notably, Glauber dynamics [75] is a continuous-time classical Markov chain that
can be traced to Davies’ generator (for classical Hamiltonians). Even though Glauber
dynamics surely does not capture all nuances of open system physics (e.g., quantum
mechanical and non-Markovian effects of the bath), the combination of desirable
algorithmic and analytic features has nevertheless led to a comprehensive picture of
dynamic phase transitions (in thermalization and in complexity) for classical spin

systems, including magnets and spin glasses.

If quantum computing will play a likewise revolutionary role in quantum thermody-
namics, one naturally speculates that a suitable “quantum MCMC” algorithm will
have an equally important and enduring impact as the classical case. Nonetheless,
early attempts have been compounded by obstacles rooted in quantum mechanics.
To see this, consider the following Metropolis-style procedure [167] on the energy
eigenbasis: suppose we start with an energy eigenstate and apply a unitary update. If
the energy decreases, we wish to “accept” this move; otherwise, we “reject” this move
with a prescribed probability. However, this is in tension with (1) the no-cloning
theorem (to return to the previous quantum state without keeping many copies) and
(2) the energy-time uncertainty principle (to know confidently whether energy has
increased or decreased). The first issue turns out to be a technical problem tied to
discrete-time quantum Markov Chains and automatically resolves in continuous-time
settings (i.e., Lindbladians) [149, 160, 168]. Nevertheless, the uncertainty in energy
has remained a fundamental threat to quantum detailed balance, and existing work
has failed to retain both the exactness of quantum detailed balance (the basis for
modern Markov chain analysis) and finite energy resolution (inversely proportional
to the time for Hamiltonian simulation, the dominant cost in most quantum sim-
ulation algorithms). Perhaps due to the lack of a simple “go-to” proposal that
matches the features of classical Glauber dynamics, the potential impact of Quantum
MCMC algorithms has mainly been under the shadows for the quantum computing

community—see chapter 2 for a detailed account for literature.



1.3 Main result

In this thesis, we propose a quantum Markov Chain Monte Carlo algorithm that can
also be regarded as a succinct mathematical model of open system thermalization.
For any Hamiltonian of interest, we construct a Lindbladian, a continuous-time

quantum Markov chain with the following combination of desirable features akin to

Glauber’s:

* Exact Quantum Detailed balance. The Lindbladian satisfies quantum detailed
balance exactly. Therefore, the quantum Gibbs is a stationary state of the
Lindbladian. This allows for clean mathematical reasoning and systematically
extends the formalism and techniques developed in classical and commuting
cases for mixing time (e.g., [31, 96, 124]). From a quantum algorithm
perspective, detailed balance is also naturally compatible with the quantum
walk formalism [164], giving a coherent algorithm for the “purified” Gibbs

state.

* Efficient simulation. The Lindbladian dynamics can be efficiently simulated
on a quantum computer, as long as the Hamiltonian dynamic can be simulated
for a time depending on the temperature. We expect the simulation cost to be

asymptotically optimal (up to polylogarithms).

* Quasi-locality. For lattice Hamiltonians, the Lindbladian decomposes into a
sum over (quasi)-local Lindbladians, with locality depending on the temperature
(and polylogarithmically on other parameters, such as the precision and system
size). Remarkably, each local Lindbladian is defined by local Hamiltonian
patches, avoids global Hamiltonian simulation, and may lead to qualitatively

better resource estimate.

* Physical origins. The Lindbladian takes a similar form as Davies’-like
generator and reduces to Davie’s generator (and hence Glauber dynamics for

classical Hamiltonians) in certain parameter regimes.

That is, our construction circumvents the aforementioned challenges and retains the
celebrated features of classical MCMC algorithms that fueled its widespread impact.

We expect our new construction to readily signify a multitude of new directions:

* A provable quantum simulation algorithm. There has been a flourishing

industry to study spectral gap and mixing time of classical Markov chains
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(e.g., [110]). In some cases, a sharp theoretical proof of algorithmic efficiency
can even be obtained. Our construction gives a well-defined, quasi-local, and
detail-balanced map that enables such a study in noncommuting Hamiltonians.
Indeed, recently, rapid mixing in lattice Hamiltonians at high temperatures
has been proved using our Lindbladian [153]. In chapter 4, we also use the
established framework to give implicit evidence of quantum advantage for
the “coolable” states through a dedicated mixing time analysis. We hope that
new theoretical proof enabled in the quantum case could “unstick” the current
inconclusive status of quantum advantage in quantum simulation by unveiling

new provably efficient instances.

* A dynamics angle to quantum Gibbs states. The mixing time of the
Lindbladian is deeply connected to the correlation and complexity of quantum
Gibbs states. It was a celebrated result in classical Gibbs sampling that
rapid mixing coincides with the decay of Gibbs correlation [124], and only
recently has the equivalence been extended to some commuting quantum
Hamiltonians [31, 96]. Our newly defined map gives a new dynamic angle to
rigorously study intricate quantum correlation, such as the area-law, conditional

mutual information, and topological order, in non-commuting Gibbs states.

* A self-contained model of open system thermodynamics. As a quantum
analog of Glauber dynamics, the physical origin of our construction gives a
succinct model of open-system physics. Our Lindbladian enables a precise
definition of dynamical thermal phase transitions associated with the mixing
time. Traditionally, quantum statistical mechanics have largely focused on
static properties (e.g., divergence of correlation length as an indicator of phase
transitions), but we argue that a dynamical picture might yield new physics
that is not visible in the statics. Related concepts include metastable states, the
energy landscape, quantum spin glass, and self-correcting quantum memories,
whose precise formulation for noncommuting Hamiltonian has also been
lacking (see chapter 4). The explicit form of our Lindbladian also enables

direct numerical studies regarding the above notions.

To reiterate, given the celebrated theoretical and empirical triumph of Markov chain
Monte Carlo methods and its successors over the past 70 years, quantum Gibbs
sampling could serve similar roles in quantum computing. Especially given the

current skepticism on the practical applicability of quantum computers, we aspire to
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bring hope to the community by initiating a new wave of directions covering theory,
experiment, numerics, and application. The remaining chapters of the thesis are

organized as follows.

In chapter 2, we introduce the algorithmic and theoretic foundation for the simulation
and analysis of a family of Davies-like Lindbladians (not necessarily detailed-
balanced). The main algorithmic result is a black-box simulation algorithm for
Davies-like Lindbladians (in fact any Lindbladians with substantially large Kraus
rank) and the operator Fourier transform, a subroutine that decomposes any operator
according to the changes in energy (akin to how phase estimation decomposes the
states by its energies). The main analytic result is that Nature’s cooling process,
modeled by the existing Davies’-like Lindbladian, indeed converges to approximate
Gibbs states; we introduce and prove a notion of approximate detailed balance that
depends on the temperature, Hamiltonian simulation time, and the mixing time for
the Lindbladian.

In chapter 3, we give the advertised detailed balanced Lindbladian as a particular
instance of the Davies’-like family introduced in chapter 2, whose analytic and
algorithmic properties are largely inherited and improved. The new key insight is a
recipe for a coherent term in addition to the dissipation part that perfectly cancels out
deviations from quantum detailed balance. With exact detailed balance, the proof
of Gibbs stationarity is immediate, and the Lindbladian naturally corresponds to a
parent Hamiltonian (akin to the quantum walk operator for classical Markov chains)
that allows for preparation for the purified Gibbs state. We do not know where there

is a qualitative distinction from Davies’-like Lindbladians introduced in chapter 2.

In chapter 4, we provide implicit evidence of quantum advantage in cooling by
showing that Nature’s cooling process is just as powerful as universal quantum
computation. In particular, we construct a family of 2D Hamiltonians whose ground
states encode arbitrary polynomial-time quantum computations, and the associated
Davies’-like Lindbladian converges to the ground state in polynomial time. Therefore,
there are instances of ground state problems that are quantumly easy and classically
hard unless BQ P = BPP (roughly, unless classical computers can efficiently simulate
all decision problems solvable with quantum computations). To study the mixing
times, we introduce the idea of quantum local minima, which attempts to capture an
energy landscape associated with the cooling process. Technically, the results are
proven for physically derived Davies-like Lindbladian building upon the framework

from chapter 2, but we expect an even faster convergence to hold with better



parameters for the Lindbladian with exact detailed balance from chapter 3.



Chapter 2

ALGORITHMIC PRIMITIVES FOR QUANTUM THERMAL
STATE PREPARATION

2.1 Introduction

How do we prepare quantum Gibbs or ground states on a quantum computer? This
initial state preparation problem appears as the obstacle for simulating quantum
systems [68, 116]— a popular candidate for practical quantum advantage. This
mystery has its roots in the seemingly contradictory teachings of computer science
and physics: computational complexity theory tells us that few-body Hamiltonian
ground states are generally QMA-hard to prepare [4, 76, 101] and thus are likely
intractable in general even for quantum computers; on the contrary, thermodynamics
asserts that physical systems interacting with a thermal bath are naturally in the
thermal states or ground states. How do we draw an appropriate boundary between

the two cases?

Practically, recent end-to-end industry resource estimates (e.g., [14, 30, 37, 107])
of quantum simulation rely on initial state preparation assumptions!, exposing our
ignorance of the complexity of practically relevant states. Often, practitioners turn to
heuristic algorithms such as the Variational Quantum Eigensolver (see, e.g., [169])
or the adiabatic algorithm (see, e.g., [7, 64]), yet each with concerns for practicality.
The former suffers from the so-called Barren Plateau phenomena [128], and its
scalability has been debated; the latter requires a gapped adiabatic path, which
appears nontrivial in recent large-scale numerical studies for quantum chemistry
applications [108]. So far, there is a thin consensus on a ‘go-to’ ground state or

thermal state quantum algorithm that could work in practice.

This work approaches the state preparation problem via Quantum Gibbs samplers. In
physics language, this is closely related to open system dynamics where the system
of interest is coupled to a thermal bath (see, e.g., [152]). Here, the conceptual
boundary is blurred between the underlying physical process and the algorithm [168].
If a system thermalizes in nature and our physical model is accurate, we expect the

associated quantum Gibbs sampler to converge quickly (i.e., the mixing time or the

"More precisely, they assume the existence of trial states with good overlap with the ground state
so that running phase estimation provably works [114]. See also [70].
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inverse-spectral gap is small); conversely, proving the latter also gives a rigorous
formulation of open-system thermodynamics. This complements the mainstream
formulation of closed-system thermodynamics via the Eigenstate Thermalization
Hypothesis (see, e.g., [62]), where theoretical progress has been elusive. Practically,
our general analysis for open system thermalization could be relevant to analog
quantum simulators for Gibbs sampling, although our presentation mainly focuses

on fault-tolerant quantum computers.

In computer science language, quantum Gibbs samplers are the quantum analogs of
classical Markov chain Monte Carlo (MCMC) algorithms, most notably Metropolis
sampling (see, e.g., [110]). They proved to be an indispensable pillar in classical
computer science, both theoretically and practically, for computational physics and,
more recently, optimization problems and machine learning. In a nutshell, the simple
yet general idea is a (discrete or continuous) Markov chain whose unique fixed point
yields the target distribution 7 (a vector with positive entries); given the energy Ej
as a function of the configuration s, the Markov chain’s transition matrix M satisfies
o—PEs 1

Mn=n where m;:=_——= foreach s attemperature -—.
ZS e_ﬁ s

The algorithmic cost for preparing a sample from the Gibbs distribution 7 scales
directly with the mixing time, the number of iterations such that any initial conjugation
converges to the stationary distribution rr. The mixing time can be unpredictable and
vary wildly depending on the specific problems (e.g., [110]). Theoretically, rapid
mixing can sometimes be proven under suitable assumptions, most notably in lattice
Ising models assuming exponential decay of Gibbs state correlation (see, e.g., [124]).
Practically, even when mixing time estimates are elusive, MCMC algorithms often
serve as a starting point for more sophisticated algorithms. Given the triumphant
impact of classical Gibbs sampling, we argue that Quantum Gibbs samplers have
been thus far underexplored in the community and will likely play a central role
when more robust quantum computers become available. Indeed, in addition to
quantum simulation, quantum Gibbs sampling has been identified as a key subroutine
in solving semidefinite programs (SDPs) [11, 27] and quantum machine learning [9].
To clarify, we will focus on quantum Hamiltonians; quantum algorithms for classical

Gibbs states are not in the scope of this work.?

2Quantum Gibbs sampler for fast-forwardable Hamiltonian (including commuting Hamiltonians)
is already well-defined since one can effectively apply phase estimation to exponential accuracy [167,
180]. The challenges we confront in this work are rooted in the noncommutativity.
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To set the stage for quantum Gibbs sampling, we shall review the classical cousins,
which we consider the seminal Metropolis-Hastings algorithm (see, e.g., [110]) as
a representative. This algorithm iterates a discrete-time Markov chain as follows:

29 ¢

apply a random “jump” (or “update,” “move”) A¢ with probability p(a) (Figure 2.1).
If the energy decreases, accept the move, otherwise accept only with probability
e P¢ (i.e., rejecting the move with probability 1 — e ), where w being the energy
gain. This can be described as a stochastic matrix over pairs of configurations s’s
My, = Z p(a)y(Ey — E\)AS, + Rys6ys where y(w) :=min(l, e P),

acA N
“Reject”

“Accept”

2.1)

and AY,  are stochastic matrices corresponding to each move (e.g., flipping one of the
spins). The matrix elements are weighted by the Metropolis factor y(w) depending
on the energy change. Importantly, the particular function satisfies a particular

symmetry (Figure 2.1), known as the detailed balance condition
y(w)/y(~w) =e P suchthat My, =nyMgs foreach s,s’. (2.2)

Detailed balance ensures that the Gibbs state 7 is a fixed point of the Markov chain
M = n. The rejection part Ry is a diagonal matrix determined by the probability
preserving constraints. Similarly, one may define a continuous-time Markov chain

generator

Ly, = Zp(a) v(Ey — Es)A?/s — Oy Z’y(Esu — ES)A‘SZ,,S foreach s,s’.
S/,

acA

“transition”

“decay”

(2.3)

The second term ensures that the generated semi-group e’ preserves probability.

The operators A can be arbitrary nonnegative matrices and need not be stochastic.

While classical Markov chain Monte Carlo methods have been theoretically and
practically mature, the quantum analogs are still in their infancy. The study of
Quantum Gibbs sampling currently faces fundamental challenges; surprisingly, even
a satisfactory map has not been appropriately defined for general noncommutative

Hamiltonians. As the very first step, we need to algorithmically design a quantum
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Figure 2.1: The Metropolis-Hastings algorithm iterates a Markov chain to sample
from the Gibbs distribution. Each step begins with a (random) jump: if the energy
decreases, accept; if the energy increases, accept with a carefully chosen probability.
Otherwise, reject the move. Remarkably, detailed balance can be enforced in a “lazy”
manner via rejection sampling without storing the whole matrix.

analog of Markov chain generator® Lg, a Lindbladian, [181] whose (unique) fixed
point is the quantum Gibbs state pg. More precisely, given a Hamiltonian H and an

inverse temperature 3
design L such that eLst [pg]l = pg where pg:= e PH ITr(e PHY(2.4)

for any ¢ > 0. Subsequently, we may begin studying the properties of the proposed
Lindbladian, especially the mixing time. This work aims to lay the foundation for the
first challenge. The second challenge was partially addressed in Ref. [38] using more
primitive Gibbs samplers. Unlike the classical case, the construction of quantum
Gibbs samplers is nontrivial due to imprecise energy estimates for noncommuting
Hamiltonians (i.e., the energy-time uncertainty principle); the fixed point would not
be exactly the Gibbs state (2.4). Previous attempts [38, 167, 168, 180, 186] have
their shortcomings, which we discuss in more detail in section 2.1 and Table 2.1.
Our work, in parallel with the recent paper [149], provides the first implementable
Lindbladian for Gibbs sampling, with provable guarantees and without unrealistic
assumptions. To do so, we introduce a robust analytic framework, which additionally
applies to physical Lindbladians derived in open systems and to coherent Gibbs

samplers with Szegedy-type speedups.

Our particular construction draws inspiration from thermalization in nature. As the
starting point, a system in thermal contact with a bath can be effectively described

by the so-called Davies generator in the Schrodinger Picture in a specific (weak-

3We focus on the infinitesimal generators for simplicity. One may alternatively consider discrete
quantum channels, also known as completely-positive-trace-preserving (CPTP) maps.
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coupling/infinite-time) limit ([56, 58, 152], and see [134] for a modern discussion)

Loavies(P) = ), > 7 (¥) ATp(4y)' - ((A‘*)'A p+p(ADTAD ] (@25)

acA veB

“transition” « »
decay

where {A“%},ca are the set of “quantum” jumps and v € B := spec(H) — spec(H)
are the Bohr frequencies, the set of energy differences of the Hamiltonian. This
resembles its classical Markov chain cousin (2.3), featuring two terms: transition
and decay rates. Since we work with density operators p instead of probability
vectors, the input p must be formally sandwiched by operators on the left and right.
However, if the input states are diagonal in the energy basis and the energy levels
are nondegenerate, then the Davies’ generator can be faithfully represented as a

continuous-time Markov chain (2.3) on the energy eigenstates by literally replacing

s = WX,
AL, = WAy )* where H =" EilyiXuil. (2.6)

A concrete physical example is a geometrically local Hamiltonian on a lattice.
The jump operators A¢ can be one-body Pauli operators on each lattice site, and
the cardinality of jumps scales with the system size |A| o« n. Of course, Davies’
generator is merely an instance of many possible Lindbladian one can write down

(see section 2.2), which generally may not come from thermodynamics.

In (2.5), the quantum mechanical transition rate A¢ is defined as

Z Pg,A“Pg, for each Bohr frequency v € B,
Ei —Ej =V
where Pr denotes energy eigenspace projectors associated with energy E (Figure 2.2).
In general, the dynamics can be inherently quantum-mechanical when the energy
subspaces are degenerate; the quantum transition can include coherent rotations

within the subspaces Pg.

The function y(w) depends on the physical model of the bath. Under physical
assumptions (thermal bath and Markovianity), the heating transitions are penalized

by a Boltzmann factor relative to the cooling transitions* y(w) = e “Py(-w).

“The sign convention we use (here and also for Fourier Transforms) might differ from that of
other works in the open systems literature.
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Figure 2.2: (Up) Davies’ generator gives a continuous-time Markov generator on
the energy spectrum (assuming the Hamiltonian is nondegenerate and the input
state is diagonal in the energy basis.). The transitions are weighted by y(w): the
heating transitions (red) are suppressed by a Boltzmann factor relative to the cooling
transitions (blue), entailing detailed balance. The operator A{ contains the transitions
with energy difference v, which requires an infinite-time Fourier Transform. (Down)
Our Lindbladian Gibbs sampler can be considered a “semi-classical” random walk
where nearby Bohr-frequencies w + O(at_l) cannot be distinguished. The operator
Fourier Transform A“(w) contains a band of transitions. This breaks the detailed
balance condition; the fixed point deviates from the Gibbs state.

Mathematically, this ensures that the Davies’ generator Lpg,, .5 satisfies the quantum
detailed balance condition (section 2.2) with respect to the Gibbs state pg, implying
that pg is a fixed point (2.4). At first glance, the above properties of Davies
generators (2.5) seem to qualify for a Quantum Gibbs sampler (2.4) - if we were able

to simulate it efficiently.

Unfortunately, the generator (2.5) is generally nonphysical because isolating an exact
energy transition v requires an infinite-time Fourier Transform> over Heisenberg

evolution

[ee]
Al e welHl A9 H!q; foreach ac€A and veB.
—o —_———
Ad(t):=

SWith the exception when the Hamiltonian spectrum takes well-separated discrete values with
(roughly) known locations.
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This allows the Davies generator to decohere arbitrary close Bohr frequencies w, w'.
This contradicts the energy-time uncertainty principle, requiring the runtime to scale
inversely with the level spacing, which generally can be exponentially small in the
system size n. Unfortunately, at shorter times, the resulting fuzziness of energy
resolution breaks detailed balance, which has been central to the analysis of (both
classical and quantum) Markov chains. Many finite-time versions of the Davies
generator have been proposed to capture more realistic physical settings [38, 121, 134,
150]. Yet, to the best of our knowledge, no Lindbladian arising from a finite-time

Fourier Transform has been proven to have a fixed point close to the Gibbs state.®

Quantum Gibbs sampling algorithms face analogous technical challenges due to a
limited algorithmic runtime. Here, the energy-time uncertainty principle incarnates
as the statistical uncertainty of the energy measurement via quantum phase estimation.
Several works [148, 180] evade this issue by imposing a convenient rounding promise
on the Hamiltonian, requiring its spectrum to be disjoint from certain specific ranges
of energy. Such a rounding promise is not physically motivated and does not hold in
general but allows for rigorous performance guarantees for Gibbs samplers using
boosted phase estimation. Very recently, Ref. [149] circumvents the need for a
rounding promise by randomly alternating the phase estimation mesh, but this comes
at a high additional algorithmic cost with potentially worsened mixing time due to
forbidding certain transitions and seems distant from the physical origins of quantum
Gibbs samplers.

In this work, we present quantum Gibbs sampling algorithms inspired by thermaliza-
tion in Nature. In particular, our construction is a “smoothed” version of the Davies’
generator (2.5). The first algorithm simulates a Lindbladian whose fixed point is
approximately a quantum Gibbs state; the second algorithm further “quantizes” the
Lindbladian to prepare the purified Gibbs state and features a quadratic Szegedy-type
speedup. Our algorithms are efficient and comparatively simple to implement while
having a provable performance guarantee. The key ingredient in our algorithmic

design is to use the weighted operator Fourier Transform for the Lindblad operators

o 1 e
Aw) = \/?/ e f(t)A%(t)dt foreach a€A and weR. (2.7)
T J—00

In practice, we use a discrete Fourier Transform (which will be denoted by A%(®)

for discrete frequency label @). Still, for conceptual simplicity, we focus on

®Ref. [38] gives a nonCPTP generator that does have approximately a Gibbs fixed point.
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the continuous case in the introduction. Unlike in ordinary phase estimation
where boosting usually adopts median-of-means tricks [138], we weigh the Fourier
Transform by a Gaussian distribution f(#) with a tunable width 0. Consequently,
the Fourier Transform remains a Gaussian, achieving an analog of a boosted phase

estimation with uncertainty w + O(o;!).
To give performance guarantees for our construction, our main analytic insight is to
define a notion of approximate detailed balance (see section 2.7)

14 ptp /4y —1/47 1/4 ~1/4 14, 1/47 —1/4
pﬁ/ L [pﬁ / Opﬁ / ]pﬁ/ R Py / L[pﬁ/ Opﬁ/ ]pﬁ/ for each operator O

to handle energy uncertainty. In the exact case, this is the quantum generalization
of classical detailed balance, where the distribution becomes an operator, and the

Markov transition matrix becomes a superoperator.

Our construction and analysis of the Gibbs sampler are physically inspired insofar as
it closely resembles the Davies generator of Eqn. (2.5), but we do not know whether it
can be derived in some physical limit from a weak system-bath coupling. Incidentally,
starting from a microscopic system-bath interaction, a recent proposal [121, 134]

specifically derives from first principles a Lindbladian with Lindblad operators

A%(w) o /T//2 e A%r)dt foreach a€ A and weR.
-T/2

Here, the Fourier Transform time-scale T sets the energy uncertainty w + O(T!);

the fixed point will not be exactly the Gibbs state. Using our new analytic framework,

we show that this Lindbladian derived in Refs. [121, 134] has a stationary state close

to the Gibbs state. To the best of our knowledge, our work completes the first general

proof of many-body Gibbs states in the open system setting (assuming a reasonably

short mixing time).

The runtime of both our algorithms has simple dependence on the mixing time
or spectral gap of the Lindbladian. In general, the gap will depend sensitively on
the details of the physical system, and its calculation for specific Hamiltonians is
beyond the scope of this work. We refer to Refs. [31, 38, 96, 97] and references
therein for a more detailed discussion of mixing times (and spectral gaps) for various
Hamiltonian and Lindbladians. At an intuitive level, we expect the Lindbladian for
lattice systems with jump operators on each site to have a constant local Lindbladian

gap”’ independent of the volume at high enough temperatures or within the same

"The local gap, in our normalization, is defined as 7 - Agap (L), where Agq ), (L) is the Lindbladian
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phase. In practice, we believe that quantum Gibbs sampling algorithms will be
employed on a case-by-case basis in combination with various heuristics, as is the

case with classical Monte Carlo algorithms.

Existing work

The first attempt at designing a quantum algorithm for Gibbs sampling with per-update
efficiency guarantees is the quantum Metropolis algorithm [167], as a quantum analog
of (2.1). The main guiding principle is to “do Metropolis sampling over the energy
spectrum” in the spirit of (2.6). To do so, we need two quantitative changes due to
quantum mechanics, one algorithmic and one analytic: algorithmically, one needs a
subroutine to “reject” a quantum state back to the same energy. Classically, one can
clone the configuration s before the update. Quantumly, however, we cannot clone the
(unknown) quantum state and must be careful not to collapse the quantum state due to
energy measurement. Ref. [167] handles this issue using the Mariott-Watrous [123]
algorithm (or the “rewinding” technique in quantum Cryptography). Crucially, this
algorithmic subroutine preserves probability, drawing a distinction from imaginary
time evolution or post-selection, but this comes with its limitation and significantly
complicates the algorithm. Second, energy measurements based on quantum phase
estimation have a finite resolution inversely proportional to the runtime 6E ~ 1/T.
Consequently, the detailed balance condition may not generally hold, and one needs

to prove that the fixed point remains approximately the Gibbs state.

The technical results of [167] contain three approaches based on different phase
estimation subroutines: (i) assuming perfect phase estimation (with performance
guarantee but with an exponential Hamiltonian simulation time); (ii) un-boosted
phase estimation (without performance guarantees); (iii) boosted shift-invariant phase
estimation (with performance guarantees).® Unfortunately, we recently realized
that such a boosted, shift-invariant phase estimation (see section 2.13) is provably
impossible;® we do not know whether Quantum Metropolis sampling [167], as stated
explicitly, actually works in practice. The quantum metropolis is regarded as an
important theoretical milestone, but due to its complicated form (especially due
to the rejection subroutine), the particular algorithm largely serves as a high-level

inspiration.

eigenvalue gap and » is the system size. A parallel version of the algorithm could, in principle, gain
this n factor in the circuit depth. Also, the Lindbladian gap should not be confused with the energy
gap of the Hamiltonian, which is not directly relevant to Gibbs sampling at nonvanishing temperatures.
8The approximate detailed balance argument was later completed in [38].
The authors [167] communicated with us that there might be ways to fix their algorithm.
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From a physical point of view, one may implement Nature’s quantum algorithm [168]
by emulating the global system-bath interaction. However, this black-box approach
is a double-edged sword: indeed, this method should work as well as Nature, but as
we know from open system thermodynamics, nonasymptotic results are extremely
challenging without liberal use of approximations [152, 168], rendering the result
qualitative but not quantitative. (For example, it is elusive how big of a bath is needed
for the desired accuracy.) Recently, Ref. [38, 134, 160] took the physics inspirations
seriously and quantitatively studied a system-bath interaction from scratch. Ref. [134]
revisits the text-book open system derivation and extracts a nonasymptotic version of
Davies’ generator with explicit error bounds and without unphysical limits. However,
it was not known whether the derived Lindbladian has the Gibbs state as the stationary
state; ref. [38] was the first provably polynomial-time algorithm for Gibbs state
assuming a reasonably short mixing time, although it assumes good control of the
bath and its error bounds are large polynomials and impractical to apply; ref. [160] is
conceptually similar to [38] but focuses more on near-term feasibility. Technically,
its accuracy guarantees require the Eigenstate Thermalization Hypothesis, which
significantly simplifies the analysis. Unfortunately, both cases [38, 160] failed to
extract a Lindbladian (the generators are not completely positive). In some sense, this

motivates us to give a unifying conceptual and analytic perspective on this subject.

Coherent quantum Metropolis sampling [186] is a natural generalization of quantum
Metropolis sampling [167] that further gives a quadratic runtime speedup by invoking
Szegedy’s quantum walk strategy [164]. Since the dissipative map is quantized as
a Hermitian operator, one cannot evolve a semi-group but requires an additional
quantum simulated annealing step [161] (a particular adiabatic state preparation along
temperatures) to prepare the purified Gibbs state; see section 2.12. Unfortunately,
Ref. [186] assumes perfect phase estimation and a nondegenerate Hamiltonian
spectrum, and it was unclear how one incorporates imperfect phase estimation in
such a coherent algorithm. Ref. [180] improves and generalizes their result but still
makes an unphysical rounding promise assumption: the Hamiltonian spectrum has

periodic gaps to amplify phase estimation.

Perhaps inspired by the rounding promise, the recent related work [149] proposes an
algorithm that implements a Lindbladian that also provably has approximately Gibbs
fixed point using randomized rounding. Their approach is quite different in nature
from ours, and they are not known to enjoy the quadratic speedup. Randomized

rounding seems to incur large resource overhead (See Table 2.17) and substantially
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departs from the physical origin of these ideas.

Our Lindbladian Gibbs samplers build upon the literature for open system simula-
tion [49] as well as the coherent Gibbs sampler of [180]. In both cases, we remove the
need for any unphysical assumption (e.g., especially the rounding promise) yet still
maintain a simple error bound. This is made possible by identifying the right choice
of jump operators in terms of discrete Fourier Transform and refining the analytic
technical tool introduced in [38] (nonasymptotic bounds for secular approximation)™.
In a nutshell, it seems the “right” approach to quantum Gibbs sampling is to simulate
a (continuous-time) Lindbladian, which Nature implements by default, instead of
a (discrete-time) Metropolis-Hastings style quantum channel. The rejection step is
handled automatically for any Lindbladians. We leave for future work to simplify
the rejection step in quantum Metropolis sampling [167] or to design a discrete-time
channel with provable guarantees.!! We further note a general distinction between
coherent Gibbs samplers and Lindbladian Gibbs samplers regarding obtaining the
fixed point. The former relies on the gap of the Lindbladian staying open along the
entire adiabatic path from high to low temperature 0 — S, while the latter (e.g., our
construction or [149]) does not. Thus, the two algorithmic costs are not directly
comparable. Empirical intuition from classical Gibbs sampling suggests that for
“simple problems” where the gaps remain largely open throughout the phase of
interest, adiabatic and direct sampling methods perform similarly. However, for
strongly frustrated systems like spin glasses, adiabatic heuristics are the go-to Monte
Carlo method. It is tempting to speculate that the same will be true in the quantum

Gibbs sampling case, which lends itself well to our approach.

In addition to Monte Carlo style algorithms, other thermal state preparation algorithms
based on quite different principles also exist; we briefly summarize their gate
complexities in Table 2.1. We only discuss methods where quantitative arguments
are possible and pay less attention to heuristic approaches such as variational
circuits [51, 125, 158, 184, 188]), energy filtering assuming good initial states, and

heuristic quantum assisted Monte Carlo [119, 157].

10Some preliminary version of approximate detailed balance was discussed in an earlier version
of [38] regarding quantum Metropolis sampling. That part was completely removed after the authors
realized the phase estimation assumption was impossible as stated (section 2.13).

"For Lindbladians, the designer has the freedom to choose arbitrary Lindblad operators, and
the decay part automatically guarantees trace-preserving. However, it is more challenging to design
quantum channels as the trace-preserving condition seems less flexible. Indeed, Quantum Metropolis
Sampling [167] had to invoke Mariot-Wattrous-style rewinding [123] multiple times to ensure
probability is preserved, which unfortunately increases the complexity of the algorithm.
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Outline and main results

Our discussion features the following Lindbladian in the Schrodinger picture

Lglpl =) / y(w>(4“<w)pﬁa(w>*—%{A“(wM“(w),p})dw 2.8)
acA Y™™

with the anti-commutator {A, B} = AB + BA. We can read out the set of Lindblad

operators

{(VY(w)A" (W) }aeawer Where A%(w) = \/% [ : e 9 £ (1) A%(r)dr.(2.9)

In particular, all Lindbladians we consider in this work, natural or algorithmic,

satisfies the following symmetry and normalization conditions:

* The set of jump operators A%, which “drives” the transition, can be arbitrary

(and often depends on the Hamiltonian) as long as the set contains their adjoints

(A% ae A} ={A“T: a e A} and ||Z ATAY < 1. (2.10)
acA

Indeed, classical Metropolis sampling often starts with a reversible Markov
chain to algorithmic impose the detailed balance condition; the quantum analog
is the adjoint condition. Single-site Pauli operators (which are individually self-
adjoint) are handy choices, but few-body operators with arbitrary connectivity
are certainly permissible!2. The normalization is natural for block-encoding
the set of jump operators (Definition 2.1.2 and (2.27)). For example, choosing
single-site Paulis as jump operators requires dividing them by \/m (where
|A| is the cardinality of the set) to fulfill the normalization requirement. '3

* The Fourier Transform in the time domain is weighted by a filter function f(¢)

that is real and ¢;-normalized

f(t)=f@) for teR and |f|3 ::/_oolf(t)|2dt:1. (2.11)

Sometimes, we drop the subscript by || f|| = || f||. The real constraint serves a
purpose similar to reversibility in classical Gibbs sampling. When considering
discrete Fourier Transforms (which is necessary for implementation), we adapt

the corresponding (discrete) normalization ) ;. Sio | £ (1) |2 =1.

121n fact, the ability to perform carefully chosen (often not natural) jumps is what empowers
classical Gibbs sampling algorithms, e.g., cluster updates.

13This is slightly different from the physical setting where each jump has operator norm ||A%|| = 1.
There, the “strength” of the Lindbladian (2.13) scales with the number of jumps |A|.
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* The transition weight y(w) can be any function satisfying the KMS condition
and the bound

y(w)/y(—w)=eP? and 0<y(w)<1 forfixed B andeach w €R.
(2.12)

This coincides with the classical recipe for detailed balance (2.2). Natural
choices include the Metropolis weight ¥ (w) = min(1, e™#“) or the (smoother)
Glauber dynamics weight y(w) = (e + 1)~

To summarize, the above list of symmetry conditions is the key to ensuring (approx-
imate) detailed balance; the above normalization choices are not only natural for
implementation but also conveniently ensures that the “strength” of the Lindbladian

is normalized
1 Lplli-1 <2 (2.13)

in the superoperator 1-1 norm.

Lindbladians from Nature

Before we discuss Gibbs sampling algorithms, we first address the fundamental
question: why do Gibbs states faithfully capture physical systems in thermal
equilibrium? In physics, the quantum Gibbs state is often imposed without rigorous
justification. As a mathematical physics result, we complete the first proof of open
system thermodynamics: the Gibbs state is indeed approximately the fixed point of

Lindbladians governing open system dynamics.

Of course, this further requires a rigorous derivation of Lindbladian from reasonable
open system assumptions; this is not the intention of this work, but thankfully, this
has been worked out under a Markovian, weak-coupling assumption [134]. All we
need as a black box is that it indeed satisfies the constraints we imposed (2.10),(2.11),
and (2.12). For simplicity, we have omitted the Hamiltonian part of the Lindbladian

and focus only on the dissipative part; see section 2.9 for the complete results.

Theorem 2.1.1 (Gibbs state is thermodynamic). Any Lg satisfying the symmetry
and normalization conditions (2.10),(2.11), and (2.12) with the particular weight

function
LG < TI/2)

f@) N
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has an approximate Gibbs fixed point

lpric (L) — ppllt < O(\/étmix(-gﬂ))- (2.14)

In particular, (dropping the Hamiltonian term and under suitable normalization)
such a Lindbladian can arise from a system (with Hamiltonian H ) interacting weakly

with a Markovian bath (with inverse temperature [3) through jump operators A°.

The above introduces the notion of mixing time for Linbladians: the time scale for
which any pair of initial states become indistinguishable. Of course, the physical
interpretation of this time scale depends on how the Lindbladian is normalized; for

our cases, we conveniently have that || Lg||1-1 < 2 (2.13).

Definition 2.1.1 (Lindbladian mixing time). For any Lindbladian L, we define the

mixing time t,;x (L) in the Schrodinger picture to be the shortest time for which
Ltmix 4 1 4 ’
1o~ gl < Slip = ol Sorany states p. .

Theorem 2.1.1 states that the approximation of Gibbs state degrades at a low
temperature, a poor energy resolution (i.e., a short Fourier Transform time 7T'), or a
long mixing time. While the parameters 8, T are tunable parameters; the mixing time
is generally Hamiltonian dependent. Still, one may obtain a bound using additional
assumptions (such as the decay of correlation of commuting Hamiltonian Gibbs
states [16, 96] or the Eigenstate Thermalization Hypothesis [38, 160]), empirical

intuition, or conversion from a numerically-obtained spectral gap (Proposition 2.2.3).

Assuming some grasp of the mixing time, how large should the time scale 7" get to
obtain a Gibbs sample? Roughly, according to the error bound (2.14), the time T’

should scale with the mixing time by

More carefully, the RHS (2.14) does not obviously permit a solution for the desired
accuracy € (similarly for Theorem 2.1.3 and Theorem 2.1.4). Indeed, the mixing time
tmix can generally depend on other parameters, especially the width 7'; heuristically,
one may guess that the mixing time #,,;; depends mildly on the width 7', but we leave
a careful analysis for future works. An optimistic instance is when the Eigenstate
Thermalization Hypothesis holds, and the mixing time at finite energy resolution can

be related to the infinite resolution (7" — oo0) case [38, 160], which can be calculated.
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The main analytic challenge to prove Theorem 2.1.1 is how to control the convergence
and fixed point of Lindbladians without exact detailed balance. Our technical
contribution is to formulate an approximate detailed balance condition using the

appropriate superoperator norm
1/4 p /4_ ~1/4y 1/4  -1/4 /4 1/4 —1/4” 215
Hp L'[ P lpg = pg  Llpg oy log |, - (215

The above two superoperators are each other’s adjoints, and thus, the above quantifies
the magnitude of certain anti-Hermitian component of the Lindbladian under
similarity transformation. Indeed, traditionally, the detailed balance condition is
convenient as it effectively reduces the mixing time of superoperators to the spectral
theory of Hermitian operators, which is conceptually and technically more transparent.
Our observation is that the consequences of detailed balance, including Gibbs fixed
point and spectral bounds on mixing time, are remarkably stable against perturbation.
Much ink is devoted to bound (2.15), which is yet another technical challenge.
Indeed, we are inverting the Gibbs state, which has exponentially small weights.
The energy uncertainty in the Fourier Transforms A“(w) could potentially blow
up (2.15). Inresponse, we further introduce an intermediate Lindbladian by applying
a rigorous secular approximation (related to the rotating wave approximation), such

that transitions with large energy deviation are truncated.

A%(w) ~ §%(w) such that (wilﬁa(w)wj) =0 whenever |(El~ -E;) - a)| > 0.

The secular approximation interplays nicely with the operator Fourier Transform and
should be widely applicable in the rigorous, nonasymptotic analysis of open-system
Lindbladians.

Conceptually, there are two opposite ways to understand Theorem 2.1.1: pessimisti-
cally, the Gibbs state may not be physical if the mixing time is too long, and we might
have to simulate the natural Lindbladian to understand its fixed point; optimistically,
if the Gibbs state is indeed physical, we might ignore its physical origin and take
a short-cut to design even more efficient Gibbs sampling algorithms. The two

perspectives are individually addressed in the following sections.

Simulating Nature

Taking a step back from Gibbs sampling, how do we simulate open system dynamics

in nature? This boils down to the task of Lindbladian simulation, which has been



24

studied largely restricted to the black-box setting [49]. However, we have an explicit
Lindbladian in mind to simulate. As a result, we had to modify existing black-box
input models to capture our Lindbladian (2.9); this also inspires us to design even
more efficient Lindbladian simulation algorithm for our access model. First, we

define how we want our Lindbladian to be block-encoded.

Definition 2.1.2 (Block-encoding of a Lindbladian). Given a purely irreversible
Lindbladian

1 1
Lp] = Z(Lijj - 5L}L,-p - EpLjL,— ,
jeJ

we say that a matrix'# U is a block-encoding of the Lindblad operators {L ;} jcy if 1

(o'leDn-U-(0)e 1) =Y [Y®L; for b.ceN.
jeJ

Indeed, because of the many Lindblad operators j € J, other access models are
certainly valid (e.g., given block-encoding for each Lindblad operator L; [49, 112]).
Nevertheless, Definition 2.1.2 interplays nicely with our Lindbladian (especially
the operator Fourier Transform) and the following efficient Lindbladian simulation

algorithm.

Theorem 2.1.2 (Linear-time Lindbladian simulation, simplified). Suppose U is a
unitary block-encoding of the Lindbladian L as in Definition 2.1.2. Lett > 1 and

€ < 1/2, then we can simulate the map e'£ to error € in diamond norm using

t t
O((c + log(—)) log(—)) (resettable) ancilla qubits,
€ €
5(t) (controlled) uses of U and U,
and 5(t(c +1)) other two-qubit gates.

See Theorem 2.3.2 for the complete result and Theorem 2.3.1 for a simpler algorithm
with suboptimal asymptotic scaling. Compared with the best existing results as
sum-of-norm 2’ ;¢ ; ||L;L jll, we achieve a strictly better scaling with the norm-of-

sum |2/ L;L ;| when the Lindblad operators are altogether block-encoded as

14For implementation purposes U will be a unitary quantum circuit, but we also consider nonunitary
block-encodings for the sake of analysis.

I51n the first register, we could use any orthonormal basis, sticking to computational basis elements
|/} is just for ease of presentation. Intuitively, one can think about b as the number of ancilla qubits
used for implementing the operators L ;, while typically a — b = log |J|.
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in Definition 2.1.2; if we are only given block-encodings for each Lindblad operators,
we can always convert them to our input model (Definition 2.1.2) and recover the

existing scaling Y ;¢ ||L;.LJ-||.

It remains to create a unitary block-encoding (Definition 2.1.2) for our particular
Lindblad operators (2.9). Since our algorithms run on discrete qubits, our imple-
mentation requires discretizing the operator Fourier Transform, with a change of the

notation

A%w) > AY®) := Z e 9T F(1)A%(F) foreach a€ A and @€ Swo-
tesy,

(2.16)
The discretized frequency and time labels w — @ € S,, = {0, +wo, -} and
t = teS;, ={0,=xt, -} corresponds to the discrete Fourier Transform (section 2.5)
using a finite grid of size N = |Sw0| = |S,0|, which can be stored using [log(N)]
additional ancillas.’® While the discretization parameters are needed for explicit
algorithmic implementation, conceptually, they merely incur logarithmic overhead
in the runtime and ancillas (section 2.8). We may now concretely present our

algorithmic goal: efficiently construct a block-encoding in the form

(o"lenu(oyen= > Vy(@)loa) e A (a). 2.17)

aeA,(I)eSwo

Lemma 2.1.1 (Efficient block-encoding). In the setting of Theorem 2.1.1, a unitary
block-encoding U for the (discretized) Lindblad operators (2.17) can be created
using one query of Prep, W, V;,,,,,, OFT, and

o(T) (controlled) Ham. sim. time for H
n+1+[log,(|A])] + [log,(N)] (resettable) qubits.

See Lemma 2.3.1 for the explicit construction. In perceivable usage, we expect the
number of Fourier labels registers N to scale polynomially with all other parameters
(section 2.8)

N ~ Poly(n, B, | H||,T,€e",1,]A))

for a good approximation for the continuous Fourier Transform (2.9). Morally, our

algorithm extracts the essential functionality of a Markovian bath (which naively

16We require Nwo > 4||H|| + 2/ to store all possible energy transitions.
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may require a substantial number of qubits to implement [38, 160]) by merely

polylogarithmic resettable ancillas.

To make the simulation cost transparent, we list the main circuit components required

for implementation: the controlled Hamiltonian simulation
Z |lT><ZT| ® eiit_H’
€Sy,

the unitary for preparing the filter function in superposition

Prep :[0) — |f) = > F(DID),
t'eSlO
the controlled rotation for transition weights

wi= Y VY(@)  —yI-7(®)
st Wi-v(@)  Vy(@)

® |oxal,

the quantum Fourier Transform QFT, and the block-encoding V,,,, of the jump
operators ) ,c4la) ® A%, In practice, synthesizing the above incurs additional
overhead but should be treated as an independent subroutine to study (see section 2.3);
we expect Hamiltonian simulation to be the dominant source of cost, which we

present! by the accumulated time for the (controlled) unitaries e'f’.

The key idea behind implement the unitary block-encoding (2.17) is the operator

Fourier Transform (section 2.3) as an alternative to phase estimation (Figure 2.5)
Fl1:1/) 80 - ) |0)©0s
@

which is physically motivated, compatible with our analytic framework, and leads to

simple explicit circuits.

Improving Nature

Suppose our goal is to prepare the Gibbs state, then according to Theorem 2.1.1
and Lemma 2.1.1 we may algorithmically simulate the physical Lindbladian till the
mixing time. However, the Fourier Transform occurring in Nature (Theorem 2.1.1),
in fact, has a “heavy tail” in the frequency domain; this uncertainty in energy may

significantly contribute to the Gibbs state error. With full algorithmic freedom, can

17To obtain the end-to-end gate complexity, one should specify a Hamiltonian simulation subroutine
(e.g.,[44, 116, 117]).
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we do better? In this section, we simply tweak the Lindbladian by considering a
nicer Fourier Transform weight

2

f(t) « e *7  with Gaussian width O;.
The width sets the Hamiltonian simulation time scale ~ o; and the energy resolution
~ 0!, The Gaussian distribution is particularly nice as it enjoys sharp concentration
in both time and frequency domains; in principle, other normalized functions are
also permissible, such as Kaiser-window functions [20, 127], as long as they can be
efficiently generated in superposition ) ;. St | £ (7)), but we will stick to Gaussians for

simplicity.

Theorem 2.1.3 (Approximate Gibbs fixed point). Any Lindbladian Lg (2.8) satis-
fying the symmetry and normalization conditions (2.10),(2.11), and (2.12) with the

normalized Gaussian weight

_
f(l‘) o« e 402

has an approximate Gibbs fixed point
_ A8
lpsix(Lp) = ppllt = O —tmix(Lp) |-
t

See section 2.2 for the proof. We briefly present the analogous block-encoding costs;
the Gaussian width o plays a similar role as the time scale 7, and Gaussians exhibit

a better scaling than (2.14) due to its sharp concentration.

Lemma 2.1.2 (Efficient block-encoding). In the setting of Theorem 2.1.3, a unitary
block-encoding U for the (suitably discretized) Lindblad operators (2.17) can be
constructed using one query each to Prep, W, V., QFT, and

O(oy) (controlled) Ham. sim. time for H

n+1+[log,(|A|)] + [log,(N)] (resettable) qubits.

See Lemma 2.3.1 for the explicit construction (which is essentially the same circuit
leading to Lemma 2.1.1) and the required N to ensure a good discretization error

(section 2.8). Therefore, the Gaussian width merely needs to scale as
0 ~ Btmix/ €

to prepare a Gibbs sample; see Table 2.1 for the total cost.
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Quantum-walk speedup

With full algorithmic freedom, we may further depart from physics and seek a Szegedy-
type speedup by considering a coherent representation of the Lindbladian [164,

180]."® Inheriting the notation of (2.8), we consider the following discriminant proxy:

Dy =Y [ i@ © i w)

acA

- %w)(“‘a(‘“m“(w) @ I+19 A" (W) A%w) ) do.  @.18)

The superscript O denotes the entry-wise complex conjugation. Indeed, as required

by the quantum walk formalism, this operator is Hermitian (Corollary 2.3.2)
(Z)/;)T = (Dp) assuming symmetries (2.10), (2.11).

Analogously to the discriminant of classical Markov chains, the discriminant proxy
is approximately the Davies-type Lindbladian (2.8) superoperator conjugated by
the Gibbs state (section 2.3) but vectorized into an operator (section 2.3). This
construction comes at the cost of duplicating the Hilbert space but, as a bonus,

provides access to the following canonical purification of the Gibbs state

VBs) o« Y e PEPly) @ lu;) where H = EduiXuil

as the (approximate) top eigenvector of Dg. The superscript i ) denotes entrywise
complex conjugate in the computational basis’. If the Hamiltonian is diagonal in the
computation basis, this is essentially equivalent to the purified classical distribution.
For general Hamiltonians, the state |\/p_ﬁ > is also known as the thermofield double
state in quantum gravity (see, e.g., [122]). Taking a partial trace recovers the Gibbs
state, but the purification can sometimes be more useful, e.g., for efficient verification

by a swap test or faster evaluation of observables (see, e.g., [102]).

Theorem 2.1.4 (Approximate purified Gibbs state). Instantiate the Lindbladian
parameters of Theorem 2.1.3 with Gaussian width o for the corresponding discrimi-
nant proxy Dpg (2.18). Then, the leading eigenvector |/11 (Z)g)) well-approximates
the Gibbs state
~( B 1
[41(Dp)) = |pp)ll = O(;f—/lgap(i)ﬁ))'
The quantity Agq,(Dp) = A1 (Dp) — A2(Dp) is the spectral gap.

8For convenience, we define the discriminant such that it is shifted by the identity matrix compared
to definitions in earlier work.
19The above purified state is independent of which basis one applies complex conjugation to.
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See section 2.3 for the proof of Theorem 2.1.4. The top-eigenvector error resembles
the Lindbladian case (Theorem 2.1.3) with the mixing time t,,;;(Lg) replaced by
the inverse spectral gap /l;; »(Dp). Though, unlike its Lindbladian cousin Lg, the
discriminant proxy 9 g does not generate a semi-group and does not by itself prepare
its gapped eigenvector; we need to additionally perform quantum simulated annealing
(section 2.12), which is basically adiabatic state preparation supplemented with a
natural adiabatic path from high to low temperature 0 < 8’ < . This additional step

uses

~ (adiabatic path length) S|/H|| X (worst root-inverse-gap) /léjcl, »

queries to block-encodings of I + Dg across values of 5. In other words, the
quantum-walk speedup against Lindbladians boils down to replacing the mixing
time by t,,;x — Bl|H ||\//g ; this speedup comes with the cost of doubling the
number of qubits n — 2n. Of course, to perform adiabatic state preparation, we
must algorithmically construct the block-encoding for I + Dg.

Lemma 2.1.3 (Efficient block-encoding). In the setting of Theorem 2.1.4, a unitary

block-encoding of I + Dg can be constructed up to € spectral norm error using O(1)
query each to Prep, W, V., OFT, F, P, and

O(oy) (controlled) Ham. sim. time for H
2n + [log, (|A|)] + O(1) (resettable) qubits.

See Proposition 2.3.5 for the circuit for Lemma 2.1.3. In the above, we have
implicitly chosen the appropriate discretization N (section 2.8). Note that to obtain a
quantum-walk speedup, we made use of two additional (low-cost) circuit components

(see section 2.3): the reflection on energy
F= ) |-oXal
a‘;eSwO
and a permutation of the jump operator labels
P = Zla’){a| where A% = (A%)" foreach a € A.
acA

To grasp the algorithmic cost, we roughly expect the width along the adiabatic path

to scale as

o (B) ~ p ) for €-approximated |\pp );

E'/lgap(Dﬂ/
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see Table 2.1 and section 2.12 for an quantitative accumulated cost for the adiabatic

algorithm.

The remainder of the main text is organized by the analytic (section 2.2) and the
algorithmic parts (section 2.3). We begin the analytic exposition by reviewing basic
facts circling detailed balance and mixing time, and then introduce consequences
of approximate detailed balance. The algorithmic arguments include black-box
Lindbladian simulation and a general recipe to quantize a Lindbladian. These
abstract algorithms can be understood assuming merely block-encodings for the
Lindblad operator, whose explicit circuit construction is laid out in section 2.3. We

conclude the main text by highlighting plausible future directions in section 2.4.

The appendices are organized as follows. We begin with the supporting details
for our key analytic and algorithmic argument: section 2.5 discusses properties of
the operator Fourier Transform and the secular approximation; section 2.7 proves
approximate detailed balance for the constructed Lindbladians £z and discriminant

proxies Dg.

The rest of the appendices consist of isolated topics. section 2.8 discusses the
relation between continuous Fourier Transforms, which is conceptually simple, and
the discrete Fourier Transform, which we implement. Fortunately, the rule of thumb
is that the Fourier Transform register merely needs to be poly-logarithmic for a small
discretization error. section 2.9 discusses Lindbladians arising from a microscopic
open system derivation and prove their fixed point accuracy; this requires a moderate
generalization of the main analytic framework. section 2.10 is devoted to supporting
approximate detailed balance (section 2.2), especially on perturbation theory for
nonHermitian matrices; these facts tend to be intuitively akin to the Hermitian case
but we include the (nonstandard) proofs for completeness. section 2.12 reviews
quantum simulated annealing in a modern quantum algorithm language, which we

largely employ as a black box.

2.2 Approximate stationarity of the Gibbs state

We begin our analysis of the generator in Eqn. (2.8) by recalling some general
properties of detailed balance Lindbladians before introducing the key notion of
approximate detailed balance. At the heart of classical Markov chain Monte Carlo
algorithms is a rapid mixing Markov chain whose fixed point yields the desired
distribution. In the quantum setting, central to our discussion is the generator of

a quantum dynamical semi-group [29, 182], the Lindbladian in the Schrodinger
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Picture
LIp] = —i[H, p] + Z(L,-pL} - SLIL;. p)
jeJ
parameterized by a set of Lindblad operators {L} jc;y and a Hermitian matrix H.
Mathematically, the above elegant form encompasses all possible Lindbladians,
including, but not restricted to, those arising from a microscopic system-bath
derivation. In particular, from an algorithmic perspective, we enjoy the additional

freedom of choosing favorable Lindblad operators L ; with the hope that

1. the Lindbladian can be implemented efficiently,
2. the fixed point is unique and yields the desired state pg, and

3. the Lindbladian converges rapidly.

The above summarizes the desirable criteria for a quantum Gibbs sampler.?° The
convergence depends on the particular Hamiltonian of interest and is generally
nontrivial to analyze. Fortunately, the detailed balance condition enables systematic
analysis of quantum dynamical semi-groups, similarly to how detailed balance is

central in analyzing classical Markov chains (see, e.g., [110]).

Definition 2.2.1 (Detailed balance condition). For a normalized, full-rank state
p > 0, we say that an endomorphism L satisfies p-detailed balance whenever the

associated discriminant is self-adjoint with respect to p, i.e.,

D(p. L) = p HLIp"* - p*p 4,
= p LI p Hp = D(p, L)',

In the above definition (and in the rest of the paper), we define the adjoint of a
superoperator with respect to the Hilbert-Schmidt inner product (X, Y) ;5 = Tr(X'Y).
Explicitly,

Cl]= ZajAj[-]Bj implies C'[-] = Za;A;[-]B; forany A;,B;
J J
. . T
since Tr(X'C[Y]) = Tr(X* Z a;A;YB)) = Tr((Z a;ATXB)'Y) = Tr[(c“(X)) Y]
J J

(2.19)

200ne can certainly consider discrete-time quantum channels [167] as Gibbs sampler candidates.
However, the continuous-time Lindbladian, inspired by physics, appears technically nicer for our
purposes.




32

This will be revisited when defining the vectorization (section 2.3). In particular,
the superoperator adjoint for Lindbladians coincides with converting between the

Heisenberg and Schrodinger pictures
Tr[pL[0]] = Tt[L[p]O] foreach p >0 and O

using that p” = p and that Lindbladians £[p] = (£[p])" preserves Hermiticity.

Analogously to the classical case, the detailed balance condition considers a similarity
transformation according to the target distribution weights p.? The detailed balance
condition brings about two desirable properties. First, it ensures that the state p is a
fixed point (Point 2).

Proposition 2.2.1 (Gibbs fixed point [166]). If a superoperator L generates a
trace-preserving map and satisfies p-detailed balance, then it annihilates the state

L[p] =0, or equivalently, D(p, L)[+/p] = 0.

Proof. We know that the infiniestimal exponential map e*£[-] = [-] + e L[] +
O(g?)[] is trace-preserving, thus the leading order term must satisfy L[] = 0.

Therefore,

0=p"""L[Ip"* = D(p. L) [p] = D(p, £L)[Vp]

using p-detailed balance in the last equality. [

Second, it relates the Lindbladian mixing time to the spectral gap (Point 3). We only
state the following result here but later prove a qualitatively more robust statement in

Proposition 2.2.3 applicable to the approximate case.

Proposition 2.2.2 (Mixing time from spectral gap [97]). If a Lindbladian L satisfies
p-detailed balance, then

In(2[lp~"/2|))

Unix L < s
(L) == @

where Aqq, (L) is the eigenvalue gap of the Lindbladian, and the mixing time t,,;y is

the smallest time for which

_ 1
[e“ix [p1 = pa]||, < slor = p2lli - for any states — pi, p2.

21Technically, an alternative definition of detailed balance may distribute the power somewhat
arbitrarily p*[-]p'/?~%, but we stick to the symmetric case p'/*[-] p'/# for simplicity.
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The analysis of a superoperator gap A4, (L) is perhaps more tractable than the
mixing time ¢,,;, but still nontrivial and instance specific.2? Otherwise, we see that
the detailed balance condition readily addresses two criteria (Point 2 and Point 3) for

Gibbs samplers.

Approximate detailed balance

Unfortunately, we do not know of general efficient constructions of quantum Gibbs
samplers satisfying the detailed balance condition exactly (Point 1)23; this is rooted
in the energy-time uncertainty principle where quantum algorithms only access the
energies of a quantum system approximately. As our main technical contribution,
we formulate the e-approximate detailed balance condition that addresses all three

requirements for a quantum Gibbs sampler.

Definition 2.2.2 (Approximate detailed balance condition). For any Lindbladian
L and full-rank state p, take a similarity transformation and decompose into the

Hermitian and the anti-Hermitian parts
D(p. L) = p L p!p7 = H(p. L) + Ap. L).
D(p, L) = p M Li[p™ . p7 N p! 1 = H(p, L) - Ap, L)

We say the Lindbladian L satisfies the e-approximate p-detailed balance condition

if the anti-Hermitian part A is small
1 +
51D, £) = D(p, )|, = AP, L)l < €.

If the anti-Hermitian part vanishes, we recover the exact detailed balance condition
D(p, L) = D(p, L). If not, we show that the fixed point still approximates the
state p (Point 2).

Corollary 2.2.1 (Fixed point accuracy). Ifa Lindbladian L satisfies the e-approximate
p-detailed balance condition, then its fixed point p r; (L) deviates from p by at most

”pflx(‘L) - p”l < 20tmix(‘£)6~

See section 2.10 for the proof. We see that the error bound deteriorates if the map

has a large anti-Hermitian component (A or if the Lindbladian mixes slowly.?4 The

22For the experts, the gap may not give the tightest possible mixing time bounds; techniques
beyond gap-based bounds typically require proving a Log-Sobolev inequality, which can be very
challenging in the noncommuting cases.

23This problem is resolved in a follow-up work [42].

2%We actually prove a stronger statement in section 2.10 that gives a bound in terms of the gap
Agap(H) of the Hermitian part.
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anti-Hermitian component involves the inverse Gibbs state p~!, and might be difficult
to bound directly. As a remedy, it is helpful to introduce an intermediate Lindbladian
L’ for which approximate detailed balance is easier to show. In that case, we can

write

lprix(L) = pll < lpfix(L) = prix (L) + lprix (L) = plli-

The first term on the RHS does not directly involve the inverse p~!' and can be

controlled by a Lindbladian perturbation bound as follows.

Lemma 2.2.1 (Fixed point difference). For any two Lindbladians L, and L5, the
difference of their fixed points (in the Schrodinger picture) is bounded by

lporix(L1) = pric(L)I1 < 4Ly = Lalli-1 - tmin (L1).

See section 2.10 for the proof. Conveniently, even without detailed balance, the
mixing time t,,;; remains controlled by spectral properties of the Hermitian part

(addressing Point 3):

Proposition 2.2.3 (Mixing time from Hermitian gap). For any Lindbladian L and a
full-rank state p, suppose the self-adjoint component H = H(p, L) satisfies

A1 (H) 1 In(3llp~" 1)
< —,  then tyi(L) < 3————"
Agap(H) = 100 (L) <3=0 3

See section 2.10 for the proof. In particular, the top eigenvalue can be bounded
by the anti-Hermitian part A;(H) < || A||o—» for any Lindbladian (2.76); therefore,
it remains to provide an efficient construction of the Lindbladian (section 2.3) and

prove approximate detailed balance (section 2.7).

Proof of fixed point correctness (Theorem 2.1.3)

We are now in a position to prove our first main theorem: the proximity of the
stationary state p ;. to the Gibbs state pg. Most of the technical definitions and
lemmata are relegated to Appendix 2.6. Here, we address the essential features of the
proof together with some essential tools. The main technical argument introduces an

intermediate Lindbladian L,

||pfix(-£,8) - pﬁ”l < ||pfix(-£ﬁ) - pfix(-Esec)Hl + ||pfix(-£sec) - pﬂ”l

and uses the fixed point error bounds (Lemma 2.2.1) for the first term and (Proposi-

tion 2.10.3) for the second term.
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The first error arises from the secular approximation (section 2.6), defined by

truncating the transitions in the frequency domain

A%(@) — S%®) such that <¢,//l-|5'“(d))|z,bj> =0 whenever |(E,- —-Ej) - cD| > [

for a tunable truncation parameter fi. See (2.41), (2.45) for the precise definition of
the secular approximated jump operators $%(@). The purpose of this truncation is
to ensure approximate detailed balance: conjugating L., with the Gibbs state p,
as required in comparing with the similarity transformation, remains well-behaved
(section 2.6). The truncation parameter /i is not physical but rather a proof artifact.
Intuitively, our choice of Gaussian weight ensures its Fourier Transform to remain
(approximately) another Gaussian (see section 2.6), which has a rapidly decaying tail.
Thus, we expect the error from truncating the Gaussian tail to be small whenever
@ 2 o, !. Thus, with the Gaussian weight, the secular approximation incurs a mild
error; this error becomes more severe with the step-function weights given by nature,

whose Fourier Transform has a heavy tail (Proposition 2.6.6).

The second error is the most technical part, showing that the secular-approximated
operator L, satisfies approximate detailed balance (See section 2.7). We highlight

the full technical statement as follows.

Lemma 2.2.2 (Approximate detailed balance). Consider a Lindbladian in the

following form

L= Y y@$ @@ - 128 0)8@), ),

aeA,a‘)eSwO

where y(®)/y(-®) = e P? for each & € S,,,. Suppose there exists i < ' such
that the operators satisfy

(;[/i|§a(c?))|t//j> =0 whenever |(E, -Ej) - cD| > [

Jor the eigenvalue decomposition of H = 3 ; E; |y ;XY |, and there is a permutation
P:a — d such that $4(@)" = $ (-®) for each a,®. Then, for the Gibbs state
p = e BH Tr[e BH] we have

§||@<p, L£)-D(p, O),., <08l > > v(@)8 @) $ @ |

acA a‘)eSwO
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The above is a simplified version of Lemma 2.7.3, which we prove in section 2.7.
Our normalization further simplifies the RHS to O(8/2). We now combine the above

estimates to prove Theorem 2.1.3.

Proof of Theorem 2.1.3. While Theorem 2.1.3 is stated in the continuum limit
N — o0 (2.8), we give general error bounds at finite N (2.21) and then take the
N — oo limit (2.8). Introduce the secular-approximated Lindblad operator L, to
bound the fixed point error

lpric(Ls) — pplh
< ”pfix(L,B) - pfix(~£sec)”l + ||pfix(~£sec) - p,B”l
< 2||-£ﬁ - -£sec||l—1tmix(-£ﬂ) + 10||Z)(p, -Esec) - D(p, -Esec)T”tmix(-Esec)

< O((I1£5 = Loeell-1 +[|D(p. Liee) = Do, Loeo) [Jmin (Lp)).  2:20)

The second inequality uses Lemma 2.2.1 for the first term and Corollary 2.2.1 for the
.o .. In(1/2)

last term. The third inequality is that 7,,,;x ( Lec) < tm"X(Lﬂ)[ln(1/2+tmix(2,;)IILB—LM,-||1_1)-‘

(Proposition 2.10.4), which further simplifies to #,,;x(Lsec) = O(tmix(Lg)) since

we must have ||.Lg — Lyecll1-1mix (L) = O(1) otherwise the trace distance bound

becomes vacuous.

Now, we evaluate approximate detailed balance (Lemma 2.2.2) and the secular

approximation error using Lemma 2.6.2, Proposition 2.6.7, and that the Gaussian tail

in the time domain is bounded directly by /3757 f (7) 1? = O(\/T/O't_le‘Tz/“”fZ)

(2.20) < 0((Ta)0 4o TPH0? o NG /1607 | NG /2 | om0} ﬁﬁ) : lmix(Lﬁ))

< 0((sz0\/10g(1/(0'rwo)) + g«logw,/ﬁ) +eNiiil2y . rmix(£ﬁ>).

The second inequality chooses the free parameter T = 20y+/In(1/(0ywp)) and

a= %Vln(o-,/ﬁ) and uses that e 0/1607 = =7 /4w5o7 = O(orwor/log(1/(orwyp)))

to simplify the expression. For the continuum case (2.21), we have the simpler bound

o7 (Ls) - pslls = 0(’3 VIR TB) - tmix (£5)| i Newy — o0, g — 0,

o

where discretization parameter wg and N disappears in the continuum limit. [
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2.3 Quantum algorithms for Gibbs sampling

In this section, we present two algorithms for approximately preparing the Gibbs
state pg, both of which are inspired by the dynamical semi-group generated by the
Lindbladian Lg. This first algorithm, which we call the incoherent Gibbs sampling
algorithm, directly simulates the time evolution e£#’ by introducing ancillas. The
second, which we call the coherent Gibbs sampling algorithm, is a Szegedy-type
quantum walk algorithm. It enables implementing an orthogonal projector onto the
coherent Gibbs state [1/pgX~/pg| With a quadratic speedup with respect to the real
spectral gap of the generator Lg. This projector can then be used in conjunction with

simulated annealing (section 2.12) to prepare the purified Gibbs state.

In the circuit constructions, we will extensively use the following rotation gates

Yy = e—iarcsin\/@Y — ( V-0 _\/5

Vo V1I-06 i 0

) with the Pauli-Y matrix Y = (0 _1).
Our quantum Gibbs sampling algorithms

We describe two Lindbladian simulation algorithms: the first exhibits Trotter-like
scaling and repeatedly uses a simple (randomized) and weak-measurement gadget
(Theorem 2.3.1, Corollary 2.3.1); the second is inspired by [49] and has asymptotically
almost optimal scaling with time and error Theorem 2.3.2 but requiring a more
involved circuit and slightly more ancilla qubits. Both arguments are general as they
assume merely a block-encoding of the Lindbladian (Definition 2.1.2); the particular
block-encoding for our proposed Gibbs sampler is constructed explicitly in another

section (section 2.3).

Further, we “quantize” the Lindbladians and present coherent Gibbs sampling
algorithms that prepare the (canonical) purification of an approximate Gibbs state
via simulated annealing (section 2.12). The procedure assumes that we have a
block-encoding of the discriminant matrix of our Lindbladian, which then enables a
Szegedy-type quadratic speedup in the simulation time. However, the total speedup
is only sub-quadratic on the gap dependence because of the cost to block-encode the

discriminant matrix.

Incoherent Lindbladian simulation algorithms

Guided by [49], we propose two different implementation methods for incoherent
(trajectory-based) simulation of the Lindbladians that describe our Gibbs sampler.

The first method is based on a product formula and repeatedly uses a weak mea-
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surement scheme?’ for implementing a small time step. The resulting scaling is
analogous to the performance of “vanilla” Trotter-based Hamiltonian simulation:
the complexity for an e-accurate-time-¢ Lindbladian evolution scales as t>/e. Our
weak measurement scheme gives rise to simple and low-depth circuits for simulating

Lindbladians given block-encoding access.

The usefulness of weak measurements should come as no surprise, as they are
also extremely helpful in other noncommutative state preparation tasks as well (see,
e.g., [72]), and the very recent independent work of [53]. The common theme in
these applications is the exploitation of some quantum Zeno-like effect,2¢ but on a
higher level, these applications also show some conceptual differences. We leave it
for future work to explore whether there is a more fundamental connection between

our weak measurement scheme and that of [53, 72].

The second method is based on the algorithm of [49], which achieves a close-
to-optimal scaling with respect to time and accuracy. Although the asymptotical
complexity is much improved, the corresponding circuits are more complicated as
they use a linear combination of unitaries (LCU), oblivious amplitude amplification,
and advanced “compression” techniques. We leave it to future work to determine

how the two schemes perform in practice.

For both algorithms, it suffices to assume that a purely irreversible Lindbladian
without the Hamiltonian term L[] = X ¢, L; [-]L; - %{L;LJ-, -} is provided in the

form of a “block-encoding” (i.e., dilation) as Definition 2.1.2.27 In particular, recall

20ur weak measurement scheme is very similar to the short-time evolution by the auxiliary
Hamiltonian J utilized in [49]; however, our approach is a bit more direct and made it clear that a
block-encoding of the jump operators suffices as input.

26Tn our case, the quantum Zeno-like effect is manifest in the quadratically reduced amplitude of
|0¢ L) in (2.22).

2’Recent work [112, 113] assumes the Lindbladian jumps are individually block-encoded while
we assume the entire set of jumps is encoded in a single unitary. We give strictly better complexity
for simulating Lindbladians under this input model, which holds for our Gibbs sampling algorithm
and that of [149] (leading to direct improvement for the latter). Remarkably, even if the jumps
are individually block-encoded [112, 113], these can be converted to our input model. Still, even
accounting for the conversion overhead, we recover (up to polylogarithmic factors) their complexity
for Lindbladian simulation. The main innovation here seems to be the generalization of the input
model, as the earlier Lindbladian simulation algorithms also seem to work [176] under this more
general input assumption.
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our proposed Lindbladian Gibbs sampler (as discretization of (2.8))

Ly= Y y(cr»)(A“(ca)L]A“(ca)*—%{Ama)’vi“(ca),-} (221)

aeA,a‘)eSwo

with Lindblad operators  {vy(@)A%(®) }4e A.GER>

and its block-encoding can be found in Eqn. 2.41 in section 2.3. However, working
with abstract block encodings makes our simulation results general and also simplifies
our presentation and proofs, as the operator Fourier Transform naturally fits this
definition (Figure 2.4). Our weak-measurement scheme is not only simple but also
improves, e.g., the sparse Lindbladian simulation algorithm of [43, Theorem 9].28
Also, the lower bound on the “total evolution time” for simple iterative circuits in

[49] suggests that the performance of similar schemes may be optimal.

