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Besides potentially delivering a huge leap in computational power, quantum com-
puters also offer an essential platform for simulating properties of quantum systems. Con-
sequently, various algorithms have been developed for approximating the dynamics of
a target system on quantum computers. But generic quantum simulation algorithms—
developed to simulate all Hamiltonians—are unlikely to result in optimal simulations
of most physically relevant systems; optimal quantum algorithms need to exploit unique
properties of target systems. The aim of this dissertation is to study two prominent proper-
ties of physical systems, namely locality and symmetry, and subsequently leverage these
properties to design efficient quantum simulation algorithms.

In the first part of the dissertation, we explore the locality of quantum systems
and the fundamental limits on the propagation of information in power-law interacting
systems. In particular, we prove upper limits on the speed at which information can prop-

agate in power-law systems. We also demonstrate how such speed limits can be achieved



by protocols for transferring quantum information and generating quantum entanglement.
We then use these speed limits to constrain the propagation of error and improve the per-
formance of digital quantum simulation. Additionally, we consider the implications of the
speed limits on entanglement generation, the dynamics of correlation, the heating time,
and the scrambling time in power-law interacting systems.

In the second part of the dissertation, we propose a scheme to leverage the sym-
metry of target systems to suppress error in digital quantum simulation. We first study a
phenomenon called destructive error interference, where the errors from different steps of
a simulation cancel out each other. We then show that one can induce the destructive error
interference by interweaving the simulation with unitary transformations generated by the
symmetry of the target system, effectively providing a faster quantum simulation by sym-
metry protection. We also derive rigorous bounds on the error of a symmetry-protected

simulation algorithm and identify conditions for optimal symmetry protection.
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Chapter 1: Introduction

1.1 Overview of the dissertation

Digital simulation is an important instrument in the discovery of physics, providing
us with key insights into the dynamics of quantum systems. Instead of hours of clever
mathematical manipulations, one could simply simulate the dynamics of the electrons in
two molecules of different species as they are brought together in a chemical reaction and
thereby learn the rate of reaction. One could also simulate the ground-state behaviors of
electrons in a crystal and infer macroscopic properties of the corresponding material.

Due to quantum phenomena such as interference and entanglement, the simulations
of quantum systems are often beyond the capability of classical computers. Quantum
computers offer a solution in such situations. On a quantum computer, we would simulate
the dynamics of the electrons by first mapping the electrons themselves onto “qubits”—
the units of information on a quantum computer—and then mapping their dynamics onto
a series of elementary operations (“quantum gates”) applied to the qubits. Under these
quantum gates, the qubits would mimic the dynamics of the electrons, allowing us to infer
the properties of the electrons by measuring the qubits at the end of the simulation.

Finding the optimal mapping that minimizes the number of qubits, the number of

elementary operations, and the error of the simulation is the central goal of quantum



simulation algorithms. In Sec. 1.2 below, we will provide a brief review of an important
class of quantum simulation algorithms: the product formulas. The product formulas
do not assume any special structure of the Hamiltonian and can be applied to simulate
most quantum systems. This feature, however, is also a caveat; the product formulas
may not provide any advantages, compared to the simulations of generic systems, even
when we supply them with advanced knowledge about the target systems. The aim of
this dissertation is to answer a fundamental question: Can we design better quantum
simulation algorithms by exploiting some common properties of quantum systems?

In Part I of this dissertation, we will focus on using the locality of quantum sys-
tems to speed up the digital quantum simulation. Most physical interactions decay with
distance as a power law 1/r*, where r is the distance and « > 0 is a constant. Exam-
ples include the Coulomb interaction (aw = 1), the dipole-dipole interaction (o = 3), the
Van der Waals interaction (o« = 6), and the nearest-neighbor interaction (o« — 00). The
fact that these interactions decay with distance implies a notion of locality in the sys-
tems: it takes time for information to propagate in quantum systems. In Chapter 2, we
will discuss the Lieb-Robinson bound, which provides an upper bound on the speed at
which information can propagate in power-law systems. We will then present in Chap-
ter 3 a protocol that transfers quantum states and generates entanglement at the speed that
saturates this bound. In Chapter 4, we will discuss a hierarchy of speed limits, besides
the Lieb-Robinson bound, that constrain different information processing tasks. In Chap-
ter 5, we will discuss how a constraint on the propagation of information also constrains
the propagation of simulation error, enabling the design of a faster quantum simulation
algorithm. Finally, in Chapter 6, we will present several other implications of the locality

2



on the growth of correlations, the transfer of quantum states, the complexity of boson
sampling, the generation of topologically ordered states, the clustering of correlations,
and the heating rate in power-law interacting systems.

Symmetry provides another valuable, yet under-explored, resource for speeding up
digital quantum simulation. In Part II of this dissertation, we will discuss a technique that
leverages the symmetry in the target systems to improve quantum simulation algorithms.
In Chapter 7, we will study a phenomenon called destructive error interference, where
the error from different steps of a simulation may cancel out each other, resulting in a
small total error of the simulation. In Chapter 8, we will then discuss how we can use the
symmetry of the target systems to induce the destructive interference, which suppresses

the error of the simulation and effectively enables a faster simulation.

1.2 Digital Quantum Simulation

In quantum mechanics, given a system described by a Hamiltonian H, its dynamics
are given by the unitary operator U = e~*#!, where ¢ is the time of the evolution. In gen-
eral, this unitary U acts non-trivially on every qubit representing the system. Meanwhile,
the elementary operations of a quantum computer are often two-local—each elementary
operation affects at most two qubits at a time. Quantum simulation algorithms provide
mappings between the evolution unitary U and such elementary operations.

The first quantum simulation algorithm proposed by Lloyd [1] uses the Trotter prod-

uct formula, also known as the first-order product formula [2, 3]. Given a Hamiltonian

H = 25:1 h,, that is a sum of L interaction terms /,,, where each acts non-trivially on at



most two qubits, the Trotter product formula decomposes the evolution under H into the

evolutions under each interaction h,:

emiHt ny gmihit || gmihatmilat — G (). (1.1)

This decomposition is exact if the terms , mutually commute: [h,,, h,| == h,h,—h,h, =
0. Otherwise, the error of the decomposition is upper bounded by a sum over the norms

of the commutators between the terms of the Hamiltonian:

L
et —emitet L em e <Y [ 1, (12)

=1
where ||| refers to the operator norm—the maximum singular value of a matrix. The

error is second order in ¢ and is small for short-time simulations. To control the error in
a long-time simulation, we typically divide the time ¢ into a number of small time steps,
which we call the Trotter number r, and apply the Trotter product formula to each time

step:

o it _ (e—th/r)T ~ (e—ith/T o e—ihﬂ/?“e_ihlt/r)r ) (1.3)

L

This strategy results in a total error not exceeding » | "

1 [P, B[ 82 /7, which decreases
as we increase the Trotter number. Because increasing r also increases the number of
quantum gates used in the simulation, to minimize the gate count, we would choose the

minimal value of r such that the total error of the simulation meets a certain tolerance ¢.

The Trotter product formula can be generalized to algorithms that approximate the

4



time evolution e~*#! up to higher-order in time [4, 5, 6, 7]. For example, the pth-order
Suzuki-Trotter product formulas, for even p > 2, are symmetrized versions of the Trotter

formula and can be constructed recursively on p [2]:

SQ(t) — e—’ith/Q L e—ihzt/2e—ihlt/Qe—ihlt/Qe—ith/Z o e—ith/z’ (1'4)

S,(t) = Sp_a(Mpt)*.Sp_a((1 — 4N)1).Sp 2 (A1), (p>2) (1.5

where )\, = 1/(4—4'/(®=1). The pth-order Suzuki-Trotter product formulas approximate

the time evolution up to the pth order in time:

4 2
et — S, (1) < " 1TP+1awmmtp“, (1.6)
p

where T = 2 x 57271 and aicomm is a sum over the norms of all p-layered nested commu-

tators between the terms of the Hamiltonian:

L

Qeomm = D Py - [Py o] -] - (1.7)

#07“'7#1’1:1

Besides the product formulas, more advanced quantum simulation algorithms have
been developed, including those that are based on quantum walks, linear combinations of
unitaries [8, 8, 9], and quantum signal processing [10, 11]. These algorithms asymptoti-
cally reduce the cost of digital quantum simulation in terms of the number of gates used
in the limit of large time or large system size. Despite these developments, the product

formulas, due to their simple construction, remain the most popular algorithms for near-



term implementations of digital quantum simulation. In particular, the small prefactor
in the scaling of the gate count of the first-order product formula compared to the more
advanced quantum simulation algorithms makes it more attractive for simulations where

the evolution time and the system size are not too large [7].



Part I

Locality and Digital Simulation of Quantum Systems



Chapter 2: Locality in Quantum Systems

Over a century ago, Einstein realized that there is a speed limit to information prop-
agation. If no physical object or signal can travel faster than light, then the speed of light
itself must constrain the dynamics of quantum information and entanglement. In ordinary
quantum systems, however, emergent speed limits can arise that place more stringent
restrictions on information propagation than does the speed of light. For example, in
quantum spin systems with nearest-neighbor interactions on a lattice, Lieb and Robinson
proved in 1972 that there is a finite velocity of information propagation [12].

Of course, most non-relativistic physical systems realized in experiments include
long-range interactions such as the Coulomb interaction, the dipole-dipole interaction, or
the van-der-Waals interaction. Each of these decays with distance as a power law 1/r®
for some exponent cv. What is the fundamental speed limit on the propagation of quantum
information in these systems?

Despite the importance of this question in designing and constraining the operation
of future quantum technologies [13, 14, 15, 16, 17], bounding information propagation
in systems with power-law interactions has been a notoriously challenging mathematical
physics problem. In 2005, Hastings and Koma [18] showed that it takes a time ¢ 2 logr

to send information a distance r, for all o > d, where d is the dimension of the lattice.



By analogy to Einstein’s relativity, we say that there is at least a “logarithmic light cone”
for such power-law interactions. However, it was suspected that this bound was far from
tight, and ten years later it was shown that ¢ = 7, for an exponent 0 < v < 1 when
a > 2d[19, 20, 21]. In 2019, Chen and Lucas [22] proved the existence of a linear light
cone (t = r) for all « > 3 in d = 1; Kuwahara and Saito [23] later generalized this
result to higher dimensions, finding a linear light cone for all « > 2d 4 1. These recent
results prove that power-law interactions are, for all practical purposes, entirely local for
sufficiently large o.

A natural question is then how small o must be in order to break a linear light cone.
Fast state-transfer and entanglement-generation protocols developed in the past year [23,
24, 25, 26] have ultimately demonstrated that the time ¢ required to send information a
distance r obeys t < r™in@=241) for any o > 2d and t < 7°) for a < d, where o(1) is
an arbitrarily small constant. Combining all best known results in the literature leads to
the diagram shown in Fig. 2.1, which compares known information-transfer protocols to
corresponding Lieb-Robinson bounds.

In this Chapter, we complete this extensive literature on Lieb-Robinson bounds for
power-law interactions [18, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33], by
proving that quantum information is contained within the Lieb-Robinson light cone ¢ =

min(a—2d=e1) "for any ¢ > 0. This result closes the remaining gap between bounds and

r
protocols in Fig. 2.1, and concludes the fifteen-year quest to understand the fundamental
speed limit on quantum information in the presence of power-law interactions. We sketch

the proof of the result in the main text and refer readers to Appendix A for a rigorous

treatment.



Light cone exponent

d 2d 2d +1

Figure 2.1: The gap in the Lieb-Robinson literature in d > 1 dimensions. The red
solid lines represent the exponent ~y of the Lieb-Robinson light cone ¢ = 77 in literature.
The green solid lines correspond to the light cone exponents of best-known information-
propagating protocols. Accordingly, the green region corresponds to attainable light cone
exponents, whereas the red region is forbidden by the known bounds. Our result (red
dashed line) closes the gap in our understanding of the Lieb-Robinson light cone.

2.1 The Lieb-Robinson Light Cone for Power-Law Interactions

We consider a d-dimensional regular lattice A, a finite-level system at every site of
the lattice, and a two-body power-law Hamiltonian H (¢) with an exponent « supported
on the lattice. Specifically, we assume H (t) = >, i\ hi;(t) is a sum of two-body terms
h;; supported on sites 4, j such that ||2;;(t)|| < 1/dist(7, j)* for all ¢ # j, where ||-|| is the
operator norm and dist(z, j) is the distance between 4, j. In the following discussion, we
assume A is a hypercubic lattice of qubits for simplicity.

We use L to denote the Liouvillian corresponding to the Heisenberg evolution under
Hamiltonian H, i.e. £|0) = |i[H, O]) for any operator O, and use ¢** |0) = |O(t)) to

denote the time-evolved version of the operator O. We also use pY |O) to denote an

operator constructed from O by decomposing O into a sum of Pauli strings and removing
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strings that are supported entirely within a ball of radius r from 7. Colloquially speaking,
Py |O) is the component of O that has non-trivial support on sites a distance at least r
from site ¢. If 7 is the origin of the lattice, we drop the superscript ¢ and simply write P,
for brevity.

Given a unit-norm operator O initially supported at the origin, our main result is a

bound on how much O spreads to a distance  and beyond under the evolution e“*:

Theorem 1. For any « € (2d,2d+1) and an arbitrarily small € > 0, there exist constants
¢, C' > 0 such that

0(4172d7%
IB.2 0)] < C (#) @1

ra—?d—a

holds for all 1 <t < cro—2d—¢,

Because ||P.e“! |O)|| can be both upper- and lower-bounded by linear functions of
sup4||[A, e“*O] ||, where A is a unit-norm operator supported at least a distance r from
O, Eq. (2.1) is equivalent to a bound on the unequal-time commutators commonly used
in the Lieb-Robinson literature.

For a € (2d,2d + 1), by setting the left-hand side of Eq. (2.1) to a constant, The-
orem 1 implies the light cone ¢ > r*~24=¢ for some ¢ that can be made arbitrarily small.
Note that our definition does not require ||h;;|| to decay exactly as 1/dist(é, j)*; it may
actually decay faster than 1/dist(¢, j)* and still satisfy the condition of a power-law in-
teraction with an exponent «. Therefore, for « > 2d + 1 and power-law Hamiltonians
H =37, hij satisfying [|h;;]] < 1/dist(4, j)* < 1/dist(i, j)***'~*, Theorem 1 implies a
linear light cone ¢ > r!=2%,

11



2.2 Sketch of Proof

For simplicity, we assume here that the lattice diameter is O (r). We show in Ap-
pendix A that interactions whose ranges are much larger than  do not contribute signifi-
cantly to the dynamics of O and, therefore, can be safely removed from the Hamiltonian.
Our strategy is to group the interactions of the Hamiltonian by their ranges, prove a bound
for short-range interactions, and recursively add longer-range interactions to the Hamil-
tonian.

Specifically, we choose ¢;, = L* for k = 1,...,n, where L, n are parameters to
be chosen later. We use Hj. to denote those terms of H with range at most /; and use
L), = i[Hy, -] to denote the corresponding Liouvillian. We start with the standard Lieb-

Robinson bound for H; [12]:

vit—r
1

IPe“0)]| Se i, (2.2)

where v; o< ¢; = L is the rescaled Lieb-Robinson velocity, and prove a bound for H; by
adding Vo, = H, — H,, i.e., interactions of range between ¢; and /5, to the Hamiltonian
H,.

For that, we move into the interaction picture of H; so that we can decompose the

Lot — €LZ’It€£1t £2,1t

evolution e into two consecutive evolutions, where ¢ 1s the evolution
under V5 1 = e£1'V;. Loosely speaking, the light cone induced by H, will be a “sum” of
the light cones induced by H; and V5 ; individually (see Appendix A for a proof.) With

the light cone of H; given by Eq. (2.2), our task is to find the light cone of V5 ;.
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Figure 2.2: We study the structure of V5 ; by dividing the lattice into hypercubes of length
{5 (labeled by z, y, and z for example). In the interaction picture, how much each e“1'h;;
contributes to the pair-wise “effective interaction” between two hypercubes depends on
how strongly the support of eﬁlthlj (represented by the shaded area) overlaps with the
hypercubes. Because of the bound in Eq. (2.2), the evolved operator e“'h;; is largely
confined to the light cones induced by £; around 7 and j (the smallest disks around ¢ and
7). The component of e“1*h;; supported outside this light cone is exponentially suppressed
with distance (represented by lighter shade). Consequently, the effective interaction be-
tween the hypercubes x and z is exponentially smaller than the one between x and y.

For this purpose, we consider the structure of V5 ; and show that, with a suitable
rescaling of the lattice, the interactions in V5 ; decay exponentially with distance. We
then obtain the light cone of V5 ; using the standard Lieb-Robinson bound on the rescaled
lattice. Specifically, we divide the lattice into non-overlapping hypercubes of length /5
(see Fig. 2.2). Given z,y as the centers of two hypercubes, we define dist(z,y)/¢s to
be the rescaled distance between the hypercubes. We shall estimate the strength of the
interaction between hypercubes under the Hamiltonian V5 ;.

We first consider the case ¢ = 0 so that V5 ; = V5. Because each interaction in V5
has range at most {5, no interaction h;; is supported on two distinct hypercubes unless

they are nearest neighbors. Therefore, only nearest-neighboring hypercubes may interact

under Vo ; = V5.
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The case ¢ > 0 is slightly more complicated. The support of an interaction /;; in
V, may expand under 1%, and, hence, non-nearest-neighboring hypercubes may interact
with each other. However, due to Eq. (2.2), the support of e“1'h;; would largely remain
inside the balls of radius v;¢ around 7, j. The interactions between hypercubes are ex-
ponentially suppressed with distance by Eq. (2.2). Therefore, the system of hypercubes
would interact via a nearly finite-range interaction (see Fig. 2.2).

To apply the standard Lieb-Robinson bound for this system of hypercubes, we esti-
mate the maximum effective interaction between any pair of nearest-neighboring hyper-
cubes centered on x, y. In particular, assuming v,¢ < {5, the primary contributions to such
an interaction come from o< ¢4 x ¢4 = (3% interaction terms e“*'h,; whose light cones un-
der H; may overlap with the hypercubes. Because each interaction h,; has norm at most
1/£¢ by our assumption, the total contribution to the interactions between the cubes x, y
is O (f%d / E‘f). Applying the standard finite-range Lieb-Robinson bound on the system of
hypercubes, where the maximum energy per interaction is O (¢3%/(¢) and the distance is

rescaled by a factor /5, we obtain the bound for the evolution under V5 ;:

2d t—r
IB,¢“1 |0)]| S exp <O <€i> t— 1) =t 23)

1

where Av = O (637 /62).

After getting the light cone for the evolution under V5 ;, we now combine it with
the evolution under H; to obtain the light cone of H,. Intuitively, the evolutions under
H, and V4 for time ¢ may each grow the support radius of an operator by v;¢ and Avt

respectively. Therefore, one would expect an operator evolved under 1, and V5 ; consec-

14



utively, each for time ¢, may have the support radius at most (v; + Av)t. In Appendix A,

we show that

vot—r

P, |O)]| = [Bre 2t e S O)| S e (2.4)
where
2d+1
vg o log(r)vy + Av = log(r)vy + 2£a (2.5)
1

and r is the diameter of the lattice A. The additional factor of log(r) (compared to our
intuition) comes from the enhancement to the operator spreading due to the increased
support size after the first evolution 1%,

Up to this point, we have used the bound Eq. (2.2) for ; to prove a bound for H,

[Eq. (2.4)], which has the same form. Repeating this process, we arrive at similar bounds

for H, (k= 3,4,...,n):

IBe 0)| S e, (2.6)
where the velocity vy, is defined iteratively:
2d+1
v o< log(r)vp_1 + —~—. 2.7
Gy

Increasing k£ makes the bound in Eq. (2.6) applicable for longer and longer interactions.

However, doing so also increases ¢, resulting in weaker and weaker bounds. In particular,
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if {;, > r, Eq. (2.6) becomes trivial even for ¢ < r/v;. Therefore, we stop the iteration
at k = n such that ¢, is slightly smaller than r. Specifically, we choose n such that
l, = L™ = r/x(t,r), where x(¢,r) > 11is a function of ¢,r. For v,t < r/2, the right-

hand side of Eq. (2.6) becomes

, (2.8)

where we upper-bound an exponentially decaying function of x(¢,7) by a power-law

decaying function of x(¢,7) with an exponent w > 0. Choosing x(t,7) = (r®=24/t)c,

where ¢ > 0 is an arbitrarily small constant, and w = C(g—:gd)’ we obtain the desired
bound
a—d
Lt t o
005 () 29

Note that Eq. (2.9) only holds for ¢ < r/2wv,,. To maximize the range of validity of
Eq. (2.9), we aim to choose L such that v,, is as small as possible. Without the second
term in Eq. (2.7), we would expect vy to increase by a factor of log r between iterations.
Meanwhile, given ¢, = L, the second term in Eq. (2.7) also increases by a factor L2?+1-
in every iteration. Choosing L?**1=% o logr so that the two terms in Eq. (2.7) have

roughly equal contributions to vy, we expect

2d+1—«
vy o (log 7)™ oc LM2d+1=a) — < ) (2.10)

x(t,r)

up to a small logarithmic correction in r. Substituting the earlier choice of x(¢,7), we
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have

140(1)
Unt X T (m) <r 2.11)

where o(1) represents an arbitrarily small constant, for all ¢ < r®~2¢, Therefore, the
bound in Eq. (2.9) holds as long as t < ro=24,

The bound in Eq. (2.9) applies to the Hamiltonian H,, constructed from H by taking
interactions of range at most /,,, which is slightly smaller than r for all t < r*~2?, To add

interactions of range larger than /,, to the bound, we use the identity [34]:

/
eft = efnt Z / ds eﬁ(t_s)ﬁhij ekns, (2.12)
0

1,j:dist(2,5)>Ln

where Ly, = i[hi;, -] is the Liouvillian corresponding to the interaction h;;. We will
argue that the contribution from the second term of the right-hand side to the bound on
|P,e£t |O)]| is small.

Note that £, e“* |O) vanishes if e“* |O) has no support on the sites i, j. Suppose
site 7 is closer to the origin than site j. Then, most contributions to the right-hand side of
Eq. (2.12) come from terms h;; where 7 lies within the light cone of efns |O). Let V be
the volume inside this light cone at time ¢. Using the triangle inequality on Eq. (2.12), we

would arrive at

Vi
[P, O] < 1P |O)] + =g (2.13)

where V is the result of the sum over ¢ inside the light cone, summing over j where
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dist(i, j) > /,, gives a factor proportional to 1/¢~%, and the integral over time in Eq. (2.12)
gives the factor ¢.

Suppose we can apply the desired light cone ¢ > 724, Then we can estimate the
volume inside the light cone V < ¢%/(2=24) Substituting it into the above bound together

with the value of /,,, we would arrive at

a—d

It t a—2d
o 5 () e.14)

o—

which gives about the same light cone as in Theorem 1.

However, we are proving Theorem 1 and so cannot yet apply the light cone ¢ 2>
r®~24_Instead, we use the light cone from Ref. [19], which is weaker than Theorem 1, to
estimate . Substituting this value of )V into Eq. (2.13), we obtain a tighter light cone than
that of Ref. [19]. Iteratively using the resulting light cone to estimate V (see Appendix A
for a more detailed derivation), we obtain tighter and tighter bounds. These bounds con-

verge to a stable point that is exactly Eq. (2.14). Therefore, we obtain Theorem 1.

2.3 Discussion

Theorem 1 implies a light cone that can be made arbitrarily close to ¢ > 72 for
all & € (2d,2d+1). In addition, Theorem 1 also implies a linear light cone ¢ > r'~°(!) for
a > 2d + 1, providing an alternative proof to Refs. [22, 23] for two-body Hamiltonians.

Together with Refs. [18, 22, 23], we have the final Lieb-Robinson light cone for power-
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law interactions:

log r ifd<a<2d
E2{ro2o0 if2d < a<2d+1- (2.15)
r ifa>2d+1

which we can saturate, up to subpolynomial corrections, using the protocol for state trans-
fer and entanglement generation in Ref. [26].

Additionally, at any fixed time, our bound decays with distance as 1/r®=4=(1),
Because the total strength of the interactions between the origin and all sites that are at
distance at least 7 from the origin already scales as 1/r*4, this so-called “tail” of our
bound is also optimal.

Our result tightens the constraints on various quantum information tasks in power-
law systems, including the growth of connected correlation functions, the generation of
topological order, and the digital simulation of local observables. Intuitively, as a local
operator evolves, it is mostly constrained to lie within a light cone defined by a Lieb-
Robinson bound, with total leakage outside this light cone constrained by the tail of this
bound. To simulate the dynamics of such observables, it is sufficient to simulate only the
dynamics inside the light cone [21, 25, 35], resulting in a more efficient simulation than
simulating the entire lattice. Similarly, the connected correlator between initially local ob-
servables remains small during the dynamics if their corresponding light cones have little

overlap [25, 29, 36]. Topologically ordered states—those that cannot be distinguished by

local observables—would also remain topologically ordered until local observables have
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enough time to substantially grow their supports [25, 36]. Crucially, then, Theorem 1,
which has a provably optimal light cone and tail, provides the best-known asymptotic
constraints for the dynamics of these quantities. The mathematical details of precisely
how they are bounded and the improvements that our new bound provides are detailed in
Appendix A. Additionally, our result may also provide a tighter constraint on the capacity
of quantum communication channels based on power-law interacting spins [37].

While we assume that the Hamiltonian is two-body throughout the chapter, we
expect the result extends to general many-body interactions. Specifically, we conjecture
that Theorem 1 holds for all Hamiltonians H = ) xca hx, where the sum is over all
subsets of the lattice and ) _, ;[[hx || < 1/dist(é, j) for all i # j.

Lastly, while Theorem 1 demonstrates the optimality of the single-particle state
transfer protocol of [26], other information-theoretic tasks are constrained by tighter light
cones. Our techniques may help extend recent progress [25, 38, 39] in constraining the

remaining light cone hierarchy that has been demonstrated with power law interactions.
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Chapter 3:  Saturation of the Lieb-Robinson Bound in Power-Law Inter-

acting Systems

Harnessing entanglement between many particles is key to a quantum advantage
in applications including sensing and time-keeping [13, 40], secure communication [41],
and quantum computing [42, 43]. For example, encoding quantum information into a
multiqubit Greenberger-Horne-Zeilinger-like (GHZ-like) state is particularly desirable as
a subroutine in many quantum applications, including metrology [40], quantum com-
puting [44, 45], anonymous quantum communication [46, 47], and quantum secret shar-
ing [48].

The speed at which one can unitarily encode an unknown qubit state a |0) + b 1)
into a GHZ-like state ¢ |00...0) + b|11...1) of a large system is constrained by Lieb-
Robinson bounds [12, 18, 18, 19, 20, 21, 22, 23, 25,27, 28, 29, 30, 31, 32, 33] and depends
on the nature of the interactions in the system. In systems with finite-range interactions
and power-law interactions decaying with distance r as 1/r® for all « > 2d + 1, where
d is the dimension of the system, the Lieb-Robinson bounds imply a linear light cone
for the propagation of quantum information [22, 23]. Consequently, in such systems, the
linear size of a GHZ-like state that can be prepared from unentangled particles cannot

grow faster than linearly with time.
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Figure 3.1: A demonstration of our protocol for encoding a qubit into a GHZ-like state
in a one-dimensional system C'. Initially, the unknown coefficients a, b are encoded in
one qubit (red circle) while the other qubits are each initialized in state |0). The first step
of the protocol assumes the ability to encode information into GHZ-like states in subsys-
tems (1, ..., Cy using, for example, nearest-neighbor interactions. In step 2, we apply
a generalized controlled-PHASE gate [Eq. (3.6)] between the subsystems to “merge” the
GHZ-like states into an entangled state between all sites. The last three steps rotate this
entangled state into the desired GHZ-like state by concentrating the entanglement in each
subsystem onto one qubit, applying single-qubit rotations, and redistributing the entan-
glement to the rest of the system. Repeatedly feeding the resulting GHZ-like state back
into step 2 of the protocol yields larger and larger GHZ-like states.

The Lieb-Robinson bounds become less stringent for longer-range interactions, i.e.
those with o < 2d + 1. The bounds theoretically allow quantum information to travel a
distance r in time ¢ that scales sublinearly with r [18, 19, 21, 29]. However, no protocol in
the present literature can saturate these bounds. In particular, existing protocols for o €
(d, 2d] are exponentially slower than what is allowed by the corresponding bounds. Up

until now, the existence of this gap between the Lieb-Robinson bounds and the achievable
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protocols has meant that at least one of the two is not yet optimal, hinting at either a
tighter Lieb-Robinson bound or the possibility of speeding up many quantum information
processing tasks.

In this Chapter, we close the gap for all « € (d, 2d + 1] in d dimensions by design-
ing a protocol for encoding an arbitrary qubit into a multiqubit GHZ-like state and, sub-
sequently, transferring information at the limits imposed by the Lieb-Robinson bounds.
There are three key implications of the protocol. First, within these regimes of «, it es-
tablishes the tightness of the Lieb-Robinson bounds, up to subpolynomial corrections,
and effectively puts an end to the fifteen-year search for a tighter bound. Second, our
protocol implies optimal designs for future experiments on power-law interacting sys-
tems, including trapped ions [49, 50] (« € [0, 3]) in one and two dimensions I ultracold
atoms in photonic crystals [53, 54], van-der-Waals interacting Rydberg atoms [55, 56]
(o = 6) in three dimensions [57], as well as the very common case of dipolar interactions
in nitrogen-vacancy centers [58], polar molecules [59], and dipole-dipole interacting Ry-
dberg atoms [60] (o = 3) in two dimensions. Finally, our protocol implies a lower bound
on the gate count in simulating power-law interacting systems on a quantum computer,
providing a benchmark for the performance of quantum simulation algorithms.

The structure of the Chapter is as follows. In Sec. 3.1, we define our setting and
introduce the main result: the optimal state-transfer time in power-law interacting sys-
tems [Eq. (3.3)]. In Sec. 3.2, we describe the corresponding optimal protocol for gen-

erating entanglement and subsequently transferring quantum information. At the end of

'Quantum computing with trapped ions usually uses resonant addressing and real excitations of the
motional modes [51]. On the other hand, for one-dimensional chains of trapped ions, the off-resonant
addressing scheme, which results in spin models with tunable approximately-power-law couplings (o €
[0, 3]), is popular among recent analog quantum simulation experiments (For example, see Ref. [52]).
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Sec. 3.2, we discuss the key ingredients that make the protocol outperform previously
known protocols. Readers who are interested in the conceptual implications of the pro-
tocol may also skip ahead to Sec. 3.3, where we establish the tightness of existing Lieb-
Robinson bounds and discuss implications for other types of speed limits associated with

quantum information propagation.

3.1 Optimal State Transfer and Entanglement Generation

We first describe the setting of the problem and the main result in this section.
For simplicity, we consider a d-dimensional hypercubic lattice A and a two-level system
located at every site of the lattice. Our protocol generalizes straightforwardly to all reg-
ular lattices. Without loss of generality, we assume that the lattice spacing is one. We
consider a power-law interacting Hamiltonian H(t) = »_, . hi;(t), where h;(1) is a
Hamiltonian supported on sites 7, j such that, at all times ¢ and for all i # j, we have
|\hijl| < 1/dist(i, j)“, where dist(7, j) is the distance between i, j, ||-|| is the operator
norm, and a > 0 is a constant. We use |GHZ(a, b)) to denote the GHZ-like state over

sites in .S C A:

|IGHZ(a,b))g = a|0)g + b|1)g, (3.1)

where [Z)g = @5 |7); (x = 0,1) are product states over all sites in S and a, b are
complex numbers such that |a|? 4 [b|> = 1. In particular, we use |GHZ) to denote the
symmetric state a = b = 1/1/2.

Given a d-dimensional hypercube C' C A of length » > 1, we consider the task of
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encoding a possibly unknown state @ |0) + b|1) of a site ¢ € C' into the GHZ-like state
|GHZ(a, b)) over C, assuming that all sites in C, except for c, are initially in the state
|0). Specifically, we construct a time-dependent, power-law interacting Hamiltonian H ()

that generates U () = T exp (—z’ fot dsH(s)> satisfying
U(t) (a]0) +b[1))e[0)cne = al0)e +[1) (3-2)

at time

(

log"™ r ifd < a< 2d,

Zf(?“) S Ka X 6%/108;7“ if o = Qd, and (33)

re=2dif2d < o < 2d + 1.

\

Here, v = 3V4d, ko, and K, are constants independent of ¢ and r. Additionally, by
reversing the unitary in Eq. (3.2) to “concentrate” the information in |GHZ(a, b)) onto a
different site in C', we can transfer a quantum state from ¢ € C' to any other site ¢ € C'in

time 2t.

3.2 Detailed Steps of the Protocol

The key idea of our protocol (Fig. 3.1) is to recursively build the GHZ-like state
in a large hypercube from the GHZ-like states of smaller hypercubes. For the base case,
we note that hypercubes of finite lengths, i.e. » < ry for some fixed ry, can always be

generated in times that satisfy Eq. (3.3) for some suitably large (but constant) prefactor
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K. Assuming that we can encode information into a GHZ-like state in hypercubes of
length r; in time ¢; satisfying Eq. (3.3), the following subroutine encodes information
into a GHZ-like state in an arbitrary hypercube C' of length r = mr; containing c—the
site initially holding the phase information a, b. Here m is an a-dependent number to be
chosen later.

Step 1: We divide the hypercube C into m? smaller hypercubes C|, . .., C,,q4, each
of length r;. Without loss of generality, let C'; be the hypercube that contains c. Let
V' = r{ be the number of sites in each C;. In this step, we simultaneously encode a, b into

|GHZ(a, b)), and prepare |GHZ) . for all j = 2,. .,m%, which, by our assumption,

Cq

takes time

;

log™ry ifd < a < 2d,

tl < Ka X < e'y\/logrl ifa = 2d7 and (34)

r2if2d < o < 2d + 1.

\

By the end of this step, the hypercube C'is in the state

() 1
(al0) +b[1))e ® > (3.5)

Step 2: Next, we apply the following Hamiltonian to the hypercube C':

Hy = ZZ > ), @l (3.6)

j=2 peCyvel;

This Hamiltonian effectively generates the so-called controlled-PHASE gate between the
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hypercubes, with C'; being the control hypercube and Cs, ..., C,,« being the target hy-
percubes. We choose the interactions between qubits in Eq. (3.6) to be identical for sim-
plicity. If the interactions were to vary between qubits, we would simply turn off the
interaction between C and C; once the total phase accumulated by C; reaches 7 2. The
prefactor 1/(mrv/d)® ensures that this Hamiltonian satisfies the condition of a power-
law interacting Hamiltonian. It is straightforward to verify that, under this evolution, the

state of the hypercube C rotates to
= - |6>c- + |1>c- = y |6>c- - |1>C-
a0) —— +b]l) — 7 (3.7
Ci ® \/_ C1 @ \/§

after time to = md®/?(mry)*/ V2.

The role of power-law interactions in our protocol can be inferred from the value
of ¢,. Intuitively, the speed of simultaneously entangling hypercube C'; with hypercubes
Cs, ..., C,a is enhanced by the V2 = 724 couplings between the hypercubes. However,
the strength of each coupling, proportional to 1/(mr;)®, is suppressed by the maximum
distance between the sites in C'; and those in (5, ..., C,,«. With a small enough «, the
enhancement due to V2 overcomes the suppression of power-law interactions, resulting
in a small entanglement time 5. In particular, when o« < 2d, 5 actually decreases with

r1, implying that Step 2 would be faster in later iterations if we were to keep m constant.

ZBecause only the total accumulated phase matters in choosing the evolution time, we also expect the
protocol to be robust against experimental errors such as uncertainties in the positions of individual par-
ticles: If the position of each particle is known up to a precision € < 1, the total worst-case error in the
accumulated phase scales as t(r74/r®) x (¢/r), with r; being the length of each hypercubes and  be-
ing the minimum distance between them. The result is a relative phase error proportional to €/r, which
becomes smaller and smaller as the distance between the hypercubes increases. Moreover, we expect the
relative error to be even smaller in the commonly occurring situation when uncertainties in the positions are
uncorrelated between different particles
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To obtain the desired state |GHZ(a, b)), it remains to apply a Hadamard gate on
the effective qubit {|0), , [1)¢, } for j = 2,...,m? We do this in the following three
steps by first concentrating the information stored in hypercube C; onto a single site
c; € C; (Step 3), then applying a Hadamard gate on ¢; (Step 4), and then unfolding the
information back onto the full hypercube C; (Step 5).

Step 3: By our assumption, for each hypercube C; (j = 2,...,m?) and given a
designated site ¢; € (), there exists a (time-dependent) Hamiltonian /; that generates a

unitary U; such that

($010) + 1 [1))e, [0}y, —2 o [0}, + ¥ [T, (3.8)

for all complex coefficients )y and )1, in time ¢; satisfying Eq. (3.4). By linearity, this
property applies even if C; is entangled with other hypercubes. Consequently, backward
time evolution under H; generates U ]T , which “undoes” the GHZ-like state of the jth

hypercube:

f
Yo |0)¢, + 1 1), SN (%0 0) +¥111))e; 10) g\, (3.9)

for any 19, 1. In this step, we simultaneously apply U j to Cj forall j = 2,...,m%

These unitaries rotate the state of C' to

md md
a|0)c, Q) 1), 100, 0D, Q) 1-), 100, (3.10)
j=2 j=2

where |£) = (]0) £ [1))/V/2.
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Step 4: We then apply a Hadamard gate, i.e.

— , (3.11)

to the site ¢; of each hypercubes C;, j = 2,...,m?

. These Hadamard gates can be
implemented arbitrarily fast since we do not assume any constraints on the single-site

terms of the Hamiltonian. The state of C' by the end of this step is

md md
a[0)¢, @) 10),,, 10)c,1, + 010, @) 11, 10)c,, - (3.12)
j=2 j=2

Step 5: Finally, we apply U; again to each hypercube C; (j = 2, ..., m¢) to obtain

the desired GHZ-like state:

a |6>c1 ® |6>cj +0 |Dcl ® |1>Cj = [GHZ(a, b)) . (3.13)
j=2 j=2

At the end of this routine, we have implemented the unitary satisfying Eq. (3.2) in

time

t =3t + to = 3t + wd*/Pmre, (3.14)

We now consider three cases corresponding to different ranges of a and show that if ¢; (1)
satisfies Eq. (3.3), then ¢(r) also satisfies Eq. (3.3).

For @ € (2d,2d + 1], we have t; < Kar‘f‘_gd. Choosing m > 1 to be a constant
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integer, we have

3K,
t < < 57 T 7rda/2m2d) (mrl)a’m < Kro—2, (3.15)
me-
where we require m > 3'/(*~24) and choose
7Tda/2m2d 7Tda/2m
K, > = ) 3.16
- 1 - ma3,2d mO(—Qd - 3 ( )

For o € (d, 2d), we choose m to scale with r; such that 1" < m < 2r}~! where
A = 2d/c. The length of the larger cube C' is then r = mr; > rlA and, therefore, the total

time is

t < 3K, log"e 1y + m(2V/d)r et (3.17)
_ 4K,
< )\ ( ) < K,log"er, (3.18)

where we choose k., = log4/log(2d/a) and assume K, log™ r; > 7(2v/d)* to simplify
the expression. We note that the factor log 4 in the definition of ., can be made arbitrarily

close to log 3 by increasing K.
Finally, for @ = 2d, we choose m such that exp(g5+v/logr1) < m < 2exp(55v/log 1),

where v = 3v/d. Substituting t; < K, exp(y+/log ) into Eq. (3.14), we have

t < (3K, + 2°7md*/?) eVioem, (3.19)

Assuming r; > exp(8/d), it is straightforward to prove that yy/log r; < v+/log(mry)—2.
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Applying this condition on the above inequality, we have
1
t < = (3Kq+20md™?) VI8 < K,eVIET, (3.20)
€

where » = mry is the length of the resulting GHZ-like state and we chose K, >
207d®/? /(e? — 3). Equations (3.15), (3.18) and (3.20) prove that ¢ satisfies Eq. (3.3).
Repeatedly applying this routine yields larger and larger GHZ-like states.

Before discussing the implications of our protocol, we would like to explain intu-
itively the main sources of its improvement relative to existing protocols. In our protocol,
we simultaneously encode the information into the GHZ-like state over C; and create
the symmetric GHZ states over other multiqubit subsystems Cy, ..., C,,a. As a result,
the implementation of the controlled operations in step 2 (Fig. 3.1) is enhanced quadrat-
ically by the volume of each subsystems. In contrast, the protocol in Ref. [24] applies
controlled operations between a large subsystem and individual remaining sites of the
system, resulting in the implementation time scaling only linearly with the volume of the
subsystem.

On the other hand, while the state transfer protocol in Refs. [23, 25] also applies
controlled operations between large subsystems and is, therefore, sped up quadratically
by the subsystem volume, it only uses qubits in small neighborhoods around the source
and the target of the transfer. In our protocol, we maximize the size of the resulting GHZ-
like state at the end of each iteration by allowing m to depend on « and on the size of the
existing GHZ-like states. When we use the protocol for state transfer, this strategy results

in most of the qubits between the source and the target sites participating in the transfer,
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Tasks Known light cones Previous best protocols Our protocol

24 olylog(r) «a € (d,2d
Encoding into logr a€(d,2d ¥ red aqe(dd+1)> P ly ‘g(r) (d 2d)
a GHZ-like state t2 a—2d € (2d,2d + 1) 261 [Za €ld+1,2d+1) t~ {erviosr a=2d
ToeEdEe ooeEETS ra=2 ae(2d,2d+1)
i log 1, 2d) 15361 i
Prepan‘ng a known ;> Jlosr @ € (d,2d] Same as enchmg Same as above
GHZ-like state ~re o (2d,2d + 1) [36,61]  into a GHZ-like state
ala—d)
2 as i Tatd (25)
State transfer .Sdme as encgdmg t~d” (,M @€ (dd+1) Same as above
into a GHZ-like state s a€ld+1,2d+1) [23,25)
rastT o€ (d,2d) B9
State transfer ro=2 o € (2d,2d + 1) B )
> ’ ~
(no initialization) t2 ra-1 a€(l,2,d=10 t~r Vo€ (d2d+1) Not applicable
r a€(2,3),d=16

Table 3.1: A summary of known bounds and protocols in the regime o € (d,2d + 1)
for several information-propagation tasks: encoding an unknown qubit state into a GHZ-
like state (row 1), preparing a known GHZ-like state (row 2), state transfer assuming we
can initialize intermediate qubits (row 3), and state transfer given intermediate qubits in
arbitrary states (i.e. so-called universal state transfer [25], row 4). The tasks of encod-
ing information into GHZ-like states and quantum state transfer with initialization are
constrained by the Lieb-Robinson bounds. Preparing a known GHZ-like state, being po-
tentially easier than encoding unknown information into GHZ-like states, is—at least at
present—sometimes bounded by a weaker light cone [21, 29]. On the other hand, state
transfer given intermediate qubits in arbitrary states (i.e. universal state transfer) is more
difficult than state transfer with initialized intermediate qubits and is bounded by the more
stringent Frobenius light cone [25]. The bounds on encoding information into GHZ-like
states (except Ref. [22]) also apply to general k-body interactions. All listed bounds also
hold not just for qubits, but for all finite-level systems. For d < o < 2d + 1, our pro-
tocol saturates (up to subpolynomial corrections) the known bounds, thus proving the
optimality of both the protocol and the bounds.

significantly speeding up the protocol.

3.3 Discussion

We now discuss the performance and the implications of our protocol (summarized
in Table 3.1). First, our protocol allows for encoding an unknown qubit into a multiqubit
GHZ-like state and, subsequently, performing state transfer at unprecedented speeds. For
d < a < 2d, which applies, for example, to dipole-dipole interactions (o« = 3) in two

dimensions and to the effective interactions between trapped ions (« € [0, 3]) in one
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and two dimensions, our protocol encodes information into GHZ-like states and transfers
information in polylogarithmic time, exponentially faster than protocols available in the
literature. Even for the seemingly weakly long-range interactions with o = 2d, such
as van der Waals interactions between Rydberg atoms (o = 6) in three dimensions, our
protocol still takes only subpolynomial time to entangle an entire system and to transfer
a quantum state. When applied to the preparation of GHZ states, these speedups enable
potential improvements to quantum sensors built from nitrogen-vacancy centers [63, 64],
Rydberg atoms [65, 66], and polar molecules [67], as well as to atomic clocks based on
trapped ions [68].

Optimal quantum information processing.—The optimality of our protocol for o €
(d,2d+1) also lays the foundation for optimal quantum information processing in power-
law interacting systems [49, 50]. Using quantum state transfer between auxiliary qubits
and encoding qubits into large GHZ-like states as subroutines, our protocol leads to opti-
mal implementations of quantum gates between distant qubits in large quantum comput-
ers. In particular, the faster encoding of information into a GHZ-like state of ancillary
qubits speeds up [45] the implementation of the quantum fanout—a powerful multiqubit
quantum gate [69]. At the same time, the faster state transfer speeds up [24] the construc-
tions of multiscale entanglement renormalization ansatz (MERA) states, commonly used
to represent highly entangled—including topologically ordered [70]—states [71, 72, 73].
Specifically, we can implement a fanout gate [45] on qubits in a hypercube of volume n
and prepare a MERA state [24] on these qubits in time ¢ ~ polylog(n) for a € (d, 2d),
t ~ evaVI" for o = 2d—which are both exponential speedups compared to the previous

best—and ¢ ~ n(@=24/ for o € (2d,2d + 1). The optimality of these operations is again
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guaranteed (up to subpolynomial corrections) by the matching lower limits imposed by
the Lieb-Robinson bounds [24, 45].

In practice, using single-site Hamiltonians to implement the echoing technique of
Ref. [24], the controlled-PHASE gate in step 2 of our protocol can be realized starting
from time-independent power-law interactions between all sites of the system. The pro-
tocol therefore does not require explicit time-dependent control of individual two-qubit
Hamiltonians, making it appealing for implementation on available experimental plat-
forms. However, because the diameter of the GHZ-like state increases by more than
twofold in every iteration of the protocol, the scaling in Eq. (3.3) may only be observed
in large systems.

Information-propagation speed limits.— Conceptually, since our protocol saturates
(up to subpolynomial corrections) the Lieb-Robinson bounds for d < o < 2d + 1 for all
d, we demonstrate, for the first time, the tightness of these fundamental bounds in these
regimes. In particular, the subpolynomial entanglement time for o < 2d disproves the
conjecture in Refs. [74, 75], where a gap in the understanding of the heating times and
the effective generators of dynamics in periodically driven, power-law interacting systems
had suggested the existence of a tighter Lieb-Robinson bound with an algebraic light cone
in this regime of o. We discuss in more detail below what could have resulted in this gap
in our understanding.

Since the best known generalizations of these bounds to k-body, power-law inter-
acting Hamiltonians—those described by = > hx, where the sum is over all subsets
X C Aof at most k sites and >y, [|hx | < 1/dist(i, j)* for all i # j—have the same

scaling as the best known 2-body bounds when d < a < 2d [18] (see also Table 3.1),
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the scaling of our 2-body protocol is also optimal even if one allows for k-body interac-
tions. In other words, in this regime of «, allowing for k-body interactions cannot enable
a qualitative speedup relative to 2-body interactions.
Our protocol also generalizes straightforwardly from two-level to arbitrary finite-
level systems. Given a g-level system at each site of the lattice, we can unitarily encode
q—1

an arbitrary state [1)) . = > /" a,|¢) of site ¢ € C, where a, are complex coefficients and

C is a hypercube of linear size r, into a multi-qudit state

q—1
) [0)ene = > ae]l),, (3.21)
/=0

in time t(r) satisfying Eq. (3.3). This can be done by replacing the Hamiltonian in

Eq. (3.6) with

mz SN S wie i, @10 @), (3.22)

j=2 peCrvel; LL'=0

and replacing the single-qubit Hadamard gate in step 4 by a ¢-by-q discrete Fourier trans-
form matrix. Since the Lieb-Robinson bounds have the same light cones for any finite-
level systems, our protocol also saturates these bounds for « € (d, 2d] in d dimensions.
In our protocol, we assume that a |0) + b |1) is a possibly unknown state. Encoding
such a state into the GHZ-like state is at least as hard as generating a GHZ-like state
with known coefficients a, b. In fact, the latter task is not known to be sufficient for state
transfer and, therefore, is not directly constrained by the Lieb-Robinson bounds. Instead,

one often indirectly obtains a speed limit for this task by applying the Lieb-Robinson
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bounds on the growth of two-point connected correlators [18, 25, 36]. Our protocol for
encoding into a GHZ-like state saturates (up to subpolynomial corrections) the bound
t = logr [18, 36] on the growth of connected correlators when d < o < 2d, implying
that knowing the coefficients a, b does not speed up the preparation of the GHZ-like state
in this regime.

We also note that our protocol violates the so-called Frobenius light cone, initially
derived in Ref. [25] for &« > 3/2 in one dimension as part of a hierarchy of speed
limits for different types of information propagation in long-range interacting systems
and later extended to regimes of smaller v in Ref. [38]. The Frobenius bound, which
considers information propagation from the operator-spreading perspective, constrains
information-propagation tasks that are more demanding than the tasks that saturate the
Lieb-Robinson bound, and therefore has a more stringent light cone. For example, quan-
tum state transfer given intermediate qubits in arbitrary initial states (i.e. universal state
transfer) is constrained by the Frobenius light cone, whereas state transfer assuming ini-
tialized intermediate qubits is constrained by the Lieb-Robinson bound and can actually
violate the Frobenius light cone [25] (see also Table 3.1). Determining which of the
bounds tightly constrains a given task is still an active area of research. The protocol in
this manuscript proves for the first time that the task of encoding information into GHZ-
like state—which is at least as hard as state transfer with initialization—is not constrained
by the Frobenius light cone, but is instead tightly constrained (up to subpolynomial cor-
rections) by the Lieb-Robinson bound. In particular, when d < a < 2d, our protocol
proves that state transfer with initialization can be implemented exponentially faster than
state transfer without initialization, which is constrained by polynomial light cones in this
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regime [25, 38]. Furthermore, since our protocol for encoding into a GHZ-like state can
also be used to prepare a known GHZ-like state, our protocol also proves for the first time
that preparing a known GHZ-like state is not constrained by the Frobenius light cone.
Resource lower bound for quantum simulation.—QOur protocol also gives the first
known example of a lower bound on the gate count for simulating power-law systems
on a quantum computer: it takes 2(n) elementary quantum gates to simulate an n-qubit

power-law system evolving for time ¢ > ¢,, where

(
O (log™ n) ifd<a<2d,
te= 4 0 (VIEmiT) - if o — 2d,and (3.23)
O (n*/*=2) if2d < o < 2d + 1,
\

to constant error. Indeed, if an algorithm could use fewer than Q(n) quantum gates to
perform the simulation for times within ¢ = ¢, satisfying Eq. (3.23), we could use the
algorithm to simulate our protocol and prepare an n-qubit GHZ state. However, since
an n-qubit GHZ state must take (2(n) quantum gates to prepare, we would arrive at a
contradiction.

Lower bounds on the simulation gate count are valuable benchmarks for the per-
formance of quantum algorithms. Ref. [76] gives an algorithm for simulating the time
evolution of finite-range interacting Hamiltonians, the gate count of which was shown
to be optimal via a matching lower bound. To date, despite progressively more efficient
quantum simulation algorithms [21, 77] in recent literature, no saturable lower bounds are

known for power-law systems. For example, the analysis of the Suzuki-Trotter product
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formulas in Ref. [77] results in upper bounds

O (n?regl+oll)) if d < a<2d,
o = (3.24)

O ((nt) +/le=D+o)) if o > 24,

for simulating an n-qubit power-law system for time ¢. At¢ = ¢, given in Eq. (3.23), the

corresponding upper bounds reduce to

@ (n2+°(1)) ifd <a<2d,
Ja = (3.25)

O (no/dteM) if 2d < v < 2d + 1.

The gap between this state-of-the-art upper bound and our lower bound (n) hints at the

possibility of a more efficient algorithm for simulating power-law systems.
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Chapter 4: A Hierarchy of Speed Limits for the Propagation of Quantum

Information

Until recently, it was unknown whether or not there existed a critical value of the
power-law exponent o above which a linear light cone is present. Hastings and Koma [18]
first demonstrated a light cone whose velocity diverges exponentially in distance for «
greater than the lattice dimension, d. Progressive improvements yielded a series of alge-
braic light cones for a > 2d, which tend to a linear light cone in the limit as o — oo
[19, 21]. After numerical simulations suggested the existence of a sharp linear light cone
[22, 78, 79], a proof of generic linear light cones was found for systems with interaction
exponent o > 2d + 1 [22, 23].

Complementary to the Lieb-Robinson bounds are protocols that achieve the (asymp-
totically) fastest allowable rates of quantum information processing. One such dynamical
task is quantum state transfer, which has been used experimentally to demonstrate the
transmission of entanglement in quantum systems [80]. These protocols can be directly
connected to the Lieb-Robinson bound [24, 81] and have been a standard way to bench-
mark the sharpness of these bounds.

The goal of this Chapter is to answer an important questions: do the tightest light-

cone bounds imply correspondingly tight bounds on interesting measures of informa-
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tion spreading, such as quantum state transfer or scrambling? In other words, are Lieb-
Robinson bounds optimal in practice for constraining quantum information dynamics?
Surprisingly, the answer to this question is “no.” In this Chapter, we show that
quantum information can spread at arbitrarily large “velocities” once the power law ex-
ponent o < 2d+ 1, thus proving the tightness of the recent bounds [22, 23]. We also show
that a Frobenius bound can give tighter constraints on quantum state transfer tasks—as

well as many-body quantum chaos—than Lieb-Robinson bounds. We prove that the light

5
2

cone given by the Frobenius bound is linear for « > 5 in d = 1, and conjecture the
generalization o > %d + 1 for higher dimensions. Additionally, in systems that are de-
scribed by non-interacting bosons or fermions, we prove a linear free-particle light cone
for « > d 4 1. All of these cutoffs in this hierarchy of linear light cones are tight: see
Figure 4.1.

These results immediately demonstrate that the long-observed mismatch between
Lieb-Robinson bounds and state-transfer protocols that aim to saturate the bounds, such
as that of Ref. [24], is not entirely a limitation of our creativity or mathematical prowess,
but is rather linked to a fundamental property of nature. There are, simply put, multiple
notions of locality in systems with long-range interactions. Furthermore, the tensions
among these localities manifest themselves within a range of « that is easily accessible in
experiment. This unexpected result is the key finding of this chapter [25].

The hierarchy of linear light cones we demonstrate is not only a profound property
of nature, but also has important applications for quantum technologies. For example,
systems with long-range interactions can be hard problems to simulate, both on classical

and quantum computers. Proving the tightness of the linear Lieb-Robinson light cone at
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Figure 4.1: The hierarchy of linear light cones in one dimension; we say that a light cone
has exponent y if ||[A(¢), B,]|| is large only when ¢ = 7. The plot depicts the exponents
of the Lieb-Robinson light cone (solid line) [22], the Frobenius light cone from Theorem 4
(dot-dashed line), and the free light cone from Theorem 5 (dashed line) as functions of
« in one dimension. The free light cone is known to be a tight bound for all o. We also
show that the Lieb-Robinson and Frobenius light cones are not linear below o = 3 and
o = 2 respectively.

a > 2d + 1 proves that a two-dimensional gas of atoms with dipole-dipole interactions
can never be simulated as easily as one with local interactions with a provably small
error. At the same time, the hierarchy of light cones reveals that some problems are
much easier to simulate than had previously been realized. As a specific example, the
Bose-Hubbard model (with long-range hopping) has been argued to be so difficult that
its efficient simulation would serve as a demonstration of quantum supremacy [82]. Our
light cones show that it is not difficult to simulate the low-density Bose-Hubbard model
for o > d, whereas previously this was only known for o« > 2d [83]; as a result, we
have substantially constrained the parameter space in which quantum supremacy can be

demonstrated. This result constrains how and when atoms with dipole-dipole interactions

41



trapped in a two-dimensional optical lattice can perform hard quantum computation or
simulation.

High fidelity quantum state transfer can be used to build fast remote quantum gates,
which can significantly speed up a large-scale quantum computer. There is a growing in-
terest in designing fully-connected quantum computers that take advantage of long-range
interactions among physical qubits [15], and finding the optimal quantum state-transfer
protocols using long-range interactions is a crucial part of the design. The hierarchy of
light cones we find reveals the fundamental inadequacy of Lieb-Robinson bounds for
constraining universal state transfer algorithms, which transfer the state of a single qubit
independently of the states of other qubits. We develop a quantum walk formalism for
constraining universal state-transfer protocols, and obtain parametrically better bounds
than the Lieb-Robinson bound. Furthermore, the framework that has been initiated in this
work also reveals novel state-transfer protocols with desirable properties. Specifically,
we present a new method for using long-range interactions for state transfer that has two
experimentally desirable features. Firstly, our new protocol takes place in a constrained
subspace of a many-body Hilbert space that is naturally realized in atomic platforms with
a conserved magnetization. Secondly, the protocol is extraordinarily robust to pertur-
bations in the Hamiltonian, a desirable feature on account of the low-precision tunable
couplers present in near-term quantum information processors.

Platforms with long-range interactions have been proposed as natural quantum sim-
ulators which approximately realize « = 0 (i.e. all-to-all) interactions. Systems with
such a complete breakdown of locality can be highly desirable. For example, they may
simulate quantum gravity via the holographic correspondence [84] and may enable the
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production of metrologically useful entanglement via spin-squeezing [13, 14, 85, 86, 87].
An important open question is how small « needs to be for locality to break down to a
degree sufficient for realizing a particular application or particular physics. For example,
are dipolar 1/r3 interactions in a given 1D, 2D, or 3D system sufficiently non-local? Our
results indicate that the answer to these questions may depend on whether there are ad-
ditional constraints in the system. Indeed, in a highly constrained subspace at high total
spin in an SU(2)-symmetric model, we expect that the constraints arising from locality
are stronger than the Lieb-Robinson light cone suggests, similar to the stronger light cone
that arises for non-interacting particles. Therefore, in such constrained models, reaching
non-locality may require a lower value of aw compared to unconstrained models.

Lastly, we emphasize that given that there is a hierarchy of different notions of
locality, exquisite care must be taken to analyze and interpret experimental results in

long-range interacting quantum systems.

4.1 An Introduction to the Hierarchy

We now provide a heuristic overview of why the hierarchy of light cones arises,
along with a myriad of additional applications of these results in near-term quantum sim-
ulation experiments. The remainder of the chapter then contains the rigorous proof of all
results, along with a brief conclusion.

For illustrative purposes, let us first consider a one-dimensional spin—% chain with
two-body long-range interactions. Such models naturally arise in experiments, for exam-

ple, using the nuclear spin—% of an appropriate atom. Letting Xf = (X;,Y;, Z;) denote
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the three Pauli matrices acting on the spin on the i'" site, we can consider a very broad

family of time-dependent Hamiltonians of the form

Zhﬂ X2+ Z X7 (4.1)

— Oé
1,3,8,Y |Z ‘7|

Roughly speaking, if the coefficients JZ@V are all of the same order, we call this Hamilto-
nian a model with long-range interactions of power law exponent o. Remarkably, even
though every spin is coupled with every other spin, this model is, for many practical
purposes, local for « sufficiently large [22, 23] (indeed, this Hamiltonian even becomes
finite-range in the limit @« — o0). But, what do we mean by locality? And how small can
a get before locality breaks down? We will see that, in fact, there are multiple notions of
locality, depending on the specific quantities of interest: different information processing
tasks are sped up by long range interactions at different values of a.

The Lieb-Robinson light cone.— A sensible notion of locality is to demand that any
local perturbation, acting at site x will only influence physics at sites within distance vt
of the original site x, after an amount of time ¢ [29]. This notion of locality is imposed by
the original Lieb-Robinson bound [12], which implies a “linear light cone”: the quantity
1[Xo(t), X,]|| is small for » > vt, where X, and X, are local operators on lattice sites
0 and r respectively and ||-|| denotes the operator norm (the largest magnitude of the
operator’s eigenvalues). More precisely, a linear light cone here means that for any small
(but finite) value of e, we can find a finite velocity v such that ||[X,(¢), X, ]| < e for
It] <r/v.

As noted previously, recent works have established linear Lieb-Robinson light cones
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for a > 2d + 1 [22, 23]. The first main result of this work is to prove that linear Lieb-
Robinson light cones are only guaranteed for any o > 2d + 1. We prove this by explicitly

constructing a Hamiltonian H (¢)—of the form (4.1), generalized to any d—such that

t2d+1

I1Xo(1), X111 2

~

. 4.2)

ra

for two sites separated by a distance r (Theorem 3).
The construction of H(t) that achieves Eq. (4.2) can be broken down into three

steps. In the first step, we use time O (1) to expand the operator X to an operator A,

supported on O(t?) sites located in a ball B; of radius ¢ (Fig. 4.2). We then push this

operator into another ball B, of radius O (t), which is centered around site X, using the

Hamiltonian

=33 2 @3)

1€B1 jEB, ’Z o ']|a

Finally, we contract the operator onto site X, in time O(t). By a direct calculation,

we show that, at the end of this process and to the lowest order in ¢, ||[[Xo(¢), X,]]| is

proportional to the nested commutator ¢||[As, [Hs(t), A1]]||, where
A= [] X (4.4)
1€B81,2
The nested commutator can be bounded:
d Zj £
H[A27 [H(t>7 Al“” ~t Ay, Z 7“_0‘ ~ . ’I‘_O“ (4.5)
JjEB2 JEB2

45



and hence we obtain Eq. (4.2). We conclude that in a time ¢, it is faster to use long-range
interactions than it is to use finite-range ones to grow ||[X(¢), X,]|| when @ < 2d + 1.

In Sec. 6.1, we show that connected correlation functions of the form

t2d+1

C(t) = (O] XoX: [¢(1)) — W) Xo |9 (1)) (WO Xe [9(8)) Z =3 (4.6)

can be achieved, even when the initial state ¢/(0)) does not have any entanglement be-
tween sites 0 and r. Because such correlation functions are routinely measured in quan-
tum simulation experiments, this result resolves a long-standing issue of when the non-
linear light cones for correlations can occur with long-range interactions. For example,
the experiment in Ref. [88] suggests that & ~ 1 marked the transition between linear and
nonlinear light cones for spin correlations in a 11-site long-range Ising model. Our result
implies that other quantum systems with long-range interactions can transmit information
much faster than this Ising model.

Another important application of Lieb-Robinson bounds is to design efficient ap-
proximation algorithms for simulating quantum many-body dynamics, with either a clas-
sical computer [89] or a quantum computer [76]. Given an initial state |¢)) and Hamilto-
nian H of the form (4.1), we consider the task of estimating the expectation value of the
time-evolved observable (A(t)) := (| U(t)TAU(t) |¢)) on a quantum computer, where
U(t) = e ! is the time translation operator generated by H (assuming it does not de-
pend on time). When A is a local operator, Lieb-Robinson bounds suggest that (A(¢))
should depend only on the “local” information stored in the wave function: one may as

well trace out and ignore the sites sufficiently far away. If a Lieb-Robinson bound implies

46



we can trace out all sites a distance > vt away from the support of A, computation of
(A(t)) requires a small fraction of the resources needed to construct the full U(¢) acting
on the entire many-body Hilbert space. Proposition 3 makes this intuition precise and
constrains the computational resources needed for faithful quantum simulation.

In Sec. 6.7, we use Lieb-Robinson bounds to constrain the minimum time 7 it
takes to create topologically ordered states from topologically trivial ones. This result
is of great practical value for experiments either studying topological matter or building
topological quantum memories and topological quantum computers. In finite-range in-
teracting systems, 7* scales linearly with the system size [36]. We extend this result in
Proposition 4 to power-law interacting systems with o > 3d + 1.

In Sec. 6.8, we bound the spatial decay of correlation functions in a ground state
of a gapped quantum phase with long-range interactions. In Ref. [18], the authors show
that in a time-independent power-law Hamiltonian with an exponent o and a spectral gap
between the ground state and the first excited state, the correlations between distant sites
in the ground state of the system also decay with the distance as a power law, with an
exponent lower bounded by o/ < «a. Yet no experiment and no numerical calculation
has found a gapped system demonstrating correlation decay with exponent strictly less
than . We prove that it is indeed impossible to saturate this bound; we show that the
correlation exponent is lower bounded by o/ = o whenever o > 2d.

The Frobenius light cone.— In Sec. 4.4, we turn to a stronger notion of light cone,

inspired by recent developments in the theory of many-body quantum chaos [90, 91].

47



Figure 4.2: The norm of the interaction between two balls B; » of size ¢, separated by a
distance r, determine the shape of the light cone. The critical values of « after which
this norm becomes large differs depending on whether we use the operator or Frobenius
norm, and whether the system is interacting or free.

Instead of the operator norm, we consider the Frobenius norm

(), Xl i \/tquo(t),XT]T[X()(t),XTD_ “

tr(T)
This Frobenius norm, normalized by dimension, can be interpreted as the out-of-time-
ordered correlation (OTOC) function used to probe early time chaos in many-body sys-
tems [90, 91] or, equivalently, as the “fraction” of the operator X () that has support on
the site . More intuitively, this OTOC can be understood by the following thought exper-
iment: consider an initial quantum state |¢)), and perturb this quantum state by two opera-
tors: first, the local operator X, (which flips spin r in the conventional Z-basis), and then
the Heisenberg-evolved operator X, which amounts to flipping spin O at a later time ¢.
Does the order of these operations matter? Clearly notif¢ = 0: Xy X, = X, X,. However,
if the operations occur at different times ¢, the effect could be significant: Xo(t) X, |¢))
might be a very different quantum state than X, X(¢)|¢)). We can quantify how far apart

these two states are in Hilbert space by asking for the typical length of [X(t), X,]|¢),
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or the value of C' = (¢|[Xo(t), X,]T[Xo(t), X,]|¥). A suitable notion of “typical” is to
choose a random initial state in the Hilbert space. Averaging over all initial conditions
amounts to replacing tr(|¢) (¢ ) — tr(m --+). Hence the average value of C'
is given by (4.7). Mathematically, the Frobenius norm gives the average of the squared
eigenvalues, while the operator norm used in Lieb-Robinson bounds is the maximal eigen-
value. Certainly, the Frobenius norm is always smaller: ||[Xo(t), X,]||r < [|[Xo(t), X, ]||-

Remarkably, in long-range interacting systems, we can show that the Frobenius
norm is not only smaller by a constant prefactor, but is rather constrained by parametri-
cally stronger bounds. Indeed, we prove in Section 4.4 that ||[X((t), X,]||r is bounded
inside of an even stricter light cone, which is linear in one-dimensional models with two-
body interactions so long as o > % When X is replaced by an operator on infinitely
many sites 0, —1, —2, ..., we also demonstrate the optimality of this bound, up to subal-
gebraic corrections.

To understand how the Frobenius light cone is deduced, let us revisit the argument

for the Lieb-Robinson light cone. Modifying Eq. (4.5) to use the Frobenius norm, we

observe that

tl|[Ag, [Ha(t), Ai]]|[r ~

NG tgd+1
i Z(;) P e

F JjEB2

drz.
4,3

JjEB2

Hence, in d dimensions, the Frobenius norm of the operator grows faster than in local
models using long-range interactions once o < %d + 1. For d = 1, Theorem 4 proves
that this intuition is correct: the Frobenius light cone is linear when o > g In between

% <a< %, in d = 1, this theorem also guarantees that the Frobenius light cone expands
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no faster than ¢t ~ r®=2 (up to logarithmic corrections).

The mathematical method used to prove the Frobenius light cone is based on an
interpretation of the time evolution equation for operators as a many-body quantum walk
governing the time evolution of a probability distribution. By bounding the growth of ex-
pectation values in this probability distribution using techniques from classical probability
theory, we constrain the growth of Eq. (4.7). This represents a radical shift in perspective
compared with the conventional Lieb-Robinson theorem, which is based on applying the
triangle inequality in an appropriate interaction picture (see e.g. Refs. [19, 23]).

Since the Frobenius norm (squared) gives infinite temperature OTOCs, the Lieb-
Robinson light cone is not relevant for infinite temperature many-body quantum chaos
and the growth of operators. A careful determination of bounds on quantum chaos and
operator spreading is essential for building on recent experimental progress in measuring
OTOC:s [92, 93] and quantum information scrambling [17] to design optimal information
scramblers. Such work will be crucial in developing quantum simulators of holographic
quantum gravity [84].

As emphasized before, many quantum state transfer tasks, including a “background-
independent” state transfer where X;(t) = X, Y;(t) = Y; and Z;(t) = Z; (hence state
1 1s transferred to 7 independently of all other qubits), are constrained by the Frobenius
light cone, which is tighter than the Lieb-Robinson light cone: see Theorem 4.

The Free light cone.— Finally, we consider the light cone in systems of non-interacting
particles. While these systems are rich enough such that they sometimes lie beyond the
regime of computability for classical computers, their dynamics can be essentially re-
duced to the motion of a single particle. Returning to the same setup of Figure 4.2, we
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may again estimate when the linear light cone fails by computing the weight of a single

particle hopping the distance ~ 7 from the ball B; to B, after time ¢:

y oo
/r»Oé

i€B1,jEB2

d+1
< t

~Y

4.9)

re

Here c;r and c; are the creation and the annihilation operators for the non-interacting par-
ticles. Following our previous logic, the free particle is constrained within a linear light
cone when o > d + 1. We rigorously prove that the free light cone is linear for « > d + 1
in Theorem 5, and prove that no linear light cones exist for &« < d + 1 in Theorem 6.
When combined, these two theorems also prove that for d < o < d + 1, the form of the
light cone is no worse than ¢ ~ r*~9, and that no further improvement on the exponent
a — d can be found.

Specifically, in Theorem 6 (Section 4.5.3), we show that this estimated growth rate
is achieved by a novel quantum state-transfer protocol involving a single particle. The
protocol works by successively spreading a particle to larger and larger regions of the
lattice, each time doubling the number of sites sharing the particle (Fig. 4.3). Specifically,

T

after the kth step of the protocol at time ¢, an operator ¢ originally supported at the

origin would become

b (te) o > o, (4.10)

sites z in a cube of length O(2F)

where the precise set of sites x is depicted in Fig. 4.3. After spreading the particle to
a square large enough to cover both the origin and the target site, we simply reverse

the protocol to concentrate the particle on the target site. In each step of the protocol,
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Figure 4.3: An illustration of our single-particle state-transfer protocol in d = 2 dimen-
sions. Through 4 steps, we redistribute a particle initially at O to the square B%O), then

to Béo), Béo), and finally to Bio), each time doubling the size of the region sharing the
particle. We use different colors to mark the additional sites that the particle spreads to in
different steps. We then reverse the process to concentrate the particle on the target site
x and thereby achieve a perfect state transfer. The protocol is enhanced by the volume
r¢ of the squares, with 7 being a typical size of the squares. This enhancement offsets
the penalty 1/r* due to the power-law constraint, resulting in a superlinear state-transfer
protocol when o < d + 1.

the weaker interactions due to the power-law constraint are well compensated by the
volume of the squares, making the protocol superlinear for all &« < d + 1. As emphasized
in the introduction, this state-transfer protocol has (at least) two appealing features for
experimental implementation, and could enhance the performance of quantum computing
architectures assisted by long-range interactions [15].

The free light cone is also relevant for early time dynamics in low density models
of interacting fermions or bosons, which are readily realized in experiment. The ob-
served slowdown of dynamics between the Lieb-Robinson and free light cones makes the
Hubbard model exponentially easier to simulate in experimentally relevant regimes (e.g.

polar molecules) at early times, with implications for demonstrating quantum supremacy

(Section 6.6).
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4.2 Formal Preliminaries

We now more carefully introduce the problem that we address in this chapter. First,
we will give a precise definition of a many-body quantum system with long-range inter-
actions. We need to first define the distance between two points. Formally, we do so as
follows. Let A be the vertex set of a d-dimensional lattice graph with edge set Fy. A
lattice graph (A, E) is a graph which is invariant under d-dimensional discrete transla-
tions: mathematically speaking, Z? C Aut(A, E, ), where Aut denotes the group of graph
isomorphisms from (A, F) to itself. We assume that all vertices have finite degree in Fy,
and that |[A/Z?| < oo, i.e. the unit cell has a finite number of vertices, and every vertex
has a finite number of (nearest) neighbors. This graph imbues a natural notion of distance,
which we will use for the rest of the chapter. Let D : A x A — Z* denote the shortest
path length between two vertices, also known as the Manhattan metric.

A many-body quantum system is then defined by placing a finite-dimensional quan-
tum system (e.g. a qubit) on every vertex in A. Formally we define a many-body Hilbert
space

=M, 4.11)

ieA
where we assume that dim(#;) < oo. In this chapter, we will be especially interested in
the dynamics of the operators acting on . Let BB denote the set of all Hermitian operators
acting on H. B is a real vector space, and we denote operators O € B with |O) whenever
we wish to emphasize that they should be thought of as vectors. A basis for B can be

found as follows: let 7/ denote the generators of U(dim(#,;)) where a = 0 denotes
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the identity operator, which gives a complete basis for Hermitian operators on the local

Hilbert space H;. B is simply the tensor product of all these local bases of Hermitian

operators:

B = span {@Ti‘“, for all {ai}} :

i€EA

(4.12)

For subset X C A, we define Bx to be the set of all basis vectors which act non-trivially

only on the sites of X:

Bx := span {@Tf, for all {a; # O}} .

1€X

We define the projectors [34]

| ®T;*) ai#0
]P)Z’@T]gk) = s

0 CLiIO

which return the part of the operator that acts non-trivially on site ¢:

1
PZO =0 - mt}' 0.

For a general subset X C A, the projectors

Px:= Y (=) TP

Y€eZX:|Y|>0 Jjey

(4.13)

(4.14)

(4.15)

(4.16)

act similarly, and return the part of the operator which acts non-trivially on the subset X.
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It was proven in Ref. [22] that when | X| < oo,

IPxOllos < 2[00 (4.17)

where |||« is again the operator norm. We will often drop the oo subscript for conve-
nience. In addition, we can relate the commutator in the Lieb-Robinson bound to the

projection of an operator using the identity

IOx, Oyl < 2] Ox [ IPx Oy ||, (4.18)

which holds for all operators Oy € Bx, Oy € By.

We define the Hamiltonian H : R — B as

H(t):= ) Hx(t), (4.19)

XCA

where Hx(t) : R — Bx. H(t) is said to be g-local if Hx(t) = 0 for all | X| > ¢
physically speaking, the Hamiltonian operator contains at most g-body interactions. The
Hamiltonian generates time evolution on B according to the Heisenberg equation of mo-

tion for operators: we define the Liouvillian £(¢) as the generator of time evolution,

L(t)|O) = |i[H(t), O]). (4.20)

We define the time evolved operator O(¢) : R — B as the solution to the differential
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equation

== L()O(t), 0O(0):= 0. 4.21)

We say that the Hamiltonian /7 has long-range interactions with exponent « if

a = sup {ao € (0,00) : there exists 0 < h < oo such that

h
Z HHx(t)H < W’ forallt € R}, (422)

X:{ij}CX

where D(7, j) denotes the distance between i, j. In physics we often say that the inter-
action has exponent a when, assuming only two-body interactions, Hy; j; < hD(i,5)™%;
strictly speaking though, any Hamiltonian with exponent «,, according to this loose defi-
nition, also has exponent a; < as. The formal definition Eq. (4.22) avoids this unwanted
feature and assigns a unique exponent « to every problem.

The following identities, which we state without proof, will be useful in the discus-

sion that follows:

Proposition 1 (Sums over power laws [18, 21]). If a > d, for any A and D, there exist

0 < C1,Cy < 00 such that:

1 C
D, 23)
JEAND(i,5)>r (Z’j) "
1 Cy
Y o < (4.24)
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4.3 The Lieb-Robinson Light Cone

We begin by discussing the strictest light cone on the commutators of local opera-
tors, representing the generalization of the Lieb-Robinson theorem [12] to systems with

long-range interactions.

4.3.1 The Linear Light Cone

The following proposition controls the growth of commutator norms in a Hamilto-

nian system with long-range interactions.

Proposition 2. Let XY C A be disjoint with D(X,Y) := r; Ox be an operator sup-
ported on X obeying ||Ox|| = 1, Ox(t) be the time-evolved version of Ox under a
power-law Hamiltonian with an exponent o > 2d+-1. There exist constants ) < U, ¢ < 00

such that, for time evolutions generated by Eq. (4.20) obeying Eq. (4.22),

1 log?

Py [Ox (1)) < C|X|m~

(4.25)

Proof. We begin by recalling the following theorem (recast in the language of projectors):

Theorem 2 (Linear light cone [23]). Eq. (4.25) holds for a single-site operator, i.e. when

X| = 1.

While the proof presented in Ref. [23] applied only to time-independent Hamilto-
nians, the generalization to time-dependent models is immediate from their results. Next,

we show the following general result.
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Lemma 1. Ifforall x € X, |Py|O.(t))|| < f(t,D(x,Y)), then there exist 0 < K < o0
such that

IPy|Ox ()] < K ) f(¢t,D(2,Y)). (4.26)

zeX
Proof. For pedagogical reasons, we demonstrate the proof on a system of spin-1/2 par-
ticles with X' = 9/2. However, the proof applies to any system with finite local Hilbert
space dimensions [22]. Let {S; : j = 1,...,dy — 1} denote the dy — 1 = 4¥I —1

nontrivial Pauli strings supported on Y. Then [22]

= =
1By [Ox (@) = Il 57~ Z 1S5, [55, Ox W]l < 2 2 || S51I[ITS;, Ox (@]
=1 j=1 ~

= g vl
<7 Z I[Ox, S;(=)]]] < ™ > IBx [S;(=t)]l- (4.27)

j=1

Next, we shall prove that

IPx 5;(—))] <3ZHP |S;(— (4.28)
To do so, we assign an (arbitrary) ordering of the sites in X: i.e. if X = {x1,...,2,}, we

choose 11 < 19 < -++ < x,,. Let X, = {2/ € X : 2/ > x} be a subset of X consisting of

sites in X that are greater than x. We rewrite

Px =) (1-Pg )P, (4.29)

58



and therefore we have

IPx | Sj(— H<Z|!1— P, |S;(— H<Z3HP 1S;(—t))]]- (4.30)

In the last line, we have used that [|PxO|| < 2||O|| whenever | X| < oo [22], along with

the triangle inequality. Plugging this back into the earlier equation, we have

dy —1 dy—1

Py 1Ox ()] < - Z STIP I8, (-) < o DI Zn MCHE[
;di Z ZZ”PS )] < ng(t,dist(()x,Y)), 431
- x T

where P, € {X,,Y,, Z,} denotes one of the three Pauli matrices on site x. In the second

from the last line, we have used the assumption ||Pg, P, (t)|| < f(¢,dist (() z,Y)). O

Combining Theorem 2 with Lemma 1 proves Eq. (4.25), which is tighter than a

result of Ref. [23] when applied to general operators that are supported on many sites. L[]

4.3.2 A Fast Operator-Spreading Protocol

Proposition 2 proves that the support of an operator O;(t) is only large inside of a
linear light cone when o > 2d + 1. Our first main result is the following theorem, which

proves the optimality (up to subalgebraic corrections) of that result.

Theorem 3. Let dim(H;) = 2 foralli € A, and let X and X, be two Pauli-X operators
supported on two sites i and j respectively, obeying D(i,j) = r. For all a > d, there
exists a time-dependent Hamiltonian H (t) obeying Eq. (4.22) and constants 0 < K, K’ <
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oo such that for 3 < t < K/ pe/(1+2d),

(4.32)

Proof. We prove the theorem by constructing a fast operator-spreading protocol, which
follows three steps, as depicted in Figure 4.4. In each step, we evolve the operator using
a power-law Hamiltonian for time ¢/3. For simplicity, we assume ¢/3 := ¢ € Z", and
assume that ¢ < %7‘.

Step 1—. In time t/3, we use a unitary U to spread the operator X to HieBZ X,
where B, is a ball of radius ¢ centered at site 0. We denote the volume of this ball by
V := |B,|. The unitary I/; can be implemented using a series of controlled-NOT operators

(CNOT) among nearest neighbors in the lattice. Note that a CNOT gate Ucnor,i,; for

neighbors ¢ and j acts as follows:

UéNOT,i,inUCNOT,i,j = X;X;. (4.33)

Under the conditions of Eq. (4.22), this CNOT gate can be implemented in a time step of
o(1).

Step 2—. In the next ¢/3 interval, we apply Us = []._z, U,(7) on the operator,

JEB,

where

U;(7) := cos(1O) +isin(10)Z;, (4.34a)
0:=> %, (4.34b)
kGBe
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SR

Step 1 Step 2 Step 3

Figure 4.4: A protocol for rapid growth of the commutator norm using two-body long-
range interactions. Step 1: we use CNOT gates between nearest neighbor sites to spread a
single Pauli X to a Pauli string X X - - - X supported on every site inside a ball of radius
O(t) centered at X. Step 2: we use pairwise ZZ interactions between all sites in the two
balls, located distance O(r) apart, which adds an operator of norm ~ O(t***1/r®) into
the second ball a distance r away. Step 3: we invert Step 1 in the outer ball, pushing all
of the operator weight in the outer ball onto a single site.

Bg is another ball of radius d centered around the site at distance r, and

= 4.35
T 3(2r)e (4.35)
It is straightforward to verify that U;(7) is a unitary, since
Uj(r) =exp |—ir Y Z;Z,] . (4.36)

yeB,

Since Z;Z, commutes with Z; Z,, for all j,j' € By and y,y' € By, U;(7) and Uy (7)
can be implemented simultaneously. In other words, the unitary U/, can be generated by a
power-law Hamiltonian within time ¢/3: the factor of 2r in Eq. (4.35) is present because

the maximal distance between two sites in 5, and 5’@ is r + 2¢ < 2r. The evolved version
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of the operator under this unitary is

uj (H Xj> U =[] [cos(2T@)Xj +5in(270)Y; | . (4.37)

JEBy JEBy

Step 3—. In the final ¢/3, we apply a unitary U3 which is the inverse of U, up to its
action on [;)g instead of B,. It is easier to instead think of evolving the final operator X,
under U; *, which does not change the commutator norm ||[X,(¢), X,]||. Therefore, after

time ¢, we get the commutator norm:

113(8), X )| = I [l Xottde, s X, 45 | 438)
— H 1T [cos(QT@)X +sin(2r0)Y; |, [] Xa ' (4.39)
JEBe kEBz

N

-

=C

To lower bound the norm of C', we consider the matrix elements of C' in the eigen-
basis of Pauli Z operators. We observe that (e| C'|00...0) = 0 for all computational

basis states |e) of the two balls except for |e) = |11...1). Hence,

1% 1%

(11...1]C'100...0) = [cos(QTV) —1sin(27V)

- [cos(QTV) +isin(27V)

=2 Z ( )z sin(27V)F cos(2rV)V7F = a. (4.40)

k odd

Therefore, C' is block diagonal and has eigenvalues +|a| in the sector {|00...0)}, {|11...1)}.
We note that to the lowest-order, |a| ~ V27 o t?**!/r®  Therefore, this operator-

spreading protocol saturates the Lieb-Robinson bound in Proposition 2.
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To make the statement rigorous, we lower bound the norm of C'"

14

IC|| > |a| > 2V sin(27V) cos(27V)Y ! — Z (]I;) sin(27V)F cos(27V)V*
k odd k>3
1% — (V-3
> 2Vsin(27V) cos(27 V)V — 3 sin(27V)? Z ( i ) sin(27V)F cos(27V)Y 3 F
k even
3
> 2Vsin(27V) cos(27 V)V — % sin(27V)?[sin(27V) + cos(27V)]V 2. (4.41)

Now we require that V27 = ¢ < 1/2, which is equivalent to t2¢*!1 < 7%, Under this

condition,
Y g2 Id 1
cos(2rV)V ! > (1 - 72V?)" = (1 — W) > 3 (forall V > 1 > £%/10),
(4.422)
V-3 v 2¢\ ¥
[sin(27V) 4 cos(27V)]" " < (1 +27V)" < (1 + V) <e*, (4.42Db)
TV <sin(27V) < 27V. (4.42¢)
Therefore,
I 2.2 2 2 99 L.
> o 134 > _ 154 > -
IC|l = 2V(TV) [2 D (27V)%e } >Vir|l 35 e > 2V T
1 td 2 t 1 t2d+1
> 9 <@) 3(2r)e Z 31+2d91+a pa - (4.43)

This protocol shows that if the light cone of a Lieb-Robinson bound is ¢ = r*, then

k< af(l+ 2d). O

Lastly, we note that it is trivial to remove the restriction dim(#;) = 2 from the
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assumptions of Theorem 3 by simply making H (t) act trivially on all but 2 of the basis

states in each H,.

4.4 The Frobenius Light Cone

We now turn to the Frobenius light cone. To motivate the development, let us
consider the early time expansion of a time evolving operator O;, initially supported on

lattice site 7:

(L) , £2
Oi(t)=>_ 0= O; +itlH, 0 = S [H, [H O] + - (4.44)

n=0

For illustrative purposes, we have temporarily assumed / is time-independent. Suppose
further that H only contains nearest neighbor interactions. Then [H, O;] can only contain
operators of the form O; 100,41, and [H, [H, O;]] can contain terms no more compli-
cated than O;_0;_100;,10;5, and so on. It is natural to ask “how much” of the oper-
ator can be written as a sum of products of single-site operators restricted to some given
subset of the lattice A. This question is naturally interpreted as follows: upon expanding

|O;(t)) in terms of the basis vectors of Eq. (4.12):

10:(1)) =) ety (D Q) T), (4.45)

{ax} k

the coefficients cy,, () are analogous to the probability amplitudes of an ordinary quan-
tum mechanical wave function. As we will see, the coefficients c(,,}(¢) must be suffi-

ciently small if any a;, are non-identity, when the sites ¢ and k are sufficiently far apart, at
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any fixed time ¢: this is, intuitively, what we will call the Frobenius light cone.

For mathematical convenience in the discussion that follows, we restrict our analy-
sis to finite lattices. It appears straightforward, if slightly tedious, to generalize to infinite
lattices through an appropriate limiting procedure. More significantly, we will focus our
discussion to one-dimensional lattices, as only in one dimension have we developed the

machinery powerful enough to qualitatively improve upon the results of Section 4.3.

4.4.1 A Vector Space of Operators

We define a one dimensional lattice

A={ieZ:0<i<L}. (4.46)

For every site ¢ € A, we assume a finite dimensional local Hilbert space #;, obeying

dim(#,;) < oo. The global Hilbert space is

M=) M (4.47)

[ISN

Let B denote the set of Hermitian operators acting on 7. We equip this space with

the Frobenius inner product

(A|B) — tr(AB)

T dim(H)’ (+48)

upon which B becomes a real inner product space; we denote elements of this vector
space O € B as |O). When A = B, the inner product reduces to the squared Frobenius

norm of A: (A|A) = ||A||3. Note that for traceless operators A and B, this inner product
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corresponds to the value of the thermal two-point connected correlation function at infinite
temperature. Let {7} denote the generators of U(dim(?%;)), with a = 0 denoting the

identity matrix. These generators form a complete basis for B:

B .= span{@T{”} :=span{|ap---ar)}. (4.49)

LIS

We define the projectors

lag---ar) ay #0anda, =0ify >z
Qzlao---ar) == . (4.50)
0 otherwise

Hence Q. selects the parts of an operator which all act on z, but on no site to the right of

x. Observe that we have orthogonality and completeness:

QQ; =0;Q;, > Q=1 (4.51)

iEA

Time evolution is generated by a (generally time-dependent) Hamiltonian H(t) :

R — B. We assume that H is 2-local:

H(t)= Y Hy(t), (4.52)

{i,j}CA

with power-law interactions of exponent . By unitarity,

(O]L(t)]|O) =0, (4.53)
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where £(t) was defined in Eq. (4.20); hence L£(t) generates orthogonal transformations

on 3 and leaves the length of all operators invariant.

4.4.2 The Operator Quantum Walk

Our goal is to understand the following scenario (Fig. 4.5): given an operator |O)
starting at the left-most site, i.e. obeying Qy|O) = |O), how long does it take before most
of the operator |O(t)) consists of operator strings that act on sites > z? More precisely,

define

t5(x) == inf {t > 0 : for any Qy|Og) = |Op), § < Zy:x<y<L(OO(t)‘Qy’Oo(t»}

(00| Oy)
(4.54)

to be the shortest time for which a fraction ¢ of the operator |O(¢)) can be supported
on sites > x. The assumption that the operator starts only on the left-most site is not
restrictive—for an initial site k£ € A, we can identify the lattice sites £ + m ~ k — m in
order to “fold” the one dimensional lattice to put the initial point k£ at one boundary; such
a change cannot modify Eq. (4.22), except to adjust the value of A by a factor < 4.

We note that

(1000, 0. [0, 01]) _ (oy(0)B.I0n(0)
s, dim(H)(O]Op) = (00]00)

<4 Z (00(29‘(3?9'30@)’ (4.55)

where the left-most side corresponds to the out-of-time-order correlation function (OTOC)

of an infinite-temperature state—a quantity known to herald the onset of many-body quan-
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Figure 4.5: The 4% dimensional space of operators can be decomposed into direct sum
of L subspaces {Q;} by the position of the right-most occupied site. By keeping track
of only the “average value” of the right-most site (depicted above), keeping in mind that
an exponential number of orthogonal operators (depicted below) are contained on most
of the sites, we reduce the quantum walk of many-body operators from an exponentially
large space to a one dimensional line.

tum chaos [90, 91]. From Eq. (4.55), it follows that a lower bound on tg(a:) also bounds
the evolution time of the OTOC and the growth of chaos.