10) Y, I gy
07) = \l, — | discard / reset
(== Ut =4
p= | ~ e p]

Figure 2.3: Quantum circuit implementation of an approximate d-time step via a
weak measurement scheme. The scheme can be extended to general Lindbladians
that include the coherence term —i[H, p] by applying O(5%)-precise Hamiltonian
time-evolution for time ¢ on the system register before the above circuit is applied.
For example, one could use Trotterized time-evolution. (In case ||H|| > 1, the entire
Lindbladian should be first scaled down by a factor of ||H]|.)

Theorem 2.3.1 (Weak-measurement for incoherent Lindbladian simulation). Suppose
U is a block-encoding of the purely irreversible Lindbladian L as in Definition 2.1.2.
We can simulate the action of the superoperator 'L to precision € in diamond norm

using

c+ 1 (resettable) ancilla qubits,
O(tz/e) (controlled) uses of U, U,

and O((b + l)tz/e) other two-qubit gates.

2Indeed, the complexity is improved by about a factor of k*, where k is the sparsity.
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Proof. We can simulate an approximate J-time step by L using the following

weak-measurement scheme displayed in Figure 2.3.

1. Apply U.

2. Append an ancilla qubit in state |0) and rotate it with angle arcsin V& controlled
on the |0b ) state (indicating the successful application of a jump).

3. Apply U" controlled on the ancilla qubit being 0.

4. Measure and discard all but the system register.

Assuming the system register is in the pure state |y), this circuit C acts as follows:

10) - [09)]w)

(1) ¢

— |0) - UI0%)|yr)

B (VT=510) + Va11)) - (10°X0" @ T)UI0) ) + 10) - (I = [0°X0%| © DUI0%)y)
=10) - UI0)|y) + Va|1) - [0°)({0"| ® DHUI0) )

0p)=

= (1=VT=5)l0) - (10°X0"| & I)U10)Iy)

D10y 109y + VBI1 - [07wg) — (1= VT=5)I0)-U'(10°X0"| & 1)U10) )
=10) - 101wy + VaI1) -0”)]y)

- (1=VT=9)[0) - 109 (0| ® DU (0") & I) - (0] @ DUI0) )

= (1=VT=5)[0) - (I - [0°%0°| @ DU (10°X0"| & 1)U10°) 1)

=10y - [0} I - (1 -VI=5) Y LIL; |ly)
eJ

N e 7
J

3+0(2?)
+ V1) - [07) > VL jlw) = (1= VT =6)[0) - [0° 1), (2.22)
jel R —

$:0()

where |0¢ L) is some quantum state such that |||0° L)|| < 1 and ({(0°|®1)-|0¢ L) = 0.
Tracing out the first a + 1 qubits, we get that the resulting state is O (6%)-close to the
desired state. Indeed, let [/') denote the final state above in (2.22); we now show that

1T + 5L X1 = Treat [/ Xu 1111, = 0(6) (2.23)
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by observing that
Treen [y Xy 1]
= Trc[(<0| ®I) - |y'Xy'| - (10) @ 1)
= (0D - WXyl - ([0) ® )
({0l & I = [0°X0°]) - |/ Xu'| - (10) @ I — |OC><OC|)]
+8 ) LilwXylL]

jeJ

= (1 = g ZL;LJ- +0(52))|lﬁ><lﬁ|

jeJ

+ Tr,

Al - Xy’ - (1) ® I)]

+ Tr,

I- g S LiL, +0(52))

jeJ

+0(8)Trl0® LX0° L1+6 )" LilwXwlL]

jeJ
= lyXy| + 52 Lj|¢><¢|Lj - g{ Z L}Lj, |¢>(z,//|} + 0(52)
jeJ jet

= (7 +6.L)[lw)wll +0(5).

Convexity implies (2.23) also holds for mixed input states. To extend to the diamond
norm, observe that £[-] ® I[-]1 has Lindblad operators L ; ® I and therefore U ® I is
a block-encoding for £[-] ® I[-]1. This implies that the trace-norm bound of (2.23)

holds with respect to L[] ® I[-]1 as well, and so we can conclude that
I(Z +6L)[] = TrenC[10° X0 | @ | €7, = 0(52). (2.24)

The triangle inequality then implies that the implemented map is O(62)-close in
diamond distance to e°Z, since ||(Z +5L) — e*£ || = O(6?) as shown by, e.g., [49,
Appendix B].?°

Choosing 6 = ©(%) ensures that the error in a single time-step is bounded by O (5—22),

. 2 . . .
and repeating the process @(’?)-tlmes induces an error that is bounded by e for the
entire time-¢ evolution. The complexity is then @)(’?)—tlmes the cost of implementing

the circuit in Figure 2.3. [ |

In addition to purely irreversible Lindbladian, as noted below (Figure 2.3), the above

weak measurement scheme can be amended with the Hamiltonian evolution term.

2Here we implicitly used the fact that a block-encoded Lindbladian has norm at most one.
This follows from the observation that |3 ;e L}L jll < 1, which is a direct consequence of
Proposition 2.3.1.
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In our Gibbs sampling algorithm, the original random process typically proceeds
by a random “jump” operator A for a uniformly random a € A. We then obtain
the final generators by applying the operator Fourier Transform to these “jump”
operators. Naively applying our weak measurement scheme to such a Lindbladian
would require us to use all the “jump” operators in each iteration. However, we
show in the next corollary that it suffices to randomly pick a single “jump” operator
in each iteration. In some situations, we could hope for further improvement by

parallelization of these jumps if their operator Fourier Transform remains localized.

Corollary 2.3.1 (Improved randomized simulation for convex combinations of
Lindbladians). Suppose that a purely irreversible Lindbladian L[-] = Y; p:Li[']
is a convex combination of the purely irreversible Lindbladians L;[-] which are
given by their respective block-encodings. In Theorem 2.3.1, we can replace each
weak-measurement gadget for L[] by an independently sampled weak-measurement
gadget for L;[-] according to the distribution p; while keeping the same asymptotic

iteration count O (tz/e).

Proof. It suffices to show that

1401 = 3 pTren G (1070 @ [1)¢fllo=0(6%).  229)

From (2.24) we know that the weak measurement gadget C; in Figure 2.3 for LZ [-]
satisfies

1T +6L)1 = Tren {107 X07 @ [1) €]l = O(62).
By linearity and the triangle inequality, it follows that

12463 piLdl] = ) piTren G104 X0 | @ [1)€]llo = O(3?).

Since ||(7 +6L) —e®L|o= 0(6?), by the triangle inequality, we get the sought
inequality in (2.25). [

Now, we turn to our second incoherent simulation result that is roughly based on the
algorithm of [49] but contains further improvements and fixes. We obtain improved
complexity because we assume that the Lindbladian is provided via a block-encoding,
while effectively [49] construct a (potentially suboptimal) block-encoding within their

algorithm. Their complexity depends on 3’ ;¢; IILZL jll, while our algorithm can in
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principle achieve a dependence like || ;c; L;L Il when an efficient block-encoding
is provided — which is the case for our explicit block-encodings outlined in the
next section (section 2.3). To our knowledge, this is the first Lindbladian simulation
algorithm that achieves both near-linear time dependence and a complexity that
scales with [|3 ¢, L}L.L jll. Note that this improvement looks similar to how [12]
improved over [92] on the complexity of estimating multiple expectation values, but
the techniques are very different. Here, the improvement stems from the following

efficient block-encoding construction.

Proposition 2.3.1. Given a block-encoding of a Lindbladian (Definition 2.1.2), we
get a block-encoding of

S LIL; via Vi=(Y, 0U") (2|ob+1><0b+1| ol - 1) (Y, 0 U),
jeJ

where |£) = (]0) + [1))/V2.
Proof. We calculate
(oten-v-(o*t) eI

= (<—| ® ((0°| ® I)U*) : (2|ob+1><ob+1| ®I - 1) : (|+> U(|0°) ® 1))

= (<—| ® ((0°| ® I)UT) : (2|ob+1><ob+1| ® 1) : (|+> 2U(|0) ® 1))

=(0°|® D) -U"- (|0°X0°| @) - U - (10°) ® I)

=(Z<j|®L} DliveLy|=> LiL;. n

jeJ j'el jeJ

This block-encoding construction and the following generic Lindbladian simulation
algorithm answers an open question3? recently posed by Rall, Wang, and Woc-
jan [149], and can significantly improve their complexity. Although we do not use
the above block-encoding explicitly, this observation is implicitly used in our weak
measurement schemes (Figure 2.3-Figure 2.10) that enable us to prove the following

result, whose proof is presented in section 2.11.

Theorem 2.3.2 (Compressed incoherent Lindbladian simulation algorithm). Suppose

U is a block-encoding of the Lindblad operators of a purely irreversible Lindbladian

30See [149, Section 7] “That one special Kraus operator involves all the L j’s. Does there exist any
special treatment of this special Kraus operator so that we can leverage the special structure of the
oracle 3 ;|j) ® L; to getrid of the O(m) dependence?”
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L as in Definition 2.1.2. Let € < 1/2, then we can simulate the action of the

superoperator e'L 1o precision € in diamond norm using

O((c+log((t+1)/e))log((t+1)/€)) (resettable) ancilla qubits,

log((z+1)/€)
loglog((t+1)/€)

and O((t+ 1)(c + 1)polylog((t+1)/€)) other two-qubit gates.

Oo[(t+1) (controlled) uses of U and U,

If the Lindbladian has a coherent part —i[H, p|, and we have access to a block-
encoding of H = ({0°|@I)V (|0°)&I), then we can simulate &'~ with O ((t +1) b{;)fé;%)
additional (controlled) uses of V and v,

Crucially, the complexity scales almost linearly with time ¢ and poly-logarithmic with
the precision € while using very few ancillas, representing a large asymptotic speedup

compared to the #?/e complexity of the weak-measurement scheme (Theorem 2.3.1).

Coherent Lindbladian simulation algorithms

With a quantum computer, we further ask for a coherent Gibbs sampler that outputs
the purified distribution (|w/pﬁ> o Y, e PEL2 |y @
space. A desirable coherent Gibbs sampler should satisfy the following conditions:

¥ )) on two copies of the Hilbert

1. A Hermitian operator C can be efficiently block-encoded on the duplicated

Hilbert space,
2. its top-eigenvector is unique and yields the purified state |\/ﬁ>, and

3. there exists an adiabatic path of operators C(s) whose top-eigenvalue-gap

remains open.

A general coherent Gibbs sampler may not refer to an existing Lindbladian. However,
a natural candidate of the operator C is to take the vectorized discriminant D(p, £)"
associated with a detailed balance Lindbladian (Definition 2.2.1), as how one
quantizes classical Markov chains [166]. Formally, we define vectorization of a

superoperator by3!

Cl]= Z a;jA;[-]B; —» C= Z @jA;® B]T. (vectorization),
J J

30One might be tempted to use B instead in the vectorization, but that definition leads to
inconsistencies. Indeed, if we would use B for vectorization then the two different representations of
the scalar 1 ® 1 = 1 =1 ® —i would lead to different vectorizations +1.
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where BJT. denotes the transpose of the matrix B; in the computational basis |i). We
use curly fonts C for superoperators and bold fonts C for the vectorized superoperators
(which is, a matrix).3? For a matrix A, let us denote its vectorized (or purified)

version by
|A) ;== (I®T ')A (purification)

using the “transpose” map T'|i) = (i|. This automatically ensures the correctness of
the fixed point (Point 2).

Proposition 2.3.2. For any full-rank state p and any Lindbladian L, we have that
D(p, L)T|\/ﬁ> = 0. Further, if L satisfies p-detailed balance, we also have that

D(p, L)|\p) =0.

The above follows from a direct calculation using that any Lindbladian is trace-
preserving L7[I] = 0. However, to turn the above into the advertised efficient
algorithm (Theorem 2.1.4), we need two key components reminiscent of the incoherent
case. First, we need a proxy for the discriminant with efficient block-encoding. As

we mentioned (2.18), we consider

D= ) r@)y(e)i'@) e i'@) (2.26)

aeA,tZ)eSwO
_ %‘“)(Aa(@)ua(ca) oI+1® A“(@)Ma(@)*)
as a proxy for D (p, lﬁ)T,

where the A%(®) are the same operator Fourier Transforms as in the incoherent
case (2.7); the block-encoding for 9 can be obtained given the block-encoding for
A%(®) (section 2.3). The map is self-adjoint Dy = Z); due to Hermiticity A4 = AT
and properties of weighted Fourier Transform (section 2.5). More carefully, we do not
implement exactly the discriminant 9 g, but merely an approximation D, ,; * Dg
due to additional implementation errors for the Gaussian weight and truncation errors

for the Gaussian tail.

Second, we need to formulate a notion of approximate detailed balance for the above

discriminant proxy.

32Note that CT is well defined. The (matrix) adjoint of the vectorized operator is Y j a;‘.A} ® B;.
On the other hand, the superoperator adjoint CT[-] is 2 aj.Aj [-]Bj. (2.19), whose vectorization is
then the same 3’ ; a;‘.Aj ® B;‘..



46

Definition 2.3.1 (e-Discriminant proxy). We say a Hermitian matrix D is an

e-discriminant proxy for Lindbladian L and a full-rank state p if

1D - D(p, L)'l < e.

Indeed, this implies approximate detailed balance D(p, £)" ~ D(p, L) for the
Lindbladian £ by taking the adjoints. We can think of Definition 2.3.1 as a different
form of the approximate detailed balance condition (Definition 2.2.2) that controls

the top eigenvector error up to the spectral gap (Point 2).

Proposition 2.3.3 (Fixed point error). Suppose a gapped Hermitian operator D is
an e-discriminant proxy for a Lindbladian L and a full-rank state p. Then, its top
eigenvector is approximately the purified state |\//_)>

€
ll(D)) - [Vp)| < Mm.

Here, the gap dependence naturally arises from eigenvalue (Corollary 2.10.1) and
eigenvector perturbation (Proposition 2.10.2) arguments. Unlike Lindbladians, the
cost for preparing the coherent Gibbs state scales directly with the gap via quantum
simulated annealing; the mixing time of the original Lindbladian is not linked directly

to the algorithmic cost.

Thirdly, the block-encoding by itself does not prepare the desired top eigenvector,
unlike a Lindbladian; this additionally requires a standard subroutine called quantum
simulated annealing [179, 186]: adiabatically change the inverse temperature from
B’ =0 — B’ = B. The algorithmic cost is associated with the gaps along the adiabatic
path [24]; see section 2.12.

Explicit block-encodings

In this section, we lay out the circuit ingredients to construct the advertised
Lindbladians Lz and discriminants 9g. First, we show how to construct a block-
encoding of the discretized Lindbladian with Lindblad operators (2.16) from a
block-encoding of the jump operators A¢. Then, we further construct a block-
encoding of the corresponding discriminant proxy - with the additional assumption
that the set of jump operators is self-adjoint ({A%: a € A} = {A%T: a € A}) and
the Fourier weight function f is real. It is not surprising that implementing the
discriminant proxy requires more symmetry constraints, as its definition already

implicitly draws from these symmetries.
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Block-encoding Lg
For both incoherent algorithms (Theorem 2.3.1,Theorem 2.3.2), we have assumed
that a purely-irreversible Lindbladian L[-] = % ;¢; L; [-]L; + {L;L j»-} 1s given by

a unitary block-encoding U (Definition 2.1.2). Here, we construct a block-encoding
unitary U for the advertised Lindblad operators \/y (@) A% (o) labeled by a, @:

VY(@)|d) ® lay @ A%(@)
aeA,a‘)eSwO
for the advertised Lindbladian (discretization of (2.8), recap of (2.21)) .
- 1ag - Ra( - 1 fac-\T Aa(
Ly= ), (@) (A (@[14(@) - S{A"(@)'4(@). ).

aeA,a‘)eSwO

We begin by laying out the registers explicitly, including the additional ancillae for

block-encoding.

registers: 0) © |o) ® |()b> ® la) ® AY®)
—— —— N , —— ———
Boltz. weight ~ Bohr freq.  plock. enc. anc. jump system

From right to left, the registers individually correspond to: the physical system of
interest; the jump labels |a) and additional ancillae to accommodate block-encoding
access (indicating successful application by the all-zero state |Ob>); the frequency
register is dedicated to the operator Fourier Transform, storing the weight | f) or

the Bohr frequencies |®); finally, an ancilla qubit for storing the Bohr-frequency
dependent Boltzmann weights in the amplitudes /y(®)]|0) + v/1 — y(®)|1).

We specify the discrete Fourier Transform parameters that determine the dimension
of the Bohr frequency register as follows. The Fourier frequencies @ and times 7 are

integer multiples of wq and #( respectively such that
2 [N]
woty = N and S ={-[(N-1)/2],...,-1,0,1,...,[(N-1)/2]¢,
and S == wo - S, STV =1y - STV

We use a “bar” to denote discretized variables; the (Bohr) frequency register takes
values @ € S,,,. To implement the Fourier Transform when N = 2", we specify the

signed binary representation for the integers S/V! as follows:

10"°!,...,1" foreach —N/2,...,-1,
0%,...,01"" foreach 0,1,...,N/2-1.
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10) Yiy@ — 10)
[0) = Prep ' $ QFT E% |)
%) 107
o) Vi, @
p=—=c'H § Y(@)AY(@)pA (@)

Figure 2.4: Circuit U for block-encoding the Lindbladian. Practically, if we use
the simpler weak-measurement-based simulation (Theorem 2.3.1), then by Corol-
lary 2.3.1, we can use a single randomly chosen Lindblad operator A¢ at a time.
Moreover, if A is unitary, we can simply replace V., with A¢, implying b = ¢ = 0,

i.e., the third and the forth registers can be omitted, thus n + [log(/N)] + 2 qubits

suffice to simulate the Lindbladian e<’.

Where it does not cause confusion we will drop [N | from the superscript and will
simply write @ € S, and 7 € S;,. We will set the value of N and wq such that the
Bohr frequencies B = spec(H) — spec(H) are contained within the range of energies

N
1| < Foo.

The only “physical” energy scale in the above is the Hamiltonian strength ||H||.
Indeed, setting the scale to NV requires only log(N) qubits in the readout register. The
circuit consists of the following ingredients, each acting on some appropriate subset

of the registers:

* Block-encoding V), of the jump operators A“ in the form of Definition 2.1.2:

(<0b| ® Ia ® Isys)] : Vjump ' (|06> ® Isys) = Z|a> ® A“. (2-27)

acA
The operators A“ need not be self-adjoint nor proportional to a unitary. Still,
one may conveniently choose +/|A|A“ to be unitary for all a € A, (e.g.,

few-body unitary operators). Then, we can set b = 0 and choose

|a)

.(B®1,,) where B|0°)= Z \/—melz.zs)

acA

Viump = (Z|a><a| ® A

acA
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Note that implementing the Lindbladian does not require the set of jump oper-
ators to contain the adjoints {A%: a € A} = {A%": a € A}; this assumption
is only used for approximate detailed balance and the fixed point correctness
(Theorem 2.1.3).

Controlled Hamiltonian simulation

Z |ZT><ZT| ® eiit_H.

z'eS,o

Quantum Fourier Transform

State preparation unitary for the Fourier Transform weights, acting on the

frequency register
Prep; such that Prepf|(_)> =|f).

Naturally, the weight f(7) as amplitudes of a state is normalized

D@ =1.

t'eS,O
It could be, e.g., an easily preparable step function or a Gaussian whose tail
decays rapidly. Gaussian states are attractive because they are relatively easy
to prepare [127], but as a matter of fact, any other so-called window function
could be used, such as the Kaiser-window [20, 127] potentially providing

further overhead improvements.

Controlled filter for the Boltzmann factors acting on the frequency register and

the Boltzmann weight register

W= Z Yi_y@) ® |0oXw| where 0<y(®) <1 and y(®)= y(-@)e PP,

a‘;eSwO

The constraint 0 < y(@) < 1 ensures the matrix ¥;_,(g) is unitary; the
symmetry (i.e., the KMS condition) (@) = y(-@)eP? gives lower weights
for “heating” transitions and is closely related to the detailed balance condition.

Important examples of weight functions are

_ 1
(Metropolis) y(®) =min(1,e#?) and (Glauber) y(@):m,
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which both reduce to the step function in the § — oo limit. Note that
the range of energy labels @ is finite; we choose a large energy readout
range Nwg > 4||H|| + % to ensure all possible transitions are covered by the
discretization range (after secular approximation y < %). We may generally

synthesize the controlled filter from elementary gates at cost33
(polynomial degree of y) X Poly(log(N), log(1/¢€)),

which is O(1 + B||H]||) for the Glauber weight. For the Metropolis weight, one
can achieve the same scaling by manually switching between 1 and e at
o = 0. In principle, since we are merely controlling a qubit, we may directly

implement any efficient computable function (perhaps with terrible overhead).

Further, combining the controlled Hamiltonian simulation and Quantum Fourier
Transform yields the advertised operator Fourier Transform (Figure 2.5) acting on

the frequency and system register 34

FL1:1f@) 00— ) 1@)©0 (o)

u‘)eSwO

A 1 . . .
where O /(@) == — Z e Y F(HO(F) and O(r) = e

t'eStO

See section 2.5 for basic properties of the operator Fourier Transform. Our imple-
mentation is inspired by, but differs from [180]; they sandwich the jump operators
with phase estimation and its inverse. The operator picture, inspired by physics, is
more natural and tangible. Our construction allows for flexibility in the choice of the
weight function f (7).

As shown in Figure 2.4, we assemble the above ingredients to obtain the unitary U
such that

UI®0)ely)=(Wely) (1@ F[Preps|0) ® Viumpl),  (2:29)

where I is the single qubit identity and Iy is the identity on the registers on which
Viump acts. As described in Footnote 34, intuitively speaking, we only apply the

operator Fourier Transform on the “system” register; indeed, in the corresponding
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[2)

I(_)> = Prep f w OFT

Figure 2.5: Circuit for operator Fourier Transform ¥ for an operator O acting on
the system p. Of course, in our use, the operator may also act nontrivially on other
ancillas.

circuit (Figure 2.5), the jump label register |a) and the block-encoding ancillae |0b >
is only affected by V.

Lemma 2.3.1 (Explicit Block-encoding). The untiary U in (2.29) gives a block-
encoding for our Lindbladian (2.8)

(Ol e 158 (0| © 1, @ Ly,) - U - (10) ®[0) © 109 ® Ly,)

- Z Vy(0)|@) ® |a) ® A4(@). (2.30)
aeA,a‘;eSwO
Proof.
(LHS of (2.30))
= (Ol ® 158 (07| @ I, ® Lyys) - (W& 1y) - (10) © FI11) ® Vjump | (10°) © Liy))
(by (2.29))

= (01 @ 1)W(0) @ 1) © L @ L) - (15 @ (0] @ Lu © L1y ) F1S) © Viump 1(10°) © Iy

((01Y1-y()10) ® |OXD| ® 14 ® Lsys) - (F[1f) ® la) ® A%])

aeA,u‘)eSwO
(by (2.27) and Figure 2.5)
= Z Vy(0)|o) ® |a) ® As’c(d)). (by OFT and controlled filter) =
acA,0ES

3By first applying controlled Hamiltonian simulation for ¥ rotation 3 5 ¢!(@/2IHIDY g |5) o]
and then apply QSVT to map @/2||H|| — arcsin(4/1 — y(®)). This is reminiscent of [79].
341f the operator O maps between larger Hilbert spaces than H, we formally extend its action

trivially so that O (1) = (I ® e1")O (I’ ® e "), Of course, this formal extension does not incur any
additional cost.
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Block-encoding Dg

We now describe the explicit and efficient circuit that implements the advertised

vectorized discriminant proxy (discretization of (2.18), recap of (2.26))

Dy= > @)y (-0)Ae) & A(e)°

aeA,a')GSwo

- —7(2“’) (A“(@)TA“(@) QI+1® Aa(@)*ma(@)*),
assuming that the set of jump operators is self-adjoint in the sense that {A%: a €
A} = {A%": a € A} and the Fourier weight function f is real. Combining the circuit

with simulated annealing then leads to the advertised quadratic speedup.

Our discriminant proxy and its block-encoding is an instantiation of the following
general construct that is self-adjoint as a superoperator (and hence Hermitian after

vectorization)3s.

Proposition 2.3.4 (Self-adjoint discriminant proxies). Given a purely irreversible
Lindbladian with Lindblad operators L for j € J, and a permutation P: j — j' on

the set J, the following superoperator (and hence its vectorization) is self-adjoint:

1
D(PALY) = 5 ) Lil 1L}, + LIL1L; ~ {L]L;. ),
jeJ

1 % T ® * %
D(P,{L;}) = 5ZL,-<§9L].T+Lj®Lj, ~LiL;eI-19L7L}

jeJ
Proof. .
D(P.AL)" =5 ZJLj[-]LJ-' +LiL, —{LIL;, } = D(P,{L;}). =
Jj€

The vectorization is hence also self-adjoint.

Corollary 2.3.2. If f is real (2.11) and the set of jump operators is self-adjoint (2.10),
then the discriminant proxy (2.26) is Hermitian.

Proof. Due to footnote 32, it suffices to verify that the superoperator is self-adjoint:

This follows from Proposition 2.3.4 by setting the permutation P: (@, a) — (-@, a’)

BIf we additionally have ¥;c;3L; ® Lj.'f + %Lj'., ® L, ~ zjej(p—% ®(p*)—%)L, ®
Lj (p% ® (p*)%) and ey Lj.Lj ~ ey p%L;Ljp‘%, then the resulting discriminant proxy

D is close to the discriminant D(p, £)*. This is exactly what we show in 2.6 for the discriminant
proxy (2.26).
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such that A" = A%" and using the operator Fourier Transform property AY (-o)t =
Aa'T(a‘)) for real weight f (2.39), implying that A*(®) ® AY (-0)™ = A%(®) ®
AY@) =AY (-0) ® AY(@)*. n

Now that we have verified the symmetries of the desired discriminant proxy, we
move on to our explicit construction. By the standard quantum walk recipe [164],

we design an isometry and a reflection such that
I+ D(P,{L;}) =T RT,
which is block-encoded as in Figure 2.6.

Proposition 2.3.5 (A block-encoding for discriminant proxies). Using the notation
of Proposition 2.3.4, let

R=1-(IM)+Z|0"X0"| @ P& LI,

:ZR()
where 11 := |Ob’)(0b/| @I ® Iy ® Iy,

and Z is the Pauli-Z operator such that Z|+) = |F) for |+) := (|0) £ [1))/V2. IfU
is a unitary block-encoding of the Lindbladian such that

(el & Ly)-U-(10)®Ly) =Y 1N S L.
jeJ

then, we obtain a block encoding for the (shifted) discriminant proxy
(<OC/+1| ® Isys ® Isys’) : UZ)(P,{Lj}) ’ (lOC/H) ® Isys ® Isys’) =1+ D(P, {Lj})'
using

UpppiLy =U" -R-U where U’ = (I+><+| QU Iy + |-X—-| @I, @U"

and the unitary U™ is the conjugate of U but acting on a copy of the system register

(sys’).
Proof. Consider the isometries T := U(|0°) ® Isys) and T := U*(|0°) ® Iyyy), and

, 1
T = U’(|OC el e Isys,) = $(|+> T ® Isyy +|-) ® Iy, @ T7).
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To understand the product T'TRT’, we first calculate (I ® IT)T” and RyT":

1 , .
N D eyl e Lol
jeJ

1 : )
r—= Y e el)ely L), (2.31)
\/E jeJ

1 / .
@Z|—> ®10") @ i) ® L; ® Ly
jeJ

1 o .
6Z|+>®|0b>®|j>(z<>1sys(z<>Lj, (2.32)
jeJ

using the bit-flip Z (+ < —), and the permutation P (j < j’). Finally, we get that

(IeINT' =

RoT' =

+

TRT =T7IT' - T (I MT +T "R, T’
=I-TTIeN)-UIT' +T (I M) - RyT’
(since (I  IT)R(y = Ry)

g1 i wipx, 1 Tt e
=1- EZLJ.LJ‘ ® Lyyy + I,ys ® L7TL +EZLJ‘ L +L,®L;
jeJ jeJ
(by (2.31)-(2.32))

=1+ Z)(l’,{l;j}). =

Specializing the above recipe for (2.26) yields a block-encoding of Dy using the

following ingredients:

* A unitary block-encoding for the Lindbladian

(e lsoLoly) U-(0) e Ly)= > Vy@)o)®la) e A @).

aeA¢D€Sw0

An example would be the block-encoding (2.30) instantiating the parameters

b’=b+1and|0°) = |OC+1>|(_)> after appropriately rearranging the registers.
» Negation on the Bohr frequency register

F = Z |-oX®| suchthat F?=1I;.

@eSwO
* Permutation (involution) of the jump operator labels

P = Zla’){a| where A% = (A%)" foreach acA. (2.33)
acA
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0)— [ Z — (0]
|Ob+1> — i — <Ob+1|
|Oc_b> — U/ =5 P E U,T — (Oc‘b|

= —1

SNSE—— —

Figure 2.6: Circuit U’ RU’ for block-encoding the discriminant in the fashion of
Szegedy quantum walk.

Note that if the jump operators are Hermitian, e.g., Pauli matrices, then we

can simply take the permutation to be the identity P = I,,.

To reiterate, compared to the incoherent case, the discriminant proxy can be
implemented with two extra unitaries F and P, an additional copy of the system

register (which we denoted by system’), and an additional ancilla qubit.

registers: £ © [0°)Y © @ © |1 ® AYd)® AY(L)F
—— —— ~—— —— ——— ——
T /T* selector  block. enc. anc.  Bohr freq. jump system system’

If we combine the constructions of section 2.3-section 2.3, we can see that the number

of qubits is
#qubits = 2n + [log,(N)| +c+2,

coming from the two copies of the system register, the frequency register, the ancillae
for the block-encoding of the jumps, and one additional ancillae introduced in each of
section 2.3-section 2.3. When the normalized jump operators +/|A|A“ are unitaries,

we can have ¢ as small as [log,(|A])]; see for example (2.28).

Proof of coherent Gibbs sampler (Theorem 2.1.4)

In this section, we prove guarantees for our coherent Gibbs sampler (Theorem 2.1.4)
in a similar vein as the Lindbladian case (Theorem 2.1.3). The required lemmas and

propositions are analogous but refer to the spectral gap instead of the mixing time.
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Proof of Theorem 2.1.4. We present general bounds on finite N (2.26) and then take
the large N limit for the continuum (2.18). We bound the eigenvector distance by the
operator norm bounds (Proposition 2.10.1, Proposition 2.10.2 and Proposition 2.3.3):
secular approximation error (Lemma 2.6.2 and Proposition 2.6.7), and discriminant
proxy (Lemma 2.7.3 and Dy, = Z)sTec)36

6||D,3 - D(p, ‘Lsec)T”
/lgap(Dﬁ)

(195 = Dieell + 1Dsec = D(p. Loeo) 1)

141(Dg)) = [VP)II <

6
< —
ﬂgap(Dﬁ)
<0 (e Vw07 /2 4 g NMG/1607 | =207 4 o=T?/407 4 () T) + Bji
- /lgap(Dﬂ)

/lgap (Dﬁ)

< O(Urwo 10g(1/(crzwo))+(B/cr,)\/w+e—1v2wﬁof/2)

The fourth inequality chooses the free parameter T = 20;+/In(1/(0wg)) and
= gr ln(%’) and uses that e NV'10/1607 = = /4wjor — O (ogywor/log(1/(oywo)))

to reduce the expression.

In the continuum limit (2.18), the discretization parameters wo and N disappear, and
the RHS becomes

Il (Dp) - V)l = O(EM)

o /lgap(Z),B)

by taking the limit Nwy — oo, wg — O. [

Note the user only chooses the time limit 7, Gaussian width o7, and the Discrete
Fourier Transform resolution wq and the number of points NV; the truncation parameter
[ only appears implicitly in the analysis of secular approximation. Compared with the
fixed point error for Lindbladians (section 2.2), the Hermiticity and gap substantially

simplifies the analysis.

Metropolis sampling with arbitrary spectral target weights
Looking beyond sampling Gibbs states p o 3; e i |y, X;|, we may modify the
circuit to sample from arbitrary weight function p oc }; p(E;)|¥; X¢;| that could be

3*Here, we implicitly assume that 9D;,,,,; is Hermitian, which holds for example if R in the
block-encoding is implemented exactly.
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0) = Prep_ ' QFT E=|E,)
0) = Prep w QFT E |E))
p e_th_ = O A Cin — Of,Ez,Elp(Of,Ez,E)T

Figure 2.7: The circuit for two-sided operator Fourier Transform. The gate prep
prepares the flipped function f_(¢) = f(—t). Unlike the one-sided version (Figure 2.5),
now we cannot understand the expression by Heisenberg evolution; this is, in spirit,
more similar to doing two consecutive phase estimations.

useful in other contexts. We reserve this section to point out the required ingredients
and adaptations; we will stick to Gibbs sampling for the rest of the paper, but our

coherent and incoherent algorithms should also apply in the general setting.

Instead of applying the operator Fourier Transform for the Bohr frequencies (the
energy differences), sampling from arbitrary weight requires accessing both energies
before and after the jump, resembling [149, 167, 180]. The appropriate Lindbladian
takes the following form:

— — A — — ~ — — K 1 ~ — — oA — —
Lgenerarlp] = Z V(EZ,EI)(A?C(EZ’El)pA?(EZ,El)V - E{A?(EZ,EI){A?(EZ,EI),P} -
aeA,Ez,EleSwo

(2.34)

To implement a block-encoding of the above Lindbladian, we need different Fourier
Transform components and a controlled filter for the two-argument Metropolis

weight.

* Phase estimation isometry (in the Schrodinger picture)

Q= \/LN Z Z f(D|E>®e_i(E_H)E.

E€S, 1€5%,

This circumvents the impossibility results as it does not take the shift-invariant

form (section 2.13).
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* Two-sided operator Fourier Transform (section 2.3)

Fllf@1fi)®0] = (Pp @ 1Ig) 0 (I ®0) 0@y,
- Z |E2) ® |E1) ® Oy, (2, En),

Ez,Elest

. _ 1 o
where Ofl,fZ(EZ’El)::N Z fz(fz)fl(l‘])e_l(EZ_H)tzoe_l(El_H)tl,

z’z,t']eSl-O

In our particular case, we set fi(f) = f(f) and f»(f) = f(—t) =: f_(t) for a
normalized function f to get

- - 1 P N
Opp(ErEr) = ), f(-R)f()e BRoe i 235)

t'z,fleS;O
which will be short-handed by O g, z,. This construction is reminiscent

of [180], but it does not require a rounding promise.

 Controlled filter for the Metropolis weight

W= > Y6 ® E2XEd| © EiXE]
Ez,El ES(uO

y(E2, Ey) _ p(E»)
y(E\,E»)  p(Ey)

The ratio constraint ensures approximate detailed balance.

suchthat 0 < y(E;, E;) <1 and

If the set of jump operators is self-adjoint and f is real, we may construct a valid
Hermitian discriminant proxy as outlined in Proposition 2.3.4 — the corresponding
involution is SWAP ® P, where SWAP acts on the two phase estimation registers,
and P is a permutation as in (2.33). This construction yields a discriminant proxy
analogous to (2.26) due to the following “skew symmetry” of the two-sided operator
Fourier Transform. We also include the two-index version of operator Parseval’s

identity.

Proposition 2.3.6 (Parseval’s identity). For a set of matrices A € C"™", consider

their two-sided discrete Fourier Transform weighted by a complex-valued function
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[ 81y = Cas in (2.35). Then, A4(E2, E1)" = ( At (B, 1), and

DD AYEL ENAY(Es En) = IIfI3 ) If (i)Pe 4%t gceth

acA E_l,E_zeSwO Fresy,

< IFI31> ] ATA) - 1 and

acA

Z Z AY(Ey, ENAY(Ey, Er)' = ”f”%Z Z |f () Peif™ 49 A4t iH:

acA EI,E_ZGSM() acA EZESZO
<1151 A®A“T - 1.
acA
Proof. For eacha € A, we have .
A~ 1 o o
AYELEN = |5 D) f(=i)f(f)e i gt
fz,f]ES;O
T
1 Z - = \ai(E2—H)T: —i(E\-H)t
=|% D, fE@) e B R g B
Nfz,f]ESfO
1 _ - i} - _ . o
_ N Z f(tz)*f(tl)*el(ErH)tlAai'e—l(Ez—H)tz — (AQT)f*(Ez,El)-
fz,f]GS,‘O

Our analytic arguments (section 2.5, section 2.7) can be adapted to the above
Lindbladian (2.34) and discriminant variant, but we will stick to the operator Fourier

Transform for simplicity throughout the paper.

2.4 Discussion

Our work aimed to lay the algorithmic and analytic foundation for Monte Carlo-style
Quantum Gibbs samplers. We have presented families of efficiently implementable
algorithms for Gibbs sampling in terms of Lindbladians with guarantees for fixed-
point accuracy. We have confronted technical issues from energy uncertainty (which
have haunted quantum Gibbs sampling algorithms for a decade) by highlighting a key
algorithmic component, the operator Fourier Transform, and introducing a general
analytic framework: the secular approximation and approximate detailed balance.
These arguments are compatible with the Szegedy-type speedup and preparation of
the purified Gibbs state.

Our construction is conceptually simple as it draws inspiration from the physical mech-

anism of open-system thermalization, especially the Davies’ generator. Conversely,
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our argument completes the first proof of Gibbs state stationarity for physically
derived Lindbladians, especially the coarse-grained master equations [121, 134].
Potentially, this could lead to proposals of quantum Gibbs samplers on analog
quantum simulators. Still, our analysis is restricted to the open system setting where
the bath is Markovian by assumption; we hope the precise statement in the open

system settings inspires further insight toward closed-system thermodynamics.

Would quantum Gibbs samplers be the ultimate solution to the ground state preparation
problem by setting 8 > 1?7 Our work only answers the first half of this problem
by writing down some candidate Lindbladians with a provably accurate Gibbs fixed
point and efficient simulation algorithm. Still, the missing piece of the puzzle is
the mixing time (or the spectral gap) of the proposed Lindbladians. A scientifically
informative first step is to directly benchmark the performance of quantum Gibbs
samplers numerically for viable system sizes. This would give concrete estimates of
the realistic costs of quantum simulation. From a mathematical physics perspective,
there have been efforts to prove rapid mixing [16, 31] (convergence at a logarithmic
depth log(n)) of Quantum Gibbs samplers for lattice Hamiltonian in the spirit of
classical Ising models [124]. There, most results have been restricted to commuting
Hamiltonians due to the lack of a satisfactory formulation of noncommuting Gibbs
samplers, which this work provides?’. As a direct implication of this work, we
provide a candidate algorithm for preparing a gapped ground state at a potentially very
low depth: simply setting the Gaussian width to be o ~ (j(@) and 8 = O(+——)

Agap

ensures the ground state to be approximately the common kernel of é(@)-looal
Lindbladians38.

From a complexity perspective, quantum Gibbs samplers provide a new dynamic angle
to study the complexity of thermal states and even ground states. Indeed, existing
complexity results for gapped ground states, especially the area law, have beaten the
static properties to death (local gap, decay of correlation, etc.). Conceptually, these
approaches neglect the instinctive experimental origin of ground states: cool the
system in a fridge. It would be curious to bridge this thermodynamics process to the
area-law literature (e.g., [10, 84, 106]). Practically, we hope noncommuting Gibbs
samplers will inspire new tensor network algorithms or even new ansatz, which could

lead to a better grasp of 2D gapped physics.

37The followup work [42] gives an even nicer noncommutative Gibbs sampler with exact detailed
balance.
3This observation was later exploited in [61] for ground state preparation.
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2.5 Appendix:Operator Fourier Transform: properties and error bounds
In this section, we study properties of the operator Fourier Transform. Given a

Hamiltonian H, an operator A, and a complex-valued function f : R — C, let

" 1 Lo . .
Ap(@) = — Z e F(DA(T) where A(f) :=eH' Ac7 ! (2.36)
\/N €Sy,
Note the normalization —=. The transformed operators A r(w) satisfy the desirable

VN

exact symmetry of a standard Fourier Transform as well as an operator version of

Parseval’s identity.

Proposition 2.5.1 (Symmetry and operator Parseval’s identity). For a set of matrices
{A%}4ea and a Hamiltonian H, consider their discrete operator Fourier Transform
weighted by a complex-valued function f: S;, — Cas in (2.36). Then, the symmetry
holds A;(@)T = (AA“T)f*(—(I)), moreover

D> AN@) A% @) = ) Y IF (P AT AT < || ATTAY||f13 -1

acA a‘)eSwO acA t'eS,o acA

(2.37)
D, 2, AY@ALN@ = ) > IO A AT < |y ACATTIFI - T
acA a‘)eSwO acA z'eSlO acA

(2.38)

For our Lindbladian Gibbs samplers, the weights will be normalized 7 S | £ (1) > =1,
which means that they can be implemented by amplitudes of a state. In the special
case Y ,c4 A“TA% = I (i.e., these operators can be interpreted as a quantum channel),
then the inequality (2.37) hold with equality, and as a consequence, the operators
resolve the identity 2,4 Za‘)eswo A;.(@)TA?(J)) =1

and
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Proof. First observe that by definition

2. € (@D AD)’ (2.39)

N 1
A4(0) = —

f Ny

N t'eS,O

1 10F px* T s
=— ) e fI(DHAY (D) = (A p .
W EEZS;O .

Next, we prove (2.37) by direct computation as follows

2 2 A?(@)TA?(@):Z% DD DAY Y eI F(D A

acA @eSwO acA a‘)eSwO z"eS,O t'ES,0

= D IF@rPA‘® A

acAfes,
— Z Z |f(f)|26th_AaTAae—th_
acAfes,,
<[y A7A Y If P e
acA €Sy,
=111 A"A Y 1F (P
acA €Sy,

The second equality uses the Fourier representation of the discrete delta function

D e = N, (2.40)
a‘)eSwO
The proof of (2.38) is completely analogous. [ |

We also include the analogous analysis in the continuum limit where the discretization
parameter N disappears. We will assume throughout that the weight function f
is square integrable, i.e., f € ¢>(R). In the continuous case, the operator Fourier
Transform is a matrix-valued function, and to emphasize this, we change the notation
to A (@) — A f(w). We could directly copy the above proof; however, arguing
about the Dirac delta function in the continuous case is tricky. We resolve this by

relying on Parseval-Plancherel’s identity.

For studying the operator Fourier Transform, it is useful to decompose the operator
according to the Bohr frequencies
efiacf = K 4, (2.41)
veB(H)

where A, := Z Pp, APy, satisfies that (A,)" = (AT)_,,
Ez—E[IV
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where Pg denotes the orthogonal projector onto the subspace spanned by energy
E eigenstates of H. If f € {;(R), using this decomposition, we can conveniently

express the operator Fourier Transform as follows

A 1 . : .
Af(w) = o / e f(r)e™ Ae M dr
JT J —00

1 /00 —iwt iHt —iHt
= — e f(t)e A, e e
/. 2 A

veB(H)

- e @ (A, dr = flw-vA,, 242
veB(H) \/ﬂ / VEBZ(H)

where f(w) = \/T_n' f_ o f (t)e™'“!dt is the Fourier Transform of the weight function
f(t). More generally, if f € ¢;(R), then we use (2.42) as the definition of the
operator Fourier Transform because the Fourier Transform uniquely extends to a
unitary map 7 : £,(R) — 6 (R).

Proposition 2.5.2 (Symmetry and operator Parseval’s identity). For a set of matrices
{A%}4ea and a Hamiltonian H, consider their continuous operator Fourier Transform

weighted by a complex-valued function f € £;(R)
A4w) = ) flw=-vas,

veB(H)

then (A (w)" = (A“')f*( w), moreover

>, / A4(w) A (w)dw = ) / [FOPe AT A% M < || FI3I1) | ACTAY - T

acA acA acA

(2.43)
Y [ Asrdep@aw =Y [ ipwretatatte ta < 711 Y A4 -1
acA acA acA

(2.44)

Similarly as before, if 3,4 A?TA% = I, then the inequality (2.43) hold with equality.

Proof. First observe that by definition

A= ) (flw=-») A

veB(H)

> - w) (A"

veB(H)

> Frew=v)(A), = A% . (—w).

—veB(H)

and
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Next, we prove (2.43) by direct computation as follows:

Y[ As@idsene=Y, [ @0 Gw-nr Y, fw-rande

acA*® "~ acA*® """ veB(H) v'eB(H)
(by definition)
=Y @Ay [ (@) fe- o - e
acA v,v'eB(H) e
(shift w — w — v and use |B| < o)

=3 Y A [ -y

acAv"”"eB(H)
(by the definition of AY)

Z Z (AT AY), [:(f(f))*f(t)eiv/"dt

acAv"eB(H)

(since F is unitary)

Y O [ it arany e tay

acAv"eB(H) "~

(asin (2.42))

— Z/ |f(t)|26thAaTAae—thdt
acA Y™™

(since |B(H)| < o0)
<14 [ 1p@pen e ar

acA

(since Y,eq A“TAY < || Xgen A“TAYT)
— 1y, 4%a) [ irwPar

acA

The proof of (2.44) is completely analogous.3° [

2.6 Appendix:Nonasymptotic secular approximation

In this section, we define the secular approximation of the Fourier Transformed
operators A f(w) and analyze the resulting error. The secular approximation
applies truncation to the Fourier-transformed operators in the frequency domain
by suppressing Bohr frequencies v € B(H) that deviate substantially from the
frequency label w via some filter function s € £ (R). For example truncation at

FNntuitively speaking the fourth line can be viewed as consequence of the Fourier representation
of the Dirac delta distribution f_ O:o e'“"dw = 276(t), analogous to (2.40). Not introducing delta
functions makes the proof completely general.
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?o t “ ’“JO\\/ v

Figure 2.8: Left: the weight as the step function. Right: An illustration for the Fourier
Transformed amplitudes Ag = ¥,es5,, Avf(@ = V) = Zyes,, Avel(v_ei)f_;f‘;;ol(_vl_ o
for Bohr frequency v given the energy label @w. The expression coincides with the
phase estimation profile. It peaks near energy v = @ with a width ~ 7~! and decays
polynomially. The profile in absolute value oscillates (blue), but we also display the
norm bound to guide the eye (black). The secular approximation truncates the profile
at an energy /2 far in the tail g7 > 7!

energy difference u can be achieved by setting s(w) := 1(|w| < ) and defining the

following secular-approximated operators as follows:

SAf,s(a)) = Z flw=-v)s(w-7)A,. (2.45)

veB(H)

We will sometimes consider alternative filter functions s: R — C, so we will treat

general s throughout our discussion.

The key observation in our analysis is that due to the definition of the operator Fourier

Transform (2.42) we have
Sf,s(a)) = Afs(w)’

where f; = F~1(f - s) is the inverse Fourier Transform of the function f(w)s(w).

Furthermore, this also implies that

Ap(w) -8y (w) = Asy (w),

where f — f; = fi_, is the inverse Fourier Transform of the function f(w)(1 —s(w)).
The significance of this equation is that it enables us to bound the error induced by

the secular approximation via bounding the tail || f (w)(1 — s(w))]|.

Proposition 2.6.1. If f(t) is real and s(t) is real and even, then f;(t) is real.
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Proof. If f is real, then f has an even real and odd imaginary part, which remains

true for f - 5, and therefore 7' (f - 5) is real as well.4° [

Analogously, we define the secular approximation for the discrete Fourier Transform

as

$ps@) = Y, FFD)-)(@)-s(6-v)A,,
veB(H)
where ¥ denotes the discrete Fourier Transform. In case v is an integer multiple of
the base frequency w of 7, then f'( f() - e(i”_)) (&) above simplifies to f (@ —v) =
F(f)(@ — v). Indeed, the discrete Fourier Transform f is only defined at points
@ € S, and thus translation by some value v which is not an integer multiple of wq

can cause troubles.

The simple analysis working nicely in the continuous case can be directly translated
to the discrete case if all the Bohr frequencies are multiples of the base frequency
wo of F, i.e., B C woZ. This is the reason why we introduce a slightly rounded

Hamiltonian in the analysis of the secular approximation.

Proposition 2.6.2 (Truncation via modifying weight function). Let f: S;, — C
and s: S, — C and suppose that B(H) C woZ, then the secular-approximated
operator can be represented as plain operator Fourier Transform corresponding to a

perturbed weight function
Sps(@) = A (),

where f,(@) is the inverse discrete Fourier Transform of the function f(®)s(@®) and
f(@) = = Sres, €9 f (D).

401f we work with the discrete Fourier Transform, and N is even, then —wg - N /2 (or =ty - N /2 if
we work in the time domain) should be treated as its own inverse due to reasons of parity and modular
arithmetic. In particular an even function can take arbitrary value on —wg - N /2, but an odd function
must be 0, similarly to how such functions must behave on 0.
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Proof.
$ps@ = Y. fl@-7)-s(@-7)Ay

veB(H)

= ), Ma-n4;
veB(H)

1 Z ~i(@-v)7

= D, =2, DA
veB(H) \/N €Sy,
1

=— Y e URDAD.

The last equality recombines the Bohr frequencies . ;cp(m) e’ A; = A(7) analo-
gously to (2.42). [ |

To reiterate, the condition B C wpZ need not hold for the original Hamiltonian H.
Proceeding with the discretized Hamiltonian H introduces a small additive error.4

We present error bounds for both the Lindbladian and our discriminant proxy.

Lemma 2.6.1 (Perturbation bounds). Let f, f' € C5, and y € C5* such that
112 12 ¥ lleo < 1o df |2 gen A“T AN < 1, then for every T > 0 and fr (1) :=
f(@)1(|t] £ T) we have that

1> Vr@la.a)dl @ A%, ) (@) ~ Vy(@)lé. a)dl ® A%, g (@)]

a‘)eSwO,aeA

<Wf=frllz+1lfr = fll2+2TIH - H'||.

Proof. This directly follows from the (not necessarily unitary) block-encoding
construction of Figure 2.5-Figure 2.4 and triangle inequalities. Indeed, for any
function g € C50 let Prep ¢ = | gX0| and let B, i) denote the block-encoding given
by Figure 2.4 when setting Prep < Prep,, V;, < > ,la) ® A%, and using the

Hamiltonian H. Then, we have that

1B (g.1ty = Bl < |Bg.ty = Bgrnll + 1B .oty = Bl
< g = frl2llVipll + 2T H — H'[[||V, ||
<llg = frll2 +2T||H - H'||.

#1This differs from the unphysical rounding assumption [180] where the Hamiltonian needs to
have “large” gaps in the spectrum. Here, wy is not related to the resolution of energy estimates but
rather the discretization of the register.
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Using the above inequality twice, we obtain the desired result
I Y @, axdle (&Y, g (@) - Al g @)
€S y.a€A
=B(rm) = By
<IB(r.m = Bigranll + 1B prary = Byl
<|f = frllz+1lfr = fll2+2TIH - H'||. u

Corollary 2.6.1 (Perturbation bounds on Lindbladians and discriminant proxies).
Consider

_ " o 1 4 "
Lism = Z )/(a_))(A?f,H)((D)[']A?f,H)(a_))T_E{A?f,H)((D)TA?f,H)(U_)),'})a and

aeA,J)eSwo
Dy = ), V(@) (-0)AY, 4 (@) ® A, ) (0)°
aeA,a‘)eSwo
v(@) (4 _\tia - A ik N
- T(A?f,H)(O))TA(f,H)(w) ®I+1® Al 4 (0) AL, ) (@) )

Assuming the conditions and the notation of Lemma 2.6.1 hold, we have
WLrmy— L mnllizi <40f = frll+ 1 fr = £l + 2T\ H - H'|]).

Further assuming the symmetry and normalization conditions (2.10),(2.11) are
satisfied by f, f' and {A%: a € A}, we have

1D iy — Dy nll < 4Uf = fril+ L fr = £l + 2T H - H'|)).
Proof. The superoperator L7 gy acts as follows:

Lirmlp]

=Traa Z Vy(@)|@,a)0|A% (@) |[0X0] ® p Z Vy(@)|0X@, al A% (o)

aeA,a‘;eSwO aeA,(DeSwO
1 — —
-3 D, V@IXe.adl@) | ) Vr(@)la.aX0lAY@) | 10XDl @ p .
aeA,a‘)eSwo aeA,a‘)eSwo

The conclusion about || £ s.m) — L .mll1-1 follows from Lemma 2.6.1 using the
triangle and Holder inequalities and that taking partial trace contracts trace-distance.
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The proof of Proposition 2.3.5 shows that if B is a (nonunitary) block-encoding of
L., then B'T-(R-I)-B'is ablock-encoding of D (¢ py. Since || f1l2, |11, 7]l <
1 without loss of generality we can assume ||B’|| < 1, which together with
IR —1|| < 2 implies the bound on || D s gy — D mll via a triangle inequal-
ity. [ |

Note that under the conditions of Theorem 2.8.1, the same bounds also hold in
the continuous case, as can be shown by a limit argument using the results of
Theorem 2.8.1.

Corollary 2.6.2 (Perturbation bounds on continuous Lindbladians and discriminant

proxies). Consider

(o) R R 1 R R
Ls.m) ::Z /007’(“))(A?f,H)(w)[']A?f,H)(W)T - E{A?f,H)(a))TA?f,H)(w)’ -})dw, and

acA v~
Dy =Y, [ @Al (@) 8 ALy (@)
acA Y ~®
)/(w) 1a La ta *T fa *
- T(A(f’H) (@)TA%, (@) ® T +1® AL, 1 (0)TAY, 4 (@) )da).

If y € t(R), f € t2(R), and vy, f are continuous almost everywhere (i.e., the set of
points of discontinuity has measure zero) while f is bounded on every finite interval,

then assuming the conditions and the notation of Lemma 2.6.1 hold, we have

[ Lcrm = Limll-y < 4UF = frlla+ 1 fr = fll2+ 2T H - H'|)).

Further assuming the symmetry and normalization conditions (2.10),(2.11) are
satisfied by f, f' and {A%: a € A}, we have

1D . — Dyl <4Uf = frlla+ W fr = fll+2T||H - H'|]).

Proof. The objects L ¢ my, L' .1y, D (r.1)> D(r,m) canbe obtained as limits of their
respective discretizations L_( f.H)> L_( f1.H)» Z_)( f.H)> Z_)( r.H) as per Theorem 2.8.1,
for which the discretized versions of these bounds hold due to Corollary 2.6.2.
As shown in the proof of Theorem 2.8.1, if a function g € £,(R) is continu-
ous almost everywhere while also bounded on every finite interval, then ||g||% =
limy o limy 0 Tyegvi 18k (DI, where 1o = V27 /N and gk (1) = Viog (1) L(Jt] <
K), therefore the RHS of the discretized bounds also converge to their continuous

counterpart implying the validity of the continuous versions of these bounds. [
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Lemma 2.6.2 (Secular approximation). Let ||y||« < 1, and consider the Lindbladian
Lp (2.21) and discriminant Dg (2.26) with A% (@) being the operator Fourier

Transforms of A* with H and their secular approximations

Locll= ) y(as)(S“(ca)[-]S“(@)*—%{S“(@TSA“(@),-}),

acA,0EeS
Dye= Y, Vr(@y(-0)$(@) & $(&)"
aeA,u_)eSwo

- —7(2“’) (S“(@)Ts"l (@) @I+1® S“(@)T*Sa(@)*),
with the operators
$9 @)= Y. f@-7)AS where f(@) = (@) L(|a| < mwo)
7eB(H)

defined by the discretized Hamiltonian H and cut-off frequency mwo. If || f]l2 < 1
and || 4eq A“TAY| < 1, then for every T > 0 and fr(t) = f(t)1(|t] < T), we have

1L = Lseell,_, < 41F = Fill2+8Ilf = frll2 + 4T wo.

Moreover, assuming the symmetry and normalization conditions (2.10),(2.11), we
have Dee = Dzec and

1Dp = Dsecll < 4I1f = filla +8Ilf = frll2 + 4T wp.

The truncation introduces an error scaling with the tail in the frequency domain,
while the last two error terms arise from discretizing the Hamiltonian spectrum
H — H for discrete Fourier Transforms; this is more of a technical artifact and
merely introduces a minor error shrinking with finer Fourier frequency resolution

wy.

Proof. Since the secular approximation amounts to changing the real function and
discretizing the Hamiltonian, i.e., Ls.c = Ly, ) we can apply Corollary 2.6.1. The
final bound follows using the observation that ||[H — H|| < wo/2, and ||f — f;|| =

Ilf — fs|l since the discrete Fourier Transformation is unitary.

Finally, since Do = D(fs, i) we have that D, is self-adjoint due to Proposi-
tion 2.6.1 and Corollary 2.3.2. [ |

Taking the continuum limit further simplifies the expression.
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consider the Lindbladian Lg (2.21) and discriminant Dg (2.26) with A% (w) being

the operator Fourier Transforms of A* with H and their secular approximations

Lemma 2.6.3 (Secular approximation in the continuum). Let ||y||o < 1, and

Lad1= Y, [ r@[$@l8 ) - 3808 @) oo,

acA"Y ™
D= [ \hlonois @ e 8wy
acAY ™

- @(S“(w)fﬁa(w) ol+1® S“(w)**ﬁa(w)*)dw,
with the operators

S w) = Z fslw=v)AY where fi(w) = f(w) - 1(Jw| < u).

veB(H)

IFllfll2 < 1and [ Zaea A“TA%|| < 1, then,

||~£,B - -£sec||1_1 < 4||f_ fv”Z

Moreover, assuming the symmetry and normalization conditions (2.10),(2.11), we
have Do = Z)Iec and

1Dg = Dyecll < 41l = filla-

Let us quickly note that the above argument controls the implementation error
for truncating the Hamiltonian simulation. Indeed, in practice, we will only
implement Hamiltonian simulation up to time 7', and this is perfectly accounted for
by Lemma 2.6.1,Corollary 2.6.1 by setting /' = fr and H' = H.

Uniform weights

Consider the simplest Fourier Transform with uniform weights
1

V2NT [ty —TSZRT

Proposition 2.6.3 (Preparing uniform weights). Suppose that T [ty = 2%. Then, the

As(@) = e 9T A (7).
state

1 1 if -T<t<T
V2T [ty |0 else.

can be prepared using k + 1 Hadamard gates and n — k — 1 CNOT gates.

2 F@I for f(0) =
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Proof. Prepare with the GHZ state on the first n — k qubits using 1 Hadamard gate
and n — k — 1 CNOT gates

S0

and then apply Hadamard gates on the last k& qubits. [

Since the weights are real f(¢f) = f*(¢) and normalized Zfesfol f(OFF =1, the
transformed operator satisfies the properties listed in Proposition 2.5.1.

Gaussian ansatz
Instead of the plain Fourier Transform, consider the Gaussian-weighted Fourier
Transform

2

= S ST DAD o f() = e > ¢ D,

VN 2
teS,O 702 teStO
ZZTES[O € 7t

Again, since the weight is real f(t) = f*(¢) and normalized /_ o:o| f(0)|*dt = 1, the

transformed operator satisfies the symmetry properties listed in Proposition 2.5.1. To

Af(a_)) =

implement the above operator, we just need to prepare the initial state approximately.

Proposition 2.6.4 (Preparing a truncated Gaussian state [127]). Suppose (Nto)?/1607? >
log(1/€). Then, the state

1 _ i
— > e D)

_i2
g € 207 1€54
eStO

can be prepared using O(nlog(1/€)>/*) gates up to error e.
The main advantage of using a Gaussian weight is that its Fourier Transform remains

a Gaussian, which has a rapidly decaying tail. Indeed, for the continuous Gaussian,

we can evaluate the Gaussian integral by completing the square

1 /oo
E— (S
\IO'z\/E e
1

The uncertainty in energy is inversely proportional to the uncertainty in time o, as

a2

—i T 102 —w2o?
Whe 407 dt = oy V2me @ 71 .

a manifestation of the energy-time uncertainty principle.
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Discretizing continuous functions via periodic summation

It is not obvious how to carefully derive bounds on the discretization errors that
appear in the Riemann sums of the discrete Fourier Transform, as the Fourier phases
are highly oscillatory. Nevertheless, the discrete Fourier Transform remains Gaussian,

up to a well-controlled error.

Proposition 2.6.5 (DFT of Gaussian). There is a choice of parameter (Nto)?/o? =
Q(log(1/€)) and (Nwo)*o? = Q(log(1/€)) such that the discrete Fourier Transform

for

1 - 1 )
f()) = ———¢ 7 is approximately G

_ i -@202
Z_ e zo—tz ZCDESMO € !
teS,O

N2022 2.2 2. .
up to error O(Nt(lme Nvooi/2 4 me N%/1697Y in 2-norm.

To relate the continuous Fourier Transform to the discrete one, we apply the
discretization to a continuous-variable function after periodic summation. This is
related to the Poisson Summation Formula [190, Chapter II §13], but pushes the idea
one step further to the realm of discrete Fourier Transform. Similar ideas are used,
e.g., in lattice cryptography (c.f., [151]), but we include a self-contained treatment

for completeness.

To state the following general result, we introduce the notation ¢; (R) for (Lebesque)

integrable R — C functions.

Fact 2.6.1. Consider the Fourier Transform f(w) := \/%_ﬂ f_o:o e W f(1)dt of a
function f € €;(R). Suppose that a “wrapped around” version of f can be
defined such that p(t) = 3, _ f(t + nNty) for almost every t € R (i.e., the
set of points where the equality does not hold has Lebesgue measure 0), p(t) is
continuous at every t € S;, and Riemann integrable on the interval [—%IO, %to].
If the sequence k - f(kwg): k € Z is bounded in absolute value, then the limit
P(®) = limp_e Zf:_B F(@ + ENwy) exists for every & € Sw, and p(@) is the

discrete Fourier Transform of p (1), i.e.,

A~ d —iaf
P@) = o= D, (D).

t_eS,O
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Proof. For every w € wy - Z we have that

f(w) = \/L_/ e Y £ (r)dr (since f € £1(R))
= m Z / N e W) £(¢ 4 nNto)dr

(by Fubini’s theorem since f € €;(R))

_to

_ i : _2
= 27r Z / e f(t+nNtg)dr (since w € wy - Z and wotg = 3F)

_[0

o0

—lo
—iwt
= f(t+nNto)dt
\/E-/ ‘o n—z—loo
(by Fubini’s theorem since f € 1 (R))
_lO )
_ \/2_‘/ 1wfp(t)dl. (since p(l‘) = Z;o:_oo f(t +l’th0) a.s.)
Vg

\/E

The above equality means that ¢y : - f(k - wo) is the Fourier series of p(t).

Since p is Riemann integrable on the 1nterval [—jto, 710], continuous at every

t € S;, point and k - ¢ is bounded by assumption, we have for all 7 € S, that

B
p(f) = Blim Z cpelkeo (due to [105, Theorem 15.3])

BN

lim cie
B—

k=—BN

BN+L(N-1)/2] )

Blim Z creltk@o (since |ck| = O(%))
T k=—BNIT(N-1)/2]

B L(N=)/2] -
lim > Y cpyagel N (set k = (N + )

B—o

{=-B j——f(N—l)/ﬂ

= lim Z Z —f(€Nw0+a))e”“’.

{=—B wESwO

ifkw()

(set @ = jwo; use t € ty - Z and woty = ZW”)
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Figure 2.9: Left: the weight function as (approximately) the Gaussian distribution
but truncated at 7. Right: An illustration for the Fourier Transformed amplitudes,
which is also (approximately) Gaussian. It peaks near energy v = @ with a width
~ T~! and decays exponentially. The secular approximation truncates the profile at
an energy /i in the tail g ~ T~

Finally, for all @ € S, we have

B
lo Z —if@’ AT [Py i
— e " p(r) = Z e lim Z — f(@+ €Nwgp)e
V2m ieSy, ieSy, Boeo ESw, N
B 1
= lim Z Z Nf(a‘) + {Nwy) Z e el
B0 {=—B cDeSa,O feS,O
B
= lim D f(@ +ENwy)
(=B
(Since 2ies,, @@ =N 5@,«3')
= p(). [ |

Using the above, we prove Proposition 2.6.5.

Proof of Proposition 2.6.5. Apply Fact 2.6.1 for the Gaussian f(f) = /gs(t) =
2

1

Vo \2r

ure 2.9) approximately. Up to a small error from the Gaussian tail, we may only

e “i. The problem reduces to implementing the periodic sum p(7) (Fig-

keep the centered Gaussian (n = 0) as long as the Gaussian is largely confined
in the window for both the time domain (Nto)?> > o7 and frequency domain

(Nwp)? > o?. [

Tail bounds

We evaluate the tail bounds that appear in the analysis of the secular approximation.
First, we consider the case of the uniform weights whose Fourier Transform has a
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heavy tail impacting the accuracy.

]].( T<I<T) IVl
Proposition 2.6.6 (Tail bound for uniform weights). Let f(f) := —W Then,

its discrete Fourier Transform is
1 ei(v—d))T _ e—i(v—(D)T

(@) = ___
/@ V2TN]1y e —1
with a tail bound
A2 T
< .
_Z |f(w)| T 2mwoT
|@|>mwqy

Proof. The Fourier Transform gives a geometric series with ratio e'("~®)
1 ei(v—(D)T _ e—i(v—cD)T

Z —1wtf(—) Z 1(v @) _ . _
teStO V2TN/t0 -T<i<T V2TN/t0 el(v_w)to -1

This function scales inversely with @

2,

0 oo €90 = 1]

|@]>mawq
¢ 2
0 . ix 2
< SNT Z (since |e - 1| > =|x| for x € [-nm,7])
|w|>mwo ( )
2
NTlOwO n= m+l
n > 1
S—Z— since woty = 2=
2T wy nn-—1) ( ot = %)
n=m+1
- meQT.

In retrospect, it is very important that we consider the 2-norm of the tail here; the

I-norm would be divergent.

Now, we consider Gaussians, which have a rapidly decaying tail, greatly improving

the accuracy.

Proposition 2.6.7 (Tail bound for Gaussian weights). For the function f(f) =
2

2
t t
52N — T 1,2 . . .
(Zfesfo e 27)"12¢ 477 the Fourier-transformed tail satisfies

2,22 1 2,2 2 1 722
e~ N wyo; /2 + e N 15/1607; + e o |

'\/NtO/O‘t ﬂo-l
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Proof. By Proposition 2.6.5, the discrete Fourier Transform f (&) is approximately
1

=22 _N2,,2 .2 _N242 2
——e 20°07 yp to error O(———=e N7 /2 4 L _eN1/1677)  We
t

Zoeswo e VNwoor Nt/ oy
then control the tail bound
1 2 9 1 2
= ), T = O(m=e ). n
—W* 0,
ZoeSy, € 1B i

2.7 Appendix:Proving approximate detailed balance
In this section, we prove approximate detailed balance (or discriminant proxy) for the
constructed discriminant. It amounts to controlling the error arising from Boltzmann

factors due to the finite resolution of the operator Fourier Transform.

A simpler but weaker bound

We begin with a simpler but weaker bound. This will be enough for the Gaussian-
damped discriminant due to its rapidly decaying tail. We can bootstrap this weaker
bound using a more careful truncation scheme for the special case of uniform weight
(which has a heavy tail) as shown in section 2.7. To prove our error bound, we

introduce two useful technical lemmas.

Lemma 2.7.1 (Norm bound on block-band matrices). Let V; € H and W; C H’ be
systems of mutually orthogonal subspaces of H and H’ respectively. If M = (P, B;
where B;: V; = W;, then ||M || = max; || B;||.