The second main result of this chapter is the following theorem:
Theorem 4. Given Hamiltonian evolution on ‘H obeying Eq. (4.52) and Eq. (4.22), for

anyr € ,0 <) eR and% < a € R, there exist constants 0 < K, K' < oo such that

x a > s

t5(x) > K x : (4.56)
32 (14 K'logz)™ 3 <a<?

Proof. We prove this theorem using the “operator quantum walk™ formalism introduced

in Ref. [94]. For simplicity, we will first prove the theorem when o > g and then
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generalize to o < % afterwards. Consider the operator F acting on B defined by

Fi=>jQ; (4.57)
JEA
Our goal is to show that
lim [|[F, L(t)]||leo < C < 0. (4.58)
L—o0

The reason Eq. (4.58) is desirable is the following. Without loss of generality, we
normalize (O]|O) = 1. We then define a time-dependent probability distribution P, on A
as

Pi(i € A) := (O(1)[|Q:]O(1)), (4.59)

since by Eq. (4.51) the probability distribution is properly normalized: P;(A) = 1. We
may then reinterpret ¢5(z) as the first time where the probability that i > x on the measure

IP; is sufficiently large:

t5(z) =inf{t > 0:6 <Pu(i > x)}. (4.60)

We may then interpret F for o > % as a classical random variable that gives ¢ with

probability P, (7). By Markov’s inequality,

Pe(i > ) < : (4.61)

where E,[-| denotes expectation value on the measure P;. If Eq. (4.58) holds, then for any
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operator Oy in the domain of Q,

t t

B(F) = [ ds3-(Ou(s)|FI0u(s)) = [ ds(Ou(s)IF. £(5)]1Ou(s)

< / ds | (O(s)][F. L(s)]|0(s))] < C.

0

Combining Eq. (4.61) and Eq. (4.62), we see that Eq. (4.56) holds with

5
K=—.
C

Hence, it remains to prove Eq. (4.58). To do so, it will be useful to define

A:=A—{0},

and a more refined set of complete, orthogonal projectors: for S C A,

lag---ar) i >0anda; #0ifand onlyifi € S
RS‘QO"'O’L) = ,

0 otherwise

(4.62)

(4.63)

(4.64)

(4.65)

which projects onto the operators whose support is exactly the subset S. We also define

Fg :=maxi
i€S
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to be the right-most occupied site. Observe that FsRg = RgFRg. Since

> Rs=1, (4.67)

Sezh

we may write, for any O € B,

(OIIF, £|0) = Y (OIRs[F, L]Rq|O)

S,Qe7h

(Fs — FQ)(O|RsLR|O)
< OIRs|O)(O|RH|O) su
_SEQEZM RslO) OIRelO) sup |5

(4.68)

Next, we observe that the 2-locality of the Hamiltonian implies that R¢LRg # 0 if and
only if there exists a site 7 € A suchthat SU {i} = Qor QU {i} = S.

Suppose that Q U {i} = S, that Fp = j and that ¢ > 0. Then if i < j, Fg = Fo =
J; the right-most occupied site in S and () has not changed, and hence the supremum
in Eq. (4.68) vanishes. Therefore, the supremum is only non-trivial when 7 > j. By

submultiplicativity of the operator norm, there exists 0 < A < oo such that

ap | T8 = TQORLRN) | ol gy
0,0'¢eB (0]0)(0]0) heQ h
h A
<2li—j = *
< ‘Z j|Z|2_k‘a — |Z’_fQ|OL—27 ( 69)

ke@

where A is a constant and, in the last step, we overestimated the sum by assuming all sites
< j are included in the set (). A similar argument holds when S U {i} = Q.

It is now useful to interpret Eq. (4.68) as an auxiliary linear algebra problem. Let
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us define ¢ € R as

vs =/ (O|Rs]O), (4.70)

and M € R% x RZ? as

A|.7:5 —fQ|2_a ./T"S %f@ andS= QU{m} OI‘Q = SU{m}

MSQ = MQS =
0 otherwise
“4.71)
Since
(OI[F. L|0) < sup > 0sMsqgpq = || M ||, (4.72)
‘P:||<PHF:1 S.Q

it suffices to show that || M| < o0.

To bound the maximal eigenvalue of M, we use the min-max Collatz-Weiland The-
orem [95]. To do that, we must first establish that A is an irreducible matrix (non-
negativity of the entries is guaranteed by Eq. (4.71). To show irreducibility, we observe

that

(M), #0: 4.73)

the sequence of subsets which satisfies this identity corresponds to sequentially adding
the elements of S from smallest to largest. We conclude that (by non-negativity of all
M™) there exists an n € Z* such that (M™) g, > 0 for all sets S and Q.

We are now ready to apply the min-max Collatz-Weiland Theorem:

. 1
Ml = inf  max— > Msopq. (4.74)

ER%2 :pg>0 Ps A
P ¥ps QEZQ
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Clearly an upper bound to the maximal eigenvalue comes from choosing any trial vector

 that we desire. We make the following choice: writing

S = {nl, . ,ng}, with n; < Nit1, 4.75)

we take ¢y = 1, and then define ny = 0 and

S|

ps 1= H (ni —ni—1) 7, (4.76)

=1

where (3 is a tunable parameter we will shortly fix. Now we evaluate the right hand side

of Eq. (4.74), defining j = Fgs:

1 Ps—{; PSULk
— Z Msqwq = Mss_(p——2 + Z Mg 5oy 4.77)
PS oczh ¥ kEA>) vs

Using Eq. (4.71), and assuming that j, = Fg_(;,

Ps—{j o r9a
Mss_(;y fo S{”} < A(j — ) (4.78)

We hence take

B=a—2 (4.79)

to ensure that this first term is finite. Evaluating the second term of Eq. (4.77),

@ = o
Y Mssum 2 <A N (k- j)P P < A, (4.80)
keAk>j ¥ k=j+1
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where

ga+p—3
A=A < oo, 481
a+B-3°% @8

so long as o > g We conclude that C' < A+ A, < oo, proving the theorem when o > g
We now return to the case % <a< g The proof is essentially identical with a few
minor changes. Firstly, we set F{o), = 0, and for non-empty sets we define
7

Fg := max

_ 4.82
jes 1+ K'logj’ (4.82)

for a parameter 7 € (0, 1) that we will fix shortly. We choose the parameter K’ such that
F; is a convex function on Z*: |F; — F;| < Fj;_j. Such a K’ can be shown to exist by

extending F to act on [1, 00), after which we use elementary calculus to demand that

dF(x) 1 K’
_ -8 4.83
U< dz 21=7(1 4+ K'log x) (7 1+ K'logx )’ (4.83)

along with

d*F(z) 1 K’
0> = eyt
dz? x27(1 + K'log ) 1+ K'logx

K’ K’ 2
- | - . 4.84
. (7 1—|—K’log:v) <1+K’10g:17> } (+-84)

Eq. (4.83) and Eq. (4.84) are both satisfied by the choice

K/

w12

(4.85)
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We then find that convexity of F; leads to the replacement of Eq. (4.71) with

A’FS — FQW—H_a(l + K’ log ‘«FS — .FQ’)_l Fg 7& .FQ
MSQ = MQS = . (486)

0 otherwise

Lastly, we replace Eq. (4.76) with

S| +1l—«a
(n; — 7%‘—1)7
= . 4.87
vs H 1+ K’ log(nz — ni_1> ( )
These choices guarantee that
Ps—{j
Mgs_(y—— — 4, (4.88)
¥s
as in the prior setting. Then we find that
PSsu{k} & 1
> Mgsum <A) TP - (4.39)
vl s Sy (k= )Pt (1 4+ K log(k — j))

Upon choosing v = a— %, we obtain that the sum above is finite. Note that the logarithmic
factors were required to obtain finiteness of Eq. (4.89). Hence we obtain || M| < oc.

Lastly, we mimic the arguments of Eq. (4.62) to complete the proof. [

We conjecture that in d > 1, the Frobenius light cone is always linear if and only if
3d
a>—+1. (4.90)

We expect that for g-local Hamiltonians with ¢ > 2, Eq. (4.90) holds only when a slightly
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stricter requirement than Eq. (4.22) is obeyed: for example, if ||H,, 3l ST 7 —
n;+1|”“ in one dimension.

The Frobenius light cone of Theorem 4 is tight up to subalgebraic corrections, when
applied to arbitrarily large operators. This can be seen by considering a large operator of
the form

L/3
Oo =[] X" +he 4.91)
i=0
supported on the left-most L /3 sites of the lattice, where X;" = X; + iY;. We would

like to spread this operator to the right-most /3 sites of the lattice, which are at least a

distance /3 away from the initial support. If the Hamiltonian is

H=Y Y sz’“ (4.92)

0<j<% 2 <k<L

it is straightforward to show that the fraction of Oy(t) supported beyond 2L /3 is (up to

the first order in t)

S 0ot = ——0, 3 Z (4.93)

k>L/2 2L ck<L,

The Frobenius norm of this fraction is

L t\? {
3 (3 La_l) =t (4.94)

Therefore, our bound in Theorem 4 is tight up to O(1) factors.

76



4.5 The Free Light Cone

In this section, we discuss bounds on the quantum dynamics of non-interacting

many-body systems.

4.5.1 Non-Interacting Hamiltonians

Consider a many-body quantum system defined on a d-dimensional lattice graph
A; we assume the same properties of A as in Section 4.2. Suppose that the many-body

Hamiltonian takes the form

H(t) =" hi(t)cle;, (4.95)

ijEA
where h(t) : R — C*** is a Hermitian matrix, and cz and c; represent either fermionic

creation and annihilation operators:

{cj,cl} = 6y, (4.96)

or bosonic creation and annihilation operators:

[Cj, Cj] = 51] (497)
The on site Hilbert space H; obeys dim(#;) = 2 in the fermionic case, and dim(#;) = oo
in the bosonic case. We note, however, that in isolated bosonic systems, H; can often
be truncated so that dim(7;) is at most the number of excitations on the lattice and is

therefore finite.
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As is well known, the evolution of all operators in such a non-interacting theory is
controlled by the Green’s function of the single particle problem on the Hilbert space C*.

Time evolution on this space is generated by the Hamiltonian

t) == > hy(0)]i) (4], (4.98)

1,J€EA

where |i) denotes the state that has exactly one excitation at site ¢ € A. The single particle

time evolution matrix obeys the differential equation

d

T Usnlt) := —iHap (0)Usp (1), (4.99)

together with the initial condition Usp(O) = 1. For example, in the fermionic model,

t)=> Uspi(t)e, (4.100)
JEA
which follows from observing that
4 - [H(t),c] =) ihii(t)clej, e] = =1 hy(t) (4.101)
dt ,
JEA JEA

For simplicity in the discussion that follows, we drop the “sp” subscript on / and U.
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4.5.2 Quantum Walks of A Free Particle

Consider a normalized wave function [(t)) := U(t)[s)) € C*, along with its

canonical probability distribution P; on A:

Py(A) =) % (4.102)

€A

Let us label an origin 0 € A, and assume that |¢(0)) = |0). We now use the quantum
walk framework to prove our third main result, on the concentration of P; on lattice sites

close to the origin.

Theorem 5. If o > d + 1, ¢ > 0, and r € 7™, there exist constants 0 < K,u < 0o such

that

R ) P L a— (4.103)

_ a—d—e"’
yeAN:D(y,x)>r (7’ Ut)

When d < o« < d+ 1, Eq. (4.103) holds with u = 0.

Proof. We first prove Eq. (4.103) when a > d + 1. Define the Hermitian operator

(2| F(t)|y) := 02y F(x, 1), (4.1042)

F(x,t) := min (0,D(x,0) — ut). (4.104b)

Our goal is to follow the proof of Theorem 4; first bounding the rate of change
of an expectation value, and then employing Markov’s inequality. The operator whose
expectation value we will bound in the time evolved wave function is F#; ultimately we
will see that 5 = a — d — ¢.
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First, let us bound

< BD(z,y) (F(z) '+ Fy) ). (4.105)

Then,

SWOFI0() = W IF, HE0) - asOIF o). @100

Let us first bound the first term, using Eq. (4.105) and Eq. (4.106):

[ ()][F” <2 Y [ellF HOly) () yle)]

{zy}CA

<Y (Pulw) + Pu) (= ][F7, HB)]y)]

z€A yeA—{x}
2h _ _
<82 2L B@pe e (P F)).
zEA yeA—{x}

(4.107)

In the last line, we have used the symmetry of the sum under exchanging = and y to

remove P;(y). Then we observe that

F(y)'! € (F@) +D(e,y) " <27 (F@) 7 + D@y ). @108)

Hence, so long as we choose

B=a—d—e¢, (4.109)
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we conclude that there exist constants 0 < K, A < oo such that

HOIF, HOI0)
<Cr2) TR0 X (o5 o)

xEA yeA—{z}

<Y Pulw) (K + AF(2)" 1) = K+ A0 Fu(t), (4.110)
where K, A are constants. Upon choosing
A (4.111)
U= —, .
B

Eq. (4.106) implies that

W) FPl(t) < Kt. (4.112)

Using Markov’s inequality, and assuming r > ut,

B
Y Py < ft_[ztlﬁ < T f(zt)ﬂ. (4.113)

yeAN:D(y,x)>r

Combining Eq. (4.109) and Eq. (4.113) we obtain Eq. (4.103).

Secondly, we study the case o < d + 1. Now we define

(x| Fly) := 6,yD(x,0)°, (4.114)
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with [ given by Eq. (4.109). Observe that § < 1. In this limit,

h
—]Et <) Puz) Y D |D(z,0)" — D(y,0)”] (4.115)
xEA yeA—{x} ’
h
<> Pyx) Y Dy P’ (4.116)
TEA yeA—{z} ’

where in the last inequality we have used the convexity of F as a function of distance.

For any € > 0, the sum over y converges; hence there exists a K < oo such that

—Et ] <) Piz) x K =K. (4.117)
zEA
Another application of Markov’s inequality implies Eq. (4.103). [

4.5.3 Free-Particle State Transfer

Our next goal is to prove the tightness of Theorem 5, up to subalgebraic corrections.
This is achieved by the following theorem, which provides a rapid state-transfer protocol

for a single particle.

Theorem 6. For every x € A—{0} with D(x,0) > 2, there exists a constant 0 < K < oo
and a Hermitian matrix h(t) : R — C** obeying Eq. (4.22), such that {x|U(7)|0) = 1

at
(

D(x,0) a>d+1

D(x,0) % d<a<d+1
T:=K X . (4.118)

logD(z,0) a=d
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Proof. For a« > d + 1, in order to transfer an excitation from 0 to x, we simply use a
sequence of nearest-neighbor hoppings, which would take time proportional to the dis-
tance dist (() 0,x). Specifically, let (yo := 0,y1,...,%—1,Ye := z) be a sequence of
length 1 + D(z,0) such that the edge (v;, y;+1) is an edge of nearest neighbors in A; here
¢ :=D(z,0). We then apply

H{t) = ihly;) (i1l —ihlyi) () t€[(G—1)g,7395) | 4.119)

0 elsewhere

where / is defined in Eq. (4.22). It is straightforward to verify that the Hamiltonian takes

s

lyj—1) to |y;) at the end of the interval [(j — 1),

Jag)s forall j = 1,... (. As aresult,
we achieve perfect state transfer from site 0 to site x at t = -dist (() 0, ). Therefore,

Theorem 6 holds for o > d + 1 with

K=—. (4.120)

For oo < d + 1, we use a state-transfer scheme depicted in Fig. 4.3. The scheme, as
depicted, assumes that the lattice is a simple cubic lattice; however, this protocol is easily
applied to an arbitrary lattice graph, since we may always arrange the unit cells of the
graph in the structure shown above. As the generalization to other lattices is obvious, we
describe only the case of a simple cubic lattice below. We further assume the sites 0 and
x are on the same axis of the lattice; more precisely, we assume that the path of shortest
length connecting 0 and z is unique. If 0 and = = (z1, ..., z4) do not satisfy this property,

we use the protocol described below to to transfer the excitation from 0 to (x1,0,...,0),
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all the way to (1, ..., x4) in d separate steps, increasing the total transfer time by at most
a factor of d compared to the protocol we describe below.
We define g € Z* as

q := |logy D(z,0)] + 1. (4.121)

Let B, C R? denote a cube of size D(z,0) such that the sites 0 and z are at two dif-
ferent corners of B,. We then recursively define a sequence of ¢ — 1 cubes, namely

Bgi)l, cee Bfo), satisfying

0 cB?cB”c...cBY cBY.=B, (4.122)
and the size of B§°> is ZSW forall s =1,...,q. Note that our definition ensures the
size of By is in [1,2). Similarly, we define the cubes B\, ..., B{" that contains :

{z}c B c Bf c---c B, ¢ B® .= B,. (4.123)

Our strategy is to first expand the state [¢/(0)) = |0) to a coherent uniform super-
position on B%O), which is subsequently expanded to coherent uniform superpositions on
larger and larger cubes Béo), ceey Béo). After that, we reverse the process and contract the
uniform superposition on B = B'" onto the cubes Béf)l, ..., B!, and finally onto site
{z}. We will argue that each expansion or contraction involving cubes of size ¢ takes time
(>~ where (“ is the penalty due to the power-law constraint and /¢ is the enhancement
coming from the volumes of the cubes. Summing over the values of ¢ results in a transfer

time that scales as dist (() 0, z)* @ ford < a < d + 1.
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To calculate the time it takes for each expansion or contraction, we invoke the fol-

lowing Lemma:

Lemma 2. Let A and B be two disjoint subsets of A, and 0 < C' < oo. Then if

i), (4.124)
[4( fl =D

€A

there exists a free-particle Hamiltonian H (t) defined in Eq. (4.95) with |h;;| < C for all

1,J € A such that for any 6 € R,

) o LS )+ S i, @125)

at time
<= (4.126)
-~ 2C4/|BJ|A|
Proof. We prove the lemma by construction. Consider the Hamiltonian
H(t) := sgn (tan§) > > "iC (|j) (k| — k) (i) - (4.127)

kEA jeB

Without loss of generality, we take 6 € [0, 7]; the generalization to other 6 is straightfor-
ward. By permutation symmetry, the wave function takes the form Eq. (4.125) with 6(¢)

a function of time. Pick any j € B. We can explicitly evaluate

40 _ VIBIAGW@) _ VIBL e — o JTBTTAL 4.128)

dt cos 6 dt cos
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Since the value of ¢ at which [y (%)) is given by Eq. (4.125) is in [0, 7], we conclude that

Eq. (4.128) implies Eq. (4.126). O

By construction, the time 7 of our perfect state transfer algorithm is given by

q
T=2) Ty, (4.129)
s=1

o

where T ; is the time it takes to expand from Bé(i)l to Bs’, which is also the time it takes

to contract B{" into Bs@l. To evaluate these times, we use Lemma 2 with C' = 1/2° to

get
9sa 2d
Ty, <m = 2T gs(a—d) (4.130)
’ \/Q(Sfl)d(Qsd _ 2(sfl)d) \/Qd -1
forall s =1,...,q. Here we have lower bounded the number of sites in BS(O) by 2%¢/2.
For o # d, summing over s gives
9d+1r 9lg+l)(a—d) _ | 2Lﬂ%ﬁdist(() 2,007 (a>d)
T < < v (4.131)
= 9d _ 1 o—d _ 1 - "
2041 1
\/mm (Oé < d)
On the other hand, at &« = d, we have
247 24
T<qX < 1+ logdist (() z,0)). 4.132
1 ot < (1 +logdist (7, 0)) (4.132)
Therefore, Theorem 6 follows. ]

There are two important consequences of Theorem 6. Firstly, even a single quan-
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tum mechanical degree of freedom can perform state transfer as asymptotically well as
the previously best known protocol in an interacting many-body system [24] for o > d.
Secondly, Theorem 6 proves that any possible improvement to Theorem 5 must be sub-
algebraic. Both the linear light cone and the superlinear polynomial light cones we have
proved for free quantum systems with long-range interactions are now known to be op-
timal. Theorem 6 is also applicable to spin systems, since the spin degrees of freedom
may be treated as hardcore bosons. Similarly, the protocol applies to Hamiltonians with
on-site and particle number conserving interactions such as the Bose-Hubbard model: the
interactions have no effect since at all times during the protocol there is at most a single
particle in the system.

As noted in the introduction, this state-transfer protocol is naturally realized in ex-
periments whenever there is a conserved quantity. For example, in a spin system with
z-spin conservation, we can prepare the system in a highly polarized state with a single
up-spin; the location of the up-spin represents the location of the single quantum degree
of freedom, and our state-transfer protocol immediately applies. In trapped ion crystals, it
is natural to use a large transverse magnetic field to help restrict to this subspace [96]. In
addition, decoherence rates will be greatly reduced in the single-particle subspace, when
compared to the GHZ states employed by Ref. [24].

A key feature of this state-transfer protocol is its remarkable robustness to error.
Here we give a heuristic argument that this will be the case; a complete analysis will
be provided elsewhere [97]. At step n of the protocol above, there are A,, = 2" sites in
each domain which are all mutually coupled; the coherent state transfer process leads to an

enhancement in the transfer rate by a factor of \V,,. Now suppose that there is uncorrelated

87



random error in the coefficients of |j) (k| in (4.127). Using random matrix theory [98],
we estimate that these errors introduce lead to dephasing rates of order v/N,,. If |z) is the
target site for the state-transfer protocol, we estimate the loss in fidelity F = [{1(7)|x)|?

by summing up the error after each step:

- € “ &
1-Fn~> Nr~822—d"/2< — (4.133)
n=1 n n=1 2/ -1

Here ¢ is related to the error in a single coupling in the state transfer process. Therefore,
the quantum coherent hopping of this state-transfer protocol renders it highly immune to
imperfections in tunable coupling constants which are inevitable in any near term quan-

tum simulator. As ¢ — 0, the fidelity / — 1.

4.6 Discussion

We have demonstrated a hierarchy of linear light cones—a sequence of metrics and
protocols under which the emergent locality that arises in local quantum many-body sys-
tems breaks down at different exponents « of long-range interactions. The most general
such light cone—the Lieb-Robinson light cone that bounds commutator norms—can be-
come superlinear for any o < 2d + 1. We conjecture that the Frobenius light cone that
controls many-body chaos and state transfer can only be superlinear when o < 1+ %d, and
proved this result in d = 1 using the operator quantum walk formalism. Finally, in non-
interacting systems, we proved both linear (o« > d + 1) and superlinear (d < o < d + 1)
light cones along with the optimality of these bounds. As such, we close a number of

long-standing questions in the literature on the limits and capabilities of quantum dynam-
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ics with long-range interactions.

Besides state transfer and many-body chaos, we have also demonstrated a wide
range of applications of these (nearly) tight light cones. We proved that the growth of
connected correlations obey the same light cone as that of the Lieb-Robinson bound. In
the context of digital quantum simulation, we used the Lieb-Robinson bound to construct
an approximation for the time-evolved version of a local observable, and thereby reduced
cost of simulating the observable on quantum computers for all « > 2d + 1. Similarly,
using the free light cone, we constructed an efficient early-time classical boson sampler
for all & > d, exponentially improving the previous best estimate in some regime of a.
Additionally, we bounded the time it takes to generate topologically ordered states using
power-law interactions. Finally, we tightened the minimum correlation-decay rate in the
ground state of a gapped power-law Hamiltonian.

The hierarchy of linear light cones revealed in this chapter has important implica-
tions both on the capabilities of quantum technologies exploiting long-range interactions,
as well as on the nature of quantum information dynamics and thermalization in these
systems. A complete understanding of quantum chaos and state transfer, at the very least,
requires the construction of a new mathematical framework beyond the Lieb-Robinson
bounds, perhaps along the lines of our operator quantum walk. It is an interesting open
question whether and how the hierarchy of different notions of locality revealed in this
manuscript reveals itself in aspects of quantum chaos besides OTOCs, perhaps including
entanglement dynamics or eigenvalue statistics. Lastly, it also remains an important fu-
ture challenge to obtain the Frobenius light cone in two or more dimensions, as well as to

rigorously study the light cone that controls the decoherence of a quantum system subject
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to long-range random noise, which was conjectured to be linear for o > d + % [99].
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Chapter 5: Locality and Digital Quantum Simulation of Power-Law In-

teractions

Lieb-Robinson bounds limit the rate at which information can propagate in systems
that obey the laws of non-relativistic quantum mechanics [12, 18, 18, 19, 27, 28, 29,
30, 31, 32, 33]. These bounds have found a plethora of applications [36, 100, 100, 101,
102, 103, 104, 105, 106, 107, 108, 109, 110], including recent results on entanglement
area laws [111, 112, 113], the classical complexity of sampling bosons [16], and even a
quantum algorithm for digital quantum simulation [76].

Lieb and Robinson’s original proof applies only to short-range interactions, i.e.,
those that act over a finite range or decay at least exponentially in space. However, in-
teractions in many physical systems, such as trapped ions [49, 50], Rydberg atoms [55],
ultracold atoms and molecules [53, 59], nitrogen-vacancy centers [58], and superconduct-
ing circuits [114], can decay with distance r as a power law (1/7%) and, hence, lie outside
the scope of the original Lieb-Robinson bound. Thus, understanding the fundamental
limit on the speed of information propagation in these systems holds serious physical
implications, including for the applications mentioned above. Despite many efforts in re-
cent years [18, 19, 29, 30], a tight Lieb-Robinson bound for such long-range interactions

remains elusive.
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In this chapter, we derive a new Lieb-Robinson bound for systems with power-law
decaying interactions in DD dimensions. While our bound is not known to be tight, it has
four main benefits compared to the best previous bound for such systems [19]: (i) It is
tighter, resulting in the best effective light cone to date [Eq. (5.17)]. (i1) The bound applies
at all times, and not just asymptotically in the large-time limit. (iii) The framework be-
hind the proof is conceptually simpler, with an easy-to-understand interpretation based on
physical intuition. (iv) Our approach is potentially applicable to studying a wider variety
of quantities, including connected correlators [36, 115] and higher-order correlators (for
instance, the out-of-time-ordered correlator [116, 117] and the full measurement statistics
of boson sampling [16, 82]) as we discuss in Sec. 5.5.

In contrast to the previous long-range Lieb-Robinson bounds [18, 19, 29, 30], which
all relied on the so-called Hastings-Koma series [18], our approach is based on a gener-
alization of the framework Haah et al. [76] (HHKL) introduced as a building block for
their quantum simulation algorithm. The essence of their framework is a technique for
decomposing the time evolution of a system into evolutions of subsystems, with an error
bounded by the Lieb-Robinson bound for short-range interactions [12]. We extend the
HHKL framework to long-range interactions and to a more general choice of subsystems.
Remarkably, these modifications enable us to derive a tighter Lieb-Robinson bound for
long-range interactions than the one we use in the analysis of the decomposition [29].

Additionally, we return to the original motivation of Haah et al.’s framework: the
digital simulation of lattice-based quantum systems. We generalize the HHKL algorithm
to simulate systems with power-law decaying interactions. The algorithm scales better

as a function of system size than previous algorithms when o > 3D, and the speed-up

92



becomes more dramatic as « is increased.

The structure of the chapter is as follows. In Sec. 5.1, we state our main results
and summarize the proof of the new Lieb-Robinson bound. In Sec. 5.2, we lay out the
precise mathematical framework for the proof and generalize the technique for decompos-
ing time-evolution unitaries [76] to power-law decaying interactions and to more general
choices of subsystems. After that, we present two applications of the unitary decompo-
sition in Sec. 5.3 and Sec. 5.4, which can be read independently of each other. Specifi-
cally, in Sec. 5.3, we use the unitary decomposition to derive the improved Lieb-Robinson
bound for long-range interactions. In Sec. 5.4, we analyze the performance of the HHKL
algorithm from Ref. [76] when applied to simulating long-range interacting systems. We

conclude in Sec. 5.5 with an outlook for the future.

5.1 Overview of Results

In this section, we summarize our main results for the case of a one-dimensional
lattice. Without loss of generality, we assume that the distance between neighboring sites
is one. The unitary decomposition technique in Sec. 5.2 is generalized from a similar
result for short-range interactions in Ref. [76]. We use it to approximate the evolution
of a long-range interacting system ABC by three sequential evolutions of its subsystems
AB, B, and BC (see Fig. 5.1). We assume that the interaction strength between any two
sites in the system is bounded by 1/r“, with r being the distance between the sites and «
a nonnegative constant. This restriction on the Hamiltonian norm also sets the time unit

for the evolution of the system.
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Figure 5.1: A demonstration of the unitary decomposition in Lemma 3. Panel (a): the
three disjoint regions A, B,C'in D = 1 and D = 2 dimensions with A convex and com-
pact. Panel (b): Lemma 3 allows the evolution of the whole system to be approximated
by a series of three evolutions of subsystems. The horizontal axis lists the sites in each of
the three sets A, B, C' (not necessarily according to their geometrical arrangement, par-
ticularly in higher dimensions). Each box is an evolution for time ¢ of a Hamiltonian
supported on the sites the box covers. These evolutions can be forward (white fill) or
backward (orange fill, with dagger) in time.

There are two sources of error in the approximation: one due to the truncation of the
Hamiltonian of the system ABC' (we ignore the interactions that connect A and C'), and
the other due to the Hamiltonians of the subsystems AB, B, and BC' not commuting with
each other. For a fixed value of «, if the distance ¢ between the two regions A and C' (see
Fig. 5.1a) is large enough, namely ¢ > «, the two error sources have the same scaling
with /. To estimate the error, for example from the truncation, we sum over interactions
connecting sites in A and C, and obtain a total error of O (1/¢*~2) (in one dimension) for

the approximation in the unitary decomposition (as shown in Appendix B.1.1).
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Figure 5.2: A step-by-step construction of the unitary U such that UTOxU ~ U}O xUr.
Each box represents an evolution of the subsystem covered by the width of the box for
a fixed time. The colors of the boxes follow the same convention as in Fig. 5.1. In
panel (a), the unitary Ur is written as a product of evolutions of the same system in
M = 5 consecutive time slices. (b) The evolution in the last (bottom) time slice is
decomposed using the method in Fig. 5.1, with the choice of subsystems A, B, C' such
that X is contained in A. The evolutions of the subsystems B and BC' (hatched boxes)
therefore commute with Ox and cancel out with their counterparts from U:TF, resulting
in (c). In panel (d), we repeat the procedure for the second-from-bottom time slice, but
note the different choice of A, B, C from panel (b). This difference is necessary to ensure
that the evolutions of B and BC' commute with the evolution(s) from the previously
decomposed time slice(s). We then commute them through O again and remove them
from the construction of U in panel (e). Repeatedly applying the unitary decomposition
for the other time slices, we obtain the unitary U in panel (f), which is supported on a
smaller region than the original unitary Uy. With a proper choice of the size ¢ of B, we
can make sure that Y lies outside this region, and, therefore, U commutes with Oy.
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In Sec. 5.3, we use the unitary decomposition to prove a Lieb-Robinson bound
for long-range interactions that is stronger than previous bounds, including the one we
use in the proof of the unitary decomposition. The subject of such a bound is usually
the norm of the commutator ||[Ox(T’), Oy]|| between an operator Ox (T) = ULOxUr
evolved under a long-range Hamiltonian for time 7" and another operator Oy supported
on a set Y that is at least a distance R away from the support X of Ox. Here, we
briefly explain the essence of the proof using a one-dimensional system with fixed «
and large enough R,T" > « as an example. The strategy is to use the aforementioned
unitary decomposition to construct another unitary U such that (i) UTOx U approximates
ULOxUr and (ii) UTOxU commutes with Oy, so the commutator norm ||[Ox (), Oy]||
will be approximately zero, up to the error of our approximation. For fixed o, we consider
M o< T equal time slices and use the unitary decomposition to extract the relevant parts
from the evolution U7 in each time slice. Each time we decompose a unitary, we choose
the subsystems A, B, C' so that only A overlaps with the supports of the unitaries from
the previous time slices (see Fig. 5.2), and therefore the evolutions of B and BC' can be

commuted through O to cancel their counterparts from U} (Fig. 5.2b and Fig. 5.2d):

(UABC)T OXUABC
~ (UAB)T UB (UBC)T OXUBC (UB>T [JAB

= (U*%)" oxU"®. (5.1)

The remaining evolutions that contribute to the construction of U are supported entirely

on a ball of radius ~ MY¥ around X, where ¢ is the size of B and is chosen to be the
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same in all time slices. By choosing ¢ ~ R/M and M¢ < R so that Y lies outside this
ball, the commutator norm ||[Ox (7"), Oy]|| is at most the number of time slices multiplied
by O (1/£%72%), which is the decomposition error per time slice. Therefore, we obtain a
Lieb-Robinson bound for long-range interactions in one dimension:

Tafl

T
”[OX (T)> OY] H S Cro7-—5 = Clr,am7

= (5.2)

where ¢, 1s a constant that may depend on «, but not on 7', R. Setting the commutator
norm to a small constant yields the causal region inside the effective light cone: T 2
Ra=1. For comparison, the previous best Lieb-Robinson bound produces a light cone
T 2 R [19]. Our bound is therefore tighter in the asymptotic limit of large R and
large T', while its proof is substantially more intuitive than in Ref. [19]. A more careful
analysis (Sec. 5.3) shows that our light cone also becomes linear in the limit & — o0,
where the power-law decaying interactions are effectively short-range. Moreover, our
bound works for arbitrary time 7', while the bound in Ref. [19] applies only in the long-
time limit. We provide a more rigorous treatment as well as a bound for D-dimensional
systems in Sec. 5.3.

Section 5.4 then then discusses the original motivation for the unitary decomposi-
tion—digital quantum simulation—in the case of long-range interactions that decay as
a power law. For o > 2D, our analysis shows that the HHKL algorithm [76] requires
only O (T n(Tn/ 8)% log %) two-qubit gates to simulate the evolution of a system of
n sites arranged in a D-dimensional lattice for time 7" with an error at most . For large

«, the gate count of the algorithm scales with n significantly better than other algorithms.
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5.2 Mathematical Framework

In this section, we present the technique for approximating the time evolution of a
system by evolutions of subsystems. We later use this technique to derive a stronger Lieb-
Robinson bound (Sec. 5.3) and an improved quantum simulation algorithm (Sec. 5.4) for
systems with long-range interactions.

We consider n sites arranged in a D-dimensional lattice A C NP of size L =
@) (nl/ b ) and D > 1. Recall that, without loss of generality, we assume the spacing be-
tween neighboring lattice sites is one. This assumption sets the unit for distances between
sites in the lattice. We shall embed the lattice A into the real space R”. The intersection
X N A therefore contains every lattice site in a subset X C RP. The system evolves
under a (possibly) time-dependent Hamiltonian Hy(t) = »_;hs5(t), with hzj{t) being
the interaction between two sites 7, '€ A. Without ambiguity, we may suppress the time-
dependence in the Hamiltonians. We say a system has power-law decaying interactions
if ||hz7| < W, where ||-|| denotes both the matrix and the vector 2-norms, for some
nonnegative constant « and for all 7’ j. [Note that h; may have arbitrarily large norm.]
For readability, we denote by Hx = E; sex iy the terms of [, that are supported en-
tirely on a subset X N A, and by Utl){ 4, = T exp (—z’ f:f H th) the evolution unitary
under Hy from time ¢; to t5, where 7 is the time-ordering operator. We also denote by
dist (X,Y") the minimum distance between any two sites in X and Y, by X¢ = RP \ X
the complement of X in real space, by 0.X the boundary of a compact subset X, by ®(X)

the area of 0.X, and by XY the union X U Y. In the following, we keep track of how

errors scale with time, distance, and «, while treating the dimension D as a constant.
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We now describe how to approximate the evolution of the system to arbitrary pre-
cision by a series of evolutions of subsystems using a technique we generalize from

Ref. [76].

Lemma 3. Let A, B, C' C R” be three distinct regions with non-empty interiors such that

AUBUC =RP. Let A be both compact (closed and bounded) and convex. We have

f o
Us'® = Usi” (Ugy) Upy || < cole™ = 1)@(A)éa(?),

with

16 \* 1
o) = (1) mpmr e ™ 53)

forall « > D + 1. Here, v,cy € RT are positive constants, v is a constant that can be
chosen arbitrarily in the range (0, 1), and { = dist (A, C) is the distance between sets A

and C.

We emphasize that this lemma applies to arbitrary sets A that are both convex and
compact. The sets we focus on include D-balls and hyperrectangles in R”. The for-
mer geometry is relevant in the proof of our new Lieb-Robinson bound, the latter in the
analysis of the HHKL algorithm for long-range interactions.

Lemma 3 allows us to approximate the evolution of a long-range interacting system
ABC by that of subsystems AB, B, BC (Fig. 5.1). The features of the function &,(¢) are
better understood by considering two limiting cases of physical interest. First, when «

is finite and ¢ (the distance between A and (') is large compared to «, the function &, (¢)
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behaves like

1
@) (W) ; (5.4)

which decays only polynomially with ¢. In the second limit, as « — oo for a large but
finite ¢, we recover from &, (/) the exponentially decaying error bound e~ 7*—a trademark
of finite-range interactions [12, 76].

The proof of Lemma 3, while more general, bears close resemblance to the corre-
sponding analysis for short-range interactions in Ref. [76]. However, there are two key
differences. First, in order to make the approximation in Lemma 3, some interactions
between sites separated by a distance greater than ¢ are truncated from the Hamiltonian.
While such terms vanish in a system with short-range interactions, here they contribute
O (®(A)/¢*~P1) to the error of the approximation. In addition, instead of the original
Lieb-Robinson bound [12] which applies only to systems with short-range interactions,
we use Gong et al.’s generalization of the bound for long-range interactions [29]. The
result is an approximation error that decays with ¢ polynomially as O (@(A) Jee—P _1),
in addition to the exponentially decaying error that exists already for short-range interac-
tions. Nevertheless, the error can always be made arbitrarily small by choosing ¢ to be
large enough.

In Sec. 5.2.1 below, we present the proof of Lemma 3. After that, we demonstrate
the significance of Lemma 3 with two applications: a stronger Lieb-Robinson bound for
long-range interacting systems (Sec. 5.3) and an improved error bound for simulating

these systems (Sec. 5.4). Both sections are self-contained, and readers may elect to focus
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on either of them.

5.2.1 Error bound on the unitary decomposition

Here, we will outline the proof of Lemma 3. Similar to Ref. [76], we begin with an

identity:

T T
Uit = Us’Usi (Us)' (Usi) Uai™ . (55)

[\ J/

=W

Our aim is to approximate 1V, by (U(ft)T (U(f’t)T UZE, from which Lemma 3 will follow.

For that, we look at the generator of W, [76], i.e., a Hamiltonian G, such that

dW,
dt

= —iGiWi, (5.6)

for all time. Exact differentiation of W, yields [89, 118]

G = (Ugt)T (U(ftB)T (Hapc — Hap — Hc)Uéngt (5.7)
=HA;;erB:c

= (Ugt)T (Uv({,‘tB)Jf HB:CU(ftBU[gt + 5trunc (58)

= (Uv()c,’t)Jr (U(ft)]L HB:CU(ftUOC,’t + 50verlap + 6trunca (59)

where Hx.y = )i x jey hij(t) denotes the sum of terms supported across disjoint sets
X and Y, and dyync, Ooverlap are error terms we now define and evaluate. Note that the first
term in Eq. (5.9) is the generator of (U(ft)T (U(ﬁ)T U(ftc—the unitary with which we aim

to approximate W;.
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In contrast to the approximation for short-range interacting systems in Ref. [76],
there are two sources of error in Eq. (5.9). The first error term dyy, arises after we discard
H 4.c from Eq. (5.7). For the short-range interactions in Ref. [76], this error vanishes
when the distance ¢ between A and C'is larger than the interaction range. However, in our
case, there is a nontrivial truncation error associated with ignoring long-range interactions
between A and C":

d(A
uanell = [ Hacl) = e (5.10)
14

for « > D + 1, where ¢ is a constant [Eq. (B.5)], ¢ = dist (A, C) is the distance between
A and C'. The factor of 1/I* in the bound comes from the requirement that the two-body
interactions decay as a power law 1/r®, while the term ¢ is due to the sum over all
sites in the D-dimensional set C'. Another factor of (P (A) arises after summing over the
volume of A, which we assume to be a compact and convex set. The detailed evaluation
of the norm is presented in Appendix B.1.1.

The other error, which we define to be dgyeriap, is the result of the approximation
used between Eqgs. (5.8) and (5.9). In the former equation, the operator evolves under
Hap + Hco, whereas in the latter, it evolves under the reduced Hamiltonian Hg + H,

thus incurring the error:

H(S()verlapH = H(U(ftB)THBCU(ftB - (U(ft)THB:CU(ft

. (5.11)

To understand why ||doverap|| s small, recall that Hp.c is the sum of terms h;  that are
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supported on two sites b e Band @ € C. Since the strengths of such terms decay as
1/r* (with r the distance between the sites b and ), the main contribution to Hp.c—and
thus to dgverlap—comes from the terms where b and & are spatially close to each other. But
since the sets A, C' are separated by a large distance /, if the site b is close to C, then it
must be far from A. Thus, the evolution of th5 for a short time under H 45 can be well-
approximated by evolution under Hpg alone. In Appendix B.1.2, we make this intuition
rigorous using Gong et al. [29]’s generalization of the Lieb-Robinson bound to systems
with long-range interactions.

In the end, we obtain the following bound on doyerap:

H(Soverlap” S Cov(evt - 1)(1)(‘4)

() , al

where ¢,y is a constant [Eq. (B.24)] and v € (0, 1) is a free parameter. The bound has
contributions from two competing terms: one that decays polynomially with ¢ and another
that decays exponentially. The polynomially decaying term is dominant for fixed o and
large ¢, whereas the exponentially decaying term prevails as « — oo for fixed /. The
errors Oyync and Ogverlap 1N approximating the generator Gy, combine to give an overall
error in approximating W, with (UOC:t)T (Uol?'t)T UgF (see Appendix B.2). From this, we
obtain the error bound in Lemma 3, with ¢y = max{cy, coy} /0.

Before discussing applications of Lemma 3, we pause here to note that the Lieb-
Robinson bound in Gong et al. [29] used in the above analysis is not the tightest-known
bound for long-range interactions [19]. Our use of this bound, however, does not lead to

a suboptimal error bound in Lemma 3. For finite «, the error bound is dominated by the
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¢>=P=1 which arises from the truncation error Jyy rather

polynomially decaying term 1/
than doverap. Therefore, this error term would not benefit from a tighter Lieb-Robinson
bound. In the limit &« — o0, on the other hand, we shall see later that the lemma already
reproduces the short-range Lieb-Robinson bound, which is optimal up to a constant factor.

Thus, we expect that using stronger Lieb-Robinson bounds would produce no significant

improvement for the error bound in Lemma 3.

5.3 A Stronger Lieb-Robinson Bound from Quantum Simulation Algo-

rithms

In this section, we will use Lemma 3 to derive a stronger Lieb-Robinson bound for
long-range interactions. The first generalization of the Lieb-Robinson bound to power-
law decaying interactions was given by Hastings and Koma [18]. However, their bound
diverges in the limit « — oo, where the power-law decaying interactions are effectively
short-range. Later, Gong et al. [29] derived a different bound that, in this limit, does
indeed converge to the Lieb-Robinson bound for short-range interactions. While we used
this bound in Sec. 5.2 to prove Lemma 3, we will also show that by using this lemma, we
can in turn derive a Lieb-Robinson bound for long-range interactions that is stronger than
the one in Gong et al. In fact, our bound produces a tighter effective light cone than even
the strongest Lieb-Robinson bound for long-range interactions known previously [19].

Recall that the subject of a Lieb-Robinson bound is the commutator norm

C(T,R) = H [(U&T)T Ox ULy, Oy}

, (5.13)
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where Ox, Oy are two operators supported respectively on two sets X, Y geometrically
separated by a distance R, and U, 6\,7’ is the time-evolution unitary of the full lattice A under
a power-law decaying Hamiltonian, as defined above.

To compare different bounds, we analyze their effective light cones, which, up to
constant prefactors, predict the minimum time it takes for the correlator C(7’, R) to reach
a certain value. For example, the original Lieb-Robinson bound [12] produces a linear
light cone 7" 2 R for short-range interactions. For long-range interactions, Hastings and
Koma [18] first showed that C(T', R) < ce’T /R® for some (a-dependent) constants c, v.
By setting C(7', R) equal to a constant, the bound gives an effective light cone 7" 2 log R
in the limit of large 7" and R. Gong et al. [29] later achieved a tighter light cone that
is linear for short distances and becomes logarithmic only for large R. Shortly after,

Foss-Feig et al. [19] derived a bound with a polynomial light cone:

T > Ra-ps1, (5.14)

Equation (5.14) was the tightest light cone known previously.

In the remainder of this section, we use Lemma 3 to derive a Lieb-Robinson bound
for long-range interactions that produces an effective light cone tighter than the one in
Ref. [19], while also using a much more intuitive approach. In addition, our bound works

for all times, unlike the bound in Ref. [19], which applies only in the long-time limit.

Theorem 7 (Lieb-Robinson bound for long-range interactions). Suppose Ox is supported
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on a fixed subset X. For a > 2D, we have

cre®TRPYE, (f—;) , ifvT > «a,
C(T,R) < (5.15)

Cir (e”T — 1) Ea(R), ifvT < a.

Here R = dist(X,Y) is the distance between the supports of Ox and Oy, ¢, ¢y, v
are constants that may depend only on D [defined in Appendix B.3], and &, is given

by Egq. (5.3).

Before we prove Theorem 7, let us analyze the features of the bound. Although
the general bound in Eq. (5.15) looks complicated, it can be greatly simplified in some
limits of interest. For example, for finite «, in the limit of large vI" > « and large R
such that R/(vT) > a, the term algebraically decaying with R/(vT") in &, (Ra/(vT))
dominates the exponentially decaying one [see also Eq. (5.3) and Eq. (B.47)]. Therefore,

the Lieb-Robinson bound in this limit takes the form:

a—D

C(T,R) < Clr,aWu (5.16)

where ¢, 1s finite and may depend on a [Eq. (B.49)]. We can immediately deduce the

effective light cone given by our bound for a finite o

T > R, (5.17)

which is tighter than Eq. (5.14) (as given by Ref. [19]). In particular, for « close to 2D,
the exponent in Eq. (5.17) can be almost twice that of Ref. [19] (the larger the exponent,
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the tighter the light cone).

On the other hand, in the limit o — oo, v7" is finite and therefore always less than
«.. Hence our bound converges to the short-range bound C(T, R) < 2¢,¢"T~7. We note
that in this limit, the exponent of the light cone in Eq. (5.17) also converges to one, which
corresponds to a linear light cone, at a linear convergence rate [see Eq. (B.51) for details].
These behaviors are naturally expected since a power-law decaying interaction with very
large « is essentially a short-range interaction.

As mentioned earlier, we derive Theorem 7 by constructing a unitary U such that
(i) UtOxU approximates (U(;}T)Jr @) XU&T and (ii) U commutes with Oy. We note that
U does not necessarily approximate U&T. It then follows from the two requirements that
the commutator norm C(7, R), defined in Eq. (5.13), is upper bounded by the error of the

approximation in (i).
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Figure 5.3: A construction of the unitary U which results in an improved Lieb-Robinson
bound for long-range interactions in Theorem 7. The horizontal axes list the sites in each
subset. Here B, denotes a D-ball of radius r centered on X, and S, = B, \ B, a D-
dimensional shell of inner radius r and outer radius r + ¢, for some parameter ¢ to be
chosen later. (See Fig. B.2 in Appendix B.3 for an illustration of the sets.) The evolution
unitaries are represented by boxes with the same color convention as in Fig. 5.1. We first
divide the interval [0, 7] into M = 5 equal time slices (upper panel). Note that because
we consider Ox (7") in the Heisenberg picture, the vertical axis is therefore backward in
time so that the bottom time slice will correspond to the first unitary applied on Ox. The
evolution during each time slice is approximated by three evolutions of subsystems using
Lemma 3 (lower panel). The bottom two unitaries have their supports outside X and
therefore commute with Ox. They cancel with their Hermitian conjugates from UT in
UtOxU. Repeating the argument for higher time slices, we can eliminate some unitaries
(hatched boxes) from the construction of U. Finally, we are left with U consisting only of
unitaries (white boxes) that are supported entirely on the D-ball B, 5, of radius ro + 5.
Therefore, U commutes with Oy, whose support lies in the complement By 50 of Broysee

We also note that the assumption on the norms of the interactions being bounded ex-
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cludes several physical systems whose local dimensions are unbounded, e.g. bosons [see
Ref. [119, 120] for discussions of information propagation and Lieb-Robinson bounds
in these systems]. However, our Lieb-Robinson bound may still apply if the dynamics
of the systems can be restricted to local Hilbert subspaces which are finite-dimensional.
Examples of such situations include trapped ions in the perturbative regime [49] and non-
interacting bosons [16].

To construct U, we use Lemma 3 to decompose the unitary U&T into unitaries sup-
ported on subsystems, each of which either contains X or is disjoint from X. The unitaries
of the latter type can be commuted through Oy to cancel out with their Hermitian con-
jugates from (U&T)T. The remaining unitaries form U, which is supported on a smaller
subset than U&T. In particular, with a suitable decomposition, the support of U can be
made to not contain Y, and, therefore, U commutes with Oy . The step-by-step construc-
tion of the unitary U has also been briefly described earlier in Sec. 5.1 and in Fig. 5.2,
using the specific case of a one-dimensional system with a finite a. This construction
immediately generalizes to higher dimensions and to arbitrary «, including the o — oo
limit. The construction of U for arbitrary D is summarized in Fig. 5.3.

We note that there is more than one way to decompose the unitary U&T in the
construction of U. Different constructions of U result in different approximation errors,
each of which provides a valid bound on the commutator norm C(7, R). Therefore, the
goal is to find a construction of U with the least approximation error. In Appendix B.3,
we present the construction that results in the bound in Theorem 7. Although we have
evidence suggesting that the construction is optimal, we do not rule out the existence of a

better construction.
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5.4 Faster Digital Quantum Simulation

In this section, we generalize the algorithm in Ref. [76] to simulating long-range
interactions. In general, the aim of quantum simulation algorithms is to approximate the
time evolution unitary U&T using the fewest number of primitive, e.g. two-qubit, quantum
gates. Here, we show that in addition to the stronger Lieb-Robinson bound presented in
the previous section, Lemma 3 can also be used to perform error analysis for the HHKL
algorithm (Ref. [76]) in the case of interactions that decay as a power law, therefore
improving the theoretical gate count of digital quantum simulation for such interactions.

Using the best known rigorous error bounds, simulations based on the first-order
Suzuki-Trotter product formula [1] use O (T?n°/¢) gates to simulate the evolution UOA,T
of a time-dependent Hamiltonian on n sites up to a fixed error . (In this section, the big
O is with respect to n, T, and 1/e.) The generalized (2k)th-order product formula uses
O (n?(Tn?)'+1/(2k) /1/2k) quantum gates. While this scaling asymptotically approaches
O (Tn*) as k — oo, it suffers from an exponential prefactor of 5% [6]. More advanced
algorithms, e.g., those using quantum signal processing (QSP) [10] or linear combinations
of unitaries (LCU) [8], can reduce the gate complexity to O (Tn3log(Tn/c)). Our error
analysis below (Lemma 4) reveals that, when « is large, the number of quantum gates
required by the HHKL algorithm to simulate long-range interactions scales better as a
function of the system size than previous algorithms.

The HHKL algorithm itself uses either the QSP algorithm or the LCU algorithm as
a subroutine to simulate the dynamics of a subset of the sites for one time step. Although

the QSP algorithm does not handle time-dependent Hamiltonians, LCU can be applied
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to time-dependent Hamiltonians. Our results assume that (i) the local terms h;z(t) have
bounded norms for all ¥ € A, and (ii) the Hamiltonian H (¢) varies slowly and smoothly
with time so that hfy, = max; ||[0H;*/0t|| exists and scales at most polynomially with
| X | for all subsets X C A. These restrictions allow portions of the system to be faithfully

simulated using LCU (or QSP, for a time-independent Hamiltonian).
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Figure 5.4: A demonstration of the HHKL decomposition [76] of the evolution of a fixed
time interval for a system with m = 10 blocks, each consisting of ¢ sites. As before,
each box represents a unitary (white) or its Hermitian conjugate (orange) supported on
the covered sites. Using Lemma 3, the HHKL decomposition approximates the evolution
of the whole system [panel (a)] by three unitaries supported on subsystems [panel (b)].
By applying Lemma 3 repeatedly [panels (c) and (d)], the evolution of the whole system
is decomposed into a series of evolutions of subsystems, each of size at most 2/.
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5.4.1 HHKL-Type Algorithm for Simulating Long-Range Interactions

Although Ref. [76] focused on simulating short-range interactions, their (HHKL)
algorithm can also be used to simulate long-range interactions. Here, we analyze the per-
formance of their algorithm in simulating such systems. In the HHKL algorithm [76],
the evolution of the whole system is decomposed, using Lemma 3, into elementary uni-
taries, each evolving a subsystem of at most (2¢)? sites, where ¢ is again a length scale
to be chosen later. For a fixed time ¢, the algorithm simply simulates each of these ele-
mentary unitaries using one of the existing quantum simulation algorithms. In particular,
we shall use LCU or (for a time-independent Hamiltonian) QSP due to their logarithmic
dependence on the accuracy.

In this section, we assume « is finite and analyze the gate count in the limit of large
system size n > «. As a consequence, the block size ¢ can also be taken to be much
larger than «. For simplicity, we will not keep track of constants that may depend on a.

Recall that in this limit, the error bound in Lemma 3 is at most
®(A)
@ (W) , (5.18)

where we have assumed ¢ = O (1). Using Lemma 3, we obtain the error bound for the

first step of the HHKL algorithm, which can be summarized by the following lemma.

Lemma 4 (HHKL decomposition). There exists a circuit that approximates U&T up to
error O (Tn /=D ) where { < n'/P /2 is a free parameter. The circuit has depth at most

3PT and consists of O (Tn /0P ) elementary unitaries, each of which evolves a subsystem
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supported on at most (20)" sites for time t = O (1).

Proof. We now demonstrate the proof by constructing the circuit for a one-dimensional
lattice (Fig. 5.4). A generalization of the proof to arbitrary dimension follows the same
lines and is presented in Appendix B.4.

First, we consider M o T' equal time intervals 0 = t) < t; < --- < tj); = T such
thatt;,1 —t; =t =T/M is aconstant forall j = 0,..., M — 1. The simulation of U&T
then naturally decomposes into M consecutive simulations of U{;,tﬁl. We then divide the
system into m consecutive disjoint blocks, each of size ¢ = n/m (Fig. 5.4). Denote by

Ly (k=1,...,m) the set of sites in the k-th block. Using Lemma 3, we can approximate

UL, ~ UGV (Uk2) glabav Vi, (5.19)

This approximation can be visualized using the top two panels of Fig. 5.4. Repeated
application of Lemma 3 yields the desired circuit (bottom panel of Fig. 4), with each
elementary unitary evolving at most 2/ sites for time .

To obtain the error estimate in Lemma 4, we count the number of times Lemma 3
is used in our approximation. In each of the M time slices, we use the lemma O (m) =
O (n/l) times, each of which contributes an error of O (1/¢~2) [see Eq. (5.18) with
® = O (1) in one dimension]. Therefore, with M o T, the error of using the constructed

circuit to simulate U\, is

n 1 Tn
O (Mzga_g) — O (fa__1> 5 (520)
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as given in Lemma 4. [

The error bound for the approximation in Lemma 4 leads to an upper bound on the

gate complexity of digital quantum simulation, as stated in the following theorem.

Theorem 8. For o > 2D, there exists a quantum algorithm for simulating U&T up to

error at most € with gate complexity

Tn\ob T
Gp=0 (Tn (g) log —"> . (5.21)

This gate complexity can be achieved by applying the HHKL algorithm [76] for
long-range interactions, as described above. First, the evolution of the whole system UOA’T
is approximated by O (T n/ P ) elementary unitaries as provided in Lemma 4. Each of
these elementary unitaries is then simulated using one of the existing algorithms, e.g.,
LCU, with error that we require to be at most e/?/T'n. If the Hamiltonian is time-
independent, one can also use the QSP algorithm to simulate the elementary unitaries.

In the decomposition of the evolution, the accuracy of the approximation can be
improved by increasing the block size ¢. By Lemma 4, to achieve an overall error at most

€, we need

1

l x (@) o7 . (5.22)

€

When simulating the elementary unitaries, since each is an evolution of at most (2¢)? sites
for time ¢ = O (1), the LCU algorithm with error at most e/ /Tn uses O (¢3P log (£2h)5))

two-qubit gates [6]. Recall that we assume hj;, scales at most polynomially with 0P,
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With the block size ¢ from Eq. (5.22), we find the total gate complexity of simulating the

@) (T n/eP ) elementary unitaries is

gD
_ (Tn(@) 1og@>. (5.24)
I g

The scaling of GGp as a function of the system size n is significantly better than

T T
Gp=0 (—” 3P log (?” ;DD (5.23)

existing algorithms for large «. In particular, at 7' = n, this HHKL algorithm for long-
range interactions requires only O <n2+;—7DD log n> gates, while algorithms such as QSP
or LCU use O (nlogn) gates or more. Therefore, the algorithm provides an improve-
ment for « > 30. However, the gate complexity of the algorithm depends polynomially
on 1/g, in contrast to the logarithmic dependence achieved by QSP and LCU, and by the
HHKL algorithm for systems with short-range interactions. While this poly(1/¢) scaling
is undesirable, in practice, the total error of the simulation is often set to a fixed con-
stant (for example, see Ref. [121]) and effectively the dependence of ¢ only contributes a
prefactor to the gate complexity of the algorithm.

As an example, in Fig. 5.5, we estimate the actual gate count of the HHKL algo-
rithm in simulating a Heisenberg chain [Eq. (7.18)] and compare it with the gate count of
the QSP algorithm (up to the same error tolerance). Because of the poly(1/¢) overhead,
the HHKL algorithm based on Lieb-Robinson bounds uses more quantum gates for simu-
lating small systems, but eventually outperforms the QSP algorithm when the system size

n is large.
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Figure 5.5: The gate count for simulating the dynamics of a one-dimensional Heisenberg
chain [Eq. (7.18)] of length n, with o« = 4,7 = n, and £ = 10~3. We compare the gate
count of the HHKL algorithm (orange square) to the QSP algorithm (blue circle). Note
that the HHKL algorithm based on Lieb-Robinson bounds also uses the QSP algorithm as
a subroutine. We obtain the scatter points using the approach described in Appendix B.5
and fit them to a power-law model (solid lines). The asymptotic scalings of the gate count

obtained from the power-law fits (n32?° for HHKL, n*% for QSP) agree well with our
theoretical predictions (see Table 5.1).

It is also worth noting that, in the limit @« — oo, the gate complexity becomes
O (Tnlog (Tn/¢)), which coincides (up to a polylogarithmic factor) with the result for
short-range interactions in Ref. [76]. This behavior is expected, given that a power-law
decaying interaction with & — oo is essentially a nearest-neighbor interaction. However,
we caution readers that at the beginning of this section, we have assumed that « is finite
so that n > «. Hence, the gate count in Eq. (5.24) is technically not valid in the limit
a — oo. Nevertheless, the error bound in Lemma 3 reproduces the estimate for short-
range interactions in Ref. [76], and therefore, repeating the argument of this section in the

limit &« — oo should also reproduce the gate count for simulating short-range interactions

in Ref. [76].
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5.4.2 Numerical Evidence of Potential Improvement

Up to now, we have seen that Lieb-Robinson bounds can improve the error bounds
of quantum simulation algorithms, as demonstrated by the HHKL algorithm. We now pro-
vide numerical evidence hinting at the possibility of further improving the error bounds.

Although the HHKL algorithm outperforms previous ones when a > 3D, it re-
mains an open question whether there is a faster algorithm for simulating long-range
interactions. We also note that the gate complexities are only theoretical upper bounds,
and these algorithms may actually perform better in practice [7].

As an example, we compute the empirical gate count of a Suzuki-Trotter product

formula simulation of a one-dimensional long-range interacting Heisenberg model

n—1 n n
H=> Y %5 .G+ Y B, (5.25)
i=1 j=i+1 ] i=1

where B; € [—1,1] are chosen uniformly at random and &; = (07,07, 0%) denotes the
vector of Pauli matrices on the qubit j. Specifically, we consider a simulation using
the fourth-order product formula (PF4). We use a classical simulation to determine the
algorithm’s performance for systems of size n = 4 ton = 12 for time 7" = n, and
extrapolate to larger systems. For each n, we search for the minimum number of gates for
which the simulation error is at most ¢ = 1073, We plot in Appendix B.6 this empirical
gate count, which appears to scale only as O (n*5%) with the system size n. We list in

Table 5.1 the gate counts of several popular algorithms for comparison. The theoretical

gate complexity of PF4 is O (n®>7) [1], while the QSP and LCU algorithms both have
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Algorithm Scaling withn =7" Scaling with
Empirical PF4 O (n3%4)

Our HHKL bound O (n*%3 logn) O (log(1/¢g)/e"07)
PF4 bound [6] O (n®>7) O (1/%%)
QSPbound [10] O (n*logn) O (log(1/¢))
LCU bound [8] O (n*logn) O (log(1/e))

Table 5.1: A comparison between the gate complexity of several quantum simulation
algorithms for simulating one-dimensional power-law systems at 7' = n and o« = 4. Our
analysis shows that the HHKL algorithm performs at least as well as the empirical gate
count of PF4, while having a similar poly(1/¢) scaling with the error €. It is not known
whether the empirical gate count of PF4 can scale with ¢ better than suggested by the best
proven bound (the third row).

complexity O (n*logn). These numerics show that the PF4 algorithm for simulating
long-range interacting systems performs better in practice than theoretically estimated;
in fact, it even performs almost as well as the HHKL algorithm based on Lieb-Robinson
bounds [which scales as O (n3331logn) by our earlier analysis]. Whether other quantum
simulation algorithms, including the HHKL algorithm, can perform better than suggested

by the existing bounds remains an important open question.

5.5 Discussion

To conclude, we derived an improved bound on how quickly quantum informa-
tion propagates in systems evolving under long-range interactions. The bound applies
to power-law interactions with a« > 2D, such as dipole-dipole interactions in 1D (often
realizable with nitrogen-vacancy centers [58] or polar molecules [59]), trapped ions in
1D [49, 50], and van-der-Waals-type interactions between Rydberg atoms [55] in either
1D or 2D. For finite « > 2D, our Lieb-Robinson bound gives a tighter light cone than

previously known bounds—including the one used in the proof of Lemma 3. As of yet,
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we are not aware of any physical systems that saturate the Lieb-Robinson bounds for
power-law interactions, including the new bound. In the limit &« — oo, our bound asymp-
totically approaches the exponentially decaying bound for short-range interactions. Our
bound gives a linear light cone only in this limit, however, and it remains an open question
whether there exists a stronger bound with a critical «.. such that the light cone is exactly
linear for a > «, [78]. Currently, there are no known methods for quantum information
transfer that are faster than linear for « > D + 1. It is possible, therefore, that a stronger
bound exists with a finite a. > D + 1. It is our hope that the present work, as well as the
techniques that we use, will help motivate the search for such stronger bounds.

Our technique immediately extends the HHKL algorithm in Ref. [76] to the digital
quantum simulation of the above systems. Our error bounds indicate that the gate com-
plexity of the algorithm is better than that of other state-of-the-art simulation algorithms
when « is sufficiently large (o« > 3D), and matches that of the short-range algorithm
when o — oo.

However, the empirical scaling of other algorithms—such as product formulas—indicates
that this gate complexity may only be a loose upper bound to the true quantum complex-
ity of the problem. While a matching lower bound for the gate complexity of the HHKL
algorithm is provided in Ref. [76] for Hamiltonians with short-range interactions, we do
not know of any techniques that could provide a corresponding bound for long-range in-
teractions. In addition to improving the quantum gate complexity, our results may also aid
in the design of better classical algorithms for simulating long-range interacting quantum
systems. In particular, while we still expect the classical gate complexity to be exponen-
tial in the simulation time, there may be room for a polynomial improvement.

119



While the use of Lieb-Robinson bounds to improve the performance of quantum al-
gorithms is a natural extension of Haah et al., the opposite direction—using quantum algo-
rithms to improve Lieb-Robinson bounds—is new. In addition to proving a stronger Lieb-
Robinson bound, the tools we developed may help to answer other questions regarding
both short-range and long-range interacting systems. Using the same unitary construction
as Theorem 7, we can generalize the bounds on connected correlators [36, 115] to long-
range interacting systems. Our results can also provide a framework for proving tighter
bounds on higher-order commutators, such as out-of-time-order correlators [116, 117].
Previous methods used to derive Lieb-Robinson bounds—due to their use of the triangle
inequality early in their proofs—have not been able to capture the nuances in the growth
of such correlators. In addition to the more intuitive proof of the Lieb-Robinson bounds,
our framework can be used to provide an alternative, simpler proof of the classical com-
plexity of the boson-sampling problem [82], which generalizes the result in Ref. [16] to
long-range interactions and also to more general Hamiltonians with arbitrary local inter-
actions [122]. By taking advantage of the unitary decomposition in Lemma 3, we obtain
a longer time interval within which the sampler in Ref. [16] is efficient [122]. Moreover,
by generalizing from two-body to many-body interactions, our technique may find appli-
cations in systems whose Hamiltonians include interaction terms between three or more

sites, e.g. many-body localized systems in the [-bit basis [123].
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Chapter 6: Other Implications of the Locality in Quantum Systems

In this Chapter, we discuss several implications of the locality of quantum systems

besides the faster quantum simulation algorithms.

6.1 Growth of 2-Point Connected Correlators

In this section, we explore how fast connected correlators can be generated using a
power-law Hamiltonian. In particular, we use the Lieb-Robinson bounds to show that the
growth of connected correlators is constrained to linear light cones for all o« > 2d + 1.
In contrast, for « < 2d + 1, we construct—based on our protocol in Theorem 3—an
explicit example where the growth of connected correlators is not contained within any
linear light cone.

We consider a d-dimensional lattice A and a power-law Hamiltonian H (¢) with an
exponent . Let C' denote a plane that separates A into two disjoint subsets L and R, with
LUR = A. Let A and B be two unit-norm operators supported on single sites = € L and
y € R respectively such that dist(z, C'),dist(y,C') > r/2. Finally, let |¢) be a product

state between the sublattices L, R. Our object is the connected correlator

C(t,r) = (A()B(1)) — (A1) (B(1)) , (6.1)
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where () = (¢| - |¢) and A(t) is the time-evolved version of A under H. While the
correlator vanishes at time zero due to the disjoint supports of A and B, it may grow with
time as the operators spread under the evolution.

First, we show that C(¢, ) obey a linear light cone for all & > 2d + 1. Our strategy
is to approximate A(t) by an operator A supported on a ball of radius /2 centered on
x and B(t) by B supported on a ball of the same radius but centered on y. Since A and
B have disjoint supports, the connected correlator between them vanishes. Therefore,
the connected correlator between A(t) and B(t) is upper bounded by the errors of the

approximations:

C(t,r) < 2/|A(t) — Al +2||B(t) - B, (6.2)

which in turn depend on the constructions of A, B.

Let S4 contain sites that are at most a distance /2 away from z and S be all other
sites in the lattice. We construct A by simply tracing out the part of A(t) that lies outside
S [36]:

A= trgs [A(t)], (6.3)

where the partial trace is taken over S¢. It follows from the definition that Ais supported

entirely on S4. Proposition 2 provides a bound on the error in approximating A(t) by A:
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there exists a velocity u such that when r > wut,

, (6.4)

for some constant 0 < K < oo. Upper bounding the error in approximating B(¢) by B in

a similar way, we obtain a bound on the connected correlator:

(6.5)

As a result, the light cone of the connected correlator is linear, with velocity no larger
than v, for o > 2d + 1.

We now provide an example of superlinear growth of connected correlators for o <
2d + 1 using a slightly altered protocol than that discussed in Section 4.3.2. In particular,
we consider initial operators A = X and B = Z, supported on x, y respectively such
that dist(z,y) = 7.

The protocol works as follows. In the first step of the protocol (again in time ¢/3),

we still apply U, in order to spread X, to [[,.5 X, where B, is a ball of radius ¢ = t/3

i€By
centered on z. Since U acts trivially on Bg (the ball of radius ¢ centered on y), we can
simultaneously apply a locally rotated version of U; in B, to spread Zyto [ [z 5, Z;- Inthe
next time ¢/3, we again apply s, which takes Hiegg X, to the expression in Eq. (4.37).

Note that this evolution does not change [[; 5, Z; as it commutes with Us,. For the last

t/3 we simply do nothing.
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Define the state [¢)) = |§), |¢), , where

s, = —5(10-+-0)g, +i[1--1), ) (6.6)
—_— Y

‘6>Bz E‘DBZ

Sl

is a state of the sites in B,. Throughout our analysis, we will often dispense with the
subscripts, but the Hilbert space in question should be clear from context, and we will
always list the state on 3, before that for Bg.

We will calculate the connected correlator

Clt,r) = (Zy (1) Xa(1)) = (Z,(1)) (Xa(t)) , (6.7)

where (-) = (¢| - |¢) and X,(¢), Z,(t) are the operators evolved under the unitaries
described above. Assume for simplicity that ¢ is such that V—the volume of B,—is
odd. It is straightforward to show that (Z,(t)) = 0 and therefore the second term C(t, r)

vanishes. Next, we have

Xe(t) [¢)
= H cos(270)X; + sin(270)Y;] |¢)
IH [cX; + sY;] |6 |0) + H [cX; — sY;]|¢) |1)
% {(c +i8)V 1) |0) +i(c — i)Y |0) |0) + i(c —is)Y |1) |1) — (¢ +is)Y |0) 1)

(6.8)
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where ¢ = cos(27V) and s = sin(27)). Next note that:

1 ~ , . 1 ~ ) -
(V] Z,(t) = %(W (O] =i (o] (1) Zy(t) = E((abl (O] + (o (1]) (6.9)
= % (€O €O[ + 2 (O] (1]) — 4 (L] (O + (L[ (1) (6.10)
Thus:
Cltr) = (LX) = (e — i) — (e +i9)") = s O 0 6

where we have used the bound Eq. (4.43). Therefore, this demonstrates the connected
correlators may grow along a superlinear light cone for all o < 2d + 1.

We note that in our setting, we only assume the initial state is a bipartite product
state across the cut C'. Our bound therefore also applies to a more restrictive scenario
where the initial states are fully product. However, it is not clear whether the bound can

be saturated in this scenario.

6.2 Growth of n-Point Connected Correlators

In this section, we generalize Lieb-Robinson bounds on bipartite connected corre-
lators to multipartite connected correlators. We then show that there exist systems where
the bounds are saturated. We argue that the bounds on multipartite correlations provide
practical advantages over bipartite bounds. In addition, our Lieb-Robinson bounds on
multipartite connected correlators imply that exponentially large correlations can be cre-

ated in fixed time, independent of a system’s size. We provide explicit examples of sys-
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tems with this feature.

6.2.1 Connected correlations

Let us first define bipartite connected correlators. Consider a set of n sites I' and
two distinct, non-overlapping subsets X C ' and ) C I'. Denote by S(X) the set of
observables for which support lies entirely in X'. The bipartite disconnected correlator
between observables Ay € S(X) and Ay € S(Y) is simply the expectation value of
their joint measurement outcomes at equal time, i.e., (Ax Ay). Often in experiments only
single sites are directly accessible. Observables are then supported by single sites, i.e.,
|X| = |Y| = 1. In the following discussions we refer to such correlators as two-point
disconnected correlators.

We note that disconnected correlators contain both quantum and classical correla-
tions. For example in two-qubit systems, the disconnected correlator (Z; Z5) (where Z
is the Pauli matrix) achieves maximal value in both the fully classical state |00) and the
maximally entangled state \% (]00) + |11)) [124]. Their difference lies in the local ex-
pectation values (Z;), (Z>), which are maximal for the product state and vanish for the
maximally entangled state. These local expectation values therefore can be said to carry
classical information of the systems (in pure states). The bipartite connected correlator is

constructed by subtracting this “classicalness” from the disconnected correlator:

uz (Ax, Ay) = (AxAy) — (Ax) (Ay) . (6.12)
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In general for mixed systems, if the joint state of X U ) is a product state, i.e., pyuy =
px @ py, its disconnected correlators (Ay Ay) are factorizable into (Ay) (Ay) and there-

fore all bipartite connected correlators vanish. The opposite is also true [125]:

Lemma 5. A density matrix p is a product state, i.e., there exist complementary subsets

X, X such that p = px ® P+, if and only if
UQ(A/\/,A/{-) = 0, (613)

for all observables Ay € S(X) and Az € S(X).

In particular, a nonzero bipartite connected correlator implies bipartite entangle-
ment in pure states. Lemma 5 is a consequence of Ref. [125]. We also present a simple
proof in Appendix C.1.

A natural generalization of the bipartite connected correlator to multipartite sys-
tems is the Ursell function [126, 127]. The n-partite connected correlator between n
observables Ay, ..., A,, which are supported by n distinct subsets of sites X7, ..., &),

respectively, is defined as

un(Al,...,An):Zg(|P|)H<HAj>, (6.14)

P peP \jep

where g(zr) = (—=1)*"!(z — 1)! and the sum is taken over all partitions P of the set
{1,2,...,n}. The n-partite connected correlators can be equivalently defined via either
recursive relations or generating functions (see Appendix C.2 for details).

Multipartite connected correlators also arise naturally in many other contexts. In
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quantum field theory, connected Green’s functions are multipartite connected correlators
of field operators [128]. Mean field theory is an approximation in which it is assumed that
all connected correlators vanish [129]; in fact, mean field theory fails when there exist
significant connected correlations, and one must then seek higher-order approximations.
The cumulant expansion technique is similar to mean field theory, but only multipartite
connected correlators of high enough order are ignored. Therefore, understanding when
connected correlations are negligible is important for validating mean field theory and the
cumulant expansion.

The relation mentioned above between connected correlators and entanglement
holds for n-partite connected correlators as well. It also follows from Ref. [125] that
n-partite connected correlators vanish in product states. In particular, for pure states, a

nonzero n-partite connected correlator implies genuine n-partite entanglement [130, 131]:

Lemma 6. If an n-partite system is in a product state, i.e. there exist complementary

subsystems X, X C S, such that

p=px®px, (6.15)
then all k-body connected correlators (2 < k < n) between some observables Ay, . .., Ay,
for which support lies entirely on X, and observables By, . . ., By,, for which support lies

entirely on X (ky, ko > 1, k1 + ko = k), vanish,

Uk (Al,...,Akl,Bl,...,Bkg) =0. (616)
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Corollary 1. If an n-partite pure state 1)) has a nonzero n-partite connected correlator,

then it is genuinely n-partite entangled, i.e. there exist no subsystems X and X such that

) = [Yx) @ [Yz).

A direct proof of Lemma 6 is presented in Appendix C.3. The combination of
Lemma 1 and Lemma 2 tells us that if the bipartite connected correlators are all zero
between two regions, then all higher-order connected correlators are guaranteed to be
zero except for the scenario where all observables are supported on one region, or there
exists an observable supported on both regions.

Multipartite connected correlations also provide a practical advantage over bipar-
tite correlations, even though the latter are sufficient to characterize a quantum system.
Consider a three-body system for example. The collection of local expectation values and

connected correlators,

U= { <A1> ) <A2>, <A3> ,UQ(Ala A2)a u2(A17 AS)a

UQ(AQ,A:s),Us(Al,AQ,Az)}, (6.17)

where each A; runs over a complete single site basis (e.g. the Pauli matrices XY, Z),
defines a unique tripartite quantum state. Another equivalent collection U can be con-
structed from U by replacing ug( A1, As, A3) with a bipartite connected correlator between
one subsystem and the rest, e.g. us( Ay, A3 A3). Although the two collections U and U are
equivalent, us( A, A, A3) and us(A;, AyA3) carry different information about the sys-

tem. The three-point connected correlators ug( Ay, As, A3) characterize global properties
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while uy( Ay, A3A3) only tell us about local properties across the cut between subsys-
tem 1 and the rest. If global properties, such as genuine three-body entanglement, are of
concern, then tripartite connected correlators are superior. To have a chance at detecting
genuine tripartite entanglement using only bipartite connected correlators, one must con-
sider all possible bipartitions of the system. There are only 3 such partitions for a tripartite
system, namely 1|23, 2|13 and 3|12. But for n-partite systems, the number of bipartitions
scales exponentially with n. Computing all of them would be impractical. Even then
there is no guarantee they would detect genuine multipartite entanglement. Consider for

example the following pure state of 3 qubits,

/5 1 /1 /1
|ih) = ﬂ|ooo>+\/;|001>+ E|010>+ E\om
\/Tloo \/T101 L 10 L 6.18
4/ 7 1100) + /5 [101) + 4 /5 [110) + 4/ o [111). (6.18)

Its three-point connected correlator uz(Zy, Zo, Z3) = % implies genuine tripartite entan-
glement in [¢)). Meanwhile, non-zero bipartite connected correlators across the cuts 2|13
and 3|12, uy(Zs, Z1 Z3) and us(Zs, Z1 Z3), only tell us that there is entanglement between
qubits 2 and 3. Because the bipartite connected correlator across 1|23 uy(Zy, Z273) is
zero, it is inconclusive whether the first qubit is entangled with the others without consid-
ering higher order correlators.

This example demonstrates why multipartite connected correlators are better can-
didates than bipartite counterparts in multipartite entanglement detection schemes. It is
therefore important to understand how these multipartite correlations evolve in physical

systems.
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Figure 6.1: A typical three-body system. Each dot represents one site. There are three
relevant length scales 112, 793 and r3;. Which length scale will define the three-body Lieb-
Robinson bound?

6.2.2 Multipartite Lieb-Robinson bounds

Our main result is Lieb-Robinson-like bounds on n-partite connected correlators in

systems evolving from fully product states under short-range interactions, e.g.

H=Y J;ViV;, (6.19)

(i.9)
where V; is the spin operator of the i"" site, |.J;;| < 1 is the interaction strength between
the i™ and the j% sites, and the sum is over all neighboring 7, j. But before we present the
bounds, let us discuss general features we expect from such bounds. These bounds are of

the form

u, < Cpexp(vprt — 1), (6.20)

where (', is a constant, 7 is a relevant length scale, and vy is the same Lieb-Robinson
velocity as in the bipartite bounds. Let us now examine the scaling of C,, with n. If

all observables have unit norm, bipartite connected correlators are upper bounded by 1
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regardless of a system’s size. However, multipartite connected correlators can increase in
value with the number of subsystems. For example, in the n-qubit Greenberger-Horne-

Zeilinger (GHZ) state,

‘O>®n + |1>®n

IGHZ) = 7

(6.21)

the n-point connected correlator u,(Z1,...,Z,) = O(n") (details in Appendix C.5).
Therefore we expect C,, to grow with n as well, C;,, = O(n"). Another constant we
would like to understand is the critical distance . In the Lieb-Robinson bound on a
bipartite connected correlator, the critical distance is simply the distance between the two
involved parties. However, in a multipartite system there are many relevant length scales
which could possibly serve as the critical distance. As an example, let us consider a three-
qubit system (Fig. 6.1). Without loss of generality we assume 715 < 723 < 731 Where 7;
denotes the distance between the i and j™ qubits. We argue that a bound of the form
(6.20) with r = ry5 is valid but trivial. Intuitively an observable initially localized at
the first qubit will need time to spread a distance 715 before “seeing” another qubit. Is
there a stronger bound, i.e. inequality (6.20) with larger value for r? The largest distance
r3; would make the most sense, since at ¢ = rs3; /v, an observable initially localized at
one qubit has enough time to spread to all others. We shall show below that the critical
distance for the tightest bound is neither the smallest (r15) nor the largest distance (r3;),
but actually the intermediate length scale r53. This surprising result leads to unexpected
consequences, including the creation of exponentially large connected correlations in unit

time.
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Figure 6.2: A geometry where n sites (blue dots) are divided into two cliques such that
the clique size a is much smaller than the distance IR between cliques.

Theorem 9. Given n non-overlapping subsystems { X1, ..., X, } = S initialized to a fully
product state |1y, )R- - -®|x, ) and evolved under short-range interactions, the n-partite

connected correlator between observables A; € S(X;) (i = 1,...,n) is bounded,

|un (Ah s 7An)| S Cn eXp(ULRt - R)v (622)

where viR is the same velocity as in the bipartite Lieb-Robinson bounds, C,, = %C’g with
Oy being the constant in bipartite Lieb-Robinson bounds ', and

R= ma d(81,8)) (6.23)

is the largest distance between any subset S; C S and its complementary subset S,. Here
the distance d between two sets of sites is the shortest distance between a site in one set

and a site in the other set.

Proof. We shall explain our proof in the simplest case of n = 3. We use the following

identity (given in Appendix C.2) to write disconnected correlators in terms of connected

ISee Eq. (6) of Ref. [88]
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correlators,

(A1 A9 A3) =us(Ay, Ag, Ag) + us(As, Az) (Ar)
+ug (A, Az) (Ag) +ua(Ar, Az) (As)

+ (A1) (Az) (A3) . (6.24)

Notice that the last two terms on the right hand side sum up to (A4; As) (A3). If we move
this term to the left hand side, we obtain an expression of w3 in terms of only bipartite

connected correlators (and local expectation values),

U3(A1, A27 A3) :U2<A1A27 AS) - U2<A1a A3) <A2>

— ug(Ag, A3) (As) , (6.25)

where the local expectation values (As) , (A3) are between -1 and 1. Therefore we may
bound the three-body connected correlator using the bipartite Lieb-Robinson bound as

follows,

luz (A1, A, Asz)
< ug(ArAg, Az)| + ua(Ax, Az)| + |uz(Ag, As)|
S CQevLRt—’r‘lg‘g + CZ@ULRt_Tls + C2€’ULRt—T‘23

< 3C,eLRIT2j3 (6.26)

where 7153 = min {712,713} is the distance from the third site to the other two and C’
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Figure 6.3: n-qubit cluster states represented by one-dimensional graphs of n vertices. (a)
Only consecutive vertices are connected by edges of length 1. (b) Some edges are longer
than 1 but interactions are still local.

comes from bipartite Lieb-Robinson bounds [88]. One may notice that at the beginning
the three sites play equal roles, but somehow this symmetry is broken in Eq. (6.26). The
reason is the choice to team up (A;) (As) (A3) and uy( Ay, As) (Asz) after Eq. (6.24). In-
stead, we may replace the latter with either uy(As, A3) (A1) or us(A;, As) (As) to obtain
two different bounds in the form of Eq. (6.26), with either ry3; or 7132 in place of 733.
The tightest bound corresponds to the smallest distance among 7931, 7132, 7'12/3, and hence
the theorem follows. Proof for general n follows the exact same line and is presented in

full in Appendix C.4. ]

Since the proof is inductive on the number of sites n, the multipartite Lieb-Robinson
bounds are in general weaker than bipartite Lieb-Robinson bounds. Violation of our
bound for a multipartite connected correlator implies violation of at least one bipartite
bound. Nevertheless, the multipartite Lieb-Robinson bounds in Theorem 9 can be sat-
urated. For example, consider a geometry of n sites where they are divided into two
non-empty cliques, each of spatial size a. The two cliques are separated by a large dis-
tance R > a (Fig. 6.2). Lieb-Robinson bounds of n-partite connected correlators for this
geometry are saturated by preparing the GHZ state of n qubits, which can be done in time
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t ~ R/vLR.

Whether our n-partite Lieb-Robinson bounds are tight for all geometries is still an
open question. The geometry of Fig. 6.2 resembles a bipartite system, where each clique
plays the role of one party. There are geometries which are very different from bipar-
tite systems and, as a consequence, they offer some unique and interesting implications.
For example, as mentioned before, the critical distance in the multipartite Lieb-Robinson
bound is neither the largest nor the smallest distance. In the asymptotic limit of large n,

these quantities can be very different. We shall now examine such examples.

6.2.3 Fast generation of multipartite correlation

In a bipartite system, the time needed to create bipartite correlators of order O(1)
increases proportionally to the distance between the two subsystems. It is natural to expect
the time needed to create n-point correlators of order O(1) in an n-partite system to
increase with the spatial size of the system. However, Theorem 1 suggests that it may
not necessarily be the case. For example, consider an equally spaced one-dimensional
chain of n qubits [see Fig. 6.3]. If the distance between two consecutive qubits is fixed,
the spatial length of the chain increases as O(n). Therefore 2-point connected correlators
between the end qubits can only be created after O(n) time. Meanwhile, Theorem 1
suggests that n-point connected correlators of order O(1) between all n qubits might be
created in O(1) time using only nearest neighbor interactions, enabling almost instant

n-partite genuine entanglement. As we show below, systems with such a feature do exist.
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One example is the one-dimensional cluster state. Cluster states (also called graph
states) are multipartite entangled states [132] useful for one-way quantum computation [133,
134]. They have a simple visual representation using associated graphs. For a graph
G = (V, E), the corresponding cluster state can be constructed as follows: (i) Asso-

|0>\J/r§|1>; and (ii) Apply a

ciate each vertex in V' with one qubit initialized in state |[4) =
controlled-Z gate to every pair of qubits connected by an edge in E. A controlled-Z gate
on two qubits ¢ and j can be implemented by evolving the system for a time 5 under the

Hamiltonian,

HY =1+ 2+ 2; — 7.2, (6.27)

where Z is the diagonal Pauli matrix. Some cluster states, e.g. Fig. 6.3, only require appli-
cation of finite-range controlled-Zs. Meanwhile, the generating Hamiltonians (6.27) com-
mute with each other and therefore they can be applied simultaneously. Therefore such
cluster states as well as their correlations can be created in constant time O(1). In partic-
ular, within an n-independent time § we can create |u, (Y1, X, X3..., X,1,Y,)[ = 1in
a cluster state with only nearest neighbor interactions (Fig. 6.3(a). This example shows
that n-point connected correlators of order O(1) can be created in unit time O(1), inde-
pendent of a system’s size. Yet, we can do better, i.e. we can create exponentially large
n-point connected correlators in unit time. For example, in the cluster state of Fig. 6.3b,
we allow each site to interact within a larger neighborhood. It still takes %Tﬂ = O(1) unit

time to prepare the state, while direct calculation shows that one of its correlators grows

exponentially as 2" (Appendix C.5).
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Figure 6.4: Time evolution of the n-point connected correlator us(Zy, Zo, ..., Z,) =

[sin?(2t)}n_1 of the state in Fig. 6.3a for different n. Here we plot the time-dependent
correlator for a few values of n. In the limit of large n the correlator remains zero for
most of the time before briefly jumping to 1 at ¢ = 7.

In the above examples we have discussed how much time it takes to grow con-
nected correlations from fully uncorrelated states. A relevant question is whether it can
be expedited by some initial correlations [135]. To answer this question, we look at the
time dependence of connected correlators in an n-qubit system initialized to |00 . .. 0) and
evolved under the Hamiltonian ) () X;X;. If this system has the geometry of Fig. 6.3a,
we find the n-point connected correlator u,(Z,...,2Z,) = [sin2(2t)]n_l (Appendix
C.5). We plot this function for a few values of n in Fig. 6.4. For large n the correlator
remains negligible for most of the time and rapidly grows to 1 near ¢ = 7. In other words,
the connected correlator only needs a very small time ¢ < 1 to grow from almost zero to
a significant value. It gives evidence that creation of multipartite states can be expedited

by small initial correlations. We remark that while the exact correlator u,(Z1, ..., Z,)
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is negligible at any time before 7, there may exist other sets of observables for which

n-point connected correlators are non-negligible.

6.2.4 Discussion

Although the relation between genuine multipartite entanglement and multipartite
connected correlations is simple for pure states, whether one can infer any information
about genuine multipartite entanglement of a mixed state from its multipartite correlations
is still an open question.

In our model, only short-range interactions between two sites are present. An im-
mediate question is how the Lieb-Robinson bounds generalize to other models with long-
range interactions or interaction terms which involve more than two sites.

Current techniques to measure multipartite connected correlators require statistics
of all measurement outcomes that factor into Eq. (6.14). Connected correlators up to tenth
order have been measured using this approach [136]. However, such a method is infeasi-
ble for connected correlators of very high order, as the number of disconnected correla-
tors that must be measured grows exponentially with n. It is therefore an open question
whether there exist experimentally accessible observables, e.g. magnetization [92], which

manifest multipartite connected correlators directly.

6.3 Simulation of Local Observables

In this section, we use the Lieb-Robinson bounds to improve the estimation of local

observables in time-evolved states. Given an initial state i) and a power-law Hamil-
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tonian H, we consider the task of estimating the expectation value of the time-evolved
observable (A(t)) := (| U(t)TAU(t) |1), where U (t) is the unitary generated by H at
time ¢, for a local operator A. The ability to perform this task for any arbitrary local ob-
servable is equivalent to the ability to compute local density matrices of the time-evolved
state U(t) [) or the ability to sample local observables in U () |).

A typical approach to estimating (A(t)) is as follows. First the unitary evolution
U(t) on the entire system is decomposed into a more tractable sequence of elementary
unitaries that are supported on a smaller number of sites to produce an approximation to
the time-evolved state |¢)(¢)). The expectation value (A(t)) is then computed by simu-
lating measurements of A on this state. The number of elementary unitaries in the de-
composition of U (t) typically increases with both time ¢ and the number of sites V in the
system.

However, in the Heisenberg picture, the intuition from the Lieb-Robinson bounds
suggests that the dynamics of A(t) = U(t)TAU(t) is mostly confined inside some light
cones and, therefore, it should be sufficient to simulate the unitary generated by the
Hamiltonian inside the light cones alone. The following result provides such an approxi-

mation.