Proof. We can get a singular value decomposition of M by taking singular value
decompositions of each B; and then merging them. Since ||M|| is the largest singular

value, we get the claimed equality. [

Lemma 2.7.2 (Norm bounds on sums of tensor products of matrices). Let |I| < oo
and A; € C™™ B; € C"*™ foreachi € I, then

1> Ail1B]la2=1) A @ B < \/HZA,AZHHZ B[ Bi|.

iel iel iel iel

Proof. Define the maps

V::ZAi®I®<i| and U::Zl®3*®|i>, then

iel iel
1> A B = IVUIl < IVIIUII < || ) A:A]lIY1 > B B>,
i€l iel iel

Take complex conjugate to conclude the proof. [
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Lemma 2.7.3 (Secular approximation gives discriminant proxy). Consider the

Jollowing discriminant proxy and a closely related Lindbladian

Dyee =), ), V¥(@)y(-0)8*(@) ® §°(@)"

acA (I)ESMO
- %‘”)(Sa(a))@a(@) I+1® Sa(@)**ﬁa(@)*),

L= Y Y @8 @118@) - L2 (540) 54@). ),

a€A GES, 2
such that the nonnegative weights satisfy 4>
y(@)/y(-d) =eP° or y(@)=y(-®)=0 foreach & € Swy- (2.46)
Suppose the operators satisfy that
(i|S¢ ((I))|tﬁj> =0 whenever |(El -Ej) - a')| > [ (2.47)

Jor the eigenvalue decomposition of H = 3 ; E;|y ;X ;|. Then, for any B, i > 0
such that Bji < 1 and the Gibbs state p = e PH | Tr[e PH],

”Dsec - Z)(P, -£sec)||

<pa [l D v(@384a) 8@

aeA,u‘)eSwO

T D y@Su@ SH@)l+125 Il Y y(-@)8U@)8 @)l |

aeA,u‘)eSwO aeA,u‘)eSwO

where D(p, Lsec) is the vectorization of D(p, Lge.). Finally, if there is a permuta-
tion P: a — a such that” \Jy(-0)$%(®)" = \Jy(-@)8¢ (-®) for each a and &,

then we have that Dy, = Z)Iec and that

1Dsec = D, Loee) | = 1Dsec = D(p, Lueo)l < 1328111 Y > 7(@)8(@)!$° (@)

acA u‘)eSwO

“Potentially allowing zero values of y(®) = y(-®) = 0 might be needed for dealing with the
case when N is even and therefore the smallest label in S,,, would be its own inverse (due to parity
and the modulo arithmetic of S,,,). Also note that if S4(@) = §¢ . =0forall a € A, then we can
assume without loss of generality that the corresponding weight is y (@) = y(-®) = 0.
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This also quickly leads to approximate detailed balance for Lindbladians (Lemma 2.2.2)
by a triangle inequality

||D(P, -£sec) - D(P, Lsec)T||2_2 < ||D(P, Lsec) - Z)sec”2—2 + ”Dsec - -D(P, ‘Lsec)T”Z—Z

= 1D(p, Lsec) = Dsecll + | Dsec = D(p, Lsee) 'l

Note that the term ||}, 5 S()T8%(®)]| can be thought of as the “strength” of the

interaction, and in our case can be simply bounded by 1 due to Proposition 2.5.1 as

follows:
~ ~ T
1, 8@)18 @)l = 1) (4%,.(@) A%, @1 =) A“ A% - | eI < 1.
a,w a,w acA

Proof of Lemma 2.7.3. Our proof adapts from the strategy of [38] for dealing with
approximate detailed balance. First, let us define projectors that partition the spectrum

per truncation frequency i as follows:

P; = Z | iXy;| foreach i€ Z such that ZP,- =1 and P;H=HP;.
1

j: Lel-).6+h)

In other words, these projectors provide a resolution of the identity, and moreover,
they commute with H. We proceed by decomposing the difference of the operators

Diee — D’ as follows:
OA:=

Dyec = D' = ) Vy(@)y(-0)8(@) ® $“(@)" ~y(@)p~"*§*(@)p'* @ p™ /48 (@) p"/*

) V(T“’(S (@) 8% @) oI - p'*8%w) $%(@)p'* & 1)

a,w

1 —
16R®I:=

w A * Qd; —\* *— Ga ~\*T &a s —\* %
) %(msa(@)’f S9a) -1 p* ' *$9 (&) §(@)" p 1/4).

a,w

3I®R*=
(2.48)



80

By the triangle inequality we have that ||Dg.. — D’|| < ||0A]| + %lléR QI| +
%lll R OR*|| = [0 Al + [|6R]|. Now, we bound the above two terms individually,
starting from the term |6 R||. Our proof crucially relies on the fact that the frequency
label of $%(@) closely approximates the true Bohr frequency, up to the truncation
frequency /i as expressed by (2.47). This implies that $¢ ()" $%(®) roughly preserves
energy that

(wilﬁa(a‘))@“(@ﬂ%) =0 whenever |E,- - Ej| > 2.
Indeed,
Wil (@) 8 (@) = ) Wil (@) IiXuil $(@)|w ;)
k

_ D Wil 8% (@) i Xw IS4 (@) ),
(Ex—Ep)-o|<i &

k: o
|(Ex—Ej)-6|<f

(due to (2.47))

since |E; — Ej| = |(Ex — Ej) =@ — ((Ex — E;) — )| < |(Ex — E}) — &|+|(Ex — Ei) — @),
meaning that the above summands can only be nonzero when |E,- -E j| < 2. This

observation enables us to introduce the following decomposition

2
$(a)'84(@) = ) | PiSU@) " @)P; = ) ) P8 (@) §(&) Prir(2.49)
ij ==2 i

Let us define 6H; := g(PjHPj — jiaP;) and 6H := ) ;6H;. Since H and P;
commute and P; = P? we have

B
iT

P%Pj = Pjpxi = (Tr(e_ﬂH))i% € ijeiéH' (2.50)

We use (2.49)-(2.50) to exploit the “approximate energy preservation” of the operator

S9(®)" 8% (@) as follows:

2
p 8 @) '8 @p = ) ) T P8 (@) S (@) PipN
(==2 i
2 Bi
- Z et (P M8 (0) §9(@)e 9B P,. (2.51)
(==2 i
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Let us define §” := 3, 5 y(@)8(®)T8%(&), then we get the following bound on
I6R]:

Io =13, @) (p748@)'$"(@p"V* - §°(@)§(@)) (by (2.48))
- Zy(an(z > e P 89(@) 1S (@) Py - Pyt 8°(3) S (@) P
t==2 i
(by (2.49)-(2.51))
<

2
{==2

> e ) y(@)(FeM8(@) 8 (@) M - $°(@)'8(@) )P,

(by triangle inequality)
2

> mo
l

{=-2

Pic ) v(@)(Fe™$(0) '8 (@)™ - §°(@) 8" (@) ) P

(by Lemma 2.7.1)

We may now drop the project P; and P;,, and simplify via elementary bounds.

2
.
(contd) < )" [JeCH-4 Dot _ g
i—2

2
< Z He(aH—‘%a)S/e—(SH _ S/e—éHH + ”S/e—aH B S’||

2
SH-BE 1 —6H —6H
< > NeCHED — a8 [[[le™ 7| + 118" |le™H — 1]
{==2

: B
< IS’ D I126H -
{=-2

— I+ [126H]]) + [126H]|
(since |e* — 1| < 2|x| for |x| < %)

<||S||Zﬁ( + ) (1)

(since ||6H|| < Z£ and B < 1)
< 7BallS’|l.

Next, we bound 6 A in a similar fashion. The expression will be more cumbersome
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because of the double Hilbert spaces. Decompose 6 A = )4 0 A¢, where
= > WayEa)$ @ es @ - ) y@p 8 @)pt e p 8 @) p

DESyy T DES

@0

PEO S 5(3)8(@) @ $4@)" - H@)e 17718 (@) p" @ p1484(0)" o4,
a‘)eswo

(2.52)

Let | @] denote the rounding of % to the closest integer, and suppose that P;$% () P #

0. Then, there must exist some |¢;), |w j> eigenvectors in the images of P;, P;

respectively such that (y;|$%(®) |¢/j> # 0. Dueto (2.47) wehave that |E;—E j—&| < fi.
.- . Eq o E e - ;

Then |i—j - @1 < li—=Z+|2 - j|+|12- @]+ -2 - 2| < L4 lals1 <3,

thus we can define a bisection analogously to (2.49) as follows:

2
S4(@) = Zpiga(a_))Pj -~ Z PS“(@)P; = Z ZPiga(@)Pi—me
] P

ij: li-j-l&l|<3

which leads to the following “tensor-slicing” assuming that P,, and M,, commute:
MIS“(@)MQ ® M;8“(0)*M;

Z D (P © ;) (MiS (@) Mo © M8 (@) M} ) (P (a1t © Py 100
=2 1]

Using this we get the following decomposition analogously to (2.51) by expressing
p~1/48%() p'/* via (2.52) and (2.50)

- Yot - Y Y

=21 (=20

Z’}‘)’((I))(Pj ®P;+i)(SAa((D) ® S"a(a—)) —e 2 (Lw]————) 6HSa(w)e—6H oH* Sa(w)* s )

I,

(PJ [@]+¢ ®P]+z |_w]+€')

Since |2 - |@]| < i and | €], |€’| < 2, we have that || @] - £ — “Tfll < % and therefore
i fi
the above factor is close to 1:

o (+

_e_ttl 5
e F 173 1|<ﬁu'Lw1——— 5

< 3PA. (2.53)
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At this point, it seems intuitively clear that the error coming from the Boltzmann
factor is small. However, we need to argue how the sum over j does not blow up the
error. We proceed by using the triangle inequality over ¢, ¢’ and then Lemma 2.7.1
over i to get that

IsAl =11, 67| < 5% max

D 6AL,,
a

[ S
6‘?{1',6,[’::

acA

The key for bounding the norm of 6 A; ¢ is applying Lemma 2.7.2 to estimate the
following for some weights a(®):

1Y) c(@H(@) (P} © P;\)($U0) ® 8()") (Pj- 114 ® Py 70|
Jj.a,w
=11 Y a(@P Ay (D)8 (@)P,- (614 ® Piid¥ (@8 (@) Py eI

J,a,0

<)) l@Py(-a)P; $“@)P;- a1 @) Pl

J.a,o

<34 $9(@) P8 (@)1=8(@)S(@)"
N V@)P i1 8 (@) P i8S (@) P 1.0 (by Lemma 2.7.2)

J,a,@

<84(@)18$4 (@)

D P> y(-@)8(@)8 (@) P
J a,w

2
< llells

D P y(@)8 (@) $(@)P;
J a,w

S/ = =S’
since0 <A <B=|A| <|B|

_ ||a||§on}gxﬂpj,,supj,,

-max PSPy | < a2 IS 1171 254)

due to Lemma 2.7.1

Let us introduce a telescoping sum § A; ¢y = Zle 6?15“? » Where Y p(@) =
F (o125

A2 )i’/(a‘)) and

(D
OA; 1o

R * (§9(5) @ §9(5) — e 2 101-2=5) ¢a( 5y & §7(3) ) (P
= Y AP & P;)($9@) 8 (@) - 1WTET86) @ §9(@)° ) (P

J,a,o

J-lol+

(®P;

JHi—|o]+

),
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(2
6ﬂl 0,0

= Yoo (@)(P; @ P;fﬂ-)(ﬁ"(ca) ®$ (@) —e M8 (@) ® e—‘SH*S%@)*)

J,a,o

(P* L]+ ®Pj+l Lw]+€’)

SAT, =

J,a,@

Yoo (@) (P; ® Pj+,.)(e—5H§“(@) ® e 0 §9(5)" — e §9(5)eH @ e O §% ()" ”’*)

(P [w]+f®Pj+l Lw]+€’)

Due to (2.53) we can bound ||6&le(1,)5, | < %Bﬂ\/llS’H IIS”|| via (2.54). For bounding
||6ﬂ(“,,|| observe that

I5A, I

=11 ) 70 (@)(P; © ;) ($(0) © §4(@)" - e §9(@) ® 7 $U0)") (P 5100 © Pt 10|
Jj.a,0

= U®1-e @e) N 300 (2)(P; © P} (8°(@) ® §(8) ) (P} 1,0 ® Ploi o)
(0

<M1= @ e I 7,0(@) (P @ P1.) ($°(@) © $4@)" | (P 5140 © Py 7,0

] 7]

S%Bﬁ since ||6H||S%

<(1+3 B VIIS'INIS” 1l due to (2.53) and (2.54)

1S71111S™11-
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Analogously we can bound ||§ ﬂﬁ) |l as follows:
(3)
oA, |
= (€7 @) Y 500 (@)(P) © P;) ($4(@) © $9(0) ) (P 110 ® Pl 100

J,w

(I®I-eH et

<l @ NI Y 710 () (P ® P (8°(3) @ $°(8) ) (P 7,0 ® P o)

<(1+3B) VIS IS || due to (2.53) and (2.54)

Putting everything together, we get that

1 2 3 - ’ ”
I6:A < 25 max |6 A .|| < 25 ?}a;;(nm;gf,n +16A 1 +16AL 1) < 12582 IS IS,

which concludes the proof for the first bound.

Finally, if \y(=2)$%(@)" = \y(=0)8¥ (-@), then §’ = §” and Dy, = Dy, 50
we easily get the other bound

”Dsec - Z)(p, Lsec)T” = ”Dsec - D(p’ Ljec)HZ—Z = ”Z)jec - D(p’ Lsec)”Z—Z

= ”Z)sec - D(pa Lsec)l|2—2 = ”Dsec - D(p’ Lsec‘)“ < 132ﬁ/,_t||S/||
|

Bootstrapping the secular approximation

Lemma 2.7.4 (Bootstrapping the secular approximation). Consider the decom-
position [ = .ic; [ of the weight function, where f;: S;, — C, and let u; =
min{u >0: ||f}(w) 1(|lw| > w]l = O}. If the Hamiltonian H has discretized spec-
trum so that B C woZ, Buj < 1, Maxgep jej @ + uj =2 v € S Vi Swy, — Ry is

such that y(@)/y(-@) = € for all @ € [-v,v] N S, and the set of jumps is
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self-adjoint {A®: a € A} = {A*T: a € A}, then®

1Dy = D(p, L)' = 1Dy = Dp, LI < D Mfillw D 111l Il 105681 > A% A,

ieJ jeJ acA
where p = e PH |Tr[e PH],
D=1+ Y @y oA @A) - Y2 446y Ag(@). ). ana

a,weSwO

L= Z y(@) A (@) 144 (@) - y(w){A ‘(@) A% (@), -},

aeA,J»eSwO

Proof. The proof builds on the following “polarization” identity: for all M; matrices

and ci,c2 € R

MI*M4+M2*M3—T S| — +85—

C1 c2 C1 2

ey (M M) (3, 0
s==+1

where * stands for any operation that is distributive with +, e.g., matrix product * = -

or tensor product x = ®.

Due to the linearity of the operator Fourier Transform, we have that A“ (w)

2jes AG fo and consequently

) g \ AL
D=3 [1-F P ZPp

ijel =
oi \ LA I
= l - —|———— '
D(p, Ly) Z( 2 ) 2 Z sDLp. £u§_’n+‘||f H)
i,jeJ s=t1 l !

Due to the properties of the operator Fourier Transform (Proposition 2.5.1), we have
that

1)) v@As@ @) < Iylll ), > As(@) Ag(@)]

acA a‘)eSwO acA a‘)eSwO
=1 D lg@Pe AT A% ) < > AT A gl
acAIE€S,y, acA

43Note that here we use notation D 7, Ly instead of Dg, Lg to spell out the dependence on f
instead of 3.
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since ||ﬁ + s”§—’:”|| <2,Bu; < 1foralljeJ,and* v € S, (i.e., no wrapping
i J
around), by Lemma 2.7.3 we get

1D, 5 —DpP. Ly 1)l

AT ST, (R

< max{s i HYIlodB. [ 3 AT A7 (1) AF el +125 [ ) AcAd]|
acA acA acA

< max{u;, 1} |y ll3528B1 Y AT A“|.
acA

K:=

The second line uses that {A%: a € A} = {A%T: a € A} thus |Y,cq AYTAY| =
[ Xaea ACAYT|\.

Finally, by the triangle inequality, we get that

5 \ 1AL
1D - D(p, L)l < (1——1) 1D, 5 -D(p.L, )l
f f l;;;; ) 2 ;;;; H§ET+SH7§W T%W+sﬂ7fﬂ
61']'
< D (1= JIAIA I max (. 3K
i,jeJ
< D IANAN G+ K
i,jeJ
=23 | fillw DI IK. .
ieJ jeJ

Corollary 2.7.1 (Improved bounds for uniform weights). In the setting of Lemma 2.7.4,
consider the uniform weight function f(f) = 1/5—%1(—T <t < T) and the secular

approximation with s(®) = 1(|@| < u) for some u > n/T, then

1Dsec = D(p, Liee) 'l = Dsec = Dlp, Lyee) | = O(ﬁnynm\/gnz ATTA|

acA

Proof. Let f; := F*"1(f - s5); by Proposition 2.6.2, we know that Dy, can be
obtained by utilizing the weight function f;.

We decompose s into exponentially increasing intervals. We set sg := 1(|@| < 7/T)
and

s; =14 "'n)T < |@| < min{d/7/T,u}) VjeZ.
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Let fJ = 7"*—1(]5 . Sj); since s = Zjljl:‘z)g4(/lT/ﬂ)-| sj we have fs‘ _ Zj[l:(z)g;‘(pT/n)] fJ

Observe that due to Proposition 2.6.6

LAl =0F sl < IIf - L& '7/T <@l < V4= =2'7/,  and thus Z £l < 4.
J

The result follows from Lemma 2.7.4 since f] =f-s ; and by the definition of s; we
have u; < 4/7/T and thus

[log, (uT /)] [log, (uT /)] o A [ : 8
Z I filluj < Z Z20i < 2 p[logy(uT/n)| o O Hlogy (uT /)
£ 4 TT0T T

8 U
= —\uT/n=8,]—.
7 VHTIm =87
[

Fourier Transform with uniform weights
For simpler implementation, we can also work with the Fourier Transform with
uniform weight (which is not smooth), leading to slightly worse bounds than the

Gaussian damped case of Theorem 2.1.3.

Theorem 2.7.1 (Uniform weight for Fourier Transform). Consider the discriminant
proxy Dg (2.26) with the plain Fourier Transform AY(D) o D T<i<T A (f)e 1ot
/l} + max,eg w such that v < MaXges,,» V' Sw, — Ry is such that
y(@)/y(-@) = e for all @ € [-v,v] N Sy, and the set of jumps are self-adjoint

Let v =

and normalized (2.10), then the (normalized) top eigenvector approximates the
purified Gibbs state |\/pﬁ> such that

1
123 B3l 0| g ot D)

The block-encoding for the discriminant proxy can be implemented exactly using
Hamiltonian simulation time O(T) using the construction outlined in section 2.3-

section 2.3.

Even though with a worse asymptotic bound, the plain Fourier Transform is simpler
to implement and closer to thermalization in nature (section 2.9). The proof is even
simpler than the Gaussian case, partly because D = D, ,,; as the uniform weights

can be prepared exactly.
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Proof of Theorem 2.7.1. We can assume without loss of generality that 7/8 > «,
since otherwise, the bound is vacuous. We bound the eigenvector distance by
the operator norm using Proposition 2.3.3 and recall the secular approximation
(Lemma 2.6.2, Proposition 2.6.6) and the improved bounds on approximate detailed
balance (Corollary 2.7.1):

6”1)6 - D(p, ~£sec)T||
ﬂgap(Dﬁ)

(195 = Dicell + 1 Dsec = D, Leee)

(D) - VPl <

6
D
gap(-Z)ﬁ)

SO( gapiDﬁ)(w0T+ +,8\/7)) (now set u :=1/8)

S O(m(&)oT-F\/;)) |

Unfortunately, the above result suggests that the Hamiltonian simulation time needs
to scale with the inverse gap squared /lg aps> we do not know if better bounds are
possible.

2.8 Appendix:Discretization error for Lindbladians and discriminant proxies
In this appendix, we bound the discretization error for continuous Lindbladians. We
use the notation established in section 2.5. In addition, for a function f: R — C, by
F (f (7)), we mean the discrete Fourier Transform of the vector obtained by evaluating
f at the points € SI;VJ. Also, we define the “discretized” version f(¢) := /o f (¢)

with a natural rescaling.

We begin with a seemingly loose bound that will, however, be sufficient.

Lemma 2.8.1. If f,g,h € £2(R) and y € {(R), then for any norm |||-||, we have
that

[ 7@ «dioao- Y, ¢@in@' * An@

wESL,I\(;J

< 2, llanan]

v,v'eB

[ v @i w-niw-viw-3, s@ (a7 (i - a)|

- st
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where x stands for any operation that is distributive with +, e.g., matrix product

* = - or tensor product * = Q.

Directly applying the above for the original Hamiltonian H suffers from the number
of the Bohr frequencies |B(H)|, which can generally scale with the Hilbert space
dimension if the eigenvalue differences are nondegenerate. However, we will see that
the above becomes sufficiently stringent if we consider a rounded Hamiltonian H,
substantially reducing the number of distinct Bohr frequencies |B(H )| while staying

close to the original Hamiltonian H.

Proof. We use the defining decomposition of the continuous operator Fourier

Transform from Proposition 2.5.2
Apw)=) flw-vA4,
vEB
and its discrete counterpart

An@) = Y F(h@® - ) (@A,

veB

where & denotes the discrete Fourier Transform defined via & (1 (7)) (@) = \/I—N DireglN] h(7)e 1ot
fo

2r

where 1y = Neog

Due to the distributivity of + and * we have

[ v @i« Ao Y, s@hi@) * i@
o aesl)

= Z (AV)T*AV’

v,v'€B
/ @) F - fow - Y @ F (hD - @ (hD) <)) |
‘°° aesi)

We conclude the proof by using the triangle inequality. [

We proceed by controlling the discretization error for the scalar integral. To do
so, we also need to regularize the filter function and the transition weight y(w) by

truncations

Jr(0) = f(@) - 1(t € [-T/2,T/2))
yw(w) :=y(w) - Nw e [-W/2,W/2)) .
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Lemma 2.8.2 (Discretization error bounds for the integral). Let F denote the discrete
Fourier Transform with parameters N, w, ty and consider f € £;(R) and y € €s(R)
with truncation parameters T,W satisfying N > T/ty € Zand N > W/wqy € Z.
Then, for each v,v' € [-K, K],

[ wf @-niw-viao- Y, w@F (Ve <o) (Vs @ 7)) < e

(]
a‘)eSLféJ

g(w):=

holds provided the following conditions: ##

) (2.55)

N1 M

D wollg () = g (kewo) k(e ) <
keZ

and

Z toll fr (@) = frO |7z < 90, toll fr() T (W +K) <6, If = frlli < (V27 - 2)8,

t'eSrfvJ
I
(2.56)
where 6 = min(4W||yw||§<||f||1+1>’2)' »
Proof. By (2.55) we have that
(k+1)wg
[e@aw- Y gtonan| < | [ gw) -glkanis| @57
R kez kez|? kwo
€
< 2 @ollg (@) = 8 (kwo)ll ko, (kswn) < 5-
keZ

#Note that the definition of g(w) depends on the values v, v’, however we do not explicitly indicate
this dependence for ease of notation.

#Note that in case N is odd in order to match the spacing of the grid STV, the intervals
[kwo, (k + 1)wp) should be changed to [(k — %)wo, (k + %)wo) and analogously the endpoints of
[Z, 7+ ty) should be shifted to 7 + £ /2.
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Also observe that due to (2.56) we have for all w € R that

D ol fr@e™ = fr@e )

feSerNJ

< Z toll fr(D)e " — fr(D)e |7 7e10) + toll fr(De ™ = fr(De || (77410)

feS,[(iVJ

< Z toll fr(2) — fr(D77s0) + ol fr D17 — €7 (7.41)

feSt[ONJ

< D wllfr@ = fr@llizzs + 1ol fr Dol

feS,[(f\’J

< 6+ 10l fr(DlleoT|wl.

Next we define fr (w) = \/% 2ies,, fr(f)e ", The above two inequalities imply

similarly to (2.57) that for all w satisfying |w| < W + K we have

i@ = fl = |fr@ = —= [ e+l = [0 - o

—+

fo o 5
= _ wt _ _ — 1wtd \/2__2 o
P2 Y A M-
1 o —iwf —iwt o)
= Etg;o i Jr(D)e ™ — fr(t)e™ " dt| + (@—Z)E
20 S
<—+(V2r-2)—
SR ALY
€
=0 =mi 2| 2.58
mm(4W||7w||oo(||f||1 1) ) (258)

Let g(w) := yw(w)f;(w - v)fr(w —v'). Considering that |v|, |v'| < K we get that
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forallw e R

g(w) - &(w)]
< yw(w)]

(1@ =" F@=v) = [(@= ) fr(@= V) +1f (@@= frw =) = -9 rw-))

= w(@I(1F* (@ =9I f(@=v) = fr(@ =) +If"(@=v) - fi(@=-)llfr-))

< slyw(@)(If* (@ =1+ 1fr(w =) (by (2.58))
< Slyw(@)|(If*(@ = V)1 + (@ =)+ fr(w = v) = @ =)

< Slyw(@)| Il +2) (by (2.58))
< ﬁ (by (2.58))
This implies

(=)

D wo(g(kwo) — g (kw))

kezZ

<woy lelkwo) —gka)l < Y S <

2
kezZ kezZ
kwoe[-W/2,W/2)

b

S

(2.59)

showing that

[ st@1o- Y wngtkon)

kezZ

[ (@@= fw= o= 3 oo (ko fy koo = n)fr koo =)

keZ

<

L@ @ =fw=vdw= 3 oo koo (koo = ) f keo =)

kez

+

wo Y yw(kwo) f*(kwo = v) f (kwo = V') = yw (kwo) ff (kwo = v) fr (kwo = V')
keZ

<e. (by (2.57) and (2.59))
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We conclude the proof by observing that due to W < Nwgy, T < Nty, and “’Oto = %

we have

> wogkwo) =wo Y yw(@)f{ (@ =) fr(@-v)

keZ WEZwy
wot . —i(@—v)7 * Si(@—v')F
=" D, wl@)| ) fr(De 2, (e
WEZwy 1eZty 1eZty

ol

== 3 @) 3 V@ e || S Ve e

a)eS NJ teS“VJ t'eS,r(fvJ

= > yw@F (Vifr(@ - < @) F (Vi fr(@) - < )@).

(DESBXJ

As a sanity check, the above implies that the discretized Lindbladian convergences to
the continuum in the limit.

Theorem 2.8.1 (Discretizations converge to the continuum). If'y € £ (R), f € 2(R),
and vy, f are continuous almost everywhere (i.e., the set of points of discontinuity

has measure zero) while f is bounded on every finite interval, then

I . .
i lim _;NJ (@) (A #( @147 (@) - SHAf (@ A (@), -})
- [ @) 1A ) = 0 ) ), o

and if y > 0, then also

Jim gim 3 yw(@)yw(-@) Az (@) ® A (@)
a‘)eS[NJ

_7(@)
2

- / V(@7 A (@) @ A (w)°
_Y(w)
(4

(AfT(w)‘fAf (@ @T+I1®A; ()" A (@) )

Apw) Ap(w) @ T+1® A (w)" A (w)* )

where wo = to = \/2r /N and fr(t) = o fr(1).
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Proof. Due to Lemma 2.8.1, it suffices to prove for all v, v’ € B that
lim tim > yw(@F (D - @)F (@ - "))

W, T—00 N—>oo
(DeSw]X

- [ v @ fw-v)de
tim Jim > Ny @mw (T (7D - D)@ F (D - i)

W, T—o00o N—oo
cDeSB\éJ

= [ o - -V 2.60)

Since f € 6:(R), we have f € £ (R) and therefore by Holder’s inequality we get that
y(w) f*(w —v) f(w—v) € & (R), which then implies

1) w
/ y(@) (=) f(w-)do = lim / Y@ f* (@ =) f(@ - v)dw.
—c0 —oo J_w

Since f = limy_,e fr, Parseval’s Theorem implies f = limy_,« fr and so by Holder’s

inequality we get

w R . w R .
[ v@f@-niw-vio=tim [ yw/iw-nfie-vi.
-W —o J_w

As fr is bounded, continuous almost everywhere, and has compact support, the
Lebesgue-Vitali Theorem [137, 154, Theorem 11.33] implies that it is Riemann
integrable. Therefore, fr is bounded and continuous which similarly implies that

g(w) = yW(w)fT* (w — V) fr(w — V') is Riemann integrable on [-W, W].

Since f « fr, limy_,0 wo = limy—oty = 0, and f7(¢), g(w) are Riemann integrable
(c.f. [48, Theorem 8.26.]), for every € > 0 (2.55)-(2.56) are satisfied for large enough
N. Thus Lemma 2.8.2 implies that

/ :VV V(@) fi@=-0frw=-V)do= lim > yw@F (70 - DT (7@ ")),

(Z)GSL%J
Equation (2.60) can be analogously proven after replacing y(w) with y/y(w)y(-w)

throughout the argument. [

We believe that a similar result can be shown for any y € £, (R), f € £>(R) without

the other assumptions in Theorem 2.8.1 by applying a further approximation with
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the help of mollifiers. While such an asymptotic result is conceptually elegant,
for quantum algorithm implementation, we need quantitative, nonasymptotic error

bounds for the particular functions we encounter.

Proposition 2.8.1 (Discretization error of Lindbladians and discriminant proxies). In
the setting of Lemma 2.8.2, assume continuity and boundedness assumption for f,y
as in Theorem 2.8.1 with normalization ||y||«, || fll2 < 1. Consider a single jump
operator A with ||A|| < 1, assume that y(w) and \/m are C-Lipschitz
continuous, f is (D - ||f|le)-Lipschitz continuous, fr is (L - || frlle)-Lipschitz

continuous on [-T [2,T[2), and assume the following conditions:

2
lfr=flo< o 2 0lf@-r@P<(5). X olf@F <1

LL_)ESIONJ a-)eStroNJ
SN €
/ F(@)1(|w] = W - 2| H])Pdw < ,
oo 8(256||EH||T N 1)2
and || f — frlli £ (V2rn —2)6 for 6 = min( 62 , 2), and
32 2L 41 P w (11 +1)

1 1
o < —min(—, _),
Tl ™ W+ 2lH T

1 1
wo < — - min| — . (2.61)

10\ wic v apy i (Z o

Then, in the notation of Corollary 2.6.1-2.6.2,
r = (W
1L = '580‘31)”1—1 < €, D rm) — Dgf,)H)” <e,

where the discretized Lindbladian and discriminant proxy uses yw(w) instead of

v(w). Moreover, if

€

(256||6H||T N 1)2

Z |91‘(f(f)e<w”7)(@)11(|@| > W)(2 < for each |v| < 2||H||,
8

d)eSB\éJ

(2.62)

then

N Lrm — Lirmlli- < e, 1D — Dirmll < e
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Proof. Let H be the Hamiltonian obtained by rounding the spectrum of H (down
in absolute value) to Zn; this is crucial before we invoke Lemma 2.8.1. Our proof

proceeds using the following triangle inequalities:

1Ly — Lirmllior < N Lwy — Lol + 1 Lm — Lormha + 1 Lgm = Loz

1Dy = Dl 1Dy = Dl + 1D sy — Dl + 11D iy — Dl

where f( r.H) stands for either L(( 71 OF Ls.m and D g for either Z)g 7. }I) or

D).

Choosing 7 := 7, we get by Corollary 2.6.2 that

WL — Lrmli-t < N Lirw — Ligrmlli-t + 1 L gmy — Lipmlhi-1
<8(Tn+Ifr = fl) < 2.
1D = Dyl < 1D .m = Dl + 11D iy = Disa
<8(Tn+Ifr = fl) < 2.

and similarly by Corollary 2.6.1 that

I Lsm = Lpmli-t < WLy = L=t 1Ly = L lhi-n <

OOIm

~ ~ ~ . ~ ~ €
1Dy = Dl < M1Dirm = Dl + 1Dy = Dipall < -
Therefore, it suffices to show that ||.£ ; g, - -[:(f,ﬁ)”l—l, 1D — Dl < =3
Let ¥ be either y or yy matching the definition of £, and 9. We apply Lemma 2.8.1
with * = -p- and x = -, showing that the difference between the discrete and
continuous generators [|.L s gy — f:(f,g)lll—l, 1D sm) - @( 7.l can be bounded
by

256||H||T
2(%nn
€

+ 1)2 /Ooy(w)f*(w—v)f(w—v’)dw - Z 77(@)77—‘(]?T(;) 'e(iva)?@)if(fr(f) ,e(iv’r‘))(a_)) ’
- (Z)ESB\(;J

(2.63)

since the number of Bohr frequencies for the discretized Hamiltonian H satisfies
|B(H)| 4IIHII +1< 4||H|| 4] = BolHEIT |

€
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We further bound ||.£; gy — fj( 7. lli-1 in three steps according to the following
triangle inequality:

[ r@fw-nie-w- Y, 9@F (f0e o7 (7o o)

@eSB\éJ

(o)

<

[:V(w)f*(w—v)f(w_vf)dw 3 /

—00

m(w)f*(w—v)f(w—v’)dw‘ (2.64)

+ [ ) F - fo-r)do - Y w@F (7 @) F (7)o
- sesl

(2.65)

+ Y W@ - F@)T (F D f@)F (7Dt @) (2.66)

a‘)eS[L,I\éJ

Considering that |v|, |v'| < 2||H|| and using Holder’s inequality, we can see that

. ) < 6 < e . .
truncation at threshold W introduces error < ; (zsénHuTﬂ)z S TIE in (2.64),

inducing no more than ﬁ error in (2.63). If ¥ := vy, and (2.62) holds, then the
analogous argument shows the same bound for (2.66).

We complete our proof by showing that (2.65) is bounded by ——=——, by

g (20LHIT | 2’
applying Lemma 2.8.2, i.e., showing that (2.55)-(2.56) are fulfilled. In Lemma 2.8.2

we set K = 2||H|| and our accuracy goal € «— ————. To bound (2.55) we
g(ZLAIT )
observe that

g(w) = yw(w) f*(w-v)fw-V)
is (C +2D)|| f]|%-Lipschitz continuous:

g(w+6) — g(w)]

<w(w+0) f(w+6-v)fr(w+6—v) —yw(w) [ (w+6—v) fr(w+6 V)|

+lyw (@) f*(w+6 =) fr(w+6 =) = yw(w) f*(w =) fr(w + 6 = V)|

+lyw(w) f* (@ =) fr(w+6 = V) = yw(w) f* (0 =) fr(w = V)|
<(C+2D)||fII3% - 6,

therefore by (2.61) we can upper bound the left-hand side of (2.55) as

€

16(256|LH”T + 1)2 ’

Wao(C +2D)|If1I2 <
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Now observe that due to the (L - || fr||e)-Lipschitz continuity of fr we have

Z tollfr(t) = fr(O|l 5 < Z t5(L - || frllo) = Tto(L - || frlleo) < 6.

fes! o ! feS{ONJm[—T/z,T/Z)

Repeating the above argument replacing y(w) by 1/y(w)y(—w) proves the same
bound for ||D(f,H) — i)(f,H)” |

Lemma 2.8.3. Both functions yg(w) := (e*#°+1)~" and yp (w) := min(1, e #) are

B-Lipschitz continuous forall 8 > 0. Moreover, \/yG (w)yg(—w) and \/yM(w)yM(—a))
are g-Lipschitz continuous for all B > 0.

Proof. A simple calculation shows that the absolute value of the derivative of
(e4ﬁw + 1)_1 is largest at O, where it is B, therefore it is S-Lipschitz continuous.
Similarly, since min(1,e#®) is continuous, and the absolute value of the (right)
derivative of min(1,e7#¢) is bounded by 8 for every w € R, it is also B-Lipschitz

continuous. Similar elementary calculation shows the g—Lipschitz continuity of

VYo (w)ye(—w) and \yu(w)yu(-w). m

Note that since we apply our generic bound Proposition 2.8.1 to the following nice
functions, we get rather loose estimates of N, which are certainly off by polynomial
factors from the tight values. However, since algorithmically, we only pay (poly-
)logarithmic cost in N, the looseness of our bounds probably only results in constant

overheads.

Corollary 2.8.1 (Discretization error of “finite-time” Davies generators). Let f(t) =
\/;l(t € [-T/2,T/2)) and € > 0. Assuming the normalization condition (2.10),

if [7lle £ 1 and \y(w)y(—w) are B-Lipschitz continuous (e.g., Metropolis or
Glauber), ||y||c < 1, then setting N = 2" for n = @(log(zlAl(”H”H)(ﬂl)(ﬂH))) with

€

appropriate constants ensures that

N Lrmy — Lirmlli-r < e, 1D — Dirmll < e

_2 2 _ T [2r(C+1)
where wqy = T,/—(CH)N, to = 2\/—1\, .
€

Proof. We use Proposition 2.8.1 for each A¢ setting €’ « 4] Lo prove the claim. First
observe that fr = f,and || fll2 =1= X __q~) 1ol F(D? = 1. As f(w) = sinc(Tw/2),
fo
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and |sinc(Tw/2)| < 1, and | 3% sinc(Tw/2)| < T /4 we get that D < % and trivially
L=0.

Let us recall the tail bound on the discrete Fourier Transform from Proposition 2.6.6

> (7@ e - <

~ Tmwo'

|@|>mwy

Similar bound holds for the continuous Fourier Transform f(w) = 4 / % sinc(Tw/2)

of the uniform weight function:

[ : Fol 2 W)Pdo <

3 2
so choosing W := @((w) ) > 2||H|| +8n§(256!—/H”T + 1) ensures the nec-

o(1)
essary tail bounds. Therefore itis easy to see that setting N = @((lAl (”H”“)(?l)(ﬁﬂ)) )

satisfies all requirements of Proposition 2.8.1. [ |

Corollary 2.8.2 (Discretization error of Gaussian Lindbladians and discriminant
2
L_¢730? and € > 0. Assuming the normalization condition
oV2n
(2.10), if |7lloo < 1 and \y(w)y(—w) are B-Lipschitz continuous (e.g., Metropolis
or Glauber), , then setting N = 2" for n = @(log(2|A|(”H”+l)(a+]/a)(ﬁ+]))) with

€

proxies). Let f(t) =

appropriate constants ensures

I L s = Lirmlli-1 < e, 1D 1) — Dirmll < e,

where wq = %1/%, to = 0',/%”.

Proof. We use Proposition 2.8.1 for each A“ setting €’ «

£

a7 to prove the claim.

First observe that || f||» = 1 and since ¢y = O(o") we have

2, Wlf@F =6 (2.67)

LDeS,rONJ

As f(w) = 1/0\/%(‘72“’2, we also get |%f(w)|/||f||00 < o,s0D < 0. Since
Iflleo = [I.frlleo and [ £ (DI/]| flleo < 55> We get L < 5.

Standard Gaussian tail bound tells us that

2
e 202

2
TVN2n ’

If = frli? <
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from which it follows that

2 2to _T
tol £ (D) = fr(DI* < ( + )e 207,
(DG%:NJ TV2r oV2n

0]

implying that it suffices to choose T' = @(o'\/log(l/e’) + 1).

By (2.67) and Proposition 2.6.7 the Fourier-transformed tail satisfies

1 1
—Nzw(z)(rz/Z + e—Nzt(z)/lﬁa'2 + e—WZO'2 ,
VNty/o VWo

soitsuffices tochoose N = Q((Vlog(l/e’) + 1)) and W = @(éx/log(l/e’) +1+ 2||H||).

Oo(1)
Therefore, it is easy to see that setting N = @((|A| (”H”H)(‘T:I/U)(ﬁﬂ)) ) satisfies

all requirements of Proposition 2.8.1. [

2.9 Appendix:Implications for Lindbladians from system-bath interaction

Our algorithmic constructions are closely related to their physical origins, and the
analytic framework conversely sheds light on the thermalization of open quantum
systems. Under physical assumptions, one can microscopically derive a Lindbladian
for a system coupled weakly to a bath (See, e.g., [152]). Among many candidates [56,
58, 139, 150, 170], we mainly focus on the Coarsed Grained Master Equation [121,
134] that enjoys transparent nonasymptotic error bounds and nicely connects to our

algorithmic construction. Recall

(o)

Lcomr)lp] == —-i[HLs, p] + Z/

acA v~

o)A @pde(@)' - (4@ 8. p}Jao

(o8]

(2.68)
= ~£uni [p] + Ldiss [p]

and the correlation function y(w) satisfying the symmetry y(w)/y(~w) = e 5.
The Lamb-shift term 46

HLS = Z

acA

i T/2 pT/2
2V2r T/ / sgn(ty — ta)e (12 — 1) A" (12) A (11)d1,dB.69)
T — _

T/2 J-T)2

46Compared with [134, Eq.24], the factor of \/%7 is due to our Fourier Transform convention.
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depends on the inverse Fourier Transform c(7) of y(w), i.e.,

c(t) = \/%_ﬂ ./_:y(w)ei“”dw.

Let us also impose the normalization convention

el < V2r (2.70)

which also controls the frequency domain by ||y||c < el < 1, Nicely, the strength

g

of the Lamb-shift term is also suitably normalized:

Lemma 2.9.1 (Norm of Lamb-shift term). For H; s as in (2.69),

el

2

1H sl <

Z A4t A4
acA

For our normalization conventions (Eq. (2.10), Eq. (2.70)), the RHS would be %,

which is comparable to the super-operator norm of the dissipative part (2.13).

Note that if ¢(7) is sufficiently smooth (for example, /-Lipschitz continuous with a not

too large /), and we can efficiently prepare discretized states proportional to 4/|c ()|
c(t) Hys

NEO] = [le@ar

by using Hamiltonian simulation time O(T’). The key is to prepare states proportional

to v/|c(f2 — 11)| and =<2 over the domain [-T 2,T/2] x [-T/2,T/2]. This
Vielt =] and =l [-7/2.T/2] x [-T/2,7/2]

can be done by first preparing a uniform superposition over discretized values of

and , then we can get a block-encoding of a good approximation of

t1 on the interval [-T/2,T /2], and also a state proportional to +/|c(#;)| on the
interval [-7,T]. This is a product state, but then we add the first variable to
the second 7, « t, + t; (which we implement in superposition on the register
containing the discretized values of #,). The resulting new variables 1, 7, restricted
to the domain [-7/2,T/2] x [-T/2,T /2] have the desired amplitudes. The case of

c(ta—t1)

Vle(t2—11)|

proportional

is completely analogous. Now the block-encoding is simple: prepare a state

c(f-1)
Vle(a=1)]
the state proportional to +/|c(f, — £1)]||f1)|f2) (run the preparation in reverse). This

block-encoding ensures that we can accurately simulate the above Master Equation

|£1)|t2), apply sgn(t; — 1) A%(f;) A%(f1) and finally unprepare

using Theorem 2.3.2.

Compared with our algorithmic construction, the CGME differs in the following
ways. First, it contains a unitary part £,,;, especially the Lamb-shift term Hg. This

requires additional technical tools to handle, so we temporarily drop this term and
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postpone its discussion to section 2.9. The second difference is less essential: instead
of discrete Fourier Transforms, the Kraus operators are labeled by continuous Bohr

frequencies with appropriate normalizations.

. 1 T/2 1 e—i(w—v)T/2 _ ei(a)—v)T/Z
A(w) =/ — A (1) dt = 4| — A )
(@) 2nT [T/z © ® 2nT Z Y iw

veB(H)

Note the Fourier Transform convention. The time scale 7 depends on parameters of
the open system, such as the bath correlation function and the coupling strength [134];

in our error bounds, we will keep T as a tunable abstract parameter.

Still, using a similar argument for analyzing the algorithm, we control the fixed
point error for the Lindbladian. In fact, the bounds and the presentation simplify as
discretization errors vanish. The main idea is to introduce the secular approximation

(using notations in section 4.15)

L= Y [ r@S@80) - 3188 @) o, @71

acA v~

Theorem 2.9.1 (Fixed point of the dissipative part). The dissipative part of
the CGME Lindbladian (2.68) (satisfying normalization and symmetry condi-
tions (2.10),(2.12),(2.70)), has an approximate Gibbs fixed point

||pfix(-£diss) - P,B”l < O(\/gtmix(-gdiss))-

Since the proof structure is analogous, we present the altogether bounds and derive

them in the following sections.

Proof. Telescope for the fixed points

”pfix(l:diss) - pﬁ”l < ”pfix(Ldiss) - pfix(-Esec)Hl + ||pfix(-£sec) - pﬁ”l

< O((I£ = Lucellizi +1D(P, Lyee) = D, Lyee) |y ) tmi( Laiss))

1 H
< O((ﬁ +ﬁ\/;)tmix(-£diss))'

The second inequality uses identical arguments as (2.20) from the proof of Theo-

rem 2.1.3. The third inequality plugs in bounds for the secular approximation (the
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continuous case is the limit of the discrete case (Lemma 2.6.2)) and approximate
detailed balance (Proposition 2.9.1). Optimize the free parameter u = é to conclude

the proof. [

The mixing time can be bounded by the gap (Proposition 2.2.3) if needed, but for

conceptual simplicity, we stuck to the mixing time for the main presentation.

Bounds for approximate detailed balance

Here, we show approximate detailed balance for the Lindbladian of interest L.

Proposition 2.9.1 (Approximate detailed balance). Suppose the secular approxima-

tion for Lcgmg) (2.71) is truncated at energy p. Then,

1
EHD(p’ ~£sec) - D(p’ Lsec)T”Z_z < O(ﬁ\/g)

Proof. We simply telescope by inserting the algorithmically constructed discriminant
Dyec (Corollary 2.7.1)

||D(P, Lsec) - D(Pa -Lsec)%nz_z < ||Z)(P, Lsec) - Dsec”Z—Z + ”Dsec - D(Pa Lsec)T”Z—Z

< 2”1)560 - D(P, £sec)||2—2~

The last inequality uses that Dy, = Z)jec and that || Al|>—2 = || AT||2—>. Note that
the algorithmic discussion considered discrete energy labels, so we have to take a

continuum limit for the bilinear sum#+’

D y(@)8 (@) $(@) - / y(w)8§ ()$%(w)dw.

(Z)eSwO

Indeed, the bound does not depend on the discretization scale. [

Effects of the Lamb-shift term

In this section, we include the unitary part of the CGME generator. The resulting
bounds now depend on two mixing times, and we do not have a desirable conversion
between the two mixing times. Still, one can upper bound both via the spectral gap
of the Hermitian part of the dissipative part H ;.

#TFormally speaking, the correctness in this limit can be derived by using our discrete results and
taking their limit as in 2.8.1.
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Theorem 2.9.2 (Fixed point of CGME). For the full CGME generator (2.68), which
satisfy the symmetry and normalization conditions (2.10),(2.11),(2.12),(2.70), we
have that

lprix(Leome) — pplli < O(\/?(tmix(LCGME) + tmix (Laiss)) |-

We have already calculated the errors for the dissipative part; here we only study
errors for the Lamb-shift term as in the following sections and combine them at
section 2.9. The strategy is similar; we discretize the Hamiltonian, truncate the
operator via the secular approximation, and then argue that the resulting operator

nearly commutes with the Gibbs state

HLS =~ HLS,seC X \/EHLS,sec\/I_)_l'

Formally, we introduce the intermediate constructs

£sec = £um’,sec + Ld[ss,sec and L’ = \/ﬁ(Ldiss,sec - £um’,sec) [\/ﬁ_l : \/ﬁ_l]\/ﬁ’

where Lum’,sec =1 [H + HLS,seCa ]

Note that in £” we had to manually flip the sign of the coherent part to ensure
Lsee ® L. One may add any coherent term —i[V, -] as long as [V, p] = 0 (most
notably the Hamiltonian H); it would not contribute to the error bounds.

Secular approximation for the Lamb-shift

Rewrite the integral by change-of-variable s := #, — #; and apply the secular

min(7/2-s,T/2)
~/max(—T/2,—T/2—s) Z

acA

approximation to the inner integral

T

H;s: N sgn(—s)C(s)

= Atﬁ Aa
7 ), (s)

(tl)dtl)ds

The secular approximation in this context differs from the one we used for the bilinear
expressions (Lemma 2.6.3). We define and analyze the error as follows, inspired
by [40].

Lemma 2.9.2 (Secular approximation for time average). Consider an operator A
and a Hermitian operator H. Then, for any unitarily invariant norm ||-||.. and times

11, to, there exists a secular approximated operator S, such that
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and

1) . .
/ eleAe—leds _ S“

1

<ol llAfl

1+ log(mtzl—tl | ) )

k

See section 2.9 for the proof. Intuitively, the time average fl ltz A (s)ds weakens the
off-diagonal entries (in the H eigenbasis) with a large Bohr frequency. Dropping

them incurs an error depending on the truncation value u.

Applying the secular approximation for the Lamb-shift Hamiltonian yields the

following bound.

Corollary 2.9.1 (Secular approximation for the Lamb-shift term). In the setting

of Theorem 2.9.2, the exists a Hermitian operator H g 5o such that

<wj|HLS,seC|'~ﬂi> =0 lf |Ei - Ej| < M

and

5 " AaTAa T . 1
|Hrs — Hpssecll = O (DI ”/ |IC(s)|ds| =O|—].
ur -T uT

Proof. Apply secular approximation to the inner integral (which depends on s) to

obtain

. AT
1 ()
His o i= 7 /_T sgn(—s)C(s)S, ds

and calculate

1

T
Hos - Hys pell < —= / C(s)]

ds.
<31/, s

min(7/2-s,T/2)
/ (3 A% (5)A%) (1), - S
max(-7T/2,-T/2-s)

acA

Use the secular approximation (Lemma 2.9.2) for the integral over #; to conclude the
proof. [
Approximate detailed balance

Thirdly, we also control the error for approximate detailed balance.

Lemma 2.9.3 (Apprximate detailed balance for the unitary part). In the setting
of Theorem 2.9.2, if Bu < 1,

T
L+ NP Luil NP NP VB < é(ﬁu [ rcw ds) = 0(Bp).
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We present the superoperator form to feed into our existing fixed-point analysis. Still,
the calculation essentially reduces to the operator norm. We will need the following
proposition, whose proof is reminiscent of the arguments (section 2.7) analyzing the
OR part of Lemma 2.7.3.

Proposition 2.9.2. Suppose an operator A satisfies
(Ei|A|Ej> =0 whenever |E,~ - Ej| <u
and Bu < 1, then

IA - VpAVP 'l = O(IIAlIBw).

Proof. Consider nearby energy projectors at energy resolution u.
I = ZP““ where P, = Z Pg.
a€e’Z (a+%)/z>EZ(a—%),u

Then, the matrix A is tri-block-diagonal A = U + L + D with blocks labeled by
integer multiples of y. For the lower-diagonal-blocks L = ., P(441), APy, We

evaluate the commutator for each term

—1 — ’ ’
P(a+1)pAPa,u - \/ﬁP(aH),uAPau\/ﬁ = P(a+1)pAPay —ePH /ZP(a+1)pAPapeﬁH /25

where
H =H - (a+ %)I such that ||H'|| < pu.
Therefore,
IL = VPLP | < max [|Pus1)uAPay = VPPariuAPuyNp |
(By Lemma 2.7.1)
=O0(Bu). (By |e* — 1| < 2|x| for |x] < 1)
The bounds on D and U are analogous. [

Proof of Lemma 2.9.3. Expand
—1 —1
LD A1+ VpLuni[NP ' Avp ' INP
= iHLS,secA - iA}ILS,sec - i\/EHLS,sec\/E_lA + iA\/E_lHLS,sec\/E
= i(I{LS,sec - \/ﬁHLS,sec\/ﬁ_l)A -iA (HLS,sec - \/ﬁ_lHLS,sec\/ﬁ)-
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The Hamiltonian term H disappears because it commutes with the Gibbs state. Now,
Holder’s inequality reduces the superoperator norm to the operator norm, which can

be controlled by Proposition 2.9.2

|5 ec = VPHLS secP™|| < OUHLs ceclIB) = O((IHLs I + 1 His = His e ) Br)

Use Corollary 2.9.1 and Lemma 2.9.2 to conclude the proof. [

Altogether: Proof of fixed point correctness (Theorem 2.9.2)
We now put together the error bounds for the full CGME Lindbladian.

Proof of Theorem 2.9.2. Recall the bound on the fixed point error

lprix(£) = plh
= ”pfix(L) - pfix(-Lsec)Hl + ”pfix(Lsec) - pfix(~£/)”1

I1D(p, Lsec) = D(p, L) l22
< o L - -£sec —1Tmix L
{ -t £+ =2 (D, Zoee)

< O(||~£ - Lsec”l—llmix(l:) + ||~£diss - Ldiss,sec”l_ltmix(i:diss)

+ (”Z)(p, -Euni,sec) + D(p’ -Lzum',sec)T ”2—2 + ||Z)(p, -Ediss,sec) - Z)(p, -L:diss,sec)Jr ||2—2)tmix(-£diss))’
2.72)

where we compare the fixed points of L., and L’ by eigenvector perturbation
(Proposition 2.10.2, noting that L., contains an eigenvalue zero as it generates a
CPTP map; £’ has the Gibbs state as its fixed point, which has eigenvalue zero). The
third inequality bound the singular value by the mixing time: apply Fan-Hoffman [21,

Proposition II1.5.1] and use perturbation bounds for sorted singular values

26 2(D(p, Lsec)) 2 52 (D(p’ Lsee) + D(p, Lsec’)T)

> Ay (Z)(p, Liiss,sec) + D(p, -Ediss,sec)T) - ||D(p’ Lunisec) + D(p, -Euni,sec)T”z_z

1

;
> Q(m) — D (p. Lunisec) + D(p, Lunisec)'||5_,

1

>Q(—
(tmix(Ldiss)

) - ||D(p, Lum’,sec) + D(p’ LM”![,S“)T”2—§2'73)
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The rest are analogous to (2.20), except that we have to manually include the term
||~£dixs - -£diss,sec||1_1tmix(Ld[ss) to ensure Eqn (273) holds.

By secular approximation with truncation energy u and u’ (which will be set to
different values to minimize the error bounds),

1
Vu'T

~ 1
”HLS - HLS,secH = O(ﬁ) and ”Ldiss - ~Ediss,sec”l—l = 0( )

which combines to

”‘L - ‘Lsec”l—l = ”i[HLSa ] + Laiss — i[IJLS,sec, ] - Ldiss,sec”]_l

=0|—+ .
Tu u'T
The second inequality reduces the superoperator norm ||-||;-; to operator norm by

|Apll1 < ||Allllpll1- Next, we combine the approximate detailed balance-type errors

from the Lamb-shift term (Lemma 2.9.3) and the dissipative term (Proposition 2.9.1)

||1)(P, Luni,sec) + D(P, -L:I,tm',se‘c)-{r ”2—2 + ||D(P, Ldiss,sec) - D(P, Ldiss,sec)T ”2—2

~ 'u’
=0 + B+ = |-
(,B,U B T)
- [L 1 r- 1
Altogether, choose u = Y and y’' = 5 S0 that

(272) < é(max(tmix(L)a tmix(‘Ldiss)) ' \/g),

which concludes the proof.

Proof for secular approximation for time average (Lemma 2.9.2)

Intuitively, we want to truncate the Bohr frequency far from zero. Unfortunately, the
sharp truncation from section 4.15 does not seem to work here because the truncation
error is related to the 1-norm || f||; (instead of 2-norm || f||2). The 1-norm is more
delicate to handle, forcing us to smoothly truncate the tail and explicitly evaluate the
Fourier Transform in the time domain. Pictorially, the time domain function becomes
a smeared version of the sharp window function 1(|¢| < T') where the discontinuity

is smoothed out due to convolution with a smooth bump function.
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Proof of Lemma 2.9.2. Without loss of generality, we can conjugate with time
evolution to shift the integral so that r, = —t = T/2. Let f(¢) = 1(|t| < T/2), then

/2 o0
\/%_ﬂ /T A(s)ds = \/%_ﬂ ‘[00 f(s)A(s)ds = ZAVf(_V)

-T/2

o-iwT/2_giwT/2

with f(w) = T Let us truncate the frequency domain function

\/%—ﬂ '[:(b * f)(s)A(s)ds = ZylAV]} F(~v) =

by multiplying with a carefully chosen smooth bump function

0 if |x|>u
b(x):=41 if x=0

<1 else

Then, for any unitarily invariant norm,

T/2
/ A(s)ds— S
—T/2

1f =&+ flh

*

\/__
_ L ( (f—b*f)(t)dt+/ (f—b*f)(t)dt) (2.74)
We

T VIn
( 1+log( ))

The second equality separately evaluates the integral around e-balls near +7T

[T T U] T 1 |t 1
= —_ = — _— = _— T = —.
W, > €, > +e]U > €, > +€ or €

For each ¢ € W{, the convolution is point-wise close to the original value

o0

[ fa—wmwM—fm=f0%/

—00

b(s)ds - 1) +r(ult = T))

up to an error r(x) falling super-polynomially with |x|. Thus, the integral over
W¢ (2.74) is then bounded by

4 [ I
2Aﬂwmﬂhfmm:;[|mmmzoﬁy



111

The main error arises from the sharp edge at +7'; we invoke general norm bounds
[ flleo = 1 and

1 ~ N
16# flleo < \/?“b'flll
T

1 ur - u -y A
< Tﬂ([w |f (w)|dw + (/1/T+/_# )|f(a))|da)) By 16 < 1)

1 o
= O(l +log(ﬁ)) (By |f(w)| < min(\/%_ﬂ, L_y)

2rw

and integrate over W, to obtain the bound. [

2.10 Appendix:Spectral bounds and mixing times

In this section, we present missing proofs for lemmas and propositions. While
some arguments are standard and included merely for completeness, controlling the
spectrum of nearly Hermitian matrices requires a substantial linear algebraic argument.
We begin with eigenvalue and eigenvector perturbation theory (section 2.10), which
is crucial for establishing mixing time bounds (section 2.10) and the correctness of

fixed points (section 2.10).

Perturbation bounds for eigenvalues and eigenvectors

In this section, we present some useful bounds for eigenvalue and eigenvector

perturbation.

Proposition 2.10.1 (Bauer-Fike Theorem with multiplicity, cf. [21, Theorem VI.3.3
& Problem VI1.8.6]). Perturb a normal matrix N by an arbitrary matrix A. Then,
the spectrum of N and N + A are ||A||-close to each other:

SpeC(N + A) c UseSpec(N)D(sa ”A”)’ and
Spec(N) C Usespec(N+a)D (s, [|Al]),  where  D(s,€) ={z € C: |z —s| < €}.

Moreover, the connected components of Usespec(n)D (5, ||Al]) contain an equal

number of eigeinvalues of N and N + A when counted with algebraic multiplicity.

Proof. The first half of the statement is the Bauer-Fike Theorem [21, Theorem
VI1.3.3]. To study the number of eigenvalues per connected component, we consider
an interpolation path

X(t)=N+tA for 0<r<1.
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The Bauer-Fike Theorem applied to N + A implies for every 0 <z < 1 that

SpeC(X(t)) C UseSpec(N)D(S,t”A”) - UseSpec(N)D(S’ ||A||)

Then, by continuity of eigenvalues along the path, cf. [21, Corollary VI.1.6], no
eigenvalues enter or exit the connected components of Ugespec(n) D (s, [[A|]), therefore
their number (counted with algebraic multiplicity) is the same for X(0) = N and
X(1)=N+A. [

Corollary 2.10.1 (Eigenvalue perturbation for discriminants). If D is Hermitian and
has norm bounded by || D|| < 1, and D’ has a right eigenvector |) with eigenvalue
1, then the top eigenvalue of D satisfies

(D) - 11 < |D - D'l

Eigenvector perturbation bounds

Intuitively, perturbing a matrix yields small changes in eigenvectors with well-
1solated eigenvalues — we prove this below rigorously under suitable but quite

general conditions using a simple linear algebraic argument.

Proposition 2.10.2 (Eigenvector perturbation). Perturb a matrix M by another matrix
A. Let |v) be a normalized right eigenvector M|v) = A|v), and A’ an eigenvalue
of M + A. Then the corresponding right eigenvector (M + A)|v') = A'|V") can be

normalized such that

2V2(J|A] + 14 - 2))
so(M-aI)

vy =0y =1 and |IV) - <

where ¢_(+) denotes the second-smallest singular value (with multiplicity). Due
to Fan-Hoffman [21, Proposition II1.5.1] the singular value ¢_,(M — AI) >
-1 (M+Tw —Re(W)I ) can be bounded in terms of the Hermitian part.

Proof. We can assume without loss of generality that [v') oc |v)+€|vt) for e € [0, o0)

and (v*|v*) = 1, yielding
(M +A)(|v) +e€pr)) E XI(|v) +evt))

A(V) + et ) + (M = XD)|v) = (XTI - M)p+).
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Taking the norms above on both sides and defining « := |1 — 4| we get

_ Ay +ept) + @=L +e)llAll+«

<
[(M — 1) |v+)]] | s2(M-al) -«
|A|l + &
€<
So(M—Al) - ||A]| - «
All + 1
B ”(Zlg ;1) ' A &7
52 I - = orm

The last inequality is a rearrangement. The first inequality uses the triangle
inequality for the numerator, and for the denominator that ||(M — A'I)|vt)| >
(M = AD S = 12 = DIvHI = (M = aDv+)|| - « and

(M = AD)|v )| > ¢o(M - AI).

We conclude by setting the appropriate normalization |[v') = \/11—2(|V> + €|vt)) and
€
utilizing the above bound (2.75):

vy = V)l = \/%EZIIVI +e2|v) = (Iv) + e )l

~ \/(m—l)2+62
- V1 + €2

: 2V2(J| Al + )
< \/EE < mln(\/z, m)

The first inequality uses V1 + €2 — 1 < e. The last inequality uses that the bound

is vacuous at |||v) — |v'}|| < V2 and combines (2.75) with the elementary estimate
Vx € [0, 1/2]: V25 < 2V2x after substituting x «— % n
When we apply the above perturbation bound for a Hermitian M, we can set A to be the
top eigenvalue such that ¢_»(M — AI) will be the gap Agq, (M) = A1 (M) — A2(M).
In that case, Proposition 2.10.1 guarantees the existence of a nearby eigenvalue A" of
M + A such that |1’ — 2| < ||A||. When we handle the Lamb-shift term, we need
to consider a nonHermitian M. There, bounding eigenvalue perturbation is not
generally obvious, so we will simply assume that there is a nearby eigenvalue A’ of
M+ A.

Approximate detailed balance implies approximately correct fixed point
When detailed balance holds approximately for p, we still expect the fixed point to
be approximately p; we provide a proof of this in this section, which relies on the

matrix perturbation results (section 2.10). Recall that in section 2.2, we defined the
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Hermitian and anti-Hermitian parts (under similarity transformation) as follows:

D(p, L)=p P Lp"* p'Hp M =H + A,
Dip. L) = p A Lip . p 4 pl* = 4 — 7.

Observe that D(p, £)T[y/p] = 0, but it needs not be the case for D(p, L), which

we care about.

We recall some facts: every Lindbladian satisfies that Spec(L) C {z € C: Re(z) <
0} [181, Proposition 6.1]. As D(p, L)T [vp] = 0 we also have that O is an element
of the spectrums Spec(D(p, £)"), Spec(D(p, £)). Since D(p, L) is defined by
a similarity transformation we have that Spec(£) = Spec(D(p, L)) and due to
Proposition 2.10.1 this implies

A (H)| < [[A]l2-2. (2.76)

Proposition 2.10.3 (Fixed point accuracy). Suppose a Lindbladian L satisfies the
e-approximate p-detailed balance condition. If Agq,(H) > 2e, then there is a unique

state as its fixed point p i (L) > 0 and its deviation from p is bounded by

14e
prix(L) - p|, £ —F=-
” fix ||1 /lgap(q_{)
The RHS indicates that the fixed point accuracy may deteriorate if the map has a

large anti-Hermitian component or if the gap closes.

Proof. Every CPTP map has at least a stationary state [181, Theorem 6.11], and thus
there is a fixed point pf;x (L) > 0 of unit trace. The condition Agq, (H) > 2||All2-2
translates to Ax(H) < —||A|l2—2 implying that 0 has algebraic multiplicity 1 in
Spec(D(p, L)) due to Proposition 2.10.1, which then proves the uniqueness of the
fixed point.

By our eigenvector perturbation bound (Proposition 2.10.2), we get that there is a

matrix R of unit Frobenius norm in the kernel of D (p, £) such that

4V2||Al2->

Ve - Rll2 < L)

where we used that the Frobenius norm of a matrix is equal to the Euclidean norm of

its vectorization ||A||> = |||A)]|. This in turn means that p'/*Rp'/* is in the kernel
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of L, thus ps; (L) = p/*Rp'*Tr(p'*R p'/*), moreover

lp'*Rp"* — pric (LIl = (Tr(p”“Rp”“) - 1‘||Pfix(£)”1

= (Tr(;r>”4lhf>”4 - p)‘ < lp"*Rp"™* - plI1,

where in the last step we used the trace-norm inequality |Tr(A)| < ||A||;. We can
further bound

Ip'*Rp'* — plly = 11p"* (R = vp)p" Il < lp"*115 - |R = VP, = IR = VPl

where we used Holder’s inequality ||BAB||; < ||B||ﬁ||A||2. Combining the above

three inequalities, we get

lprix(L) = pllt < llpfix(L) = PRV + 1 4R eV - |1y

8V2||All2-2
<?2||R - < —.
IR~ VPl < =0
Finally, we convert A5 to A,4, in the above bound. Due to (2.76) we have —A>(H) =
Agap(H) — A1(H) = Agap(H) — ||All2—2 so we can further bound the above by
8V2|| A |22/ (Agap (H) — || Al|2—2). But this bound is vacuous at ||p s (L) — pll1 <
2, i.e., when g (H) < (4V2 + 1) || A|l2-2. If Agap(H) > (4V2 + 1)||Al|2-2, then

Agap(H) = [ Alb-2 = 7240 (H), yielding

(8V2 +2)[|Al|2->

ix -£ - < . ||
losie(£) = pll < =0

Corollary 2.2.1 (Fixed point accuracy). Ifa Lindbladian L satisfies the e-approximate
p-detailed balance condition, then its fixed point p r;x (L) deviates from p by at most

”pflx(L) - p”l < 20tm[x(~£)6-

Proof. In the proof of Proposition 2.10.3 we got the ultimate bound by converting A,
to Agqp by the observation =2 (H) > Agqp(H) — || All2—2. Due to Proposition 2.10.1
the same bound —A2(H) > Are(gap) (L) — |All2-2 also holds for Are(gap) (L) (c.f.
Proposition 2.10.5) since 0 is an eigenvalue of L. Hence the conversion combined
with Proposition 2.10.5 shows

(8V2+2)[|All2 _ (8V2+2)[[All2-2
/lRe(gap) (L) B ln(2)

”pfix(L) _p”l < tmix(£)~ u
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Perturbation bounds for Lindbladians regarding gaps and mixing times
This section provides proof for scattered statements circling spectral gaps and

mixing time. Most results are standard, except maybe the most technical result
(Lemma 2.10.2).

Lemma 2.2.1 (Fixed point difference). For any two Lindbladians L, and L, the
difference of their fixed points (in the Schrodinger picture) is bounded by

lorix(L1) = prix(L)I1 < 4Ly = Lall1-1 - tmin (L1).

Proof. We begin by recalling Duhamel’s identity. We use its integral form derived
in, e.g., [81, Eq. (40)]:

1
et —ef = / e*4(A - B)e!!™B(s,
0

We apply the above identity with A « tL, B < t/£, and take the 1 — 1 operator

norm on both sides

1
K 1-
le'f — 22|, < / 1L (L1 = 1£2)e L2, ds
0

1
) t/ e 2Ly = tLalli—i e 22 yds = £]| £y = Lalli-1.
0
(2.77)
The last equality uses that e*< is a CPTP map and so ||e*£||;_; = 1 [181, Theorem

8.16].48

Now, let py := prix(L1), p2 = prix(L2), and 1 := tmix(LD. Then

Ll tmlx

lp1 = pall; = le [p1]
< et ] - £ ], + e o] — e o]

e ]

1
< 3 lp1 — p2lli + 2tmix || L1 — La]l1-1- (2.78)

The second inequality follows from (2.77) and that ||p; — p2||; < 2. Rearrange
(2.78) to conclude the proof. [ |

Proposition 2.10.4 (Mixing time difference). The mixing times of two Lindbladians
L, L, are related by

In(1/2)

1
] Umix - — —.
ln(1/2+tmix(£1)||£1 _£2||1_1) lf (Ll)”~£l ~£2||1 1 <

tmix(-£2) < tmix(Ll) 2

“8Here, by the 1 — 1 norm, we mean the 1 — 1 norm of the operators restricted to the subspace of
Hermitian matrices.
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Proof. Let t; := tnix(L1) and R be a traceless Hermitian matrix with ||R||; = 1

maximizing ||e£2x[R]|;, then

e (R < e (R + [le£2/<[R] = 4105 [R] |

IA

IA

1 1
§||R||1 + tmix| L1 — Lall1-1 || R = 3 + tmix| L1 = Lalli=1 ||| R||1-

The second inequality follows from (2.77). Set R = p; — p,, rearrange, and take the

logarithm to conclude. [

Relating the mixing time to the spectral gap using exact detailed balance

The mixing time of a general Lindbladian may be difficult to analyze. Fortunately,

many handy bounds exist, especially circling the spectral gap when detailed balance
holds.

Proposition 2.2.2 (Mixing time from spectral gap [97]). If a Lindbladian L satisfies
p-detailed balance, then

In(2|lp~"2|)

tmix L < )
L)<= 0@

where Agq, (L) is the eigenvalue gap of the Lindbladian, and the mixing time t,,;y is

the smallest time for which

. 1
”eLzmm [p1 = p2l||, < sllp1 — p2lli for any states  py, ps.

1=
Proof. Write R = p; — p», then
[ R, = [0 1o~ Rp™ 410
< 1/4” _‘Z)t ~1/4p ,~1/4 H H 1/4”
_Hp4e[p p]2p4
< e Aeap (1 p—1/4Rp—1/4H
2

< e tear T = 2| Rl

< e~ Aear (1) o= 17412 R

— T -
= e erEN o 2R

The first inequality uses Holder’s inequality. The second inequality uses the
orthogonality to the leading eigenvector such that Tr[+/p p~V*Rp~14] = Tr[R] = 0.
Take the logarithm to conclude the proof. [
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Relating the mixing time to the Hermitian gap (and approximate detailed

balance)

Proposition 2.10.5 (Spectral gap from mixing time). For any Lindbladian L, let
—ARe(gap) (L) be the second largest real part in its spectrum (counted by algebraic
multiplicity), then

In(2)
tmix (L)
Moreover, if Are(gap) (L) = 2||All2-2, then there is unique eigenvalue A;(H) >
~||All2-2 and

Agap(H) +2[|All2-2 2 [|All2-2 = 22(H) = ARe(gap) (L) =

Agap (H) +2||All2-2 = |All2-2 = 22(H) = Are(gap) (L)- (2.79)

Proof. We know any Lindbladian has at least a stationary state of eigenvalue 0, and
each eigenvalue which has no real part has a trivial Jordan block [181, Theorem
6.11 & Proposition 6.2]. Therefore, if Are(gap)(L) = 0, then 2, (L) = oco. If
ARe(gap) (L) > 0, take any eigenvalue A such that —Age(gap) (L) = Re(4), and let R
be a corresponding right eigenvector of £, which is then necessarily traceless. We
can assume without loss of generality that the Hermitian part Ry := (R + R")/2 is

nonzero (otherwise, we can just take R « iR). Since £ is Hermiticity preserving,
In(2)

we get that Ry is also a right eigenvector with eigenvalue A. For t < Tecean (D)
e(gap

w¢e

have
1
leX [Rullli = || IRull: > §||RH||1
implying that
In(2)
/lRe(gap) (~£) .

We conclude using Bauer-Fike Proposition 2.10.1 to show Are(gap) (L) < —A2(H) +
|| A||>—2, combined with (2.76). [

tmix(L) 2

What if the detailed balance condition is violated? In the worst case, the conversion
from spectral gap to mixing time can be poor. However, the Lindbladians we consider
are “sufficiently” detailed balanced so that essentially the same consequences hold.

The following two scenarios cover our main use cases
D(p,L)=H+A where | All2-2 < Agap(H),
(approximate detailed balance)

or A1 (H) < Agap(H).  (nonperturbative A)
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The first case should be understood as nonHermitian eigenvalue perturbation,
consistent with the framework of approximate detailed balance. The second case is
less intuitive, as the anti-Hermitian part can be arbitrarily large. Intriguingly, the
spectral properties of the Hermitian part # suffice to control convergence even in
the presence of a large perturbation H + A. In fact, the second case is strictly more
general since A1 (H) < || Allr-2 (2.76), therefore we will only analyze the second
scenario. Intuitively, when the Lindbladian is exactly detailed balanced A = 0, we
have that A1 (H) = 0; the A1 (H) < Agqp(H) condition is essentially the requirement
that A;(H) =~ 0 in spite of a large anti-hermitian component || A|[,—, > 0. Before

proving our result, we need a few lemmas.

Lemma 2.10.1 (Norm of matrix exponential). For a Hermitian matrix H and an

anti-Hermitian matrix B, we have

e B || < M) foreach 1> 0.

If B is an arbitrary matrix, we alternatively get ||eH*B)|| < e((E)+IBI):
Proof. The claim follows from the Trotter representation of exponential and triangle

inequality
t t 1
e = | Tim (76 1= Tim | (776 | < tim it e/ e/ |

t
= lim inf(lleH/’H), = gL ()t
F—00

B/r

where we used that e B/ d

is unitary so that ||e®/"|| = 1. The second claim follows

from isolating the Hermitian part %(B + BY), whose norm is bounded by ||B||. =

Lemma 2.10.2 (Hermitian gap controls decay). Consider a Hermitian matrix H and
an anti-Hermitian A.
If
A1(H) 1
r= < R
Agap(H) — 100

and H + A has an eigenvalue O with left and right eigenvectors
(L(H+A)=0 and (H+ A)|R)=0,

then
A (H)t
2

L
(LIR)

3
He(H+A)t(I - PO)H < Eexp( ) where Py = |RXL|.



120

Intuitively speaking, the conditions above ensure that even if the anti-Hermitian A is
large, it mainly introduces “rotations” and the spectral properties of H still guarantee

fast convergence to Py.

Proof. Let |¢1) be the eigenvector of H corresponding to its top eigenvalue A, (H).

We can assume without loss of generality that (L|, |R), and |¢|) have unit norm

gl = KL= (IR = 1,

and we are free to choose the phase of these vectors as the projector Py is invariant
under changing the phase of (L|, |R). The guiding intuition behind the proof is that
if r is small, then (up to a phase)

IL) = Y1) = R).

To show this, take the real part of (R|(H + A)|R) = 0 to obtain*®

(RIH|R) = 0 = Ay (H)(RIy1)I” + > A(H) (Rl
i=2
< LRI+ A2(1 = [(RIy1)P),
A1 (H) _,
/lgap(H) ’

and thus |||R) = |y )| < 1.01+r,

implying 1 — [(R|y1)]* <

where in the last step, we assumed without loss of generality that the phase of
|R) is such that (R|y) is nonnegative real, so we get (R|y1) = cos(6) for some
0 € [0, /2]. Then sin(#) < +/r, and since for every 8 € [0, arcsin(1/10)] we have

1 — cos(8) < sin(#)/10, we get the norm bound % sin(f) < %\/7. Similarly,

(L|(H + A)|LYy =0 implies |||L) — |¢1)|| < 1.01+/r.

As a direct consequence, using that v/r < 1/10, we get

IKLIR) = 1] = KLIR) = (Y1l¥ )| < KLIR) = (Lly)| + [(LIy1) = (W lyn)
<R = [yl + L) = [yl < 2.02vr < i,

and similarly that

1 ': 1 - (LIR)

4
TR~ LK) < §|1 — (L|R)| < 2.73+r.

“YNote that R ((R|(H + A)|R)) = 0 implies A, (H) > 0, and therefore r > 0. This then further
implies A, (H) < 0 due to r < 0.01.
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Therefore,
_ IRXLI _ _ _
|Po — | X |l < I LIR) |RXLI| + [[|RXL] — [RX¢ 1[Il + [[|RX¢1] — [ Xyl
= ﬁ =1+ ILY = [l + IIR) — [y )|l < 4.75vr.  (2.80)

We will use the following properties of the projector Py; one can easily see that it
commutes with (H + A):

Po(H + A) = ﬁmxum +A)=0=(H+A)P,, 2.81)

and since it is a projector, it satisfies the algebraic identity
Po(I -Py) =0 sothat ePo(I-Py)=I1-P, foranyx e C. (2.82)
The above properties streamline the rest of the proof of our bound

||e(H+A)t(I _ PO)” — ||e(H+A)l . e_/lgap(H)Pot(I — PO)” (by (2.82))

= ”e(H"'A_/lgap(H)PO)t(I _ PO)” (by (281))
< e HA=tean RO 1 — o

H' = B:=

= Hexp (H = Agap (H) |1 Xb1 )t + At + g (H) (11 X1 | = Po)t H L = Po|

< BRI — g Xy Il + g X | = Poll)
(by Lemma 2.10.1)

4.75Vr
1

< exp(/lz(H)(l - )t)(l +4.75vr).  (by Eq. (2.80))

<

N W

-exp(%/lz(H)t). (byr <1/100) =

Now, we can specialize the above to the case of Lindbladians to obtain mixing times.

Proposition 2.2.3 (Mixing time from Hermitian gap). For any Lindbladian L and a
full-rank state p, suppose the self-adjoint component H = H (p, L) satisfies
A(H) 1 In(3llp~""2|))

oy (FD) < 100° then tpix(L) <3 Ao (FD
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Proof. We proceed as in the proof of Proposition 2.2.2. For any traceless Hermitian

R, we have
e“RI|, = ot/ 7 (4 Ry o 41014 (by definition)
< ool - o,
(by Holder’s inequality)
3
< EeAZ(H)’/ZHp_lMRp_I/4H2 (by Lemma 2.10.2)
3
< EeAZ(H)’/lep_l/“llzllR||2 (by Holder’s inequality)
3 _ .
< EGAZ(H)Z/ZHP VIR (since p > O and [|-|l2 < ||-||1)

The second inequality uses Lemma 2.10.2 since lim;_,, £/ [ R] = 0 (or in the notation
of Lemma 2.10.2, Po|R) = 0). By assumption, A2(H) = A1 (H) = Agap(H) <
—0.99244), (H); take the logarithm to conclude the proof. |

2.11 Appendix:Improved incoherent Lindbladian simulation

The improved algorithm builds on the circuit in Figure 2.10, which is similar to that
of our weak measurement scheme in Figure 2.3, with a key technical difference: here,
a specific ancilla state Y5|0) = V1 — 6|0) + V6|1) “triggers” the appropriate weak
measurement. Thus, the circuit is “idle” if we remove the Y gate, which is essential
for our “compression” argument. However, this also makes the circuit post-selective,
which could exponentially decrease the probability of success if we were to run for
longer times naively. Thus, for r > 2 we decompose the simulation to [7/2] equal
segments, each of which can be amplified with constant (coherent) repetitions by

oblivious amplitude amplification.

The main conceptual ingredient leading to the substantial improvement is com-
pression [49]: instead of naively running r-repetitions of the circuit from Fig-
ure 2.10 as outlined in Figure 2.11, we compress the circuit such that it uses only
h ~ tlog(t/€) < r = O(t?/€) repetitions. The compression technique relies on
understanding the joint initial state (|0°*! >Y5|O))®r of the circuit in Figure 2.11 after
the single-qubit gates. The upshot is that Yf’r |0”) is concentrated on strings with

Hamming weight < A, thus & repetitions will suffice for the mass of the amplitudes.

Before diving into the proof, we explain the intuitive compression strategy in more
detail; the proof closely follows this, but with technical changes. Let r < 2 and let

C’ be the circuit that we get from C by removing the two single qubit gates Yy, Yg /4
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0y —{¥, Y,
4
10) P T g6 accept the all-zero outcome
- and when the second qubit is 1
|Ob > = { == Pl
0978 = U l=re
p= | = (1-9)e*4p] +0(5?%)

Figure 2.10: Alternative quantum circuit implementation of an approximate o-
time step via a postselective weak measurement scheme. Let C’ be the circuit
that we get by removing the two single qubit rotation gates Y(;,Yg/ , from the
first qubit. For our compression argument it is of paramount importance that

C - |Oa+2><0a+2| QI = |Oa+2><0a+2| ®lI.

0) Y5 |

T -
Y5/4 } accept the all-zero

|OC+1> ¢ | the second qubit is 1
p—_Hc C' = (1-2)e"4p] +O(rs?)
Figure 2.11: r subsequent repetitions of the circuit C” from Figure 2.10. The circuits

C’ act on potentially nonadjacent qubits, which is indicated by the vertical curly
connection between the visually split “halves” of the affected C’ circuits.

y! -E-/A accept the all-zero
) J o7 outcome and when
j0°1) A F| the second qubit is 1
0) @ — T Y;/4 accept the all-zero
| c’ § outcome and when
|OC+ ) 7 % | the second qubit is 1
|0) lY5 ]
. § § outcome and when
3 }
’ T\

from the first qubit in Figure 2.10. Let X; be the random variable representing the
measurement outcome of a computational basis measurement of the i-th qubit in

O\t
Y#"|0"). Then, the Chernoff bound tells us that Pr(X/_, X; > (1 + y)1) < ((lfyﬁ)

®r
so that the probability that the Hamming weight of (\/1 — 610 + V6| 1)) is greater
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than 4 := (1 + y)t is at most eh};th < (4)" < (3¢)". In particular, choosing
he® log(1/e)
loglog(1/€)

ensures that this probability is at most 0(62). Therefore, the initial state can be
replaced by its (normalized) projection |@g) to the subspace of Hamming-weight

< h states while inflicting an error that is bounded by
1¥57107) = 1go)ll < €.

This bound on Hamming-weights translates into a reduction of applications of the
circuit C’. Since |¢y) is a superposition of bitstrings of Hamming-weights at most
h, in all branches of the superposition all but & applications of C’ can be neglected,

crucially because it acts trivially when the ancilla register is in state |O“+2>:
C - [0“X0?| @ I = |0°T2X0°?| @ 1. (2.83)

Now we define a compression scheme for the r ancilla registers, each containing (a+2)
qubits®° in Figure 2.11, inspired by [18, 49]. The compression scheme can represent
the < h Hamming-weight states of the ancilla registers on just /2 - (log(r +1) +a +2)
qubits (concerning the r registers to be compressed, by Hamming weight, we mean
the number of registers that do not contain the state |O“+2>). Marking the register
state |0“+2> by 0 and the content of the i-th nonzero register by d; the encoding works

as follows:

r h
s ) 1 2... > (851,82,...) X 1,d2,...) € U, 2,00 ,rp X , .
{0, 1}*?) > 0%d,0%d ( Y% (di,da,...) €{0,1,2 % ({0, 1}4+2
(2.84)

The compressed representation’s first “compression” register contains 4 blocks of
log(r + 1) qubits, designated to store a sequence s € {0,1,2,..., r}", where s; is
the number of consecutive ancilla registers containing |0“+2> before the i-th ancilla
register that is not in state 0; if 7 exceeds the Hamming weight, then we set s; = r.
The second “data” register consists of / blocks of (a +2) qubits, where the i-th block
represents the qubits of the i-th nonzero register of the uncompressed state; if the
Hamming weight is less than i, then the block is set to 0. The property (2.83) means
that the C” gates can be applied “transversally” on the second “data” register of the
encoded scheme because they do not change the location of the nonzero registers of

the uncompressed state.

ONote that the first qubit is redundant in this encoding, but we add it here for clarity of the
presentation.
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Theorem 2.3.2 (Compressed incoherent Lindbladian simulation algorithm). Suppose
U is a block-encoding of the Lindblad operators of a purely irreversible Lindbladian
L as in Definition 2.1.2. Let € < 1/2, then we can simulate the action of the

superoperator e'L to precision € in diamond norm using

O((c+log((t+1)/e))log((t+1)/€)) (resettable) ancilla qubits,

log((t+1)/€)
loglog((t+1)/¢€)

and O((t+ 1)(c + 1)polylog((t+1)/€)) other two-qubit gates.

Ool(t+1) (controlled) uses of U and U',

If the Lindbladian has a coherent part —i[H, p|, and we have access to a block-
encoding of H = ({(0°|®I)V (|0°)®I), then we can simulate '~ with O ((t +1) %)
additional (controlled) uses of V and v,

Proof of Theorem 2.3.2. We begin with analyzing the (modified) weak-measurement
scheme using similar calculations to Theorem 2.3.1, and then compress it. We focus

on the purely irreversible scenario and, at the end, handle the general case.

(Postselected weak-measurement.) The circuit C from Figure 2.10 on a pure input
state |y) acts as

0°2)1yy B (VT=610) + V51 [0)U10%) )
B NT= 510000101 + V3I11)(10°X0"| @ T)U10°) 1)
+V5|10)(I - [0"X0"| @ DU|0%)|y)
= (VI =6]00) + V5| 10)U|0°)[y) + V5|11)[0”) ({0"] ® DU|0)|y)

)
~V6110)(J0"X0"| ® 1)U10) 1)

% (i) (VT=5100) 4 VG110 10916 + Va1 0" )

- \/5|10>U’f(|o"><o”| ® I)U|00)|z//>) (2.85)
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Now, let us compute the part of C |O“+2> |y) starting with |O“+2>

(<Oa+2| ® I)C|0a+2> |w>

_ (\/(1 =2) -0+ ) - St @ DU (10°X0 @ 1)U10) 1)

=1-2+0(62)=A/1-2+0(6?) Yjes LiL;jI0)

_ ﬁ((z _ g;LjL,)w/) +0(52)),

and the part where second qubit is |1)

(I'® (11 ® DC0™2)ly) = VoY, [1]0)wg) = VoY, D]0%) ) 1/)L;lw).

jeJ

LetIT := \/%(|0“+2)(0“+2| ® I+1®|1X1|®I), the above implies that

o

Troea(C(J072X0°% @ )y || ')

- (I - §ZL§LJ-)W><¢|(I— SZL}LJ-) +8 ) LilwXuILj+0(&)

jeJ jeJ jeJ
= eyl +0(5?).

Similarly to the proof of Theorem 2.3.1, it is easy to see that this implies

ITeaa (T (j02X072) @ [-])CH) = e[ 6 = O(8?)-

Like in Theorem 2.3.1, choosing é = ®(e/t) and repeating the process r := 1/ times

(every time using a + 2 fresh ancillas) yields an e-accurate simulation (Figure 2.11).

This gives similar circuit complexity as Theorem 2.3.1, except that the resulting
t2

postselective protocol has success probability about (1 — £) ¢ = exp(-©(z)). More

precisely, the square of the subnormalization factor is (1 — %)%, which is at least %

fort <2and é € (0, 1] since (1 — %)’3 > (1- %)% > (%)2 > %

(Compression.) While the above discussion is largely similar to Theorem 2.3.1, we
now further compress to obtain the desired complexity. We analyze the case when

t < 2 and later show how to bootstrap the results for arbitrary large 7.

Instead of running the verbose circuit of Figure 2.11, we directly prepare the
compressed version of the state |¢g) using the techniques of [18]. Using the

algorithm of [18], we can directly prepare the “compression” register corresponding
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to |¢o), then we can initialize the “data” register by looping through all blocks and
applying an X gate on the first qubit conditioned on the corresponding “compression”
block containing a number less than . Then we apply the C’ gates “transversally”,
looping through each of the 4 blocks of the “data” register of the compressed state in

increasing order starting from the first block.

The last and technically most challenging difficulty that we face is to evaluate
the post-selection criterion in Figure 2.11. We could, of course, uncompress the

state, apply the single qubit gates (Y; )®" and perform the measurement literally

/4
as depicted on Figure 2.11, however it is possible to evaluate this criterion while

keeping the compressed representation.>!

We use a slightly modified variant of the compressed measurement scheme out-
lined in [18, Section 5] that enables us to perform a measurement of the form
(m®wwwﬂJ—m®WwwﬂWmmmm=nmww%ym“mp
pressed measurement procedure reports the result also in a compressed form by
listing the (uncompressed) indices (i1, i3, . . ., i¢) Where the measurement outcome is

I1-Py® |Oc+l><oc+1 |

The initial observation of [ 18] is that the measurement ((Po ® |0ctyoc+! |)®r, I - (Py® |0+ )0 |)®r)
can be approximately performed by using the compressed state preparation circuit
approximately preparing the compressed version of the state (|OC+1 >Y5 /4|0))®r. In-
deed, we can just run this compressed state preparation in reverse and verify that we

get the all-zero state.

A similar procedure can be devised for performing the compressed measurement

®f

«m®wﬁwﬂWﬁ—@@mmmmo) (2.86)

31The compression and compact verification procedure for checking whether all segments were
applied successfully in the encoded scheme (and the resulting reflection operator) does not appear to
work as described in [49]. The issue is manifest in their description of the reflection operator about
accepted outcomes: “Therefore, the corresponding operation in the encoded representation is first
applying e, then applying the reflection about the encoded state |0°)|0?) on the first two registers,
and last applying E.”

However, this approach does not seem to work, as noted in [18] (here U, is the analog of E in
the above quote from [49]): “At first glance, one might imagine that applying U,, in place of R®™"
would yield a succinct representation of the final outcome state, so measuring in the computational
basis would provide the correct result. Unfortunately, this does not accurately simulate the final
measurement except in the case where the all-zero string is obtained.”

For completeness, we include and analyze our modified compression / verification scheme. There
may be a simpler fix for the above issue [176], or alternatively, the techniques of the recent work [112]
— circumventing compression — could also be compatible with our improvements [176], which would
in turn probably also simplify our circuits.
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for any given consecutive £ (uncompressed) registers d;, di1, . . . , diy¢e—1. Towards
this, observe that we can efficiently convert an encoded string e;.. of the form
(2.84) to a new form (ey;i—1, €;;i+¢-1, €ivc;r) Where e is an encoding of the un-
compressed block-string u;, u;,1, ..., u;. The measurement is then performed by
applying this conversion e, — (e1._1, €;:i+¢1, €i+¢:) 10 superposition, then apply-
ing the “full” measurement (2.86) on |el-;l-+g_1 ), and finally reversing the conversion
(e1:i-1, €i-i+e—1, €i+e:r) — €1, This way, using binary search, we can, e.g., locate the
first (uncompressed) index where the measurement result is I — Py ® [0t X0+ |
using log(r) such compressed measurements. With very high probability at most
O(h) indices will result in outcome I — Py ® |0+ X0*!], so this binary-search-based
compressed measurement scheme will terminate after O(hlog(r)) steps with very
high probability. We refer the reader to [18, Section 5] for further details about the

precise error and run-time bounds.

Once we obtained the list of indices (i1, i, . . ., i¢) where the uncompressed measure-
ment would have resulted in I — P ® |0°*1X0*!|, we need to check the alternative
acceptance condition, i.e., whether the second qubit is in state 1 or not, completing
the verification whether all circuit segments were applied successfully. Given such
an index 7 we first use the first “compression” register of the compressed encoding
to identify how many nonzero (uncompressed) registers are before i, and then look
up the corresponding block in the “data” register to check whether the second qubit
is in state 1; if the i-th uncompressed register contains |O“+2> according to the
“compression” register then we conclude that the second qubit is in state O without
looking at the “data” register. All of these operations can be performed in time that

is polynomial in the size of the “compression” register, which is O (polylog(1/¢)).

This completes the description of how to simulate ¢'£[-] to precision O(1/¢) with
success probability > 1/2 when ¢ < 2 using

O(h(a+1log((r+1)))) =0(log(1/e)(a +1og(1/€))) ancilla qubits,
B log(1/€)

h= O(loglog(l/e)

O((a + 1)polylog(1/€)) other two-qubit gates.

) (controlled) uses of U and U T,

The success probability can be improved to 1 while keeping the precision O(1/¢€),
using 3-steps of oblivious amplitude amplification, cf. [49, 73]. For t > 2, we divide
up the evolution to [7/2] equal segments and repeat the process [#/2] times, setting

the precision to €/t in each segment. This gives the stated final complexity.
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With a slight modification, we can make the above algorithm work for general
Lidbladians as well, assuming that we have an (at most) a-qubit block-encoding V of
the driving Hamiltonian term H. One just needs to modify the circuit of Figure 2.10,
sketched in Figure 2.12.

10) — Y5 * Y%a
10) > e lamsm(‘/;)x accept the all-zero outcome

and when the third qubit is 1

10)
0" == = EI
0y =—=—==—vE=U Ut [~

o ———————————— = (1 - %5)66‘£[p] +0(62)

N

Figure 2.12: Alternative quantum circuit implementation of an approximate J-time
step via a postselective weak measurement scheme including the coherence term
—i[H, p] for the block-encoded Hamiltonian H = ({0°| ® I)V(|0°) ® I).

For completeness, we include the analysis of the circuit Cg from Figure 2.12. Let us
define

. . 4
R:= (Y] ®D)-(l0X0| @I +|1X1|& e iaresin(Hx ]
4



Similarly to (2.85) we analyze the action of Cy on a pure state [y):

0 ) 1)

8 (VT=2610) + v25/1))[00)[0°) )

@ (VT =25100) + V|10) + V3| 11))[0)]0) )

) (VT=25/000) + V3]100Y)[0°) &) + V3| 110)V|0°) o)

B (VT =25(000) + V3| 100)U[0°)|w) + V5|1 10)UV[0°) )
O T Z2510000U10°) ) + Vo 101>(|ob><0b| ® 1)U|oc>|¢>

+V8|100) (I = [0°X0°| @ DU|0) ) VS[110)UV|0) |y )
= (V1 = 26]000) + V8|100)U|0°) |y + V5|101)|0° ) ({0°| ® DUI0) )

=
- \/5|100>(|0b><0b| ® 1)U|0€>|¢> +VB|L10)UV|0) )
P ReD ((Vl = 51000) + V8]100))[0°) ) + V5| 101)]0° Y]w)
—x/5|1oo>U*(|ob><ob| ® I)U|0")|¢)) + (R ® DV3|110)V|0°)|y).

Considering that

(000|(R ® I) = (RWOO))T(OI - (w/I - §5<000| + \/§<100| - i\/5<110|),

let us compute the part of Cp|09*3)|y) starting with [0%+3):

(<0a+3| ® I)CH|0a+3> |¢/>

_ (\/(1 - 20) -0+ 2)w) - S0 @ DU (10°X0") @ 1)U10%) )

=1-35+0(62)=\(1-36+0(8?) Zjes LiLjW)

—i5({0°| @ HV[0)|y)

_ @((1 —i6H - g; LiL;|ly) +O(52))’

and the part where third qubit is |1):

(I @ (1] ® N)Ch|0“Yy) = VOR[10)[0")wg) = VOR[10)0°) > /L),

jeJ

130
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LetII := +(|O“+3)(O“+3| ®I+1®|1X1]| ®I), the above implies that

Trais([C(J0°3X0% @ y Xu €T

:( _z(SH——ZLT 1+15H——ZLT

jeJ jeJ

WXy

+6 ) LilwXulL}+0(s?)

jeJ
= Ml xull +0(6%).
Similarly to the proof of Theorem 2.3.1, it is easy to see that this implies

e (T (j03X07] @ [-]) CH) = e[ 6 = O(8?)- .

2.12 Appendix:Quantum simulated annealing

A subroutine for a coherent Gibbs sampler is to prepare the top eigenvector of the
discriminant. In semi-group settings, one simply iterates the map for an arbitrary
initial state to find its fixed point; given coherent access to some discriminant O
(which is not quite a CPTP map), the standard approach is quantum simulated
annealing [24, 179, 186]. To keep this section self-contained, in the following, we
assume coherent access to some discriminants Dp;. First, we use QSVT to boost

the gap; this is the origin of the quadratic speedup.

Proposition 2.12.1 (Quadratic speedup [73, 118]). Given a block-encoding Uq, of a
Hermitian matrix I + D with eigenvalue gap Agqp (D) and 11(D) > —Agap (D), we
can construct a unitary U’ block-encoding a matrix p(I + D) that has the same top

eigenvector as D but with O(1) eigenvalue gap, with O(\/ﬁ) uses of Up and
UT
iy

Second, following [24], we consider the discretized adiabatic paths through tempera-

tures

M(Dg)) = - | (Dg)) — -+ |1 (Dg,))

Up

5, = " Up

5, = - Up

J
” where ﬁj:zﬁ. (2.87)

While a more refined annealing schedule is possible, we consider the above linear
schedule for simplicity. In particular, the initial state is the maximally entangled
state 8 = 0. In the following, we show that choosing k = @(S||H]||) ensures that the
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consecutive overlaps remain constant large, allowing us to jump between consecutive

states using a few steps of (fixed-point) amplitude amplification.

Proposition 2.12.2 (Consecutive overlaps). Suppose the discriminants have a top

eigenvector close to the purified Gibbs states

1
1141(Dg,) - |pa I < 75 (2.88)

Let 63 := Bj41 — B, then the consecutive overlaps are large

[ (D) (D, N 2 = —0((6/3) 2| H? e oPH))). (2.89)

Proof. Let us evaluate the overlap between the ideal Gibbs states and rewrite using

the Hilbert-Schmidt inner product
) Tr[ ﬁjH/Ze—ﬁjH/2e—6ﬁH/2]2 <e—5ﬂH/2>§j
‘(VPBJ IVPs)| = [eBiH]|Tr[eFiHe0BH] - (I)g, <e—6,8H>ﬁj
=1-0((6B)*(H?e P
2 1= O((6p)° | HPePH)),

where we denote the thermal expectation by (A)s = Tr[pgA]. The last equality

expands the exponential

e OBHI2 — 1 _ sBH /2 + (e %PH/2 _ T + 5BH /2).
The small discrepancy (2.88) between |/11 (Z)B]) and |w/pﬁj> only induces a minor
change in the overlaps thus proving (2.89). [

Proposition 2.12.3 (Simulated annealing). In the setting of Proposition 2.12.2,
following the discretized adiabatic path (2.87) with k = [cB||H||] prepares a state
|W) such that |||y) — |/11(Z)ﬁj+1>|| < 6 using

ol ___BIHI

min; \[Agap(Dpg;)

total calls for the oracle for discriminants Dyg...

log*(BIIH||/9) |

Proof. Use fixed-point amplitude amplification [185] to “jump” between the eigen-
vectors |/l 1(Dg; ) We can implement a ‘/TS—approximate projector to each eigenvector

. log(k/5) -~ . ..
with O(—\//m) calls to the block-encoded discriminants Dg;. To ensure that

all the k£ jumps are all approximated to error < k , all fixed-point amplitude amplifi-
cation consists of log(k/d) rounds, each calling the block-encoded (approximate)

projectors. [
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A simple lower bound on S5 dependence
In this section, we prove a simple lower-bound for the temperature dependence in the

sense of implementing a reflection about the purified Gibbs state.

Proposition 2.12.4 (Lower-bound on simulation time). A circuit implementing the

reflection operator

R =1 -|\VppuXVppH|

using Hamiltonian simulation for H as a black-box must use Hamiltonian simulation
time T = Q(B).

Proof. The idea is to argue that the reflection operator is sensitive to S and the
Hamiltonian H, so the Hamiltonian simulation time 7 cannot be too short. First, we
control the norm change of the reflection operator. Let pg g =: p and pg g =: p’,
then

IRs.1r — Rpar || = lINPXNVPI = N XAP
> [(val(IVPXBl - WX P [v5)|
= [PV NP V)

=V1-62-90,

where 6 := \/1 - |<\/[_)|\/;7)|2 and
VB*) € Span(|y).

\/?>} such that (Vﬁﬂ@) =0.

Now, for infinitesimal € — 0, let

H = |0X0[ + [1X1]
H' = 0X0] + (1 +€)[1X1]

such that

[VB) o« 00) +[11)
‘\/ﬂ  [00) + (1 + Be/2)|11) + O(2).

Direct calculation gives 6 = Q(B¢) for small € — 0. To conclude the proof, suppose

the block-box circuit uses only Hamiltonian simulation time 7. Then, the resulting
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circuits for H and H’ can only differ by ||H — H’||T = €T. Therefore, for small

€ — 0,
Te >V1-06%-0=Q(Be),

proving the advertised result. [ |

The above sensitivity argument similarly applies to algorithms preparing the Gibbs

state using black-box Hamiltonian simulation.

Proposition 2.12.5 (Lower-bound on simulation time). A circuit preparing the
Gibbs state pg o< e PH ysing Hamiltonian simulation for H as a black-box must use

Hamiltonian simulation time T = Q(f3).

Proof. Again, consider H and H’ as above and their Gibbs states

p o< [0)40[ + [1)(T]
P’ < 0)(0] + (1+Be)|1)(1] + O(€).

Then, for infinitesimal € — 0,

lp =Pl = Q(Be),

which implies T = Q(3) as advertised. [

2.13 Appendix:Impossibility of boosted shift-invariant in-place phase estima-
tion

In this section, we include the proof that certain “boosted shift-invariant in place

phase estimation” utilized in [167] is impossible. The impossibility result was

developed in parallel with this work; we reproduce the main argument here with the

permission of Andrés Gilyén and David Matolcsi until their manuscript becomes

publicly available.

We begin by reviewing the phase estimation assumptions made by [167]. First, they

assume [167, Eqn.(11), Supplemental Information] the phase estimation map is

shift-invariant in the sense that

@ = Z Z M ® |v)(a| where MY := Z a(E;, 7 — D)y and 7,4 € {Zd).
v.oa

1



135

In [167], the shift-invariance was shown to hold for an unboosted phase estimation
unitary [167, Eqn.(12), Supplemental Information], which has a slowly decaying tail
when E; deviates substantially from v — /.

Second, to prove the correctness of the fixed point, they impose [167, Eqn.(10),
Supplemental Information] that the profile a(E;, v — f1) can be boosted:5? the only

nonzero matrix elements are such that
V-f-El <o,

where @ is the energy resolution for the phase estimation readout registers. Unfortu-
nately, these two assumptions are not compatible with each other, as argued by the

following.

Proposition 2.13.1 (Impossibility for shift-invariant boosting). There exists no
continuous family of “boosted shift-invariant in place phase estimation” unitaries.
More precisely, for every constant k for large enough N there exists no profile
a: Rx zﬁ” -{0,1,2,...,N — 1} — C that simultaneously satisfies:

f?’j_:lo a(E, 2% (i—j mod N))|iXj| is close to some
unitary Ug for all E € R: ||Mg — Ug]|| < %

e (almost) unitarity: Mg :=

® boosting: «(E,v — 1) =0if|v - g— E mod 2x| > kzﬁ’r

e continuity: a(E, V) depends continuously on E

Proof. We prove the statement by contradiction. Let us assume that such a profile
exists for N > k3. We will track how the profile changes as we increase the energy
from Ey = k%” to £y = 3k + l)zﬁ’r.

Now, consider the polynomial pg(z) = Z?Sl a(E,j 2W’r)zj (whose physical meaning
will become clear). Due to boosting the polynomial pg,(z) has a degree at most
2k, so it has at most 2k roots, and in particular, at most 2k roots are situated within
the complex unit circle. Due to continuity, the polynomial pg(z) is continuously
transformed to pg, (z) whose smallest nonzero coefficient comes with a power of
z at least 2k + 1 due to boosting. This implies that 0 is a root with multiplicity

at least 2k + 1, and in particular, we have at least 2k + 1 roots within the unit

This is explicitly stated in the last paragraph of page 13 [167, Supplemental Information]:
“According to (10) we can replace the function f(E;, k — p) by its enhanced counterpart ag; (k — p),
which acts as a binary amplitude for the two closest r-bit integers to the actual energy E;.”
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circle. Since the polynomial changes continuously, its multi-set of roots also changes
continuously, which means that at some point, a root must enter the unit circle>?
(here we acknowledge that some roots enter from infinity when the degree of the
polynomial increases but that does not affect our argument — one can make this
precise by tracking roots on the surface of the Riemann sphere). Thus, there is some
energy E’ for which a complex unit number z = ™% is a root of the corresponding

polynomial pg/(z).

We show that this implies that the plane wave with quasi-momentum ¢ is (almost) in

the kernel of the shift-invariant matrix Mg for every i < N — 4k — 2 we have

N-1 N-1
. 2 . .
(i| Mg ZIJ’)Z" = Z a(E’, Wﬂ(i —Jj mod N))z™/ =z"pp(z) =0,
Jj=0 j=0
implying
N-1 . N-1 .
Mg Y NI = O(K) < N =l Y1) I,
j=0 j=0
a contradiction. n

3The idea of tracking the roots of this polynomial is due to David Matolcsi.
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Table 2.1: A comparison of existing thermal state preparation algorithms’.
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Chapter 3

AN EFFICIENT AND EXACTLY DETAILED-BALANCED
QUANTUM GIBBS SAMPLER

3.1 Introduction

One of the leading candidate applications of quantum computers [54] is to simulate
quantum systems [68]. In particular, the preparation of thermal states or ground
states for materials and molecules has received significant attention [14, 30, 37, 107].
Surprisingly, there has not been a consensus on the “go-to” quantum algorithm
for this task due to a lack of provable guarantees or empirical evidence [108].
Recently, several Monte Carlo-style, nonunitary quantum algorithms have been
proposed [40, 61, 149, 167, 180, 186]. While their efficacy has only been validated
using small-scale numerics and under strong theoretical assumptions [38, 61, 160],
there are reasons for optimism. On physical grounds, these algorithms resemble
naturally occurring system-bath dynamics [134]; if a system rapidly cools in a
refrigerator, the same plausibly applies to a “cooling algorithm” that emulates this
process. Alternatively, from a computer science perspective, these algorithms are
cousins of classical Markov chain Monte Carlo (MCMC) methods but with quantum
mechanical effects and complications. This work sets out to complete this line of
thought and construct an ideal quantum MCMC algorithm where the robustness,

simplicity, and empirical success of the classical case may be transferrable.

The cornerstone of classical Markov chain Monte Carlo methods is detailed balance
(see, e.g., [110]): given a target state 1, we impose a certain symmetry of the Markov
chain M

Mgysng = ngMy for each configuration s,s’, ensuring stationarity M [n] =

This simple recipe for the stationary state has been crucial in constructing and
analyzing the Metropolis-Hastings algorithm and related Markov chains. Notably,
detailed balance gives a conceptually simple picture of convergence via the spectral
gap of M, a quantity amenable to numerical and analytic bounds. If the problem
at hand has a local structure, detailed balance can often be imposed locally and
efficiently, relegating the algorithm’s complexity to the mixing time, the time scale

of convergence towards stationarity. While the mixing time may be challenging to
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analyze, MCMC methods can often be employed heuristically. In particular, we are
often interested in sampling the Gibbs distribution g o e PH of a certain energy
functional H at temperature 1/8. Analogously, the central idea of quantum Gibbs
sampling is to construct a detailed-balanced quantum process where the quantum
Gibbs state is stationary. In this work, we focus on designing a Lindbladian L (the

quantum analog of a continuous-time Markov chain generator) such that
e’ [pg]l = pg  where pg = e PH Tr(ePH),

for any target quantum Hamiltonian H. As in the classical case, we can prepare
samples of quantum Gibbs states if the Lindbladian evolution can be efficiently

implemented and the state converges rapidly to the Gibbs state.

The main issue with existing quantum Gibbs sampling algorithms is that quantum
detailed balance (Figure 3.1) only holds approximately unless we can distinguish
individual energy eigenstates exactly, which is generally intractable except for fast-
forwardable Hamiltonians (e.g., Hamiltonians with commuting terms). Consequently,
we either lose accuracy guarantees for the stationary state or the efficiency for the
individual steps of the Gibbs sampling algorithm, leading to significant aggregated
complexity plaguing various constructions; see Ref. [40] for a comprehensive
catalog. The algorithmic challenge in enforcing quantum detailed balance is the
energy-time uncertainty principle rooted in metrology: for each energy estimate,
the uncertainty scales inversely proportional to the Hamiltonian simulation time.
Indeed, all existing quantum MCMC algorithms attempt to attain detailed balance
via an “energy estimation” subroutine (quantum phase estimation [149, 167, 180] or
operator Fourier Transform [40, Appendix A]). Consequently, this error propagates

to the desired Gibbs state and impacts the implementation cost.

To our knowledge, the best general lower-bound on the Hamiltonian simulation time
is Q(B) per Gibbs sample [40, Proposition G.5]. This comes from a sensitivity
argument that the Gibbs state is a smooth matrix function of H with derivatives

bounded by O(). This conceptual gap motivates our guiding question:

Can we design an efficiently implementable

vet exactly detailed-balanced quantum Gibbs sampler?

If so, we may recover both the simplicity and versatility of classical MCMC algorithms.
In this work, we answer this question in the affirmative by explicitly constructing

an exactly detailed-balanced Lindbladian at a moderate cost: O(8)-Hamiltonian
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simulation cost per unit time of Linbladian evolution e£. (The unit-time evolution
for a continuous-time generator should be regarded as “one step,” corresponding
to one discrete Markov chain update.) Furthermore, for lattice Hamiltonians (with
local jumps), our Lindbladian is (quasi-)local with locality scaling as O(8). Thus,
one step of the algorithm only needs to simulate localized Hamiltonian patches; this
starkly contrasts with previous works, whose cost per unit time step generally scales
with the system size due to simulating the global Hamiltonian. The mathematical
and conceptual simplicity of our result immediately initiates a list of new directions,

which we discuss in detail in section 3.4.

The key revelation behind our construction is that quantum detailed balance can
be enforced smoothly without ever knowing the energy. Indeed, the standard
metrology lower bound ~ Q(é) is not an obstruction because having access to a
detailed-balanced Lindbladian (or the Gibbs state) does not give energy estimates.
We have seen that Quantum Signal Processing [117] or Quantum Singular Value
Transform (QSVT) [73] allows one to directly access smooth (polynomial) functions
of Hamiltonians without a phase-estimation subroutine; the costs often scale linearly
with the largest derivatives and only logarithmically with the precision. However,
Lindbladians, as superoperators, are more restrictive to manipulate than Hermitian
matrices. A key design ingredient is a carefully chosen coherent term in our
Lindbladian

Lg[p] = —i[B, p] + (“dissipative”),
[
“coherent”

which appears necessary to coherently and exactly cancel out certain unwanted errors

from the dissipative part.

As a by-product, purifying our Lindbladian yields a temperature-dependent family
of “parent Hamiltonians” whose zero-eigenstate is a canonical purification of the
Gibbs state.! Similarly to how classical Markov chains can be “quantized” to prepare
the purified stationary state, here we prepare the purified Gibbs state by following a
prescribed adiabatic path (called quantum simulated annealing [164, 186]), drawing
a surprisingly simple connection between thermal dissipation and adiabatic evolution.
In particular, for lattice Hamiltonians, the parent Hamiltonian inherits the (quasi-
)locality, which curiously connects the purified Gibbs state to the ground state of

(quasi-)local Hamiltonians.

IThis purification coincides with the Thermal Field Double state featured in recent quantum
gravity discussions. See, e.g., [122].
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141 E
Classical Quantum

Figure 3.1: (Left) For the classical Gibbs distribution, the detailed balance condition
is a pairwise relation between heating (red) and cooling (blue) transition rates,
depending on the energy difference v of states. (Right) For the quantum Gibbs
state, the detailed balance condition refers to pairs of matrix elements of the density
operator (expanded in the energy basis), where each matrix element is described by a
pair of energies (of the basis elements in the ket and bra respectively), and therefore
the relation depends on both of the respective energy differences v; and v;.

Main results
Our main results, based on the algorithmic framework of [40, Section III], consider

the following Lindbladian in the Schrodinger picture

. 0 La tfa 1 1Ta {ta
Lp[]:=-i[B,- ]+ § / y(w)[A%(w)()A (w)T—E{A () A%(w), -} [dw
g acA Y ~®
“coherent” “transition”

udecayn

(3.1)

which is parameterized by the following terms (with convenient normalization
conditions [40, Section I.B]):

» The distinct jump operators A® “drive” the transitions, and can be chosen

arbitrarily as long as their adjoints are included

{A% aec Ay ={A“":aec A} and <l. (@32

Z A9TAY

acA

For better mixing and ergodicity, the jumps should be “scrambling” and
not commute with the Hamiltonian (e.g., breaking the symmetries of the
Hamiltonian). For lattice Hamiltonians, the jump operators may be chosen
simply to be the single-site Pauli operators, but global jumps could also be

helpful in some cases as in the classical case (e.g., cluster updates).
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* The Operator Fourier Transform (OFT)? (section 3.2) weighted by a Gaussian
filter with a tunable width ~ 7!

E
R 1 e o
AY(w) = — / el Hl A% HI o710t £(1)dy (3.3)
V27 J-o
-1%/B? 1
where () := e 7E" \Jop\2 /7 = i O = —.
B2 P

In particular, the Gaussian is normalized f_ O:Ol f(O)dr = 1. Naturally, the
Heisenberg evolution e!’ A% H! diagnoses the energy difference w before
and after the jump. Integrating over time \/% f_ Z(-)e_i‘”t f(t)dt yields the
operator Fourier Transform A“(w), which selects the transitions of A“ that
increase the energy by roughly ~ w + O(og). At first glance, the Gaussian
filter seems to merely ensure good concentration for both the frequency and
time domain, but it turns out to have a more intimate connection [133] to

quantum detailed balance (see also section 3.8 for an alternative justification).

* The transition weight y(w) follows (yet another) Gaussian with a tunable

variance o, > 0:

+ wy)? 2
v(w) = exp(—%) with variance o‘f = % - 0'}% (3.4)
Y
1)? 1
= exp(—%) if op=0y=w,= ,E 3.5)

The normalization is such that ||y(w)]||e < 1, and the maximum is attained at

w = _wfy.

* A coherent (i.e., nondissipative) term generated by a fine-tuned Hermitian
matrix B. The expression depends on w,, o, in the general case (see

Corollary 3.3.1), but it simplifies to

B:= Z / bl(t)e—iﬂHt( / bz(t/)eiﬁHt’ A4t e 2iBHY ga iBHY .| iBH! 4,

acA v~

1
if wy=0op=0y,=- 3.6)

for some carefully chosen smooth and rapidly decaying functions by, by

normalized by ||b1]|1, ||p2]l1 < 1. The coherent term B may appear intimidating

Note the sign convention, which might differ from that of other works in the literature.
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but plays a crucial role in ensuring quantum detailed balance for the Gibbs

state pg, defined as

L) =Ps  LslNPs VPslVps | forfixed p.H. (37

It implies the stationarity of Gibbs state exactly (see Definition 3.2.1).

The Gaussian transition weight (3.4) is inspired by an observation of [133]:3 the
functional form of Gaussians is naturally compatible with exact detailed balance* if

we make conscious choices of w,, og

(0 + wy)? 2w (—w + wy)?
exp(—sz :exp(—o_—zy - w) exp —sz i

Compared with the usual step-function-like Metropolis weight min(1,e ), the
Gaussian weight is more selective, only allowing energy transitions —w, + O(0y);
this narrower window could potentially freeze the dynamics, leading to long mixing

time.

Fortunately, quantum detailed balance 3.7 is preserved under linear combination of
Lindbladians; hence, choosing a linear combination of y covering a range of different
width o, can remove the heavy restriction on energy transitions. Surprisingly, a
suitable linear combination recovers Metropolis-like transition weights, which we
focus on as the representative. To obtain the corresponding exactly detailed-balanced
Lindbladian, the only change compared to (3.4)-(3.6) is the choice of transition
weight

(Metropolis-Style) Y™ (w) := exp(—ﬂ max(w + é, 0)) if o= é (3.8)

with the corresponding coherent term B parameterized by another function blz"[ (1)

(the function b’l‘/’ (t) = b1 () remains the same as in (3.6)).5

Now, we present the first main result: the Gibbs state is an exact stationary state
of the advertised Lindbladian (see section 3.2 for the proof). Although we have

3Their algorithm [133] seems qualitatively different from Monte Carlo style quantum algo-
rithms [40, 149, 167, 180, 186] and closer to performing phase estimation on trial states; see the
discussion in [133, Page 5].

“We thank Jonathan Moussa for pointing us to his paper and raising the question of whether
detailed balance can hold exactly in the precursor of this work [40].

>The generalized function (distribution) bg” (¢) should be interpreted as the Cauchy principal value
lim,, 04 1(J2] > n)bjzw(t). In case [H, Y ,c o A“TA%] # 0 an additional correction term 16\15”6(0
should be added.
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mainly focused on the Gibbs state, we can formally invoke Gibbs sampling for
BH = log(pyiy) for arbitrary target stationary state py;., albeit with potential

overhead from implementing the matrix logarithm.

Theorem 3.1.1 (Gibbs state is stationary). Forany 8 > 0, the Lindbladian (3.1)-(3.3)
withog = %, Gaussian transition wieght (3.5), and the coherent term B (3.6) satisfies

detailed balance (3.7) exactly. Therefore, the Gibbs state is stationary

Lplppl =0.

The same applies for the Metropolis transition weight yM (w) (3.8) with the corre-

sponding coherent term BM.

Furthermore, building on the algorithmic machinery developed in Ref. [40, Section
I1I], the Lindbladian can be efficiently simulated at a moderate cost (see section 3.3

for the proof).

Theorem 3.1.2 (Efficient implementation). Instantiate the Lindbladian parameters
of Theorem 3.1.1 for either the Gaussian y(w) or Metropolis yM (w) transition

weight. Then, the Lindbladian evolution

elst foreach t>1

can be implemented efficiently in e-diamond distance with cost:

O(t-B) (total Hamiltonian simulation time)
O(1) (resettable ancilla)
O(t) (block-encodings for the jumps Zla) ®AY)

acA

O(t) (other two-qubit gates).

The O(-) notation absorbs logarithmic dependencies on t, 8, ||H||, n, 1 /€, |A|.

Here, our Lindbladian is normalized (3.2), (3.3), (3.4), (3.6) (or the Metropolis-like
weight (3.8) with its coherent term BM) such that

1 £gll-1 = O(1).

Therefore, evolving for unit time ¢ = 1 corresponds to a O (1)-strength update e£s

and only requires a characteristic Hamiltonian simulation time ~ . This is precisely
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the cost for implementing both the operator Fourier Transform (3.3) and the coherent
term (3.6) via Linear Combination of Unitaries. To be more careful, the O(-)
notation also includes polylogarithmic factors due to discretization, truncation, and
Hamiltonian simulation error, which is typical in quantum algorithms. To clarify,
the idealized map Lg remains exactly detailed-balanced (the nice object to analyze),
and the algorithmic implementation error can be made arbitrarily small given the

desired runtime.

We expect the total Hamiltonian simulation time to be the figure of merit for the
algorithmic cost, among others. The jump operators A can be as simple as Pauli
operators, but we consider a black-box query model in case more complex jumps
are needed for faster mixing. In the last line, the use of other two-qubit gates comes
from easier-to-implement unitaries, including the Quantum Fourier Transform,
state preparation unitary for the Gaussian filter | f), controlled transition weight;
see section 3.3 and [40, Section II1.B].

Combining Theorem 3.1.1 and Theorem 3.1.2, we can prepare the Gibbs state by

simulating the Lindblaidan until convergence, resulting in the cost

(total Hamiltonian simulation time per Gibbs sample) = O (tix (Lg) - B)-

Formally, the mixing time t,,;,(Lg) quantifies the shortest time scale that any two
input states become indistinguishable (see Proposition 3.9.4). To obtain end-to-end
gate complexities, we should also instantiate the Hamiltonian simulation cost, a
subroutine whose complexity for various systems has been thoroughly studied. For
example, on D-dimensional lattices with local jumps A“, we expect the actual cost

to be (up to logarithmic error dependence)

(gate complexity per unit evolution time) ~ B x (virB)P,
S~ ~——
Ham. sim. time volume

(spatially local Hamiltonians)

where vy g is the Lieb-Robinson velocity and vy g is roughly the radius of the
Heisenberg evolution A“(-) at time ~ . Indeed, the Lindbladian is a sum over

quasi-local Lindbladian operators (Figure 3.2)

Ls = Z L cachcenteredat A“ with radius O(vLrB).

acA
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- @ - 6% b e »
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Figure 3.2: (Left) For lattice Hamiltonians, our Lindbladian is a sum of quasi-local
terms Lg localized around each jump A¢ with radius O(B). Indeed, detailed balance
is really about the energy difference, which can be diagnosed by Fourier Transforming
the Heisenberg evolution A%(t) = el A%e~iH!  Dye to the Lieb-Robinson bounds,
the localized Lindbladian terms effectively only depend on the local Hamiltonian
patch nearby (up to exponentially decaying tail). (Right) This locality persists after
purification, where two copies of the system are glued together.

In particular, the cost per unit Lindbladian evolution time is essentially independent
of the system size (up to logarithmic dependencies), as we only need to simulate the
Hamiltonian patch surrounding each jump A“.6

Purifying the Lindbladians

We may purify the Lindbladian to prepare the purified Gibbs state [180]

I
VPs) = e D e PEP Iy @ ) (3.9)

TrlePH] 5

this particular purification is reminiscent of the quantum walk formalism for detailed-
balanced classical Markov chains. The relevant “parent Hamiltonian” (playing
the role of a “quantum walk™ operator) is the discriminant associated with the
Lindbladian; the expression may appear intimidating but resembles how classical

detailed-balanced Markov chains are quantized
Hy = p VAL [p!* . plHp 1A,

The above should be regarded as the Lindbladian under similarity transformation.
Further, to implement the quantum walk, the superoperator needs to be vectorized

into an operator on duplicated Hilbert spaces

(vectorization) Hjp : B(C*') — B(C*') ~ Hp e B(C* & C?).

®In fact, we can further parallelize the Lindbladian evolution to improve the circuit depth;
see section 3.7.
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Indeed, the Gibbs state pg, as the Lindbladian stationary state, corresponds to the
purified Gibbs state |\/pﬁ> (3.9), as a zero-eigenvector of the discriminant. As a
sanity check, the quantum detailed balance condition 3.7 naturally ensures that the

operator is Hermitian Hpg = W;

Proposition 3.1.1 (Purifying Lindbladians). Instantiate the Lindbladian parameters
of Theorem 3.1.1 for the Gaussian or Metropolis transition weight. Then, the
corresponding discriminant H g is Hermitian, frustration-free, and annihilates the
purified Gibbs state.

Hp = Z Hy  such that z|\/p_ﬁ> =0 foreach ac€A.

acA

In other words, preparing the purified Gibbs state boils down to the ground state
problem (up to a negative sign) for a frustration-free parent Hamiltonian parameterized
by B7; for lattice Hamiltonian with local jumps A¢, the parent Hamiltonian inherits
the quasi-locality of our Lindbladian, with individual terms of radius ~ v;z3. The
algorithmic cost to implement the parent Hamiltonian is analogous to the Lindbladian

case, where Hpg roughly corresponds to a constant-time Lindbladian evolution.

Theorem 3.1.3 (Block encodings for the discriminants). Instantiate the Lindbladian

parameters of Theorem 3.1.1 for either the Gaussian or Metropolis transition weight.
1

Then, the corresponding discriminant 50

‘H g can be block-encoded approximately

in e-spectral norm using

(j(,B) (Hamiltonian simulation time)
O(1) (resettable ancilla)

O(1) (block-encodings for the jumps Zla} ® A and its transposes Zla} ® (AYHT)
acA acA

O(1) (other two-qubit gates).
The O(-) notation absorbs logarithmic dependencies on t, 3, ||H||, n, 1 /€, |A.

Like in Theorem 3.1.2, we have expanded many other unitaries in the last line;

see section 3.3. Note that we had to downscale the discriminant to implement the

7Strictly speaking, originating from a Lindbladian, here the parent Hamiltonian is negative
semi-definite, and the purified Gibbs state is the top-eigenstate. Introducing a global negative sign
will make it the ground state.
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block encodings; see section 3.3 for the proof. For readers familiar with quantum
walks, obtaining a block-encoding for I + H g (instead of Hg) would be nicer as it
leads to a quadratic speedup in terms of the spectral gap of Hg. However, we have
not found such a direct block-encoding for our particular construction, leaving this an
open problem. This is in contrast with our earlier approximate construction [40, 180],
where such a direct block-encoding was possible, which might be advantageous in

Some cases.

Roadmap

The remaining body of text is organized thematically by the analysis and the algorithm.
We begin with the analysis (section 3.2) regarding how we design our Lindbladian
to satisfy quantum detailed balance exactly. Next, we give efficient algorithms
(section 3.3) in terms of modularized block encodings to implement the advertised

Lindbladian and its purification.

In the appendix, we include independent expositions: a connection between the
discriminant gap, mixing time, and the area law of entanglement (section 3.7) and
an alternative heuristic derivation of our detailed balance Lindbladian in the time

domain (section 3.8).

3.2 Analysis

In this section, we execute the calculations circling the exact detailed balance
condition. First, we review the operator Fourier Transform in the frequency domain.
Second, we review the notion of detailed balance, including the stationary state and
spectral theory of convergence. Third, we plug in the advertised functional forms

and derive the required coherent term B for achieving detailed balance.

Operator Fourier Transform

Our Lindbladian features the operator Fourier Transform A (w) of a jump operator A
according to the Hamiltonian H (dropping the jump label for this section). To analyze
it, we need to consider the frequency domain representation instead of the time domain.
Decompose the operator in the energy basis, and regroup in terms of the energy
change (called the Bohr frequencies v € B(H) := {E; — E; | E;, E; € Spec(H)})

A= Z })5214PE1 = Z Z PE214PE1

E\,E;espec(H) veB(H) Er—E=v

= > A, suwhthat (4,)"=(4"),
veB(H)
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where P denotes the orthogonal projector onto the eigensubspace of H with exact
energy E. This decomposition naturally solves the Heisenberg evolution
elH! A 1H! = Z A,e” since [H,A,] =vA,.
vEB
Indeed, the energy differences v € B (shorthand of B(H)) naturally arise from the

commutator (as opposed to the absolute energies E € spec(H)).

At first glance, the reference to the exact energies seems unphysical as each of them
individually requires a long (likely exponential) Hamiltonian simulation time to
access algorithmically. Fortunately, all that we are manipulating are the smooth
weights on these Bohr frequencies; indeed, the operator Fourier Transform can be

conveniently expressed by

As(w) = \/% /_ " it g iMoo f(0)dr = Z A, f(w-v),

vEB

where f(w) = \/%_ﬂ f_ o:o f()e!dr is the Fourier Transform of the filter function
f(t). Our choice of f(1) is

f(t) = e_‘Té’ZVO'E\/Z/n such that

f(w) = ; —w—zz) and [Oolf(t)lzdt =1,

exp( 1
ZO'E\/E O-E

therefore A (w) becomes simply

Alw) = —1 > exp(—M)Av.

20 \2r veB 40

E
The above uses the Gaussian integrals, which will also be constantly recalled.

Fact 3.2.1 (Gaussian integrals). For any b € C and o > 0, we have that
_ (w=b)?

/_0:0 e 22 dw=V2rno.

We can think of the width o as the uncertainty in energy, which scales inversely
1

proportionally to the time width ~ 0"
Exact detailed balance from that of the transition part

Our notion of detailed balance for Lindbladians is analogous to its classical cousin,
ensuring a stationary state p. For the mathematical audience, we should mention
that other forms of quantum detailed balance have also been studied (see section 3.9),

but we will dominantly focus on the following as it appears to be especially nice.
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Definition 3.2.1 (Kubo—Martin—Schwinger detailed balance condition). For a nor-
malized, full-rank state p > 0, we say that an super-operator L satisfies p-detailed
balance (or p-DB in short) if

L[ =p'2L[p"? p' ) p7' 2,

or equivalently, whenever the associated discriminant is self-adjoint with respect to

p, Le.,

Dip, L) = p_1/4£[P1/4 . p1/4]p—1/4
_ p1/4£T[p—1/4 . p‘l/“]pl/4 =D(p, L)T-

In the above, (L£)T denotes the adjoint for superoperators with respect to trace (i.e.,
the Hilbert Schmidt inner product).

One may interpret the conjugation with the state as a similarity transformation under
which the Lindbladian becomes Hermitian (w.r.t. to the KMS inner product). The
above generalizes classical detailed balance by considering super-operators and

permitting the stationary distribution to be an operator.
Proposition 3.2.1 (Fixed point). If a Lindbladian L is p-detailed-balanced, then

Llp] =0.

Recently, quantum approximate detailed balance has also been studied in the
precursor of this work [40, Section II.A], discussing nonasymptotic error bounds
relating mixing times to fixed point error. Exact detailed balance gives a much simpler
conceptual picture. Still, we may again need to recall approximate detailed balance
for non-fine-tuned Lindbladians (such as those from Nature) or amid intermediate

steps of analysis (such as when truncating the radius of the quasi-local jumps).

At first glance, the detailed balance condition is merely a linear equation that can be

solved abstractly. However, the difficulty arises due to two additional constraints.

* (Complelete Positivity.) Lindbladians have a particular quadratic dependence
on the Lindblad operators to ensure complete positivity and trace preservation

of e'£ for any .

* (Efficiency.) The Lindbladian (i.e., the block-encoding for the jumps and the
Hamiltonian) must be efficiently implemented using a limited Hamiltonian

simulation time.
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The main challenge is to satisfy both constraints simultaneously. Indeed, Davies’
generator [56, 58] satisfies the first but not the second because it uses an infinite-
time operator Fourier Transform; using QSVT, one might be able directly to
implement the Boltzmann weight smoothly at moderate costs, but it may break the
Lindbladian structure. Our approach begins by isolating the “transition” part of the
Lindbladian (3.1) with abstract Lindblad operators L ;

L[] :=-i[B,]+ ) L;-L}- %{Z LiL;, ).
J J

————— ——
T = R:=

where B and R are both Hermitian. This decomposition is helpful because conjugating

with the stationary state preserves the form of the transition part

\/5_1(2 Li(Np - Vp)L]

VP =) LOL)
J

However, the commutator B and anti-commutator terms R mix with each other
under conjugation with Gibbs state. Based on the above observation, our recipe for

constructing a detailed-balanced Lindbladian consists of three steps:

1. Guess a set of Lindblad operators L; such that the transition part (which is
T =>4 f_ O; y(w)A%(w) - A%(w) dw in our case) obeys detailed balance.

2. According to the transition part 7, determine the decay part parameterized by

R. This gives a purely dissipative Lindbladian.

3. According to the decay part R, tailor the commutator term B to ensure detailed
balance. Remarkably, such a B always exists, can be found explicitly, and is
essentially unique. Of course, whether the map is efficiently implementable is

a separate question.®

To simplify the presentation, we introduce the following notation for conjugating any

full-rank state p:
To[1:=p'2()0p'? and Ap[]:= p () p"2

Observe that for Hermitian operator X, we have the identities I'y [ X 1" = I',[X] and

AplX 1" = A;,l [X]. When the context is clear, we will omit subscript p.

8This is inspired by a related ongoing work [78] at an early stage.
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The main calculation of this section is summarized as follows. For any R, we can give
a general solution for the coherent term B; this calculation is possible because the
coherent term is not constrained by the complete-positivity structure of Lindbladians

and only needs to be Hermitian.

Lemma 3.2.1 (Prescribing the coherent term). For any full-rank state p and
Hermitian operator R, there exists a unique Hermitian operator B (up to adding any

scalar multiples of the identity I) such that the super-operator

i 1
S = -ilB.] - 5(R.}
satisfies p-DB.° For a Gibbs state p « exp(—BH), we can express the solution

decomposed according to the Bohr frequencies v € B as

B= Ztanh( )

VEB

The above can be applied to a purely dissipative Lindbladian, where the transition

part already satisfies p-DB.

Corollary 3.2.1 (p-DB Lindbladians). Suppose we have a purely-dissipative L j;s
Lindbladian such that the transition part satisfies p-DB for a full-rank state p

-1 1 _ gt
Ly o olly=7",

then we can accordingly prescribe B such that —i[B, -] + L ;s satisfies p-DB.

Proof of Lemma 3.2.1. LetK := B — %R and observe that
1
S[] = ~i[B,] = 7{R, } = =iK() +i()K'
1
S'[1=i[B, ] - J{R. -} =iK'() —i()K
using that B and R are Hermitian. Then,
S]=T " oSol[]=iK' () —i(-)K +il""! (KF[~] - r[-]KT)
i K+ ALKT) () = iC) (K + (ALK
(using that T~'KT[-] = A[K] ("))

S(JORICI N

9 Actually, our proof shows an even stronger statement: for any Hermitian F commuting with p
there is a unique B (up to an additive term proportional to I) such that ST[-] -T""!oSoI'[-] = —i[F, -].
The only change is that one should set By := —%F . This relates to a more general notion of detailed

balance that allows for a unitary drift Definition 3.9.1, see also [69, Section 5]. This might be useful
for breaking degeneracies of the state p (or the Hamiltonian H).
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where we define Q := K™ + A[K]. To ensure quantum detailed balance, we need the
RHS to vanish

Q(‘)—(')QTZO — Q=0+AI for AeR,

that is, Q vanishes up to a real multiple of the identity A7; for simplicity, the identity
part can be dropped for now and added back. Since p has full rank, we can assume

without loss of generality that p o exp(—BH) for some H. Now we compute

Q =K'+ A[K]
=(1 +A)B+%(l - AR

= > (14 MB,+2(1=MR,.,  (using that A(B,) = ¢#*/°B,)

veEB

where we denote B := B(H) the set of Bohr frequencies of H. Since the operators

B, (and R,) are linearly independent for different Bohr frequencies,

0=0 < B,= %tanh(’%)Rv foreach v € B.

2x
e -1
e?¥+1] )

(using that tanh(x) =

In particular, By = 0 since tanh(0) = 0.

Finally, since R is Hermitian and tanh(w) is an odd function, we have that B is

Hermitian as well by

Z(Bv)T = % Z tanh —%)(RV)T. (Using — tanh(x) = tanh(—x))
veB veB
. Z tanh ——V)R_V (Using that R = R" implies (R,)" = R_,)
2 veEB 4
i Bv .
= 3 Z tanh T)RV = Z B,. (Change of variables v — —-v) =
veEB veB

Adding the identity part A1 to conclude the proof.

Exact detailed balance for Gaussian weights and their linear combinations
In this section, we carry out the abstract recipe for our advertised Lindbladian to
prove the exact detailed balance condition (Definition 3.2.1). We begin with the

transition part and then solve for the coherent term.
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Exact detailed balance of the transition part

First, we show that the Gaussian ansatz indeed leads to detailed balance for the

“transition” part
-1 _ +
Fp of ol =7".

It is instructive to rewrite the abstract equation above in terms of Bohr-frequencies.

Let (-) be any input matrix, then the transition part of our Lindbaldian reads

=Y, [ rwd@odw

acA
1 00 _(w+w2y) _(w- Vl) _(w- v2)
Ry e e ME e YE AT ()(A]) dw
205N 2m aeAvleZEB‘/_OO ! 2
= 3 ey Al (A’ G.11)

a€A vi,vrEB

Since the bilinear expression holds for any input (-), taking traces on both sides
yields that

> [ v i =3 D a4,

acA v~ acA vi,v€EB

In terms of Bohr frequencies, the exact detailed balance condition is a certain

symmetry of the coefficient matrix a(“»7).

Proposition 3.2.2 (Detailed balance in the Energy domain). Consider a super-
operator parameterized by a Hamiltonian H, B, and a set of operators including its
adjoints {A%: a € A} = {A%T: a € A}:

T = Z Z @y, ,,AY () (AS )' such that @y, ,, = cy_,,z,_vle_ﬁ(V‘J”’Z)/2

acA vy, v2€B

foreach vi,vo€B
Then,
I oT ol =7".
Indeed, one recovers the classical detailed balance condition for inputs diagonal in

the energy basis. However, the quantum detailed balance condition also constrains

the amplitudes between off-diagonal matrix elements (Figure 3.1).
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Proof. We can directly calculate

TloT ol =" > ayunyps A% VPE()VPE(AL) pj!

acA vi,meB

B B
Z Z a’yl,vzeilezl(.)(Atvlz)Teivz (since pp e—,BH)

acA vi,vr€EB

a ant . BU1+v)
= Z Z a—VQ,—VlAyl ()(sz) (Slnce a,V],Vze 2 = a—VZ,—V|)

acA vi,meB

=3 e (A7) () (A,

acA vi,meB

DD @ (4%,)' 042,

a€A vi,vrEB

(since (4,)" = (A7)-,)

(since {A%: a € A} = {A%T: a € A})

DD ann(AL)T()AY,

a€A vi,vrEB

(since B = spec(H) — spec(H) = —B)
Z Z Wy, (AL) (VAL =T, (relabelling v; & v,) m

a€A vi,vEB

While the above representation explicitly addresses the energy basis, we note that
positivity becomes obscured as the left and right energy labels vy, v, can differ. The

positivity now becomes implicit in the coefficient matrix.

Proposition 3.2.3 (Positive semi-definite). If the coefficients a,, ,, as a matrix a is
positive-semi-definite
a >0,
(and thus Hermitian a,, y, = (@y,.,)"), then
1 . . .
Z Z @y, .y, (A‘V’l (-)(A‘V’z)T — 5{(A‘Vl2)TAff1 ,-}| gives a Lindbladian.
acA vi,veB

Positivity indeed holds for (3.11) and can be seen by the integral form of the
coefficients. To conclude this section, it remains to verify that the coefficients arising
from Gaussian indeed satisfy the symmetry.

Lemma 3.2.2 (Exact “skew-symmetry” of coefficients). For each w,,c,, the
(“)y’o—y)

coefficients a,, ;)" defined by (3.11) factorize
o Vi +va +2wy)? — )2
o= L -exp(—( v 2) ) oxp| -2 ),<3.12>
2ot + 07 8(og + 0y E
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and have a certain “skew-symmetry” under negation and transpose
ay T = @ e P2 for pm Y (3.13)

Proof. We directly calculate the Gaussian integrals in (3.11), preserving the quadratic

nature of the exponents.

! ” ’ 1 1 w + vev:o Wl
ALy Ly JEL S PSP PPN ot A i T B 28 P
V8T J-co

dw

—1
1) 2
= 2,2 2
o2 (a)7 % +vz) 3 vitv; 3 wy,

40'% 2072

2
oy 20'E v

2,2 2
1 1 1 y Vi+Wm vitvy; Wy
20 1 1 1 1 2 2 2 2
E L+5 o) L+t oy 207 4oy 207,

Y E Y E

(by Fact 3.2.1)

1 ( (vi+wva+ 2w7)2) ( (vi - vz)z)
= ——— -exp|- - exXp|l-———

o2 8(c2 +02) 802
2,/ 5 +1 B E
Y
(since 2(v%+v§) = (V+v)% + (vi—-n)?)
= af‘;’;’_y’fe—ﬂ V1472)/2 (due to our choice of 5) =

We see that we may tune the parameters to match a desirable exponent 8. Remarkably,
the width oz can be finite (i.e., do not scale linearly the precision % like in metrology)

while retaining exact detailed balance; a reasonable choice is, e.g.,

1

B

This will imply that the algorithmic cost for implementing the Gaussian weighted
operator Fourier Transform will only need to scale with 8 (and polylogarithmically
with the precision due to discretization and truncation error!) However, the Gaussian
transition weight comes with the price of a narrower band of transitions peaked at
wy + O(o,), which might result in a substantially increased mixing time compared

to, e.g., Metropolis weight y(w) = min(1, e™#“); we will revisit this issue by taking
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linear combinations of Gaussians at section 3.2 since all our calculation are linear.

For clarity, we first focus on the Gaussian weights.

Why does Gaussian interplay so perfectly with quantum detailed balance? In sec-
tion 3.8, we attempted to derive Gaussian from the first principle. Indeed, Gaussians

are very natural if we impose several conditions on the function.

Adding the unitary term

Now that the “transition” part satisfies the detailed balance condition exactly, we
proceed to complete the Lindbaldian by adding the “decay” part and the “coherent”
part. The decay part is fixed by trace-preserving; Lemma 3.2.1 then uniquely
prescribes the required coherent term, which we display as follows in the frequency

domain. The explicit form will be useful for implementation.

Corollary 3.2.2 (An exactly detailed-balanced Lindbladian with Gaussian filtering).
The Lindbladian

LI1==) (B 1+ D) avl,yz(Aa(-)(Azz)*— %{(Aﬁz)*Aﬁl,-}

veB a€A vi,vrEB

corresponding to a self-adjoint set of jump operators {A%: a € A} = {A*": a € A},

parametrized by coefficients ay, ,, € C satisfying a,,, ,, = @y, ,, and
B(V1+V2)
aV],Vze 2 = a’—VZ,—Vl ’
and amended by the coherent terms
tanh(-B(vi —2)/4)
B,=) > o @y (A2)F A2 (3.14)
aeA vi—m=v
V1,V2€B R
Friv)=
satisfies pg-detailed balance.
Proof. Apply Lemma 3.2.1. Note that the operator
(A2)A% = > P, A" Pg,A“Pg,

Ei—Ej=V1,Ei—Ek=V2
must have the energy difference contained in the set of Bohr frequencies B
vi—-v2=E, —E; - (E;-E;) forsome E;,E; E; € Spec(H)
=FEy—E;€B.
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The above corollary essentially leads to Theorem 3.1.1 but is written in the Bohr-

frequency decomposition.

Proof of Theorem 3.1.1. Combine Proposition 3.2.3, Lemma 3.2.2, Proposition 3.2.1,
and Corollary 3.2.2 to conclude the proof. [

Linear combination of Gaussians

Can we go beyond Gaussians? As we discussed, the Gaussians have a narrower band
of transitions; it would be desirable to lift this restriction to accelerate the mixing
time. In this section, we give a family of filters by exploiting the freedom to tune the

Gaussian parameters (w,, 0g, 0,) and taking a linear combination of Gaussians.