Proposition 3. Let H be a 2-local power-law Hamiltonian (i.e. the sets X in Eq. (4.19)
obey | X| = 2) of exponent o > 2d + 1, and H, be a Hamiltonian constructed from
H by taking only interaction terms supported entirely on sites inside a ball of radius
r > 4ovt > 1 around the support of the single-site operator A (where v is the same

constant as in Proposition 2). Let A(t) and A(t) be the versions of A evolved for time t
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under H and H,, respectively. Then there exists 0 < K < oo such that

42 1og?

Ta—d

JA(t) = A(t)|| = K (6.28)

Proof. Without loss of generality, assume that A is initially supported at the origin. Using

the triangle inequality, we bound the difference between A(t) and A(t):

t t

@) - Aol < [asl[m - HAG]I< fas S 0] X ks As)|]L
0 s ixdist(i,0)<r | jidist(5,0)>r
(6.29)
We then use the bounds in Refs. [18, 137] to bound the commutator norm:
> hisn AL (6.30)

j:dist(4,0)>r

For that, we separate the sums over ¢ into terms corresponding to ¢’s inside and outside
the linear light cone defined by dist(i,0) = 2vs.

For i such that dist(,0) < 20vs, we simply use another triangle inequality for the
sum over j and bound || [hm, fl(s)] | < 2/dist(i, j)*. Note that in this case, we have

dist(4, j) > dist(7,0) — 20s > dist(j, 0) /2. Therefore, we have

d

~ B K d
Z Z | [h@',j,A(S)] | < gdgatlsd Z dist(s[)’j)a < rcjd, (6.31)

J:dist(4,0)>r i:dist(4,0)<2vs j:dist(4,0)>r

for some constant 0 < K < co. On the other hand, for ¢ such that » > dist(i,0) > 2vs,

we further divide into two cases: s > 1 and s < 1. For s > 1, we use Proposition 2 (note
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that A is a single site operator):

N 1 st 1og® r
Z H Z J (5) H 1 Z [7” — dlSt(Z, 0)]0‘_‘1 dlSt(Z, O)O‘_d

t:r>dist(¢,0)>20s | j:dist(5,0)>r s:r>dist(¢,0) >20s

2d
dHlog r

S K25 T’a_d )

(6.32)

where we have used Eq. (4.24) and defined another set of constants 0 < K9 < 00.
Similarly, for s < 1, we use a bound from Ref. [18] to show that there exists 0 < K3 < 0o

such that

OIS SN | O] [E 633

j:dist(4,0) >r 4:dist(4,0) >20s

Substituting Eq. (6.31), Eq. (6.32), and Eq. (6.33) into Eq. (6.29) and integrating over

time, we obtain Eq. (6.28). L]

We now analyze the cost of estimating (A(¢)) using quantum algorithms, although
we note that Proposition 3 applies equally well to classical simulation algorithms. For
simplicity, we assume that the Hamiltonian is time-independent in the following discus-

sion. In order for the error of the approximation to be at most a constant, we choose

d+2
r & max {tﬂ log t, t} . (6.34)

Therefore, to estimate (A(t)), it is sufficient to simulate the evolution of A(t) on N, o ¢

sites (instead of simulating the entire lattice).

We then compute <fl(t)> by simulating e~ using one of the existing quantum
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algorithms. Using the pth-order product formula for simulating power-law Hamiltoni-

ans [77], we need
a(a 2 ol
O ((Nrt)ﬁﬂ(l)) = max {O (t = )+0(1)) , 0 (t = +0(1)>} (6.35)

elementary quantum gates, where o(1) denotes p-dependent constants that can be made
arbitrarily small by increasing the order p. For all @ > 2d + 1, this gate count is less
than the estimate without using the Lieb-Robinson bound in Ref. [77]. In particular, in
the limit « — oo, the gate count reduces to O (t”‘”o(l)), which corresponds to the
space-time volume inside a linear light cone.

We note that in estimating the gate count for computing (A(t)), we have implicitly
assumed that we have access to many quantum copies of the initial state |¢)). However, in
scenarios where only a classical description of |¢) is provided, we need to add the cost of

preparing | to the total gate count of the simulation.

6.4 Quantum State Transfer

In this section, we discuss the implication of the hierarchy of light cones for quan-
tum state transfer. An immediate consequence of the Frobenius light cone is that the
Lieb-Robinson light cone is not relevant for infinite temperature many-body quantum
chaos and the growth of operators. A more practical application of the Frobenius light
cone are tighter constraints on at least two different kinds of quantum state transfer. For
simplicity, we assume that dim(#H,;) = 2, and denote |0;) and |1;) as the eigenstates of the

Pauli matrix Z; on H,.
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A universal notion of quantum state transfer from ¢ € A to ;7 € A, which is inde-
pendent of the background state, is to demand that there exists a Hamiltonian protocol

H(t) and a time 7 € R such that
X2 (r) = X2 (6.36)

It is obvious that Theorem 4 constrains the time at which Eq. (6.36) may hold; hence
Eq. (6.36) cannot be performed at a time 7 which scales slower than linearly in the dis-
tance D(z,j) when o > 2,d = 1.

Another interesting scenario arises when we restrict to a time evolution operator

U (t) that obeys

U(t) <® |ok>) ~ R l0x). (637)

keA keA

Many protocols, including our own (Theorem 6) and that of Ref. [24], are compatible
with (6.37). With Eq. (6.37), we now consider a quantum system whose initial condition
is

[(0)) :==len) @ () 0x). (6.38)

keA—{i}
for arbitrary |¢;) € H;. Our goal is to find a time evolution operator U(¢) and a time 7,

such that |(t)) = U(¢)]1(0)) and

W(IZ510(7)) = (dil Zil di).- (6.39)
In particular, the probability of measuring a 0 or 1 on site 7 at time 7 is given by the
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probability of measuring it at time ¢ = 0 on site i. This property must hold for all |¢;) for

a fixed U (¢), since the protocol must be able to transfer arbitrary states.
Corollary 2. Let % < a € Randxz =D(i,j). Assuming (6.37), there exist 0 < K, K' <
oo such that any state transfer algorithm runs in a time T obeying

T o> 2
> K x . (6.40)

13214+ K'logz)™ 2 <a<

Nt

Proof. We begin by observing that we may assume |¢;) = |1;) without loss of generality,
since Eq. (6.39) is trivially obeyed by Eq. (6.37). Now the proof largely mirrors that of
Theorem 4. Without loss of generality, we may define lattice sites such that ¢ = 0 and

J > 0, as explained above. Define

|1S) = (@ 15) ® Q) |0k>> : (6.41)

kesS keSe

and the observable F which acts on the mutual eigenbasis of Z; as
F|S) := Fs|S), (6.42)

for any S C A; here Fy is given by Eq. (4.66) when @ > 2 and Eq. (4.82) when 2 < o <

2. For simplicity we only describe explicitly the case v > 3, as the other case follows
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from identical considerations. We evaluate

‘ d

E(w(t)lflw(t»‘ < [=iOIF, HOJ[w )] < [F, H(E)] |- (6.43)

As before, our goal is to show that ||[F, H(t)]||«c < oco. Since H is 2-local, we know
that H;;(¢)|0;)|0;) o< 0;)|0;) by Eq. (6.37). This implies that, as before [F, H| can only
be non-vanishing when H serves to either add a new |1) to the right end of the state,
or delete the right-most |1). Hence (S|[F, H(t)]|Q) # O only if |[S — SN Q| < 1 and

|Q — SN Q| < 1. We define the matrix Mgq = sup(S|[F, H(t)]|@Q), which equals

(

AlFs —Fol*™™ S=QU{m}or@Q=SU{m}

A|Fs — Fol|'™™ there exists Rwith S = RU{m} and Q = RU {n},
MSQ = MQS = .

and () # S and Fp < min(Fg, Fg),

0 otherwise
(6.44)

We bound the maximal eigenvalue of M using the Collatz-Wieland inequality Eq. (4.74),
using the trial vector g given Eq. (4.76). Observe that the first line of Eq. (6.44) is
identical to Eq. (4.71); as such these terms in Mggpg are bounded by a constant as
before. The new terms we must deal with arise from the second line of Eq. (6.44). If S'is

given by Eq. (4.75), we find that

1 s — a—2 1— 5mn
— Z Msqpg < A Z (ne Ny 1) : Za—l < Ay, (6.45)
7S QeS| e N e (m —ne_y)

for some constant 0 < Ay < oo, so long as o > g We conclude that M has a bounded
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maximal eigenvalue, independently of the lattice size. We conclude there exists 0 < K <
oo such that (¢(t)|F|(t)) < Kt.

At time 7, we must have

(7)) = 115) @ [¥a— ) (6.46)

for arbitrary state |¢)’) acting on sites other than j. Therefore,

(M) Fle(r)) = j. (6.47)

Using Markov’s inequality as in the proof of Theorem 4, we obtain Eq. (6.40). The case

a < g is proved analogously. [

6.5 Simulation of a Free Particle

In this section, we discuss an immediate application of the free light cone (Theorem
5) in bounding the error made by approximating time evolution via a truncated, local

Hamiltonian, analogous to the discussion of Section 6.3.

Corollary 3. For anyi € A, define B! := {j € A : D(j,i) < r}, and define H(t) to be
the restriction of a free bosonic Hamiltonian H (t) [Eq. (4.95)] to B] C A. Then for any

g > 0, there exists 0 < K, K' < oo such that for times

!/

t < B pmin(a-a-a)/3), (6.48)
n
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we have

5 t t3/2
(AR 3/2
16;(£) = bi ()] < K'n <Ta—d + T(a—d—e)/2) )

(6.49)

where the norm is estimated in the subspace that has at most n > 1 excitations across the

lattice and b} (t) denotes time evolution with the restricted Hamiltonian H(t).

Proof. Without loss of generality, we assume ¢ = 0, the origin. Observe that

Jobe) = Bl < / ds||[Bhet), H(t) - ()] |

/dsH bht), Y > hybibl ||

i:dist(4,0)<r j:dist(§,0)>r

Using Theorem 5,

bty =D L)l

4:dist(2,0)<r

where the coefficients f;(t) satisfy, for some 0 < C' < oo and arbitrary € > 0,

> 0P S

i:dist(¢,0) >z

for all x > 0 and all ¢ obeying Eq. (6.48).

(6.50)

(6.51)

(6.52)

(6.53)

We separate the sum over 7 in Eq. (6.51) according to dist(i,0) < r/2 and r/2 <
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dist(z,0) < r. In the former case, we have

Hebw, > > hmbbT I<2val > > hwbb”

i:dist(4,0)<r/2 j:dist(5,0)> i:dist(4,0)<r/2 j:dist(5,0)>
1 Cin®/
<20¥?  max Y < — (6.54)
ixdist(i,0)<r/2 dist(4, 7)* ro—d

j:dist(4,0)>r

where 0 < C; < oo is a constant. We have used the fact that |h;;| < 1/dist(¢, j)* and that
dist(j,4) > r/2 for all 7 such that dist(i, 0) < r/2.

On the other hand, for /2 < dist(z,0) <r

Hohe), > > hz-jbz-b} [

4 /2<dist(¢,0) <r j:dist(5,0)>

<2 N mopi Y > hubidl]

i:r/2<dist(¢,0)<r i /2<dist(¢,0) <r j:dist(5,0)>r
n
< (1)]?n max —_—
~al Z |£i(2)] i j2<dist(i,0)<r Z dist(i, j)*
i /2<dist(¢,0)<r j:dist(4,0)>r
n3/241/2

< C2m; (6.55)

for 0 < (5 < oo. Replacing Egs. (6.54) and (6.55) into Eq. (6.51) and integrating over

time, we arrive at Eq. (6.49). [

6.6 Classical Complexity of Boson Sampling

In this section, we discuss the implications of the free light cone and the corre-
sponding fast free-particle state transfer protocol on the classical complexity of boson

sampling.
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The boson sampling problem was proposed by Aaronson and Arkhipov [82] as a
potential candidate for the demonstration of quantum supremacy. While simulating the
dynamics of bosons hopping on a lattice is generally a difficult task for classical comput-
ers, early-time evolutions where the bosons do not have enough time to hop too far from
their initial positions can be simulated efficiently [16, 83, 138]. In particular, Ref. [16]
considered a scenario where bosons were initially located at equal distances on a lattice
and allowed to move in the lattice using only nearest-neighbor hoppings. Using the Lieb-
Robinson bounds, the authors constructed an early-time classical sampler that efficiently
captures the dynamics of the bosons up to time ¢, that scales polynomially with the sys-
tem size and thereby demonstrated a dynamical phase transition in the computational
complexity.

The early-time classical sampler was later generalized to more complicated systems
with power-law hoppings [83]. However, the easiness timescale ¢, in this case only scales
polynomially with the system size for o > 2d and scales logarithmically with the system
size when d + 1 < a < 2d. In this section, we show that the tight free-particle bound
in this chapter immediately imply that ¢, scales polynomially with the system size for all
« > d, i.e. an exponentially longer easiness timescale in the regime o € (d, 2d] compared
to the previous results [83].

For pedagogical reasons, we only describe here the high-level ideas behind the con-
struction of the early-time boson sampler and argue for its efficiency using the technical

results of Ref. [83]. We consider N bosons hopping on a d-dimensional lattice under the
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Hamiltonian

H(t) =) Ji(t)blb;, (6.56)
J

where b; is the bosonic annihilation operator on site ¢, J; ;(t) < 1/dist(¢,j)* are the
hopping strengths, and the sums are over all sites 7, 7 on the lattice. We assume that the
lattice has M o< N7 sites in total, where 3 > 1 is a constant.

The bosons are initially located on evenly spaced sites on the lattice so that the
minimum distance between nearest occupied sites is 2L oc (M/N)Y4 oc NB=D/d ] ag

shown in Figure 6.5. Denote these initial positions by ji, ..., jy. We can write the initial

state in terms of the creation operators:

N

[(0)) = J] o], [vac), (6.57)

k=1

where |vac) is the vacuum state.

The aim of boson sampling is to sample the positions of the bosons at a later time
t. The idea of the early-time boson sampler in Refs. [16, 83] is that each boson primarily
hops within its causal light cone, i.e. a bubble of radius r(t) centered on its initial position.
For small enough time, r(¢) < L and the bosons do not interfere with each other. The
state of the system at this time can be approximated by a product state over the bubbles
and therefore the positions of the bosons can be efficiently simulated by simulating the
dynamics of each boson independently.

Let U(t) = T exp(—i fot dsH (s)) be the evolution unitary generated by H at time
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t. By inserting pairs of I = UTU in between the creation operators, the state of the system

at time ¢ can be written as
N
=[Jv®pl Ut () |vac). (6.58)
k=1

Here, the evolution of the state can be simplified into independent evolutions of the cre-
ation operators b}k t)y=U (t)b}k U'(t). Using our free-particle bound in Theorem 5, we
can approximate b}k (t) by its evolution within a light cone originated from jj:

bl (t) m Ux(t)b] UL(t) = b, (1), (6.59)

Jk

where Uy (t) = T exp|—i fg dsH(s)] and Hy, is the Hamiltonian constructed from H
by taking only the hoppings between sites that are at most a distance L from j;. Using
Corollary 3, the error of this approximation is O ((Nt)*?/L(~47)/2)  where ¢ is an
arbitrarily small positive constant and we have assumed ¢ > 1 without loss of generality.
Repeating the approximations for all K = 1,..., N, we thereby show that the state |¢(t))
is approximately |¢(t)) = [, b;, (t) |vac).

Since the operators l;jk (t) are supported on distinct regions, the bosons from differ-
ent regions do not interfere with each other. Therefore the probability distribution for the
positions of the bosons in |¢(t)) is simply the product of probability distributions of each
boson hopping independently. Thus, at later time, the positions of the bosons in |¢(t))
can be efficiently sampled on a classical computer.

Note that the state |¢(¢)) only approximates [¢)(¢)) up to some time ¢,. To estimate
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Figure 6.5: A depiction of the initial state in Ref. [16]. Empty circles represent empty
lattice site and filled circles represent initially occupied sites.

t., we calculate the total error of the approximation. A simple calculation [83] shows
that the total error of approximating the N original bosons {b'(¢)} by the confined ones
{b'(t)} would be O (N°/2¢3/2/[(¢=d=)/2)__N times the error of approximating each
b'(t) by the corresponding b1 (t).

Requiring that the total error of the approximation is at most a small constant, we

obtain

(B=1)(a=d=¢)
3d

toox L8 N8 N s 35, (6.60)

where we have replaced L oc N®~1/¢ from our assumption. Therefore, by choosing a

small enough ¢, the easiness time ¢, increases polynomially with NV for all o > d(1+ 5%1)
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In particular, the condition becomes o > d in the limit of large 5. Therefore, our free-
particle bound has improved the easiness time ¢, exponentially compared to Ref. [83] in

the regime « € (d, 2d].

6.7 Generation of Topologically Ordered States

In this section, we study the minimum time it takes to create topologically ordered
states from topologically trivial ones. Before we present our result, we shall define
topologically ordered states and topologically trivial states following the definitions in
Refs. [36, 139]. Suppose that the finite lattice A has diameter L and consists of O(L?)

sites. Let {|¢1), - - - |1x) } be a set of orthonormal quantum many-body states and define

£ = sup max, {I{:lOli) — (0510103) ], 2 [l Ol [} (6.61)

where the supremum is taken over unit-norm operators O supported on a subset of the
lattice with diameter [ < b[L for a constant b. Roughly speaking, £ quantifies the ability to
distinguish between the states {|i1) , ..., |1/)} using observables that are supported on
only a fraction of the lattice. We say that the states are topological with diameter DL if
there exist constants b, ¢, 3 > 0 such that ¢ < ¢L =", and are trivial if € is independent of
L for all b [140]. We now use the Lieb-Robinson bound to bound the minimum time it

takes to convert between topological and trivial states.

Proposition 4. Consider a time-dependent Hamiltonian H with long-range interactions

of exponent o on N. Let U(t) be the evolution unitary generated by H at time t, let
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{|11), -+ |k)} be a set of topologically ordered states, and let {|¢p1), - - - |dx)} be a set
of topologically trivial states. If « > 2d + 1 and there is a time 0 < T < oo such that
|ti) = U(T)|¢i), then there exists an L-independent constant 0 < K < oo such that

T > KT1*, where

L when o > 3d + 1,
T = (6.62)

LA /log® L when2d+1<a < 3d+1.

Proof. Suppose {|1x)} are topologically ordered with diameter I’ = bL. Consider an
arbitrary operator O with a support diameter at most [ = I’/2 and let O(t) = U (t)OU(¢)
be the evolved version of O. We further introduce O(t,l') = trp; O(t) as the version of

O(t) truncated to a ball B of diameter /’. Using the triangle inequality, we have

(¢:]Oldi) — (6;]0105)| = [{¥|O(T) ) — (3] O(T)|45)]| (6.63)

< 2[|0(7) = O, V)| + Kl O(7, 1) [4hi) — (51 O(7, 1) 1451 - (6.64)

By our assumptions on the topological order of |¢;) and absence of topological order in

|k, there exist an operator O and constants 0 < 3, a; o < oo such that

a1 - 75 <2[0() = 07, V)] (6.65)

On the other hand, using Proposition 2 for « > 2d + 1 and 7 < L/v, where ¥ is a
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constant, there exists 0 < C 5 < oo such that

d+1 1Og2d l/ 1Og2d L

’ T
lo(t) = O(r, )| < CLL* =k

— C2Td+1

T (6.66)

where the factor L¢ accounts for the support size of O. For all & > 2d+ 1, Eq. (6.66) van-
ishes as L increases, in contradiction with Eq. (6.65), unless 7 = O(7*). This completes

the proof. [

6.8 Clustering of Correlations

In addition to the dynamics of quantum systems, the Lieb-Robinson bounds also
have implications for the eigenstates of a Hamiltonian. In Ref. [18], the authors show
that if a time-independent power-law Hamiltonian with an exponent « has spectral gap
A > 0, the correlations between distant sites in the ground state of the system also decay

with the distance as a power law with an exponent lower bounded by

o = —— (6.67)

where 0 is a constant that depends on a.

The bound in Ref. [18] has a undesirable feature: for a given value of «, varying
the gap A also changes the minimum exponent o/. Although this leads to an intuitive
implication that larger energy gaps result in faster correlation decay, there is no known
example where ground state correlations decay at a slower rate than a power law with an

exponent «. Indeed, we shall show that the cause of this problem is tied to the previous
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lack of an algebraic light cone in the quench dynamics. In particular, by using the Lieb-
Robinson bounds with algebraic light cones [19, 22, 23, 74, 141], we show for all & > 2d
that the ground state correlations must decay as a power law with the exponent lower

bounded by the exponent of the Hamiltonian.

Proposition 5. Let H be a power-law Hamiltonian with an exponent «; let A, B be local
operators obeying || Al|, ||B|| < 1, supported on X,Y such that |X| = |Y| = 1 and
dist(X,Y) = r > 0. Assume that H has a unique ground state |1)o) and spectral gap
A to the first excited state. Define C(r) = (1| AB|vo) — (Yo|Altho) (10| B|tbo) to be the

connected correlator between A, B in the ground state. Then

2771l (1) /2 1 log?/? r

T A7 ro

IC(r)] < , (6.68)

where c is a constant independent of o, v = a(a —d + 1)/(a — 2d), and T'(*) is the

Gamma function.

Proof. First we rewrite

C(r) = (ol Altw) (¥xl Bldo) . (6.69)

k>0

where the sum is over the excited states |¢;) of the Hamiltonian. Our strategy is to relate

C(r) to the commutator norm ||[A(¢), B]

, which we then bound using a Lieb-Robinson

bound. To relate C(r) to ||[A(%), B]||, it is natural to first consider the value of [A(t), B]

157



in the ground state, whose magnitude is bounded by ||[A(t), B]||:

(ol [A(), Blltbo) = (ol A(t)Blto) —hec. = Y (| Aluby) (4| Bltho) —hic.,

k>0

(6.70)

where Ej are the eigenvalues of the Hamiltonian and we have set ground state energy
Ey = 0 so that E;, > 0 for all k¥ > 0. Note that the £ = 0 terms cancel between the first
term and its Hermitian conjugate.

By observation, we note that if we could replace the terms e*“** in Eq. (6.70) by
a unit step function ©(FE}) that satisfies ©(Ey) = 1 and ©(—E})) = 0, we immediately
obtain the expression of C(r) in Eq. (6.69). In fact, this replacement is easy to achieve

using the identity

lim — Ood M eE 6.71
;%i%/ e ~ OB (6.71)
Therefore, we have
17 A(), B
lim —,/dtw“” (1), Bllvo) = C(r), (6.72)
e—0t 271 t—1¢e
and we obtain the relation
17 A(t), B 1 [ |IA(t). B
IC(r)| = | lim —./dt%'[ ()’. lit) S—/dt—”[ ®). Bll (6.73)
e—0+ 271 t — e ™ t
—00 0

Unfortunately, this relation is not useful; the right-hand side of Eq. (6.73) diverges

even when the commutator ||[A(t), B]|| does not increase with time. The failure of such
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a simple treatment is not surprising as we have not used the crucial assumption on the
existence of a finite energy gap (Fy > A).

Intuitively, to make the integral in Eq. (6.73) converge, we can multiply the inte-
grand by a function that decays quickly with ¢. A natural choice is a Gaussian function
e~ /2’ where v > 0 is an adjustable parameter; it decays with time quickly enough
to make the integral converge and its Fourier transformation is rather easy to handle. By
multiplying this function to the integrand in Eq. (6.71), we arrive at a convolution of the

step function with the Gaussian function:

o0

1 eiEkte—(Ut/2)2 1 Y
lim —— [ dt = O(E, — Ee P/ dE = f(E),). (6.74
o 2m'/ t—ic \/%U/ (B — E)e f(ER). (674

— 50 —00

It is easy to verify that f(E;) = 1 — g(Ey) and f(—E)) = 0 + g(E)) for some positive
function g(Ey) < %e_(E’f/“)Q. Thus, f(E}) closely resembles the step function O(E}),
albeit with a smoother transition from 0 to 1.

Inserting this convolution into Eq. (6.72), we have:

lim ]odt (1hol[A(t), B]|1bo)e=1/2)?

e—0+ 271 t — e

—0o0

=C(r) = > g(Ex)[(tho| Alvon) (ton| Bltbg) +h.c.].

k>0

(6.75)

Using a Cauchy-Schwarz inequality, we can then bound the absolute value of the sum

over k in the right-hand side by

> " 29(E) [(Wol Althn) (| Blabo)| < e B/, (6.76)

k>0
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where we have used that £, > A. Thus we arrive at our desired relation:

1 T ei(vt/2)2 7(A/U)2
o)l = — [ dt———|[A(®), B]]| +e : (6.77)

0

Finally, we bound the commutator norm using the Lieb-Robinson bound in Ref. [19],
AW, Bl < e (679)

where ¢ is a constant and v = a(ov — d + 1) /(e — 2d). We obtain:

2771 (% 1 2
o) < =< (3) 4o (B2 (6.79)

- T VIre

where I'(+) is the Gamma function. By choosing v = A/\/alogr, we get

277 1el(3) a2 log??r

T A7 ro

IC(r)] < (6.80)

Therefore, the correlators in the ground state of a power-law Hamiltonian with o > 2d
also decay with the distance as a power law (up to a logarithmic correction) with the same
exponent « as that of the Hamiltonian. In particular, this exponent is independent of the

energy gap A, in contrast to the previous result in Ref. [18]. [

Note that in Eq. (6.79), we have used an algebraic light cone bound from [19]
instead of the tighter bounds in recent works [22, 23, 74, 141], because the bounds in
Refs. [22, 74, 141] decay with the distance slower than 1 /7 while the bound in Ref. [23]

does not hold for 2d < o < 2d + 1.
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6.9 Heating Rate in Periodically Driven Systems

Periodically driven systems can host interesting non-equilibrium physics, such as
Floquet topological insulators [142], time crystals [143, 144], and anomalous Floquet
phases [145]. However, most driven systems eventually heat up to equilibrium, infinite-
temperature states, erasing the interesting features in the process.

The timescale before heating becomes appreciable in periodically driven systems
is known as the heating time, and it generally exhibits a nontrivial dependence on the
frequency of the drive, w. Previous works [137, 146, 147, 148] established that finite-
range interacting systems under rapid, local 2, periodic drives could not heat up until

after a time t, = ¢

that is exponentially long in the drive frequency w. This slow
heating rate stems at least in part from the locality of the interactions, which constrains
the probability that distant particles collectively absorb an energy quantum Aw.

This result also applies to systems with long-range interactions that decay with the
distance r, e.g. as a power-law 1/r®. Such systems are of great interest as they can
be implemented in a wide variety of experiments, such as trapped ions [49, 50], Ryd-
berg atoms [55], ultracold atoms and molecules [53, 59], nitrogen-vacancy centers [58],
and superconducting circuits [114]. On the theoretical side, for spin systems with dis-
ordered, sign-changing power-law couplings, Ref. [149] demonstrated the exponentially-
suppressed heating rate when o > d/2, where d is the dimensionality of the system. Fur-

O(w)

thermore, Ref. [137] proved an exponential heating time ¢, = e for general power-law

interactions with o > 2d. In contrast, for d < o < 2d, Ref. [137] only obtained a linear

ZRefs. [137, 146, 147, 148] assumed that the drive is a sum of local terms.
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heating time ¢, = O (w), while numerical evidence [150] suggests that the heating time
is still exponential within this regime of «.

In this section, we study the heating time in periodically driven, power-law interact-
ing systems with a > d from two different perspectives. Within linear response theory,
we show that such systems only heat up after some time exponentially large as a function
of the drive frequency. This result mirrors the statement established for finite-range inter-
actions in Ref. [146] and extends Ref. [149] to systems without disorder (though at the
expense of a smaller range of valid o). The result also matches the numerical evidence
in Ref. [150]. For generic periodically driven, power-law interacting systems that may
not obey the linear response theory—such as those under a strong drive—we generalize
Ref. [147] and construct an effective time-independent Hamiltonian with power-law in-
teractions. This Hamiltonian closely describes the dynamics of the driven system up to
time t,, where ¢, is exponentially large as a function of the drive frequency. We thereby
show that the system cannot heat up until at least after this timescale.

We note that, although our generalization of Ref. [147] is different from Ref. [137],
it is similar in spirit to their arguments. While Ref. [137] mainly focused on finite-range
interactions, their construction of the effective Hamiltonian by truncating the Magnus se-
ries would also apply to power-law systems. However, our approach here also provides
insights into the structure of the effective Hamiltonian. In particular, we show that the
effective Hamiltonian is also power-law with the same exponent « as the driven Hamilto-
nian. Furthermore, we prove a stronger, albeit still exponential in w, bound on the heating
time than one would get from the argument in Ref. [137]. This improvement relies on the
use of state-of-the-art Lieb-Robinson bounds [21, 141], which we develop for this pur-
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pose. In particular, through a new technique, we generalize the bound in Ref. [21] from
two-body to many-body interactions.

Similarly to Ref. [137], our construction requires o > 2d, in contrast to the numer-
ical evidence in Ref. [150] and to the wider range of validity o« > d found in the linear
response theory. Because both Ref. [137] and this section crucially rely on Lieb-Robinson
bounds to prove that the heating time is at least exponential in w, we conjecture that the
aforementioned gap stems from the lack of a tight Lieb-Robinson bound for o > d,
and we show the gap would vanish if such a tight bound were to exist. While the lin-
ear response theory also utilizes Lieb-Robinson bounds, it has weaker assumptions and,
therefore, does not require a tighter bound to achieve the desired result of exponentially
suppressed heating for o > d.

The remainder of the section is organized as follows. In Sec. 6.9.1, we provide
definitions and describe the systems of interest. We then review various Lieb-Robinson
bounds for power-law systems and extend two of them—including one with the tightest
light cone known to date—to k-body interactions. In Sec. 6.9.2, we prove that in the
linear response regime the heating time is at least exponential in w for all &« > d. In
Sec. 6.9.3, we provide a more general analysis using the Magnus-like expansion and
existing Lieb-Robinson bounds to prove exponentially-long heating times for @ > 2d.
We also conjecture a tight Lieb-Robinson bound that would extend this range of validity

to o > d. Finally, we summarize and discuss potential improvements in Sec. 6.9.4.
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6.9.1 Setup and Definitions

We consider a system of N spins in a d-dimensional square lattice *>. The system
evolves under a periodic, time-dependent Hamiltonian H (¢) with period 7', i.e. H(t +
T) = H(t). While the following analysis works for any H (¢) that is a sum of finite-body
interactions, we assume that H (¢) is two-body for simplicity. Without loss of generality,
we can write H(t) = Hy + V() as the sum of a time-independent part H, and a time-
dependent part V (¢) such that % fo = 0. We further assume that Hy and V'(t) are

both power-law Hamiltonians with an exponent a.

Definition 1. A Hamiltonian H on a lattice A is power-law with an exponent o and a
local energy scale 1) if we can write H =) - hx, where hx are Hamiltonians supported

on subsets X C A, such that for any two distinct sites i, j € A:

> lhxll < dm T (6.81)

X31i,j

and the norm |\ hyy|| < nforalli € A, where ||-|| denotes the operator norm and dist(i, j)
the distance between sites i, j. In addition, we call sup y | X | the local support size, where
| X | is the number of sites in X, and define | H ||, = sup; Y v, ||hx|| to be the local norm

of H.

In the following discussion, we assume 77 = 1, which sets the timescale for the
dynamics of the system. In addition, we will occasionally write H instead of H(t) for

brevity.

3While our results are derived considering a simple square lattice, we believe that it is not difficult to
extend them to other regular lattices.
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Before discussing the linear response theory and the Magnus-like expansion, it is
helpful to review the applicable Lieb-Robinson (LR) bounds for power-law interactions.
We will also generalize several of them from two-body to arbitrary k-body interactions
for all £ > 2. In particular, we discuss the relations between the bounds in Refs. [18, 29],
which imply logarithmic light cones for all o > d, and the bounds in Refs. [19, 21, 141],

which imply algebraic light cones for o > 2d.

6.9.1.1 Lieb-Robinson Bounds for a > d

First, we discuss the bounds in Refs. [18, 29], which are valid for all o > d. Recall
that LR bounds are upper bounds on the norm of the commutator [A(), B], where A, B
are two operators supported on some subsets X, Y of the lattice, and A(¢) is the time-
evolved version of A under a time-dependent Hamiltonian H. The minimum distance
between a site in X and a site in Y is » = dist(X,Y) > 0. Since the sets X,Y are
disjoint, [A(0), B] = 0 initially. As time grows, the operator A(¢) may spread to Y,
making the commutator nontrivial.

The first LR bound for power-law interactions was proven in Ref. [18] by Hastings

and Koma (HK):

vt

C(t,r) = I[A®), Bll| < CHAIIIIBIIIXHY!i—a, (6.82)

where r = dist(X,Y’), v « 7 is a constant that may depend on «, and C' is a constant
independent of the system. We shall also use the same C' to denote different inconsequen-

tial prefactors. Setting the commutator norm to a constant yields the light cone ¢ 2 logr,
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which means it takes time at least proportional to logr for the commutator to reach a
given constant value.

Technically, we can already use the HK bound in our later analysis of the heating
time because it applies to k-body interactions for all k. However, this bound is loose
for large o for two reasons: 1) the velocity v oc 2% diverges for « — oo, ii) the light
cone is logarithmic for all o, which is unphysical since larger values of « correspond to
shorter-range interactions and, therefore, we expect slower spreading of correlations. In
particular, we expect the light cone to become linear for large enough «, given that the
interactions are finite-range at o = <.

Gong et al. [29] resolved the first challenge and derived a bound for two-body in-

teractions:

evt

T)T]O‘ + €Ut“r) , (6.83)

C(t,r) < CJIABIIX]Y] ( @

where 1o € (0,1) is an arbitrary constant. The light cone implied by this bound is still
logarithmic, but the velocity v is finite for all . Although the bound in Ref. [29] was de-
rived only for two-body interactions, their proof applies to arbitrary k-body interactions,

where £ is a finite integer [See Appendix D.1 for a proof].

6.9.1.2 Lieb-Robinson Bounds for a > 2d

In this section, we discuss the LR bounds for power-law interactions with o >
2d. While the bounds in Ref. [18, 29] work for o > d, they all have logarithmic light

cones. For a > 2d, it is possible to derive tighter algebraic light cones. The first such
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bound was proven by Foss-Feig et al. [19] for two-body interactions (and generalized by
Refs. [141, 151] to k-body interactions for all £ > 2). A recent bound by Tran et al. [21],
however, gives a tighter algebraic light cone. Here, we provide the generalization of that

bound to k-body interactions:

C(t,r) <CIANBIl(ro + )"

1 to—d .
x (( + tei> : (6.84)

where 7 is the radius of the smallest ball that contains X and p, & € (0, 1) are arbitrary
constants. The second term decays exponentially with /¢ and becomes negligible com-
pared to the first term when r > ¢. Note that, other than its dependence on 7y, this bound
is independent of the size of X, Y and is valid for o > 2d.

Before we present the proof of Eq. (6.84), we summarize the key steps of the proot:

1. First, divide [0,¢] into M equal time intervals and define t¢, 1, ..., ¢y such that
to =0and t;;, —t; = 7 = t/M. We denote by Uy, ;, the evolution unitary of the

system from time ¢; to ¢;.

2. Setting U; = Uy, _; for brevity, we can decompose the evolution of A into

M —j+1

M timesteps:

Aty =ULUL,_, .. UAU, ... Uy_ Uy (6.85)

3. We then use a truncation technique (explicitly described below) to approximate
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UlT AU, by some operator A; such that

HU1TAU1 — Ay = e, (6.86)

and A; is supported on a ball of size at most ¢ larger than the size of the support of

A.

. Repeat the above approximation for the other time slices, i.e. find As, ..., Ay such

that

U A Uy — Ay = e, (6.87)
|US AyUs — As| = e, (6.88)
||U]T\4AM—1UM — Ayl =em- (6.89)

By the end of this process, we have approximated A(t) by an operator A,; whose

support is at most M ¢ larger than the support of A.

. By choosing M/ just smaller than r, the support of A,; does not overlap with the
support of B. Therefore, [Ay;, B] = 0, and C(¢,7) is at most the total error of the

approximation, i.e.

e=¢e14+ - +epn. (6.90)

The total error ¢, and hence the bound, depends on the truncation technique used in
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Step 3. In Ref. [21], the authors used a technique inspired by digital quantum simulation,
which works for @ > 2d. However, in addition to truncating the evolution unitary, the
technique in Ref. [21] also truncates the Hamiltonian. The large error from this truncation
makes it difficult to further improve the bound. Here, we use a different, simpler technique
to generalize the bound in Ref. [21] to k-body interactions for all £ > 2. Our technique
does not require truncating the Hamiltonian, eliminating a hurdle for future improvements
on the bound *.

Let us start without any assumption on the interactions of the system. We only

assume that there already exists a bound on the commutator norm for the system:
Ct,r) < f(t,r)e(X)[| Al B, (6.91)

for some function f that increases with ¢ and decreases with r, where ¢(.X) is the bound-
ary area of X.
To truncate UlT AU;, we simply trace out the part of UlT AU; that lies outside a ball

of radius ¢ around the support of A [36]:

1
Al=———T (U4 I c 6.92
1 Tr(HBg(A)C) rBZ(A) (Ul Ul) ® BZ(A) ( 9 )

— / du(WHW (U AU W, (6.93)
Be(A)©

where By(A) is a ball of radius ¢+, centered on A and X ¢ denotes the complement of the

4We note that the approach in Ref. [21] also gives the effective Hamiltonian that generates the evolution
from A to Aj;, which is more useful than the technique presented here when knowing such a Hamiltonian
is important, e.g. in digital quantum simulation.
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set X. In Eq. (6.93), we rewrite the trace over B,(A) as an integral over the unitaries W
supported on B,(A)¢ and p(W) denotes the Haar measure for the unitaries. Effectively,
A is the part of A that lies inside the ball By(A). The error from approximating UlT AU,

with A; is

e1 = |UTAU, — A

—otav - [ auwywlavw|
B, (A)°

=/ auw) [vfav, - wlav)w)|
By(A)e

< / au(w)|[U A0, W] (6.94)
Be(A)e

Note that W is a unitary whose support is at least a distance ¢ from the support of A.

Therefore, using the LR bound in Eq. (6.91), we have

= WAL =A< [ d)IALe00 0

= [|Allo(X) f(7,0), (6.95)

where 7 is the time interval of each time slice. In addition, it is clear from the definition
of A; in Eq. (6.93) that ||A;|| < ||A||. Therefore, the error of the approximation in the

j-th time slice is at most

gj < [[Allo(X;j-1) f (7, 0), (6.96)
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where X is the support of A;. Thus, the new bound is

C(t,r) < 2||Blle < 2M|[A[l[| Bl ¢max f (7, ) (6.97)

t
= 2/ AN Bl ~ dmaxf (7, ), (6.98)

where ¢, = max; ¢(X;) and M has been replaced by ¢/7. Note that the above bound

is valid for all choices of ¢, /, as long as

t
M=<L (6.99)
T V4
(>1, (6.100)
<t (6.101)

The first condition ensures that the operator after the last time slice A, is still outside the
support of B, while the last two are practical constraints.

Equation (6.99) is equivalent to ¢ < r7/t. Because f(7, /) is a decreasing function
of ¢, the bound Eq. (6.98) would be the tightest if we chose ¢ = &r7/t for some ¢ less
than, but very close to, 1. The bound Eq. (6.98) becomes

Cltur) < 2141l f (7. 57) £ 6.102)

Note that the only free parameter left is 7, which is constrained by [see Egs. (6.99)—
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(6.101)]:
t>7>-—. (6.103)

We are now ready to generalize the bound in Ref. [21] to many-body interactions. Plug-
ging the k-body generalization of Eq. (6.83) [see Eq. (D.13) in Appendix D.1] into

Eq. (6.102), we have

t
C(t,r) < ClIANI B dmax

1 e i
X (1— p)e (,Er_T)afdfl €

t

4t
< OBl o+ 1)L
y 1 et [\ 4
— e T
(1 _ ,u)a Ta—d—l r ’

where we have assumed without loss of generality that X is a ball of radius r, and replaced

Gmax o (o + )47, Taking 7 = 1 to be a constant, we obtain a bound that is valid for all

a>d+1:

C(t,r) < CIIANIB (ro + )™
1 ta_d Cer
X (1= ) o1 +te T ).

In particular, if r( is a constant, we can simplify (in the limit of large ¢, r) to

1 ta—d e
Cltur) < CLANEN (= s ramaa + ' ). 6.104)
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Note that although the bound is, in principle, valid for « > d + 1, it is only useful for

a > 2d.

6.9.2 The Heating Rate from the Linear Response Theory

In this section, we present the derivation of an exponentially suppressed heating
rate for periodically driven, power-law Hamiltonians under the assumptions of linear re-
sponse theory. We will assume that the drive V' (¢) is harmonic and local. That is, we
can write V' (t) = gcos(wt)O, for some small constant g and some time-independent
operator O = ). O; composed of local operators O;. For simplicity, we assume each
O; is supported on a single site ¢ (but our results also hold when O; is supported on
a finite number of sites around 7). We also assume the system is initially in a thermal
state pg of Hy with a temperature 3~'. Within the linear response theory, the energy ab-
sorption rate is proportional to the dissipative (imaginary) part of the response function
o(w) = >, 0i;(w) [146], where

O'ij((,U) = %/OO dt@th <[Ol(t), O](O)Dﬁ, (6105)

where (O); = Tr(psO) denotes the thermal average of O, and O(t) = ettt Qe=iHot jg
the time-evolved version of O under H,.
The authors of Ref. [146] showed that there exists a constant  such that for all 7, j

and for all w, dw > 0, the (7, j) entry of o(w) can be bounded as

o (Jw,w + dw])| < e, (6.106)
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where (w1, ws]) = f:’f f(w)dw. Although the statement of Ref. [146] applies to Hamil-
tonians with finite-range interactions, we show in Appendix D.2.1 that it also holds for
power-law Hamiltonians for all o > 0.

In principle, Eq. (6.106) already implies that the absorption rate of a finite system
is exponentially small as a function of the frequency w. However, since there are N sites
in the system, naively applying Eq. (6.106) by summing over the indices i, j yields a su-
perextensive heating rate ~ N2e~*“. Such superextensivity is non-physical, as it would
imply that a local drive instigates a divergent absorption per site in the thermodynamic
limit. To address this, Ref. [146] introduced a bound complementary to Eq. (6.106)—
based on Lieb-Robinson bounds for finite-range interactions [12]—that implies the con-
tribution from the off-diagonal terms is also exponentially suppressed with the distance
r;; between the sites i, 7.

The case of power-law interacting Hamiltonians is somewhat more involved. Due
to the long-range interaction, the commutator ([O;(), O;]) ; can decay more slowly as
a function of r;; than in the finite-range case. Fortunately, we show that it still decays
sufficiently quickly for us to recover the extensive, exponentially-small heating rate for
power-law Hamiltonians. We provide the technical proof in Appendix D.2.2, but a high-
level argument goes as follows.

Lieb-Robinson bounds for power-law systems with a > d [18, 21, 29, 141] imply
that the contributions from the (7, j) entries are suppressed by 1/r¢;. Therefore, the total

contribution to o ([w, w + dw]) from the pairs (4, j) with r;; larger than some distance .
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(to be chosen later) is at most

C _CN
> =< (6.107)
igrgor. W T

where we use the same notation C' to denote different constants that are independent of
ri;,t, and N. The factor N comes from summing over ¢ and the factor r¢ from summing
over j at least a distance r, from z.

For r;; < r,, we simply use the bound in Eq. (6.106) to bound their contributions:

Y Ce™ < CNrde ™, (6.108)

1,:Ti5 <7

where N7¢ is roughly the number of pairs (i, j) separated by distances less than r,. Com-
bining Eq. (6.107) with Eq. (6.108), we get |o([w,w + 6w])| < CNrd (e +r;9).

Finally, choosing r, = exp(kw/«), we obtain a bound on the absorption rate,
d
o([w,w + dw])| < CNexp {— (1 — —> m] : (6.109)
(6]

which decays exponentially quickly with w as long as o > d. Thus, we have shown that,
within the linear response theory, the heating rate of power-law interacting Hamiltonians
obeys a bound that is qualitatively similar to that for finite-range interactions: the heating

rate is extensive, but exponentially small in the driving frequency.
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6.9.3 The Heating Rate from a Magnus-like Expansion

We now present a more general approach to proving a bound on the heating time
in a system governed by a periodically driven, power-law Hamiltonian. In particular, this
approach remains correct for strongly driven systems, where linear-response theory does
not apply. We generalize Ref. [147] and construct an effective time-independent Hamil-
tonian H,. The leading terms of H, resemble the effective Hamiltonian one would get
from the Magnus expansion [152, 153, 154]. Using Lieb-Robinson bounds for power-law
interactions, we show that the evolution of local observables under H, well approximates
the exact evolution up to time t,, which is exponentially long as a function of the drive
frequency. Additionally, the existence of the effective Hamiltonian H, also implies a
prethermalization window during which the system could thermalize with respect to H,
before eventually heating up after time ..