Corollary 3.2.3 (Linear combination of Gaussians). Fix g and g € €(R) and set

(¢u+x)2

Y& (w) = /;;% g(x)e_ 4/B-20F dx. 10 Then, analogous to (3.11), the coefficients as a
7

linear combination over integration variable x

@l = [ e E for (0,00, = (v 20/ - 7R13.15)

2

satisfy the symmetries aﬁf,)v*z = ag,)vl and a,(,‘?’)VZ = aﬁ%)l,_we_ﬂ(”””/ 2 for each

vi,v2 € R. If g(x) > O for each x, then we also have that «®) > 0, however, this is
not a necessary condition.

Proof. Recall the meaning of the superscripts a&ﬁi’fy). The proof is merely the
linearity of symmetries and that convex combination preserves the cone of positive

semidefinite matrices. [

(o)+Q)y)2
. .. . . . . - 2
To widen the band of transitions, a natural choice is to weigh each Gaussiane  >77

with its inverse £j-weight. Surprisingly, this leads to filters that resemble the
Metropolis and Glauber weights; while other choices are plausible, we spell out the

calculation for this as a natural representative.

10Note that in principle we could also vary oz, but that would complicate both the analysis and the
implementation due to the required adjustments to the parameters of the performed operator Fourier
Transform.
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Proposition 3.2.4 (Metropolis and Glauber-like filters). Setting g(w,) = —=—=

2710'
1
vields
2
2 (ﬁ—aE)
2 _ (¢u+x)2
) B(TTEPFZ e 4x/p-20%
)/UE ((1)) = ﬁ(,z dx

Bog
w+—E

: B
(erf(z + ;

=" \/27T(2x/ﬁ - 0'%)
Bog

= e_ﬁmax(w+_ O)- 1[(erf(E _B w+—

2 2 s

B
w+27E

2

)H)J

<1

)

2
which, in the s — oo limit, coincides with the Metropolis weight shifted by [%

2
B max(w+ﬁ%,0)

Y& (w) =e (3.16)

2
Restricting the above g(wy) to the interval w, € (w%, 00) results in the following
smooth variant of (3.16)

~(oo) (a)) _ e—ﬁmax(aﬁﬁ— 0)

1 (oa 0'2
3 [erfC(O_E (ﬁzE ‘a) + %

)) B'wﬁ
+c

<1

1 [Bo?
erfc( (ﬁ—E + |w
OE 2

2
which resembles the Glauber filter also shifted by 'l% (Figure 3.3).

Proof. We directly found the above by Mathematica. [

3.3 Algorithms

This section presents efficient quantum algorithms for simulating the advertised
Lindbladian and the associated parent Hamiltonian. The former mainly builds on
black-box Lindbladian simulation algorithms [43, 49, 112], more precisely their
improved variant described in [40, Theorem III.2] whose complexity boils down to
constructing block encoding for the Lindblad operators (Definition 3.3.1); the latter

merely requires block-encoding the parent Hamiltonian, which feeds into quantum
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yY(w) |— exp(—=Bmax(w,0))
— 7,7 (@) in (3.16)

_ ~(c0) .
¥, | (w)in (3.17)
TSN s exp(pw)

4 3 -2 ] 1 2 3 4

;

Figure 3.3: A plot of the filter functions y(w) for Metropolis, Glauber and our
filters arising from Gaussian linear combination(3.16)-(3.17) (with og = é).

simulated annealing (see [40, Appendix G] for a modern discussion) to prepare the
purified Gibbs state.

Thus, the main algorithmic contribution is to assemble the block encodings associated
with our synthetic Lindbladian (3.1) and our parent Hamiltonians (Theorem 3.1.3).
The frequency domain representation (section 3.2), which is natural in the context of
analyzing quantum detailed balance, is less instructive for algorithmic implementation.
Indeed, addressing the exact energy eigenstates (or the exact Bohr frequencies) is
generally inefficient. Nevertheless, the algorithmic task becomes straightforward in
the time domain representation. Indeed, our Lindbladian can be expressed in terms
of weighted time integrals f (-)dr of some rapidly decaying functions; a standard
Linear-Combination-of-Unitary argument (under suitable discretization) leads to the

algorithmic complexity in terms of controlled Hamiltonian simulation time.

For the Lindbladian (3.1), block-encodings for the dissipative part are already
constructed in [40, Section III.B]. Thus, it remains to construct the coherent term; for
the parent Hamiltonian, we will need to construct block encodings from scratch, but
the manipulations are analogous. In the following sections, we first present the time-
domain expressions (section 3.3-3.3), which immediately yield the corresponding

block encodings (section 3.3) and the overall complexities (section 3.3-3.3).

Time-domain representation of our Lindbladians
Applying a two-dimensional Fourier Transform for the coherent term (3.14) leads
to the following time-domain representation where LCU techniques are naturally

applicable. See section 3.5 for the calculations.

Corollary 3.3.1 (Coherent term for the Gaussian case). For each B > 0 and

parameters O = 0y = Wy, = %, the coherent term B (3.14) corresponding to the
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2
Gaussian weight y(w) = exp(—@) can be written as

B = Z / wbl(t)e‘iﬂm( / Oobz(t’)A‘”(,BI’)A“(—Bt’)dt’)eiﬂH’dt, (3.18)

acA Y~ o

where

bi(t) := Zﬁe% (m *; sin(—1) exp(—th))

such that ||bi]]; < 1 (3.19)
1 /1 2 A
by (1) = ﬂ\/;exp(—h — 21t)
1
such that ||bs||1 < I3 (3.20)

Indeed, we can verify that B is Hermitian by

BT = 214[: bT(I)C_iﬁHt ([: b;(t/)AaT(_ﬁt/)Aa(ﬁl/)dt/)eiﬁtht
- Z /OO bl(t)e_iﬁH[(/oo bZ(—l/)AaT(—,Bl‘/)Aa(ﬁt/)dt/)eiﬂtht
acAY ™% —o0

(By b} (1) = b1(r) and b3(1) = b(~1))

- Z / B bl(t)e—iﬁHf( / B by (')A (ﬁt')Aa(—ﬁz')dt')eiﬁHfdt = B.

acA Y ~® ©

(Change of variable t' — —t")

The explicit weights corresponding to Metropolis weights are slightly more cumber-
some due to taming a mild (logarithmic) singularity. We can also verify that BM" is
Hermitian by bjzw’"*(t) = blzw’"(—t).

Corollary 3.3.2 (Approximate coherent term for the Metropolis-like weight). If

O = %, then the coherent term BM corresponding to the Metropolis-like weight

yM(w) = exp(—,B max(w + #, 0)) satisfies

Z A9TAS

acA

R E

mm(nﬁan

7 ,0(<nﬁ||H||>3)), 321)

where

B =% / bl(t)e“ﬁHt( / by (1) A (ﬂz’)Aa(—ﬁz')dt’+—AaiA“)elﬁHfdr,

0o 16\/57(

acA ¥~

(3.22)
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with by(t) as in (3.19), and
1 exp(=2¢% —ir) + 1(|t] < n)i(2t +1)
42 t(2t + i)

1
such that  |bY""|l1 < < s

ba(1) =

In(1/). 3.23
\/_ﬂ n(1/m) (3.23)

Further, if [ZaeA A4TA?, H] = 0, we can drop the second term in (3.22) after the
integral in t’ since f_o; bi(t) =0.

See section 3.6 for the proof. After suitable truncation, this merely incurs a logarithmic

overhead (~ log(B||H]||/€)) to the algorithmic cost for an e-approximation due to
1

subnormalization T
2 1

Time-domain representation of our parent Hamiltonians
Recall that the central mathematical object for coherent Gibbs sampling is the

discriminant (i.e., the Lindbladian under a similarity transformation)
7_{(p, L) = p 1/4£[ 1/4 . 1/4]p—1/4.

This amounts to a mild calculation that transfers the heavy lifting done already
in the Lindbladidan context. One adaption for the coherent algorithm is that the
fundamental object is not a superoperator but an operator on a doubled Hilbert space.

Formally, we define the vectorization of a super-operator by

Z ajA;[-]B; — C= Z a;A (vectorization)

where BJT. denotes the transpose of the matrix B; in the computational basis [i).
We use curly fonts C for super-operators and bold fonts C for the vectorized super-
operators (which is, a matrix). For a matrix p, let us denote its vectorized version
by

p) =T Y)p where T|i)={| foreach |i).

In the time domain, our parent Hamiltonian takes the following form (see section 3.5

for the calculations):

Hp = Z/ / ho(t_)ha(ts) - A%ty —12) ® A%(—1_ — ;) dr,dr_

acA

transition part

1 .
+§(N®I+I®N).

decay and coherent part
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Compared with the Lindbladian case, the first term is essentially the transition part
under a similarity transformation, and the second term combines the decay and
coherent part. Here, we do not care about complete positivity or trace-preserving

but merely Hermiticity.
The transition part

The transition parts for both Gaussian and Metropolis weights are as follows.

Corollary 3.3.3 (The transition part for Gaussian weights). For the Gaussian weight

y(w) = eXP(——(ﬁw;Dz)
in the time domain by

with w, = o = 0y = 1/, the discriminant Hp is described

h.(1) Lol ( 4t2) d h_(1) Le ( 2t2) hthat  ||h-|l1, l|hsllr < 1
= — Xp(—— _(t) = —exp(—— - .
+ 5 p Iz an e p fiz such tha 1Al <
(3.24)

1

Corollary 3.3.4 (The transition part for Metropolis weights). For o = I the

Metropolis-like weight yM (w) = exp(—,B max (a) + ﬁ, 0)) yields Hg described in
the time domain by the same h_(t) as in Eq. (3.24) and by

e 1/8 e—2t2/ﬁ2
hy(t) = Ea— such that  ||hy(2)|]1 < 1.
B 4 VZN(E + E)

The N-term
The time-domain presentation of the N term is as follows.

Corollary 3.3.5 (N term for Gaussian weights). For each B, the Gaussian weight

2
v(w) = exp(—%) With o = 0y = Wy = L corresponds to the discriminant
where

B

N = Z /°°nl(t)e—iBHt(‘[mn2(t,)AaT(lBt/)Aa(_lBt/)dtz ei’BHldt,

oo

acA Y~ &0
where

ni(t) ! PRV ! *; €X ( 2t2) such that ||n|| <

= - —_— f— u [ —

! 4 cosh(2xr) ' P Hi 42
(3.25)
1 /1 2 A 1
ny(t) :=4-2- —|— exp(—4t - 21t) =8 - by(t) such that  ||na||; < =
2 N 2

with by as in (3.20).



164
Corollary 3.3.6 (N term for Metropolis weights). If or = % then the Metropolis-like

weight yM (w) = exp(—,B max (a) + ﬁ, 0)) corresponds to the discriminant where

NY satisfies

| o e (B
I < 3 min 22 o opny)

acA
where

(&) . oo N 1 . .
NMT =y / nl(r)e-lﬁ““( / ny () A (Bt A (~Bt')dr’ + —Aa'A“)elﬁHfdt,
acA ¥~ - 16\/57'[

M qsin (3.23).

with ny(t) as in (3.25), and nlzu"7 =b,

In the above cases, we can verify that N is Hermitian by nj(¢) = ni(¢) and
n;(t) = na(~t). For NY we also use that (ATA%)T = A4TA“,

Block-encodings
Our simulation algorithm extensively uses block encodings that are largely borrowed
from [40]. This section aims to instantiate them to state the theorems appropriately,

and the curious reader may refer to [40, Section IIL.B].

Definition 3.3.1 (Block-encoding for Lindbladian). Given a purely irreversible
Lindbladian

1 1
Llp] = Z(Lij} - EL}LJP - EpLij ;
jeJ

we say that a unitary U is a block-encoding for Lindblad operators {L ;} jey if 1!

(0'|len-U-(0Yel) =Y |/)®L; for b<ceZ.
jeJ

¢ Block-encoding V), of the jump operators A“ in the form of Definition 3.3.1:

(<0b| ® Ia ® Isys)] ’ Vjump ’ (loc> ® Isys) = Z|a> ® A

acA

To implement the discriminant, we also assume access to a block-encoding

Vumpr for the partial transpose Y, ,c4la) ® (AT,

n the first register, we could use any orthonormal basis. Sticking to computational basis
elements |j) is just for ease of presentation. Intuitively, one can think about b as the number of ancilla
qubits used for implementing the Lindblad operators L ;, while typically a — b = log |J]|.
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* Quantum Fourier Transform

OFTy : |P) — \/LN Z e | ).

a‘)eSwo

We use “bar” to denote variables taking discrete values. In particular, the
Fourier frequencies @ and times 7 are integer multiples of w( and 7 respectively
such that

wolo = %’T and S .= { ~[(N=-1)/2],...,-1,0,1,..., [ (N - 1)/2]},

and SLIZJ = wo-S[NJ, S,r(fVJ = tO-S[NJ.

¢ Controlled Hamiltonian simulation

Z |ZT><ZT| ) eiil_H.

feStO

* State preparation oracles for the Fourier Transform weights, acting on the

frequency register
Prepy:[0) — |f).

* Controlled filter for the Boltzmann factors acting on the frequency register and

the Boltzmann weight register

W= Z Yi-y) ® |@X@| where 0<y(@) <1 and y(®)=y(-0)e”?.

u‘)eSwO

* Single qubit Pauli-Y rotations

y o [VI-0 Ve
9 = \/5 ,_1_9.

* Reflection on b-qubits

Ry, :=2|0°)(0%| - I,,.

To feed into the black-box Lindbladian simulation algorithm [40, Theorem II1.2], we
need block-encodings for the dissipative part and the coherent term; for the coherent
Gibbs sampler, we need block-encoding for the discriminant Hjg, which we obtain by
adding the transition part and the N part.



0) Yy Yy (ol
Rp1
0”) (0]
b -b
) v, v (o)
|0) = Prep’ Prept = (0|

Figure 3.4: Circuit for block-encoding (3.3). The gate prep is a shorthand for
Prep\/u—_+| and prep’ for Prepﬁ/\/lf—+|.

Proposition 3.3.1 (Block-encoding for the coherent term). Suppose || f-||1, || fill1 < 1.

Then, there is a block-encoding for
D S @ Y fu(E) Y AT E) A () |
t'_GS,O t'+eS,0 acA

using constant calls to controlled Hamiltonian simulation, V j,,p, prep VT prep VT
prep \/lf—rprepf NI and their adjoints.

The identical statement applies to the N term by replacing f. — n..

Proof. It suffices to construct
D Folf) Y AT(E) A (<L)
t'+eS,0 acA

and then apply the operator Fourier Transform. When there is only one jump
(JA| = 1), this merely uses iterations of LCU and controlled Hamiltonian simulation.
When a block-encoding gives the set of jumps, see Figure 3.4. To see that this yields

the desired expression, observe that

Y1200) = |4+) and Y[ ,[0) =|-).

Thus, the expression remains the same if we drop the —I41 term in Rj, . [ |

Proposition 3.3.2 (Bilinear). Suppose ||h-||1 = ||h+|l1 = 1. Then, there is a
block-encoding for

Z Z Z h_(t-)h(t,) - Aa(f+ -1)® Aa(—f_ _ lT+)T

f_€Sy, €S,y acA
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using constant calls to controlled Hamiltonian simulation, V jymp, V jumpt, prep\/m’preph T
+ +/ V14
prep M,Preph+/m and their adjoints.

Proof. The proof is a modification of Proposition 3.3.1 by replacing V;'ump with

VJ.Tum » and duplicating the system register. [

Proving Theorem 3.1.2: complexity for Lindbladian simulation

We now combine the block-encoding to give the overall cost of Gibbs sampling. We
can implement the controlled time-evolution up to a truncation time as long as the
profiles f;, f- are well-concentrated and smooth in the time domain (and that the
Fourier Transforms are well-defined), which is the case since the frequency profiles
f+, f- are smooth and concentrated Corollary 3.3.1-Proposition 3.6.1. Also, the
following results all require discretization of the time integrals, which is fortunately
handled by [40, Appendix C]J; this sets the required size of the Fourier Transform

register, which uses polylogarithmically many qubits.

Proof of Theorem 3.1.2. Use the black-box Lindbladian simulation algorithm [40,
Theorem III.2] for block-encoding for the coherent term (Proposition 3.3.1) and
the dissipative part [40, Section III.B.1]. For the Metropolis weight, a logarithmic
overhead is incurred for taming the mild singularity in the b¥; B is especially
subnormalized by [|bY[|;! = 1/0(log(BI|H||/€)) to fit an approximation of B into a

unitary block encoding. [

Proving Theorem 3.1.3: complexity for the discriminant
We may now construct the advertised block encoding for the discriminant. The N

term is analogous to the coherent term (Proposition 3.3.1).

Proof of Theorem 3.1.3. Add the block encodings for the transition part (from Propo-
sition 3.3.2), N® I, and I ® N (from Proposition 3.3.1), up to mild subnormalization.
Again, the Metropolis case incurs an additional logarithmic factor. [

Note that we do not implement I + Hp (as in [40, Proposition II1.5]) but rather Hpg
itself; implementing the former would allow us to obtain a quadratic speedup on the

discriminant gap, which we currently do not have.
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3.4 Discussion
We have constructed the quantum analog of the classical Monte Carlo algorithms

with desirable features. We highlight potential future directions as listed.

* Quantum simulation applications. A key factor in industrial quantum
simulation applications [30, 37, 107] is effective quantum algorithms for low-
energy states. Our algorithm can be employed for any Hamiltonian without
substantial variational parameters or a case-by-case trial state or adiabatic path.
While the mixing time can vary widely, the fact that physically relevant states
(molecules or materials) exist in Nature suggests a reasonable mixing time in
practice. Regarding practical gate complexities, the locality of our algorithm
for lattice Hamiltonian may be favorable as we merely need to simulate a

O(3)-radius Hamiltonian patch localized around each jump A°.

* Locality and complexity of quantum Gibbs state. Our algorithm opens new
angles on the locality and complexity of Gibbs states (such as the decay of
correlation, quantum conditional mutual information, recovery channels, and
quantum belief propagation). In particular, the combination of localized jumps
and exact detailed balance enables the rigorous study of convergence [31, 96]
for noncommuting lattice Hamiltonians. Rapid mixing also directly implies the
circuit complexity of the purification (Appendix 3.7) through the Lindbladian

gap, giving a dynamic perspective on the area law of entanglement [84].

* New open-system physics. Just as quantum computing lacks a go-to Monte
Carlo algorithm, open system physics lacks a simple, universal Lindbladian
that succinctly captures open system thermodynamics. Our algorithm qualifies
due to its elegant properties. For example, our Lindbladian enables a precise
definition of dynamical thermal phase transitions in terms of mixing time that
may contrast with static thermal phase transitions. Related concepts include
metastable states, the energy landscape, quantum spin glass, and self-correcting
quantum memories, whose precise formulation for noncommuting Hamiltonian

has also been lacking.

* A new algorithmic subroutine. Classical MCMC algorithms have been
widely employed to solve other problems beyond physical simulation, and we
may expect the same for our algorithm. A natural example is optimization
problems (e.g., constraint satisfaction problems and modern optimization

problems), whether applying to classical Hamiltonian (in a setting similar
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to Quantum Approximate Optimization Algorithms (QAOA) [66]) or quan-
tum Hamiltonians. Another application is Quantum Semidefinite Program

Solvers [11, 27], where Quantum Gibbs state preparation is routinely invoked.

* Comparision with existing algorithms. With a new algorithm at hand, we
expect fruitful comparison with existing (quantum or classical) algorithms
such as the adiabatic algorithm [64], phase estimation with trial states, tensor
network, Quantum Monte Carlo, etc. In particular, understanding the distinction
from classical algorithms could either inspire better classical algorithms or
expose potential sources of quantum advantage in quantum simulation (e.g.,

the sign problem or difficulty in contracting PEPS).

* Numerical studies. As the complement to theory, the explicit form of our
Lindbladian also enables direct numerical studies regarding the above notions,
e.g., the scaling of mixing time for thermal state or ground states, dynamic
phase transitions, and noncommuting quantum memories, and the interplay

with tensor networks.

To conclude, given the celebrated theoretical and empirical triumph of Markov chain
Monte Carlo methods and its successors over the past 70 years, we argue that this
work should serve similar roles in quantum computing. Especially given the current
skepticism on the practical applicability of quantum computers, our new algorithms
bring hope to the community by initiating a new wave of directions covering theory,

experiment, numerics, and application.
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3.5 Appendix:Deriving time-domain represantations
Our calculation for detailed balance has focused on the frequency domain. This
appendix applies Fourier transforms to obtain the time-domain representation. The

arguments are conceptually straightforward but require some bookkeeping.

For both the Lindbladians and the parent Hamiltonians, we will often encounter
a two-dimensional sum over Bohr frequencies. Since there are two energy labels,
we employ a two-dimensional Fourier Transform. For any function of frequencies

f (v1, v2), the time-domain representation of the bilinear expression gives

S Al © (4% =ZA§ [ [ rmmatan e as coanas,

acA vi,eB

where we introduced the two-dimensional Fourier Transform

1 (o) (o) n . X
f(l‘], lz) = 2— / / f(V] R Vz)ewltlewztzdwd\/z.
T J-oo J-

Fortunately, for our usage, the Fourier Transform decouples into two iterations of
one-dimensional Fourier Transforms, significantly simplifying the presentation and

implementation.

Corollary 3.5.1 (Factorized time-domain functions). If the function factorizes in the

energy domain such that

2if(vl, v2) = fr(vi+v2) - f-(v1 =),
/3

then
DT Fnm)Al @ (A%
ac€A vi,v2€B
-, / / o) fr(t) A (=t — 1) @ AT (1, — £_)de e (3.26)
acAY X 47X
and

Z Z Friv2)(AS)TAY

a€A vi,vrEB

= Z /: f—(l_)e_th_ ([: f+(l+)AaT(;+)Aa(_t+)dt+ elHi-qr_

acA ¥~

where the function f. are inverse Fourier Transforms of fv.
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Crucially, the RHS can be implemented via Linear Combination of Unitaries by

discretizing the integral.

Proof. Since the expression is linear in the sum over jumps a € A, it suffices to
prove for any operator A, dropping the jump labels a.

D 2fe(vi+va) - [ = m)Ay, ® (Ay,)

Vi, V2€B

= Y ) F ) (Ang @ s )

v1,v2€B

(Letvy:=vi+vyandv_:=v| — vp)

oo . 00 . +
- Z / f+(t+)€_w*t+dt+/ f—(f—)e‘”*’*dt_Aw;V-®(Av+;v—)

Vi, V2€B Y T

(Fourier Transform)

= /: [: Folt) f (1) A v (1, — 1) ® (A%)T(u—t_)dudt_

vi,EBY ™

(Since (AV)Jr = (AT)—V)
- [ RereACL -0 e AT -
The fourth equality uses that

i(ve —vo)(ty — 1) i(ve +vo) (=14 — 1)
2

= exp( ) - exp( 5 )

to conclude the proof. [

—1vit, e—iv, t_

€

Now, we plug in the appropriate functions to arrive at the time-domain functions.

Our Lindbladians
We evaluate the Fourier transform for the coherent term B. The expression looks
intimidating, but all that matters for the algorithmic complexity is that they decay

rapidly (in the time domain).

Corollary 3.5.2 (Explicit time-domain functions). In the time domain, the coherent

term B in (3.14) corresponding to coefficients constructed in (3.15) reads

e 4%x
fi(t) = ﬁ*”?; g(x)oy (x) exp —7 — 2itx |dx, (3.27)
£ = TEe" % sm(—ﬁagt)e—wéfz : (3.28)

np cosh(%)
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depending on parameters og, g(x), 8. 12

Recall that the convolution of two functions over variable ¢ is defined by

(f % 8)(1) = / F(9)g(t - 5)ds.

Nicely, the product structure persists under a convex combination of Gaussians as
only f(7) depends on g(x). Otherwise, we could have had to consider a linear

combination of function products, which is messier to implement.

Proof. First, we confirm that the energy domain function indeed has a product
structure 5= £ (vi,v2) = fu(vi +v2) - f-(vi = v2) due to (3.12), (3.15) and (3.14) for

8oy (x) ( (v + 2X)2)
fi(v) = 2 dx, and (3.29)
/ 2,/0‘ +0'2(x 16x/p
1 tanh(—/:?v/4) v? 1 1 sinh(—Bv/4) v?
0= 2i p(_go-é) " 2rcosh(=Bv/4) 2i eXp(_Q

E

Since we work with well-concentrated integrable functions, the Fourier Transforms
exist, and we can compute them as follows. We begin with the Gaussian integral
associated with f}
[ 2x)%) | 2 41

—/ X ( (v+2x) ) e”'dv =2 —xexp(——x—Zitx).

V21 J-w l6x/p B B
Thus, using (3.29) and the definition of o, (x) = {/2x/8 — o2, we get (3.27). In order
to compute f_(z), we use the convolution theorem F~'(F(f) - F(g)) = f * g/V2n.

Individually, we have

h(—Bv /4 2 Brog
/ sinh( ,BV/ ) exp 5 e ay = e ™" sin(-poi)e 2 (3.30)
\2r 8o

. 2
e”'dy =

1
V2r /_oo 2r cosh(—pBv/4) VorB COSh(%) .

12Note that the function b (¢) seems to have width ~ o due to the convolution by m,
meaning that the integral in ¢ seems to require Hamiltonian evolution times up to ~ S. In fact,
the numerics show a 1/poly decay until about ~ Bog (after which the exponential decay starts),
suggesting that about mln(a'ElPoly(l /€), Blog(1/€e)) Hamiltonian simulation time is required in
order to achieve € precision for the block-encoding of the coherent term. Thus, it might be difficult to
obtain exact detailed balance below () Hamiltonian evolution times. On the contrary, the function
b>(t") has a width only about 1/4/Bw,, implying that the corresponding other integral in ¢’ can be

well-approximated by only using Hamiltonian evolution time ~ +/8/w,,.
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Take the convolution to conclude the calculation. [

The above explicit form allows us to compute the explicit form of the function f. (1)

corresponding to our two main settings. We begin with the Gaussian case.

Corollary 3.3.1 (Coherent term for the Gaussian case). For each B > 0 and

parameters O = 0y = Wy = é, the coherent term B (3.14) corresponding to the

(Bw+1)?
— =5

Gaussian weight y(w) = exp( can be written as

B = Z / oobl(t)e—iﬁ"’f( / oobz(z’)Aa*(ﬂr')A“(—ﬁr')dz’)eiﬁHfdr, (3.18)

acA ¥~ -

where

bi(t) := Zﬁe% (; *; sin(—t) exp(—2tz))

cosh(27rt)
such that ||bi]l) <1 (3.19)
1 /1
by (1) := —\/jexp(—4t2 - 2it)
2n \N'm
1
such that ||bs||1 < 6 (3.20)

Indeed, both functions of time are rapidly decaying and have bounded £;-norm (as

required for LCU implementation).

Proof. Setting g(x) = 6(x — w,) in Corollary 3.5.1 yields the desired Gaussian
weight and f, () in (3.27) becomes

o 412 2 412
fi(t) = [ 0(x — wy)oy exp(—Tx - 2itx)dx = % - o% exp(— ﬁwy — 2itw7).

Setting by (t) := 2n\rf-(t/og) and by(¢') = fi(Br')/(2x+/m) and applying a
change of variables in the integral (3.26) yields the desired result (3.18). Note that
the convolution #, implicitly is an integral over ¢, so we should not forget to rescale
dr there.

Lastly, we bound the ¢;-norm of the functions by Holder’s inequality

1B1lly < [I(1+ 27 L+ )], = @nu +0)bify < 1.

(o] (o] 2
using individual bounds /% -tdr = 2 and [ ‘(1 + tz)bl(t)‘ dr < 0.625. The

/
— €
norm ||ba |1 = 7=

— < 11—6 is a Gaussian integral (Fact 3.2.1). [ ]
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The explicit weights corresponding to Metropolis weights are slightly more cumber-

some due to taming a logarithmic singularity; see section 3.6.

Our parent Hamiltonians
Based on the Lindbladian, we explicitly evaluate the discriminant in the frequency

domain.

Proposition 3.5.1 (Symmerized discriminant). In the setting of Corollary 3.2.2, the
discriminant corresponding to the pg-DB Lindbladian reads

=3 S Al ()(AL) 4 5 SINO+(ON)

acA vi,vEB

or 7{5:2 Z hy, Ay, ® (A7) + = (N®I+I®N)

acA vy, v2€eB

fransition part coherent and decay part

where h,, ,, == P12 4q = h_, _ and

_ Ay1,vy aNt ga _ AT
20 20 (B — vy AR AL =N

acA vi,vEB

Proof. We calculate
7_{[3 1/4£[ 1/4 . 1/4]p_1/4
vi+v a a . By By
- Z Z eIB( " 2)/4&"17"2‘41/1 (')(sz)Jr - IZ(C 4 Bv() —¢ 4 ()Bv)

acA vi,veB veB
Z Z (alvl V2 )TA\?I () + a’vl V2 )TA )
aeA v1,v2€B
a a T 1 1 T
=D 2, hnAl (A5 4 NG + S ON,
acA vy, v2€B
where
ﬁ(v V)
N = _2iZeBV/4Bv - Z Z @y,,y,© 1 ; (A )TA
veB acA vi,meB

We further simplify N by expressing B as a linear combination of (A‘VIZ)TAﬁ1 as
in (3.14).

N=> > (exp(ﬁ(V1—Vz)/4)tanh(ﬁ(V1—Vz)/4)—exp(ﬁ(V1—V2)/4) @0, (A5) AT,

a€A vy, vrEB

aV],Vz T a
- (A5)'A (By e*(tanh(x) — 1) = )
aze;\ VI%ZGB cosh(B(vi —v2)/4) 7 Vi cosh(x)

=N, (Invariance under v| < )
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as advertised.

The transition part

For the transition part, we quickly obtain the time-domain representation using a

two-dimensional Fourier Transform as a corollary of Corollary 3.5.1.

Corollary 3.5.3 (Time integrals). Suppose h,, ,, = 2m - he(vy) - h_(v_), then

DD Al ® (AL

a€A vi,vrEB

= Z /m /oo ho(t)hy(ty) - A%ty — 1) ® A%(—t_ —t,) deydr_,

acA v~

where hy(t) are Fourier Transforms of h.(v).

Now, we can evaluate the Fourier transforms explicitly.

Proposition 3.5.2 (Linear combination for h). For a,, ,, defined in (3.15) and each
ok, g(x), we have that h,, ,, = 27he(vs) - h-(v_) for the discriminant (Proposi-
tion 3.5.1) where

> * g)oy(x) Bpv?  pBx
hi(v) = /02 —exp(—— - —)dx
5k 2,/0']% +0'§(x)
nd h_(v):= iex —V—z
a -(v) =7 _exp 80']% ,

with the corresponding time-domain functions

et = oz st xp-22

2

and (1) = “E exp(-2021%). (3.31)
T

Proof. For h,(v) term, the cross term in the exponential e #"/4 is precisely cancelled
by hy,y, = eP1#2)/4q, | - the h_(v) term remains the same. To obtain the

time-domain functions, we simply carry out the Gaussian integral

1 b _'B_VZ_& V4, =2 2 _ﬁ_ﬁ_x
m/_mexp( 16x 4)e o ﬁexp( B 4)

and use that 0'1% + 0'3 (x) = B/2x. [
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Proposition 3.5.3 (The Gaussian case). In the setting of Proposition 3.5.2 and for
@y, v, defined in (3.13), we have

. 2+ 2w,)? . 1 2
hi(v) = A - exp —M and h_(v) := —exp —V— .
8(c2 +03) 2r 802

Corollary 3.3.3 (The transition part for Gaussian weights). For the Gaussian weight
v(w) = exp(—w) with w, = og = oy = 1/, the discriminant Hp is described

in the time domain by

h.(1) Lol ( 4t2) d h_(1) Le ( th) hthat  ||h-|l1, l|lhsellr < 1
= — Xp(—— (1) = —exp(—— - .
+ 5 p Fiz an e p fiz such tha 1Al <
(3.24)

Corollary 3.3.4 (The transition part for Metropolis weights). For og = é, the

Metropolis-like weight yM (w) = exp(—ﬁ max (w + 55 0)) vields Hpg described in
the time domain by the same h_(t) as in Eq. (3.24) and by
e 1/8 e—2zz/ﬁ2

he(t) = such that ||hy(2)|]1 < 1.
' B avam(L + 4 ’

2
Proof. Setting g(x) = on the interval ([%, oo), yields in (3.31)

1
\/ﬂouy (x)

—202 1,‘2—,820'2 /8

le
"B 4\/27r( + )
Set og = 1/ to conclude the calculation. To obtain the £;-norm bound, integrate
-1/8 72x
Z\/ﬂ/oo x2+1/16dx \/_erfc(l/\/_) <0.78. -
The N-term

We instantiate the time-domain presentation of the N term (adapted from the

calculation for the coherent term B (Corollary 3.5.2)).

Corollary 3.5.4 (Explicit time-domain functions). In the time domain, the N term

corresponding to coefficients constructed in (3.15) can be written as

N = Z/ J=(- )e_lHt_(‘/ fe(t) AT (1) A% (~t,)dt, e -dr_

acA
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for fi(t) as in (3.27) and
1 2

2
f(n="E e 22|

B cosh(Z” )

B
depending on parameters o, 0g, g(x), B.

Proof. Follow the proof of Corollary 3.5.2, but drop the sinh(—8v/4)/(2i) term

in (3.30). The convolution then gives

1 /oo ( Vz ) ivt 20212
— expl———|e"dv =20ge T .
V27T —0 SO'E

We instantiate similar results with minor modifications without replicating the proofs.

Corollary 3.3.5 (N term for Gaussian weights). For each 3, the Gaussian weight

— (Bwt1)? ; _ _ _ 1 e
Y(w) = exp|—"F—| with o = 0y = wy = 3 corresponds to the discriminant

where
N = Z/ ni(t)e” ‘ﬁH’(/ no () AYT (Bt A (-Bt')dr |ePH! ds,
acA
where
(1) =+ 2y [— *ex(2t2) hihat |l = —= < 1
n == Nl - SUC, a n = —
: 4 cosh(2nt) ' P H 42
(3.25)
1 . 1
na(t) ;= 4.2 — —exp(—4t —21t):8-b2(r) such that  ||mal|; < =
2n N\« 2

with b, as in (3.20).

Proof. As both functions are positive exp(=2t?) > 0, we have that

ln ()] = /_O:o ni(t)dr = (/w Cmh(zﬂt)dt) (/_O:O exp(—2t2)dt), where the sec-
ond equality follows from the fact that the integral of a convolution is the product of
the integrals of the convolved functions due to Fubini’s theorem. The first integral
evaluates to 1/2 and the second evaluates to \/71_/2 due to Fact 3.2.1, therefore
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lni(6)|l; = 7/V32. The second bound follows from the analogous bound on b,

in Corollary 3.3.1. The factor of 4 and % is redistributed to ensure both n; and
ny are normalized. Note the overall extra factor of 2 in Corollary 3.5.4 compared
with Corollary 3.5.2. [

Corollary 3.3.6 (N term for Metropolis weights). If or = % then the Metropolis-like

weight yM (w) = exp(—,B max (w + ﬁ, 0)) corresponds to the discriminant where

NM satisfies

M M, at qall o (NBIH] 3
[N = N < 3 At a ||m1n( - o(mBIHI) ).

acA

where

” —i ” N qat N Aa N A4 1 at aal i
NM = Z/m ni(t)e l'BHt([m ny (1) AT (Bt') A“ (—Br')dt * 6vin ATA )el'BH’dt,

acA ¥~ u

with ny(t) as in (3.25), and néu’" =pM

5 T as in (3.23).

3.6 Appendix:Calculating the coherent term for the Metropolis-like weights
In this section, we dedicate to calculating the weights corresponding to the Metropolis-

like weight in order to arrive at an expression that enables efficient implementation
via LCU.

1

Voo, o) on the interval

Proposition 3.6.1 (Metropolis-like weights). Setting g(x) =

2
(/%, %) yields in (3.27)

. 4t 2 52
1 e—20’§t2—1ﬂ0'1%:t —e 4323 ZIﬁS

©) () = = . 3.32
o) B 2V21 (24 +1) 5-32)

In particular, in the s — oo limit, the second term vanishes, but we can only interpret

the result as a distribution

20212 ot
(1) = Tim 1(Jt] > ) \ﬁ
- = ]7) + 5(t)a
" n—0+ Bovark(24 +1) 8

which again decays rapidly; we would need to pay attention to the # ~ 0 regime due
to the delta function §(¢) and 1/t dependence.



Proof. We substitute g(x) = in (3.27), which due to o'é + 0'3 = 2%’ gives

1
\/ﬂoa/ (x)

2
) 2 = 2
(5) ) 1 4t°x 1 B 4t°x .
£ = / —0y(x) exp(—— - 21tx) = — exp|——— — 2irx |dx
’ poi V2rory (x) 7 B V2n %?5 B

2

. At 2 At 2
1 e—ZUétz—lﬂO'I%:t —e 452 § 2135

- ey
B 2\/2n3(2ﬁ +1i

In order to properly understand the s — oo limit we also need to analyze (3.29):

(v + 2x)?
ol e

(3.33)

e gy (<v+zx>2) v [B
) = /‘f 2ﬁ 16x/8 /%% 16mx P

NN

2 4ds

\/§0'E \/§ \/_O'E \/_

which in the s — oo limit becomes

vy = 1(erfc(ﬁ\(/r_E \/_VO_E) e Fer fc(’[% - \/l/o-E)). (3.34)

In order to compute ff’o)(v), let us consider the function f+(°6’) (v) = ﬂw)(v) -

1-
%(V) , Where

if v=0
sgn(v) = .
sgn(v) =v/|lv| if v#0

Since f+(°°) (v) € ¢y, its inverse Fourier Transform exists, and it can be computed as
—20‘%t2—ip’(rét .t
e +2i5—1
2V2r £ (25+)
Laplace transform of the error function erf [146]. Moreover, since f +(o(;,) (v) is smooth,

(oo) (1) = 1 after a change of variables by utilizing the (complex)

apart from v = 0 where its value is the mean of its left and right side limits, standard
results in the theory of Fourier integrals (see, e.g., [189, Chapter 18.3.1.d]) imply
51 e 2oE TR 4 0i

A(c0) —ivt 1
feo (v) = hm —/ (V) dt = lim — dr.
=0+ \2 J-L /5’ 2\/27ré(2;—3 +i)

:1(e_l%erf( Y —’&2) er ( Y ’BO-E)+e‘TVerf(£—&)+ef( ﬁv
2 4s

<)
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On the other hand, it is a standard calculation that

1 1 * sin(vt) _
- lim — dt = lim — e Vidr + /
4 sen(v) = UE& 8 ,/,7 t n—{{)l+ (/ \/ 7t 7

L

! —ivt
——-e Mdr].
\ant )

Since f, +(°0°) (v) is bounded in the neighborhood of 0 we can combine the above two

expression, yielding

) - D ) -

7715&\/__/ 1(lz| € (, l/ﬂ))(f(m)(v) - ﬁ)e‘iwdt

f / L(Jel € (. 1y L St P e
= lim — tle (n,1/n))= t
n—>0+\/ﬂ —c0 ,32\/_ (2t

1 o0 202 t2—1ﬁo- )
= lim — 11(| | > n)— e ™dr,
n—0+ 27 J - ﬁ2\/2ﬂ (25 +1)

where the last equality holds because of the rapid decay of the function for large

t values. We can conclude the proof by observing that the Fourier Transform of

VES(1) is 5. n

In the s = oo case, the diverging £; norm of f+(°°)(t) raises the question: how big
could the norm ||BM || be? In the following we spell out the explicit form of B by
removing the singularity at # = 0, which shows that in fact | B¥|| < O(log(8||H||)).
because || f~||; = O(1). Although the exact formula becomes cumbersome, it enables

us to find a very precise approximation by a much simpler formula in Corollary 3.3.2.

Proposition 3.6.2 (Exact form of Metropolis coherent term). The coherent term B

corresponding to the quasi-Metropolis weight yaE) (w) in (3.16) can be written as

BM Z/ f (t )C 1Ht_0M iHt_ dr_,

acA
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where f_(t_) is defined in (3.28), and for arbitrary 0 > 0 we have

20212 —ipoit Ant
© e 205 BoE L 1 (J1] < 6‘)1(2— +1) . o (OHT |
02/[ :/ elHtAaT - (2[ ) B e—let _ IL(|t| < Q)H% Adei! gz
- V8t (2% +1 p-
B Y

\/8_ / cos(Ht) AT cos(2Ht)A®H sinc(Hr) + sinc(Hr)HA® cos(2H1)A® cos(Hr)dt
n

T
ZAYTAC
* \/;

Proof. By Corollary 3.5.1-Proposition 3.6.1 we know that

—20'E 1ﬂo'E T
= tim [ (ﬂ(ltl_n) e N

We decompose the above integral in order to remove its singularity at = 0. We start

AT (1) AY(~t)dt.

with the decomposition

e2rtiiprts R (Jr] < 0)i(25 +i)
—1(|]t] £ 6)

1
VBt (25 +1) VBt (24 +1) T \Bnt

implying that

e—20',25t2—iﬁ0')25[

AT(HAY (1)

V8rt (2L +1i
B
_ 0_2 2_ s 0_2
— ot qat | & 2ost ! o~2Ht | gaiH!
VSm(Zé +1)
. 202 P=iBoR L (|f] < H)i(zé +i) S
:el tAa . _]]_(|t|30) e—l tAael t’
VSm(Zé +1) V8t
where
i o i cos(2Ht) sinc(2Ht)
—e = ——cos(2Ht) + sin(2Ht) = +H .
V8nt V8rt \/ Tt —— V8nt V2n

2Ht sinc(2Hr)
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Finally, observe that due to parity reasons, we have

00 T

_ % /_: 1 < |1l < 6)(cos(Ht)

N i - i 2H ,
/ 1(Je| = p)eH At 1(J¢] < Q)N/%C()S(I—I)A”e‘mdt

Aat cos(2H?t)
t

2Ht
A“T%A“ sin(Ht) + sin(Ht)

-1 /-00
= — 1(n < |t| <0)
V87T —00
(cos(Hzf)A“T cos(2Ht)A°H sinc(Hr) + sinc(Ht) HA® cos(2Ht)A“ cos(Hr) |dr

Since in the above provided decomposition, every (matrix) function is bounded in
the neighborhood of 0, we can obtain the 7 — 0+ limit by simply removing the
indicator 1(|z| > 77).

—20' t2—1,30' t .
hm / 1(J¢] > AT (A (—t)dt
(2’ +1)
-2, — . t .
oo \/%(25 +1) B \2n

1 6
+ \/? / cos(H1) A" cos(2Ht)A“H sinc(Ht) + sinc(H)HA®" cos(2H1)A® cos(Hr)dz.
wJ-6

We conclude by noting that [~ \/E5(1)A“T(t)A%(—1)dt = \JEA“TA“. n

Note that this exact formula could be directly and efficiently implemented using
QSVT. However, the gains are minimal, as it would only reduce subnormalization
from O(log(B||H]||/€)) (this being the ¢; norm required to achieve € precision in
Corollary 3.3.2) to O(log(B||H||)) (the ¢; norm of the weight function corresponding
to the natural choice § = 1/B||H|| in Proposition 3.6.2).

More interestingly, this exact formula seems also to hold in the infinite-dimensional
case, giving rise to exact detailed balance in the infinite-dimensional version as well.
We leave it for future work to verify that the construction and its analysis can indeed

be generalized to infinite dimensional systems.

A“cos(Ht) |dr
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Moreover, the above result actually also implies that the Lindbladian corresponding
to (3.32) also well-approximates its s — oo limit, i.e., the above Metropolis-like
Lindbladian. The argument goes as follows: first, “round” the Hamiltonian H
to discretize its spectrum at some finite resolution <« 1/8. Due to the form of
(3.32), the resulting perturbation of the Lindbladian is bounded. Then, take the
s — oo limit. Since (3.33) is exponentially close to its limit (3.34) and there is a
limited number of Bohr frequencies due to rounding, the resulting perturbation of
the Lindbladian is once again bounded. Finally, undo the rounding, which again
causes a bounded perturbation due to the exact form of Metropolis coherent term
(Proposition 3.6.2). Carefully executing these bounds in the o = g case should
show that for s = ©((B||H|| +1og(1/€) + 1)?) the resulting Lindbladian is e-close to

its s = oo limit.

Now we show how to approximate the exact Metropolis Lindbladian in a different

efficient way.

Corollary 3.3.2 (Approximate coherent term for the Metropolis-like weight). If

O = é then the coherent term BM corresponding to the Metropolis-like weight

YM(w) = exp(—,B max(a) + 25 0)) satisfies

|| <2, min{ £ 0( s’
where
1
BMU _ / b —lﬁHl‘(/ M’] AaT A d
a; 1(t)e (1) AT (B A (-BI)AL +
(3.22)
with b (t) as in (3.19), and
_ 2 _ . . .
bjzl/[,n(t) . 1 exp(-2* —ir) + IL(I.tl < n)i(2t +1)
A\2n t(2t +1)
such that ||bY""|l; < 1+ In(1/1). (3.23)

2V2n
Further, if [ZaeA AYTAY, H] = 0, we can drop the second term in (3.22) after the
integral in t’ since f_o; bi(t) =0.

Proof. First, let us establish the norm bound (3.23). Observe that

M, _ M1
bz n(t) - b2 (t) -

AaTAa)eiﬁtht’
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Using the above identity and applying a triangle inequality and then Holder’s

inequality gives

1
4\/§7r

To obtain (3.23), use that/nl %dt =In(1/n), /_o:o mdt =7 /100 |6Xp(+2)(2t_i)|2dt =

exp(=22-ir) 21—i)+i(1+4:%) |?
t

) )
1Yy < (1 +482) 1||2H(1 +4t2)b§/[’1H2+ 1y < il < 1)-

1

< 16.

e~ — +/merfc(2), and a direct computation of f_ 11

Next, setting 6 = 13 in Proposition 3.6.2 and scaling the variables ¢, ¢’ by a factor of
S reveals that

1 o : :
BM _pMn— Z / bi(t)e PHIQ e PH 4p, (3.35)
2\/571-2 acA Y ~®

where

Q.- 5 / ' cos(BHI')A“! cos(2BHY) A“BH sinc(BHY )
-n

+ sinc(BHt' ) BHA" cos(2BH1")A® cos(BH1')dr’

7] H ’ T ’
—/ ePH" A“T (BH sinc(2BHY')) A“ePH" dr'.
-1

We can decompose in the second term e#H" = cos(BH?') + isin(BHt'). Due to

parity reasons, we can see that the second term can be replaced by

- /77 cos(BHt')A“T (BH sinc(28H!')) A* cos(BHY') — sin(BH') A (BH sinc(28H?')) A sin(BH1')dr' .
-n

Now, let us define

Ua(X) :=cos(X)A* cos(2X)A“X sinc(X) + sinc(X) XA cos(2X)A“ cos(X)
~2cos(X)A (X sinc(2X))A“ cos(X) +2sin(X) A" (X sinc(2X)) A sin(X),

so that

0, - / " Ha(BHT) 411

4
7 2t

If X is Hermitian, by the triangle inequality, we can see that ||y, (X)|| < 6]|A¢ I1%11X]].

Moreover, from its definition, we can see that u,(X) is an odd analytic entire
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function, and its derivative is 0 at X = 0. From this it directly follows that

ua(X) = O(llA“ I%1X)1° ) for every Hermitian X. Due to the triangle inequality,

" 1o (BHY) .
1Qall < LT / Al ||/3H||mm( o(ligHr | ))

= (|41 min (6nﬂ||H||,0(<n/3||H||>3)).

Finally, we can prove (3.21) for individual jumps by combining the above bound
and the inequality ||b1]|; < 1 within (3.35). To obtain the bound in terms of the

norm-of-sum ||}, AT A4 ||, note that for any matrices X, Y, Z, we have
1> XATYAZ|| < X -1 A @ all - Y & II| - [ Y A @ |a)] - |1 Z]
a a a
= IXIIYIIZI - 1" A“f A
a

Andrewrite y, (X) as alinear combination of terms each bounded by O (|3, A*TA¢|||| X ||?)
by canceling out the linear O(X) terms. [

3.7 Appendix:The discriminant gap and area law

The fact that the discriminant Hg can be regarded as frustration-free, spatially
local Hamiltonian (Proposition 3.1.1) has direct implications on the “locality” of its
zero-eigenstate, the purified Gibbs state. In particular, existing analytic techniques
for studying gapped phases immediately lead to explicit low-depth circuits assuming
a large discriminant gap for Hp. Elegantly, lowering the temperature can now
be interpreted as the Nature-given adiabatic paths parameterized by the inverse

temperature S (known as quantum simulated annealing).

The particularly helpful tool is quasi-adiabatic evolution [85], a version of adiabatic

evolution that exploits spatial locality.

Lemma 3.7.1 (Quasi-adiabatic evolution [15, Proposition 2.4]). Consider a one-

parameter family of Hamiltonians
H(s) foreach se€ [0,1] withminimal gap A.

Then, the family of ground-state projectors can be generated by a time-dependent

Hamiltonian
P'(s) =i[W(s), P(s)] where

[e5) t
W(s) := / dt w(r) /0 du e"TOH (5)e ) foreach s € [0,1]

(o)
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for any weight function w(t) satisfying

/ wt)dt=1 and Ww(w)=0 if |w|=]Al
For geometrically local Hamiltonian on d-dimention lattice with single-site jumps
||[A%|| = 1 (note that the natural normalization here is to make the strength extensive

I3 4ea A%TA?|| « 1), we can plug the discriminant into the above by
H(s) > Hy and A — minAg,,(H,p).

Strictly speaking, we are interested in the top eigenvector instead of the ground state
due to its Lindbladian origin (Lindbladian spectrum is always nonpositive), but this
is also handled by quasi-adiabatic continuation. We obtain a unitary circuit preparing
the purified Gibbs state driven by the following time-dependent Hamiltonian:

o t
W(s) =) / dr w(t) /0 du "M e Hos, (3.36)

=Wa(s)

Algorithmically, the above should be considered an alternative to modernized adia-
batic algorithms based on amplitude amplification [40, Appedix G]. The Heisenberg
evolution is particularly powerful in the case of local Hamiltonians as it manifestly
gives a quasi-local unitary circuit. Based on existing tools, we quickly instantiate

several notations of locality. First, the unitary preserves spatially local operators.

Proposition 3.7.1 (Quasi-local unitary [15]). Consider the one-parameter family of

unitaries generated by the time-dependent Hermitian matrix W (s) as in (3.36)
V'(s) =iW(s)V(s) foreach s € [0,1].

Then, the unitary satisfies a Lieb-Robinson bound with almost exponential decay

d
Poly, () In(d?)

||[V(s)01VT(s),02]|| < Olexp(— )| where d=d(0i,05).

Second, the unitary generates limited entanglement. Since the unitary is generated
by (quasi)-local operators, integrating the entangling rate from 0 — S 3 gives an

area law of entanglement [171] for purified Gibbs state.

3The infinite temperature Gibbs state is the maximally entangled state. It is a tensor product of
bell pairs across the two copies and has trivially entanglement across regions.
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Corollary 3.7.1 (Thermal area-law from entangling rates (similar argument to [171])).

The purified Gibbs state satisfies an entanglement area-law

PO B) 1oy

(the entanglement entropy for any region R) <
The above thermal area-law is weaker than existing bounds!* and should be thought
of as a sanity check. However, what’s new is the explicitly parameterized low-depth
unitary circuit (which is not a consequence of the area law). The unitary V(1)
corresponding to (3.36) for a D-dimensional lattice Hamiltonian can be decomposed

into a

depth

Pol
OYptP) yi’ B -Polylog(n/e) circuit of 2-qubit gates

up to e-error in the operator norm using the HHKL algorithm [80]. The discriminant
gap A is expected to be independent of the system size in the rapid mixing regime
(under the normalization ||A“|| = 1). To obtain gapped ground states, we could scale
the inverse temperature with the Hamiltonian gap A(H)(not to confuse with the

discriminant gap A)

B =0(A(H)log(n/e)).

Of course, there might be phase transitions at low temperatures where the discriminant
gap may close. The logarithmic dependence on the system size marks a technical
difference from the area law setting. Nevertheless, the explicit circuit appears novel

and could potentially lead to new numerical ansatz for low-energy states.

The Lindbladian case

Of course, we may apply the same line of thought to Lindbladians, assuming
the quasi-local Lindbladian mixes in logarithmic time. However, there are subtle
differences. The spectral gap of the parent Hamiltonian is qualitatively the same as

the mixing time of our Lindbladian (which has a vanishing anti-Hermitian part)

In(2)

In(2llp~"21)
/lgap (7—{)

< Tinix L <
(L) <=4 D

The conversion overhead In(2||p~"/2|) = O(B||H||) could scale with the system

size in general. However, to drop this O(B||H]||) factor (i.e., proving rapid mixing

14Ref. [104] states that the mutual information between regions satisfies I(R : R’) < O(B*?)|9R|
in any D-dimension lattice.
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such that the mixing time scaling logarithmically with the system size) amounts to
proving a more stringent quantum log-Sobelov inequality, which has been highly
nontrivial [31]. Even if we assume rapid mixing, to get a low-depth circuit for
the Gibbs state, we still need an efficient algorithm to implement the Lindbladian
evolution that parallelizes the Lindblad operators. However, the HHKL algorithm [80]
achieving this parallelization for local Hamiltonians made critical use of reversing

time evolutions, which does not obviously apply to the dissipative setting.

As a remedy, one may consider trotterizing into quasi-local brickwork nonunitary

circuits, giving a discrete-time Quantum Markov chain®

et 5 N = l_le£80 where L= Z L,
g g

such that each £, 1is a sum of quasi-local, nearly commuting block.

That is, we regroup the Lindbladian £ = } .4 £¢ into quasi-local blocks to exploit
the fact that nearly disjoint Lindbladians can be efficiently implemented in parallel
(after spatial truncation). However, the Trotter error from first-order product formulas
is extensive; thus, the discrete-time channel would not approximate the continuous-
time evolution in general, and the mixing time analysis might require quantitatively

different formalism. Nevertheless, the Gibbs state remains stationary

Nlpgl = pg.

and could potentially share similar mixing behavior as the continuous case in practice.

3.8 Appendix:Why Gaussians?

Our direct calculation confirms the correctness of our ansatz. But why does the filter
f(2) need to be Gaussian (3.3)? In this section, we try to derive the Gaussians from
scratch, which can be viewed as an alternative view of detailed balance in the time
domain. While we try to make our arguments precise, we stop at physicists’ level of

rigor and do not attempt to extract a mathematical theorem.
Assume that the filter function is real on the real axis
f(t) = f(t)* foreach t€eR

and complex analytic, independent of 3, and that the jump operator A = A" is
Hermitian (Let us focus on a single jump and drop the jump labels a € A.). The goal

is to solve for the viable choices of f (7).

5The observation that discretization can be helpful despite deviating from the continuum was
made in [61].
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We calculate the associated “transition” part (3.1) in the time domain

T = / V(@A) (A w)dw

(o)

/ y(@)e () f()A@) (YA )dwdetdt’  (using  f(2) = f(1)")

= [ e nromaooara

The third line uses the inverse Fourier Transform

1 * iwt
c(t) = E [oo e “'v(w)dw.

We may interpret c(z) as a certain correlation function (hence the notation). Now,

note that conjugating the Gibbs state yields

(o)

AA(w)) = / g it f(t)eiH(t—iﬁ/z) Ae iH(-iB/2) 44

_ / WO 4 () F (s +iB/2)ds (setting s :=1—i8/2).
Then, we get that
Ilo7ol[]
-/ Y (@AMA@) (A (A(w))dw

:/Oo//y(w)e—iw(s—s'ﬂﬁ)f(s+iﬁ/2)f(s’_iﬁ/z)A(s)(_)A(S/)dsdsldw
(setting s” := ' +ip)
1 , . ) . , ,
= E//c(s —s—iB) f(s+iB/2) f(s' —iB/2)A(s)(-)A(s")dsds

(continuing c(z), z € C)

= \/% / / ot =t =iB) [t +iB/2) (1 = iB/2)A(H ()AL )drdr
(shifting integration)

The third line uses that (A(z))" = A(z*) for Heisenberg evolution at complex times.
The last line shifts the integrals by s — ¢ and s — ¢’ (assuming the absence of poles
across the strip).

Comparing the coeflicient of product integrals over A(t) - A(¢") for each ¢,¢’, the

condition

c(t—t)f()f(t)=c(t’'—t—iB)f(t+iB/2)f (¢ —iB/2) foreach 1t €R
ensures 7 =T"'oJ oT.
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This condition can be rearranged as (whenever the denominators are non-zero)

ct=t)  _ fu+iB/2)f( ~iB/2)
(= 1=ip) FOF@)

Solving the functional equation

foreach 1, €eR. (3.40)

We proceed to solve (3.40) for a fixed 8. Consider a change of variable ¢ < ¢’

c -1 _ f+iB/2)f(t~if/2)
c(t—1'-ip) @) f() ’

Then, divide the two equations and observe that the LHS depends only on the time

(3.41)

difference ¢t — ¢/

fa+ip/2) f(''-ip/2)

(3.40)/(3.41): fi(t—1") = (= iB/2) . FTiBR)

=g(1)/g(1").

We must have that

bt

g(t) = ae” for constants a,b independent of 7.

Thus,

ae” f(1 ~iB/2) = f(t +iB/2)
—  qelle7 P20 f() = P20 f() (analyticity)
= e“,+b/t_iﬁ'8’f(t) = f(¢) (since [t,0;] « 1).

The last equality regards ¢ and 0, as linear operators acting on functions and use the

matrix-exponential fact that
[X,Y] commuteswith X,Y implies eXe! = XY+ XY1/2,
We can get rid of the exponential by regarding it as an eigenproblem
eX|vy = |v) implies X|v) =i27Z- |v).
This amounts to solving the differential equation

(ala, + art + a3)f(t) =0

which has the general solution being Gaussians (the constants may depend on the
fixed B.). Plugging back into (3.40), we can solve for c¢(z), which would not be

unique as it allows for linear combinations.
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As a sanity check, we re-derive the constraints between the Gaussian parameters and
the temperature in the time picture. Let

c(x) = eiaxe =18 and f(t) = e e

where a, 9, k are all real parameters. Then, letting t — ¢’ := x we get:

Ogl c(t—1) ] - log f(t+iﬁ/2)f(t’—iﬁ/2)]
c(t’ —1-ip) J@Of()

e—iaxe—x2/62 e—(l‘+i,8/2)2/l<2e—(t’—iﬁ/Z)z/K2
=  log i) o-(HB2/02 | log o2 /K2 122 .
. B B —ixp B
it suffices if 2ix(—= —a)+aB - —= = + —.
( 52 )+ap o2 K2 2k2

Equating the imaginary and real parts leads to two linearly dependent equations with

the same solution: |

212"
Then identifying a = w,, y?= 0'7% /2, and k72 = 0']% leads to the same relationship

1
Cl:ﬂ(ﬁﬁ'

between wy, 0'3, oZ and B asin (3.4).
3.9 Appendix:Other notions of detailed balance

In addition to our KMS detailed balance condition (Definition 3.2.1), other quantum
detailed balance has also been studied (see, e.g., [8, 32, 69]). In this section, we will
discuss two variants of quantum detailed balance, and only the first one seems to

work.

Detailed balance with unitary drift
We constructed a Lindbladian satisfying the KMS detailed balance condition. How-
ever, much of our results remain to hold even if we add a suitable Hamiltonian term,

which might enable alternative constructions.

Definition 3.9.1 (KMS-detailed balance with unitary drift [69, Section 5]). We
say that the Lindbladian L satisfies p-detailed balance with unitary drift (in short
p-DBU) with respect to a full-rank state p if there exists a Hermitian operator Q
such that

LI =Vp LIVP VPP =ilQ.]. (3.45)
Or, in terms of discriminants,

D(p’L)_D(p’L)T _ . 1/4
= —-ip

> [0, p7 4 () p~ 44,

A(p, L) =
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That is, we relax the KMS detailed balance condition (Definition 3.2.1) by allowing
the RHS to be any commutator term i[@, -] 1¢; this enlarges the family of possible
Lindbladian for the stationary state p.

Proposition 3.9.1 (Fixed point). If a Lindbladian L is p-detailed-balanced with
unitary drift, then

Llp] =0.

Proof. Evaluate the superoperator (3.45) for the identity I and conclude \/ﬁ_] L[+/pI+/p] \/ﬁ_] =

L'[I] =0. [

Intuitively, we can certainly add any Hermitian Q that commutes with p without
changing the stationary state. In fact, this is the only possibility .
Proposition 3.9.2 (Structure of Q [69, Lemma 28]). In the setting of Definition 3.9.1,

Q must commute with p.

Indeed, we can solve for B and Q by modifying the argument for Corollary 3.2.1

0=0"
II .
(A=AT)(B) =321 = (A+A™)(®)
ﬁ .
Z(e% - e#)Bv -1 2(2 _e T - e%)RV
veB 2 vEB
g
Z B, = % Z tanh(i—v)Rv. (e% _e 20 & v#0)
veB\{0} veB\{0}

Thus, allowing the term Q # 0 merely amounts to dropping constraints on the B

component (which is exactly the set of operators that commute with the Hamiltonian).

This relaxed version of detailed balance comes with the conceptual price of making
the Lindbladian “non-self-adjoint” under similarity transformation. Due to the anti-

self-adjoint component A (p, £), the spectral theory of convergence (at first glance)

161n an email exchange with Jonathan Moussa, he mentioned analogous unitary effect for discrete
quantum channels.

7We thank Jonathan Moussa for pointing us to [69, Lemma 28]. This further simplifies the
derivation and the presentation, clarifying that our construction actually has @ = 0 and a vanishing
anti-Hermitian component.
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seems to break since the right eigenvectors are not orthogonal in the Hilbert-Schmidt

norm. Fortunately, the following observation comes to the rescue.

Proposition 3.9.3. If a Lindbladian L is p-detailed-balanced with unitary drift,
then

Alp. L)[Vpl =H(p. O)[Vp] = 0.

In other words, the specific form of detailed balance implies that the anti-self-adjoint
component preserves the eigenvector +/p; the particular eigenvector /p, which we
care about, is orthogonal to other eigenvectors. Therefore, the second eigenvalue
of H corresponds to the contraction of the Hilbert-Schmidt norm of the other

eigenvector, controlling the mixing time.

Proposition 3.9.4 (Mixing time from spectral gap (adapted from [40, Proposition
I1.2])). If a Lindbladian L satisfies p-DBU, then

m@le 2 D L)+ D(p. L)

Tmix L < . )
(£) Agap(H) 2

and the mixing time t,;y is the smallest time for which

A 1
[e“mx [p1 = pal||, < sle1=pally forany states — py, p2.

In other words, adding a coherent term only seems to help with the convergence.

Proof. Write R = p; — p», then
[ R, = [0 1o~ Rp™ 410

<ottt emol, o],

< e~ eap(H)1 p—1/4Rp—1/4H
2

< e ear (1) o= 114112 R ||,
< e tear 1| o= 174112 R

= e er LN p 2R

The first inequality uses Holder’s inequality. The second inequality uses the
orthogonality to the leading eigenvector such that Tr[y/p-p ™! I“*Rp~1/*] = Tr[R] = 0.
Take the logarithm to conclude the proof. [
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However, if we wish to obtain a parent Hamiltonian corresponding to this Lindbladian,

the anti-Hermitian component forces us to consider the symmetrized discriminant

5
Hy= 222

Unfortunately, the presence of the anti-Hermitian component breaks the qualitative
analogy between mixing times and discriminant gaps; fast mixing can hold despite a
small symmetrized discriminant gap, marking a limitation of the parent Hamiltonian
approach. Incorporating a coherent term, the general conversion bound is as
follows [40]; unfortunately, some bounds are only meaningful if the anti-Hermitian

part A is small enough.

Proposition 3.9.5 (Spectral gap from mixing time [40, Proposition E.5]). For any
Lindbladian L, let —ARe(gap)(L) be the second largest real part in its spectrum
(counted by algebraic multiplicity), then

In(2)
tmix(£)

Moreover, if Are(gap) (L) 2 2||Allo_y, then there is unique eigenvalue A11(H) >
~lAlly-2 and

/lgap(ﬂ) + 2||ﬂ||2—2 2 ”ﬂ“2—2 - /12(7_{) = /lRe(gap)(-ﬁ) = . (346)

Agap(H) +2[|Allr2 2 [[Alla—2 = A2(H) = Are(gap) (L)- (3.47)

Corollary 3.9.1 (Spectral gap from mixing time). If a Lindbladian L satisfies

In(2
p-DBU and 2t,2i()£) > || All,_y, then's

In(2)
Aaar ) 2 5 Dy

Proof. Observe that 2:2&2;)& > [|All,—, implies Are(gap)(L) = 2||All,—, due to

(3.46), which in turn by (2.79) also implies that 1; () = 0 (since 0 is an eigenvalue
due to Proposition 3.9.3). Thus combining (3.46)-(3.47) yields

In(2)
tmix(L) .

'3The bound cannot be qualitatively strengthened without additional structural understanding or
assumptions, e.g., consider H:= Z — (1 + €)I, A:=iX; the eigenvalues of H + A are —1 — ¢, while
A1(H) = —¢, ||A|| = 1, and the relaxation (mixing) time is O(1).

”ﬂHZ—Z + /lgap(q_() 2 /lRe(gap)(-E) 2 u
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The proof of the above proceeds by showing that Age(gap) (L) = %, however
without any prior knowledge on ||A||,_, it does not seem to be possible to lower bound
Agap(H) in general. Indeed, if the Lindbladian L satisfies p-detailed balance with
unitary drift, then £ and D(p, L) = H + A are related by a similarity transform and
are thus co-spectral. Due to Proposition 3.9.3 we know that V := Span(4/p)* is an
invariant subspace of both H and A, and thus also of L. Since Hjy = —Agap(H)IL
and Ay is anti-Hermitian we get that every eigenvalue of £|rv has real part at most
—Agap(H), thus Are(gap) (L) = Agap(H), which is an inequality in the “wrong”

direction.

s-detailed balance
Our KMS detailed balance condition (Definition 3.9.2) is a special case (s = 1/2) of

a larger family of s-detailed balance condition.

Definition 3.9.2 (s-detailed balance condition). For a normalized, full-rank state
p > 0 and an scalar 0 < s < 1, we say that an super-operator L satisfies
(s, p)-detailed balance (or s-DB in short) if

LI 1=p""Lp" - p'lp~.

Since p is an operator, different choices of 0 < s < 1 yield different detailed balance

conditions. Nevertheless, they all prescribe the same fixed point.

Proposition 3.9.6 (Fixed point). If a Lindbladian L is (s, p)-detailed-balanced,
then L[p] = 0.

The case s = 0 corresponds to the so-called Gelfand-Naimark-Segal (GNS) inner
product. One naturally wonders if our constructions also apply here. Unfortunately,
the case s = 1/2 appears to be a special point in the interval 0 < s < 1. Let us
revisit the energy domain representation of detailed balance (Proposition 3.2.2) for
the transition part. Consider a super-operator parameterized by a Hamiltonian H, 3,
and a set of operators including its adjoints {A%: a € A} = {A%T: a € A}:

T=> D> Al ()AL’

ac€A vi,vrEB

Then, the s-detailed balance condition

T =p ' T[p'™* - p*lp~° demands that

@y, vy = Ay, —y, eXp(=B(1 = s)v) — Bsvy) foreach vy, vy € B.
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However, this appears to be a strong condition; if we apply a change of variable

(v1,v2) = (=v2,—-v1),
A_yy—y; = Ay, eXp(B(1 = s)v2 + Bsvy) foreach vi,vy € B.
Multiply the two to see that (see [32, Lemma 2.5] for an abstract argument)
Ay, vy Umyy —y, = Ay 3, Umyy —y, EXP(B(1 = 25)(v2 —vy)) foreach vy,v, € B.
Therefore, if s # % and B # 0, we must have that
Ay, =0 if vi#EWn (3.48)

which contradicts our construction, and currently, we do not know how to algorith-
mically ensure (3.48). The only existing Lindbladian we knew that satifies (3.48)
is the Davies’ generator [56], which requires resolving the level spacing using a

(exponentially) long Hamiltonian simulation time.
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Chapter 4

COOLING IS UNIVERSAL FOR QUANTUM COMPUTATION

4.1 Introduction

Finding ground states and other low-energy states of quantum many-body systems is a
central problem in physics, materials science, and chemistry. To address this problem,
many powerful computational methods, such as density functional theory (DFT)
[89, 103], quantum Monte Carlo (QMC) [17, 34, 155], variational optimization
with tensor network ansatzes [82, 93, 145, 156, 173, 177, 178] or neural network
ansatzes [33, 59, 88], and data-driven machine learning approaches [71,91, 111, 147],
have been developed. These methods, which can be implemented using classical
computers, work well for many physically relevant problem instances but fail badly

in other cases.

Quantum computers may be able to find ground states efficiently in cases that are
too hard to solve classically, but conclusively identifying such cases is challenging.
Even when known classical methods falter, one cannot easily rule out that alternative
classical methods will have much better performance. Furthermore, finding ground
states of local Hamiltonians is known to be QMA-hard [98, 100], and therefore is
expected to be intractable even for quantum computers for some physical systems. To
establish the efficacy of existing quantum algorithms for the ground-state problem,
assumptions are required that might not be justified [108], such as the presence of a
trial state with sufficient ground state overlap [70, 114] or a parameterized adiabatic

path whose spectral gap remains open [65].