Following Ref. [147], we construct a periodic unitary transformation ()(¢) such that
Q(t+T)=Q(t) and Q(0) = 1. After moving into the frame rotated by Q(¢), we show
that the transformed Hamiltonian is nearly time-independent and the norm of the residual
time-dependent part is exponentially small as a function of the frequency.

To construct the unitary ()(t), we note that the state of the system in the rotated
frame, |p(t)) = QT(¢) |¢(t)), obeys the Schrodinger equation with a transformed Hamil-

tonian H'(t) (h = 1):

0, 6(1) = (Q'HQ — iQ'0,Q) |6(t)) = H'() [6(1)) (6.110)
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We write () = €, where (t) is a periodic, anti-Hermitian operator, i.e. Q(t) = Q(t+T)
and Qf = —(). We then assume that the period 7" is small so that we may expand Q(t) =
Y et g in orders of T', where [|Q,]| = O (T7), and we will eventually choose €, such
that the transformed Hamiltonian H'(t) is almost time-independent. In particular, we
shall truncate the expansion of €2(¢) up to order ¢gm,x and choose €, recursively for all
¢ < Qmax to minimize the norm of the driving term in H'(t).

We can rewrite H'(t) from Eq. (6.110) as:

1 — —adq
H'(t) = e ™2 [Hy + V(1)] — i%am, (6.111)
Q

with adpA = [, A]. From Eq. (6.111), we can define H(t) for ¢ = 0,1,... such that

H' =%~ H(t) is expanded in powers of T"

H(t) = Gy(t) — i0: Q41 (1), (6.112)
where we define G, via {1y, . . ., {), as follows:
(=D
Gq(t): il Z ainl...ainkH(t)
k=1 1<iy,..,1.<q
ir++ig=g
(1)
+iYy = Z ado, ...adg, 0, (6.113)
k=1 1<it,. i, m<g+1

i1+ Fig+m=qg+1

and G (t)=H (t). Now, recall that (2, (¢) are operators that we can choose. From Eq. (6.112),
we choose €2 (t) such that it cancels out the time-dependent part of Gy (t), making H|,

time-independent. This choice of (¢) also defines G(t). We then choose €s(t) to
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eliminate the time-dependent part of G;(¢). In general, we choose €, successively from
g = 1to some g = gmax (to be specified later) so that H {1 are time-independent for all
q < Qmax- Therefore, the remaining time-dependent part of the transformed Hamiltonian

H'(t) must be at least O (7%= ). Specifically, for ¢ < ¢max, We choose the following:

_ 1 (T
H;_T/O G, (t)dt, (6.114)
t

Qa1 (t) = —i / (Gy(t') — H) dt'. (6.115)
0

Here, Eq. (6.115) ensures that Eq. (6.112) becomes H(’J(t) = Hé, and, thus, that H]
is time-independent for all ¢ < @m.. On the other hand, for ¢ > ¢nax, We choose
Qq11(t) = 0, so that H)(t) = G,(t). By this construction, we can rewrite the transformed
Hamiltonian into the sum of a time-independent Hamiltonian H, and a drive V() that

contains higher orders in 7"

oo Gmax—1 o0
H'(t) =Y Hy(t)= > H,+ > Gyt), (6.116)
=0 =0 —({max
q q q=q
EH* Evl(t)

As a result of the transformation, the driving term V'(¢) is now O(T%=). As dis-
cussed before, we will eventually choose the cutoff g, to minimize the norm of the
residual drive ||V’ (1)]].

To estimate the norm of V'(¢), elucidating its dependence on gy, we first need
more information on the structure of the Qq(t) forall 1 < g < @max. In particular, we show

that G4 and (2, are power-law interacting Hamiltonians. To do so, we first need to define
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some more notation. We denote by H,, the set of power-law Hamiltonians with exponent
« and a local energy scale 7 = 1. In addition, we denote by H the subset of H,, which
contains all power-law Hamiltonians whose local support size [see Definition 1] is at most
k + 1. For a real positive constant a, we also denote by aHl, the set of Hamiltonians H
such that a ' H is a power-law Hamiltonian with the same exponent .

The following lemma says that GG, and €2, are also power-law Hamiltonians up to a

prefactor.

Lemma 7. For all ¢ < quqy, we have

G, € TiglcINH| (6.117)
0 Qi1 € T INHIY (6.118)
Qqy1 € T glANTH @D, (6.119)

where c, A are constants to be defined later.

Observe that for any order ¢, the last two bounds, i.e. Eq. (6.118) and Eq. (6.119),
follow immediately from Eq. (6.117) and the definition of 2,. Note that Lemma 7 holds
for Go(t) = H(t) € HY. It is also straightforward to prove Lemma 7 inductively on
q. The factor 79 comes from the constraint in Eq. (6.113) that ¢y + --- + 7, = ¢, along
with the fact that each €;, is O(T%) for all v = 1,... k. Similarly, the factor of ¢! is
combinatorial and comes from the nested commutators in Eq. (6.113). We provide a more
technical proof of Lemma 7 in Appendix D.3.

As a consequence of Lemma 7, we can bound the local norms of the operators:
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Tageh\?
||Gq\|zswq!cw“9e\@( a ) | (6.120)
[
Tael\?
IIQq|IzST‘1(q—1)!c‘1‘1X’§S( q: ) . 6.121)

There are two competing factors in the bounds: 7%, which decreases with ¢, and ¢! ~
q?, which increases with ¢q. This suggests that the optimal choice for ¢.x—in order to
minimize the local norm in Eq. (6.120)—should be around e/(c¢T')\). In the following, we

shall choose

G = Wa = %6_“, (6.122)

for some x > In2. Note also that w, is equal to frequency w = 1/7 up to a constant.

With this choice of gn., Eq. (6.117) reduces to

G, € ey/ge MHEHD, (6.123)

for all ¢ < ¢max = w.. By summing over G, with ¢ < w,, we find that the effective
time-independent Hamiltonian H, [see Eq. (6.116)] is also a power-law Hamiltonian, i.e.
H, € CH™™ ¢ CH,, up to a constant C' that may depend only on .

Similarly, we find from Eq. (6.119) that 2, € e/(c)\)e_””qH&q) for all ¢ < w,.

Plugging into the definition of G, and noting that we choose 2, = 0 for all ¢ > Gmax, We
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find an identity similar to Eq. (6.123), but for ¢ > w,:

G, € Ce ™ H,, (6.124)

where £’ > k — In 2 is a constant. Summing over G, with ¢ > gmax [see Eq. (6.116)], we
again find that the residual drive V'(¢) is a power-law Hamiltonian up to a prefactor that

decays exponentially with w,:

V'(t) € Ce " H,, (6.125)

where C' and ' are some positive constants. As a result, the local norm of V’(¢) decreases
exponentially with w,: ||[V/(t)[|; < Che .

As discussed earlier, Eq. (6.116) and Eq. (6.125) imply the existence of an effec-
tive time-independent Hamiltonian H, such that the difference ||QTHQ — H..|| = ||V’|| is
exponentially small as a function of w, oc 1/7. However, even if |V||; is exponentially
small, ||V”|| still diverges in the thermodynamic limit. Therefore, in order to character-
ize the heating rate of the Hamiltonian, it is necessary to investigate the evolution of a
local observable O under H(t). We show that the evolution is well described by the ef-
fective time-independent Hamiltonian /1, at stroboscopic times ¢t = 7'Z. Without loss of
generality, we assume the local observable O is supported on a single site and ||O|| = 1.
Following a similar technique used in Abanin et al. [147], we write the difference between

the approximate evolution under the effective Hamiltonian and the exact evolution (in the
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rotated frame):

§ = QMU (H)OU)Q!(t) — e"H-Oe

t
= z/ dsW'i(s,t) [V'(s), e Oe | W (s,1),
0

where U(t) = T exp (—z’ fot H(t)at ) is the time evolution generated by the full Hamil-
tonian H(t) and W(s,t) = T exp (—@' fst H’(t’)dt’) is the evolution from time s to ¢
generated by H'(t). We can then bound the norm of the difference using the triangle

inequality:

t
6] g/ ds||[V'(s), "™ Oe ]| (6.126)
0

We can bound the right-hand side of Eq. (6.126) using Lieb-Robinson bounds for power-
law interactions.

First, we provide an intuitive explanation why the norm of ¢ is small for small
enough time (¢t < N). Recall that the operator O is initially localized on a single site. At
small time, it is still quasilocal and therefore significantly noncommutative with only a
small number of terms of V'’ lying inside the “light cone” generated by the evolution under
H,. There are several Lieb-Robinson bounds for power-law interactions [19, 21, 29, 141]
[see also Eq. (D.13) and Eq. (6.84)], each provides a different estimate for the shape of
the light cone, resulting in a different bound for the heating time.

If the light cone is logarithmic (as bounded in Ref. [29]), the commutator norm

in Eq. (6.126) would grow exponentially quickly with time and eventually negate the
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exponentially-small factor exp(—+'w,) from [|V'|,. Therefore, in such cases, the system
could potentially heat up only after ¢, « w, = 1/7. On the other hand, if we use
the Lieb-Robinson bounds that imply algebraic light cones (as in Refs. [19, 21, 141]
for a > 2d), the commutator norm only grows subexponentially with time, and we can
expect to recover the exponentially-long heating time ¢, oc e*“~ derived for finite-range
interactions [147, 148].

Appendix D.4 contains the mathematical details, but the results of this analysis are
as follows. Using Gong et al. [29] [or its k-body generalization Eq. (D.12)], which holds

for « > d and has a logarithmic light cone ¢ = log r, yields:

10]| < Cle™'wxe2dvt/e (6.127)

Thus, the difference ¢ is only small for time ¢, o< w, o 1/T. This behavior is expected
because the region inside the light cone implied by Gong et al. ’s bound expands expo-
nentially quickly with time.

If instead we use the bound in Else et al. [141], we find:

l1—0

Hf5|ISOe‘“'“’*§< d )tldff“, (6.128)

where £(z) = 22°T'(z) and T" is the Gamma function. Thus, the difference is small up to
an exponentially long time ¢, oc e*" 1% . The result holds for o > d (1 + %), where
o can be chosen arbitrarily close to 1. This condition is effectively equivalent to o > 2d

[see Appendix D.4 for a discussion of the limit o — 17].
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We may also use the bound in Tran et al. [21] [see Eq. (6.104) for its generalization

to k-body interactions], which gives

d(a—d)

16]| < Ce™™' st a=za T, (6.129)

Thus, the difference is small up to an exponentially-long time ¢, o< exp (m’ Wy W%) .
This analysis works only when a > 3d, but, within this regime, the exponent of the
heating time using this bound is larger than obtained in Eq. (6.128). This is due to the
trade-off between the tail and the light cone between the bounds in Refs. [21, 141]. See
Appendix D.4 for more details.

Finally, we conjecture a tight bound for power-law interactions that holds for all
a > d, and we will provide the full derivation of ¢ for such a bound. First, we consider
the light cone of such a bound. Given the best known protocols for quantum information
transfer [24], the best light cone we could hope for would be t > r*~?ford +1 > a > d
and linear for a > d + 1. In the following, we assume the light cone of the conjectured
bound is ¢ > /% for some constant 3 > 1 for all o > d.

Next, we consider the tail of the bound, i.e. how the conjectured bound decays with
the distance at a fixed time. Since it is always possible to signal between two sites using
their direct interaction, which is of strength 1/7, the tail of the bound cannot decay faster

than 1/r*. We shall assume that the bound decays with the distance exactly as 1/r“.

For simplicity, we assume that the conjectured bound takes the form

A\
ltaw, 51l < clanen (4 ) (6.130)
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which manifestly has a light cone ¢ > '/ and decays as 1/r® with the distance. Let
r.(t) = t” be the light cone boundary and consider the sum inside and outside the light
cone.

For convenience, denote V" = C~'e®"“V, H" = v 'H' so that V", H" € H,.
Since V”(s) is a power-law Hamiltonian, it follows that ||V (¢)|| < Cr¢-'. We can

rewrite the bound on ||0|| as
! t . I/l . T/
I8l < Ce = [ as| [1(s), e 0c ), 6131
0

Now write V"(s) = 3272, V/"(s), where V,"(s) = 3« qu(x.0)eprrs1) fx denotes the
terms of V" (s) supported on subsets exactly a distance between r and r + 1 away from
O. Writing the sum this way, we can now separate terms inside and outside of the light
cone.

For the terms inside the light cone, we bound:

> [V (), e 0em |

r<r«(s)

<2 IV (s)IIO] < Cru(s)! < Cs™. (6.132)

r<r«(s)
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For the terms outside the light cone, we use the conjectured bound:

S [y s e 0|

r>1(8)
she
<C Y IVs)Ilo) = 6.133)
>74(5) r
sbe she Bd
<C ) ot < Oy = O™ (6.134)
r>74(8)

Combining Eq. (6.132) and Eq. (6.134), we get

16]] < Cemrwthd+t, (6.135)

which implies an exponential heating time as a function of w,, i.e. ¢,  exp(x'w,/(6d + 1)).
Recall that the best values we can hope for § are § = 1/(ov —d) whend + 1 > o > d
and 5 = 1 when o > d + 1. Note also that the exponential heating time would hold for

all @ > d, matching the result given by the linear response theory.

6.9.4 Discussion

Our work generalizes the results of Refs. [146, 147, 148] for finite-range interac-
tions to power-law interactions. Using two independent approaches, we show that period-
ically driven, power-law systems with a large enough exponent v can only heat up after
time that is exponentially long in the drive frequency. The results only hold if « is larger
than some critical value ... Physically, the existence of «. coincides with our expectation

that power-law interactions with a large enough exponent « are effectively short-range.
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However, the two approaches imply different values for a.. While both the Magnus
expansion in Ref. [137] and the Magnus-like expansion in this section independently
suggest a. = 2d, the linear response theory implies o, = d. We conjecture that this gap
is due to the lack of tighter Lieb-Robinson bounds for power-law interactions, especially
for a between d and 2d. Indeed, we demonstrated in Sec. 6.9.3 that a tight Lieb-Robinson
bound for this range of « implies an exponentially-long heating time for all & > d,
matching the result from the linear response approach, as well as previous numerical
evidence for systems with o < 2d [150]. Therefore, proving a tight Lieb-Robinson bound

has important implications for the heating time of power-law interacting systems.
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Chapter 7: Destructive Error Interference in Product-Formula Lattice Sim-

ulation

In this chapter, we provide an approach to tighten the error bound of the first-order
product formula (PF1) for simulating several physically relevant systems, including those
with nearest-neighbor interactions. Despite its simplicity and wide applicability, a tight
error bound for PF1 in simulating many physically relevant systems remains elusive. Re-
cent works [2, 3, 4] estimated that O (n?t?) elementary gates suffice to simulate the dy-
namics of a nearest-neighbor interacting system consisting of n sites for time ¢ using
PF1 !. However, the numerical evidence in Ref. [7] suggests that PF1 performs much
better than this in practice. In particular, the gate count for simulating the dynamics
of a nearest-neighbor Heisenberg spin chain of length n for time ¢ = n scales only as
O (n?961). In addition, Heyl et al. [155] also found that the error of simulating the time
evolution of a local observable using PF1 can be much smaller than theoretically esti-
mated.

The key message of the chapter is that the errors from different steps of the algo-

rithm can combine destructively, resulting in a smaller total error than previous analysis

IRefs. [2, 3, 4] took into account the commutativity between some interaction terms in the Hamiltonian
of a nearest-neighbor interacting system. Without this commutativity, the gate count would be O (n3¢?) [5,
6]
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estimates. In particular, the tighter error bound suggests that simulating the dynamics of a
nearest-neighbor interacting system of n sites for time ¢ up to an error tolerance ¢ requires
only max {O (nt/e), O (n*?/?/'/?) } quantum gates, which is asymptotically smaller
than the state-of-the-art bound O (n?t?/¢) in Refs. [2, 3, 4]. Att = n and at a fixed ¢,

2.964)

our estimate O (n?) also closely matches the empirical gate count O (n computed in

Ref. [7].

7.1 Setup

We assume that the system evolves under a Hamiltonian H = ) + hx, which is
a sum of time-independent terms hx, each acting nontrivially on a subset X of constant
size. Our approach applies if there exists a partition / = H; + H; such that the terms
hx in H; mutually commute and the terms hy in H5 also mutually commute. Examples
of Hamiltonians that satisfy this assumption include all one-dimensional, finite-range >
interacting systems, such as the Heisenberg model and the transverse field Ising model
in one dimension with either open or periodic boundary conditions, and with or without
disorder. Additionally, this assumption also covers some physically relevant systems in
higher dimensions, such as the transverse field Ising model with either finite-range or
long-range interactions.

To simulate the time-evolution of the system for time ¢ using elementary quantum

2For interactions of maximum range R, we can group [ (R + 1)/2] consecutive sites into distinct blocks
such that the Hamiltonian consists of only interactions between nearest-neighbor blocks. The error analysis
for using the first-order product formula to simulate such a system would follow from our analysis for
simulating nearest-neighbor interactions. Note, however, that we assume that the exact simulation of the
evolution of each constant-size block requires only a constant amount of elementary gates.
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gates, we use the first-order product formula [1]:

v~ (U] (7.1)

where U; = exp(—iHt), Ut(f’r) = exp(—iH,t/r) for p = 1,2, and r is the number of
time segments to be chosen later so that the norm of the total error A := U, — [U, t(/12 Ut(/%z I
is at most a constant €. By our assumption that the terms within /,, (p = 1, 2) mutually
commute, we can further decompose the evolution U, t(;? into a product of elementary
quantum gates with no additional error.

For simplicity, we demonstrate our approach to estimating the gate count of PF1 on
a one-dimensional lattice of 7 sites, evolving under a time-independent, nearest-neighbor
Hamiltonian H = $"""" h;, where h; is supported only on sites 7,7 + 1, ||;]| < J for all
i, J is a constant, and |-|| denotes the operator norm. Without loss of generality, we also
assume J = 1, which sets the time scale for the dynamics of the system. We then apply
PF1 to the partition H = H; + H,, where H; = Zoddj h; and Hy = Zevenj h;. Note

that the terms within A (H5) mutually commute and therefore satisfy the aforementioned

assumption.

7.2 Leading Error Contributions

To estimate the gate count, we first need a bound on the total error A. The previous
best bound from Ref. [4] gives ||A]| < O (nt?/r), so thatr = O (nt?/e) suffices to ensure
the total error at most ¢, giving gate count nr = O (t*n?/¢). Before we prove our tighter

bound, we will first argue simply based on the lowest order error that [|A|| =~ O (nt/r),
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which would result in a gate count O (tn?/e), matching the empirical estimate of about
O (n?) for t = n in Ref. [7].

Letd = U — U, t(/lr) U t(/i) be the error of the approximation in each time segment. In
the limit » >> ¢, the leading contribution to ¢ is given by the commutator between H; and
Hs [1]:

1¢2 nt?

I8 = 5 i el = 0 (%) (7.2

r2

Replacing U t(/lg U t(/zg by Uy, + 0 on the right-hand side of Eq. (7.1) and expanding to first

order in 9, we have an approximation for the total error:
r—1 4 ] r—1 ‘ '
AxD UL UL = (Z Ul 0 Ut/i) ULt (7.3)
§=0 j=0
where Utj/r = (Uy/,)?. If we bound || A|| using the triangle inequality, i.e.,

nt?
NI <rlsl~0 ("), 7.4

r—1
D UL 0u
j=0

we get the same error bound (and hence the same gate count) as Ref. [4].

To understand the key idea for improving the bound, imagine § as a vector in the
space of operators and the unitary evolution U tj/ré U t;i as a rotation of the vector by a
small angle proportional to j¢/r. Since the terms in Eq. (7.3) correspond to rotations of

§ by evenly spaced angles 2, the sum involves significant cancellation, making it much

3While it is common in practice to divide the evolution into even time slices, our interpretation of
Eq. (7.3) as a sum of the same vector J rotated by different angles suggests that we can also achieve
destructive error interference even if the slices are uneven.
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smaller than the upper bound derived using the triangle inequality [Eq. (7.4)].
To realize this intuition, we make a change of variables to x = ¢j/r and approxi-

mate the sum in A by an integral:

~
~

IA]l =

¢
/ dxU, d U_|| . (7.5)
0

r—1
7=0

With the assumption that H = H; + H, is a sum of two terms, we rewrite ¢ (to leading

order in ¢/r) as

1 1 t?
0~ —|Hy,Hs] = = =|H, Hs| = 7.6
2[ 1 2]7”2 2[ ) 2]7’2, ( )
and use the identity
t
U, AU, — A= —i/ dxU, [H,A|U_,, (7.7)
0

with A = %Hg, to evaluate the integral in Eq. (7.5) and arrive at an estimate for the

norm of A:

,
A~

t t2
/ dzU, {H,—2Hz} U,
0 2r

t nt
< Lo =0 (-) | (7.8)
T T

which is a factor of ¢ tighter than Eq. (7.4). We attribute this improvement to the destruc-
tive interference between the error terms in Eq. (7.3). To ensure that the total error ||A|| is

at most €, we choose r = © (nt/e), leading to the total gate count O (nr) = O (n%t/e),
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which has optimal scaling in ¢ [156]. At¢ = n and fixed ¢, the gate count becomes O (n?),
which closely matches the empirical performance O (n2%4%) observed in Ref. [7].
Additionally, if the time step ¢/ = 7 is a constant, the total error of the simulation
|A|l = O (nT) appears to be independent of the total number of time segments. This
feature agrees well with Ref. [155], where the authors argue that for a fixed, small value
of 7, the error in simulating the evolution of a local observable using PF1 would not
increase with the total simulation time ¢. However, our bound is more general; it applies

to the error in simulating the evolution unitary of the system, and hence any observable.

7.3 Higher-Order Error Contributions

We made three approximations in deriving Eq. (7.8). First, in Eq. (7.6), we con-
sidered 0 to only the leading order in ¢/r and discarded terms of higher order in ¢/r. We
then expanded A in Eq. (7.3) to only the first order in ¢ while ignoring the higher-order
terms in 6*. Additionally, we evaluated the sum in Eq. (7.5) by approximating it with an
integral. We now make the estimation rigorous by considering the errors incurred upon
making the three approximations.

First, we show that higher-order terms in ¢ /7 in the expansion of ¢ are indeed dom-

inated by the second order. For that, we write 0 as a series in ¢ /r:

= (—it)*
0= Uy = UNUS =7 ( k!r,z O (7.9)
k=2

where 0, are operators independent of ¢, . If we only need a bound on the norm of ¢,

it is sufficient to bound the norms of ;. However, in addition to the norm, we are also
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interested in the structure of d;, described in Lemma 8, which is crucial for evaluating the

total error [See Eq. (7.6)].

Lemma 8. For all k > 2, there exist S, Vj, such that 5, = [H, Si] + Vi and

Vil = O (e"?nF72), (7.10)
1Sk]| = O (K*n*~), (7.11)
I[H, Slll = O (k*n*~1), (7.12)

where the big-O constants do not depend on k.

Lemma 8 holds for £ = 2, with S5 = Hy and V5, = 0 [See Eq. (7.6)]. For k > 2,
we construct Sy, V. inductively using the definition of J; in Eq. (7.9). The factor n¥=2in
the norm of V}, comes from the (k£ — 2)-th nested commutators in the expansion of d;. We
provide a detailed proof of the lemma in Appendix E.

A corollary of Lemma 8 is ||6x || = O (e*n*~!), and therefore, we can immediately

bound the norm of §:

N nt? <= (ent)*
I8l <> wglldnl = © (7 >
k=2 k=0
nt? ent nt?

where we assume r > ent. We later fulfill this condition by choosing an appropriate
value for r.

Another corollary of Lemma 8 is that 6 = [H,S] + V, where S = Y .~ %S;€
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andV =5, %Vk It is straightforward to verify the bounds on the norms of .S and

V:
nt? nt3
Isi=0 ("), wi-o("%). .14

where we again assume r > ent.
Next, we rectify the approximation in Eq. (7.5) by rigorously bounding the norm of

the sum.

Lemma 9. For any positive integer a > 1,

3
=0 (n?t) +0 (a%) . (7.15)

When a = r, the left-hand side of Eq. (7.15) is exactly the sum in Eq. (7.5). We

a—1
7=0

bound the sum by approximating it with an integral, which yields O (nt/r) after eval-
uation. Carefully bounding the error of the approximation results in the second term
O (ant3/r3). We present the detailed proof of the lemma in Appendix E.

Given Lemma 8 and Lemma 9, we now bound the total error ||A|. We expand A
as a series in ¢ and write A = Y, | Ay, where A involves only the k-th order in 0.

For example, A; = Z;;é Ul s U’

i/r0 Uy /» the norm of which we can already bound using

Lemma 9. We can use the same technique to estimate || A || for all £ > 1 (Appendix E):
bl b1 nt nt?
[A <51 O —+ — ) - (7.16)
r r
Finally, we bound || A|| using the triangle inequality:
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Figure 7.1: The total error ||A|| (blue dots) of PF1 in simulating the Heisenberg chain in
Eq. (7.18) is numerically evaluated at n = 8, » = 10000, and variable time ¢ between
0 and 1000. The purple dots represent the error estimate ||| one would get using the

triangle inequalities [Eq. (7.4)]. We also plot functions proportional to ¢ (orange lines), ¢
(purple lines), and #3 (green lines) for reference.

- nt  nt
Ial = Slad =0 (% +25)), .17
k=1

r

where we assume 7 ||6]| < 1/2 so that Y, _,(r]|6]|)*~* = O (1). With our choice of r,

this assumption later reduces to €t < 1, where ¢ is the error tolerance of the simulation.
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7.4 Empirical Error Scaling

We now benchmark the bound in Eq. (7.17) against the empirical error in simulating

the dynamics of a nearest-neighbor Heisenberg chain:

i
L

H=)» 0 0in, (7.18)

<.
Il
—_

where 7; = (0¥, 0!, 07) denotes the Pauli matrices on qubit 7. Using fixed values for n
and r, we compute the total error of PF1 at different times ¢ and plot the result in Fig. 7.1.
We also plot in Fig. 7.2 the empirical errors of simulating the same system using the
second-order (PF2) and the fourth-order (PF4) product formulae [6].

From Fig. 7.1, the total error of PF1 appears to agree well with our bound in
Eq. (7.17). The change in the error scaling from O(t) at small time to O(¢3) at large
time can be explained by the destructive error interference between the time slices as
follows. While the leading error terms in each time slice scale as O(t?), they interfere
destructively between time slices, resulting in a total contribution that increases with time
at a slower rate O(t) [recall Eq. (7.8)]. Meanwhile, some higher-order error terms do
not interfere destructively. They scale as O(#) and eventually take over as the primary
contribution to the total error. This intuition also explains the similarity between the error
scalings of PF1 (at late time) and PF2 [Fig. 7.2]. On the other hand, if there were no
destructive error interference between the time slices, the contribution from the leading

error terms to the total error of PF1 would have scaled as O(t?) [Fig. 7.1, purple dots] and

saturated at 2 before the higher-order terms could take over.
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Figure 7.2: The total error of simulating the Heisenberg chain with n = 8 spins in
Eq. (7.18) using PF1 (blue dots), PF2 (orange dots) and PF4 (green dots) is numerically

computed at » = 10000, and variable time ¢ between 10 and 3000. We also plot functions
proportional to ¢ (blue lines), ¢ (orange lines), and ° (green lines) for reference.

We also note that the error of PF2 [PF4] scales as ¢® [¢] initially before saturating
at a later time, in agreement with the existing bounds using the triangle inequality for the
higher-order product formulae [4, 7]. This suggests the absence of significant destructive

error interference for PF2 and PF4 in our numerical simulation.

7.5 Estimation of the Gate Count

Given the error bound in Eq. (7.17), we now count the number of gates for PF1.

Equation (7.17) suggests we should choose

9 e

t [nt®
rocmax{n—, ”—,1}, (7.19)
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so that the total error ||Al| is at most . First, we assume nt > ¢ and consider two cases,
corresponding to et < 1 (small time) and ¢ > 1 (large time). The former condition
implies that the first term in Eq. (7.19) dominates and therefore we should choose r =
© (nt/e) . This choice of r together with ¢ < 1 also fulfills the condition r||d|| < 1/2
required earlier, as long as we choose a large enough prefactor in © (nt/e). Thus, when

et < 1, the gate count of PF1 is

2
O(rn) =0 (n_t) ) (7.20)

£

On the other hand, when et > 1, we divide the simulation into m stages. In
each stage, we simulate the evolution for time ¢/m with an error at most €/m by fur-
ther dividing the stage into r time segments. In order to apply the above analysis in each
stage, we require m to be large enough so that et/m? < 1. Since the resulting gate
count O (mn?t/e) increases with m, it is optimal to choose m as small as possible, i.e.

m = [v/et]. Therefore, the total gate count in this case is

2 243/2
O ( gt”?t) —0 (%) . (7.21)

Finally, when nt < e, we simply choose r = O(1), giving gate count O (1). Combining

the above arguments, we have an upper bound on the total gate count of

2t 2t3/2
max {(9 (%) e, ("81—/2> e, (1)} : (7.22)

which is valid for all times ¢ and is tighter than the previous best estimate in Ref. [4].
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7.6 Discussion

As mentioned earlier, we assume that the terms of the Hamiltonian can be sepa-
rated into two parts such that the terms within each part mutually commute. Therefore,
our results apply to translationally invariant spin chains in one dimension with finite-
range interactions and with either open or periodic boundary conditions, as well as dis-
ordered spin chains, such as those featuring many-body localization [157]. Additionally,
our analysis also holds for some systems in higher dimensions, such as the transverse field
Ising model with either finite-range or long-range interactions, where the two mutually
commuting parts of the Hamiltonian are the spin-spin interactions and the field terms.
However, for long-range interactions, the number of interaction terms can scale as O (n?)
[instead of O (n) for the finite-range interactions], so the scalings of the error bound and
of the gate count as functions of n must be adjusted accordingly. Furthermore, our tech-
nique can also be used to bound the error in simulating materials where the electronic
structure Hamiltonian in the plane wave dual basis [158] is a sum of mutually commuting
kinetic energy terms and Coulomb interactions.

However, it is unclear whether our approach generalizes to Hamiltonians that can
only be separated into three or more mutually commuting parts, such as those that typi-
cally occur in higher dimensions and systems with general long-range interactions, where
the simple relation between 6 and H in Eq. (7.6) no longer holds in general. Despite our
numerics for the Heisenberg interactions, it remains open whether significant destructive
error interference can be achieved for higher-order product formulas in simulating other

classes of Hamiltonians. In addition, although our main focus in this chapter is on real-
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time simulation, it would be interesting to consider the implications of our bound for the
error of the product formula in simulating imaginary time evolution, which is relevant for
path integral Quantum Monte Carlo algorithms [159].

We also note that while our analysis requires 7||d|| < 1/2, our numerical calcu-
lation [see Fig. 7.1] shows that our error bound agrees well with the empirical scaling
even at large values of ¢, where r||d|| > 1/2. Therefore, we conjecture that the error
bound in Eq. (7.17) is valid regardless of whether <t is less than one. If the conjecture
holds, Eq. (7.19) implies that we should choose r o nt/e and r \/W/a foret < n
and €t > n, respectively (in the limit of large n and t). The former choice yields the
same gate count O (n?t/e) as in Eq. (7.20), but the latter choice leads to a gate count
of O(nr) =0 (\/Wi”/e), which is tighter than the estimate in Eq. (7.21). Thus, the
conjecture would imply that PF1 performs as well as PF2—whose gate count is also
@ (\/W?’/e> [4]—in the large-time limit. We consider proving the conjecture a very

interesting future direction.
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Chapter 8: Faster Digital Quantum Simulation by Symmetry Protection

In this chapter, we propose an approach, using the symmetries of a target Hamil-
tonian, to protect its simulated dynamics against simulation errors. Given a simulation
algorithm that decomposes the dynamics of the system into many small time steps (e.g.,
Trotterization), we interweave the simulation with unitary transformations generated by
the symmetries of the system (Fig. 8.1). While these additional unitary transformations
increase the gate complexity of the simulation, the error of the simulation can sometimes
be reduced by several orders of magnitude, ultimately resulting in a faster quantum sim-
ulation. In addition, depending on the symmetries, the unitary transformations may be
implemented using only single-qubit gates, which are considered inexpensive for imple-
mentations on near-term quantum computers.

The symmetry protection technique considered in this chapter is general and po-
tentially applies to any algorithms that simulate the time evolution of Hamiltonians with
symmetries by splitting the evolution into many time segments, including Trotterization
and the higher-order product formulas [160] and more advanced algorithms such as those
based on linear combinations of unitaries [8, 9, 11, 161], Lieb-Robinson bounds [21, 76],
and randomized compilations [162, 162, 163]. We also provide evidence that the tech-

nique can also protect the simulation against other types of temporally correlated errors,
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Symmetry protection

Simulation circuits

Figure 8.1: For algorithms that simulate the dynamics of quantum systems by decom-
posing the evolutions into many time steps, we interweave the corresponding simulation
circuits (blue) with unitary transformations generated by the symmetries of the systems
(orange). These transformations protect the simulations against errors that violate the
symmetries, resulting in faster and more accurate simulations.

such as the 1/ f noise commonly found in solid-state devices [164].

In addition, we draw a connection between the symmetry protection technique and
the quantum Zeno effect [165, 166, 167, 168, 169, 170, 171]. In particular, the symmetry
transformations, when chosen as powers of a unitary, approximately project the error of
simulation into the so-called quantum Zeno subspaces, defined by the eigensubspaces
of the unitary. We prove a bound on the accuracy of this approximation, exponentially
improving a recent result of Ref. [171].

The structure of the chapter is as follows. In Sec. 8.1, we introduce the general
technique and provides intuition for the source of error reduction. In Sec. 8.2, we de-
rive a bound on the error of Trotterization under symmetry protection. In Sec. 8.3, we

then benchmark the technique in simulating the dynamics of systems with the Heisen-
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berg interactions, including the XXZ Heisenberg model with local disorder that displays
a transition between thermalized and many-body localized phases, and in simulating the
Schwinger model in the context of lattice field theories. In particular, we show that in-
terweaving the simulation with random gauge transformations can significantly reduce
the probability of a state leaking to outside the physical subspace due to the simulation
error, extending the results of Ref. [172] to digital quantum simulation. We then demon-
strate in Sec. 8.4 how the technique may protect the simulation against other types of
coherent, temporally correlated errors, such as the low-frequency noise typically found in

experiments. Finally, we discuss several open questions in Sec. 8.5.

8.1 General Framework

We consider the task of simulating the time dynamics of a system under a time-
independent Hamiltonian H. Let U; = exp(—iHt) denote the evolution unitary gen-
erated by H for time ¢. The symmetry protection technique applies to algorithms that
simulate U, by first dividing the evolution into many time steps (also known as Trotter
steps), and approximate the evolution within each time step by a series of quantum gates.
Examples of such algorithms include most modern quantum simulation algorithms from
the Suzuki-Trotter product formulas [160] to algorithms based on linear combinations of
unitaries [8, 9, 11, 161]. In this chapter, we focus our theoretical analysis on the first-
order Trotterization algorithm for simplicity (Sec. 8.2) and benchmark the performance
of symmetry protection on other algorithms numerically (Sec. 8.3.2). To be more precise,

let r denote the number of steps and ¢ = ¢/r denote the length of each time step. These
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algorithms then simulate Us; by a series of elementary quantum gates Sg;, i.e.

Up = Us =~ S, 8.1

The approximation of Us; by Sy, introduces an error that is small for small 6¢. However,
errors typically accumulate after many Trotter steps, resulting in a total additive error
|Ux — Sj,|| that, in the worse case, scales linearly with the number of Trotter steps r at
fixed ot. Equivalently, for a fixed total time ¢, to reduce the total error, we would have to
decrease the Trotter step size dt, effectively increasing the number of Trotter steps 7, and
thus require more elementary quantum gates to run the simulation.

We refer to the simulation in Eq. (8.1) as the raw simulation. By exploiting sym-
metries of the system, we will see that we can substantially reduce the total error ¢ of the
simulation without significantly increasing the gate count, ultimately resulting in faster
quantum simulation for the same total error budget. For that, we assume that the Hamil-
tonian is invariant under a group of unitary transformations, which we denote by S. Ex-

plicitly, we assume that

[C,H =0 VCE€S. (8.2)

The group S represents a symmetry of the system. Instead of simply approximating Us;

by the circuit S5, we “rotate” each implementation of Ss; by a symmetry transformation
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Cy € S (i =k, ...,r) so that the approximation in Eq. (8.1) now reads

U, ~ [ [ CLSsC. (8.3)
k=1

We refer to Eq. (8.3) as a symmetry-protected (SP) simulation. The right-hand side in
Eq. (8.3) represents a circuit that, at first, looks more expensive than Eq. (8.1) due to the
additional implementation of the transformations C. However, for the same r, the total
error in Eq. (8.3) could be much smaller than the Eq. (8.1). Effectively, to meet the same
error tolerance, Eq. (8.3) may require a much smaller number of steps 7, and hence fewer
implementations of Sg;, than the raw approximation in Eq. (8.1). Moreover, because many
symmetries—the gauge symmetries in lattice field theories for example—are spatially
local, each C}, only involves a small number of nearest-neighboring qubits and can be
implemented easily in most architectures of quantum computers. Other symmetries, such
as the one responsible for the conservation of the total magnetization in the Heisenberg
model, are global but may be implemented as a product of only single-qubit gates, which
are usually much “cheaper” to perform in experiments than their multi-qubit counterparts.

In the remainder of this section, we provide some intuition, using lowest-order argu-
ments, for the error reduction in simulations under symmetry protection. We later derive

rigorous error bounds in Sec. 8.2.

8.1.1 Lowest-Order Arguments

To build an intuition for the symmetry protection, we consider the effective Hamil-

tonian of the simulation. The aim of digital quantum simulation is to simulate the time
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evolution e~*#* of a Hamiltonian H. Assuming that the simulation errors are coherent,
we may end up with the time evolution of a different Hamiltonian, say H.g, that may be

close but not the same as the targeted Hamiltonian H:

et CMOTS, - —iHegt e—i(H‘i‘V)t? (8.4)
where
V=Heg— H (8.5)

quantifies the difference between the effective and the desired Hamiltonians [77]. We note
that the effective Hamiltonian H.¢ typically depends on the time step d¢ [See Lemma 10].

With S5, = exp(—iH.g0t) in Eq. (8.3), we can rewrite the simulation as

s T
H CZ S5, Cp = H o~ CL HerrC 0t
k k=1

_ H e—z’(H—i—C,ZVCk)ét’ (8.6)
k=1

where we have used the unitarity of C}, to move the unitaries to the exponents and ex-
ploited the commutativity [C}, H] = 0 from our assumption to simplify the expression.
Assuming that the error ||V|| is small, we can use the Baker-Campbell-Hausdorff (BCH)

formula to combine the exponents in Eq. (8.6) (to the leading order):

T

. . r T S TT
o HACIVCSt o —i(H+ 1 5oy CIVC,)t _ —iHet (8.7)

k=1
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Compared to the desired evolution e ~*#!, we can identify the error of the entire simulation

(ignoring the error from the BCH approximation for now) as

Civa,. (8.8)

Roughly speaking, the error of the entire simulation, given by Eq. (8.8), can be inter-
preted as the average of the error in each step of the simulation. To illustrate the effect
of the symmetry protection, we could imagine V' as a vector in the space of operators
and C,ZVC’;C is a version of the vector rotated around an axis specified by Cy. The total
error is then analogous to a walker that, in each step, walks a distance ||V'|| in the space
of operators towards the direction corresponding to C}, (Fig. 8.2).

Without the symmetry protection (i.e. C} = I for all k), the walker keeps walking
in the same direction and its total distance after r steps scales as O (r), resulting in the
averaged error ||V|| of the same order as ||V||. On the other hand, under the symmetry
protection, the walker walks in a possibly different direction in each step, resulting in a
smaller total distance (and thus a smaller averaged error.)

In particular, if the walker in each step walks towards a uniformly random direction
in the space of operators (which is sometimes the result of choosing (. at random), its
total distance should only scale as O (1/7||V||) after r steps. The averaged error ||V||
would then scale as O (||V']|/1/T), decreasing with the number of steps of the simulation.
Additionally, if we could design a set of optimal symmetry transformations that makes
the walker return to the origin after a fixed number of steps, we would end up with a total

distance that does not increase with 7 and an averaged error ||V|| that decreases with r as

209



B e e

Figure 8.2: The total error of the simulation is analogous to the average distance a walker
walks in r steps of the simulation. In each time step, the walker walks a small distance
along a vector representing the error operator in the space of operators. a) Without any
symmetry protection, the walker keeps walking towards almost the same direction, result-
ing in a total distance that scales linearly with the number of steps 7, corresponding to the
total error scaling as O (1). b) The symmetry transformations make the walker walk in a
possibly different direction in every time step. When the direction is uniformly random
(see Sec. 8.3.1.1 and Fig. 8.3 for an example), the total distance only scales as O (1/T),
resulting in the total error scaling as O (1/4/7). ¢) Sometimes, it is possible to design an
optimal set of symmetry transformations that makes the walker return to the origin [See
Eq. (8.38) for an example], resulting in an O (1/r) error for the entire simulation.

O (|IV]|/r). We derive rigorous bounds to support this intuition in Sec. 8.2.

The aim of the symmetry protection technique is to choose the symmetry transfor-
mations C} that minimize the error in Eq. (8.8). While each (', may be chosen inde-
pendently of the others, we will sometimes focus our attention on a special construction
that requires Cy, = C¥ for some Cy € S. This choice for the transformations result in a

simpler simulation circuit, i.e.

U ~ CJ' (S5:Co)", (8.9)
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which corresponds to applying the same symmetry transformation Cj alternatively with
the implementations of the simulating circuit Ss;, followed by a final application of C’g'r to
negate the effect of Cjy on the correct evolution. We could either draw C randomly from
the symmetry group S or infer an optimal choice of Cj from the structure of the error V'
[See Eq. (8.38) for an example]. We analyze the error bounds for the simulation under
the protection from this special construction in Sec. 8.2 and present similar analysis for
the general scenario in Appendix F.3.

It is worth noting that the symmetry transformation Cj introduced above is also
analogous to the fast pulses (or “kicks”) commonly used in quantum control to confine the
dynamics of quantum systems [165, 166, 167, 168, 169, 170, 171]. In fact, we also show
in Appendices F.1 and F.2 that a restricted version of the symmetry protection technique is
exactly equivalent to frequently applying fast pulses to the systems, resulting in the error
being approximately projected onto the so-called quantum Zeno subspaces. We prove
a bound on the error of this approximation, exponentially improving a recent result of
Ref. [171]. This quantum Zeno framework provides an alternative explanation for how

quantum simulation can be improved by symmetry protection.

8.2 Faster Trotterization by Symmetry Protection

In this section, we analyze the effect of the symmetry protection on the total error of

L

the first-order Trotterization algorithm. Suppose the Hamiltonian H = =1

H, is a sum

—iH,,5t

of L Hamiltonian terms H,, such that each e can be readily simulated on quantum
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computers. For readability, we define the following quantities

L L

a=Y > lH, Hll (8.10)
p=1v=p+1
L L L

8= > IH,[H, H, (8.11)
p=1v=p+1v/'=p

that depend only on the commutators between the terms of the Hamiltonian. We will also
use the standard Bachmann-Landau big-O and big-© notations in analyzing the asymp-
totic scalings of the errors with respect to n,t¢, and r. For reference, « = O (n) and
f = O (n) in a system of n nearest-neighbor interacting particles [77].

Given a set of symmetry transformations C = {C}, : k = 1,...,r}, we define

r

-1
A= ClAC, (8.12)

k=1

as the version of an operator A averaged over the rotations induced by C.

The first-order Trotterization algorithm approximates exp(—iHdt) by

L

Ss; = H e~ Hudt (8.13)

p=1

where Hi:l U, = U ...UyU; is an ordered product. We define H as the generator of
Sst, 1.e. S5y = exp(—iH.g0t). We prove the following lemma, providing the existence

and the structure of the generator H.g.

Lemma 10. For all 6t such that 5ot < o, 2a6t < |H

, and 80t||H|| < 1, there exists a

212



generator H gy for S5, and
Hy=H— %voét +V(6t), (8.14)

where

L L
Z Z H,, H,] (8.15)

V(6t) is an operator satisfying |V (t)|| < x6t* and
X = B+ 320 H]. (8.16)

We provide the proof of Lemma 10 in Appendix F.4. The essence of Lemma 10 is

that the error of the simulation, defined as V' = H ¢ — H, is given by
V = —Sudt + O (xbt%). (8.17)

and it follows that ||V|| < $adt + xdt°.
We now consider the effect of protecting the simulation with a set of symmetry
transformations {C}, : k = 1,...,7}. Under this symmetry protection, each circuit Sg; is

replaced by

A ) f
Sét N CZS&CI@ _ 6—ZC;HeffOk6t _ e—z(H—l—CkVC’k)ét’ (818)
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where we have used [Cy, H]| = 0 to simplify the expression. The full simulation becomes
[ CisscCr =[] e icivens, (8.19)
k=1 k=1

In the following analysis, we further assume that the symmetry transformations Cj,
have the form C, = C}}, where Cj is a symmetry transformation drawn from the symme-
try group S (We extend these results to general symmetry transformations in Appendix

F.3.) Let {e~» : 1 < u < m} denote the distinct eigenvalues of Cy and

_ 1 « _
Hap=H+ -3 ClVC=H+V. (8.20)
k=1

Lemma 11. If m > 2, we have

< 26/m(IH[ + [VIDIV]E log r
- r

r
||H C«]ie—zHgﬁétCk . e_ZHeﬂt
k=1

: (8.21)

where

wFV

¢ = max |sin (@) =1 (8.22)

is the inverse spectral gap that depends on the eigenvalues of Cy.

The proof of Lemma 11 follows from Lemma 37 in Appendix F.2. We note that the

bound in Lemma 11 depends on m, the number of unique eigenvalues of C, which could
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be a constant, e.g. when Cj is generated by local symmetries, or depend on the system
size, e.g. when Cj corresponds to generic rotations generated by global symmetries. We
also note that the inverse spectral gap £ could be large if Cj is nearly degenerate and one
should take this effect into account when choosing the unitary C}.

Lemma 11 says that, up to the error given in Eq. (8.21), the simulation under the
symmetry protection is effectively described by H.q. In particular, the total error of the

Hamiltonian under the symmetry protection is

T

o 1
V=Hyx-H=-) ClVC (8.23)
" k=1
o 1 T 1 T
= 71 =N clwciat+ - chva, (8.24)
" k=1 P r k=1
% v

where we have replaced the expression of V from Lemma 10. Note that || V|| < ||V| by

the triangle inequality. Using the identity

lemtHert — e | < | Hee — Ht = [|VI, (8.25)

we arrive at the following bound on the total error of the simulation.

Theorem 10 (Quantum simulation by symmetry protection). Assuming that 36t < «,

2060t < ||H

, and 80t||H|| < 1, the total error of simulation under the symmetry protec-

215



tion from {C, = C¥ : Cy € S,k =1,...,r} can be bounded as

€= HH Cl S50y — e~

k=1
L 1P t3 t3logr
< lwll5, + x5 +r—5— (8.26)
where
X = B+ 32a|H|, k=48{y/mallH|, (8.27)

m is the number of distinct eigenvalues of Cy, and & is the inverse spectral gap defined in

Eq. (8.22).

The proof of Theorem 10 follows immediately from Lemma 11 and Eq. (8.25) [See
Appendix F.5 for the detailed calculations]. The key feature of Theorem 10 is that, to the

lowest-order in £, the error scales with || 7 || instead of ||v,||. Since

1 '
[l = 11= > CluoCx| (8.28)
k=1

is generally smaller than ||vg|| when [Cy, v9] # 0, we expect a smaller simulation error
under the symmetry protection.
For demonstration, we consider the simulation of a Hamiltonian H that is a sum

of nearest-neighbor interactions on n particles. It is straightforward to verify that for this

H]| = O (n),

Hamiltonian, vl <a=0(n),8=0(n),and x = O (n?). We will

also assume that the number of distinct eigenvalues of the Cyy is m = O (1) (corresponding

216



to local symmetries or highly degenerate transformations) which results in x = O (n?).
We will estimate the required number of steps r—a good proxy for the gate count '—for
simulations with and without the symmetry protection.

The first scenario corresponds to an unprotected simulation, where 95 = vy. The
total error then scales as

2 243
e:OC%)+O(ﬁL§£). (8.29)

r2

To meet a fixed error tolerance €, we would have to choose the number of steps r =
O(nt?/e).

On the other hand, with symmetry protection, we later show that it is sometimes
possible to make 7, vanish completely, making the higher order terms the dominant con-
tribution to the total error [See Eq. (8.38) for an example]. For nearest-neighbor interac-

tions, the total error is now
2t3 1
gzo(i—ﬂﬁ), (8.30)

which decreases quadratically with r. As a result, we only need

R 3/2
r:@(ﬁg), (8.31)

where O(-) is ©(-) up to a logarithmic correction. Note that this choice of r also satisfies

'In most quantum computer architectures, implementing one Trotter step costs the same amount of
gates regardless of the time step §t. Here, we also assume that the cost of implementing each symmetry
transformation is negligible compared to the simulation circuit. Therefore, given a fixed n, the Trotter
number 7 is proportional to the gate count of the simulation.
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the conditions in Theorem 10 when ¢/e > 1. Compared to the unprotected simulation,
the symmetry protection results in a factor of \/t/_s improvement in the required number
of steps. At e = (.01, the improvement in the scaling with ¢ alone would result in about
a factor of ten reduction in the gate count of the simulation.

Finally, we consider a scenario where ||7g|| o [|vg]| /77 for some v € (0,1). We
provide an example of such a scaling in Sec. 8.3.1.1, where drawing the unitary transfor-
mations C}, randomly from the symmetry group results in a scaling with v = 0.5. This

scaling of ||7p|| results in the total error

nt? n%t3logr
e=0 (7"1+7) +0 (T—2) . (832)

Hence, we require

o ((£)7) 0 (25))
€ e
which is again better than the unprotected simulation by a factor of min{(nt?/¢)"/ (47 /t/e}.
We recall that in deriving Theorem 10, we have assumed that the symmetry trans-
formations have the form Cj, = C} for some Cj. We derive in Appendix F.3 a different
bound for the general case where each C, may be chosen independently. This general
bound, while appearing more complicated, holds the same key feature to the bound in

Theorem 10: the total error, to the lowest-order, scales with an averaged version of v

(under the symmetry transformations) instead of scaling with ||v]|-
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8.3 Applications

In this section, we apply the symmetry protection technique to the simulation of
the Heisenberg model (Sec. 8.3.1) and lattice field theories (Sec. 8.3.2). In both cases,
we show that the symmetry protection results in a significant error reduction and thereby
gives faster quantum simulation.

In particular, we use the simulation of the homogeneous Heisenberg model in Sec. 8.3.1.1
to demonstrate the improvement on the total error scaling as a function of the number of
steps r when the simulation is protected by a random set of unitary transformations and
by an optimally chosen set. In Sec. 8.3.1.2, we estimate the required number of Trotter
steps as a proxy for the gate count in simulating an instance of the Heisenberg model,
commonly found in the studies of the many-body localization phenomenon. Finally, in
Sec. 8.3.2, we consider the probability of the state leaking to unphysical subspaces in the
digital simulation of the Schwinger model and show that the symmetry protection from

the local gauge symmetries can suppress this leakage by a few orders of magnitude.

8.3.1 Heisenberg Interactions

In this section, we use the symmetries in the Heisenberg model to protect its simula-

tion using the first-order Trotterization. A Heisenberg model of n spins can be described

219



by the Hamiltonian

H= (XX + IV + 0 225

+ Z hiZ;, (8.33)
=1

where X;,Y;, Z; are the Pauli matrices acting on site i, Ji(f’y’z) represent the interaction
strengths between the spins, and h; correspond to the strengths at site ¢ of an external mag-
netic field pointing in the z direction. The Heisenberg model provides a good description
for the behavior of magnetic materials in the presence of external magnetic fields. De-
pending on several factors, including the signs of the interactions and the dimensions of
the system, the Heisenberg model may undergo a quantum phase transition as we increase
the strength of the external magnetic field. Several important instances of the Heisenberg
model includes the homogeneous Heisenberg model (J(*) = J®) = J(2)) the XXZ model
(J®) = JW) with local disorder, and the Ising model (J# = J(&) = (). In the follow-
ing subsections, we will consider two pedagogical instances of Eq. (8.33) with SU(2) and
U(1) symmetries respectively and demonstrate how the symmetry protection helps reduce
the error in simulating the dynamics of these systems even as they move across critical

points.

8.3.1.1 Homogeneous, Random Heisenberg Interactions

We first consider a pedagogical toy model where interactions in Eq. (8.33) are ho-

mogeneous, i.e. Ji(f) = JZ-(;’) = Jl-(jz) = J;; forall 1 <i < j < n, but each J;; is chosen
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independently at random between [—1,1]. In addition, we assume that h; = 0 Vi, i.e.

there is no external magnetic field. In this case, Eq. (8.33) simplifies to

H= Z Z Jii Xi X, +Z Z Ji; V7Y,

z 1 j=i+1 =1 j=i+1
_HX _Hy
n—1 n
+3°N J0uziz;. (8.34)
i=1 j=i+1
EEZ

The combination of homogeneous interactions and no external magnetic field make Eq. (8.34)
invariant under S = {W®" : W € SU(2)}, which contains unitaries that—in the Bloch
sphere—simultaneously rotate each spin by the same angle.

To simulate the evolution U; under Eq. (8.34), we could use the first-order Trotteri-

zation to approximate

Ut _ (e—iH(;t)T ~ (e_iHX(Ste_iHY&e_iHZ(St)r (835)

by a product of evolutions of individual terms of the Hamiltonian. The number of Trotter
steps 7 and the time step 0t = ¢/r determine the error of the simulation. We refer to this
approach as the raw Trotterization. To protect this simulation, we insert unitaries drawn

from the symmetry group S in between the Trotter steps, resulting in the simulation

Ut _ (eszét H CT szét 2Hy6t zHZ(StC (836)
k=1
where {C4,...,C,} = C is a subset of the symmetry group S. Recall that the total error
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Figure 8.3: The total error in simulating the Hamiltonian Eq. (8.34) at n = 4 for a fixed
evolution time ¢ = 1 as a function of the Trotter number 7 using four different schemes:
the raw first-order Trotterization (‘“Raw”), the first-order Trotterization protected by a
random set symmetry transformation (“SP-Rand”), the first-order Trotterization protected
by the optimal set in Eq. (8.38) (“SP-Det”), and the random-ordering scheme in Ref. [163]
(“Random Ordering”). We indicate the scalings obtained from power-law fits to the right
of the plot. We repeat the simulation 100 times, each with a different set of randomly

generated interactions J;;. The dots correspond to the median of the errors at each value
of r and the bars represent the corresponding 25%-75% percentiles regions.

of this symmetry-protected simulation is given by Theorem 10, with the lowest-order

error being
£? 2~ i
—||o|| = =— C 8.37
2THUOH 27,”; 300 Ck ], (8.37)

where v = [Hy, Hx|+ [Hz, Hx|+ [Hz, Hy| comes from the leading contribution to the
error in one Trotter step. Different choices of the set C lead to different total error of the
simulation.

For minimal calculational overhead, we could choose each (', independently and
uniformly at random from S (i.e. C, = W2" where W, is a Haar random unitary on
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the single-qubit Bloch sphere.) The sum in Eq. (8.37) is then the sum of v, each rotated
under a random unitary. This is analogous to the total error being a random walker that,
in each time step, “walks” a distance ||vy|| in a random direction (See Fig. 8.2). From this
analogy, we then expect ||7g|| o< ||vo]|/+/T (to the lowest-order). Therefore, we expect the
total error of this scheme to decrease with r as O (r*3/ 2) (at fixed total time t).

While randomly choosing the unitary transformation set C requires little to no
knowledge about the error operator vy, one can expect that this choice of C is not optimal.
Indeed, by further exploiting the structure of vy, we can construct a set of transformations
C that makes Eq. (8.37) vanishes entirely. One such choice is Cy, = C¥ fork = 1,...,r,

where

Co = UE™, (8.38)

and Up is the single-qubit Hadamard matrix. Alternatively, we could also write

I if k=0 mod 2,

Cr (8.39)

U™ ifk=1 mod 2,

for k = 1,...,r. Since the Hadamard matrix switches X <> Z and Y < -—-Y, itis
straightforward to verify that Eq. (8.37) vanishes for all even values of r. Therefore, the
total error of the simulation is given by the next lowest order in Theorem 10, which scales
with 7 as O (1/r?).

In Fig. 8.3, we plot the total error of the simulation at n = 4,¢ = 1 as a function of
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the Trotter number 7 for the three aforementioned scenarios: the first-order Trotterization
without symmetry protection (“Raw”), with symmetry protection from a randomly cho-
sen C (“SP-Rand”), and with symmetry protection from the optimal set C (“SP-Det”). The
scalings of the errors as functions of r agree remarkably well with our above prediction.
In addition, we also compute the total error using the randomized simulation scheme in
Ref. [163], which decreases the Trotter error by randomizing the ordering of the Hamil-
tonian terms in between Trotter steps. Our numerics shows that this scheme performs
similarly to the simulation protected by random symmetry transformations, which are

both outperformed by the optimal symmetry protection scheme.

8.3.1.2 Many-Body Localization

The homogeneous Heisenberg interactions without external fields considered in the
previous section provides a good testbed for benchmarking the symmetry protection tech-
nique. In this section, we consider a more physically relevant instance of the Heisenberg

model:
H=2) G Gty hZ, (8.40)
i=1 i=1

where we again assume homogeneity for the coupling strengths, but J;; = 1 only when
i, J are nearest neighbors and J;; = 0 otherwise. We also adopt the periodic boundary
condition and identify the (n + 1)th qubit as the first qubit. In addition, we add an ex-
ternal magnetic field with the field strength h;, each chosen randomly between [—h, h].

This model describes homogeneous Heisenberg interactions with a tunable local disor-
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der strength h. At low disorder h, the system evolved under Eq. (8.40) thermalizes in
the long-time limit, in agreement with the Eigenstate Thermalization Hypothesis (ETH).
However, as h increases, the system transitions to a many-body localized (MBL) phase
where it no longer thermalizes (See [173] for a review of the many-body localization
phenomenon.)

To simulate the dynamics of H, we again divide the terms of H into groups of

mutually commuting terms:

H = in‘Xi+1+iYiYi+1+iZiZi+1 + ihiZh (8.41)
i=1 i=1 i=1 i=1

-~ -~ -~

EHX EHY EHZ

and use the first-order Trotterization similarly to Eq. (8.35). To symmetry-protect this
simulation, we note that the field term breaks the SU(2) symmetry of the Heisenberg
interactions, leaving the system invariant under a U(1) symmetry only. The symmetry
group S = {[exp(—ipZ)|®™ : ¢ € [0,2m)} is generated by the total spin components
along the z axis S, = Y . | Z;.

While selecting the unitary transformations Cj from this U(1) symmetry is no
longer sufficient to completely eliminate the lowest-order error—as we have done in the
previous section—we can still expect significantly reduction of the total error due to the
symmetry protection and thus a lower gate count for the simulation. In Fig. 8.4, we plot
the number of Trotter steps r in simulating the dynamics of Eq. (8.40) for time ¢ = n at
different values of the disorder h that correspond to the ETH and the MBL phases. The

required numbers of steps are computed at each n by binary searching for the minimum r
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such that the total error of the simulation does not exceed ¢ = 0.01. Figure 8.4 shows that
protecting the simulation with the U(1) symmetry results in several times reduction in the
number of Trotter steps for all values of n. In addition, the Trotter number under symme-
try protection also appears to scale better with the system size than in the raw simulation,
suggesting an even greater advantage from the symmetry protection for simulating larger
systems.

Out of curiosity, we study how the symmetry protection performs as the Hamil-
tonian moves across the ETH-MBL phase transition. In Fig. 8.5, we plot the required
number of steps r in simulating the Hamiltonian of n = 8 qubits for time ¢ = n and error
tolerance ¢ = (.01 as we tune the Hamiltonian from the ETH to the MBL phase [174].
The improvement due to the symmetry protection appears to be unaffected by the phase
transition, suggesting that the symmetry protection technique can be useful for future

numerical and experimental studies of the transition.

8.3.2 Simulation of Lattice Gauge Field Theories

Quantum field theories provide another key target for quantum simulation [175]. In
particular, the quantum simulation of real-time Hamiltonian dynamics, for example scat-
tering processes [176], has attracted much attention. An important class of field theories
are models with local gauge symmetry, including quantum electrodynamics, chromody-
namics, and the Standard Model of particle physics in addition to many condensed matter
systems. Substantial effort has gone into the study of analog [177, 178, 179] and digital

[180, 181, 182, 183, 184] quantum simulation of these models.
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In a gauge theory, the system is invariant under a symmetry group which acts sep-
arately at each point in space and time (see eg. [185] for a review, as well as the lattice
Hamiltonian formulation, of these models). This symmetry is fundamentally a redun-
dancy of our description of the physics which we have introduced to give a local descrip-
tion. The Hilbert space H we use to describe the system contains a subspace H 1,y of the
physical states, those annihilated by the gauge constraints. For example, in electrodynam-
ics, we have the charge and gauge field degrees of freedom, and the physical states are
those annihilated by the Gauss law constraint G = V - E — p, where E is the electric field
operator and p is the charge density operator. There are many states in the full Hilbert
space H which do not live in the kernel of G, and these states are not allowed in nature.
Although one can in principle work with a description strictly within the physical Hilbert
space, it is in general computationally difficult to do the reduction. More importantly,
this description would necessarily have a highly spatially non-local set of interactions, a
major drawback in practice.

Thus in the simulation of a gauge theory we are faced with a fundamental source
of possible errors: what if our dynamics takes us away from the physical Hilbert space?
Although the exact Hamiltonian commutes with the gauge constraints, and thus leaves
the physical space invariant, an approximate (for example, Trotterized) version of the
Hamiltonian may induce leakage into the unphysical space [172, 184]. In this section, we
apply the symmetry protection technique and use the gauge symmetry itself to protect the
simulation against this undesirable leakage .

Explicitly, we consider the one-dimensional Schwinger model [183, 184, 186, 187,
188, 189] consisting of n sites and n — 1 nearest-neighbor links between the sites. We
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use the formalism outlined in Ref. [184]. The Hamiltonian H = H, + H; consists of two

terms:
n—1 ,U
o 2
Hy = z; F =5 Z (8.42)
n—1 1
H1 =T [Z(UZ + UZ»T)(XI-XZ'+1 + )/iYi—&—l)
=1
+ ;JU UN(XYip = YiXin)|, (8.43)
where
A-1
Fo= 5li il (8.4)
j——A
U—Zw (il 1=A) (A =1, (8.45)
j=—A

and pu,x are positive constants. Here, H, describes the on-site and on-link terms, H;
describes the site-link interaction, and F; is the electromagnetic field operator for the
link that connects the ith and (i + 1)th particles. We note that while the second term in
Eq. (8.42) sometimes appears in the literature without the minus sign (see for example
Ref. [183]), this discrepancy is the result of different conventions for mapping between
fermions and spins and does not have any physical consequences. In a simulation, we
have to put a cutoff A specifying the maximum excitation number for the bosonic degree

of freedom on a given link.

228



The Hamiltonian is subjected to local symmetries generated by the gauge operators:

Gi=F —F1—Q, (8.46)

where Q; = 3 [~Z; + (—1)7] counts the electric charge at site 7. In particular, only states
|1} that satisfy G; = 0 for all i are considered physical.
The physical states form a subspace Hnys Which can be constructed from the ker-

nels of the gauge operators:

Honys = [ iKer(G,), (8.47)

where Ker(G;) = {|¢) : G;|¢) = 0} is the kernel of G;.
Due to various errors, an initially physical state may leak to unphysical subspace

during the simulation. Formally, we define the leakage of a state [¢)(¢)) at time ¢ as

L= {w®)[To [ (8) |, (8.48)

where Il is the projector onto the physical subspace Hphys.
To simulate e~*% for a small time &¢, we first decompose it into e~*Hodte—iH1dt
using the first order Trotterization. Since both H,, H; commute with G;, this decompo-

sition respects the gauge symmetries and does not result in leakage from the physical

subspace. However, to simulate the evolution under /;, we need to further decompose it
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into elementary quantum gates. For that, we follow the steps in Ref. [184] and write

UH-UZ-T = A+ A,

where 4, =1®---®1® X and A; = U] A;U;. Similarly,

i(Ui = U}) = Bi + B,

(8.49)

(8.50)

where B, = I®---®I®Y and Bi = UJBZ- U;. This representation allows us to decompose

the evolution

—iH, —iH . _—iH,
7 O(Ste 7 16t%5«6t: iHyot

€ (&

. H e—%imétAiXiXi_‘_le—iimlstAiXiXi_;'_l
7

o 10TtAY Vi1 o §iabtA;Y Vi

‘e—%ixdtBiXiYiHe—%ix&tBiXiYiH

'6+ii$(5tBiYViXi+1 e+%i$5t§¢Y¢X¢+1
Y

(8.51)

into a product of three-qubit gates that can be readily implemented on quantum com-

puters [184]. Note that the cost of simulating e~ 1#tAiXiX

e~ 11@tAiXiXin1 plys the cost of implementing Us, U :

(2

1. A 1
— >ix0tA; X X T o —3ixdtA; X X
e 4 R AT ) p— UZ e 4 TGN G UZ
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“+1 is that of approximating
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The entire raw first-order Trotterization simulation of e~** becomes
et~ ST (8.53)

Similarly to the Heisenberg model, we could protect this simulation by interweaving the

Trotter steps with symmetry transformations of the system:

e~ T ClSsCr, (8.54)

k=1
where (), are generated by the gauge operators in Eq. (8.46). Specifically, we choose

n

Cr = [ [ exp(—igr.:G:) (8.55)

=1

for some angles ¢y, ;.

Since we truncate the spectrum of each bosonic link to [-A + 1, A], the transfor-
mations Cj in general commute with the Hamiltonian of the system only if we choose
¢ri = mu,;m/A, where my,; are integers. These transformations effectively form a Zop
symmetry of the truncated Hamiltonian [190, 191]. However, the U(1) symmetry can be
recovered by assuming a vanishing background field and choosing a large enough cutoff
level A such that, in the physical subspace, the bosonic links never “see” the cutoff. More
rigorously, if A > n/2 + 1, the transformations C} commute with ITo H1Iy, where 11, is
the projection onto the physical subspace Hpnys, for all angles ¢, ; € [0, 27).

In Fig. 8.6, we plot the leakage outside the physical subspace due to the Trotter error

during simulations with and without symmetry protection. Specifically, we simulate the
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evolution of the ground state of the Schwinger model with 4 sites and 3 links at z = 0.6,
i = 0.1, 0t = 0.01, and A = 4. This choice of A ensures that the Hamiltonian has a
Zg symmetry in general and a U(1) symmetry when restricted to the physical subspace.
We consider two choices of the angles ¢y, ;: ¢r; = k¢1,; (“Uniform”), for some randomly
chosen ¢ ;, and ¢;; chosen independently at random for each k (“Random”). We repeat
the simulation 100 times, each with a different choice of the angles.

Figure 8.6 shows that the symmetry protection can reduce the leakage to the un-
physical subspace by several orders of magnitude compared to a raw simulation. While
the leakage builds up in a raw simulation, the uniform choice of the transformations from
the U(1) symmetry results in bounded leakage during the entire simulation. This fea-
ture resembles the optimal symmetry protection discussed in Sec. 8.3.1.1 for the Heisen-
berg models, where the symmetry protection suppresses the simulation error nearly com-
pletely. Different choices of the symmetry transformations also affect performance of the
scheme differently. While the random choices of transformations from Zg and U(1) have
the same effect on the leakage, the uniform choice of transformations from Zg performs
significantly worse than the U(1) counterpart. This discrepancy is likely because we have
only eight choices for the Zg symmetry transformations, whereas with the U(1) symme-
try the number of choices is theoretically infinite. Effectively, the symmetry group Zg has
less freedom and, therefore, is less effective in averaging out the simulation error than
u).

While our analysis in Sec. 8.2 focuses on the application to the first-order Trot-
terization algorithm, it is clear from the analysis that the symmetry protection will sup-
press any simulation errors that violate the symmetries of the system, including errors
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from more advanced algorithms. To support this claim, we provide in Fig. 8.7 numeri-
cal evidence of the symmetry protection suppressing the leakage to unphysical subspace
in simulating the Schwinger model using the second-order Suzuki-Trotter formula, the
fourth-order Suzuki-Trotter formula [160], and a multi-product formula implemented via
a linear combination of unitaries [161].

Given a Hamiltonian H = 2521 H, being a sum of L terms, the second-order

Suzuki-Trotter formula simulate the time evolution e =% by

1

L
Py(ot) = [J e % - T] e %, (8.56)
v=1

v=L

which is correct up to an O (5753) error. The formula can be generalized to any even order

p > 2 through a recursive construction [160]:

P,(6t) = Py o(k,0t)2 Py o((1 — 4k,,)0t) P,_o(k,p0t)?, (8.57)

where x, = 1/(4 — 4'/?). The pth-order formula approximates e~*#%

up to an error
@ (515” +1). Given a small ¢, the formulas can be made arbitrarily accurate by increasing
p at the cost of increasing the gate count exponentially with p.

In contrast, multi-product formulas [192] enable the construction of any pth-order
approximations using only poly(p) quantum gates by approximating the time evolution by
sums of product formulas. Asymptotically, the gate counts of the multi-product formulas

have polylogarithmic dependence on the inverse of the error tolerance. Therefore, when

used as a subroutine in the Lieb-Robinson-bound-based algorithm [76], the multi-product
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formulas also result in asymptotically optimal gate counts, up to polylogarithmic correc-
tions, in simulating geometrically local systems. Because a sum of product formulas is
generally not unitary, it must be implemented using techniques such as linear combina-
tions of unitaries (LCU) [161], which encodes the multi-product formula into a unitary
acting in a larger Hilbert space. Here, we will simulate the Schwinger model using a

multi-product formula constructed by Childs and Wiebe [161]:

M(5t) = 1—2132(&/4)4 — %PQ(&), (8.58)
which is a linear combination of two second-order product formulas.

Figure 8.7 plots the leakage to the unphysical subspace during the simulation at
n=4,z=0.6,u=0.1,0t = 0.01, and A = 4 using the second-order Suzuki-Trotter for-
mula, the fourth-order Suzuki-Trotter formula, and the multi-product formula [Eq. (8.58)]
with and and without symmetry protection. We implement the multi-product formula us-
ing LCU and an additional ancillary qubit. For the considered algorithms, the numerics
show similar features to Fig. 8.6, where the symmetry protection suppresses the leakage
by several orders of magnitude and, in particular, the uniform choice of transformations
results in bounded errors throughout the simulation. The figure therefore demonstrates
the generality of our approach in protecting digital quantum simulations against errors
that violate symmetries of the target system. We note that the dips in the leakage of the

raw simulations are likely due to the small system size considered in the simulations.
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8.4 Additional Protection Against Experimental Errors

So far, we have demonstrated that symmetries in quantum systems can be used to
suppress the simulation error of the Trotterization algorithm. In this section, we discuss
how the technique may also protect the simulation against other types of error, including
the experimental errors that may arise in the implementation of Trotterization.

In our earlier derivation, we show that the lowest-order contribution to the total

error is

1 '
0l = =11 CloCil. (8.59)
k=1

where vy is the lowest-order error from the simulation algorithm. This derivation applies
equally well for the case when the error vy comes from sources other than the approxima-
tions in the simulation algorithms.

However, in our analysis, we require that vy remains the same for different steps
of the simulation. In other words, the error vy for different Trotter steps are correlated
in time. In particular, an error with temporal correlation lengths being longer than the
time step 0t would enable us to choose the symmetry transformations such that the errors
from several consecutive steps interfere destructively. Therefore, we expect the symmetry
protection technique to help reduce low-frequency noises, such as the 1/ f noise typically
found in solid-state qubit systems.

We provide numerical evidence for this argument by adding temporally correlated

errors to the simulation of the Schwinger model. Specifically, after each step k of the
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simulation, we apply single-qubit rotations exp(—in & - ;) on the system, where n =
0.01 is a small angle, around a random axis 7. These rotations mimic the effect of
a depolarizing channel and violate the gauge symmetries, resulting in the state leaking
to the unphysical subspace. To impart temporal correlations into this noise model, we
choose the random unit vectors 7 again only after every A consecutive Trotter steps. The
parameter A therefore plays the role of the correlation length of the noise.

In Fig. 8.8, we plot the probability that the state leaks to unphysical subspace (due
to the simulation error) as a function of time for several values of the correlation length
A. To study the effect of the symmetry protection technique on the added experimental
noise, we use the fourth-order Trotterization in the simulation to suppress the algorithm
error, making the added noise the main contributor to the leakage observed in Fig. 8.8.
As expected, at A = 1, the experimental error varies too fast between Trotter steps and
is immune against the symmetry protection technique. However, the technique begins
to suppress the experimental error as soon as the noise becomes temporally correlated
(A > 1) and becomes more effective as the correlation length )\ increases. Even at A = 4,

we have managed to reduce error by about an of magnitude.

8.5 Discussion

In this chapter, we propose a general technique to suppress the error of quantum
simulation using the symmetries available in quantum systems, ultimately resulting in
faster digital quantum simulation. We have analyzed the technique when applied to the

Trotterization algorithm and derived bounds on the total error of the simulation under
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symmetry protection. The bound provides insights for choosing the set of unitary transfor-
mations that optimally suppress the simulation error. We then benchmarked the technique
in simulating the Heisenberg model and lattice field theories. Both examples showed that
the symmetry protection results in significant reduction in the total error, and thus the
gate count, of the simulation. Finally, we argue that the technique can also protect digital
quantum simulation against temporally correlated noise in experiments.

Lastly, we would like to note that, although our analysis focuses on digital quantum
simulation, we expect the symmetry protection technique to apply equally well for analog

quantum simulation and classical simulation of the dynamics of quantum systems.
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Figure 8.4: The number of Trotter steps required for the simulation of n qubits evolved
under Eq. (8.40) for time ¢ = n to meet a fixed error tolerance ¢ = 0.01. We compare
this Trotter number of a simulation without any symmetry protection (‘“Raw”, blue) and
a simulation with random symmetry protection (“SP”, orange) at h = 2 (left panel) and
h = 8 (right panel), which correspond to the system being in the ETH and the MBL
respectively. The dashed lines are the linear fits of the data in the log-log scale. The
simulation is repeated 100 times with different instance of the disorder h;. The dots
represent the median of the Trotter number at each n and the error bars correspond to the
25%-T75% percentile region. The numerics show that symmetry protecting the simulation
reduces the number of Trotter steps, and hence the gate count, by about 2 to 4 times in
both the ETH and the MBL phases.
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Figure 8.5: The required number of Trotter steps in simulating the Hamiltonian Eq. (8.40)
of n = 8 qubits for time ¢ = n as a function of the disorder strength in an unprotected
simulation (“Raw”, blue) and in a symmetry-protected simulation (“SP”, orange). Each
dot represents the median Trotter number over 100 different instances of the random
fields. The bars correspond to the 25%-75% percentile region.
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symmetry protection (blue) and with symmetry protection under different schemes: uni-
form sets of transformations drawn from Zg (red) and U(1) (orange) and random sets of
transformations drawn from Zg (purple) and U(1) (green). The purple and green areas
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areas correspond to the 25%-75% percentile of 100 repetitions.
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the Schwinger model using advanced algorithms. We consider a raw simulation (blue), a
simulation protected by a random set of transformations drawn from the U(1) symmetry
group (green), and a simulation protected by a uniform set of transformations (orange).
The solid dots correspond to the median of 100 repetitions and the shaded area corre-
sponds to the 25%-75% percentile.
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Chapter 9:  Outlook

In this dissertation, we have demonstrated a natural relationship between digital
quantum simulation, locality, and symmetry of quantum systems. In particular, the con-
nection between quantum simulation algorithms and the Lieb-Robinson bounds that we
have established in Chapter 5 suggests that one could potentially study properties of a
system by merely analyzing a quantum circuit that simulates the dynamics of the system.
This strategy opens another avenue for the condensed matter and atomic/molecular/optical
physics communities to potentially benefit from future advances in quantum algorithms.

Conversely, the results presented in this dissertation also suggest that we can exploit
advance knowledge about certain properties of a system (such as locality in Chapter 5 and
symmetry in Chapter 8) to improve the performance of quantum simulation algorithms.
More generally, it is conceivable that the optimal algorithm would always make the best
use of information available prior to the simulation. However, it is not always clear how
certain information, such as the results from shorter-time simulations or the statistics
of past measurements, can be systematically incorporated to speed up digital quantum
simulation.

Besides this general connection between quantum simulation algorithms and prop-

erties of quantum systems, there are several interesting open questions specific to locality
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and symmetry of quantum systems. For example, since the Lieb-Robinson bound derived
from the HHKL algorithm in Chapter 5 is not tight, does that imply the HHKL algorithm
is not optimal in simulating power-law decaying interactions? If so, can we make use of
a tighter Lieb-Robinson bound to invent a more efficient quantum simulation algorithm?

Concerning the fast state-transfer protocol described in Chapter 3, we do not know
whether there exists a time-independent power-law Hamiltonian that propagates informa-
tion at the same speed as our protocol does. Such a Hamiltonian would enable observation
of fast information propagation in existing experimental platforms where arbitrary time-
dependent control is often not available. On the other hand, the lack of such a Hamiltonian
would imply a more stringent speed limit for time-independent Hamiltonians than the one
given by the Lieb-Robinson bound. Such a speed limit may in turn imply that the effec-
tive time-independent Floquet Hamiltonians constructed in Refs. [74, 75, 137] for peri-
odically driven, power-law interacting systems would correctly generate the dynamics of
local observables even in the regime d < a < 2d, closing the gap in our understanding
mentioned in Chapter 3. These observations emphasize the need for studies, in a similar
spirit to Chapter 4, of fundamental speed limits for time-independent Hamiltonians and,
more generally, systems under various physical constraints.

Another interesting open question is whether our optimal protocol can be general-
ized to the regime 0 < o < d, where there are still substantial gaps between the Lieb-
Robinson bounds and achievable protocols [24, 30, 193, 194, 195]. The bounds suggest
that, in addition to the distance, the information-propagation time also depends on the
total number of sites on the lattice. Consequently, we would expect an optimal protocol
to make use of all sites on the lattice, including those that are far from both the source
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and the target of the propagation. We consider such a generalization an important future
direction.

Concerning the symmetry-protected simulations described in Chapter 8, an imme-
diate future direction is to generalize the analysis in this chapter to more advanced quan-
tum simulation algorithms, such as the higher-order Suzuki-Trotter formulas [160], the
truncated Taylor series [8], or qubitization [11]. We emphasize that our approach in-
duces destructive interference between the errors from different steps of the simulation
and, therefore, should suppress errors that violate the symmetries of the target system,
regardless of the sources of the errors. However, the optimal choice of the symmetry
transformations depends on the exact error structure in each step of the simulation. Since
the error structures of more advanced algorithms are typically more complicated than the
first-order Trotterization, it is more difficult to infer the set of symmetry transformations
that optimally protects the simulation. Nevertheless, extensive analytical and numerical
studies of the effectiveness of the technique for protecting these advanced algorithms, es-
pecially when applied to the simulations of various physically relevant systems, such as
the lattice field theories [180, 181, 182], or the electronic structures [158, 196, 197, 198],
would be useful for the long-term development of digital quantum simulation.

When the error structure of the algorithm is not readily available, an alternative
promising approach for optimizing the set of symmetry transformations is to parame-
terize the transformations, variationally minimize the error of the first few simulation
steps, and apply the same set of transformations repeatedly for the rest of the simulation
[199]. Understanding when such a variational approach can suppress the error in a long

simulation could provide a path towards a scalable symmetry protection with a minimal
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calculation overhead.

In addition, our analysis in Chapter 8 focuses primarily on the error of the sim-
ulation algorithm under the symmetry protection in the full Hilbert space. It would be
interesting to, for example, build upon the recent result of Ref. [200] and analyze the
symmetry-protected simulation error in a low-energy subspace. The main ingredient of
Ref. [200] is an analysis of how evolutions under the terms of the Hamiltonian take the
system from one eigen-subspace to another. We can potentially generalize their approach
to analyze the leakage between symmetry sectors and subsequently study the effects of

the symmetry protection on such leakage.
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Appendix A: Supplemental Material for Chapter 2

In this appendix, we provide a rigorous proof of Theorem 1 in the main text (Ap-
pendix A.1) and details on the applications of the bound to connected correlators, topo-

logically ordered states, and simulations of local observables (Appendix A.2).

A.1 Proof of Theorem 1

In this section, we provide a rigorous proof of Theorem 11. We first summarize
the lemmas we use in the proof of the theorem, followed by the proofs of the lemmas in
Appendices A.1.1 to A.1.3.

For convenience, we first recall the definitions from the main text. We consider
a d-dimensional lattice of qubits A and, acting on this lattice, a two-body power-law
Hamiltonian /(¢) with exponent cv. Specifically, we assume H(t) = >, ., hi;(t) is a
sum of two-body terms h;; supported on sites 4, j such that ||h;;(t)|] < 1/dist(z, j)* for
all i # j, where ||-|| is the operator norm and dist(4, j) is the distance between i, j. In this
chapter, we assume 2d < o« < 2d + 1.

We use L to denote the Liouvillian corresponding to the Hamiltonian H, i.e. £]|0) =

i|[H, O]) for all operators O, and use ¢! |O) = |O(t)) to denote the time evolved version

of the operator O. Similarly to the main text, we use Py |O) to denote the projection of
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O onto sites that are at least a distance 7 from site <. In particular, if ¢ is the origin of the
lattice, we may also drop the superscript ¢ and simply write [, for brevity.

Given a unit-norm operator O initially supported at the origin, P,e“* |O) provides
the fraction of the time-evolved version of the operator O that is supported at least a

distance r from the origin at time ¢. The identity [22]

Lt

< )
 supy||[A, e O] T

1
2
where the supremum is taken over all unit-norm operators A supported at least a dis-
tance r from O, establishes the equivalence between the projector and the unequal-time

commutator commonly used in the Lieb-Robinson literature.

Theorem 11. For any o € (2d,2d + 1) and ¢ € (O, mf%—zcﬁﬂl) there exist constants

¢, C1,Cy > 0 such that

P2 |0)] < C <L) L G- L (A2)

Tandfs

holds for all t < cre—2d—=,

Our strategy is to divide the terms of the Hamiltonian by their interaction range and
prove a Lieb-Robinson-like bound recursively for each range. Specifically, let /; = 0 and

0, = L*fork =1,2,...,n, where L > 1 to be chosen later,

1 n
b)) e
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and 7 € (0, =) is an arbitrary small constant. For our convenience, we set {1 = T,

where r, is the diameter of the lattice. We then divide the Hamiltonian into H = ZZZ% Vi,
where Vi = 37, 50 diw(ij)<s, P consists of terms hy; such that the distance between
1, j is between /;_; and /. We also use H; = Z§:1 V. to denote the sum of interactions
whose lengths are at most ¢, and £y, = i[Hy, -] are the corresponding Liouvillians. Note

that H,, .1 = H contains every interaction of the Hamiltonian.

We start with a standard Lieb-Robinson bound for H; [18, 34], i.e.

P51 |0)|| < exp {Ult[ T} , (A.4)
1

where v; = 4e7(, is proportional to /; and 7 = max; Y ;; 1/dist(7, j) is a constant
for all &« > d, and recursively prove bounds for Hs, Hs, ..., H, using the following

lemma:

Lemma 12. Suppose for (. > 1, we have

(A.5)

t _
IB,e5 0] < exp [ } |

for some unit-norm operator O supported at the origin. Then for {1 > (), we have

t _
P, e“5+11 |O)]| < exp [%1 . (A.6)
k+1
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where

2d+1

(
Vg1 = Elog(r)ve + VA k;al (A7)
k

and &, v, \ are constants that may depend only on d.

Note that each of the bounds in the series has a logarithmic dependence on the
diameter r, of the lattice. We later show that this dependence on 7, can be replaced by a
similar logarithmic dependence on r, leading to a logarithmic correction in the light cone.

After applying Lemma 12 n — 1 times, we arrive at a bound for the evolution under H,,:

n

t_
P, e“t |O)|| < exp [”"g 7’] , (A.8)

where

[ 2d+1-a J2d+1—a "t
vp = 2" (vg — LPTN) + 2" LA N |1+ + ... < >
xr X
(A.9)
and z = £ log r,. We now choose L = z1/(2d+1=2) 5o that
v, = 2" op + (n — 1) L2 (A.10)

At this point, we have a bound for the evolution under H,,, which contains most
terms of the Hamiltonian except for those with range larger than ¢,,. With the value of

n in Eq. (A.3), we eventually show that the bound Eq. (A.8) has the desired light cone
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t>r/v, ~re2d
Next, we add the remaining long-range interactions in H — H,,, i.e. those with
range larger than /,,, to the bound. The result is the following lemma, which we prove in

Appendix A.1.2.

Lemma 13. Given any € > 0, there exist constants C, ¢, k, 0 such that

a—d _

t a—2d ¢
|P.e“" |O)| < Clog” 1., (T> (A.11)

Ta—2

holds for all t < cr®=24</log’ r,.

The bound at this point still has an undesirable feature: it depends on the size of the
lattice r.. Finally, we show in Appendix A.1.3 that we can remove this dependence on 7,
at the cost of adding additional terms to the bound. The result is Theorem 11 presented in

the main text.

A.1.1 Proof of Lemma 12
In this section, we prove Lemma 12.

Proof. For simplicity, let V = Vi1 = Hy1 — Hj in this section. We shall move into the

interaction picture of H; and write the time evolution under Hj as a product

t t t
T exp <—z/ ds Hk+1(s)) =T exp <—z/ ds ecks{/) - T exp (—z/ ds Hk(s))
0 0 0

(A.12)
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of an evolution under H;, for which Eq. (A.5) applies, and an evolution e“* under the
Vi(t) = 5V,
We decompose every term h;; in V' into a sum of products of two single-site opera-

tors u(“ ).

=" I, (A.13)
“w

(W)

where u; )

have unit norms, J;;" are nonnegative, and >, Ji(f <1 /dist(i, 7). In doing

so, we can reduce the evolution of A;; into the evolutions of single-site operators ul(-“ ):

eﬁ’“th Z J;; (1) [ Lty } [eﬁ’“tuy‘)} . (A.14)

We then pick a parameter R > ¢, and divide the lattice around 7 into shells of width
R. Specifically, let B denote the ball of radius r centered on i. Let S\ = B \ Bfi) R
denote the shell of inner radius » — R and outer radius r centered on ¢. For each u, we

have

eStul) = (L= PY) + (B — PGH) + (B — PR + ... | eul = > ull) o),

where the distance in the subscript of the projectors is with respect to ¢ and u( T sup-

ported onB pforg=0,1,2,.
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Using Eq. (A.5) and the triangle inequality, we can show that

) ()] < [P ul | + [P, | e sl (A.16)
t—qgR t— R
< exp (%) + exp (Uk (gq +1) ) : (A.17)
k k

Choosing R > vt and R > (1 + €)¢}, for some positive constant £, we have

—4q

—(¢=1R
Hu(‘u)(t)H <e qZkl n eTkR < ef(qfl)(1+€) + e*(](l‘i’i—?) < (1 + elJrs)efq(lJrs) (A18)

forall¢g = 0,1,2,.... By combining the two legs of h;; together, we arrive at a decom-

position e“*' hy; = 37 Wi pjq(t), Where w; () = 37 Ju (1)ul () and

w2y Thp 7,9

1+€)\2
(1 +e + ) e—(p—i—q)(l-ﬁ-e). (A19)

5.pi3.q(T —
a0l < S

Next, we divide the lattice into complementary hypercubes of length /2. We shall
prove that V;(¢) actually consists of exponentially decaying interactions between hyper-
cubes. We shall index the hypercubes by their centers, i.e. C, denotes the hypercube

center at z. Given z, y as the centers of two hypercubes,

Efcy (t) Z Wi pijq(t) (A.20)
4,5,0,q
NCy#D

NCy#2

(%)
B(p+1)R

)
Biinr

defines the effective interaction between the cubes C, and C,. Note that ) y fzwy < Vi

because some w; p.; , might be double counted. The conditions B((;)Jrl) rNCy # & and
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Wi, p;j,q

(p+ I)R/\ (¢+ DR

i S ZIH»I ]

x Yy
[ J [ J
R\/E/;\* /;%\/2/2

Figure A.1: The effective interaction between two hypercubes C, and C,, comes from the
terms w; p.; , Whose support (the shaded area) overlaps with the cubes.