If finding ground states is hard for quantum computers, we expect that the task
is hard for Nature as well. In searching for physics problems where quantum
computers could have an advantage over classical computers, we should follow
Nature’s guidance. With that in mind, we observe that when a quantum system is
placed in a low-temperature thermal bath [28, 55, 115, 135], it seeks a local minimum
of the energy which may be far from the global minimum. For some physical systems,
such as spin glasses [23, 63, 99, 136], finding a ground state is indeed known to be
hard; such systems, when cooled, almost always find a local minimum instead of
the ground state. In these cases, the ground state of the Hamiltonian is physically

irrelevant because it is unlikely to be observed in experiments.
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Figure 4.1: (a) Energy landscape with multiple local minima. Some Hamiltonians,
such as magnets in a small external magnetic field, have multiple local minima.
One is the ground state while the other local minima are suboptimal. (b) Energy
landscape with one local minimum. For some local Hamiltonians, such as a family of
BQP-hard Hamiltonians, the energy landscape over the entire n-qubit state space has
a nice bowl shape, and the only local minimum is the global minimum. However, for
QMA-hard Hamiltonians, the energy landscape necessarily contains many suboptimal
local minima. (c¢) Energy landscape under local unitary perturbations. For any
local Hamiltonian H, there are always doubly exponentially many local minima
within the n-qubit state space that stems from a large barren plateau. Local unitary
perturbations are reversible, while thermal perturbations are irreversible.

This perspective encourages us to formulate and study a physically motivated

alternative to the ground-state problem. We ask:

How tractable is the problem of finding local minima of the energy

in quantum systems using classical and quantum computers?

We address this question by proving that a machine that cools physical systems to
local minima is a universal quantum computer; that is, by finding local minima
one can solve any problem that is efficiently solvable by a quantum computer,
and furthermore a quantum computer can always find local minima efficiently for
any physical system. Hence, under the widely accepted assumption that quantum
computing is more powerful than classical computing, finding local minima is both
classically hard and quantumly easy. This result raises the hope that exploring local
minima in quantum systems arising from physics, chemistry, and materials science
may offer new opportunities for solving classically intractable and physically relevant

problems using quantum computers.

4.2 Results
We now present our main results concerning the tractability of finding local minima

in quantum systems. A collection of notational conventions and some background
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on quantum thermodynamics can be found in Appendix 4.5. Based on the standard
definition in mathematical optimization [2, 5, 25, 94, 144], we consider a local
minimum in a quantum system governed by Hamiltonian H to be a quantum state
such that the expectation value of H does not decrease under any small perturbation

applied to the state; see a brief review of mathematical optimization in Appendix 4.6.

Let P, be a perturbation parameterized by a small vector @ that maps quantum states
to quantum states. An e-approximate local minimum of an n-qubit Hamiltonian
H under perturbation % is a state p with an energy tr(H p) that is an approximate

minimum under perturbations, i.e.,
tr(Hp) < t(HPo(p)) + €l ||

for all small enough . The formal definition is given in Appendix 4.6. The local
minima of H form a subset of the entire quantum state space, which contains the
global minima, the ground states of H. See Fig. 4.1 for energy landscapes with
different numbers of local minima. We say an algorithm A has solved the problem
of finding local minima under perturbation # if given any n-qubit Hamiltonian H,
written as a sum of few-qubit Hermitian operators, and any few-qubit observable O,
the algorithm A can output a real value tr(O p) corresponding to any approximate

local minimum p of H under perturbations # up to a small error.!

Inspired by the physical process that Nature uses to cool quantum systems, we define
local minima based on thermal perturbations rooted in open system thermodynamics
[28, 39, 55, 115, 135]. Thermal perturbations are fundamentally different from local
unitary perturbations, which are short-time unitary evolution governed by a sum
of few-body Hermitian operators, as may arise in an adaptive variational quantum
eigensolver (VQE) [35, 77, 143]. These two types of perturbations yield distinct
energy landscapes as illustrated in Fig. 4.1, leading to vastly different computational
complexity for the task of finding a local minimum. Indeed, we argue in Section 4.2
that for local unitary perturbations, in contrast to thermal perturbations, finding a

local minimum is classically easy.

Local minima under thermal perturbations
In this section, we consider local minima under thermal perturbations induced by a
heat bath, formally defined in Appendix 4.6. When the coupling between an n-qubit

system and a thermal bath is weak, and the bath is memoryless, the complicated joint

!Since there could be multiple local minima and we consider finding one instance to be sufficient,
this problem is closer to a relational problem than to a decision problem.
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system-bath Hamiltonian dynamics reduces to a Markovian Lindbladian evolution
of the system alone, p(z) = e[ p]. Remarkably, this continuous time generator £
can be defined by merely the system Hamiltonian H, the jump operators A¢ through
which the bath interacts with the system, and thermodynamic quantities of the bath:
inverse temperature 8 and a characteristic time-scale 7. See Appendix 4.5 for an
introduction and Appendix 4.10 for an in-depth discussion. Under these assumptions,
we may effectively consider a thermal perturbation of n-qubit state p to be

m

(thermal perturbation): p— exp( aaﬁg’T’H) (p), 4.1)

a=1

where [,g TH i the thermal Lindbladian associated with each jump operator A¢ acting
on a few qubits, m = poly(n) is the number of jump operators, and @ = }, @,€é, €
RY, 1s a nonnegative vector close to zero. Here, the vector is nonnegative because
thermodynamic processes are generally irreversible. The irreversibility in thermal
perturbations is crucial to ensure that there are fewer than doubly-exponentially many

local minima in the energy landscape; see the discussion in Appendix 4.6.

We define a local minimum under thermal perturbations to be a state p with the
minimum energy tr(H p) under thermal perturbations given in Eq. (4.1). Given the
definition, we next study how tractable is the problem of finding a local minimum
under thermal perturbations. Our complexity-theoretic results show that finding
local minima under thermal perturbations is both quantumly easy (Section 4.2)
and classically hard (Section 4.2), the latter under the well-accepted assumption

that not all quantum circuits can be efficiently simulated on classical computers
(BPP # BQP).

Finding local minima is easy for quantum computers

If our notion of local minima properly captures how a quantum system behaves in a
cold environment, we expect finding local minima to be quantumly easy. Indeed, in
the following theorem, we prove that a quantum computer can always efficiently find

a local minimum of H under thermal perturbations starting from any initial state.

Theorem 4.2.1 (Quantumly easy to find local minima under thermal perturbations;
informal). The problem of finding an e-approximate local minimum of an n-qubit
local Hamiltonian H under thermal perturbations with inverse temperature 3 and

time scale T can be solved in poly(n, 1/€, B, T) quantum computational time.



201

The formal statement is given in Theorem 4.9.1 and is proven in Appendix 4.11. To
establish the theorem, we propose a quantum thermal gradient descent algorithm
that cools down a quantum system by performing gradient descent based on quantum
thermodynamics. This result builds on the recent algorithmic developments for
quantum Markov Chain Monte Carlo methods [41, 61, 149, 167].

Finding local minima is hard for classical computers

While local minima are easier to find than ground states for quantum computers,
how hard is it to find them? As our second main result, we address this question
by considering a class of geometrically local Hamiltonians {H¢} on a 2D lattice,
such that the ground state of H¢ encodes the outcome of a polynomial-size quantum
circuit C using a modified Kitaev’s circuit-to-Hamiltonian construction [3, 100, 142].
To understand the computational hardness, we provide the following characterization

of the energy landscape.

Theorem 4.2.2 (No suboptimal local minimum in BQP-hard Hamiltonians; informal).
For any quantum circuit C with size |C|, all approximate local minima of the
geometrically local 2D Hamiltonian H ¢ under thermal perturbations with inverse
temperature 8 = Poly(|C|) and time scale T = Poly(|C|) are close to the ground

State.

This theorem is the most technically involved contribution of this work. The formal
statement is given in Theorem 4.9.2 and is proven in Appendix 4.14. Conceptually,
the landscape of these 2D Hamiltonians has a nice bowl shape, like in convex
optimization [25]. Therefore, performing thermal gradient descent (Theorem 4.2.1)
allows us to prepare the ground state starting from an arbitrary initial state. To prove
the theorem, we develop a set of techniques for establishing that a Hamiltonian H

has no suboptimal local minima, i.e., all local minima of H are global minima.

Using this energy landscape characterization, we can show that finding a local
minimum under thermal perturbations is classically intractable, assuming quantum
computation is more powerful than classical computation. Suppose that a classical
computer can efficiently find any local minima under thermal perturbations. Then by
Theorem 4.2.2, the classical computer can efficiently find the ground state of H¢
and thus simulate any efficient quantum circuit C, which is widely believed to be

impossible. See Theorem 4.9.3 for a formal statement and the proof.
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Theorem 4.2.3 (Classically hard to find local minima under thermal perturbations;
informal). Assume the widely believed conjecture that BPP # BQP. The problem
of finding an approximate local minimum of an n-qubit local Hamiltonian H under

thermal perturbations is universal for quantum computation and is thus classically
hard.

Local minima under local unitary perturbations

Instead of defining local minima in terms of thermal perturbations, one could consider
local unitary perturbations instead. Local unitary perturbations are mathematically
simple and commonly considered in adaptive variational quantum eigensolvers
[35, 77, 143]. However, as we now explain, the task of finding a local minimum with
respect to unitary perturbations is classically easy and, therefore, does not fulfill our

goal of identifying a problem that separates quantum from classical computation.

Local unitary perturbations are short-time unitary evolutions under a sum of few-body
Hermitian operators (e.g., a quantum circuit consisting of near-identity two-qubit

gates). A local unitary perturbation of an n-qubit pure state|y) is given by

m
(local unitary perturbation): ) — exp(—i Z g4 ha) ),
a=1

where h“ is a Hermitian operator acting on a few qubits, m = poly(n) is the number
of such Hermitian operators, and @ = ,, @,é, € R" is a vector close to zero. This
definition is inspired by adaptive VQE [35, 77, 143], and is the state version of
the Riemannian geometry of quantum computation defined in [140]. When one
variationally minimizes the energy by applying unitary gates, one finds a local

minimum under local unitary perturbations.

We prove that for any Hamiltonian H, a random n-qubit pure state is almost always a
local minimum of H under local unitary perturbations; see Lemma 4.4.1 in Methods.
Hence, there are exp(exp(£2(n))) many suboptimal local minima in the energy
landscape, i.e., a large barren plateau. Because the number of local minima is
enormous, the properties of these local minima concentrate on fixed values, making

this problem classically easy.

Proposition 4.2.1 (Classically easy to find local minima under local unitary per-
turbations; informal). The problem of finding approximate local minima of n-qubit

local Hamiltonian H under local unitary perturbations is classically easy.
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See Proposition 4.9.1 for the detailed statement and Appendix 4.9 for its proof. Aside
from being classically easy, the landscape defined by local unitary perturbation is
not physically well motivated because a physical system in contact with a thermal
bath cools by open system dynamics rather than by unitary dynamics acting on the

system.

4.3 Discussion

We have good reasons for believing that scalable fault-tolerant quantum computers will
be more powerful than classical computers, but for what problems of practical interest
should we expect a superpolynomial quantum advantage? Quantum computers might
substantially speed up the task of characterizing properties of ground states for some
local Hamiltonians that arise in physics, chemistry, and materials science, but it is
not clear how to identify particular problems for which such speedups occur [109].
In some cases, classical methods provide good solutions, while in other cases, the

problem is hard even for quantum computers.

Here, we have focused on an easier problem, namely finding local minima rather than
global minima of a Hamiltonian. This problem is well motivated physically because
the task of finding a local minimum under thermal perturbations is routinely carried
out by actual physical systems when in contact with a cold thermal bath. We showed
that this problem is solved efficiently by a proposed quantum optimization algorithm,
the quantum thermal gradient descent algorithm. Furthermore, we showed that
finding a local minimum is classically hard in general (assuming that BPP # BQP).
Hence, the local minimum problem is a quantumly tractable alternative to the ground
state problem for which superpolynomial quantum advantage can be achieved for

some problem instances.

There have been other proposals for solving classically hard problems by finding
suitable quantum states, such as designing a gapped adiabatic path for Hamiltonians
to find ground states [3], engineering Lindbladians to have rapid dissipative evolution
towards steady states [174] and performing quantum phase estimation on an initial
state with high ground-state overlap [70]. These approaches draw inspiration from
physics to motivate algorithms for solving problems on analog and digital quantum
devices but do not emulate naturally occurring physical processes. In contrast, the
problem of finding a local minimum is motivated by ubiquitous physical processes
in Nature that produce the low-energy states studied in physics, chemistry, and

materials science. Furthermore, the local minima problem enjoys the robustness of
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thermodynamics: one merely needs to specify macroscopic bath quantities 8 and 7
without worrying about microscopic details, and the choice of jump operators can be
flexible since adding more jumps (even unwanted ones) only removes suboptimal

local minima.

There are a plethora of classical algorithms for minimizing energies of quantum
systems based on classical variational ansatzes for quantum states, such as tensor
networks [1, 13,52,82,93,95, 106, 145,156, 162, 163,172,173, 177, 178, 183, 187]
and neural quantum states [33, 46, 47, 59, 60, 67, 74, 88, 120, 131, 141, 175]. These
classical algorithms find a local minimum within a family of states defined by the
classical variational ansatz. However, such a local minimum for the classical ansatz
might not be a local minimum under thermal perturbations. If not, we can load the
state found by the classical algorithm into a quantum computer and find a lower
energy state by running the quantum thermal gradient descent algorithm. A corollary

of our main results states the following.

Corollary 4.3.1 (Quantum advantage in finding lower-energy state; informal).
Assume that not all polynomial-size quantum circuits can be efficiently simulated
classically. Then there are 2D geometrically local Hamiltonians such that given any
classical ansatz that allows efficient estimation of single-qubit observables and an
output state p* of any efficient classical algorithm that optimizes the classical ansatz,

running quantum thermal gradient descent starting at p* strictly lowers the energy.

A formal statement is in Corollary 4.9.1, and its proof is in Appendix 4.9. In many
cases, we can check if the classically optimized state p* is a local minimum under
thermal perturbation by executing an efficient classical computation to compute the
energy gradient. A negative energy gradient confirms that a quantum algorithm

starting from p* could outperform the classical algorithm.

Furthermore, we may be able to do better than quantum thermodynamics by
sharpening our quantum algorithms. Indeed, we may modify the thermal Lindbladians
to have nicer analytic properties or lower algorithmic cost [39]. While these synthetic
Lindbladians may not simulate Nature, they constitute a broader class of Quantum
Markov Chain Monte Carlo algorithms [39, 41, 61, 149, 167] that may improve upon
Nature. Apart from Lindbladians, other families of perturbations, such as unitary
perturbations accompanied by mid-circuit measurements and/or qubit resets, may also

yield nice bowl-shaped energy landscapes without suboptimal local minima. Progress
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in this direction could lead to more efficient quantum optimization algorithms for

finding low-energy states or for other applications.

Many other interesting and challenging questions remain open. Sometimes, when
a system performs a random walk over a large plateau of suboptimal local minima
for a sufficiently long time, the system escapes the plateau and reaches the true
ground state (see, e.g., Case 1 in section 4.13). Could we characterize when ground
states can be found efficiently despite having many suboptimal local minima? Our
conclusion that finding local minima under thermal perturbations is classically hard
relied on the complexity-theoretic conjecture that BPP # BQP. Can we prove
unconditionally that finding local minima is hard for classical algorithms, perhaps
within a black-box oracle model? We have shown that there is a quantum advantage in
finding local minima of quantum systems. Might there also be a quantum advantage
in finding better local minima in classical optimization problems under some variant

of quantum thermal gradient descent?

While ground state problems are hard to solve in general, many experimentally
observed quantum systems efficiently relax to their ground states when cooled. This
physical phenomenon suggests that perhaps many Hamiltonians of interest in physics,
chemistry, and materials science have no suboptimal local minima. We have shown in
Theorem 4.2.2 that a particular family of BQP-hard Hamiltonians has no suboptimal
local minima under thermal perturbation. An important future goal is to characterize
broader classes of Hamiltonians that have a similarly good energy landscape. Our
proposed negative gradient condition suffices to rule out suboptimal local minima
(Lemma 4.8.3), but checking this condition for a general Hamilton involves highly
complex calculations. It would be helpful to develop more general-purpose and
efficient methods to verify this property for specified physical Hamiltonians over
spins, fermions, or bosons. We hope the ideas and techniques presented here will
yield a deeper understanding of the energy landscapes of quantum systems and
point toward promising opportunities for achieving quantum advantage for physically

relevant problems.

Data availability
We do not analyse or generate any datasets, because our work proceeds within a

theoretical and mathematical approach.
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Code availability

We do not have any computer code, because our work proceeds within a theoretical
and mathematical approach. All algorithms are analyzed mathematically in the

Supplementary Information.
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4.4 Methods

Local minima under thermal perturbations

A central concept that enables us to understand the energy landscape and establish
the computational complexity of finding local minima under thermal perturbations

in Theorem 4.2.1 and 4.2.3 is the energy gradient operator,
m .
(energy gradient operator): Z LZZ’B ’T’H(H )éq,
a=1

where the adjoint £ is the Heisenberg-picture Lindbladian, i.e., tr(L7[0]p) =
tr(O L[ p]). The energy gradient operator is a vector of individual gradient operators?

associated with each jump operator A“. Indeed, the energy gradient operator naturally

2This is similar to the spin operator o = 0% + 0¥§ + 0-*%, which is a vector of Hermitian
observables.
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emerges by taking an infinitesimal perturbation, i.e., the gradient of the energy tr(H p),

m

tr

M=

w(LP (H)p)eu+O(lal).

Hexp( aaﬁf’T’H)(p)) = tr(Hp) +a-

a=1 a=1

In Appendix 4.8, we describe the formal definition and some properties of the
energy gradient. We provide a concrete example by showing the sets of local
minima for ferromagnetic Ising chains under different longitudinal field strengths in
Appendix 4.13.

Quantum thermal gradient descent

To establish Theorem 4.2.1 showing that finding local minima under thermal
perturbations is quantumly easy, we propose an algorithm called quantum thermal
gradient descent. Gradient descent is necessary when the inverse temperature 8 and
time scale 7 are not infinite. When 8 = 7 = oo, the energy gradient LZOO"X”H(H) <0
1s nonpositive. In this case, the algorithm can just perform a random walk along
random directions because no perturbations increase energy, and the use of gradient
descent is not necessary. But when § and 7 are finite, the energy gradient can be
positive. To find a local minimum that is a minimum under all thermal perturbations,

the algorithm needs to carefully walk in directions with negative energy gradients.

To prove the convergence of quantum thermal gradient descent to a local minimum,
we show that every small gradient step starting from a state that is not an approximate
local minimum will decrease the energy. Because the energy of a quantum system
cannot go unboundedly to negative infinity, the algorithm must terminate at some
point, which means it will find an approximate local minimum. To establish this
claim, we derive analytic properties of thermal Lindbladians based on a smoothness
bound on the second derivatives in [39]. To implement a gradient step based on
thermal perturbations on a quantum computer, we build on a recently developed
efficient quantum algorithm that simulates thermal Lindbladian evolution using a

quantum circuit augmented by mid-circuit measurements [39].

All local minima are global

We now highlight the proof idea for Theorem 4.2.2 showing that all approximate local
minima are close to ground states in a family of Hamiltonians with classically-hard

ground states. The family of geometrically local n-qubit Hamiltonians {H¢} in a
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2D lattice studied in this work is a modification of Kitaev’s circuit-to-Hamiltonian
construction [ 100, 142] where the ground state encodes the computation of a quantum

circuit Uc = Ur ... U;. In particular, we design the ground state of H¢ to be

T
D VEW - U0M) @ [107),  where £ := ziT(f)
=0

The binomial coefficient &; is our modification of Kitaev’s construction and is chosen
to ensure that desired properties hold for the spectrum and the energy gradients.3
Estimating local properties of the ground state of H¢ is equivalent to simulating the
quantum circuit C, which is BQP-hard. Hence, under the standard assumption that
not all quantum circuits can be simulated by classical computations, estimating local

properties of the ground state of H is classically hard.

Given the Hamiltonian H ¢, showing that all of its approximate local minima under
thermal perturbations are also approximate global minima seems daunting due to the
complex expression for the thermal Lindbladian .Eg TH and the doubly exponentially
large space of possible quantum states. Previous studies on circuit-to-Hamiltonian
mappings mainly focused on the lowest energy states. Here, we need to worry about
potential local minima in all excited states in any superposition. To make progress,
we propose a sufficient condition in Appendix 4.8 that captures the nice landscape of
H and rules out the presence of any suboptimal local minimum. Let P (H) be
the projector onto the ground state space of H. Assume there exists a unit vector

Qe R’fo and r > 0 with

m
(negative gradient condition): - Z &C,LZﬁ ’T’H(H )>r(I-Pg(H)).
a=1

This negative gradient condition implies that any state with a small ground state
overlap must experience a substantially negative energy gradient, i.e., it must not be

a local minimum.

To prove that H satisfies the negative gradient condition, we propose a series of
lemmas and mathematical techniques for characterizing energy gradients in few-qubit
systems, in commuting Hamiltonians, and in subspaces of the Hamiltonian, which
are stated in Appendix 4.12 and proven in Appendix 4.16. These new techniques

build on the operator Fourier transform, and the secular approximation given in [39]

3The binomial distribution ensures the Bohr-frequency gap is sufficiently large, which is central
to the robustness of energy gradients under errors due to finite temperature and small perturbations.
We believe that the standard circuit-to-Hamiltonian construction also has a large Bohr-frequency gap,
but the proof seems more difficult.
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for systematically handling energy uncertainty in thermal Lindbladians, which we
review and adapt for our purpose in Appendix 4.15. Using these techniques, we
analyze the energy gradient of the entire system perturbatively by considering a

sequence of Hamiltonians

H, - H, — H; = Hc withrefining ground spaces P; > P, D P3,
where ||Hi|| > ||[Hy — H,|| > ||H3 — H||.

Through these perturbations, we sequentially rule out local minima in excited states
of the Hamiltonian H, H, and, finally, H3 = H¢. For example, we show the first
Hamiltonian H| satisfies the negative gradient condition and that the gradient is
stable under perturbation going from H; — H, — H3. Controlling perturbations
of the energy gradient is surprisingly challenging, and it is not a priori clear why
this stability property should hold due to multiple (possibly competing) energy
scales, including 87!, 77!, the spectral gap, and the Bohr-frequency gap.# The
perturbative errors are not suppressed by the spectral gap of the Hamiltonian as seen
in standard settings, but instead by the Bohr-frequency gap, which can be much
smaller (see Theorem 4.16.1). These techniques allow us to establish the robustness
of energy gradients when perturbing a degenerate Hamiltonian with a sufficiently

large Bohr-frequency gap.

We emphasize that while we proved that Hc has no suboptimal local minima
when C is a polynomial-size quantum circuit, the same is not true for general
local Hamiltonians. Finding the ground state of a local Hamiltonian is a QMA-
hard problem; hence, we do not expect it to be solved efficiently by the quantum
thermal gradient descent algorithm or by any other quantum algorithm. In the
case of a quantum circuit that verifies the witness for a problem in QMA, Kitaev’s
corresponding local Hamiltonian contains a term, often denoted Hj,, which specifies
some of the input qubits and leaves the input qubits corresponding to the witness
unspecified, and a term, often denoted H,,,, which checks whether the witness
is accepted. Due to the unspecified witness qubits in Hj,, the energy landscape
contains a significant number of local minima corresponding to all possible witnesses.
Furthermore, most of these local minima correspond to rejected witnesses and are
suboptimal because of the energy penalty from H,,,. For these QMA-complete
Hamiltonians, quantum thermal gradient descent is likely to remain stuck for a long

time at a suboptimal local minimum. In H¢, the term Hj, specifies all input qubits,

“Recall that spectral gap is the minimum nonzero difference between energy eigenvalues.
Bohr-frequency gap is the minimum nonzero difference between the difference of energy eigenvalues.
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and the term H,,; is absent, which greatly simplifies the energy landscape, enabling

quantum thermal gradient descent to find the global minimum efficiently.

Local minima under local unitary perturbations
We present the central idea for proving Proposition 4.2.1 that establishes the classical

easiness for finding local minima under local unitary perturbations.

To understand how easy the problem of finding local minima under local unitary
perturbations is, we need to characterize the energy landscape. The following lemma
provides a universal characterization of the structure of the energy landscape under
local unitary perturbations. The formal statement is given in Lemma 4.7.1, and the

proof is given in Appendix 4.7.

Lemma 4.4.1 (Barren plateau; informal). Given any n-qubit local Hamiltonian H.
A random pure n-qubit state ) is an approximate local minimum of H under local

unitary perturbations.

The proof of the above lemma illustrates the following physical picture: the energy
landscape in the pure state space defined in terms of local unitary perturbations
consists of a large barren plateau [129] with doubly-exponentially many approximate
local minima having exponentially small energy gradient. Additionally, almost all
of the local minima have local properties that are exponentially close to that of the
maximally mixed state. As a result, while finding ground states is classically hard,

finding local minima under local unitary perturbations is classically trivial.

4.5 Appendix:Notations and Preliminaries
Before we begin stating and proving our results formally in the rest of the appendices,
we present some notations used throughout the paper. We also give a brief review of

key concepts in quantum information theory that we utilize in this work.
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Notations

This section recapitulates notations, and the reader may skim through this and return

as needed.
H = Z Eilyi) (il Hamiltonian and the eigendecomposition
Spec(H) :={E;} the spectrum of the Hamiltonian
ve€B(H):={E;-E;|E;,E; € Spec(H)} the set of Bohr frequencies
A,(H) :=min{|vy —v2| : vi # v» € B(H)} the Bohr-frequency gap
A1) := el A 1H! Heisenberg evolution for operator A
m: the number of jump operators
{AY the set of jump operators
p: the density matrix
L: a Lindbladian in the Schrodinger Picture
B: the inverse temperature
A 1 0 .
Af(w) = — / f(He ' A(t)dt Operator Fourier transform of A under f
‘ V27T —00
1
fx(1) = T S1(Je < T/2) the normalized window function with width 7
T
o 1 R
fw)=— / e ' f(t)dt Fourier transform of a scalar function f(¢)
V27T —00
A, = Z Pg,APg, operator A at exact Bohr frequency v
E,—E|=v
I: the identity operator
Nfllp = (/ | £(2)|Pde)!/P the p-norm of a function
o
|O]| :== sup M the operator norm of a matrix O
wy.ley - 1]
Noll, := (tr|jo|P) /P the Schatten p-norm of a matrix O
IL[O]ll, .
| Ll ,—p = sup W the induced p — p norm of a superoperator £
o p

We write scalars, functions and vectors in normal font, and natural constants e, i, 7
are particularly in Roman font. We write matrices in bold font O and super-operators

in curly font L.

Furthermore, we define the indicator function 1(S) which is 1 if the statement S is

true and O otherwise. For any orthogonal projector P, we denote P~ =1 — P. We
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Spec(H)

v € B(H)

E

Figure 4.2: The Bohr frequencies v € B(H) = {E; — E; | E;,E; € Spec(H)} are
the differences of energy (eigenvalues of the Hamiltonian H).

say A £ B when |A-B| <E.

To simplify the notation, we often drop f as a subscript A f(w) = A(w), by which

we have chosen the window function f(t) = f(1).

Lindbladians

Completely Positive Trace-Preserving (CPTP) maps, also called quantum channels
and quantum processes in the literature, correspond to all possible physical operations
that could transform quantum states into other quantum states. Lindbladians are
infinitesimal generators of CPTP maps. That is, they map density operators to density

operators (even if the map is tensored with the identity)
IT®el'[]1:8S—> S foreach t>0.

In the Schrodinger Picture, a Lindbladian always has the following structure:

. 1
Llpl = -i[H.p] +Z( LipLj - >{LjL;.p}).
N——

jeJ ~—— —_—

coherent term transition rate decay rate

where the commutator is shorthanded by [A, B] = AB— B A and the anti-commutator
by {A,B} = AB + BA. The operator H can be any Hermitian matrix, and the set
of Lindblad operators {L } je; can be arbitrary as the second term always ensures

trace-preserving.

Thermal Lindbladians
In this section, we describe the basic parameters that define a thermal Lindbladian, 1.e.,

Lindbladian originating from generic system-bath interactions under a Markovian,
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weak-coupling assumption [135]. Consider an n-qubit quantum system governed
by a Hamiltonian H and a heat bath with inverse temperature 5 and time scale 7.
The bath interacts with the system via a set of local interaction terms acting on the
system {A',..., A"} = {A“}"_ , where each operator A acts on a constant number
of qubits. Each operator A can be arbitrary (A“ does not need to be Hermitian nor

unitary), but the set should be closed under Hermitian conjugate,
{Aa}’;:l = {AaT}Zlﬁ

Each A is referred to as a jump operator and induces changes in energy (in the
n-qubit system). For simplicity, we will enforce the following normalization for the

interaction strengths,

|ATA%| <1 foreach a=1,...,m. 4.2)
For example, we may consider m = 3n and Al ..., A™ to be all single-qubit
Pauli observables X;,Y;,Z; for i = 1,...,n, which have an interaction strength

IA7TA o = 1

The above parameters determine the thermal Lindbladian governing the equation
of motion for the density operator, also referred to as the coarse-grained master

equation [135]

dp _

B,7.H
+ = -ilH.p] +Zaa£ (), (4.3)

a=1
The term —i[ H, p] corresponds to the Hamiltonian dynamics governed by the system
Hamiltonian H, the (closed system) Schrodinger’s equation. The effects of system
bath interaction are captured by a weighted average of the thermal Lindbladian
Lf ’T’H, defined by each local jump operator A“, the Hamiltonian H, and parameters

of the bath 3, 7. The weighting is captured by the nonnegative vector & € RY,

By varying the m-dimensional nonnegative vector @ € R”' , the open system

>0°
dynamics in Eq. (4.3) have the freedom to tune the interaction strengths for the jump
operators. Each a, corresponds to the interaction strength of a jump operator A¢

and can be effectively absorbed into the set of jump operators by considering

{\/@Aa}a'

The interaction strength @, > 0 determines how much contribution each thermal

Lindbladian Lg wH provides, and can be regarded as a probabilistic mixture. For
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example, if a5 is set to 0, one removes the jump operator A from the system-bath
interaction. This flexibility lets us study a (convex) set of thermal perturbations due
to system-bath interaction by considering all @ € RY,. As the system is weakly

coupled to the bath, @ is considered to be a vector with a small ||a||; = ), @,.

For each local interaction term A¢, the corresponding thermal Lindbladian Lf TH i
an open system evolution with Lindblad jump operators {A“(w)},, for all possible
energy differences w € (—oo, 00). Each Lindblad jump operator A%(w) is a restricted
version of the system-bath interaction term A“ that only contains transitions between
eigenstates of H whose associated eigenvalues, i.e., energies, differ by approximately
w. The inverse temperature 3 sets the transition weight yg(w), which determines the
probability of occurrence for each Lindblad operator A?(w). For 8 > 0, the transition
weight yg(w) favors cooling (w < 0) over heating (w > 0) transitions. The timescale
7 sets the resolution (1/7) at which A (w) identifies the energy differences between
the eigenstates. The exact form of thermal Lindbladians is relatively complex, so we

defer further discussion to Appendix 4.10 when needed for the full technical proof.

4.6 Appendix:Local minima in quantum systems
In this appendix, we will introduce local minima in classical optimization, extend
the definition to quantum systems, and formalize the problem of finding a local

minimum in quantum systems.

Local minima in classical optimization

In this subsection, we describe the definition of local minima in finite-dimensional
Euclidean spaces, introduce a direct generalization to geometries with tangent spaces
and exponential maps (such as circles and spheres), and discuss the concept of

approximate local minima.

Local minima in Euclidean space

In classical optimization, one considers a real-valued function i(x) : X — R over
a domain X € R” consisting of n-dimensional vectors, and the goal is to find the
global minimum of A (x),

x* = argmin h(x).
xeX

Finding the global minimum is already NP-hard even when A(x) is a quadratic
function [144]. Instead of finding a global minimum, one typically resorts to finding

a local minimum x*, which is the minimum in a neighborhood around x*. The
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definition of a local minimum x* is that there exists a distance ¢ > 0, such that
h(x* +a@) > h(x"), forall |le||<é and x*+aeX. 4.4)

Here the vector a is of the same dimension as x*. We will refer to the above as
an exact local minimum because all points in the neighborhood have to be at least
h(x*). When there is an @ such that #(x* + @) is only lower than A(x*) by an
extremely small value, x* is still not an exact local minimum. We will also define

the approximate local minimum that relaxes this in Appendix 4.6.

Local minima in general geometrical spaces

The concept of a local minimum can be directly generalized to any geometry with
tangent spaces and exponential maps, such as spheres, density matrices, unitaries,
and more general Riemannian manifolds. Consider the tangent space 7y and the
exponential map exp, of a point x. In a physical picture, the tangent space 7 is the
space consisting of all vectors « that describe the direction & and magnitude ||/||
for a particle moving at point x on a manifold, and the exponential map exp, is a
function that takes in the vector @ € Ty encompassing the direction and magnitude
and outputs the point after moving x in the direction & with a magnitude ||a||.> To

visualize these concepts, we give two warm-up examples in the following.

Euclidean space: In an m-dimensional Euclidean space, Vx € X = R™, the tangent
space is
Ty = {a € R"}.

Given @ € Ty, when we move x in the direction & with a magnitude ||@||, we obtain
exp, (@) =x + .

We can see that this matches our physical picture.

Particle moving counter-clockwise on a circle: As another warm-up, let us
consider a unit circle X = {x € R?||jx|| = 1} where a particle can only move
counter-clockwise. In this example, the tangent space T, of a unit vector x € R? with

|lx|| = 1 is the set of one-dimensional rays,

Ty ={a € R | a > 0}.

>Strictly speaking, to define the exponential map, we need to know how to “transport” the vector
a along itself. Fortunately, this is natural for all cases we consider.
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The condition @ > 0 comes from the constraint that the particle can only move

counter-clockwise (unidirectional rather than bidirectional). When we move x

according to a € T, we obtain

0 —«a cosa —sina
expy (@) = exp a 0 *= sina@ cosa *

The larger « is, the bigger the rotation is.

Using the language of tangent spaces and exponential maps, an exact local mini-
mum x* € X of a function £ is equivalent to the statement that there exists § > 0,
such that

h(exp,(@)) > h(x*), forall a €T, |la| <6. 4.5)

For the case of optimizing over m-dimensional Euclidean space, the condition of
Eq. (4.5) becomes the same as Eq. (4.4) noting exp,+(@) = x* + @. However, the
condition can be quite different when the tangent space changes. For example,
consider a 2-dimensional Euclidean space and the function A(x) = ||x||*>. In general,
there is only one exact local minimum x* = 0. However, if the particle can only move
to the right, the tangent space becomes T = {@ € R? | @; > 0} and every point x
with x; > 0 and x, = 0 is an exact local minimum. Modifying the tangent space
changes the definition of neighborhood. Hence, the set of local minima would be

changed accordingly. We will consider the most suitable norm ||a|| for each context.

Approximate local minima

While global minima are computationally hard to find, exact local minima are not
much easier. If there is an @ such that z(exp,+(a@)) is lower than h(x*) by an extremely

small value, x*

is not consider to be an exact local minimum. The requirement to
resolve an extremely small value in exact local minima leads to the fact that finding
an exact local minimum is still computationally hard [5]. Furthermore, exact local
minima are very sensitive to small perturbations to the function h. Therefore, it is
desirable to define approximate local minima to promote computational efficiency
and robustness to small perturbations. We consider the following principle for
defining e-approximate local minima: if a function h* is very close to h, then an exact
local minimum of h* is an approximate local minimum of h. The formal definition is

given below.

Definition 4.6.1. (e-approximate local minima) Given a space X with tangent spaces

T, and exponential maps exp, for all x € X, and a function h: X — R. x* is an
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e-approximate local minimum of h if x* is the exact local minimum of some function
h*, where A(x) := h*(x) — h(x) satisfies

|A(x)| < € foreach x € X, (e-bounded),

|A(expx#(a'))| < €l|la|| foreach a € Ty, (e-Lipschitz around x*).

A (€ = 0)-approximate local minimum of h is an exact local minimum of h.

Under this definition, x* is an approximate local minimum of # if there is an x in the
neighborhood of x* such that 4 (x) is lower than & (x*) by an extremely small value.
We also give the following equivalent characterization based on looking at the local

neighborhood.

Proposition 4.6.1. (An equivalent characterization of e-approximate local minima)
x* € X is an e-approximate local minimum of the function h if and only if there

exists a distance 6 > 0,
h(exp,+(a@)) > h(x#) —€l|la|| foreach @ €T, |la| <6, (4.6)

i.e., all the neighboring points can at most be €||a|| lower than the point x*.

Proof. For the “only if”” statement, we recall the definition of an exact local minimum
that there exists 6 > 0, such that h*(exp+(a@)) — h*(x*) > 0 for all @ € T+ and

||| < 6. From the e-Lipschitz condition around x* for the function A(x), we have

0 < h*(expu(@)) — h*(x*) = h(exp,#(a@)) — h(x®) + A(exp,+(@))
< h(expys(@)) — h(x*) - €|la]|.

This concludes the “only if” statement.

For the “if” statement, consider § to be of at most 1 and let

A(x) h(x*) — h(x), ifx =exp+(a@) for some @ € T, ||| < 6,
X) =
0, otherwise.

# is an exact local minimum for #*(x) := h(x) + A(x). Furthermore,

We have x
because h(x*) — h(exp,+(@)) < €||a|| < €, both e-bounded and e-Lipschitz around

x* are satisfied by A(x). [
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Defining local minima in quantum systems

To define local minima, we need to consider the domain X of elements x € X, the
optimization function i (x), the tangent space T, consisting of all possible directions
and magnitudes to move an element x, where @ € T, encompass the direction & and
the magnitude |||, and the exponential map exp, (@) that describes the resulting

element after moving x under a.

In the following, we present two settings. The first setting in Appendix 4.6 considers
general quantum states that can evolve under thermodynamic processes induced
by interacting with a low-temperature heat bath. This setting defines local minima
under thermal perturbations. The second setting in Appendix 4.6 considers pure
quantum states that can move under any unitary generated by a set of local Hermitian
operators (e.g., all two-qubit Pauli observables P; ® Q ;, where P,Q € {X,Y,Z}).

This setting defines local minima under local unitary perturbations.

Definition based on thermal perturbations

In quantum mechanics, the central optimization problem considers a function 4

defined by the Hamiltonian H of an n-qubit quantum system,

h(p) = tr(Hp),

which is the average energy of an n-qubit quantum state p. The ground states p(¢) of
H are the global minima of the optimization over i (p) = tr(H p) in the quantum state

space, i.e., the set of density operators (trace-one positive semidefinite matrices),

(C2” x2"

Spi={pe | pf=p, p =0, tr(p) =1}

When the quantum system is placed in a heat bath with inverse temperature 5 €

[0, oo], time scale T € [0, co], and system-bath interactions based on m local jump

operators® A!, ..., A, the system dynamics are effectively described by the thermal
Lindbladians Lg ’T’H,

dp(r) . N o H

— = -ilH.pl+ > aa L™ p], 4.7)

a=1

where @, > 0 for each a. After time ¢, the initial quantum state p will evolve to

p(1) = exp|~it[H. ]+ ) taa LG | (p).
a=1

®A local operator A% acts on O(1) qubits, but the set of qubits that A% acts on may not be
geometrically close.
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Each term Lg H i the thermal Lindbladian associated with a local jump operator A¢
(recall that local operator A“ acts on a constant number of qubits). See Appendix 4.5
for a brief review of thermal Lindbladians, and Appendix 4.10 for the exact form of
thermal Lindbladians.

The coefficient @, > 0 corresponds to the interaction strength of each jump operator
A?. As a, < 0 is equivalent to reversing time, we cannot have @, < 0 since
thermodynamic processes are irreversible in general. Different interaction strength
vector @ corresponds to a different system-bath interaction, and the thermodynamics
could be different. Because @ describes the probability of each jump occurring,
the natural norm ||| for the interaction strength vector « is ||@|;. We denote

& = a/||a||; as the unit vector.

The thermodynamics equation in Eq. (4.7) consists of a fast-rotating term —i[ H, -]
due to the system Hamiltonian H that keeps the energy tr(H p) invariant and the
thermal perturbation term ), aalﬁg "H que to the heat bath that cools the system.
Because —i[H, -] keeps the energy constant, only the thermal perturbation term
2 ozaLg TH is relevant for minimizing the energy h(p) = tr(H p). For notational
simplicity, we will only consider contributions from the thermal perturbations and
absorb the ¢ dependence in f, into @, since « is an arbitrary nonnegative vector.
Together, the thermal perturbation on p due to a heat bath with inverse temperature

B, time scale 7, and system-bath interactions generated by {A“}, can be written as

p— eXp(Z aaﬁf’T’H)(p)
a=1

for a nonnegative vector @ € R7; that combines the interaction strength vector and

time ¢.

A dictionary between all the relevant functions and variables for optimizing tr(H p)
in n-qubit quantum systems under a heat bath with inverse temperature S and time

scale 7 and optimizing 4 (x) in an n-dimensional Euclidean space is given as follows.

X=R" & X=8pm, (domain)

xeR" o peSm, (an element)

h(x) < h(p)=tr(Hp), (optimization function)

I, ={a eR"} < {a@eRy}, (tangent space)
m

expy(@) =x+a < exp( aaﬁf’T’H) (p) (exponential map).

a=1
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The formal definition of tangent spaces and exponential maps via Lindbladians is

given below.

Definition 4.6.2 (Tangent spaces of quantum states in a heat bath). Consider an
n-qubit quantum state p, an n-qubit Hamiltonian H, m local jump operators {A“}"_,

7,H {A%}

and parameters 3,7 > 0. The tangent space Tﬁ’ =" under a heat bath with

an inverse temperature 3, a time scale T, and system-bath interactions generated by

{A%}, is defined as

BT, H{AY

T

p ={ae R’;10}’

T, H {A¢ .
B,7,H.{A}, is

which is independent of B, 7, H,{A“}"_|. The exponential map exp,

defined as

expﬁ’T’H’{Aa}” (@) = exp(z a/a.Eg’T’H) (p). 4.8)
a=1

With the definition of tangent spaces and exponential maps, we can define e-
approximate local minimum similar to the classical case in Eq. (4.6). We consider
the natural choice of ||-||; for the nonnegative vector @ encompassing the probability
of each jump. Our results remain qualitatively the same for other reasonable vector

norms, such as Euclidean norm |[|-||5 or £, norm ||| .

Definition 4.6.3 (Local minima under thermal perturbations). Given an n-qubit

n

Hamiltonian H, m local jump operators {A“}"_,, and parameters B,7 > 0, an

=1 =
n-qubit state p € Sy is an e-approximate local minimum of H under thermal
perturbations with an inverse temperature 3, a time scale T, and system-bath

interactions generated by {A%}, if there is a 6 > 0 such that
tr(HeXpﬁ’T’H’{Aa}“ (a)) > tr(Hp) —€lla|l; foreach a € RI,,|la|; <0,

i.e., all the neighboring points can at most be €||a||; lower than the point p.

A central concept we will be using for characterizing local minima under thermal
perturbations is the energy gradient. The energy gradient at an n-qubit state p under

thermal perturbation is determined by the following state-independent operator:

(energy gradient operator): Z LZ'B ’T’H(H )éa,
a=1

where we denote Lzﬁ TH {6 be the Hermitian conjugate of Lg’T’H. The energy

gradient operator is a vector of Hermitian observables. The terminology stems from
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the fact that evaluating the energy gradient operator on a state p gives the energy

gradient at the state p,

tr

Hexp(—i 2 aazzf’“") <p>) = w(Hp)+a- Y, w( LT (H)p)e+O(llall).

a=1 a=1

In Appendix 4.8, we provide more discussions about the energy gradient.

Thermal perturbations depend on how the quantum system is interacting with the
heat bath. Local minima defined above are local minima of the Hamiltonian H under
thermal perturbations induced by all system-bath interactions generated by the jump

operators {A%},.

Remark 4.6.0.1 (Thermodynamics at local minima). Given a specific system-
bath interaction, inverse temperature 3, and time scale t, there could still be
thermodynamics at a local minimum. For example, when (3 is not infinitely large,
a local minimum could still move to other higher-energy states due to thermal
fluctuations. Another example is when the local minimum is on a large and flat

plateau, then the local minimum can still perform a random walk on the plateau.

Definition based on local unitary perturbations

Inspired by variation quantum eigensolvers [35, 77], another natural definition for
tangent spaces, exponential maps, and local minima considers pure states and local
unitary perturbation. Given m local Hermitian operators k1, . . ., h,, with || h,||c = 1.
Here, local means that each operator k, only acts on a constant number of qubits.
We can consider all possible local unitary perturbations formed by performing

time evolution under a Hamiltonian generated by the set {h,}, of local Hermitian

ia’aha,

a=1

operators,

for any @ € R™. Since the time evolution under a Hamiltonian is always reversible,
there is no additional requirement that @ must be in the nonnegative orthant. Similar
to thermal perturbations, we will absorb the contribution of evolution time ¢ into
the arbitrary vector @. Consider the following dictionary between all the relevant

functions and variables for optimizing (¥|H|y) in n-qubit pure state [¢) under local
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unitary perturbation and optimizing /(x) in an n-dimensional Euclidean space.

X=R'" o X={y)eC'|wly) =1} (domain)

xeR' o | eC” (ywy)=1, (an element)

hix) o h(ly)) =W H|Y), (optimization function)

I, ={a €R"} & {aeR™}, (tangent space)

expy (@) =x+a o exp(z aaha) [v) (exponential map).
a=1

The tangent space and the exponential map can be formally defined as follows.

Definition 4.6.4 (Tangent spaces of pure quantum states under local unitaries). Given
an n-qubit pure quantum state |) and m local Hermitian operators {h,},. The

tangent space Ty, is defined as
{ha}a -— m
Tw =R",

and the exponential map expy, is defined as
exp;{bh“}“(a) = exp(—iZ Olaha)W)-
a

When the set {h,}, is the set of all two-qubit Pauli observables, the tangent space T},
and exponential map exp,, define a Riemannian manifold that connects all n-qubit
pure states through unitary evolutions. This Riemannian manifold is the state version
of the manifold over quantum unitaries defined in a seminal work on the geometry of

quantum computation [140].

The optimization function is i(|yy)) = (Y |H|y), the average energy of the Hamil-
tonian H for the pure state |/). Performing gradient descent on this pure state
Riemannian manifold to minimize (¥|H |y ) is equivalent to performing adaptive
variational quantum optimization [77] to minimize the Hamiltonian H. The local
minima can be defined similarly as before. To be consistent with local minima under
thermal perturbations, we consider the £;-norm ||@||;. All of our results remain
qualitatively the same for other reasonable vector norms, such as the Euclidean norm

or £, norm.

Definition 4.6.5 (local minima under local unitary perturbations). Given an n-qubit

Hamiltonian H, and m local Hermitian operators {h,},. A pure state |¥) is an
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e-approximate local minimum of H under local unitary perturbations generated by

{hata if

expy' ) () Hexp'Y* (@) > (|Hp)~€elllly, foreach a € T,", ||al) < 6.

for some 6 > 0.

This is also a valid definition of local minima in quantum systems. However, we will
later show that the optimization landscape defined in this way always has a very large
barren plateau. Hence, the problem of finding a local minimum defined in this way

will be a trivial problem.

The problem of finding a local minimum in quantum systems

With these definitions of local minima, we can define the task of finding a local
minimum in a straightforward manner. To formulate the problem to have purely
classical output, we focus on outputting a simple property, such as the expectation
value of a local observable O, of an approximate local minimum p. Furthermore,
we only consider Hamiltonians H that can be written as a sum of local observables,

commonly referred to as local Hamiltonians in the literature.

While there can be many approximate local minima, we consider the algorithm to be

successful if the algorithm outputs the property of any one of the local minima.

Definition 4.6.6 (Finding a local minimum under low-temperature thermal perturba-
tions). Given error € > 0, inverse temperature 8 > 0, time scale T > 0, an n-qubit
local Hamiltonian H, m local jump operators {A“},, and a local observable O with
|0l < 1. Output a real value v € [—1, 1], such that v is e-close to tr(O p) for an
e-approximate local minimum p of H under thermal perturbations with an inverse

temperature 3, a time scale T, and system-bath interactions generated by {A%},.

Definition 4.6.7 (Finding a local minimum under local unitary perturbations). Given
error € > 0, an n-qubit local Hamiltonian H, m local Hermitian operators {h,},,
and a local observable O with ||0||. < 1. Output a real value v € [—1, 1], such that

v is e-close to (Y|O|y) for an e-approximate local minimum |) of the Hamiltonian

H under local unitary perturbations generated by {hg}.

Ideally, we would like the two problems to be quantumly easy and classically hard.
However, we will show that only the first problem based on thermal perturbations is

both quantumly easy and classically hard. The second problem based on local unitary
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perturbation is classically trivial due to the presence of too many local minima in an

exponentially large barren plateau.

The importance of irreversible perturbations
Suppose that the perturbations $, parameterized by a polynomial-size vector @
are reversible P_, = P, ! and are smooth. The following argument shows that the

energy landscape must have doubly-exponentially many approximate local minima.

Given any n-qubit state p and any n-qubit Hamiltonian H with ||H||. = poly(n).
Consider a gradient descent algorithm that starts at p. Because ||H || = poly(n),
after a polynomial number of steps 7', the gradient descent algorithm can find an

approximate local minimum p* of H,

P =P .. Pa(p).

From the reversibility of the perturbations, we have

P=Poa .. . Poar(ph.

Consider a covering net N for the set of approximate local minima of H. Because

the packing net for all n-qubit states is of size
exp(exp(€2(n))),
and the covering net for the perturbations is of size
exp(poly(n)).
We have the following relationship,
exp(T - poly(n))|N| = exp(exp(L(n))).
Hence, we can see that
INT = exp(exp(€2(n)) — poly(n)) = exp(exp(Q(n)))

since exp(€Q(n)) grows much faster than poly(n).

4.7 Appendix:Characterizing local minima under local unitary perturbations
Now that we have defined local minima in quantum systems, we present a set of
results characterizing properties of local minima in quantum systems in this and

the next appendix. These results provide a further understanding of local minima
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in quantum systems and are essential to establishing the main theorems given in
Appendix 4.9.

We begin by looking at the energy landscape defined by local unitary perturbations.
We will prove a central lemma portraying the energy landscapes defined by local
unitary perturbations for pure quantum systems. The lemma states that most pure
quantum states |¢) are local minima under local unitary perturbations with an
expectation value close to tr(Q)/2" = tr(O(1/2")) for any local observable O.
Furthermore, the proof shows that the gradient at a randomly sampled local minimum

|) is exponentially close to zero.

Lemma 4.7.1 and its proof provide the following physical picture. In the energy
landscape defined by local unitary perturbations, there is an overwhelmingly large
barren plateau consisting of local minima with almost equal energy as their neighbors.
Furthermore, these local minima behave like the maximally mixed state /2", which
makes the task of predicting properties for a local minimum under local unitary

perturbations classically trivial to solve.

Given m local Hermitian operators {h, }, and @ € R™. By applying Taylor’s theorem

in Prop. 4.8.1 to the one-dimensional function
ha a A hu a A
g(t) = expi, ) (ta¢)'H expjb ) (ta)
for0 <t < ||a||; and & = a/||a||;, we can obtain the following proposition.

Proposition 4.7.1 (Taylor’s theorem for local unitary perturbations). Given an n-qubit
Hamiltonian H, @ € R", m local Hermitian operators {h,},, and an n-qubit pure
state ). We have

expy (@) H exp, (@) = (y|HIp) - i(y| [H, > aaha|l0)
a=1

D D, e expy(n@) [[H, ko], byl exp,, (nd),

a=1 a’=1

| =

for some 0 <n < |||

Lemma 4.7.1 (A random state is a local minimum under local unitary perturbations;
Restatement of Lemma 4.4.1). Consider a large problem size n. Given error
e > 1/2M* an n-qubit local Hamiltonian H with ||H|s = poly(n), m local

Hermitian operators {h,}, withm = poly(n) and ||h,|| = 1, and a local observable
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O with ||0||« < 1. With probability at least 1 — 1/22n/4, an n-qubit state W) sampled

uniformly at random is an e-approximate local minimum of H under local unitary

perturbations generated by {h,}, and (/|0 |y) is e-close to tr(Q)/2".

Proof. From Lemma IIL.5 in [87], for any Pauli operator Q € {I, X, Y, Z}®" \ {I®"}

and a random n-qubit pure state |/) sampled uniformly, we have

PrI(WIQ W) > 6] < 2exp(—2n52)
) - 10 )

forany0 < ¢ < 1. Let¢o = 1/2”/3. Then, we have

1 2n/3
2n/3] < 26xp(— 0 )

Pr[l(lﬁlQllﬁ)l >
v)

Recall that any Hermitian operator has a unique Pauli decomposition:

H-= Z ap(H)P,
Pe{l.X,Y,Z}®"

0= Z ap(0)P,
Pe{I.X.Y,Z}®"

K= > ap(h)P,
Pe{I.X.Y,Z}®"

where the Pauli coefficients ap(-) satisfy

D, ep(H) < [HI|Z = poly(n),
Pe{l,X.Y Z}®"

D, @O)=<loli=1.

Pe{l.X,Y,Z}®"

> apha) < hallL = 1.

Pe{I.X.Y Z}®"

4.9)

(4.10)

(4.11)

Let So be the set of Pauli operator P with nonzero Pauli coefficients ap in the Pauli

decompositions of either H or O,

So={P e {LLX,Y,Z}*" \{I®"} | ap(H) # 0 or ap(0) # 0},

and Sg be the set of Pauli operator P with nonzero Pauli coefficients ap in the Pauli

decompositions of k, for some a,

Se={Pe{,X,Y,Z}*" \{I®"} | 31 < a < m,ap(h,) # 0}.
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Because H is a local Hamiltonian and O is a local observable, we have |Sy| = poly(n).
Because h, is a local observable, we have |Sg| = O(m) = poly(n). We then define

S= {P’ € {I,X,Y,Z)®" \ {I®"} | 30 € Sy, P € Sg, r(P'[Q, P]) # 0} U So.

Because |Sy| = poly(n) and [@, P] is another Pauli observable up to a phase, we
have |S| < |Sg||S1| = poly(n). The union bound yields the following probabilistic

statement:

n/3
2 ) - poly(n) 1

1 - Pf[|<¢’|Q|lﬁ>| n /3’ VQ € S] < 2|S|CXP(— 10 = 22n/3/10 22n/4’

n/3/10_2n/4

where the last inequality holds for any large n since 22 grows much faster

than any polynomial of n. We condition on the event for the random state |¢) that

[WIQIW)| < o /3 forall @ €S,

referred to as event E*. We can obtain the following from Cauchy-Schwarz inequality:

@I [H, hall¥)| < Z o (H)|lap(ho)|Kw1[Q, P11y)]|

Q.P{l.X.Y ,Z}®"

2 2 S| poly(n)
< 2. agUHap(ha)y s < = (412)

Q.Pe{L.X.Y ,Z}®"

where the second inequality uses the conditioning on event E* and [Q, P] # 0 =
Q.P # I®", and the third inequality uses |S| = poly(n) and Eq. (4.9), (4.11).
Similarly, we also have

poly(n) ‘

(I o bl | < =2

Using Eq. (4.10) instead of Eq. (4.9), we can similarly obtain

e L R &

(W101Y) - azen (0)] = ‘<L/f|0|w> L <o s

for any large problem size n since 2"/3 grows much faster than any polynomial in 7.
We now show that |¢/) is an e-approximate local minimum of H under local unitary

perturbations. To establish this claim, from Def. 4.6.5, we need to prove that

exp, (@) H exp, (@) = (WIHIY) - ellally, foreach @ €Ty, |l <6
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for some 6 > 0. Recall from Lemma 4.7.1 based on Taylor’s theorem (Prop. 4.8.1),

we have
i - —i \
expy (@) H exp, (@) = WIHW) - i(y| [H, A
a=1
1 m m
-3 Z Z Quy expw(n&)T[[H, hal, ha'] expy (n@),
a=1 a’'=1

forsome 0 < n < ||@||;. Forthe linear term, from Eq. (4.12) bounding || [H, h,]|¥)|,

we have

v)

—i(y| [H, i agh,
a=1

where the last inequality uses m = poly(n). For the quadratic residual term, we have

% oly(n) oly(n)
< Dl S0 < B e,
a=1

1 m m A A
5 24 D @ata expy (n®) [[H. hal. kol exp, ()| < 2]} H]ls = poly(nller}.

a=1 a’=1

Together, we can combine the inequalities to get

eXPz//(Ol)TH expw(a) > (y|H|y) - P()zlz/gn)

> (y|H|p) - 0.5¢||ell - poly(n)llell},

llerlly = poly (n) ]|}

where the second inequality holds for any large problem size n since € > 1/2"/*

decays much slower than poly(n)/2"/3. For any |||l < 6 := 0.5¢/poly(n), we have
expy, (@) Hexp,, (@) 2 (W|H|y) - 0.5¢||a|ly - 0.5¢[|le|l; = (W|H|y) - el

which shows that |i) is an e-approximate local minimum of H under local unitary
perturbations. Finally, because the event E* occurs with probability at least 0.99, by
combining Eq. (4.13) and the above, we establish the claim that, with high probability,
a random n-qubit state |) sampled uniformly is an e-approximate local minimum

of H under local unitary perturbations and (¥ |0Q|¢) is e-close to tr(O)/2". [

4.8 Appendix:Characterizing local minima under thermal perturbations

In this appendix, we characterize local minima under thermal perturbations. In
particular, we will focus on the gradients of the energy landscape, conditions of local
minima, and conditions on the Hamiltonian H that ensure approximate local minima
are approximate global minima, i.e., there are no suboptimal local minima in the

energy landscape.
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Energy gradients

The energy landscape is much more nontrivial when defined under thermal perturba-

tions. We can study the energy landscape by looking at the energy gradients. Recall

H{A“},

the exponential map expﬁ’r’ in Eq. (4.8) and consider the one-dimensional

function

g(1) = tr(H expﬁ’T’H’{Aa}“ (t&)) = tr(H exp(z t&allg’T’H) (p))

a=1

for0 <t < ||a|1, @ = a/||a||;. We have the following derivatives:

d m
(0= tr(H 2l [exp(z rovaz:f“’”) (p) )
a a=1
d2 o m )
IS |
a a a=1

Recall Taylor’s theorem with the Lagrange form of the remainder from standard

‘Eﬁ,T,H

a

single-variate calculus. By applying Taylor’s theorem in Prop. 4.8.1 to g(z), we can
obtain Prop. 4.8.2.

Proposition 4.8.1 (Taylor’s theorem). Let g(¢) : R — R be twice differentiable on

the open interval between O and t and g'(t) continuous on the closed interval between
Oandt. Then

8() = 8(0) + 'O + 38" ()

for some real number n between 0 and t.

Proposition 4.8.2 (Taylor’s theorem for thermal perturbations). Given an n-qubit

m

Zo and

Hamiltonian H, m local jump operators {A*},, parameters B,7 > 0, € R

an n-qubit state p € Syn.

tr(H exp’ﬁ’T’H’{Au}“ (a)) =tr(Hp) + Z a  tr(HLE™ [ p])

a
1 a A
+50  a e HLET LT [exply A () )
a da

for some 0 < n < |||

We define the energy gradients as follows. We separately consider a positive and

a negative energy gradient. The motivation of the definition is that the positive
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(negative) energy gradient should determine the direction of the thermodynamics
that causes the energy of the state to increase (decrease). Because our goal is to
understand local minima, we will focus on the negative energy gradient. When one

studies local maxima, one will focus on the positive energy gradient.

Definition 4.8.1 (Energy gradients of a state under thermal perturbations). Given an
n-qubit Hamiltonian H, m local jump operators {A®},, and parameters 3,7 > 0,
the gradients of an n-qubit state p € Sy» under thermal perturbations with inverse
temperature 3, time scale T, and system-bath interactions generated by {A%}, is
defined as

m
V/;,r,{Aa}a (H,p) = Z max (+ tr(HLg’T’H [p]), ()) é,, (positive energy gradient)

a=1

V_T{Aa} (H, p) := Zmax( tr( L’BTH[ ]),O)éa, (negative energy gradient)

a=1
Vsriaay,(H, p) = Z ( LﬁTH ])éa, (energy gradient)

where €, is the unit vector along the a-th coordinate.

Since the set of jump operators {A“}, will be fixed, we will sometimes drop the
dependence on {A“}, for notational simplicity. The positive/negative energy gradient

belongs to the tangent space R”"

- but the energy gradient

Vﬁ,T,{A“}a (H, p) = V;,T,{Aa}a (H’ P) - V;,T,{A“}a (H’ p)

may not be in the tangent space due to negative values. So, in general, one could
not move in the direction of the energy gradient. However, one could move in the
direction of the positive or negative energy gradient. It is instructive to think about

the Heisenberg picture and define the energy gradient operator.

Definition 4.8.2 (Energy gradient operator). Given an n-qubit Hamiltonian H, m
local jump operators {A%},, inverse temperature 3 > 0, and time scale T > 0, the

energy gradient operators under thermal perturbations is

m

D L] &,

a=1

which is a vector of n-qubit Hermitian operators.
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We can provide an upper and lower bound to the energy gradients by combining

Prop. 4.10.2 and Prop. 4.10.3 to obtain the following proposition.

Proposition 4.8.3 (Bound on the energy gradients). Given an n-qubit Hamiltonian

H, m local jump operators {A?},, inverse temperature 8 > 0, and time scale T > 0,
R
1L () oo < 311 H o

foralla=1,...,m.

The 8, 7 — oo limit (zero temperature heat bath with an infinite time scale) recovers
the Davies’ generator £, H The Davies’ generator takes an energy eigenvector

| ;X ;| of H to energy eigenvectors with equal or lower energy, i.e., for any ¢ > 0,
(Wl exp(t.ﬁ;"’m’H)(Il//th//jI)I;bk) =0 forany j,k suchthat Ej > E;.

We can use the above to obtain the following proposition.

Proposition 4.8.4 (Vanishing positive energy gradient). For § = T = oo, we have

L0 H) <0, foreach a.

a

Hence, the positive energy gradient vanishes VE, . (H, p) = 0 and Vo o (H, p) =
—Vo.o(H, p) for all Hamiltonian H and state p.

This proposition illustrates that thermal perturbations induced by a zero-temperature
heat bath with an infinite time scale should only absorb energy from the quantum
system and not cause the energy to increase. Hence, the positive energy gradient

must vanish.

A sufficient condition and a necessary condition of local minima

Using the negative gradient, we can show a necessary condition and a sufficient
condition for local minima under thermal perturbations. They differ only slightly
(< vs <). From the conditions, we can see that local minima are well characterized
by the negative energy gradient. Recall that ||x|| = max; |x;| is the £ norm for a

finite-dimensional vector x.

Lemma 4.8.1 (A sufficient condition for local minima under thermal perturbations).
Given € > 0, an n-qubit Hamiltonian H, m local jump operators {A%},, and

parameters 3,7 > 0, an n-qubit state p with a small negative energy gradient,

IV 7 aay, (H. p)llo <€, (4.14)
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is an e-approximate local minimum p of the n-qubit Hamiltonian H under thermal
perturbations with inverse temperature 3, time scale T, and system-bath interactions
generated by {A“},.

Proof. Consider C; = max, ||L5’T’H||1_1 > (0 and Cy = ||H||. Given @ € R”

>0° we

have

< C2cylal?,

D0 aew r(H LG L (o))

a a

for any state or. Let €y := ”Vﬁr{Au} (H, p)||c < €. From a, > 0 and Cauchy-

Schwarz inequality,
D aut(HL p]) > = 3 Jag| max(- (LI [p1).0) > ~llaleo.
a a

Together, Taylor’s theorem for thermal perturbations (Prop. 4.8.2) implies

2
a o

e Hexpy ™14 (@) 2 u(Hp) - |l l€0 - ” 2”1 CiCh.

for any a € R’fo. From the above, we see that for any ||a||% <0 := 223—_;;),
- L

c?c

1.H{A%), H
tr( H expy ™4 (@) 2 w(Hp) - ellal; + ||a||1((e - &0) - 5 llall}

2 tr(Hp) - €llell.

So, p is an e-approximate local minimum of H under thermal perturbations with
inverse temperature S, time scale 7, and system-bath interactions generated by
{A}a. L

Lemma 4.8.2 (A necessary condition for local minima under thermal perturbations).
Given € > 0, an n-qubit Hamiltonian H, m local jump operators {A%},, and
parameters B,7 > 0, an e-approximate local minimum p of H under thermal
perturbations with inverse temperature 3, time scale T, and system-bath interactions

generated by {A%}, satisfies

V5 aay, (H, p)lleo < €,
B A%

which differs only slightly from the condition in Eq. (4.14).
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B’T7{Aa

If the negative energy gradient vector tr( H Lf;T’H [p]) is zero, then the claim holds.

Proof. Recall that V \ (H,p) € RY,. Leta” =arg ;nax(V;’T’{Aa}a (H, p)a).

Hence, we only need to consider the case when the negative energy gradient vector

1s nonzero. In this case,

_ _ 7, H
0 <1V gy, (H: Pl = Vi - g4y, (H. par = = (HLE [ p)).

Consider @ := é,- € RY, which satisfies ||&||; = 1. We have

tr(H exp? "7 A (1)) — tr(H
lim T eXPp (1)) ~ r(Hp) = w(HL [p])

t—0* t

= —11V5. ey, (Ho ) oo
At the same time, for any # > 0, we also have

tw(H exp ™4 (1q)) - w(Hp)
t

> —ella|l = —e.
Together, we obtain the desired claim. [

Hamiltonians without suboptimal local minima

An important concept in classical optimization is to understand when all local minima
are global minima. For example, in convex optimization, checking the convexity
of the objective function h(x) ensures that all local minima are global minima.
When all local minima are global minima, it is commonly referred to as having no
suboptimal local minima in the optimization landscape. For optimizing quantum
Hamiltonians, we can define a similar concept. Let us begin with a definition of

approximate global minimum.

Definition 4.8.3 (Approximate global minimum of Hamiltonians). Given €, > 0
and an n-qubit Hamiltonian H with minimum energy Eo. Let Pg.c(H) be the
projector to the subspace of energy eigenstates of H with energy at most Ey + €. An

n-qubit state p is an e-approximate global minimum of H with failure probability
<O iftr(Pgie(H)p) =1 -06.

Definition 4.8.4 (No suboptimal local minima). Given € > 0. We say an n-
qubit Hamiltonian H has no suboptimal e-approximate local minima with failure
probability ¢ if any e-approximate local minimum p of H is an e-approximate global

minimum of H with failure probability < 6, i.e., tr(Pg+e(H)p) > 1 - 6.
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While the above definitions apply to any Hamiltonian H, in this work, we will focus
on Hamiltonians with a gap A > 0 between the minimum energy and the second
minimum energy, also known as the spectral gap. By definition of Pg..(H) and

spectral gap A, we have
E<A = PG+E(H) = PG(H).

As we will almost always consider € < A, any e-approximate global minimum is an

0-approximate global minimum or exact global minimum.

Convexity implies all local minima are global in classical optimization. In the
following lemma, we present a sufficient condition for ensuring that all local minima
are global in quantum systems. As we can see, all we need is to check the negative
gradient operator is sufficiently positive in the non-ground-state space I — P;. We

will refer to this as the negative gradient condition.

Lemma 4.8.3 (A sufficient condition ensuring all local minima are global). Given
€,0 > 0, an n-qubit Hamiltonian H, m local jump operators {A*},, and parameters
B,7 = 0. Let Pg(H) be the projection onto the ground state space of H. If there

exists @ € RY with |||y = 1, such that the negative gradient operator satisfies

2
(negative gradient condition): — — Z a, LT H) = §(I - Pg(H)) —€l,
a

(4.15)
then any e-approximate local minimum p of the n-qubit Hamiltonian H under
thermal perturbations with inverse temperature B, time scale T, and system-bath

interactions generated by {A%}, is an exact global minimum with failure probability
< 6. That is, tr(Pg(H)p) > 1 - 6.

Proof. From the necessary condition for local minima in Lemma 4.8.2, any e-
approximate local minimum p of the n-qubit Hamiltonian H under thermal per-
turbations with inverse temperature S, time scale 7, and system-bath interactions

generated by {A“}, satisfies
—tr(LZﬂ’T’H[H]p) <e foreach a=1,...,m.

Hence, from Eq. (4.15), we have
¥ 2
€2 - ) auu( LI [H]p) = S (1= (PG (H)p) - e.

This immediately implies that tr(Pg(H)p) > 1 — 6. [ ]
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4.9 Appendix:Complexity of finding a local minimum in quantum systems

In this appendix, we formally present the main results of this paper shown earlier in
section 4.2 regarding the computational complexity of finding a local minimum in
quantum systems. We separate the results into two parts. First, we look at the problem
of finding a local minimum under local unitary perturbations (Def. 4.6.7), showing
that the problem is classically trivial to solve. Next, we look at the problem of finding
a local minimum under low-temperature thermal perturbations (Def. 4.6.6). We will
see that this problem is quantumly easy but classically hard to solve, establishing a

promising candidate problem for quantum advantage.

Finding a local minimum under local unitary perturbations

We begin with the first main result stating the problem of a local minimum under
local unitary perturbations is classically trivial. The main issue is that there is a
large barren plateau (which consists of many local minima with high energy) in
the quantum optimization landscape. Hence, a classical algorithm can efficiently

estimate the properties of a single local minimum.

Proposition 4.9.1 (Classically easy to find a local minimum under local unitary
perturbations; Restatement of Proposition 4.2.1). Consider a large problem size
n. There is a trivial classical algorithm that guarantees the following. Given
error € = 1/poly(n), an n-qubit local Hamiltonian H with |H||. = poly(n), m
local Hermitian operators {h*}"_ with m = poly(n) and ||h,|| =1, and a local
observable O with ||0||. < 1.

The classical algorithm runs in time O(1) and outputs a real value v € [—1,1],
such that v is e-close to (|0 ) for an e-approximate local minimum ) of the

Hamiltonian H under local unitary perturbations generated by {h“},.

Proof. From Lemma 4.7.1 given in Appendix 4.7 characterizing local minima of H
under local unitary perturbations, with high probability, a state |/) sampled uniformly
at random from the space of pure states is an e-approximate local minimum |y) of
the local Hamiltonian H under local unitary perturbations, and (¥ |Q|¢) is e-close
to tr(0)/2". Hence, there exists an e-approximate local minimum [) of H under

local unitary perturbations, and ((/|O|y) is e-close to tr(Q) /2".

This characterization of local minima gives rise to the following trivial classical
algorithm. Given a local observable O, represented by the subset S of qubits O acts

on with |S] = O(1) and a 2I5%IS| Hermitian matrix O*. A classical algorithm can
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compute tr(Q) /2" efficiently by computing the trace of O* and dividing by 2!5I. This

trivial classical algorithm runs in time O(1). [

Finding a local minimum under thermal perturbations

We now turn to the second main result of this work, which shows that finding a
local minimum under low-temperature thermal perturbations is easy with a quantum
computer. This is in contrast to the task of finding the ground state (global minimum),
which is hard on quantum computers. The formal statement is given below in
Theorem 4.9.1.

Theorem 4.9.1 (Quantumly easy to find a local minimum under thermal perturbations;
Restatement of Theorem 4.2.1). Let n be the problem size. There is a poly(n)-time
quantum algorithm that guarantees the following. Given error € = 1/poly(n),
inverse temperature 0 < 3 < poly(n), time scale T = poly(n), an n-qubit local
Hamiltonian H with ||H||« = poly(n), m local jump operators {A}"_ with
m = poly(n), and a local observable O with ||0||« < 1.

The quantum algorithm outputs a real value v € [—1, 1], such that v is e-close to
tr(0 p) for an e-approximate local minimum p of H under thermal perturbations

with an inverse temperature 3, a time scale T, and system-bath interactions generated

by {A%}a.

Proof idea. We consider a version of gradient descent, which we refer to as Quantum
thermal gradient descent, that mimics how Nature cools the quantum system when
the system is interacting locally and weakly with a low-temperature heat bath. The
algorithm starts with an arbitrary initial state pg. For each stept =0, 1,2, ..., the
algorithm considers the current state p; and proposes the next state p;.. The tangent
space Tﬁ’T’H at p, is high dimensional with many possible directions/dynamics
depending on the system-bath interaction. The algorithm chooses a direction that
lowers the energy as fast as possible by computing the gradient of the energy and
proposes p;.1 by performing gradient descent. As long as the current state p, is not
an e-approximate local minimum of H under thermal perturbations, the energy will

decrease by a sufficiently large amount

tr(Hp1) < tr(Hp,) - .
poly(n)

Because the energy is bounded from below, there are, at most, a polynomial number

of steps ¢ < poly(n) until the algorithm arrives at an e-approximate local minimum
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of H under thermal perturbations. The detailed proof of Theorem 4.9.1 is given in

Appendix 4.11. [

Finally, we turn to the third main result establishing the difficulty of finding a local
minimum under thermal perturbations using a classical computer. To establish this
result, we consider a class of geometrically local Hamiltonians { H¢ }¢ on 2D lattices.
Each Hamiltonian H¢ corresponds to a 2D circuit Uc = Uy - - - UoU) acting on n
qubits with T = 2y + L = poly(n) gates as constructed in Fig. 1 of [142] with the
additional padding to the construction in [142] such that the first and last 7y = cL?
gates being the identity gates for a constant ¢ = O(1). The construction in [142]
has the property that each gate of the 2D circuit U¢ is geometrically adjacent to the

subsequent gate.

Given the 2D circuit Uc on n qubits with 7" gates. The geometrically local Hamiltonian
H¢ acts on n + T qubits on a 2D lattice and has a highly-entangled unique ground
state that encodes the quantum computation based on the 2D circuit Uc,

! - 1 (T
|n0>:;\/.f_,(U,---UllO”))®|IOT ), where & ::Z—T(t).

We present the detailed construction of the 2D Hamiltonian H¢ in Definition 4.14.1
in Appendix 4.14. We have the following proposition for estimating single-qubit
observables on the ground state of Hc.

Proposition 4.9.2 (BQP-hardness for estimating properties of the ground state of
H¢). If there is a classical algorithm that can estimate any single-qubit observable
on the unique ground state of the geometrically local Hamiltonian H¢ in time

polynomial in the number of qubits in H¢ to error 1/4 for any H¢ in the class, then
BPP = BQP.

Proof. Consider the single-qubit observable Z; and let T be the last time that qubit

J is acted by a gate in the circuit C. The ground state expectation of Z; is

T T
(olZjlnoy = Y &MU -+ U Z;Us - U1[0") + Y £L0" U -+ U Z;U; - Uy ]0")
t=0

I:Tj+l
=(0"|U] ---ULZ;Ur - - - U1 |0") Py, + €5,
where Pur = > & €= &0"U] U Z;Us - U0,

I>Tj lSTj
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We have used the fact that U, for r > T; acts like identity on the j-th qubit. Note that
|E_]| S 1 _Pl>Tj = PlSTj'

We can make ¢; arbitrarily small using a tail bound on the binomial distribution.
Given any circuit, one could always pad more identity gates to form an L-gate circuit,
such that the last 3/4 of the L gates are identity. Recall that T = 2fg + L = 2¢L?> + L.

Then T} < cL? + L/4 and we have l€j] < Prer; < Prccr2ipa

Using Hoeffding’s inequality, we can bound the probability of sampling a time #,
such that # < cL* + L /4, according to the Binomial distribution {£}T_ . This yields

L
= e §+l6cL ,

e < exp| 27! cL?+ L/4)\
6. < X — —
] p 2 22+ L

By choosing a small constant ¢ < 1/(161n18) — 1/(2L), we have |e;| < 1/18 and
P, 2 17 /18. Because of the bounds on the error |€;| and the probability Prr;,
a classical algorithm satisfying the assumption of the proposition can determine

whether

(O"ut---Ulzur---0100" > 1/3 or (OU}---ULZ;Ur - U|0") < —1/3,

for any 2D circuit Uc with T = 2fp+ L = 2cL?+L gates, where the first 7y and and the
last (3/4) L +t( gates are identity. Because one could think of the circuit U¢ as having
L/4 gates for any L = poly(n), this immediately implies that a polynomial-time
classical algorithm can decide whether the expectation value of Z; on the output
state is > 1/3 or < —1/3 for any polynomial-size 2D circuit where all consecutive

gates are adjacent in the 2D geometry.

A 2D circuit Uc such that any gate is adjacent to the subsequent gate can be
constructed from any quantum circuit without the 2D constraint, such that a single-
qubit observable Z; on the output of the original quantum circuit corresponds to
a single-qubit observable Z; on the output of the 2D circuit. As a result, any
polynomial-time classical algorithm that can determine whether the expectation
value of Z; on U; - - - U1|0") is greater than 1/3 or smaller than —1/3 can be used to
simulate any polynomial-time quantum algorithm for solving decision problems in

classical polynomial time. Hence, BPP = BQP. [}

Using a series of mathematical techniques presented in Appendix 4.12 for charac-

terizing whether all local minima are global minima in a many-body Hamiltonian,
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we prove that all local minima H¢ are close to the unique ground state |7g) in
Theorem 4.9.2. This theorem is the most involved technical contribution of this work.
Intuitively, one can think of the energy landscape of the 2D Hamiltonian H over
the space of n-qubit density matrices under low-temperature thermal perturbations
to have a good bowl shape. This is in stark contrast to the energy landscape under
local unitary perturbations, where the landscape always contains an overwhelmingly
large barren plateau causing the problem of finding local minima to be classically
easy. Furthermore, this theorem shows that a low-temperature cooling can always
find a state close to the ground state irrespective of where we initialize the state in
the exponentially large quantum state space.

Theorem 4.9.2 (All local minima are global in BQP-hard Hamiltonians; Restatement
of Theorem 4.2.2). Let P (H¢) = |noXno| be the ground state of the 2D Hamiltonian
H¢ acting on n + T = poly(n) qubits. There is a choice of m = Poly(n) two-qubit
Jjump operators {A%}, satisfying the following.

Given 0 < 6 < 1. For any small error € = 1/Poly(n, 1/6), any e-approximate local
minimum p of Hc under thermal perturbations with a large inverse temperature
B = Poly(n, 1/6), a large time scale T = Poly(n, 1/6), and system-bath interactions
generated by {A%}, is an exact global minimum with high probability, i.e., we have
tr(Pg(Hc)p) > 1 - 6.

The proof of Theorem 4.9.2 is given in Appendix 4.14. To show that the landscape has
a good bowl shape, we utilize the negative gradient condition given in Appendix 4.8.
However, the negative energy gradient operator is not easy to study. To establish
this strong claim, we give a series of techniques in Appendix 4.12 for characterizing
negative energy gradient operator in few-qubit systems, in commuting Hamiltonians,
and in perturbed Hamiltonians. These technical tools can also be used to understand

the energy landscape in other interacting many-body Hamiltonians.

While finding a local minimum under local unitary perturbations is classically easy,
the characterization of the energy landscape in these BQP-hard Hamiltonians H¢
implies that finding a local minimum under thermal perturbations is universal for
quantum computation and is hence classically hard if BPP # BQP. Recall that
BPP = BQP implies that all single-qubit measurements of all polynomial-size
quantum circuits can be simulated in polynomial time on a classical computer. Since

one expects some quantum circuits to be hard to simulate on a classical computer,
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Theorem 4.9.3 implies that finding a local minimum under thermal perturbations is

classically hard.

Theorem 4.9.3 (Classically hard to find a local minimum under thermal perturbations;
Restatement of Theorem 4.2.3). Let n be the problem size. Suppose there is a poly(n)-
time classical algorithm guaranteeing the following. Given error € = 1/poly(n),
inverse temperature O < < poly(n), time scale 0 < v < poly(n), an n-qubit
local Hamiltonian H with ||H|| = poly(n), m local jump operators {A*}"_, with
m = poly(n), and a single-qubit observable O with |0 || < 1.

The classical algorithm outputs a real value v € [—1, 1], such that v is e-close
to tr(0p) for an e-approximate local minimum p of the Hamiltonian H under
thermal perturbations with an inverse temperature 3, a time scale T, and system-bath
interactions generated by {A“},. Then BPP = BQP.

Proof. Assuming the existence of a polynomial-time classical algorithm that satisfies
the properties stated in the theorem. Apply this classical algorithm to the 2D
Hamiltonian H¢ considered in Theorem 4.9.2 with a sufficiently small approximation
error €, such that any e-approximate local minimum p of H¢ under thermal
perturbations with polynomially-large 3, T and system-bath interactions generated

by {A“}, is an exact global minimum with high probability, i.e.,

(molplnoe) = r(P(He)p) 2 1 = .

where |17¢) is the unique ground state of Hc. We further consider € to be small
enough such that
1

—. 4.16
€<3 (4.16)

Let p be an e-approximate local minimum of the Hamiltonian H under thermal
perturbations. Consider the observable O ; = Z; from the proof of Proposition 4.9.2.
Using the Fuchs—van de Graaf inequalities, we have

1
Lo = TnoXmolll < 2 (4.17)

Because the classical algorithm can estimate tr(O ; p) to error €, from Eq. (4.16) and (4.17),
the classical algorithm can estimate (179|O ;|n¢) to error 1/4 in time polynomial in
the number of qubits in Hc. From Prop. 4.9.2, this implies that BPP =BQP. =

In the following, we use the previous theorem to show that quantum machines

can improve over any efficient classical algorithm that variationally optimizes a
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classical ansatz that can efficiently predict local properties by performing low-
temperature cooling. Examples of the classical ansatz include tensor networks with
efficient tensor contraction algorithms and neural-network quantum states with fast
sampling algorithms. This result provides a physically-relevant problem that yields

an advantage in minimizing the energy of a geometrically-local Hamiltonian.

Corollary 4.9.1 (Quantum advantage over variationally optimized classical ansatz).
Under the conjecture that BPP # BQP, there exists a class of n-qubit geometrically-
local Hamiltonian H on a two-dimensional lattice with ||H ||« = O(n) that satisfies
the following. Given any classical ansatz of n-qubit state p that can estimate the
expectation value of single-qubit observables to 1/poly(n) error in poly(n)-time on
classical computers, any poly(n)-time classical algorithm for minimizing the energy
tr(H p) using the classical ansatz, and samples of the state p represented by the
optimized classical ansatz. A quantum machine can find a state p* with strictly lower
energy than p in poly(n) time by running a quantum thermal gradient descent based

on low-temperature cooling.

Proof. The central claim is that the state p found by an efficient classical algorithm
cannot be an e-approximate local minimum under low-temperature thermal perturba-
tions. We establish this claim by contradiction. Suppose that the classical ansatz
for p found by the efficient classical algorithm is an e-approximate local minimum.
Then the classical algorithm can use the classical ansatz to predict the expectation
values of single-qubit observables of an e-approximate local minimum p of H to €

error. From Theorem 4.9.3, this implies that BPP = BQP, which is a contradiction.

Because p is not an e-approximate local minimum under low-temperature thermal
perturbations, a quantum machine can use samples of p to initialize at the state p
and perform one gradient descent step based on low-temperature cooling. From
Lemma 4.8.2 on the necessary condition for local minima, there exists a € {1,...,m}
such that tr(H Lf mH [p]) < —€. From Lemma4.11.1 on cooling by gradient descent,
one can show that a single gradient descent step yields a state p(">9 with a strictly

lower energy than the state p. Hence, one establishes the desired claim. [ |

4.10 Appendix:Details of thermal Lindbladians
In the rest of the appendices, we give the full detailed proofs of Theorems 4.9.1
and 4.9.2 that are central to establishing the computational complexity of finding

local minima under thermal perturbations in the previous appendix. To that end,
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we need to provide the techincal details of thermal Lindbladians that generate such

perturbations.

We have previously presented a high-level introduction to thermal Lindbladians in
Appendix 4.5. This has been sufficient for defining local minima and analyzing
some basic properties, but not enough for proving Theorems 4.9.1 and 4.9.2. In this
appendix, we present the exact form of thermal Lindbladians, their properties, and

the algorithmic primitives for simulating quantum thermodynamics.

Exact form
The exact form of the thermal Lindbladian depends on a few physical concepts due
to the microscopic derivation from a system-bath interaction [135]. For each jump

A% we have

£57H (p) = —i[HETH pl+ / ¥5(@) | A% (0)pA“ ()" - %{Mw)W(w), p}|dw,

o

=05 [p]
(4.18)

where Z)f TH is the purely dissipative part of the thermal Lindbladian. Implicitly,
the operator A%(w) also depends on the Hamiltonian H and the time scale 7. We

now unpack the physical concepts that form the building blocks of this expression.

Transition weight. At a fixed inverse temperature 3, the transition weight yg(w)
tells us how strong the rate of a transition/jump should be, depending on the
energy difference w. In particular, the transition weight satisfies the following

Kubo-Martin-Schwinger (KMS) condition and convenient normalization
yp(w)/yp(-w) = e and 0< yp(w) <1 forany >0 andany w €R,
(4.19)

which is reminiscent of how detailed balance is enforced in classical Markov chains.
We remark that any yg(w) obeying the above KMS condition and normalization also
satisfies the following tail bound:

1 1 , e BA2
max wyg(w) < rar)lfz we ™Y = — maxxe™ < — maxe™/ (4.20)

w>A B x=pA B x=pA B

For concreteness, we usually adopt the common choice of yg corresponding to
Glauber dynamics, with a cut-off frequency Ag to regulate the inverse Fourier

transform:
1 e~ w? /2]

2+In(1+BAg) 1+ePv

yp(w) = (4.21)
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In the zero temperature regime (8 = o), the function (1 + ef“)~! gives a step
function (one for negative w and zero for positive w). Based on the choice of bath
phenomenology, there are plenty of options for the transition weight, such as ohmic

2542
—w?2A
1 we ® /

heating yg(w) = w_oTﬁwo However, for simplicity, we will stick to the Glauber

dynamics. Unless otherwise stated, we will also choose the cut-off frequency to be
Ao =1,

since each local jumps A“ changes the energy by at most O(1) for our usage (and
is generally true for local Hamiltonians with bounded degree interaction graph and
bounded-norm terms). We do not expect our main conclusion to change under other

reasonable choices of yg(w).

Operator Fourier transform. Given a jump operator A4, we consider the
operator Fourier Transform [39] for the Heisenberg-evolved jump operator A“(¢)

characterized by a time scale 7 € R of the heat bath

Aa — 1 i iHt ga_ —iHt —iwt
A (w).—\/zﬂ_T/_T/ze Ae e dr.
=:A%(1)
The operator A%(w) corresponds to matrix elements in A that induce jumps between
energy eigenstates with an energy difference approximately w + O(%). The bigger v
is, the more precise w corresponds to the true energy difference; see Appendix 4.15
for further details. Physically, 7 is related to microscopic parameters of the bath (the
bath correlation time and the weak-coupling strength [135]), but our discussion only

requires the single time scale 7 that sets the Fourier transform energy uncertainty.

Lamb-shift. The interaction with the heat bath induces an additional correction
term in the coherent Hamiltonian dynamics of the n-qubit system, known as the Lamb-
shift. Given a jump operator A, we have the following Lamb-shift Hamiltonian that

depends on the bath correlation function cg(#) and the time scale 7:

prH _ 1 T/

LS.a ._2 2T J-1/2

7/2
/ sgn(ty —t2)cp(ty — 1) A%(t2) A” (1)dtrde(4.22)
-7/2

While the Lamb-shift term is physically important, for our purposes, it is largely
treated as a source of error; the energy gradient contribution comes from the

dissipative part D> "H.
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Bath correlation function. In the Lamb-shift term, the bath correlation function

cp(t) is the Fourier transform of the transition weight yg(w),

1 © ;
Cﬁ(l) = \/? / ’yﬁ(a))e“‘”tdt.
JT J —c0

The prefactor in Eq. (4.21) is chosen such that (see Proposition 4.10.1)

\/% / m|cﬁ(t)|dt <1. (4.23)
T J—0

This normalization sets the strength of ||H€’ST”:I|| to be bounded by O(1).

Absolute zero § = co. It is instructive to consider the case of zero temperature
B = oo and infinite time scale 7 = co. In this case, the transition weight yg(w)
is a step function (1 for w < 0 and O for w > 0) and A%(w) measures the energy
difference perfectly. Thus, all heating transitions (|E) — |E + w) for w > 0) are
forbidden, and all cooling transitions (|E) — |E + w) for w < 0) will remain. Hence,
in the case when 8 = 7 = oo, the thermal Lindbladian only lowers the energy. This
matches our physical intuition that a zero-temperature bath only absorbs energy from

the system.

Multiple jumps. The thermal Lindbladian Lg TH considers merely a single jump
operator A“ in the system-bath interaction. When there are multiple jump operators,
the total thermal Lindbladian is a weighted sum of the individual thermal Lindbladian
il

m
£ﬁ,T,H — Z aaLg,T,H’

a=1

where @, > 0 is a nonnegative weight.

Again, the interaction strength vector @ € RT, weights the contribution of each

thermal Lindbladian. Thus, the total equation of motion under multiple jumps reads

dp

s B.r.H
7 i[H, p]+ L7 (p)

= -1

m
B, 7.H
H+ Y a, oS p
a=1

m
+ @D (p), (4.24)
a=1

which consists of a coherent part and a purely dissipative part.
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Calculation for normalization of cg(). We now give a supplemental calcula-
tion that shows our choice of yg(w) in Equation 4.21 satisfies the condition in
Equation 4.23.

Proposition 4.10.1. For
—w2 J2A3

fw) =S
we have that

\/%nfnl < 2+1n(1 4 BAy).

Proof. We want to bound the 1-norm of f(¢) in the time domain. To do so, we

bound the moments in the time domains

V2 fllee < 1711 < / 1204 = AgVIr.
d . "
V2rlltf (1) ||eo < ||—f||1 =2 flle < 2.

d .
V2|l £ (1)l < || f||1_ N flle < T

The second line uses the fact that £ is increasing and then decreasing (from —co to

00). The third line evaluates the derivative

d (e—wz/ZAg) e~ @205, / A2 0@ /23 Bebe
dw| 1 +ebe 1 +efw (1 + efw)2
< 4( ! +,8) =T.
VeAo

Thus, we may partition into three integrals to optimize the bound

Il = ( Jny - o |2T)|f<r>|dt

2 1 T
< Aodt + — / —dtr + — —dr
AKA ! V21 JT>]t|2A;! || V21 Jit|=T 2

2

4
<24+ ——In(AoT) + —

V2n V2r
2+2V27 +41n(J +4BA0)
<
V2r
g 2+2V2r +81n(2) +41In(1 + BAo) < V27 (2 +1In(1 + BAy)),
V2r

where in the last line, we used 1/+/e < 1 among other numerical bounds. [ |
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Properties of thermal Lindbladians

From the exact forms of the thermal Lindbladians, we have the following propositions.

Proposition 4.10.2 (Norm for the dissipative part [39]). Any purely dissipative
Lindbladian ), Z)f mH defined in Eq. (4.18) for any set of jump operators {A“}""_,

and any transition weight satisfying Eq. (4.19) have bounded superoperator norms

m
S a0l
a=1

m

= Z aa@f . H

a=1

< 2||Z%A“TA“||.
1-1 a=1

The first equality is the duality between the 1 — 1 and oo — co superoperator norms.
Proposition 4.10.3 (Properties of the Lamb-shift term [39]). The sum of Lamb-

shift term (4.22) for any set of jump operators {A“}" | under a normalized bath
correlation function cg(t) given by Eq. (4.23) satisfies that”

m 1 m
,7.H

Z%H’Z;a < —||ZaaA“TA“||

a=1 a=1
m 3/4 m

. H | H||

1 aal B HII sO( 12 e A,
a=1 a=1

For large enough t, the Lamb-shift term almost commutes with the Hamiltonian.

From Prop. 4.10.2 and Prop. 4.10.3, we have the following norm bound for thermal
Lindbladians.

Proposition 4.10.4 (Norm of thermal Lindbladians). Given a Hamiltonian H, an
inverse temperature 3 > 0, a time scale T > 0, m local jump operators {A“}" |, a
transition weight yg(w) satisfying Eq. (4.19), a normalized bath correlation function
cp(t) satisfying Eq. (4.23). The associated thermal Lindbladian 3)_, aa.ﬁg TH pas

bounded superoperator norms

m m

T, H T.H
> @ LT > aa Ly
a=1 a=1

which is controlled by the interaction strength vector a under the normalization of
A%in Eq. (4.2).

m
<31 a,A%AY,
1-1 a=1

c0—00

"Implicitly, the Lamb-shift term has units of energy yet do not scale with || H||.
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Algorithmic primitives for simulating thermal Lindbladians

In this subsection, we review existing algorithmic primitives for simulating thermal
Lindbladians [39], estimating energy and expectation value of observables using
block-encoding and quantum singular value transform (QSVT). See [126] for a
tutorial on block encoding and QSVT. We begin with a definition of a block-encoding

for Hermitian matrices, i.e., observables.

Definition 4.10.1 (Block-encoding for Hermitian matrices). We say that a unitary U

is a block-encoding for a Hermitian matrix O if

(0/leD-U- (oY) =0 for deZ'.

Recall the following result stating that expectation values can be estimated using

block-encoding.

Proposition 4.10.5 (Measuring observable using block-encoding). Given a block-
encoding Ug for a Hermitian matrix O and samples of a state p. One could estimate

tr(0p) to small error 0 < € < 0.5 using only O(1/€?) queries to the unitary Up.

Proof. Consider |0)(0| ® p and apply the Hadamard test to sample tr[U|0)(0| ® p] =
tr[Op]3. [

Linear combinations of unitaries allow us to make efficient block-encodings of
Hamiltonians presented as a sum of local terms. This fact results in the following

proposition.

Proposition 4.10.6 (Block-encoding for Hamiltonian; see [19, 45, 126]). Any n-qubit
Hamiltonian H has an efficient block-encoding U ,, for some scalar Ay being the

1-norm of Pauli expansion coefficients.

From [39], we have the following for the Lamb-shift term H;gs from Eq. (4.22).
Conveniently, the Lamb-shift term is already normalized (Proposition 4.10.3).
Proposition 4.10.7 (Block-encoding for Lamb-shift term; see [39]). The Lamb-shift

term Hys has an efficient block-encoding Uy s.

We define the block-encoding for a Lindbladian without the coherent commutator

term —i[H, p].

8We thank Yu Tong for discussions on this argument.
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Definition 4.10.2 (Block-encoding for Lindblad operators [39]). Given a purely

irreversible Lindbladian

1 1
Lp] = Z(Lijj = 5LjL,p - EpLjL, :
jeJ

we say that a unitary U is a block-encoding for Lindblad operators {L} jc; if °
(o'leDn-U-(0)el) =Y |)Y®L; for b<celZ.
jeJ
Theorem 4.10.1 (Linear-time Lindbladian simulation [39]). Suppose the jumps A¢

can be block-encoded by a unitary V., using ¢ € Z ancillas qubits. Then, we can

simulate the map 'L for (4.24) to € < 1/2 precision in the diamond norm using

O((c+1)) resettable ancilla,
O((t + 1)7) controlled Hamiltonian simulation time,
O((t+1)(c+1)) other two-qubit gates,
and O(t+1) queries to W, prepcﬁ(,),Prep’Cﬁ(t-), and Vjymp

where O(-) absorbed poly-logarithmic dependences on t, ||H||, €, T, B. Furthermore,
a block-encoding of the purely irreversible Lindbladian DPH with discretized

frequency labels can be implemented efficiently.

The above uses the following circuit components required for implementation: the

controlled Hamiltonian simulation

> lixil @ e,

z'eS,O
the unitary gates for preparing the bath correlation function in superposition
-0 ’ LA C,B(t—)
Prep . : |0> — Z |Cﬁ(l_)||f> and Prepcﬁ(D : |O> — Z —— D),
z‘eS,o feS,O |cﬁ(f)|
and the controlled rotation for transition weights

W Z( VY@ —T-7()
’ Vi-y(@) V(@)

)® |oX®|.

a‘)eSwO

°In the first register, we could use any orthonormal basis, sticking to computational basis elements
|/} is just for ease of presentation. Intuitively one can think about b as the number of ancilla qubits
used for implementing the operators L ;, while typically a — b = log |J|.
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Indeed, the above implementation uses discrete labels for the time 7 € S;, and
frequencies w € S, corresponding to d¢ and dw; these dominate the ancilla use.
For conceptual simplicity, we focus on the continuous integral everywhere else and
emphasize that the discretization is merely for implementation and introduces a

negligible error; see [39].

The controlled Hamiltonian simulation can be implemented efficiently for any n-qubit

local Hamiltonian H [19, 45, 126]. The other operations W, pre pcﬁ(t),Pre p’Cﬁ can

O]
all be implemented efficiently [39] with the physically-motivated choice considered

in Appendix 4.10.

Proposition 4.10.8 (Gradient of an observable under Lindbladian evolution; adapted
from [39]). Given block-encodings U for a purely irreversible Lindbladian (Def. 4.10.2)

and Ug for a Hermitian observable O, we get a block-encoding of

SLIoL; via vi=(¥,eU sl (2|ob+1><ob+1| oI - 1) ®Up- (Yy@U®I,),
jeJ

where |£) == (|0) + [1))/V2 and Y :=

1
2

Si-
e
—

—_ |
[
S —

Proof. We calculate
(0@ I®(0%) - V- (j0*)y ® I ®[07))

= (<—| ® (0l DU' ® (od|) ~ (2|ob+1><ob+‘| ®1I- 1) ®Uop - (|+> ®U(0) I ® |od))
- (<—| & (0| NU' ® (od|) (210 X0 [ @ 1) © U - (|+> U)o 1) ® |od))

=(0°|®1)-U - (|0°X0°| @ ) ® O - (|0°) ® I

:(Zm@Lj. Z|j/>®L,-/)=ZLj0L,~. .

jeJ j'eJ jeJ

I®0

Corollary 4.10.1 (Block-encoding the gradient of the Hamiltonian). Given a block-
encoding for a purely irreversible Lindbladian L and a Hamiltonian H, there is an

efficient block-encoding for
1
~r'rH
5L [H],

which is a Hermitian operator corresponding to the gradient of H under L.
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Proof. Apply Proposition 4.10.8 for Lindbladian £, Hermitian observables H and
I to obtain block-encodings for ;¢ L;H Ljand ¢, L}L.L j- Then, use quantum

singular value transform (QSVT) for products and sums of block-encoding to obtain

the block-encoding for
1 1 1 1
_pt - _ i oz frog__ Tr.
SLH] = ZZLJ.HLJ 4ZL].L]H 4HZL].LJ
jeJ jeJ jeJ
at high precision. [

From all of the above propositions, corollaries, and theorems, we can obtain the

following.

Lemma 4.10.1 (Measuring energy gradient). Given an n-qubit Hamiltonian H,
inverse temperature 8 > 0, time scale T > 0, samples of an n-qubit state p, a thermal

Lindbladian Lg ; (say, from Eq. (4.24). The energy gradient
w(HLIH (p)) = w(L7PTH(H) p)

can be estimated to error € using time and samples of p polynomialinn, 1 /€, |H||, B, T.

Proof. From the form of thermal Lindbladians (4.24) and dropping the scripts
LATH = 1 H[Z’ST’H = Hyg, DBOH = D we have

L(H)=i[Hs,H] + D' (H).

Our goal is to create the block-encoding for £7(H). First, we use quantum singular
value transform (QSVT) for products and sums of block-encoding to obtain the block-
encoding for i[H s, H] from block-encoding for H and H s in Propositions 4.10.6
and 4.10.7. Next, using the block-encoding for the purely irreversible Lindbladian O
from Theorem 4.10.1 and the block-encoding for H, we can apply Corollary 4.10.1
to obtain efficient block-encoding for D (H). To obtain the block-encoding for
L7(H), we use QSVT for sums of block-encoding to add i[Hg, H] and D' (H).
Finally, using Prop. 4.10.5, we can estimate tr(LT(H)p) efficiently. All the above
QSVT manipulations operate at high precision, and the discrete Fourier transform

well-approximates the continuum at poly-logarithmic costs [39]. [

4.11 Appendix:A polynomial-time quantum algorithm for finding a local
minimum under thermal perturbations (Proof of Theorem 4.9.1)
In this appendix, we present the proof of Theorem 4.9.1 by giving a polynomial-time

quantum algorithm for finding local minima under thermal perturbations. We
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refer to the efficient quantum algorithm as Quantum thermal gradient descent as
the algorithm performs gradient descent using thermal Lindbladians induced by a
heat bath. The algorithm uses the properties of thermal Lindbladians presented in
Appendix 4.10.

Cooling by gradient descent

The central idea of quantum thermal gradient descent is the following. When we are
not at a local minimum under thermal perturbations, the negative energy gradient will
be sufficiently large, and we can decrease the energy by following a direction with a
negative energy gradient. This is characterized by the following lemma. We will use

this lemma to design the gradient descent algorithm for finding a local minimum.

Lemma 4.11.1 (Cooling by gradient descent). Given parameters() < € < 0.5,B > 1,
B, 1 > 0, an n-qubit Hamiltonian H with ||H || < B, and m local jump operators

{A%},. Consider a = 1,...,m with an approximate energy gradient g, satisfying

24 — tr(HJf"H [p(’_l)])‘ <0.0le.

Suppose there exist a* € {1, ..., m} with sufficiently negative approximate energy
gradient,
gar < —0.99¢.

The state after evolving p along the direction é - for a small step s = |g4+|/(9B?) > 0,

) 1= exply ™A (5é4)

P 1= expp

guarantees the following energy decrease,
2

20B2°

tr(Hp(neXt)) <tr(Hp) —
Proof. From Prop. 4.8.2 on Taylor’s theorem, we have the following identity

2
tr(Hp(ne’“)) = tr(Hp) +str(HLE M [p]) + %tr(HLf;T’H[Lf;T’H[O']])

for some n-qubit state o-. We will separately control the linear term and the quadratic

term.

Linear term. From the definition of the energy gradient vector Vg . (44} (H, p),

we have

. _ 98 98
tr(H L [p]) < gar +0.01€ < g0 = 5l

The second inequality follows from g, < —0.99€, hence 0.01é < —(1/99)g,-.
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Quadratic term. We can bound the quadratic term as follows:

1 1
SuHLE L o) < 5|22 e i

From Prop. 4.8.3 and Prop. 4.10.4 that bounds the norm of these objects, we have
|
2

Combining the linear and quadratic terms with s = |g4+|/(9B?) > 0, we have

L LB ) e < 45IHIZ < 4.5,

938 1 |ga*|2 |ga*|2
w(Hp") < w(Hp) - S < tr(Hp) — 005482
He (1) =G50 " 18) g2 < THP) B
We can use |g,|> > 0.992€ to obtain the desired claim. [

Quantum thermal gradient descent

Given error € = 1/poly(n), norm bound B = poly(n), inverse temperature 0 < 8 <
poly(n), time scale T = poly(n), an n-qubit local Hamiltonian H with ||H||. < B,
m local jump operators {A“}, with m = poly(n), and a local observable O with
0]« < 1.

We consider a coordinate-wise gradient descent algorithm that implements the
following. The initial state p'? is arbitrary as long as copies of the state can be
prepared on the quantum computer. For example, we can set p() to be the maximally

mixed state zi,l The total number of steps is

4283
T:=—. (4.27)
€
For each time step ¢ from 1 to 7, the algorithm does the following.
1. For each direction a = 1, ..., m, estimate an approximate energy gradient gé’)
satisfying
g _ tr(LZ””T’” (H)p(’_l))‘ < 0.0099. (4.28)

The energy gradient can be estimated efficiently using Lemma 4.10.1 given
copies of p~1) prepared through Eq. (4.29) and Theorem 4.10.1. From the
bound on energy gradients in Prop. 4.8.3, we have | ggf)| < 3B +0.009%€¢. If

gff) < —0.99¢, set a¥) := g and terminate the for-loop over a.

2. If a is not found, set p") := pU"D and terminate the for-loop over 1.

Otherwise evolve p~!) under the direction é,u for a small step s =
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1g"1/(9B2),

t

p(’) = exp(s(t)Lf;;’H) (p(t_l)) = 1_[ exp(s(’)LfE,T)’H) (p(o)). (4.29)
=1
Because 0 < s\") < 1/(2B), asingle copy of p*) can be prepared in polynomial-
time using the thermal Lindbladian simulation algorithm in [39]; see Theo-
rem 4.10.1.

We will show that the state p'”) created by the gradient descent algorithm is an
e-approximate local minimum of H under thermal perturbations. Furthermore, using
the thermal Lindbladian simulation algorithm, a quantum machine can efficiently

create many copies of p(1).

Proof of Theorem 4.9.1
The central idea in the proof of Theorem 4.9.1 is the following lemma. The lemma

combines the key results characterizing local minima in Appendix 4.8.

Lemma 4.11.2 (Gradient descent finds a local minimum). p™ from Eq. (4.29) is
an e-approximate local minimum of H under thermal perturbations with inverse

temperature 3, time scale T, and system-bath interactions generated by {A“},.

Proof. Suppose the algorithm terminates at some time step ¢ < 7', then g,(;) > —0.99¢.
From Eq. (4.28), we have tr(Ljf’“H (H) p(’_l)) > —0.9999¢. Hence,

15,7 (4ay, (H, P M)l < 0.9999€ < €.

From the sufficient condition for local minima given in Lemma 4.8.1, we have
pD) = pt=1 js an e-approximate local minimum p of the n-qubit Hamiltonian H

under thermal perturbations.

We now show by contradiction that the algorithm must terminate early. Assume
that the algorithm did not terminate early. Then, we can use Lemma 4.11.1 with
€ = 0.99¢ for cooling by gradient descent to obtain

0.99%¢> 0.992¢>

0.992¢2
T < H|low—— 77
20B 20B

T.
20B?

twr(Hp") < w(HpT™V)- <...<t(HpO)-

From the definition of T in Eq. (4.27) and ||H|| < B, we have

0.99%2¢2 4283

tr(Hp™") < || H|w - TR

< ||H||« —2.05B < —1.05B.
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At the same time, because ||[p"]|; = 1,
tr(Hp'") > —||H||«o > -B.

This is a contradiction. Hence the algorithm must terminate early. [

The polynomial-time quantum algorithm for establishing Theorem 4.9.1 is as follows.
The algorithm runs quantum thermal gradient descent to find a local minimum p”)
of H under thermal perturbations. Recall that B is the upper bound on ||H||s, and is
equal to poly(n), and 1/€ = poly(n). Because every step can be done in polynomial
time, and there are at most T = 42B>/€*> = poly(n) time steps, quantum thermal

gradient descent runs in time polynomial in 7.

Now, given any observable Q. The quantum algorithm prepares O(1/€?) = poly(n)
copies of p(*) in poly(n) time, then measures O on the O(1/€?) copies of p™) to
estimate tr(O p'") to € error. This concludes the proof of Theorem 4.9.1.

4.12 Appendix:Characterizing energy gradients in low-temperature heat bath
Recall from Appendix 4.8 on certifying Hamiltonians without suboptimal local
minima, if there exists @ € R7, with [|||; = 1, such that the negative gradient

condition holds,

- L) = 261 - Po(H)) - e,

then any e-approximate local minimum p of the n-qubit Hamiltonian H under
thermal perturbations is an exact global minimum of H with failure probability < &,
ie., tr(Pg(H)p) = 1-6, where P (H) is the projection onto the ground state space.
To understand when the above condition holds, it is imperative to characterize the
energy gradients, £,7"" [H].

In this appendix, we present various lemmas and theorems characterizing the energy
gradients, which will be used in our proof of Theorem 4.9.2 in section 4.14 for
showing that a certain family of Hamiltonians has no suboptimal local minima. We
remark that the proofs of many formal statements in this appendix require concepts
and results that won’t be shown till later in Appendices 4.15 and 4.16, and we

recommend the first-time reader to freely skip the proofs and return later.

For simplicity, we will focus on the nonnegative vector & being uniform over a subset

S for the remaining appendices. We will show that this is sufficient for our purposes



255

even though having the ability to choose @ is more powerful. We define the following

Lindbladian with uniform weights over a subset S C {1,...,m}:
L= L (4.30)
acs

Recall from Appendix 4.10 that each LZB TH corresponds to a jump operator A¢
satisfying the normalization condition ||A%|| < 1. If we let r := 2me/5, € = me

and S = {1, ..., m}, then the negative gradient condition becomes
(negative gradient condition) : ~-L'[H] = r(I - Pg) - €I (4.31)

This will be the central inequality we would like to establish for the remaining
appendices. Throughout the proofs, we will consider different subsets S and show a

relation similar to Eq. (4.31) for subset S.

Basic properties of energy gradients in low-temperature bath

We show a few basic properties of energy gradients under a low-temperature,
long-time-scale bath. First, we show that the energy gradient, at large S (i.e., low
temperatures), is negative semi-definite up to controllable error. Intuitively, this can
be seen from the KMS condition in Eq. (4.19), ys(w) = ’yﬂ(—w)e‘ﬁ‘”: the heating
transition is suppressed by the Boltzmann weight, allowing energy to increase by

w ~ B!, Another source of error is the uncertainty in energy 7.

Lemma 4.12.1 (Almost negative gradients). Consider the thermal Lindbladian
L = Y cs Lf’T’H with jump operators {A®},cs where ||A%|| < 1, and yg(w)
satisfying Eq. (4.19). Then,

; IH|P* 11

Proof. Rewrite the energy gradient with an error controlled by Proposition 4.10.3

and Lemma 4.16.1 gives

L[H] ~ Z/myﬁ(w)wﬁ"(wfﬁ“(w)dw

aeS ¥~

) 0
:Z /0 yﬁ(w)wﬁa(w)m“(w)dmz / Ooylg(w)wfi“(w)TA“(w)dw

aesS aeS ¥~
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and bound the positive operator

0 A N S
||Z/ y5()wA% () A%(w)dw||e < |S] max yg(w)w < 5t
aes 70 w=0 ﬁ
The second inequality used the tail bound in Eq. (4.20) with A = 0. [

Second, we show that the energy gradient operator is nearly diagonal in the energy

basis. The intuition is that for any operator A, the product
AT (w)A(w)
is nearly diagonal in the energy basis for large 7.

Lemma 4.12.2 (Energy gradient is almost diagonal). In the setting of Lemma 4.12.1,
assume that for any two well-isolated energy eigensubspaces Py and P, such that

the two sets of eigenvalues have at least distance 6. Then,

3/4 0l
P, LT[H]P,|| < O(|S|(w+l+ 105l ))

Tl/4 T Aor

where Og(w) = yg(w)w.

Proof. Formally, approximate the energy gradient by dropping the Lamb-shift term
(Proposition 4.10.3) and applying Lemma 4.16.1,

L'[H] ~ Z / ooylg(a))wfi“(w)TA“(w)dw.

aeS*© "~
We then apply the secular approximation for u = §/2 (Corollary 4.15.3) such that

the transition amplitudes vanishes between the subspaces
PS4 (w)'S4(w)P, =0 foreach weR and ac€ A.

Combining the errors in each of the approximations leads to the claimed result. =

Next, we show that the finite-7 Lindbladian can be approximated by the infinite-7
version under certain conditions. The latter, known as the Davies’ generator [57],

has a simpler form that is more amenable for analysis in some situations.

Lemma 4.12.3 (Recovering Davies’ generator). Consider the dissipative part of the
thermal Lindbladian @ff TH \ith the jump operators A* where ||A?|| < 1, and any

¥p such that ||yl < 1. Suppose the Bohr-frequency gap is A, (H), then
1

* VA, (H)T .

|DFTH — pfeH) < O(max
v

50 - [ yplfw- i
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Therefore, the Bohr-frequency gap sets a timescale ~ A, ! such that the map Z)ZB o

stabilized.

Proof. 1t suffices to consider Z)Zﬂ wH [O] acting on arbitrary operator O such that
101l = 1:

DFTH 0] = / " yp() |4 (@) 0d(w) - %{Aa(‘“)w(”)")}]d‘“

—00

QR

[ m@)[$@)08" (@) - 5(8"(@)'$"(0).0) | dw

1 « P " £

- Y (avoar-Jarano)) [ y@fie-vfio- o

v,v'€B(H) e

' 1 0 A 2

=) (ATOAﬁ—E{Af}TAﬁ,O})/ Y5(@)| fu(w =) dw

veB(H) -
E 1 4
< Y (ar0as - S{ast a0} )y,

veB(H)

The approximation errors are bounded by

1
Er < 200017slellANIf - (1= 8)1ll foll2 = O(_)

VAT
B2 < 210014 maxlys(1) - [ yp(@)|fuw - [
< O(rnvax yp(v) — /_00 yﬁ(w)|f(w - v)|2da) + |h;f7|_|oo).

Combine the error bounds to conclude the proof. Note that since the bound becomes
vacuous at ut = Q(1), we have that O(1/+/u7 + 1/(ut)) = O(1//u7). [

Lemma 4.12.4. For yg(w) defined in Eq. (4.21) with Ao = ©(1), we have that

a0 - [ sl i@ - vfao| < o ).

max
v
Proof. Recall the integration-by-part trick for expectation integral

/O FPdx = —[f) PO + / F()P()dx where P(x) := / p()dy.

Then,
/ 'yﬁ(a))|f(a)—v)|2da):/ ylg(v+x)|f(x)|2dx:/ ’}/ﬁ(v+x>;/)/ﬁ(v_x)2|f(x)|2dx
—oco -0 0 —_——
=:p(x)

(v +2) + Y (x V)
=y + /0 T Y b
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where in the last line we applied the integration-by-part and used y(+o0) = 0 and

P(0) = 1. The error term can be bounded as follows:

/me+w+ﬁu—mew
0

2

lr 7’,23(" +x)+)/;;,(v—x) ooyk(v+x)+)/,;,(v—x)
= / P(x)dx + / P(x)dx
0 2 1/t 2
1+ 1+
=O( ’8)+O( ﬁlnT).
T T
In the last line, we control the first term by P(x) < 1 and noting by the product rule
we have
, o d [e-w*/2A2 o e~ @ /205, / /\5 o~ @?/2A2 Bebe
yﬁ(w)‘— do| T+efo |||~ 7\ 146 (1+ebo)2

< O(ALO +).

The second term uses the tail bound P(x) < % from Eq. (4.93) and that y;g(v +X)
are each rapidly decaying outside an x € [Fv — Ag, ¥v + Ag] window so that the
integral over %dx only contributes at most O ( /1//\;) )lcdx) = O(log(tAy)). [

Relating subspace and local gradients to global gradients

As a method of proof, we will often analyze a Lindbladian by its constituents, and
here we present a few useful relations. First, when studying gradients, the gradient
acting on a subspace is often conceptually simpler. The following lemma relates
the energy gradient in a subspace and the full energy gradient. This is a direct

consequence of Lemma 4.12.1 and Lemma 4.12.2 above.

Lemma 4.12.5 (Subspace gradient and global gradient). In the setting of Lemma4.12.2,
suppose P projects onto a set of eigenstates of H separated by the rest by a gap of at
least 6. Then,

+—+
4 Bt Aot

/
—L?[H] Z—P.ET[H]P—O(|S|(”H”34 1 1+||0ﬁ||oo))_l

Proof. Let L = LT[H]. We have,
L =PLP +P*LP*+PLP* +P*LP.

Using Lemma 4.12.1 establishing the almost negativity of the energy gradient,

IH|IP* 1 1
_LZ_O(|S|( 71/4 +;+B I,
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we have

Tl/4 T B
|H|P* 1 ||9B||oo))

HP* 1 1
-PYLP* > —O(|S|(& + =+ —))PL. (Lemma 4.12.1)

+—+
4t A\t

Putting the bounds together yields the advertised result. [

|PLP+ + PLLP| < O(ISI( (Lemma 4.12.2)

Next, we provide a lemma that gives a simplified expression of the energy gradient

operator when restricted to a subspace of low-energy eigenstates.

Lemma 4.12.6 (Gradient in a subspace). In the setting of Lemma 4.12.1, suppose
H has a subspace of low-energy eigenstates with corresponding projector Q that
is separated from the higher energy eigenstates by an excitation gap Ag. Let
Ay = miny, xy,ep(H|p) [V1 — V2| be the Bohr-frequency gap of H restricted to the
subspace. Assuming A, /2 < Ag, then the energy gradient operator in the subspace

can be approximated using

<e€

0
HQﬂ[H]Q—Z > 0av04As0 / p(@)ol fu(w = v)Pdw

a€S veB(H|p)

where u = A, /2 and

+—+—+
R A v

Proof. We invoke a series of approximations to rewrite in terms of the exact Bohr

3/4 .
es|S|O(”H” 1 1 Jlwyg(w)ll )

frequencies on the subspace Pr.
g & ot

2 Z /: 7ﬁ(a))a)Aa(a))TAa(a))dw

aeS ¥~

0
%Z/ ylg(w)a)Aa(a))TA“(a))da)

aeS ™~

0
%‘Z / Y5(@) 0S8 (w)'§%(w)dw

aeS v~

0
=2 2 / Yp(0) AT AL (0 = V) fulw - v)dw =: X4.44)

aeSv',veB(H)* ~
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The errors are E; = O(|S||H|]*/*/c'/*), E, = O(|S|/7), E3 = O(|S|/B), and
E4 = O(IS| X [|wyg(w)lleo/+/17T). In particular, E5 arises from dropping the positive
integral range with error bounded by max>o wyg(w) < 1/B. In other words, our
choice of yz(w) allows the energy to increase by at most O(1/p).

Sandwiching Eq. (4.12) with Q further simplifies the expression as it restricts to

transitions in the subspace. Specifically, we have

0
0x0=Y Y [ www@aQaief, @ -v)fiw- o

aeSv',veB(H)* ~

’ 2 2
- Y [ wmwearieaioliw - vl

acSveB(H|g) ¥~

The first line inserts an additional projector Q between AT and AY because any
transition to excited states require v, v’ > Ag, but this is forbidden by the restrictions
that w < 0 (from the integral) and that |v — w|, V' — w| < pu < Ag (from the secular
approximation). In the second line, since the Bohr frequencies in B(H|g) are at least

A, = 2u apart, we must have that
f:(w ~V)fu(w=-v)=0 forall weR, unless v =v.

Combining the above with Eq. (4.12) to conclude the proof. [

When the Hamiltonian is local, thinking about the gradient “locally” is sometimes
useful. The following lemma gives a sufficient condition that guarantees a global
gradient. Since the consequence is strong, the premise is also more stringent; it is

only helpful when the Hamiltonian is frustration-free.

Lemma 4.12.7 (Local-to-global gradient condition). Suppose H = }; h;, where
each term h; > 0. Then for any (not necessarily thermal) Lindbladian L,

~L'[h]] =rih; =  -L'[H]=rH,

where r = min; r;.

Proof. By linearity, we have —L7[H] = Y, —=L[h;] = X, r;h;. Since r;h; > rh;,
we have —LT[H] > r 3; h; = rH, concluding the proof. [
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Gradients for commuting Hamiltonians

When we are given a commuting Hamiltonian, the energy gradient induced by any
local jump operator can be understood by restricting the system to its neighborhood.
In this situation, the negative gradient condition for the overall Hamiltonian can
be decomposed into conditions that can be checked locally. This gives an efficient
method to show a commuting Hamiltonian has a negative gradient for all its excited

states, which we elucidate in this section of the appendix.
Recall the thermal Lindbladian £ := £#7H defined in Eq. (4.18) for a local jump

operator A%, whose Heisenberg picture is

£ o1 =iH}E 01+ D 0],

where

o101 = [

—00

(o)

Y5() | 4(0) 04 () - 34 () A*(w), 0} |dw.

—iHt HﬂmH

, and L.

Note A%(w) is the operator Fourier transform of A%(¢) = e'fl’ A%
is a Lamb-shift term defined in Eq. (4.22).

When H is a commuting Hamiltonian (e.g., [31, 96]), an important observation is that
A“(t) only depends on the part of H that does not commute with A“. In particular,

the energy gradient for each jump operator only depends on the neighborhood of A.

Lemma 4.12.8 (Commuting Hamiltonian and localized Lindblad operators). Suppose
H =3}, h, is a commuting Hamiltonian. For any jump operator A%, the associated

energy gradient simplifies to
LTI H] = LT Ha),
where Hsy = 3, (p, 4120 Re 1s the part of H does not commute with A®.

Proof. When H is commuting, we have A%(t) = e'H! A% ! = ¢iH>a? Adg=1Haal g0

the Lindbladian superoperator only depends on Hs,, i.e., Lzﬁ TH Lzﬁ THoa,

Let Hy, = H — H5, be the part of H that commutes with A¢. Since [Hy,, H5,] =0,
we have [A%(t), Hz,] = 0 foreach ¢, which implies [H/Lg’STf, H;,] = [A%(w), Hy, | =
0. Thus we have £, [H,,] = 0.
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Negative gradient condition under perturbations to Hamiltonians
We next look at how the negative energy gradient condition changes under perturba-
tions to the n-qubit Hamiltonian H. See Appendix 4.16 for the proof of the following

theorem.

Theorem 4.12.1 (Monotonicity of gradient under level splitting). Consider a
highly degenerate Hamiltonian H = Y,z EPg with Bohr-frequency gap A, :=
miny, 4,,ep(H) [v1 — v2| of H, and add a perturbation H' := H+V. Let P = P be
a projector to an energy subspace and P’ the corresponding perturbed subspace.
Suppose the perturbation is weaker than the Bohr-frequency gap, ||V|| < %Ay. For
any B,7 > 0, let L = Y 45 Lg’T’H, L= Yes Lg’T’H’ be thermal Lindbladians
with jumps {A®}4cs, where ||A?|| < 1 and the transition weight yg(w) is given by
Eq. (4.21). Then we have the monotone property that

~LI[H] = r(I-P)—€el implies —-LT[H]>r(I-P)-€l,

where
"<e+]S|-0 ! + LI + A(Z)B + Ao + e +(1+ Ao+ r)llV[] 48)
€ <e -0|—= .
B (O Y Y W B Ay

Finally, we look at how the negative energy gradient condition changes when restricted

to a subspace. See Appendix 4.16 for proofs of the following two corollaries.

Corollary 4.12.1 (Monotonicity of gradient on a subspace). Consider a Hamiltonian
H = Y ; EPg and its perturbation H' := H+V. Let P be the ground space projector
for H and P’ be the corresponding perturbed eigensubspace of H'. Let Q be a low-
energy eigensubspace projector of H (i.e., Q = ZESEQ Pg for Eg € Spec(H)) with

IVIHIH] 1 — i
Tho < mAV where A, = MiNy, 2y,eB(H|g) [vi — v

excitation gap Ag. Assume
is the Bohr-frequency gap of H within the subspace Q. For any B,7v > 0, let
L=es 135’”’, L= es Lf’T’H' be thermal Lindbladians with jumps {A“}.es,
where ||A¢|| < 1 and the transition weight yg(w) is given by Eq. (4.21). Then we

have the monotone property that

—QL'[H1Q = rQ(I - P) — €l implies —-Q'L[H1Q >rQ (I-P)-¢€1,
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where Q' projects onto the perturbed eigensubspace of H' identified with Q, and

2/3
LOIHPE AP Ay Ag e B Bleld

e’§e+S-O( + + + + + +
|S| A T T AT (gt 8 B

Ao\ IV H] Wi vI
+(1+Av) Ag H(AQ ’ Av) '

(4.49)

Corollary 4.12.2 (Monotonicity of gradient on a subspace under oft-block-diagonal

perturbation). In the setting of Corollary 4.12.1, instead assume %, % < (const.),
and that the perturbation is off-block-diagonal, i.e., QVQ = (I - Q)V(I — Q) = 0.

Then,

—QL'[H1Q = rQ(I - P) — el implies —-Q'LT[H'Q >=rQ' (I-P)-€l,

where
2/3 _ _
L A T T e
€ <e+|S|-O|—+ + + + + +
ISI-O\ 2+ * 7173 VAT JAgr B 8
V| HolllV 2 2
VIE g (BEIIVI VIR 09 171 ))_

+
Ag Aoh, " AgA, Ao AgA,

+
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4.13 Appendix:Energy landscape of an Ising chain

In this appendix, we take a brief aside to characterize the energy landscape of
the one-dimensional ferromagnetic Ising chain under thermal perturbations. This
provides a basic example on how the definition of local minima under thermal
perturbations is related to the physical picture. We will see that this system has
many suboptimal local minima in the absence of an external field with a lifetime
polynomial in the system size. Once an external field is added, however, the system
essentially has no suboptimal local minima and can quickly cool to the ground state
where all spins are aligned. This observation corresponds to the following physical
phenomena: when there is no external magnetic field, a ferromagnetic system will
often be stuck in a configuration with many domain walls, and an externally applied

magnetic field can quickly magnetize the system.

The Hamiltonian for the ferromagnetic Ising chain on a periodic boundary condition

H:—Zn:ZijH —hZH]Zj,
j=1 J=1

where we identify Z,,; = Z;. Intuitively, this system energetically favors configura-

is

tions where adjacent spins are aligned. When /& = 0, we have two degenerate ground
states, |[00---0) and |11 --- 1), which are the global minima. This degeneracy is
broken when /& # 0, and these two states split by energy 2nh. The system also
has many excited states with domain walls, i.e., locations where adjacent spins are
anti-aligned such as |01) and |10). In what follows, we study the energy landscape
of the above system under thermal perturbations with jump operator {A/ = X };?:1,
setting T = oo for simplicity. We analyze three cases.

Case 1: no external field (2 = 0). In this case, we will see that any bit string state
with domain walls sufficiently far from each other, e.g. |---0001111000---) is a
suboptimal local minimum. Indeed, there is no local operation to strictly decrease
the energy of such states; the jump operators {X;} can only displace the domain

walls by one site, which does not change the energy.

We can see this more formally by computing the energy gradient operator. Since H is a
commuting Hamiltonian, we may apply Lemma 4.12.8 and study the gradient induced

by a single jump operator X by restricting the Hamiltonian to its neighborhood, i.e.,
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Observe H5; has three degenerate eigenspaces Pf with energy E as follows:

-2 2
P2= 3 IsXsly1j e, Pi= 3 sKsljonens
5€{000,111} 5€{010,101}
and  P)= > ISXsj-1).j+1-

5€{001,100,011,110}

Then the negative Bohr-frequencies and the associated jumps are

Al = P;>X;P7 = (|000X010| + [T11X101]);-1,7, 1. Vi = —4,
Ay, = P)X;P; + P;°X;P) =0, vy = 2.

Hence, the energy gradient operator associated with jump X; is

00, H TB,00,H5 i A
DPHIH) = DI HL ) = Bep,) vis() AT A]

= 6o - (J010X010] + | 101X 101]);_1.; j+1 + O(e™*#),

where 6y = —4y3(—4) = —Q(1). As we can see, the energy gradient is essentially O
when the domain walls are more than distance 1 apart, and only becomes significant
when two domain walls are next to each other, as in |---010---) or |--- 101 ---).
This implies the presence of exponentially many suboptimal local minima; for

example, choose whether or not to have a domain wall every 2 sites.

Despite the presence of many suboptimal local minima, we now argue that they have
a lifetime polynomial in the system size n when the system evolves under thermal
perturbations. We may understand the dynamics of the system as a random walk of
domain walls, and two domain walls annihilate each other when they meet. Since
two domain walls at distance £ apart moving under diffusive dynamics take O(¢£?)
time to meet, a suboptimal local minimum with k& domain walls decays to a lower

energy state after approximately O (n®/k?) time.

Case 2: weak external field (0 < 4 < 2). In this case, the ground state of H is
uniquely |0"), as all spins are slightly favored to be in the |0) state instead of the |1)
state. When the domain walls are far apart, e.g. |---0001111000 - - - ), the applied
external field causes an attraction across the domain of 1’s, which energetically favors
the domain walls to move closer together. The presence of the field # removes all the
suboptimal local minima that were in the previous case. The state |1”), which was a

ground state in the previous case, becomes now the only suboptimal local minimum.

We now more formally characterize the energy landscape of H using the energy

gradient operator. Again applying Lemma 4.12.8, we may consider the gradient
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induced by a single jump operator by focusing on its neighborhood. The relevant

neighborhood Hamiltonian is
H,;j=-Z; \Z;-Z;Z;,, - hZ,.

Turning the crank, we see that the negative Bohr-frequencies and the associated

jumps are
A, = [000X010];_1,;,+1, vi = —4 - 2h,
Af;z = |111><101|j—1,j,j+1, vy = =4+ 2h,
A, = (1001X011] + 100X 110)-1, j+1, v3 = =2h. (4.50)

Then the energy gradient operator associated with jump X is

8,00, H j i
DPMH] = yepm, ) vys(v) AL A
= (61]010X010] + 62| 101X101| + 63]011X011] + 65/ 110X110]) ;-1 j+1 + O (e "),

where 6; = v;yg(v;). As we can see, any configuration with a domain wall now has
a significant gradient from at least one of the jumps. The only configurations without
a significant energy gradient are |0"), the ground state, and |1"), a metastable local

minimum.

Case 3: strong external field (2 > 2). In this case, the external field is sufficiently
strong that the state |1”) is no longer a local minimum, and H has no suboptimal
local minima. To see this, we note that 2 > 2 implies that v, > 0 in Eq. (4.50), which
means the energetically favored jump operator is actually AJ;VZ = AQ . This implies
the energy gradient operator induced by the jump X; in this case is

DPHIH] = (61]010010] + 65| 1T1X111] + 03]011X011] + 03[ 110X 110]);-1 7.1

+0(e7PU2),

where 6, = —v2yg(—v2). This gives the state |1") a significant energy gradient, and

thus the ground state |0") is the only local minimum of H.
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Figure 4.3: The circuit-to-Hamiltonian mapping. For any 1D circuit, we can turn
the circuit depth into an additional spatial dimension by introducing layers of swap
gates; this particularly structured 2D circuit (now on n qubits) is what we call U¢.
Then, we map the circuit U¢ to a 2D-Hamiltonian by introducing the clock qubits,
which weave between the layers of system qubits in a zigzag order. This layout
ensures that each clock qubit only controls nearby system qubits (in particular, the
odd clock layers control only blue gates, and the even layers control only pink gates.)

4.14 Appendix:All local minima are global in BQP-hard Hamiltonians (Proof
of Theorem 4.9.2)

A main result of our work is that the task of finding a local minimum for H¢ under

thermal perturbation is universal for quantum computation and hence classically

hard. As we have seen in the main text and Appendix 4.9, this main result follows

from Theorem 4.9.2, which we prove in this appendix.

We start by defining H¢ in detail (visualized in Fig. 4.3). Given a 2D n-qubit circuit
Uc =Ur---UyU; with T = 2ty + L = poly(n) gates as constructed in Fig. 1 of
Ref. [142], where the first and last #( gates are identity gates and each gate of the
2D circuit U is geometrically adjacent to the subsequent gate. We consider a

geometrically local Hamiltonian on a 2D lattice with n + T qubits defined as follows.

Definition 4.14.1 (Modified circuit-to-Hamiltonian construction). Consider a 2D
circuit

Uc=Ur---UhU
on n qubits with T = 2t + L gates, where the first and last ty = cL? gates are identity

gates with ¢ = O(1), and each consecutive gates are geometrically adjacent. We

define a geometrically-local Hamiltonian H¢ on a 2D lattice with n + T qubits as
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follows:
Hc = Heioek + Hin + Hpop - acting on - (C1)®" @ (C)*, 4.51)

where each individual term is given by

T-1
Hclock = Jelock Z ﬁ‘l ® |01><01|t,t+1a

=1

gjI1X1]; @ [10X10]¢; -1,
1

Hin = Jin

n
j:

T
1
Hprop = EJprop Z Hprop(t),
=1

Hypop(1) := I = 1y (Uy ® [10X00]1 2 + U] ® [00X10]12),
Hpyop (1) =1 - h(U; ® [110X100] ;14,441 + U,T ® [100X110[;-1 1,141)
Hypiop(T) := I — hy(Ur ® [11X10|7_1 7 + U} ® [10X11|7-1 1)

foreach 1<t<T,.

The T qubits correspond to the T geometrically-local gates and are placed next to

each gate to ensure H¢ is geometrically local. The couplings are chosen as

We will set the other parameters Jin, Jprop later. The time t; is the first time qubit j is

acted on.

We will show later in Appendix 4.14 that H¢ has a unique ground state given by

T
_ 1 (T
170) = Z\/E(U,~--U1|o">) ®|1'0"")  where & := 27(;)

=0
Note this state encodes the computational history of the circuit Uc. By choosing
to = L?, we ensure that each time in the interesting part of the computational history
(i.e., the intermediate L gates) can be observed with Q(1/7) probability as we will
show later in Proposition 4.14.1. This also implies g; = O(T).

We now state a detailed version of Theorem 4.9.2 based on the definition of H¢ in

the following.

Theorem 4.14.1 (All local minima are global in H¢). Let Pg be the ground-space
projector for the Hamiltonian Hc in Eq. (4.51). For any failure probability0 < 6 < 1,
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there is a parameter choice Jin, Jorop = Poly(n, T, 6~Y) and a choice of m two-qubit

jump operators

So={AY_ = {I®X,,1® Z}_, U{X; ®|0XO0];,}_, (4.52)
with m = 2T + n satisfying the following:

For a sufficiently small € = 1/Poly(n,T,6~"), any e-approximate local minimum
p of He under thermal perturbations with sufficiently large B = Poly(n, T, 1),
7 =Poly(n,T, 67 "), and system-bath interactions generated by Sy is an exact global
minimum with probability tr(Pg (Hc)p) = 1 - 6.

We remind the reader that the thermal Lindbladians that generate the perturbations
are defined in Eq. (4.18). The transition weight yg(w) is chosen to be Glauber
dynamics as defined in Eq. (4.21), with energy cut-off A9 = 1 as a convenient choice
so that [|wyg(w)|le < 1. We do not expect our result to change with other reasonable

choices of yz(w).

Remark 4.14.1.1. Our H¢ is similar to previous circuit-Hamiltonian constructions
(see, e.g., [3, 100, 142]), but there are some significant differences. One key change
is that Hyyp is no longer frustration-free, and its couplings h, are not uniform;
consequently, this revised Hyop has better spectral properties that enable us to
lower bound its Bohr-frequency gap. Furthermore, H ok IS given nonuniform
couplings f; so that any local excitation has an incentive to move rightwards (e.g.,
|0011) — |0001)), ensuring H¢ockx has no local minima except its ground states.
These modifications allow us to prove that all excited states of H¢ have significant
negative gradients, so that they will all flow to the ground state under thermal

perturbations.

Characterizing low energy states of H
We will start by characterizing the low energy states of the circuit Hamiltonian. We

define the following sequence of Hamiltonians:

H: = H ok
H:r = Hclock + Hprop
H1rr = Hijock + Hprop +H;, = Hc

with the ground space projectors P; such that

P; > P11 D Pr11.
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Equivalently, we have P1 P11 = P11 and Pt P11 = P11 Prir = Pirr. Our approach
to calculating the gradient for Hr1r = H¢ is perturbative: we start with the simple
Hamiltonian Hy and gradually add perturbations (which will split the spectrum,
Figure 4.4). Remarkably, the gradient is stable as long as the perturbation is weak
enough. That is, it suffices to analyze the gradient of the simpler, unperturbed

Hamiltonians on suitable subspaces.

Now we describe explicitly the ground subspaces Pr, P11 and Prr1. Let
|C;y = [10""") foreach ¢=0,1,...,T
and
7x:) = Ui+ Uilx)) ® |C;) foreach x€{0,1}" and 0<7¢<T.

The set of |nx,,> forms an orthonormal basis for the ground space of Hy = Hjock,

with energy 0 and a spectral gap of J.jock /7. The ground space projector is

T
Pr= Z Zlnx,t><77x,t| and 1y, [Mxr) = OyxOrr-
xe{0,1)n 1=0

Observe that [ Hyop, P1] = 0, so the ground states of Hyr = Hcjock + Hprop are given

as the ground states of

JPYOP

PIHpropPI = 2

T
DU = h(U; @ |CXCra| + Uf @ |G X G-
t=1

Furthermore, observe the orthogonality relations

’

(Mt | Hprop|ny,) =0 when x #y foreach 1,1

That is, P1H o P1 is block diagonal with blocks labeled by x. Moreover, for any x,

in the basis of |nx,0>, |nx,1 >, AU nx,T>, we can explicitly write down the effective

(T +1) x (T + 1) Hamiltonian

T -h
- T -l
-h T -h
J 2 3 T
PIHpropPI = % h .. . = Jprop(zl - Lx),
-_ 3 . .
T —hr




271

HI = Hclock HII = Hclock + Hprop HIII = Hclock + Hprop + Hin
E E E
— O(T2Jprop) s O(TLTJIH) I =
Jclock
T
O(TTowop) |~ =
0 BB I Jprop O(n‘]in)I ;; - O(J)
PI PII PI/I PIII

Figure 4.4: The degenerate levels of Hjock split under perturbations Hprop and Hiy,.
In particular, the ground state splitting is tracked in blue shades. The careful choice
of energy scales ensures that the levels can be identified with the original degenerate
blocks.

where L, is the matrix representation of the spin-7'/2 angular momentum operator

whose spectrum is well known. In particular, the unique ground state is

T
7)) = Z \/g?,|nx,t> with energy 0 and spectral gap  Jprop-
=0

We will call |ny) the history state with respect to input |x). The ground space

projector of Hrz is then given as

Pri= ) IneXml.

xe{0,1}"

Finally, note |ng) for 0 = (0,0, - - - ,0) is the unique ground state of Hc = Hyr and
SO

Pr11 = [70X10!-
This is because Hj, is positive semi-definite, and |1g) is the only state in P11 with

zero eigenvalue with respect to Hj,.

Proof of Theorem 4.14.1
To prove Theorem 4.14.1, we show that all excited states in I — P11 have significant

gradient relative to Hrr. Our analysis for the gradient will be carried out in three
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subspaces:

I - Pr11 = (I - Pr1)+Pr(I - Pr1) + Prr(1 - Pr11).
N— e
studying Hr  studying Hr1 P studying Hy1r P11

Let £, := L£A7H; be the thermal Lindbladian with uniform weights as in Eq. (4.30),
defined with respect to H; and the jump operators in Eq. (4.52) .

Case 1: Gradients for I — P; from H;. We first show excited states of Hy have

good energy gradient:
~LI[Hi] = ri(I - P1) — €14l (4.53)

Because H1 = H_ o is a commuting Hamiltonian, the global gradient can be
lower bounded by checking the local gradient from individual local jumps. We
carry out this computation in section 4.14, where we show r; = Q(1/T In) and
€la =OT"* /T * +T/B+T(1 +B)In7/7) in Lemma 4.14.2.

We then apply Theorem 4.12.1 (with H = Hy and H' = H1r1) to show excited states

of Hy have large gradient with respect to Hrrr. In other words,
— L1 [Hig)] = ri(I-Pp) — el (4.54)

To do this, we only need to check that the conditions of Theorem 4.12.1 are satisfied.
Note Py also projects onto eigenstates of Hrrr since [P, Hirr] = 0. Note Hy has
a discrete spectrum with a minimum Bohr-frequency gap of at least A, > 1/T.
We can choose sufficiently small Jyop, Jin such that [|[Vi|| := |[[Hpop + Hinl| <
mepT2 + Jinngmax < A, (Hy) = 1/T, where gpqr = maxi<j<, g; = O(T). And
plugging in Ay = 1 and other parameters into the error bound (4.48)

1 |H:P* 1 1 A4 1+
e = e, +ISolo( L4 M 1, +2 +(1 A”)||VI||).
T v

T1/4 137 VAT B
Noting that |So|, ||[Hzl|, gmax = O(T), we can make €;/r; < 6/6 by choosing

appropriate powers

> QT /6, B=QT?/6), Jpop <OS/T?), and Jiy < O(5/nT*).
(4.55)
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Case 2: Gradients for P;(I — P11) from Hi;. We next restrict our attention
to the action of LII [H1z] inside the Pr subspace, which conveniently is also an
eigensubspace of both Hrr and Hrrr since [Py, Hir]| = [P1, Hrrr] = 0. Explicit

computation in section 4.14 shows that
—P1L};[H11]P1 > roP1(I - P11) — €l (4.56)

with the bounds from Lemma 4.14.4 promising

Jprop 1| HgP* 1 1
= Q(=2 d en=|S -0(—+—+_+ )
r (Tln,B) and €, = [Sol - O - B AN =

We then invoke Corollary 4.12.1 with Q = Q' = P1, H = Hiy and H' = H111 to

show monotonicity of energy gradient on a subspace under perturbation
—P1 L [Hi1)Pr = raPr(I - Pyp) — expl,

where P7; is the perturbed eigensubspace of Hypr that is identified with Pry. To
justify the application of Corollary 4.12.1, we note in Hy1, the eigensubspace Py
has an excitation gap of Ag > 1/T — 2|[Hpop|| = Q(1/T), where extra 2||Hprop ||
term is due to shifts in eigenvalues of Hi bounded by Weyl’s inequality (see
Proposition 4.16.3). The perturbation on Hzr has strength ||Viz|| := ||Hill <
Jinhgmax, and A, (H1z|p;) = Jprop- Then noting A, < Ag, we keep the dominant

terms in the error bound (4.49) and get

[IVzll|Hrzll N [|Viz]l )

< +|S 'O(
e < €24 + |Sol g r A,

Furthermore, the eigensubspace P in Hirr is separated by a spectral gap of
1/T - 2||V1|| = Q(1/T) from the other eigenstates, we may apply Lemma 4.12.5 to

show

) 1 1 T
_‘E;II [HIII] = I’zPI(I - PII) - 621 where € = €yp + |SO|O(E + ; + \/;)
(4.57)
Since [Sol, gmaxs [1Hll, | Hrztll = O(T), we can make e2/r2 < §/6 by choosing

., TH [ T2 J2 0
r> Q( ) B> Q( ) and  Jin < 0(&) (4.58)
J| grop ot Jpr op nT>
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Case 3: Gradients for P11(I — P111) from Hirz. Now, we restrict our attention
to P11, the perturbed eigensubspace in Hyry that corresponds to Prr. We can show

by explicit computation (deferred to section 4.14) that
—P} LI [Hi1] Py = raPyr(I = Prop) — €341, (4.59)

This computation shows that all valid history states |77, ) except for x = 0 have nonzero
gradient with respect to Lirr. The derivation uses a more fine-grained version
of subspace gradient monotonicity (Corollary 4.12.2) since the standard version
yields insufficient bounds. Roughly, we need to capture the fact that off-diagonal
perturbations induce only second-order perturbation on the eigenvalues. The final
calculated bounds in Egs. (4.14) and (4.14) give us
T34 1 1

Ji A TJi)?
r3 = Q( . ) and €3, < TO|—+ =+ e Bhn T )"}
T?Inp T4 B Tt Torop

Using the fact that P’ is separated by energy of at least Jprop — 2||Hjn|| from the

other eigenstates in Hrrr, we can apply Lemma 4.12.5 to get

1 1 1
-L] [Hir1] = r3P;(I-P111)—e31  where €3 = €3 +|SO|O(—+—+ )
IIT IT a BT m
(4.60)
We may ensure €3/r3 < /6 by choosing
~( TP ~( T3 ~ (Jpropd
r> Q(W) B> Q(Ji 5), and  Ji, < O( — ) 4.61)

Altogether. Based on the conditions in Egs. (4.55) (4.58) (4.61) and the fact that
T = Q(n), a consistent choice of parameters that satisfies all the bounds and ensures
€j/r; <06/6 are

B T79 B Tl9 ) _ 63
TZG(F), ﬁ:(a(?), Jprop :G)(ﬁ), and Jjn :®(—)

Then combining Eqs. (4.54), (4.57), and (4.60) implies that

€] 1
I-Pr<—1I- _L;II[HIII],

re o on

, € 1
Py - Py < —I- —l:III[HIII],

r r

, €3 1
Py — P11 < El - E-L;II[HIIIL
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Note we have used PP}y = P}y and Pi{P1ir = Prir. Recall that L7 =
] £§’T’Hc. Adding all three inequalities together and normalizing suitably

by the number of jumps m = |Sy|, we have

3 3

I-Pr; < - Zﬁ lidﬁ’“Hc[Hm] + ZE_] I.

ri|[\m rj
j=t"J a=1 j=1"7

The above provides the desired negative gradient condition on the full Hamiltonian
H111 = Hc. From Lemma 4.8.2, any e-approximate local minimum p of H¢ under

thermal perturbation satisfies

3 3
€ +me ¢ 1
1—tI'(PIIIp)S E / < -+€em E —.
= r; 2 = rj

By choosing € < %(Z;zl l/r_/)_1 = 1/Poly(n,T,5""), we guarantee that 1 —
tr(P11rp) < 6. This concludes our proof of Theorem 4.14.1.

Explicit calculations for energy gradients

In this section of the appendix, we provide the missing calculations supporting the
claims that were asserted in Eqgs. (4.53), (4.56), and (4.59) in the above proof of
Theorem 4.14.1.

Gradient from H ok

Note that Hy = H ok 1S a commuting Hamiltonian

T-1
Hr = Hoook = Jetock ), filtisv, where Iy = 1@ [01X01], 01,

t=1

where we set f; = (T —t)/T and J¢ock = 1. We start by computing the gradient from

a single jump operator, using the simplification from Lemma 4.12.8:

Lemma 4.14.1. Let the jump operator A' = I ® X, for each t € [T]. For all

t=2,...,T, we have
~DPTHY > ik, - el
where r| = Q(%nﬁ) and g = O(NT /Tt + [(1 +B)InT]/T + 1/B).

Proof. By Lemma 4.12.8, we have O,*"" [H;] = D#™"[H,,). We then

proceed in two cases.
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Case 1: 2 <t < T — 1. In this case, the relevant part of Hy that does not commute
with A’ is
Hs; = fi-1101X01];—1; + fi|01XO01]; 141.

Observe that Hs, has three degenerate eigenspaces with corresponding energies as

follows:
Pl= > IsXsleim, Eo=0,
5€{000,100,110,111}
P = Z |SXS|i—1,0,041 Ep = fi-1,
s€{010,011}
R
Pi=" > IsXslotim, Er = f;.

s€{001,101}

The possible negative Bohr frequencies and the associated jumps are

Al = P)X,P} = [000X010];_11ss1. vi=—fi1,
Al = POX, PR = [111X101],-141, v = —f,
A, = PRXP] = |001X01 11— 141, vs= fi— fiy = 1T

Furthermore, observe that the Bohr frequencies are exactly integer multiples of
1/T, so we can lower bound the Bohr-frequency gap A,(Hs;) > 1/T. Then
by Lemma 4.12.3 and 4.12.4, we can replace Z):B’T’HB’ with D:ﬁ’m’H“ up to an

OWT/t+[(1+B)InT]/7) error.
Letting 6; = v;yg(v;) for j = 1,2, 3 (recall yg is given in Eq. (4.21) with Ag = 1),

we have
DI L = ) vy AT AS
veB(Hs)
= (011010X010] + 65]101X101] + 65]011X011]),_, , .., + O(1/B),

where the last error term is due to heating transitions (positive Bohr frequencies),
which incur errors of at most ||wyg(w)1(w > 0)||« = O(1/B). Note that 81, 6>, 63 <
0, and furthermore we have

1

in{|61], 165} > mi = ri = Q(=—).
min{|y,163]} > min  lwlys(w) = (Tlnﬁ)

Hence,

~D# U Ho ] = 11 (j010X010] + [011X011)), .y = O(1/B)I.
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Note the first term combines to make h;_; ;. We then return to the finite-7 Lindbladian

up to the aforementioned error:
. T (1+p)1 1
) S Sy 0(‘ L, 4B, —)1
T T B

Case 2: t = T. The relevant part of Hr in this case is
Hsr = fr-1|01X01|7-1 1,

which has two eigenspaces. There is only one negative Bohr frequency with a

corresponding jump operator filtered at v

1
AT = (I=[01X01|7-1.7) X101 |r-1 7 = [00XO01|r-1 7 where v =—frj=—7.

Then,
DT Hor] = ~3yp(=1) 0101717+ O(R)I.

Note that %yﬂ(—%) > r1. Applying Lemma 4.12.3 and 4.12.4 to return to the finite

T expression,

T 1+8)Int 1
_Z)jﬂ’T’HBT [Hsr] = rihr—1 7 — O(\/;+ —( f) + B)I’

which is the advertised result. [

We are now ready to prove Eq. (4.53), which we state as the following lemma:

Lemma 4.14.2. Assume 1 < T < 1. We have
—LI[H1] > ri(I - P1) — €14,

where

7% T T
T, w)_
T4 B T

rl:Q(Tlilﬁ) and ela:()(

Proof. Note by linearity, we have

LI[H] = Z LT ),

aes

Let St ={I ® X; : 2 <t < T} be a subset of the jump operators. Then

LA 1))1,

'{‘ Tﬁ,T,HI
—L;[Hi] Z—Zﬂa [HI]_O(|SO|( e

a€esSt
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where the error contribution from neglecting the Lamb-shift term and the other jump

operators in Sy \ St are bounded by Proposition 4.10.3 and Lemma 4.12.1.

Applying Lemma 4.14.1 to the sum on the right hand side above, we get

T—1
T.H
- Z DFTIHL = 1y th,m -Teol.
a€esSt =1
It is not difficult to see that
T-1
hipy1 21— P,

I
—_

t

that is, the smallest excitation has energy 1. Hence,
~Li[Hi] = ri(I = Pp) = e1al.,

where

= O(ISO|(—HHI”3/4 + : 1)) +O(T3/2 + T(+p)n7 +Z)

Tl/4 T B 71/2 T B

7% T T T3 T(1+p)1
:O(—+—+—+ + ( ﬂ)nr).

/4 g 712 T
The last equality uses that |So|, ||[Hz|| = O(T). Since 1 < T < 7, we have
T4 /c1% > T/t and T7/*/7'/* > T3/2 )11/2, s0 we drop the latter two terms for the

final error estimate in the lemma statement. []

Gradient from H

In this subsection, we prove

—PIL}LI[HII]PI > roP1(I — P11) — e241.

Denote |t) := |77x,t> in what follows. Let L, be the raising operator whose only

nontrivial action is

L.t)y=~+@+1)(T-1)|t+1) foreach 0<r<T-1

and L_ = LI.

Furthermore, let Ly = 3(Ly + L_), Ly = 2-(Ly — L_), L, = X[ (t = T/2)|tX¢].
These operators form a set of angular momentum operators as [L,, L] = i€;pc L.

for a, b, c € {x,y,z}. As noted earlier, we have

T
PIHpropPI = Jprop(E - Lx)-
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The eigenstates are known to be
lve) = e /2 k) with eigenvalues Ay = kJprop for k=0,1,...,T.

This integer spectrum means the minimum Bohr-frequency gap in the subspace Pr is
AV(IiproplPI) = Jprop-

Next, we give jump operators with nontrivial gradient on any excited state of

P1H,,P1. These will be the 1-local jumps acting on the clock register
I®Z, foreach 1<¢<T
which nicely respects the block-diagonal structure of Hpp, such that
M ® Zelny )y =0 if y #x. (4.62)
Thus, fixing x, we merely need to consider effective jump operators
Pr(I® Z;)Pp = oy suchthat oy|t) = (=1)1=¢|p). (4.63)

Lemma 4.14.3 (Good transition rates). For the operators oy in Eq. (4.63) and any
0 <k <T, we have that

|< | | + >| 2 1,—
max|{(Vi|0o¢|V zZ —.
(e[T] k1LY Ek+1

PlOOf: Fix any 0 < k < T. Observe that

. . 1
il vist) = (kle 2L ey 2|k 4 1) = (k| L |k +1) = =/(k + 1)(T = k).

2
Then,
1
max|(vilor|vin)| 2 ;;Kmmml
2
> Tl(vlezlka)l
1
Z —_
\NT
as advertised. [

Now that we understand the connectivity between the ¢ labels, we may restore the 2"

many labels x

|Vk> - |Vk,x> such that (vk/,y|vk,x> = 5kk’5xy-

Fortunately, we do not need to address the explicit labels x due to the orthogonality
properties in Eq. (4.62). We may now calculate the gradient operator PILII [Hi1]P1.
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Lemma 4.14.4. Consider the thermal Lindbladian L11 = } 4¢s, LE’T’HH. Then,

~P1 LI [H1]Pr = rPr(I - Pr1) — &1

Jprop 1 | H|¥* 1 1
ry = € ) and € =|So| - O|=+——+—+—=]|.
T Tl/4 B TJprop

Tlnpg
Proof. Observe that Py projects onto a low-energy subspace of Hyr with an excitation

gap of atleast Jeiock /T —2|| Hprop || from Weyl’s inequality. Furthermore, Hy restricted
to Pr has eigenvalues that are integer multiples of Jpop, s0 the Bohr-frequency gap
in the subspace is A, (H11|p;) = Jprop- Assuming Jprop/2 < Jetock /T — 2||Hprop ||, we
may apply Lemma 4.12.6 with H = Hr1, Q = Py to get

Q=

0
A 2
Pr Ll [Hi|Pr P1AY P1A“P; / yp(w)o|fu(w - v)| dw

aES() VGB(HII|PI)

IA

0
A 2
P1AY PLA%P; / yp(w)w|fu(w - v)| do,
aeSII VEB(HII|PI) -

(4.68)

where u = A, /2 and

E =1S0|0 ||H”3/4+1+1+ !
The second line uses the negativity of the half-integral to reduce to the following

subset of jump operators from Eq. (4.52)
Sit={I®Z,: (e |T]}.

Let us now explicitly display the matrix elements of the above jump operators in the

|vk,x> basis:

PrI®Z)Pr= ) |viy)(vey
k,k’ x.y

= Z Vi x Y (V[T ® Zelvi e ) {(viex

k,k’ ,x

I® Zg|vk,x><vk,x|

9
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where we applied Eq. (4.62) to drop the sum on y. Thus we can rewrite the RHS of
Eq. (4.68) as

0
. , 2
(cont) = 3 WkaXvialoelvieeXvie s oelviaXvid / y3()0| (@ = Jonop (K’ — K))de
0,k k.x -

/ 2
<-Q h’;r(;) ;'Vk,x)(\/k,xl ?el[a'T)i|<vk’x|0-€|vk_l’x>|

Jprop
< g ﬁ) k;x|vk,x><vk,x|
< -0 20 Py = 3 lvos)voal) = -0 - Prr - Prg)
> Tlnﬁ I 0,x 0,x Tlnﬁ I I1)-

X

The first line uses the orthogonality condition (v y|vix) = Ok’ dxy, and the fact
that the identical v labels on A%" and A¢ enforce that transitions from k" need to be
to the same k on both sides. The second line uses the negativity of the half-integral
to focus on cooling transitions (which includes k — k — 1) and evaluates the integral
(which concentrates near w ~ Jpop). Lastly, we combine the above with the error

bound on E to conclude the proof. [

Gradient from H;,

The goal of this subsection is to prove

—PEILIH[HIII]P'H > r3Pr; (I — Pr1) — €341

Here P71 is the projector onto perturbed low-energy eigenstates of Hirr = Hyr+ Hjp,

corresponding to

Prr= > neXml,
xe{0,1}"
where
T T 1 (T
o) = Y VEe) = 2B 016 and &= ([

Recall our Definition 4.14.1 where given a circuit with L computational gates, we pad
it in the beginning and the end with 7( identity gates to make a total 7 = 2ty + L gates.
We can understand &; as the probability from a symmetric binomial distribution
Binom(7, %), which has substantial weight near the center where the interesting

computation takes place.
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Proposition 4.14.1 (Lower bound &, in the center). Suppose T = 2to+L and to = cL?
are positive integers. Then we have

e—c/4

foreach t € [ty,T —tg].

=

Proof. As a property of the binomial distribution Binom(7, %), we have & > & for
all t € [to, T — ty]. Observe that

[ e [vaarmaes (g -7)

where the inequality comes from the fact that arg max,¢[o,1] X' (1 —x)T" =¢/T. Then

LT\ _ f(L)
= — >
b =57 (to) T+
1 /T\to; T \T—to 1 \cL? 1 cL*+L
where (L) =57\ %) (775 T2l 2cL+1)

The last equality is obtained after plugging in T = 2ty + L, ty = cL? and simplifying.
We can use the first-derivative test to check that f(L) is monotonically decreasing,
and so f(L) > lim;_. f(L) = e“/* Hence, & > &, = f(L)/(T+1) 2
e /* /(T +1). n

Using the fact that U;,—; - - - U; acts trivially on the j-th qubit (by definition of ¢;),
we see that P11t Hj, P71 is diagonal in the |1, ) basis:

T n

el Hinlny) = Jin 3" NEE sl (D g511X115  1C 1 XCrpmtl) )

1,¢'=0 j=1
n

= 6x,y -Ji ijgjgtj—l-

j=1
Since g; = 1/&;,-1 (see Definition 4.14.1), then the above implies that that [r, ) are
eigenstates of P11 H;i, P11 with eigenvalue Ji, - wt(x), where wt(x) is the Hamming
weight of bit string x. While |n, ) are eigenstates of P11t Hj, P11, unfortunately, only
|no) is an eigenstate of Hjy,; this will require an additional perturbation step to handle
this off-block-diagonal effect.

Let Hiir = ﬁIII + V111, Where

Hirr = Hyp + PryHy Pr1 + PrHyP; and  Virp = PriHy Py + P Hin Pr1.
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We will also denote L1171 as the thermal Lindbladian with respect to Hir.

We start by studying the gradient on Hyrr and showing all its excited states have
negative energy gradients. It suffices to focus on the states in Py, which is a low-
energy subspace of eigenstates of H111 with excitation gap of at least Jyrop — 2||Hig||
from Weyl’s inequality. The effective Hamiltonian in this subspace has a simple

form of decoupled qubits, which we write as
n
H.f = Hrr1|p,; = P11Hin P11 = Jin Z wt(x)[17xXn7x| = Jin Z(l - Ziﬁ?)/z,
X _]:l

where Z‘;‘.ﬁ is the Pauli Z operator of a virtual qubit defined as Z;’.ﬁlnx) = (=1)Y|ny).

Observe that H.g has eigenvalues that are integer multiples of Ji,, and thus its
Bohr-frequency gap is A, (Heg) = Jin. Hence, assuming Ji, /2 < Jprop — 2||Hiy ||, we
can apply Lemma 4.12.6 to see that the gradient operator sandwiched by Py can be

understood by fully restricting to the subspace:

- 0
~ ~ Ea K A
PIILIII[HIII]PII ~ E g PIIAg'PIIA?/PII‘/ yp(w)wl fu(w-v)dw,
a€So ye B(H.g) e
“@.77)

where u = Jip/2 and

. Hi P4 1 1 1
EazlSolO(” ozl )

+—+—=+
T B et
To show that this has good gradients for all states in Pr1(I — P117), it is sufficient to
consider the following subset of the jump operators from Eq. (4.52):

Stir = {X; ® |0><0|z_,»}?:1-
These jump operators from Stz effectively flip the individual virtual qubits by
1y (X; ® [0XOL, ) Ine) = 31X 1e) S5 & =2 (vI X )y,
where we have denoted a; = (Z,<,j &)?. Let

X$" = P11(X; ® |0X0|,;)Prr/v@; suchthat [|X§"|=1 foreach j=1,....n.

Note X;?ﬂc is effectively the Pauli X operator for the j-th virtual qubit. Furthermore,
note since ¢; € [ty, T — to] by our circuit construction in Definition 4.14.1, we have
a; > ftzo > Q(1/T?) by Proposition 4.14.1.
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Next, we replace Hirr by H.¢ so we only need to talk about the virtual qubits. We
first restore the RHS of Eq. (4.77) to the thermal Lindbladian form by undoing the

approximation in Lemma 4.12.6, which incurs another error bounded by E,,:
i~ 2E, .+ .
PII‘LI}II[HIII]PII ~t LB Her [Heg].

We then focus on the subset St1r of jump operators and write

Ep i~

LTﬁ,T,Heﬁ[Heﬂ;] ~ Z?’:l a]-L; [Heg], (4.78)

where we denoted £ j = £]§ 7 Her to be the thermal Lindbladian associated with

effective jump operator X]e.ﬂ and pulled out the normalization factor «;. The error

Al 11

Tl/4 T ,E
comes from neglecting the other jump operators Sy \ S1r1, and is bounded using
Lemma 4.12.1.

Ep =S0l0

Since the effective operators on different virtual qubits commute, we can treat them
independently. More formally, by Lemma 4.12.8 we have f:; [He] = L;ﬂ ok [A/],
where h; = Ji,(I - Zé ¢)/2. To bound the global gradient in Eq. (4.78), we first
consider cooling a single qubit.

Lemma 4.14.5 (Cooling a qubit). On a qubit, consider the thermal Lindbladian
L= Lﬁf””’ with the Hamiltonian H = Jin(I — Z) /2 and one jump operator A = X.
Then,

~L'[H] = rin(I - Z) - €l

where
J; 3/4 1
- n - in _ —BJin
rm—Sz(lnﬁ) and E‘“_O(T1/4 T+ = +e )

Proof. Again, we invoke a series of approximations:
LT[H] ~ DT[H]

~ /'00 7ﬁ(w)wA(w)TA(w)dw

o0

&

/00 yﬁ(w)wS(w)TS(w)dw

—00

Z AiAV/ yﬁ(w)w|ﬁ,(w—v)|2dw

veB(H) -
< —Q(Jin/In B)[1)(1] + O (/) |0)(0].
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The last line uses the transition matrix elements for the two Bohr frequencies v = +Jjj:
A = [1)0], and  A_y =[0)(1].
Combine the error bound to conclude the proof. [

Summing up over the contributions from the individual qubits, the global gradient

satisfies

n

_PIIE;II[ﬁIII]PII > Z a;jPr1 [rin(l - Zjﬁ) — &nl |Pr1 — 2E, + Ep)I

=
> r3P11(I — P111) - &1,

where we used the fact that Z’J’.zl I - Z?ﬁ) > Pr11, and denoted r3 = ri, min; a;/,
and & =2E, + Ep + € X' @;. Since a; = Q(1/T?) and @; < 1, we have that

Jin = > |Hrg¥* 11 1 _8J
= Q( ) d < 2Ea+E +ne, = |S O(—+—+_+—+ B ln).
r3 T2 111,8 an €3 bTNEip | Ol T1/4 T ,8 Jin‘r €
(4.85)

Lastly, to obtain the gradient for the final Hamiltonian Hr1r, we need to add the
off-block-diagonal perturbation and show that the gradient persists on the subspace.
Directly applying subspace monotonicity (Corollary 4.12.1) yields loose bounds; we
will need to invoke a finer-grained subspace monotonicity (Corollary 4.12.2) that
exploits the fact that V is off-block-diagonal and contribute to eigenvalue change at
second order O(||V||*). We apply Corollary 4.12.2 with H = Hyyr and H' = Hiyr,

and parameters

Q =P
AQ = Jprop - 2||Hin||
V = PiiHiy(I — P11) + (I = P11)H P11
Av = Jin
Therefore, by Corollary 4.12.2,
—P,Hﬁ;H[HIII]P’H > r3P (I — P111) — €341,

where

1 (| Hp|P* A3/3 Ao Ao e Phol4
€. < &G+ |So| - O -+
T

+ + + +
174 13 VAT \/FQT B

IHQlIVI VIR (VI VI
gl (VERIVIIVIEY VI VIR

AgA,  AgA, Ag  AAg

V2
v
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Noting that [Sol, ”ﬁIII” = O(T)’ Vi = O(nTJin)a ”HQ” = nJin, and Jj, < Jprop’

we simplify the error bound above by keeping the dominant term to get

T3/ 1 1 TJin)?
€30 <TO|— + = + +e Py nM (4.91)

4B ATt Jprop
as advertised earlier in Eq. (4.59).

4.15 Appendix:Operator Fourier Transform

Recall that the exact form of thermal Lindbladians in Appendix 4.10 involves the
operator Fourier transform (OFT) [39] for a set of jump operators A¢. In this
appendix, we provide the key properties of OFT which are used in the proofs of many
statements in Appendices 4.12 and 4.16. For any operator A (the jump operator),
and Hermitian operator H (the Hamiltonian), and a weight function f, the operator

Fourier Transform (OFT) is an integral over time-evolution of the operator A,
A 1 R . .
A w) = — / el Ae7HIe=1! £(1)dt.
! V27T —00

Often, we will also write A (w) when we choose f to be the default normalized

window function

ks 1 if te[-1/2,7/2]

(4.92)
VT 0 else.

f (1) =
It is usually helpful to consider the energy eigenspaces H = ; E;|y;){¥;| =
2 Eespec(ir) EPE and and write A as the following decomposition
A= Z Pg,APg, = Z A, where A, := Z Pr,APpg,.
Es E ESpeC(H) VGB(H) E>,—-E =y
Formally, these energy differences v € B(H) = {E; — E; | E;,E; € Spec(H)}
are called the Bohr frequencies (Figure 4.2), and A, collects the matrix elements
(wi|A|w j> that changes the energy by v = E; — E;. The Bohr frequencies are natural
for the Heisenberg-picture evolution of A since
eiHl‘Ae—th — Z eiV[AV.
veB(H)

Then, executing the Fourier integral yields the frequency domain representation

Af(w) = ZAV f(w—-v) where f(w):= \/Lz_ﬂ [ ) f(He “dr,

vEB
which contains a collection of Bohr frequencies v near w. Conceptually, we can
think of the operator Fourier transform A r(w) as the smooth probe of A, with exact

Bohr frequency v, which generally requires resolving arbitrarily close eigenvalues.
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Useful properties

We instantiate some useful properties of the Operator Fourier Transform.

Proposition 4.15.1 (Operator Parseval’s identity [39]). Consider a set of operators
{A%}, and its operator Fourier transform with weight f € L,(R) and Hamiltonian H.
Then, we have a certain symmetry (A;i(a)))T = A;i (—w) and certain Parseval-type

identity

> [ A dgeo =Y, [ emtactate iy Pa

aeS ¥~ aeS ¥~

<> AT A £13 -1

aes

> [ A@idgiae=Y, [ dmacareimispa

aeS ¥~ aeS ¥~

<1 A“ATNI£113 - 1.

aes

Intuitively, the above tells us that the Fourier Transforms A;(w) with different
frequencies w are “orthogonal” to each other and that the average of squares of
strengths is bounded (reminiscent of a probability). Without using this norm sum
constraint from Fourier transforms, one easily gets loose bounds. An alternative
view of the above (as a natural purification) will prove useful for manipulating norms

of expression involving A;i(w).

Corollary 4.15.1 (Purification of Operator Fourier Transform). In the prevailing

notation, the abstract operator Fourier Transform has a norm bound,

1] / A9(w) ®la) @ w)dol| < IIfll2 [I'Y A% Ad]),
aeS ¥ ~® aes

where the continuous basis vectors satisfy the normalization

(W'|w) = 6(w — w).

Proof. We multiply the conjugate

(Z /: A% (W) e (d|® (w’ldw’) : (Z /: AYw)®a)® Ia))dw)

a’eSY ™ aesS ¥~
:Z / A%(w)" A%(w)dw.
ae§ ¥~

Take the operator norm and use Proposition 4.15.1 to conclude the proof. [
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The above “purification” trick applies to other quantities with a liberal choice of

summation indices, whether they are a, w, or v.

Lemma 4.15.1 (Norm inequalities from operator purification). For any operator O

and any set of operators A;, A;. acting on the same Hilbert space, we have that
A
Y
J
S
J
J

|z 4j0a76,| < G101 “Z AlA;
i

> AlAG| <16 ”Z AfA;
i,j i

Proof. By homogeneity, it suffices to set normalization to be ||%; A;.TA;.H =
||Z,-AjA,-|| =||0|| = ||G|| = 1. Introduce purifications

G, :I®ZG1]|Z><]|9 Ol ::0®I,
iJ
V’;:ZA;.@U), VIZZAi®|i>,
j i

which are all bounded by ||G’||, ||O’|l, [[V’]l, ||V|| < 1. Then,

‘ ZA}OA;G,,- = |VO'G'V|| <1
i,J
‘ > AJAG,| = VGV < 1.
i,j
Rescale to obtain the advertised result. [

Secular approximation

Due to the energy-time uncertainty principle, the energies w that are accessed by
finite-time quantum algorithms always inherit an uncertainty. Indeed, when we
choose our weight function f;(¢) in Eq. (4.92) for our operator Fourier transform in

the frequency domain, we have

A" A . " . ein/Z_e—in/Z N
() —;9 flw=v) where f(w) =—— e Ve F(0) = fo (o).

Note with this choice, f(w) has a heavy tail ~ 1/w, which is reminiscent of

unamplified phase estimation. Therefore, even when restricting to jumps with w < 0,



289

there is a decent chance that A r(w) mistakenly activates a heating transition (v > 0)
instead of a cooling transition (v < 0), unintentionally heating up the system instead

of cooling it.

To control the resulting error, in this section, we introduce the secular approxima-
tion [39] of the Fourier transformed operators A r(w). The secular approximation
applies truncation to the Fourier-transformed operators in the frequency domain by
truncating Bohr frequencies E € B that deviate substantially from the frequency
label w. Truncation at energy difference u can be achieved by setting a step function

and defining the following secular-approximated operators as follows:
Ssu(w) = ZAVf(w —v) - Su(w—-v) where §,(w) = 1(lw| < ).
vVEB
We often drop subscript f, u for simplicity. The truncation error is an operator whose

norm can be bounded by the following (as a variant of Corollary 4.15.1).

Corollary 4.15.2 (Secular approximation). In the prevailing notation,

1> / ($4(w) - A%(w)) ® |a) ® |w)dwl| < [|f - (1= 5,2 /nZ AdTAal].
acS ¥ ™® acs

The error is controlled by the 2-norm for the truncated tail
17 =508 = [ 1fw)ldo
lw|=p

noting that conveniently, the Fourier transform preserves the 2-norm of functions.

For our bump function (4.92) in particular, we can integrate the tail-bound

n R 4
Ife- (1=8113 < —. (4.93)
TutT

This conveniently leads to bounds on other quantities involving operator Fourier

Transforms A%(w).

Corollary 4.15.3 (Error from secular approximation). For any real function 6 : R —
R,

> / 0(w) A% () A%(w)de - ) / 0(w)84 ()84, (w)do’

aeS ¥~ aesS ¥~

< 20l f - (1 =8 12111112 /IIZ AdTA|.
aesS
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Proof. Tt suffices to set normalization || . A*TA%|| = 1. Introduce purifications

F = I®I®/m0(w)|w><w|dw,

—00

V= (Z /_: A%w)®la)® |w>dw),
acs

V= (Z /_: $4(w) ® la)y ® Iw)dw).
a€es

Then, by a telescoping sum,
(LHS) = |[VIFV = VTFV'| < [(VI =V FV| + [VTF(V - V)]
We conclude the proof using the individual bounds on the operator norm

VI < 11112
IVl < 117 - Sull2 < £l
IF]l < 116lleo

IV =V <Ilf-(1=30ll2

This concludes the proof. [ |

4.16 Appendix:Proving monotonicity of energy gradient under level splitting
It will often be helpful to understand how the energy gradients of a Hamiltonian
H change when a perturbation V is added to yield H = H + V. This allows us to
characterize the energy gradient of H’ by analyzing the unperturbed spectrum of
H, which is usually much simpler than that of H’. Indeed, this is an important part
of our proof strategy for showing our key result that Hc has no suboptimal local

minima (Theorem 4.14.1 in section 4.14).

The relationship we can prove, which was previously stated in Theorem 4.12.1 in
section 4.12, takes the form of monotonicity. As the name implies, the result only
holds in one direction; it fails when the H” and H are switched. It is imperative that
H have a highly degenerate spectrum with the Bohr-frequency gap

Ay(H) :=  min |v; -,
vi#v,€B(H)
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which sets an energy scale for which V is perturbative. Note that the Bohr-frequency
gap is upper bounded by the gap in the spectrum©

A, < A where Ag= min |E| — E>|.
E1#EeSpec(H)

We now state a more general version of Theorem 4.12.1, which we prove in the

remainder of this appendix.

Theorem 4.16.1 (Monotonicity of gradient under level splitting, expanded version).
Consider a Hamiltonian H with a highly degenerate spectrum and Bohr-frequency
gap A, = miny 4, epH) V1 — V2|, and a perturbed Hamiltonian H' = H +V.
Suppose the perturbation is weaker than the Bohr-frequency gap, ||V|| < %Ay. For
any B, > 0, let L = )5 L8 = 2aes Lf’T’H’ be thermal Lindbladians
with jumps {A%}qes, where ||A%|| < 1 and the transition weight yg(w) is given
by Eq. (4.21). Let 6, = max; |4;(H) — A;(H")|, where A;(X) is the j-th largest
eigenvalue of X, and let 6nax = max,cpm) |[vyg(v)1(v < A, /2)|. For any two
operators O and O, where [O’, H'| = 0, we have the monotone property that

—LT[H] = rO — €l implies - LT[H]>r0 €I,

where

2/3 3
H|?* A A e PAV/4 v
IH]| 0 0 4+ +64+9max—” | +r]|0 -0

+
1/4 137 AT B A,

For the special case of O = I — P and O" = I — P’, where P projects onto an

—+

1
€ < e+|S|‘O(— +
T

eigensubspace of H, and P’ projects onto the corresponding perturbed eigensubspace

in H', then we have the following simpler error bound:

2/3 “BA, /4
, L =P Ay Ay | e P Ao+r
€ Se+|S|‘O(;+ YT AVT+ 5 +(1+ A JIVIH-

The above result is nontrivial because naive perturbation theory fails: the Lindbladian
depends sensitively on the perturbation V (as it uses a long Hamiltonian simulation
time 7||V|| > 1). In fact, it drastically fails if the energy spectrum of H has a (nearly)

continuous spectrum (as the opposite of the premise of gapped degenerate subspaces).

19The Bohr-frequency gap can be much smaller than the eigenvalue gap. For example, consider
the energies {—0.99, 0, 1}, which has an eigenvalue gap of 0.99 and a Bohr-frequency gap of 0.01.
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We can understand the energy scale associated with the minimum Bohr-frequency

gap A, as the meaningful quantity for which V is a perturbation
1
- < ||V|l < A,.
T

Otherwise, the 1/7 energy resolution is too small compared to the intended perturba-
tion ||V]|.

The proof of Theorem 4.16.1 will be quite involved. Technically, we heavily utilize
the manipulations using the operator Fourier Transform (Appendix 4.15). The key
subroutines of the proof are discussed separately as follows. First, in Appendix 4.16,
we will simplify the intimidating expression for energy gradient £7[H]. Secondly, in
Appendix 4.16, we isolate the key nonperturbative argument, which roughly says level
splitting only improves the gradient. We then provide some results from perturbation
theory in section 4.16. The altogether proof is presented in Appendix 4.16, with
minor supporting calculations in section 4.16. We also prove two corollaries of

Theorem 4.16.1 that apply to subspace gradients in Appendix 4.16.

Since this appendix only consider thermal Lindbladians, in what follows we will
drop the superscripts 8,7, H, i.e. L= LBTH 1/ = fBTH ) = DBTH e,

Expressing the energy gradient

The thermal Lindbladian is quite cumbersome to manipulate. Nicely, the energy
gradient operator associated with the dissipative part D' [ H] permits a much simpler
approximate form up to a controllable error. Combining with error bounds on the
Lamb-shift term [Hyg, H] (Proposition 4.10.3) allows us to approximate the full
gradient operator £ [H].

Lemma 4.16.1 (Expression for energy gradient). Consider the operator Fourier
Transforms A“(w) weighted by the bump function f; in Eq. (4.92) with Hamiltonian
H. Then, for any Fourier transform pairs y(w) and c(t), the energy gradient

associated with the purely dissipative Lindbladian

(o)

DI[H] = Z / Ooy(w) (Aa(w)THAa(w) - %{A“(w)TA“(w),H})dw

aeS ¥~

can be well approximated as a simpler form using

0 A A 2
D [H] - / Y(w)wA*(w)" A (w)dw|| < el -1 )y AT A9
; —00 \/ET ;
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Intuitively, the following expression is the simplest proxy one can write down to

capture the rate of energy change

Z / w X y(w)A%(w) A% (w)dw ~ (energy difference) X (rate).

aeS ¥ ™%

Indeed, the Bohr frequency w is essentially the energy difference after jump operator
A“(w); but because of the energy uncertainty in the operator Fourier transform (i.e.,
because f(w) is not a delta function), this interpretation must be corrected by an
error scaling as the energy resolution ~ 1/7. The starting point of the calculation
is a certain integration-by-part trick that relates the Hamiltonian operator H to the

scalar w.

Proposition 4.16.1 (Integration by parts). In the setting of Lemma 4.16.1,

[H, A((U)] = a)A(a)) + (A(T/Z)e—in/Z _ A(—T/Z)ein/z)_

1
iV2nr

Proof. Integration of the derivative can be expanded by the product rule

\/;ﬂ_T (A(T [2)e” /2 — A(—T/z)eim/z)

T/2
A(t)e““” dr
\/2717' /T/2 dr )

T/2

\/ﬁ —T/2
=i[H, A(w)] - iwA(w).

i[H, A(r)]e " — iwA(t)e‘i‘”’)dt

Rearrange to conclude the proof. [

Observe that taking the infinite time limit 7 — oo (i.e., perfect energy resolution) in

the above proposition recovers the relation for the true Bohr frequencies v
[H,A,] =vA, foreach v e B(H).

At finite 7, the above leads to simple bounds on the correction term. We now present
the proof of Lemma 4.16.1.
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Proof of Lemma 4.16.1. We calculate

Z / (w)(A“(w)WHA“(w) —{A%(w)"A%(w), H})dw

aes

= Z/ y(w) A“(w)T[H AY(w)] - [H,A%(w) ]A“(w))

acs

= Z/ y(w)wA*(w) A% (w)dw + E,

acs

where the error term E is given by Proposition 4.16.1 as

a T qa —iwt/2 _ pa iwt/2
2%;/ y(w)A%(w) (A (/2)e A%(=1/2)e )da)

y(a)) (47 @/ e - 4%(=r/2) e 2) A% (w)do.

aES

To bound this error term, let us calculate one of the four individual terms as an

example

[ v@an it

aesS

1 [e) (o) . T/2 . .
=> / / c(t)e”"dr / T2 A% (1/2)T A% (1p)e P drrdw
2 27T o S 2
1 7/2

w2 ).,

We can bound the operator norm of this term by ||c||;/+/7 after applying the triangle

c(t/2 = 1) A%(7/2)T A%(rp)dry.

inequality and using the fact that

1> A%/2)T A% ()] = || ) A (r/2)A" (1)

aes aes
<[> A @ all- ) A @ la)] =) A“TA“].
aes aes aes
Repeat a similar argument for the other three terms to conclude the proof. [

Monotonicty of rates

Thermal Lindbladians generally depend sensitively on the Hamiltonian as it uses

Hamiltonian simulation for a long time 1

T for > 1.
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Therefore, even adding a small perturbation to the Hamiltonian H” = H + V may

have a nonperturbative effect on £ since

7||V|| > 1 implies ||£ - L'|li-1 > 0.

In other words, at a large 7, it is not obvious at all why the Lindbladians £, £’ are
related. Indeed, the original Davies’ generator (7 — oo) is unstable against arbitrarily
small perturbations to the Hamiltonian; whenever energy degeneracy is broken, the

Lindbladian can change substantially.

Nevertheless, what we can show as a compromise is that the rate only increases
if the perturbation only introduces level splitting; this amounts to the assumption
that the original Hamiltonian has highly degenerate subspaces with a certain Bohr

frequencies gap A, as another large energy scale
1
- < V|l < A,.
p

Intuitively, level splitting causes decoherence (and only decoherence) in the Bohr
frequencies; for large 7, the Lindblidan can indeed tell the transitions w, w’ apart if
the Bohr frequencies are sufficiently different. Fortunately, even though decoherence
can change the Lindbladian by a lot, we establish certain monotonicity of transition
rates. That is, £’ must have as good transition rates as L. A good example of O
would be an energy subspace projector. However, the argument works for general O,

which makes it more flexible to use.

Lemma 4.16.2 (Decoherence increases the rates). For any set of operators {A®} es,

suppose there exists an operator O such that

ZA“TA“ >0 where [0,H]=0.

aes

Then, the operator Fourier Transforms A“ (w) (subscript f omitted) for some

normalized weight f_ O:O | (¢)|>dt = 1 and Hamiltonian H satisfies

Z /: AYw) A% (w)dw > 0.

aesS ¥~
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Proof. By Proposition 4.15.1,

Z / AYw)tA%(w)dw - 0 = / ettt
aeS Y ~® -
Z A“TAY — 0

00 .
— / e1Ht
- aes

— / ethXT . Xe—th|f(l_)|2dt

o0

e f())*dt -0

Z A4T A4

aesS

e | £ (1)t

> 0.

The second equality uses that /_ 0; | f(£)|?dt = 1 and that e#’Qe™H" = 0. The last
line establishes PSD order using the assumption that there exists operator X such
that Y. A“TA% — O = X" X. Together, we establish the desired statement. n

Perturbation theory of eigenstates and eigenvalues
We state a few useful facts about perturbed eigenspace and eigenvalues that would be

useful in the proofs.

Proposition 4.16.2 (Davis-Kahan sin © theorem (see also Theorem VIIL.3.1 of [22])).
Let H and H be two equal-sized Hermitian matrices. Let P be the projector onto
eigenstates of H with eigenvalue in an interval [a, b]. Let P+ be the projector onto

eigenstates of H with eigenvalues outside the interval [a — 6, b + §]. Then

IPPY|| < |H - H| /6.
Here || - || is the spectral norm (or any unitarily invariant norm).

Furthermore, the following fact bounds errors on perturbed eigenvalues:

Proposition 4.16.3 (Weyl’s inequality). For any two equal-sized Hermitian matrices
H and H, we have |4;(H) —/lj(ﬁ)l < ||H - H|| for all j, where Aj(X) is the j-th

largest eigenvalue of matrix X.

Together, these facts imply that

Lemma 4.16.3. Let H and H = H +V be Hamiltonians. Let P be the projector onto
eigenstates of H with eigenvalues in some interval [a, b], which are separated from
the other eigenvalues by a gap of at least A. If ||V|| < A/4, then
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1. There exists a spectral projector P onto eigenstates of H with eigenvalues in
[a — A/4, b+ AJ4], which are separated from the other eigenvalues by a gap
of at least A/2.

2. |P-P| <8|IVIl/A.

Proof. The existence of P (item 1) holds because of Proposition 4.16.3 above. Then

observe that

IP = P|| = |P - PP+ PP - P| < ||[PP*|| + ||P*P| < 8|[V||/A,

where the last inequality is obtained by applying Proposition 4.16.2 with § = A/4 to
bound [|PP*|| and ||PP||. n

Lemma 4.16.4 (Off-block-diagonal perturbation). Consider a block diagonal Hermi-
tian matrix D = D | + D», where the two blocks correspond to orthogonal subspace
projectors Py and I — Py = P and are separated by eigenvalue gap at least A. Add
an off-block-diagonal Hermitian perturbation V = V1, + V1 such that ||V|| < A/4.

Then, there is an anti-Hermitian operator B and an absolute constant Cy such that

D+V=eBDeP + (D+V-eBDeP)

vV
where IB|| < COHA”

%4 2
and  ||eB(D+V)e B -D| sco” A” :

This implies the sorted eigenvalues of D are perturbed by Co||V||*/A.

We remark that the scaling with respect to ||V|| is consistent with perturbation theory:

. VI
the angle change is first-order ~ “%*

~ %. Note that for diagonal perturbation, the eigenvalue change is only bounded

by ~ [IV]|.

, and the eigenvalue change is second-order

Proof. Observe that
BD+V)eB=D+(V+[BD])+[BV]+ Z ad%,(D +V).
=2

Let us choose B to cancel the first order termin V, i.e.,

V =-[B,D]. (4.113)
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We can solve for B by working in the eigenbasis of D = }}; D;|y; X¢;|. Then denoting
0;; = (¢¥i|0|y ), we can rewrite Eq. (4.16) as

Vi .

Vij:Bij(Di_Dj) or Bl’j:m-
l J

Note B;; = V;; = 0 whenever |D; — D ;| > A by assumption. Hence, we can solve for

B using the Heisenberg picture Fourier transform:
1 0 . A
Bij = \/?-/ f(l‘)el(Di_D-f)t‘/ijdl = V,]f(D] - Dl) for each i,J
T J —00

1 /m iDty,.—~iD
or B=— f(n)eP've P dr,
\/27-( _oo ———

=V(1)

where we choose the function f(#) whose Fourier transform matches the reciprocal

at sufficiently large values,

1
f(w)=— when |w|=A,

but remain “nice” near w = 0. One example is to use a smooth bump function

1

w 1 if |x]>1
——-b(—) where b(x)=
w A

o(x?) if |x|=0.
For concreteness, we take

1 - exp(l%) if |x| <1
b(x) = w3
1 else

Then, taking triangle inequality and using the unitary invariance of the operator

norm,

1 IVl
B|| £ — V|| £ Co—.
1Bl m”f”l VI =< Co—

The last inequality bounds the Fourier transform by change-of-variable x = w/A
and leaves a constant Cyp that depends on the inverse Fourier transform of the
“dimensionless function” b(x)/x. This bound on B then allows us to control the

higher-order errors

1 1
eB(D+V)e B = D+V+ / eB[B,V]e B'ds+[B, D]+ / eB[B, [B,D]]e B (1-s)ds.
0 0
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Substitute [B, D] = -V and rearranging, we get
1
BD+VeB-D= / eB5[B, V]e B%sds.
0

Apply the triangle inequality, we get

1 2

Vv
le? (D +V)e™ - D|| < II[B,V]II/ sds < Co” A” :
0

Finally, to obtain sorted eigenvalues of D, use the fact that e~ is unitary and apply

Weyl’s inequality for e 2 DeB. n
fodu(w —v)
n
[ o
i)
\ |
TVERVA
w
26
S B(H')
\%
B(H
V ()
A,

Figure 4.5: The energy scales % < ||V|| < A, in one plot. The Hamiltonian
perturbation V causes eigenvalues of H to change by at most 6, < ||V/||, which splits
the Bohr frequencies such that |v —v’| < 26,. Here u is the cut-off frequency for
the secular approximation S;i”u(w’) =2y A% f(w =V)§ (0 —V'). As long as we

choose u < AV_TM‘ small enough, the secular approximation S4(w’) can only contain

Bohr frequencies A,  from at most one block v, i.e., different blocks decohere.

Proof of Theorem 4.16.1

We combine the above ingredients for the proof of Theorem 4.16.1. In what follows,
let E;, Pg;, v be the eigenvalues, eigenspace projectors, and Bohr frequencies of the
unperturbed Hamiltonian H; furthermore let E ;., P E/ v/, be their counterpart for the

perturbed Hamiltonian H’.

It will be helpful to display the structure of the Bohr frequencies and the energy

eigenspaces under perturbation by

A“= > > PpAPp,= ) A!

veB(H) E1—E»=v veB(H)

= D, 2, PyATPy= ) A= ) oAl

v'€B(H') E|~E}=v' v'eB(H) veB(H)
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where we defined

AL, = Z AS, and vV ~v < |V —-v|<206,.
v'eB(H'), v'~v
In other words, the perturbed set of Bohr frequencies can be identified with the
original degenerate blocks according to eigenvalue perturbation! bounded by d,,
under the assumption that the perturbation is weaker than the Bohr frequency
differences A, > 46,. This structure is crucial for proving the monotonicity of
gradients; see Figure 4.5. For later use, we also define Aiv(w’) to be the operator
Fourier transform of A, with respect to the perturbed Hamiltonian H’, and consider

its secular approximation S, (w’) at truncation scale y, i.e.,

A% (W)= Y AL V), 8L(w) = ) ALf(w =V)1(l0 = V| < p).
o ’ (4.114)

Iy

In what follows, we will denote 6(w) = y(w)w. It is worth recalling the following

bounds:

legll
<1 16lle = O(Ag),  Ag =6(1).

1A, 1 fell2, <1,
V2r

Our strategy for proving Theorem 4.12.1 is to rewrite the energy gradients £'[H]
and £ T[H’] in a form amenable to Lemma 4.16.2 between a set of operators and

their Fourier Transforms.
Step 1. For the perturbed Hamiltonian H’, we apply a sequence of approximations
to establish

Z Z 0_(v) / mAgv(w’)miV(w’)dw'—L’*[H'] < eq (4.115)

acS veB(H)

for some €4 > 0 and a function 6_ to be soon specified. Recall we write A ~ B if

"'Note that we always have 6, < ||V|| by Proposition 4.16.3, but we keep 5, as an separate
parameter which helps yield better bounds when 6, < ||V||, such as the case when the V is an
off-diagonal perturbation (see Lemma 4.16.4).
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|A-B| <E.

LR D)
< Z/ 0(w)A% (o) A% () de’

aeS ¥~

) / 6(w)8% (') T8 (') do

IS

3 Y [ eens@)s w)aef

aeSveB(H)* ™~

LYY [ et @) i, @)

acSveB(H)“ ™

LYY o) [ AL AL )

aeS veB(H)

%Z > 6. [ :Agv(w’)*figv(w’)dw'.

aeS veB(H)

The approximations E;, E; are bounded by

|| H |3/ || H >
Er < O llegllill Y A" A% | = ISI0(=— 7-)
T aes T
2||3 g AYTAC 1
£y < A2ass A 0 < 151000,
\2nt T

In the approximations E3 and E4, we choose the secular approximation parameter u
such that
u< (A, —46,)/2 (4.124)

with associated errors given by Corollary 4.15.3 as

\ ) [
E3 < 2||9||oollz ATAYfr - (1 =310l fll2 = 1SIO(Ag /;),

aes
at 4a £ o !
Ex = 200013 AZAL NS - (1= 8l = 1S10(hoy |0,

where we applied Eq. (4.93) to bound || f; - (1 — §)|l2 < +/4/mut, and used Propo-
sition 4.16.5 to bound the spectral norm of the sum of jump operators in the second

line.
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To justify the equality on the fourth line (different blocks vs decohere), observe the
choice of the parameter u in Eq. (4.16) implies
$9 )= Y 8Ll v <p+260) = > 8L ()l =] < A/2),
veB(H) veB(H)
(4.125)

where §¢ (') is given in Eq. (4.114). This ensures that for any given o', $(w’)
can activate at most one block of transitions with Bohr frequencies closest to v (see
Figure 4.5). Consequently,

$UNS W) = Y U8, ().
veB(H)

Next, for the approximation Es, we define the following “rounded” function 6(w’)
where an input w’ close to v € B(H) is assigned the same value 6(v), with uniqueness
of v guaranteed by Eq. (4.125),

0(v) if | —v|<u+26, for veB(H)

0(w’) else .

() =

This lets us formally pull 8(w’) out of the integral. Of course, this rounding introduces

an error scaling with the energy spread multiplied with the derivative
16 = Olleo < (2 +46,) - [|d6/dw]|co.

Roughly, this error quantifies how the energy gradient (i.e., §(w) = yg(w)w) changes

due to perturbation in Bohr frequency. Thus,

2. AgAL,

a,v

Es <16 - 0llw /e - 3ull3 = 1S10 (20 + 45)),

where we applied Propositions 4.16.4 and 4.16.5 (deferred to section 4.16), and used
the fact that || /;5,ll2 < [I /i ll> < 1.

Finally, in the last approximation E¢, we define the truncated weight
0_(v) =60(v)1(v < A,/2).

This truncation has the property that 6_(v) < 0 for each v € B(H), which ensures

the last line is negative semidefinite. Thus,
Eo < 110 -0l Y. AZAL 1 f]13 < 151116 = -l
a,v

e_ﬁAV/4

5

where 0—-0_|l < max wyg(w) <
10 6-lle < max_ wys(w)
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using the tail bound in Eq. (4.20). Altogether,

€Ea=E\+E,+Es+ Es+ Es+ Eg

olis(L, HHI Ao e P14
< S +u+—+0,+ .
(l |( A TR T T ))

We then choose u = min(A(z)/ 3 /T3, (A, — 46,)/4) so as to optimize the error
O(u + Ao/+/uT) while subject to the constraint that u < (A, —46,)/2. This choice
implies Ao/vET < AY /7' + 200/V(A, = 450)T < OA /713 + Ao/ VAT,

where we used 6, < ||V|| < A, /8 which is a combination of Proposition 4.16.3 and

the assumption in the theorem statement. This yields the following error bound

2/3 _
||H||3/4 Ao e P[4
€4 <O(|S|( —y + 1/3 +\/A_VT+6/1+ 7 . (4.126)

Step 2. For the original Hamiltonian H, we may repeat the above argument with

trivial perturbation (V = 0) to get

17 > 0-(0)(AL) Axy - LT[H]|| < €5 (4.127)

acS veB(H)

for some eg > 0. More detailedly, we have

£iH) © Z / 0_(v)A%(w)"A%(w)dw
acS veB(H)
=) >, 04D A
acS veB(H)
Eg
S 0.(n)(AL) A,
acS veB(H)

The second line is operator Parseval’s identity, where the time evolution simplifies
due to commutativity [A‘V’TA,‘f, H] = 0. The error E7 can be bounded by the same
bounds for €4 in Eq. (4.126) by setting V = 0 (i.e., AL, — A} ).

The last line is a brute-force rewriting of AJ into A%

<., which acts on eigenstates

of H' instead of H, with error Eg bounded by perturbation theory. This rewriting
allows us to prove Theorem 4.16.1 by directly applying Lemma 4.16.2 between the

following set of operators and their Fourier transforms:

{(VI0-("IAL, ey and {V]0-(V)|AL (W) }ayw for the perturbed Hamiltonian
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We give an explicit error bound on Eg in Proposition 4.16.6 (deferred to section 4.16),

which yields
| % | %4
Es=0 Z AGTAa Omax |_| | = O(|S|9max 4 ),
y A,
aes
where we used the bound max,cp(g) |#- (V)| = Omax provided in the theorem

statement. Collect the errors to bound ep = E7 + Eg < €4 + Eg.

Step 3. Now we may finish the proof of Theorem 4.16.1 by applying Lemma 4.16.2.
First, Eq. (4.127) implies
-3 0 ((AL) Ay +epl = —LT[H]
a€S veB(H)
>r0 —e€l
>r0Q" - (r||O" - 0| +e)l.

Similarly, Eq. (4.115) implies

~LIH +eal == ) >0 0-(v) / oofi;‘v(w')Tfiiv(w')dw’

acS veB(H)
>r0Q - (e+eg+r]|0-0'|I.

Note in the last step we used the assumption that [O’, H'] = 0 and applied
Lemma 4.16.2. Hence, we have shown that —L/T[H’] > rO’ — €I, where
€ =€+ €y +e€p+r| 0 — 0’| can be bounded by

2/3 _
) 1 HIP* A Ao ePMA 4l ,
€ SE+O(|S|(;+ —y +T1/3+\/A_VT+ B +5/l+9maxA_V+r”0_0”) .

A simpler bound. We now consider the special case of O =1 -P,0 =1 - P’
to derive a simpler bound as in the theorem statement. Note we have |0 — O’|| =
|P—P'|| < 8||V|/Ag < 8||V]|/A,, using Lemma 4.16.3 and the fact the spectral
gap 1s lower bounded by the Bohr-frequency gap, Ag > A,. Furthermore generally
Omax = ||6-]lc = O(/Ay) for our choice of yz(w) in Equation 4.21. And we always
have 6, < ||V|| by Proposition 4.16.3. Plugging these into Equation 4.16, we have

2/3 B
1 H|P* A Ao e PB4 VI
’§+OS(—+ + + + + ||V + (Ag + )

This concludes our proof of Theorem 4.16.1.
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Supplementary calculations
In this section, we provide some missing calculations that prove some propositions

used in the proof in the previous section.

Proposition 4.16.4 (Bounds on the derivative). There exists an absolute constant C
such that for any 3, Ao,

<C.

2 2
d d [e @ /2A0
— ()]l = O |-~ | —— | [l
I—6(w) O(IIdw( — w)n

Proof. By the product rule,

—()2 2 2 2

1 +efw (1 +efw)?

d we—wz/zAg
do| 1+efo ||~

using change of variable x = Bw and y = w/Ay to obtain the absolute constant

< (const.)

bound. [ ]

Proposition 4.16.5. In the prevailing notation,

2. 2 ATALl D) D) ADAL

aceS veB(H) acS veB(H)

<[> aeta

aes

b

Proof. We focus on AZT, since the case of Af,ﬁ is a special case. Resolve the identity

by nearby energy subspaces

I=> Pp=) > Pp suwhthat A% = ' P_pA"P g,
E E

EzE Ez—El=V
~———
=P.g

Now, we calculate

D, D, AGAl,

= = Z I)EE_~114L1?1461PQE1

Z P.s AP AP,

acS veB(H) aeS,E»,E; a€S.E;
=max |P g, Z ATAP g || < Z AYTAY.
E

aes aesS

The last line uses that the operator norm of block-diagonal matrices equals the

maximum among the blocks. [ |
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Proposition 4.16.6 (Jumps with perturbed Hamiltonian). In the prevailing notation,

and for any function h(v), we have that
17 D, hADTAT =" > h(n)(4L,)TA%,]

a€S veB(H) a€S veB(H)
ZAaTAa

aes

\%4
- max |h(v)|- IVl

<0
veB(H) A,

Proof. It suffices to set || Y ,cs A“TA%|| = 1. Consider the operator Fourier transform

with a smooth bump weight ||g||> = 1,

0 if Jol >3

AY o (w) for g(w) o
M O(1) else.

which automatically decohere different Bohr frequency blocks (i.e., no need to apply

secular approximation). Also, extend the function locally:
hw) = {he) it Jo-vl<2V].

Then,

Z / h(w)A? g ()" A p(w)dw

aeS Y ™®

2 Y [ a4 - - o

acSvy'eB(H)* ™~

:Z Z h(v)(Ag)TA;l/m@(w—v)Fdw

aeS v,eB(H) -

=), D, hA)'as.

acS veB(H)

Now, we add the perturbation H + V. The insight is that we can introduce an artificial

Hamiltonian

H = Z E Z Pg, suchthat ||H - H| <2||V]||

Eespec(H) FE’'=E
with exactly the same spectrum of the original Hamiltonian H, but with the basis
according to the perturbed Hamiltonian H’. Then, the same argument with the

artificial Hamiltonian implies

Y[ @A) A2 o =Y HONAL) AL,

acS ¥~ a€S yeB(H)
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Lastly, we may bound the difference by the purification

1> /m Al p(w) ®a) @ |w)dw - > /w Al 4 () ® |a) ® [w)dw]

aeS ¥~ 24 ).

k- / Al 210 28000 =) / A% (1) ® |a) ® g(1)|r)dt|
ja— aeS ¥~

< \//_OO |2||ein _ eiﬁt”g(t)|2dt _ o ||2/V”)

The factor of 2 is due to left and right Hamiltonian evolution
eiflt gag-iHt _ eiﬁtAae—iI?z _ einAa(e—th _ e—th) n (eth _ eiflz)Aae—iFIt_

To evaluate the integral, we use that ||’ — eifl!|| < ||H - H||t < 2||V||t and that

g (1) is rapidly decaying for large |¢| > Alv. To conclude the proof, use the purification

tricks (Lemma 4.15.1). [ |

Monotonicity of gradient on a subspace

For our proof that BQP-hard Hamiltonians has no suboptimal local minima in
section 4.14, we will need the following refinements of Theorem 4.16.1 where the
gradient operator acts on a low-energy subspace with an excitation gap. Intuitively,
we care only about the Bohr-frequency gap restricted to the low-energy subspace
HQ instead of the full Hilbert space; the gradient on that subspace should not be

sensitive to the excited states above the excitation gap.

Corollary 4.16.1 (Monotonicity of gradient on a subspace; Corollary 4.12.1 restated).
Consider a Hamiltonian H = Y,z EP; and its perturbation H' := H +V. Let
P be the ground space projector for H and P’ be the corresponding perturbed
eigensubspace of H'. Let Q be a low-energy eigensubspace projector of H (i.e.,
0= ZESEQ P for Eg € Spec(H))with excitation gap Ag. Assume %&H” < I}HAV
where A, = miny, +y,ep(H|p) V1 — V2| is the Bohr-frequency gap of H within the
subspace Q. For any B, > 0, let L =} ,c5 Lf’T’H, L= es L’g’T’H’ be thermal
Lindbladians with jumps {A“},cs, where ||A%|| < 1 and the transition weight yg(w)

is given by Eq. (4.21). Then we have the monotone property that

~QL'[H|Q > rQ(I - P) — el implies -Q'L'[H1Q >rQ (I-P)-¢€1
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where Q' projects onto the perturbed eigensubspace of H' identified with Q, and

IHIP* AP A, Ao e P/ o Phol4

AR VR Rgr BB

Ao\ IVIIIH]] (IIVII ||V||)
+H1+— +r + .
A, Ag Ag A,

€ <e+|S|-0

Proof. The idea is that Q' L T[H']Q’ essentially depends only on the low energy

subspace Q' and the corresponding restricted transition Q’A“Q’.

o £t ) [ oten@rie ) o)
2 Z;/ 01 A%() Q'A% () Q'de
-2 [ ooy R w)haef
Nl*;;;;f'mb,]
t.r.Hy,

~ ‘E{Ra} [H,Q']

The approximation E; inserts the low-energy projector Q’. To do so, we resolves the
identity by I = Q" + (I — Q') and uses that

Y, [ o)eritw) (- )4 @)@
aeS ¥ ~®

2 Z/ 0(w)S% () 8% (w)dw’

aces
Es»

~ 0.
That is, we need the excitation gap to be large so that (I — Q”)A“Q’ have a vanishing

contribution to the gradient. These error combines E; = E3 + E2p, where

Ao
Ey < 2IIZ ATANNO Nl £ - (1 =512l f N2 = ISIO(—==)
aces KT

e BAg—1)/2

Exn <)), AA max [0S $ully = 1S1—
Q'

aes
Thus, we consider a safe choice of ,u = Ag//2. Also, since the perturbation is
small by assumption, [|[V|| < 5 44AV T S T 44AQ, the excitation gap remains large
Ag > Ag =2||V|| = Ag - 7—2AQ > Ag/2. The third line (after approximation
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E») formally disposes of the excited state of H" above E ,Q by defining a modified
Hamiltonian

Hy, =H'Q +Ep(I-Q)

for the Fourier transform R’#(w’). This Hamiltonian is merely a proof artifact, and
one can also set the energy of the excited subspace I — Q’ to be infinity. The error

E5 is merely the error to put it back to the form of an energy gradient.

The approximation E4 changes the jumps with norm bounded by

1> R“®lay- > R ®|a)]

aes aes

<2,[IY; atacllg - @ =Isi0(g |
aesS

using subspace perturbation bounds ||Q — Q’| < 8”A—‘;” (Lemma 4.16.3). Since
the (suitably normalized) gradient operator m - L7[0] can be block-encoded
using O(1) block-encodings of the jumps (Theorem 4.10.1, Proposition 4.10.7,
Proposition 4.10.8), perturbation to the jumps propagates to the gradient operator by

Of| 22K “la) = 2, Rl

To summarize, the above gives the bound

4 4 V
I ,||) st 120).
Ag

VAQT

using ||H'|| < ||H|| + ||[V|| < 2||H|| and Ag’ > Ag/2. Similarly, the

rp’ ’ ’ TB.T.Hy, ’ 1 ||H||3/4 A _ﬂAQ/4 ’
10" LT IHNQ - Ll [H 1l < IS -0(; s R e, |

E +8,7,H,
0L'[HIQ = L[5 [Hg] for Hp:=HQ+Eo(I-Q)
with E5 also bounded by the RHS of Eq. (4.16) but with ||V|| — 0.

Now, we may use the monotonicity of gradient (Theorem 4.16.1) for Hamiltonian
pairs Hp and Hy),, jumps {R“},cs, with the characteristic Bohr-frequency gap
Ay =miny, zy,ep(Hy) |1 — v2|- The modified Hamiltonian perturbation |[Hg — HfQ, |

is bounded by the sum of the following two errors:

'y / ' 4 IVl
IHQ - H'Q'|| = ||[HQ -HQ'+ HQ' - H'Q'|| < 8—IIHII VI < 9—I1H],

Ag
(4.149)
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IEq(I-Q) —Ep(I-Q)I=EqU-0Q)-Eg(I-0Q")+Eg(I-0Q") - E,p(I-0l
Vv \%4
< 8EQu +||V]|| < 9u||H||. (4.150)
Ag Ag
So ||Hg - H’Q,ll < 18||V||[|H||/Ag, which is less than A, /8 by the assumption in

the corollary statement so we may apply Theorem 4.16.1. Note that error due to
perturbing the Q (I — P) can be bounded directly by

Vi, VI
— +
Ao | A,

10/~ P) - QU - P)Il < Q' - QIl +1IP = P'll = O ). @isy

Apply Theorem 4.16.1 with H = Hg, H' = H’Q,, O=Q(I-P),and0’ =Q'(I-P'),
01 < |[Hg — Hy||, and Omax = O(Ag), along with the additional approximation

error in Eq. (4.16), we obtain the result as advertised in the corollary statement. m

Corollary 4.16.2 (Monotonicity of gradient on a subspace under oft-block-diagonal
perturbation; Corollary 4.12.2 restated). In the setting of Corollary 4.16.1, instead

Vil vl SN . .
assume “x-=, ‘o < (const.), and that the perturbation is off-block-diagonal, i.e.,

ovo=UI-Q)V(I-Q) =0. Then,

~QL'[H1Q = rQ(I - P) — €l implies -Q'L[H1Q >rQ (I-P)-¢€1,

where

2/3 ~ B
6’<6+|S|-O l+||H||3/4+A() + Ao N Ao +e,BAV/4+eﬂAQ/4

IvI? IHollIVIl  ||V||? i IvI?
+||HQ||-( 0 + )+r( )

+
Ag Aoh, " AgA, Ao AgA,

+

Proof. When the perturbation V is off-diagonal in the energy eigenbasis of H, we
can use tighter bounds on the changes in eigenvalues and eigensubspaces of H’ from

Lemma 4.16.4, which implies

4k
5, = max |E; — E' :0( )
1 mjaxl ] i A
, i v
Hy - H, | =0O|1Hy| Xt .
IHg ~ = O Iig 1+ L]
, vl IvI?
||P—P||§O(—+ )
Ag | AgA,
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The second line and third line are due to rotation and then subspace perturbation
(Lemma 4.16.3). Essentially, this is because (1) all subspace rotations are small
(% < 1) and (2) the energy perturbation is smaller than the level spacing (% <
A,). We then follow the same argument in the proof of Corollary 4.16.1 above with
the improved bounds for Egs. (4.149), (4.150), and (4.151). We can also use an
improve bound of 6. < ||[Hg||. Together these improvements yield the better error
bound on €’ as advertised. [

Example where perturbation kills energy gradient

We present an example where despite ||V|| < A,, the gradient is lost due to the
perturbation. Therefore, the resulting change in gradient is not multiplicative
(1- %), but merely additive. If the gradient is polynomially small, we need % to

be also polynomially small to secure the gradient.

Proposition 4.16.7 (Perturbation kills the gradient). Let H = Z = |1){1| — |-1){-1],
A=Z+¢€X,andV = €X. Then, for the 3,7 — oo heat bath Lindbladian, we have
that

LI[H] < =2e¥(1-P) but L7[H]=0.
Proof.
LTTH] = (D¢ UH=1)(1 = 314 H - SHID = 221411
But £LT[H’] = Obecause [H’, A] = 0, i.e., A is diagonal in the new energy basis. m
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"Here 7,,;, refers to the mixing time of modified Lindbladians that forbid certain energies
transitions (parameterized by an additional attenuation coefficient y,,); it is unclear how this
restricted connectivity impacts the mixing time. Also, our improved Lindbladian simulation results
already improve their complexities from (5(%) to (j(%).

ZRef. [160] is similar to [38], but its proof of convergence assumes the Eigenstate Thermalization
Hypothesis (ETH) and a maximally mixed initial state. [38] has guarantees assuming only the mixing

time, and ETH is one way of bounding the mixing time.

3Ref. [180] did not include the algorithmic cost of quantum simulated annealing, so we fill in
using our modernized version (section 2.12). Likewise, the simulated annealing cost of [186] could
also be improved (still assuming perfect QPE).

4The proof of correctness assumes each eigenstate H can be perfectly distinguished.
3 Assuming the Markov property and clustering quantities both decay exponentially.

Their exactly detailed-balanced quantum channel seems to qualitatively differ from other quantum
MCMC algorithms. It assumes certain efficiently implementable basis measurements with a good
overlap with the energy basis. For example if measured in the computational basis, the 1D transverse
field Ising model seems to exhibit an exponential mixing time at constant temperature, see [133, Page
51

7A comparison of existing thermal state preparation algorithms. We focus on methods with
provable guarantees for an e-approximation of the Gibbs state (in trace distance) and list their cost,
assumptions, and caveats. We use Poly(-) to denote polynomials and O(-) to absorb logarithmic
dependences. The first few algorithms are Monte Carlo-style methods, incoherent or coherent; we
represent their costs by the total black-box Hamiltonian simulation time. The incoherent ones are
based on semi-groups, with complexity being the cost of emulating the semi-group (which is basically
dominated by the phase estimation time ?ppg) multiplied by the mixing time t,,;,. Instead, the
coherent version implements block-encoding for discriminants and prepares the purified Gibbs state
via quantum simulated annealing. The number of discriminant calls is O(B8||H|| A;}l p) (as the
counterpart for the mixing time #,,;x) wWhere Ag, ), refers to the minimum gap of discriminants along
the adiabatic path. We calculate the costs for Theorem 2.1.3 and Theorem 2.1.4, assuming the
algorithmic parameters and the mixing time f,,; or spectral gap A, satisfy certain self-consistency
constraint. The mixing time and spectral gap can be (loosely) converted to each other, assuming
approximate detailed balance. Of course, as in all classical MCMC methods, the mixing time #,,;x or
spectral gap Ag,p can be exponentially small depending on the temperature and the system; indeed,
there are systems whose thermal states are expected to have high complexity, such as certain spin
glass models, and we do not expect efficient quantum algorithms to exist in general. Optimistically,
we often care about the Gibbs state that appears in nature, which suggests the mixing time remains
reasonably small.
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