B(j)

rnr N Cy # @ ensure that we account for all terms w; ,.; ,(f) whose support might

overlap with the cubes C,,, C, (Fig. A.1). These conditions, together with dist(é, j) < £},

can be relaxed to
1. dist(i,z) < (p+ 1)R + R¥2,
2. dist(j,y) < (¢ +1)R + R¥Z, and
3. dist(z,y) < (p+ DR+ R¥ + l4y + (¢ + )R + RYZ,

where (p + 1)R and (¢ 4+ 1)R are the radii of the balls around i and j, R\/d/2 is the
maximum distance between the center and the corner of a hypercube, and the middle
term /1 comes from the maximum distance between ¢ and j.
We bound the norm of ﬁxy(t) using the triangle inequality and relax the conditions
for ¢, 7, p, q as we discussed above:
@l s 3 gl = Y SEE Lo,

p7 727]
3) (1),(2),(3)

where the subscript (1), (2), (3) of the sum refers to the three conditions above, respec-
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tively. Since dist(z,j) > /¢, we can simplify the bound and carry out the sums over

1,7:
B 1+€)2
||hw(t)|| < (1 te ) Z e—(IH-Q)(l-‘rs) (A.22)
(14 elte)? Vd ’ Vd ’
<> 4| R+pR+ R— R+qR+ R~ e~ Ptalte) (A 23)

14€)2 ¢ 4
_ (L) o pyaa > <p +1+ \/—3) (q +1+ \/78> em OIS (A24)

We then use the following identity to simplify the expression: For every € > 0,

2l < g.e®® (A.25)

holds for all z > 0, where g. = d!/ £, Therefore, we can bound

Vi d
(p +1+ 7) < gge'f“@efp. (A.26)
Substituting back to the earlier equation, we have

7 2 28—}—25—(1 ‘f’eHE 2d —(p+q)(14e—¢) Ge 1,24 p+q)
|hay (D)]] < (2R) E <R E
ry g — ga
3)

(A.27)

where . absorbs all constants that depend only on ¢ and d. Recall that condition (3) is
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equivalent to

L =g (A.28)

dist(x, y) Cry
>0l 9 g - 2
Pra="pg va-%

We consider two cases. For ¢ > a, the sum over p can be taken from 0 to oc:

de Z Z e (rra) < z; R2d,—a+1 Z Z o—(+a) — e i f;%i R2de—a

q>a p>0 q>0 p>0

€3§]5 94/d Lkt R* asig)

= — ¢ e R —e¢ R, A29
e 17 i (42
For ¢ < a, we sum over p > a — q:
e e
EO‘ ~e—1 éa - e—1 I ’

q<a pza—q

(A.30)

where we have used the identity Eq. (A.25) again with d > 1 and € > 0 having the same

value as before.

Combining Egs. (A.29) and (A.30), we have

2 2d A
~ . e Vd e i1 R (1 dist(z,y)
[y ()] < ga:€2+ (: +ge> e R Ee (=™, (A.31)
—&
Note that d‘“( ) is the rescaled distance between the hypercubes C, and C,. Therefore,

the interaction between the hypercubes decays exponentially with the rescaled distance

between them. Using the standard Lieb-Robinson bound for exponentially decaying in-
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teractions, there exists a constant v such that

1B, |0)]] < exp (usot _ %) (A32)

for any unit-norm operator O supported on a single hypercube (including operators sup-

ported on single sites.) We now choose R = (1 — €){}; and rewrite

2d

2
_ s @ etva_°© A e b
50—956_16 (6_1 +gg> et (1 —¢) o (A.33)

[ J/

-~

=)

where the constant A depends only on ¢ and d. Plugging this expression into the earlier

bound, we get

AEEL Avt—
P51 |0)]| < exp — B ) —exp (u) : (A.34)
€k+1 £k+1
where
£2d+1
Av = pA2EL (A.35)
5?

Note that we assume R = (1 — €)1 > (1 +¢)l;. A constant ¢ satisfying this condition
exists as long as {1 > (.
Next, we use the following lemma to “merge” this bound for e* with the bound in

Eq. (A.5) for e“+t.

Lemma 14. Let H, Hy be two possibly time-dependent Hamiltonians and L, Ly be the
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corresponding Liouvillians. Suppose that for all unit-norm, single-site operators O and

for all times t < At for some At,

P51t |O)|| < crréie ™ (A.36)

P, et |O)|| < car2e &, (A37)

for some Uy > {1 and cq,co > 1;&1,& > 0 are constants. We have

(v]+vg)t—r
’|Pr6£2t€£1t ’O)H < 2d+50102r§1+§2+d+1641+z22 : 7 (A.38)

forallt < At.
We prove Lemma 14 in Appendix A.1.1.1. Using the lemma, we obtain a bound for

the evolution under Hy,1:

(v +Av)t—r

H]P)reﬁk+1t ’O)H — Hpreﬁlteﬁkt ‘O>H < 2d+57,d+1€‘ Tl ) (A.39)

However, because we assume vt < R in deriving Eq. (A.34), Eq. (A.39) is only valid for
small time ¢ < (1 — €)l,,1/vx = At. To extend the bound to all time, we use a corollary

of Lemma 14:

Corollary 4. Suppose we have a single-site, unit-norm operator O, a Hamiltonian H

with a corresponding Liouvillian L, a constant At, and

B [O)]| < coreoe =/t (A.40)
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holds for all t < At. Then, for all t < 2*At for any k € N, we have

|P.e5t |O)|| < cpréeet=m)/¢, (A.41)

where ¢, = 212" e — (9 _1)(d + 1) + 2%&, are constants. In particular,

|P.e" |O)|| < edet T, (A.42)

where x = 2[log(2¢5¢y) + (d + 1 + &) log 7], holds for all time t.

We prove the corollary in Appendix A.1.1.2. Using the corollary, we can extend

Eq. (A.39) to a bound for all time:

IP,e“++14|0)|| < exp Xt + (vk + Av)t —r (A.43)
At s}
XUkt (vp + Av)t —r
< A.44
= &P ((1 — e)lg11 Citr ( )
t —
— exp <—”k+€; : T) , (A.45)
+

where we have upper bounded x by y. = 4(d + 5)log2 + 4(d + 1) log 7., 7. > ris the

diameter of the lattice, and

% €2d+1 g?d-‘,—l
Vi1 = (1 * 4 1) v + l/)\% < 4(4d + 13) log(r, )y + VA%. (A.46)
— & k k

Here, we have assumed that 7, > 2 and e < 1/2sothat 1/(1 —¢) < 2, x. < 4(2d +

6)logr,, and 1 < 4logr,. Therefore, Lemma 12 holds with £ = 4(4d + 13). O
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A.1.1.1 Proof of Lemma 14
In this section, we prove Lemma 14.

Proof. The bound is trivial for » < vt, where v = v; + vy. Therefore, we will consider
r > vt in the rest of the proof.

The strategy is to apply Eqgs. (A.36) and (A.37) consecutively. A technical difficulty
comes from the fact that after the first evolution e“1?, the operator has spread to more than
one site. Therefore, we cannot directly apply Eq. (A.37), which assumes that the operator
is single-site. Instead, we need to use [25, Lemma 4] to extend the bound for sing-site
operators to multi-site operators. In particular, given the assumed bound Eq. (A.37) and

an unit-norm operator O x supported on a ball X of radius x < r, we have
9
P2 |Ox)|| < §|X‘627’§2€(v2t_r+x)/£2. (A.47)

With that in mind, we divide the lattice into:

1. A ball of radius v;¢ around the origin,

r—uit

2. Shells of inner radius v1¢ + (¢ — 1)¢; and outer radius v1t+qf; forg =1,.. ., L,

3. The rest of the lattice, 1.e. sites at least a distance r from the origin.

261



We then project e“1! |O) into these regions:

(r—uvit)/t1
e10) = {( w)F > Porstonn — Purign) + B [e51710)  (A48)

= |0o) + Z 10,) +10.)., (A.49)
q=1

where ¢, = (r — v;t)/f,. We then apply the other evolution, i.e. €“2¢, on each term of the

above expansion.
First, we consider |Op), which has norm at most three and is supported on at most

(201t)? = (2u1t)4 < (2r)¢ sites that are at least a distance r — v, ¢ from the outside. Using

the assumed bound, we have

27 27 4
H]P)Te£2t |OO)H S ?(2T)dC2T€2€(v2t—T+v1t)/Z2 — 5 2 o ,r,Ez-I—d (’l}t—T)/éQ. (ASO)

Next, we consider |O,). Because ||O,|| < ¢;réte(vit=m/%,

IP,e%2|0,)|| < 2[|O.]| < 2eqrstelnt=/4 (A.51)

< 26162r51+§2e(vt*7")/51 < 26102T£1+§2e(vt*7“)/52. (A.52)

Finally, we consider |O,). Note that O, is supported on a ball of volume at most

2% (o1t + qly)? < (2r) |0yl < (1 + e)eyr®te? and the distance between O, and P, is
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r — vt — gl; < r. Therefore, we have

SO 0,)] < S g (27)7|0, || car elvat=(r—vit=at) /b2 (A.53)
q q
< Z g(%)d(l + e)clr&e_qCQT&e(”t_’")/K?eq% (A.54)
q
<D 1T x 2 cpr T/ (A.55)
q
<17 x 24¢qcorfrtiatdtlevt=n)/tz (A.56)

where we have used ¢; < ¢, and the fact that there are at most %ﬁ”t < r different q.
Combining Egs. (A.50), (A.52) and (A.56) with ¢;,co > 1,d > 1 and &;,& > 0,

we have

|P.eL2te 1t |O)|] < 20H5¢ cyrérteatdtlolvizn)/ty (A.57)

with v = v; + ve. Therefore, the lemma follows. OJ

A.1.1.2  Proof of Corollary 4

In this section, we prove Corollary 4, an application of Lemma 14 which extends

the validity of a bound from ¢ < At to arbitrary time.

Proof. The lemma clearly holds for £ = 0. So we will prove it by induction. Suppose

Eq. (A.41) holds for some k£ € N. We will prove that it holds for £ + 1.
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The strategy is to apply the assumed bound for k [Eq. (A.41)] twice:

IB-e |O)|| = |[Pre“/2e5/2 |O)]), (A.58)

Lt/2 can be bounded by the assumed bound because /2 <

where the evolutions under e
2kAt. We then use Lemma 14 to merge the two identical bounds with v; = vs — v/2,

Uy =ly =l e =co = cp, &1 =& — &t

HPrea ’O) ” < 2d+5cir2£’“+d+le(vt_r)/z. (A.59)

We choose
Cop1 = 2752 = ¢ = 2@ 2° (A.60)
Erp1 =25 +d+ 1 = &= (28 = 1)(d + 1) + 2%¢,. (A.61)

Therefore, by induction, Eq. (A.41) holds for k£ + 1.
Next, to prove Eq. (A.42), we choose k = [log,(t/At)] so that t < 2¥At. We also
have 28 < 2t Therefore, ¢, < (24%5¢o)ar, & < (d + 1+ &) 2. Plugging them into

Eq. (A.41), we have

IP-e® JO)|| < (270 c) A1+ R 7 = exart ™7, (A.62)
with x = 2[log(2%cy) + (d + 1 + &) log 7]. O
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A.1.2 Proof of Lemma 13
In this section, we prove Lemma 13.

Proof. First, we need the following lemma, which uses an existing bound to prove a
tighter bound. We will use the lemma recursively to prove the nearly optimal bound in

Lemma 13.

Lemma 15. Let n € (0, ﬁ) be an arbitrary constant and

B 2d + 1
0= (2d+1—a)(1+n2d+1-a)) (A.63)

be another constant. Suppose there exist constants v,C,c > 0, kK > 6, and 8 > d such

that
Y
P, e |0)]| < Clog™r,—, (A.64)
T

holds for all t' < cr®/log® r,. Then, there exist constants C',¢ > 0, and ' > & such

that

/

A
Pt |O)|| < C'log™ T (A.65)
r
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holds for all < c’rﬁl/ log5 r., where

, 5(B—d)  a—d
/i—max{/ﬁ— 3 +2d+1—a’6}’ (A.66)
V=541 (e - d), (A67)
B =a—d—nla—2d)(a—d) >d. (A.08)

Proof. Let V = H — H, to be the sum over interactions of range more than ¢,,. We

have [34]
t
e“'10) = e~ 0) + ) / ds e“U=) Ly, e |0) (A.69)
hi; V0

where the sum is over all h;; in V. The first term is the evolution under H,,, which we can

bound using Eq. (A.8). Our task is to bound the second term.

Without loss of generality, we assume i < j. Because Ly, |O) only acts nontrivially

on the part of O supported at least a distance dist(z,0) from the origin, we can insert

Pgist(s,0) in the middle of the intergrand and use the triangle inequality:

t
[P0 < [Pt (O)]+ P Y [ dse =9, Pacie* (O] (A70)
hij

t
< B O)| +4Z/ ds|| i || Paisi.0 €= [O)- (A71)
hi; V0

Because ||h;;|| < 1/dist(z, 7)* and dist(¢, j) > ¢, there exist a constant /; such

266



that 3= yiyse. il < Ko /€y~ forall i € A. Therefore, we have

4K, [*
[P, (0)] < B 0] + 555 [ D Pasane O], T2

We then consider two cases for the sum over 4. If dist(i,0)° < 21log’(r,) s7, we

use a trivial bound on the projection:

> Paisici.0ye“* |0)|| < (2¢7 P (log r,)*/#s7/8)d x 2 (A.73)

ixdist(4,0)6 <2 log? (1) s7

= 241 4/B(log 1, )04/ B 51/B (A.74)

Otherwise, if dist(i, 0)® > %log‘s(r*) s7, we apply Eq. (A.64):

S
Paisi0e* |0)|| < Clog"r, —
> Raoe™ O <Ol Y
i:dist(1,0)7> L log® (r.) s7 i:dist(1,0)#> L log® (r.) s7
(A.75)
K SPY
< CKsloghr, [c=17B{log )3 /P57 /AP (A.76)
< CKye' (logr,) 7 5148, (A7)
where K is a constant such that
1 K,
< A.78
2. 0P S (A.78)

i:dist(¢,0)>a

for all @ > 0. Such a constant K exists because 3 > d by assumption.
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Combining Egs. (A.74) and (A.77) and accounting for x > ¢, we can upper bound

yd
4K, [ s st A !
s | S s 0] < Kogry a9

where we absorb all constants into K = 4K, (2¢"1c=%% 1 C K,/ c%)vd%ﬁ. Substituting

Eq. (A.79) in Eq. (A.72), we have a bound for the evolution under H:

d
st +

[P O)] < ™ + K(logr)™ 7 g

(A.80)

We now substitute the values of v,, and ¢,, into the bound. Recall from Eq. (A.3)

that

1 t
n= 1Ongog r m) H, (A.81)

where 7 € (0, ﬁ) is an arbitrary small constant. With this choice, we can bound /,, from

both above and below:

t o\ r t
ra—2d _(glogr*)l/@d—&-l—a) ra—2d | -

(A.82)

With v; = 4detly, x = {logr, = L2~ we also have a bound for v,, from Eq. (A.10):

¢ >n(2d+1—a) Qerpt/ @d+1-a) vA(n — 1)x(2d+1)/(2d+1—a)
- Ta—2d

(A.83)
x
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e2d+17

Assuming that r, > e */€ 50 that logL > 1and xz > 1, we have n < logr/log L <

log . = z/£. We can then crudely upper bound

viit T t 1+n(2d+1—a)
vy, < (deT +vA/E)(Elogr,)2ati=a n (roz—2d) (A.84)
wdil T " 14+n(2d+1—a)
= Kg(log T*) 2d+1-a Z <m) . (A85)
where K3 is a constant. Assuming
t < 1o /[2K, (log r, ) 21— | TG (A.86)
so that v,t < r/2, we can simplify the first term of Eq. (A.80):
vpt—r T 1 T.OZ—Qd K
e m <e 2 <exp {—— ( ) } . (A.87)
2 t
Similarly, the second term of Eq. (A.80) can be simplified to
s(—a) $14/F+1 5(8=d) r t N\
K== K= vd/B+1
K(log ’l“*) 7 ggfd < K(log ’l“*) Pt |:<€ log r*)l/(2d+1fa) (TQQd) :|
(A.88)

~ d/B+1-n(a—d)
_ (a—d)/(2d+1—a) 3B —d) | ad_ Y
= Kf (log T*) B 2d+1 e P o

(A.89)

/

7

= K, log" re (A.90)
r
where Ky, x',~" are constants. In particular, v/ = ~vd/f + 1 — n(a — d) and ' =
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a—d—mn(a—2d)(a—d) > d. Combining Egs. (A.87) and (A.90), we get a bound
for the evolution under H.
We now simplify the bound by considering ¢ such that
, r?

Y [
' < og T (A.91)

2d+1

/ —
for some constant ¢’ and § = 2dri—a)(142dE1=a)) "

Since /v < a — 2d by assumption,
we also have
foa—d—nla—-2d)(a—d) a—d—nla—2d)(a—d)

r_ < —a—2d. (A92)
Y W+1—nla—d 4+ 1—nla—d)

Therefore, with ¢ = (2K3) e R , Eq. (A.91) satisfies the condition in Eq. (A.86).

In addition, for »*~2¢ > ¢, there exists a constant K5 such that

1 Toz—2d n t v t’Y/
exp {—5 ( r ) ] < Kj; (m) < K‘:’W’ (A.93)

where we have again used 7'(« — 2d) > (' in the last inequality. Replacing Eq. (A.87)

by Eq. (A.93) and combining with Eq. (A.90), we arrive at a bound

/

ot
P |0)|| < Clog" re g (A.94)
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forall ¢’ < ¢/rP / log‘s r., where C' > K, + K5 and ¢’ are constants,

5(8 — d) a—d

K =K —

B T2dri-a (A5
v =vd/B+1—n(a—d), (A.96)
f=a—d—nla—2d)(a—d) >d. (A97)

If K" < 9, we simply replace <’ by § in Eq. (A.94). Such replacement can only increase

the bound in Eq. (A.94). Therefore, Lemma 15 follows. ]

We now use Lemma 15 to prove Lemma 13. To satisfy the assumption of Lemma 15,

we start with the bound in Ref. [19]: There exist constants K, K7, and vy such that

a(a—d+1)
T a—2d
|| [O/, eﬁtO} H < K66Xp <UFt - m) + K7r—a, (A98)

for all single-site, unit-norm operators O’ supported a distance r from O. We consider the

regime

ala—d+1)

t a—2a < erv?) log? r, < er®™ 4 < er®, (A.99)

where we choose ¢ = (2vgr)~® so that

(A.100)

r
vpt < 9¢(1+d)/(a—2d) "
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Therefore, there exists a constant Kz such that

T T
Kgexp (upt - e d)) < Kgexp (——%u e d)> (A.101)
p(1d)/(a-2d)\ T pala—d+1)/(a—2d)
< K (—> < K (A.102)
T re

holds for all ¢ satisfying Eq. (A.99). In the last inequality, we have used « —d+1 > d+1
to lower bound the exponent of r. Substituting Eq. (A.102) into Eq. (A.98), we get a

simplified version of the bound in Ref. [19]:

Lt ta%:g;l)
1[0, e”0]|| < Kg——, (A.103)
/raOé

where Ky = K7 + Kg. Applying Lemma 4 in Ref. [25], there exists a constant K, such

that:

a(a—d+1) a(a—d+1)

t a—2d a—2d
HIP’TeEt |O)” < KlOW < Ky 10g6 T4

ot (A.104)
re-

where the additional factor —d in the exponent of r comes from “integrating” over sites

that are at least a distance r from the origin. Equation (A.104) satisfies the assumption of

afa—d+1)

Lemma 15, with C' — Kig, ¢ — (20p)™% Kk — 0,7 = = ),6 — « — d. Therefore,

by the lemma, there exist constants C'y, ¢1, x1 such that

Y1

t
IP.e“|0)]| < Oy log™ e (A.105)
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holds for all t"* < ¢;r%1 /log® r,, where

ala—d+1) d
a—2d a—d

"= +1—n(a—d), (A.106)

f1=a—d—nla—2d)(a—d). (A.107)
Equation (A.105) again satisfies the assumption of Lemma 15. Applying the lemma again
with v — 7, 8 — 1, we obtain

72

t
[Prer [0)]] < Cslog™ r, — (A.108)

for some constants C'y, ko, 5 = (1, and

d
1= D41 —na—d) = Fl) (A.109)

After applying Lemma 15 for m times, we obtain

{om t T
ET Km — Km
|Pre [O)]] < Cplog T C, logi™ r, (—rﬁm/w) (A.110)
for some constants C,,,, K., B = 1, and
Y = 2D (), (A.111)

where f°(™~1) denotes the (m — 1)-th composition of the function f. It is straightforward
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to show that

a—d—nla-2d)(a—d) a-d

lim 1i i _ A112
0 mse ™ T 5 a—2d o —2d’ (A112)
lim lim 27— o — 24, (A.113)

n—0m—0c0 Yy,

Therefore, for all £ > 0, there exist m > 1,7 € (0, a—id) such that 3,,,/vm > o —2d — ¢

a—d

— . We obtain
a—2d

and v, >

t ad ¢
P& |O)]| < Cynlog™ 1. (—) | (A114)

raf2df€

which holds for all t < ¢y, ™ re=24=< /(log r, )%/ < re=24—¢ Lemma 13 thus follows.

]

A.1.3 Removing the Dependence on the Lattice Size

In this section, we use Lemma 13 to prove Theorem 11 by removing the dependence

on r,.

Proof. Let H,, = P,,H denote the terms of the Hamiltonian /1 that have support outside
a distance 7 from the origin, H;, = H — H,y be the rest of the Hamiltonian, and L,

L;, are the corresponding Liouvillians. Using the triangle inequality, we have

P O)| < [[Pye*

)| + > _IP, / ds e“U=9) Ly, 50 |0)]], (A.115)
hij

t
0
where the sum is taken over terms h;; in H,,. Without loss of generality, we assume
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dist(7,0) < dist(4,0), which implies dist(j,0) > ro. In addition, since e |O) is sup-
ported entirely within the radius r, from the origin, only terms where dist(, 0) < ¢ con-
tribute to the above sum. We consider two cases: dist(z,0) > r¢/2 and dist(i, 0) < (/2.

In the former case, we insert Pgig(; 0y in the middle of the integrand and bound

t
Z ||IP’T/ ds eﬁ(t—s)£hideist(i,0)6£ins 0)]
0

hij:dist(i,0) € (52 ,ro]

t
<4 Z [ hij | / ds || Paisy(i0pe“* |O)| (A.116)
0

hij:dist(i,0) € (52 ,ro)

=
< 4K,C'log" (2ry) Z / (dlst — 2d_5) (A.117)

i:dist(4,0)€

< K d t a—2d ¢
~ QT’Ot m s (A118)
0

where K, is a constant. We have used Lemma 13 to bound the evolution under e“in®,
which is supported entirely within a truncated lattice of diameter 27, and used the fact
that the interaction h;; decays as a power law with an exponent o > 2d to bound the sum
over j by a constant. We require ¢t < ¢y;r®=247¢/ 10g5(27“0), for some constant ¢y, §, to
satisfy the conditions of Lemma 13.

On the other hand, when dist(i,0) < r/2, we have dist(i, j) > ry/2. Therefore,

there exists a constant c; such that 3 _{[h;; | < ca/ 9~ for all i. We can then bound

a—d 2d’

t
(&) t
U 0 Ty

t
Z ||]P’T/ ds eﬁ(t_s)ﬁhijeﬁi“s
0

hijdist(4,0)< 72 d:dist(4,0) <22

(A.119)
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for some constant K.
Using Lemma 13 on the first term of Eq. (A.115) and combining with Eqgs. (A.118)

and (A.119), we have:

a—d a—d

rt o t oz—2d_E d t a—2d €
|IP.e~" |O)]| < Clog™(2r)) (—rams) + Kot (—a2d6> + K3—7.
To To

(A.120)
We choose r, = r¢, where
a—d a—2d—¢ a—d
=1{1 — > A.121
5 <+Oé—2d E)a Qd_5W+52_0¢—2d’ ( )

a—2d

and we require ¢ < (a — 2d)?/[(a — 2d)?* + o — d] so that the lower bound on ¢ holds.

Under this choice,

a—d

; " a—2d ¢ ¢ 4=
Karpt (W) = K <m)

(A.122)

for all t < ¢;r* 24=¢, where K is a constant. In addition, for e < (a—2d)?/[(a—2d)?+

a—d|, &> (a—d)/(a— 2d) and, therefore,

t t

< Ky——
7,,oz—2d — ra—d

0

K3

(A.123)
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Combining Eqgs. (A.121)—(A.123), we have

Ta—2d—€

t a—2d ¢ t
HIEDT€£t |O)H S K5 IOgH(T) <—> + Kﬁr__ (A124)

which holds for all t < ¢;7 247/ log® (2r¢) for some constants K5, K independent of
t,r.

Next, we simplify Eq. (A.124) by “hiding” the factor log” r inside the constant &.

Specifically, there exist a constant K77 such that log” r < K- 77"5/, where ¢/ = % (5:2‘2 — %) ,
and constants Ky, Kg such that
Lt K t r}dig 3
||IP)7~€ |O)|| S Kg log (T) (m) + Kgrafd (A125)
a—d £
t a—2d 2 t
< K7Kg <m) + Kgm, (A126)

which holds for all ¢ < ¢;72475/2 /10g° (2r¢). In addition, there exists a constant K
such that Kolog®(2r¢) < 7</2 for all # > 1. By requiring that t < Kjoc,r® 24,
we also ensure t < ¢;7% 2475/ /1og’ (2r¢). Therefore, Theorem 11 follows with ¢ —

ClKlo, C1 — K7K8, and CQ — Kg.

A.2  Applications of Theorem 11

We discussed in the main text that the tightened light cone and nearly optimal tail
in Theorem 11 improved the scaling for various applications of Lieb-Robinson bounds

to problems of physical interest in the regime 2d < o < 2d + 1 Here we provide some
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mathematical details to justify those assertions. We also provide a table briefly summa-
rizing the bounds we will use to compare, where we consider each bound to take the form
I[A(t), B]|| < et?/r? for some constants c, v and 3, where A is single-site, but B may

generally be some large multi-site operator.

Bound Light cone Tail vy B ¥ g

This work (B1) ¢ > r@=2d 1/ro-d oL a—d ~y+1 p
s ledezd a—d z(a—d—i—l)

Ref. [19] (B2) tNr;(:; - 1)r o a—d y+1 f

Ref. [211(B3) t=>ra-d 1/re72d o —d a—2d v I5;

Table A.1: Comparison of Lieb-Robinson bounds for 2d < a < 2d + 1. We name the
bounds B1, B2, and B3 for brevity. We ignore the arbitrarily small parameter € in B1 for
simplicity, as it does not affect the conclusions.

We first consider the application of the bound on the growth of connected correla-
tors. Consider two unit-norm, single-site observables A and B initially supported on sites
x and y, respectively, such that x and y are separated by a distance r. Let |¢) be a product
state between B, /() and B, /2(y), where B, >(x) is the ball of radius /2 around x. The

connected correlator is defined by

C(r,t) = (A1) B(1)) — (A1) (B(1)) , (A.127)

where (-) = (| - |[¢). Define A(t) = Trse (@) [A(t)] and B similarly. It is elementary to

bound C(r,t) by

C(r,t) < 2||A(t) — A®t)|| + 2| B(t) — B(t). (A.128)

That is, the connected correlator is controlled by the error in truncating A(¢) and B(t) to
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within a ball of radius r/2 around their initial support. A simple result from Ref. [36]

allows us to bound this error

- 1
At) — A(t)]| < dU|||U, A(t)]]| < c—==, A.129
AG) <>||_/Bi/2(z) IV, AWl < 753 (A.129)

where dU is the Haar measure on unitaries supported outside a ball of radius r /2 around

2. Thus, for a given Lieb-Robinson bound

7
C(r,t) < 2ﬁ+26r_ﬁ' (A.130)

Ignoring constants and focusing on the asymptotics with respect to ¢ and r, we see that

1
B1 ta—d a—2d
Bl [tatm )"
a—2d
Ris = 53" < - ) r, (A.132)

Thus, as t increases, the tighter light cone of B1 leads to significant improvement in
bounding the connected correlator as compared to B2. While B1 has a slightly worse
time-dependence than B3 (as 0 < a — 2d < 1), it has a much better r-dependence. And,
of course, when taken together, B1 follows a tighter light cone than B3, leading to an
overall more useful bound. Thus, while B3 may strictly have a better time-dependence,
B1 provides the tightest holistic bound on the growth of connected correlators.

A nearly identical calculation allows us to place stricter bounds on the time required

to generate topologically ordered states from topologically trivial ones. We define topo-
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logically ordered states as follows: consider a lattice A with diameter L and O(L?) sites.
We say that a set of orthonormal states {|v1) , ..., |1x)} are topologically ordered if there

exists a constant ¢ such that

== sup max {| (4] O 45) = (5] O11) 2 (03] O ) | (A133)

is bounded £ = O(L~%). The supremum is taken over operators O supported on a subset
of the lattice with diameter ¢ < L, so ¢ essentially measures the ability to distinguish
between states |¢;) using an operator O supported on only a fraction of the lattice. In
contrast, we say the states are topologically trivial if ¢ is independent of L. Given a set
of topologically trivial states {|®;) }; and a set of topologically ordered states {|v;)};, the
question is how long it takes to generate a unitary U such that U |¢;) = |1);) for all ¢ using
a power-law Hamiltonian. Ref. [25] proves that this time is controlled by the time it takes
|O(t) — O(t, ¢)|| to become non-vanishing in L, where O(¢, ') is the truncation of the
time evolution of O to a radius ¢'. This expression is bounded in the exact same way as
the connected correlator was, and so we see the same improvement from B1 as compared
to both B2 and B3.

Finally, we consider the task of simulating the evolution of a local observable under
a power-law Hamiltonian /' using quantum simulation algorithms. In contrast to the
earlier applications, it is not sufficient to simply truncate the time-evolved observable to
the light cone. Instead, to simulate the observable, we need to construct the Hamiltonian
that generates the dynamics of the observable inside the light cone.

Let A be a unit-norm, single-site observable originally supported on site =, and
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consider A(t) its evolution under a 2-local power-law Hamiltonian H. Define H, to be the
Hamiltonian constructed by taking terms of H that are fully supported within B,.(x), and
let A(t) be A(0) evolved under H, (note that this is different than our previous definition
of A). The question is how large r must be (i.e., how many terms of H must we simulate)
for || A(t) — A(t)]| to have small error. Intuitively, this observable should be constrained
to lie mostly within the light cone of a Lieb-Robinson bound for A as long as the tail of
the bound decays sufficiently quickly, so we expect r to be related to the lightcone of our

bounds. Refs. [21, 25] make this intuition rigorous and yield

/

7

IA@®) =AW S 5

(A.134)

where ~" and /' are listed in Table A.1. In particular, in order to ensure only a constant
error, we must choose © ~ t7/# which corresponds to simulating about 12 ~ t2av'/6'

terms of the Hamiltonian. We can compare this exponent ¢ = «'//3’ between bounds:

(a—=1)(a—d)+a

¢BI — P2 = — (a—d)(a—2d) (A.135)
B (a—d)?+d
P81 — PB3 = o —2d)a—d) (A.136)

These differences are all negative for 2d < a < 2d+-1, meaning the current work provides
the tightest bound on how many terms must be kept to get constant error when simulating

the evolution of local observables in this regime.
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Appendix B: Supplemental Material for Chapter 5

B.1 Evaluations of the Sum in Lemma 3

In this section, we shall show how we bound .y, from Eq. (5.10) (Appendix B.1.1)

and Ogyeriap from Eq. (5.11) (Appendix B.1.2) in the proof of Lemma 3.

B.1.1 Evaluation of diync

In this subsection, we provide explicit calculations of dyy,e in Eq. (5.10). Recall that
¢ = dist (A, C) is the shortest distance between any two points in A and C. Therefore,
|@ — || is always greater than ¢. For each @ € A, let {7z = dist (d,C) be the minimum
distance from @ to the set C' and C; = {7’ € A : dist (@, ?) > ¢z}. Clearly, C is a subset of

C'5. Therefore,

1
Wl = [Hacl < 375 ———— B.1)
GeA ZeC la =]

1 1
Yy ooy sy L b2

deA deCy la=dl> 2= < I7

711>z
1

<MY (B.3)

GcA (lz — \/E)Q_D7
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where )\; is a constant independent of @ and the sum over 7 is bounded using Lemma 18
in Appendix B.7.

Next, to evaluate the sum over d, we parameterize the sites in the set A by their
distance to its boundary JA. Note that by assumption the interior of A is non-empty, so
that A # 0A. Roughly speaking, there will be at most O (®(A)) sites whose distances
to the boundary 0A is between ¢ and ¢ + p, for each p = 0,1,..., where ®(A) is the

boundary area of A. Therefore, we have (see Lemma 22 in Appendix B.7.2 for a rigorous

proof)
. 1
|Otrunc || < 2nA1P(A (B.4)
B
_p B(A . B(A
< A A207P ; _(D_)l =2 éa_(D_)l, (B.5)

for / > 2\/5, where )\, is a constant that arises after using Lemma 18 to bound the sum,
and the factor 2~ is because we lower bound ¢ —v/D > ¢/2 to simplify the expression.

The constants are later absorbed into the definition of c,.

B.1.2  Evaluation of doyertap

In this section, we show how we bound dgyeriap from Eq. (5.11) in the proof of
Lemma 3. To estimate doyerap, We use the following lemma, which generalizes a similar

lemma in Ref. [76] to arbitrary, time-dependent Hamiltonians.

Lemma 16. Let Q C A be a subset of sites. Let Hq(t) = >, jcq hij(t) be the terms of

H\(t) supported entirely on (). Let Ox () be an observable supported on a subset X at
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a fixed time 7. We have:

| W) ox (U, — (Ug) ox(rU,

< /Ot as || [(U2)T Ox(r)U, Hals) - Hals)) . (B.6)

where U, = T exp (—z’ IS HA(s)ds>.

Proof. To prove the lemma, we shall move into the interaction picture of Hq(t) and treat
V(t) = Ha(t) — Hq(t) as a perturbation. Let Vi(t) = (U&)T V(t)Us, and U(t) =
T exp <—i J: Ot %(s)ds) be respectively the Hamiltonian and the evolution operator in the

interaction picture. We have:

| W) ox(nu, - (UR) ox (1)U,

toyg
_ /0 ds£(UIT(s) (Ugt)*oX(T)Ug}tU,(s))H (B.7)
t
_ / s Uj(s) [ (U) Ox(r)US, Vi(s)| Us(s) (B.8)
0
t
g/ ds [(Ug}t)*oX(r)Ug?t,v,(s)]H (B.9)
0
t
g/ ds H[(Ugt)TOX(T)USt,V(S)}H. (B.10)
0
Thus, Lemma 16 follows. ]

By substituting A - AB, Q2 — B, Ox — Hp.c, 7 — t, and noting that operators
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supported on disjoint subsets commute, we can show using Lemma 16 that

T T
H(SoverlapH = "(Uéf) HBC(t)U[ftB - (U(ft) HB:C(t>U(ft

< [ [ Hnetnz. ]|
<2 Z Z/ ds ||| (U5) s LU, ha (5)] | (B.11)

EB ceC

where the observables are, in general, evaluated at different times s < ¢. We note that
while it is necessary to keep track of s, ¢ for completeness, one should pay more attention
to the supports of the operators, as they carry useful information about the locality of the
system.

In fact, let us pause for a moment to discuss why the right hand side of Eq. (B.11)
should be small when ¢, the distance between A and C), is large. Whenever the supports of
hg 5 (s) and hy (1) are far from each other, we can bound their commutator norm using a

Lieb-Robinson bound for long-range interactions. We use the bound by Gong et al. [29]:

|[@2) s 08 509)]|

a5 ()

< Cev(t—s)

hz?,a(t)

1 1 1
() -

where r = dist ({c?, v'}, {b, 8}) is the distance between the supports, v € (0,1) is a
constant that can be made arbitrarily close to 1, and ¢, v are constants that depend only on
D.

However, in contrast to short-range interacting systems, here Z;, b/ run over all pos-

sible sites in B, so in principle the distance between the supports of h; 5 (s) and hy (1)
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hab/E hbc
a:t b:c Sites
A B . C
- hay hpe
:: : : ::
a: b b c Sites

Figure B.1: An illustration of A,y and hy. in a one-dimensional lattice. For short-range
interactions, the sets {a, b’} and {b, ¢} are separated by a distance of the same order as the
size of B (upper figure). The contributions from these terms to doyeriap are bounded using
a Lieb-Robinson bound. However, for long-range interactions, {a, b’} and {b, ¢} can be
geometrically close to each other (lower figure). In such cases, the norms of h,;, and Ay,
decay as |V — a| “ and |c — b| " and, therefore, their contributions to doyerap are small.

can be small (Fig. B.1). Fortunately, if that is indeed the case, then although the Lieb-
Robinson bound is trivial, the assumption that || ;|| and || || fall off as 10 — ||~
and ||@ — b|| =, respectively, makes the summand in Eq. (B.11) small.

Let us now evaluate the sum in Eq. (B.11). In the following, we shall consider
b =+ % , since the estimation for the case b = b follows a similar, but less complicated

argument. Using Gong et al.’s Lieb-Robinson bound for long-range interactions [29]:

t
| ast[@2) b 0002 g 0]

0

t il ) ev(t—s) ev(t—s)
< C S 7 t (S +
< [ sty O (s + )

vt 1 1 1 1
< (=) ( —+—), (B.13)
v dlea—pie \@= ) e

where v € (0, 1) is a constant that can be chosen arbitrarily close to 1, while ¢, v are finite
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and bounded constants for all «, and

r = dist ({a, 0y, {0, 5})
= min { 7' = Bl|, | — . lld — 5,1 - il }

is the distance between the supports of hj (?) and h;j(s) (see Fig. B.1). Since each

term of dovernap contributes a sum of an algebraically decaying as 1 /r* and an exponential

decaying as e~"" terms, it is convenient to evaluate their contributions separately.

First, let us find the contribution from the algebraically decaying part. It is straight-

forward to find out their contributions to doeriap When 7 takes one of the four allowed

values. Depending on which value r takes, we use either Lemma 18 or Lemma 20 in

Appendix B.7 to evaluate the sums over band b'. For example, the contribution from the

terms where 7 = |5 — b|| is at most

3PS Zvnb 0(es)

acAyp. b;ﬁb/GB ceC E»H HCL

b |
cyyy i)

acA peB CEC 5” Ha

<Ay — <ﬁ)

deA éeC la — el

< A€ = 1) ( : 7>a gf_(ﬁ_)l

where A3, \; are constants that arise after we use Lemma 20 in Appendix B.7 twice to

evaluate the sums over O’ and b consecutively, and the sums over @, ¢ have been bounded
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in the previous section (see Eq. (B.2)). The constant A5 absorbs both A3, A\, and the
constants from the sums over a, C.
On the other hand, if » = ||’ — |, we use Lemma 20 to evaluate the sum over o/

and Lemma 18 for the sum over b:

1 1 C<evt_1) <ﬁ>a
2 2 2= =B ol el

acA E#B/EB ceC

c 1 (evt _ 1) <%>a
SN2 g T -

€A jep éeC

@ -1 (&)
< MM YD () (B.19)

deA ZeC @ — e
. 4\ oA
< g€ — 1) (1 - 7) Ea_D_)l, (B.20)

where \g, A7 come from the uses of Lemma 20 and Lemma 18 respectively. The constant
Ag absorbs both \g, A7 and the constants from the sums over a,c. Repeating for the
other values of r, we find that the contribution from the algebraically decaying terms in

Equation (B.13) t0 doyerlap 1S at most

8 * DA
No(e” — 1) (1_7) EQ<D)1, (B:21)

for some constant \g.

Next, let us find the contribution from the exponentially decaying term in Equa-
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tion (B.13). If r = ||/ — b||, we have

DD D T G
vl|b — @|e||a@ — b ||xelE =

acA 5’#5’/63 ceC

E5p(Ch )

acA peB cEC 6Ha Ha bHa

| /\

] «
: () e
<D e 1>(,W_ i

acA ceC

16\~
1— €3D73
< Aig(e” = 1)@ (A) ( ga—;l + )’

et

where we have applied Lemma 21 in Appendix B.7 to obtain the first inequality, Lemma 21

twice again and Lemma 20 to get the second inequality, and then Lemma 18 and Lemma 19

for the sums over @, ¢ similarly to Appendix B.1.1. The constants Ay, A\;; arise from the

applications of the lemmas and are absorbed into a constant \;5. We note that the con-

stant v in the last three lines are different from the one in the first line (see Lemma 21 for

details). However, they both are constants that can be chosen arbitrarily between 0 and 1.

Therefore, we denote them by the same constant y for convenience.

Repeating the argument for other choices of  in Eq. (B.14), we find that the contri-

bution from the exponentially decaying terms to doverap 1S Still at most the right hand side

of Eq. (B.22).

Combining Eq. (B.21) and Eq. (B.22), we have

et

16\
. i— €3D_3
H(SoverlapH < )‘13(6 t— 1)(1)("4) <ga;>1 + ) )
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for a constant \;5. Since /P~ < %ed for any arbitrary small positive constant €, we
13

can upper bound

1
: = 1
|%mp<%#ﬁUMM<2;X*gﬁ> (B.24)

where we have absorbed ¢ into the definition of v and c,,. This completes the estimation

of 5over1ap-

B.2 Error Propagation from Generating Function

In this section, we reproduce a lemma in Ref. [76] which shows how the error in
approximating the generating function Gy, propagates to an error of the unitary W, in

Eq. (5.6). Suppose we approximate Gy by Gi;, such that
1Gw — Gwll < F(2)6, (B.25)

for some function of time f(¢) and § is time-independent. We shall prove that the unitary

W/ generated by Gy;, approximates W, with error

t
\mc—WMSa/dﬁwy (B.26)
0
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Proof. By simple differentiation, we have

t
! d !
iy = = | [Casg vt 327
0 S
t
:’ | aswiicw - Gom: (B.28)
0
t
< / ds W1 (Gw — Gl )W (B.29)
t
— [ astw - Gy (B.30)
0
t
< 5/ dsf(s). (B.31)
0
O

B.3  Proof of the Lieb-Robinson Bound from Quantum Simulation Algo-

rithms

We present a more detailed proof of Theorem 7 in this section. The key ingredient

in the proof of Theorem 7 is the following lemma.

Lemma 17. Denote by B, = {v € A : ||| < r} a D-ball of radius r centered around the
origin. Let Ox be an observable supported on X = B, with ry being finite. For each
Ué\’T and a positive integer M, there exists a unitary U supported on a D-ball B, with

r =rg+ MV such that
H (U2) OxUL, - ffTOXUH < b Me' (r — )PV €,(0), (B.32)

where by is a constant, t = T /M and { € (0, R) is a free parameter.
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C

S?‘() +2(

Figure B.2: An example of the subset X = B,, and five shells S, for r = rg,rg +
{,...,ro+ 4L. The operator Oy is supported on Y, which lies on B}, . 5,, the complement
of the ball B, 5.

Proof. We shall prove the lemma by constructing the unitary U. In addition to B, above,

we define

Sr - Br—M \ B’r (B33)

to be a shell consisting of sites between 7 and r + [ away from the origin (Fig. B.2).
We divide [0, 7] into M equal time intervals, namely [(M — k — 1)¢, (M — k)t| for
k=0,...,M — 1, where t = T'/M. The unitary U&T then naturally decomposes into a

product of unitaries U = U(/}W_k_l)t’(M_k)t:

Upr =UgUY ..Uy 1. (B.34)
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We now use Lemma 3 to further decompose each U} into evolutions of subsystems. We

start with & = 0 and use Lemma 3 with A — X = B,,,B — §,,, and C — B¢

ro+¢
(Fig. 5.3) to decompose (UOA)T (instead of U{'):
t ™~
- (e (o
< o' ®(B,,)a(), (B.35)

where again B¢, denotes the complement subset R” \ B,,, and ®(B,,) is the boundary
area of B3,,,. This choice of decomposition allows us to eliminate the contribution to the
evolution from the terms of the Hamiltonian that commute with X, i.e. those supported

entirely on By, . Explicitly, we have:

(U ox
~ (Uffo”)T s (Uf’%)T Ox UL (U(‘]S”))T yPro (B.36)
— (U(‘f""o“)T Ox U = Ul 0x U, (B.37)

where Uy = Uf "0 is supported entirely on B, 1.
If we repeat the above argument for U but with Oy replaced by Ug OxU,, we can

approximate

for some U, supported entirely on B,,+20. The error of this approximation is at most
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co€”" @ (Bry+0)8a (L)
By induction to all £ = 2,..., M — 1, we can construct U= Uoljl . UT_l such

that

(UL OxUY ~ T1OXT, (B.39)

where the overall error is at most

M-1
Coevt®(6ro+k€)£a<€)
k=0
< Mcoe” ®(Brot(m—1)0)éa () (B.40)
oms vt D—1
< comrpr Me™ (1o + (M — 1) £)7 " £a(¢), (B.41)
I'(3)

=by

and where we have replaced the surface area ®(13,) of a D-ball B, by 225
2

F(Q)TD* and M

by T'/t. Also by induction, the unitary Uis supported entirely on B, ;.. Therefore the

lemma follows. O]

We are now ready to prove our Lieb-Robinson bound in Theorem 7. Without loss
of generality, we assume the origin is in X. Since || X || = O (1), there exists o = O (1)
such that X is a subset of B,,,. By Lemma 17, there exists a unitary U supported entirely

on a D-ball B, with r = rq + M/ such that

£ = H(U(/)}T)T OXU&T — ﬁTOxﬁH

< by Me" (r — 0P e, (0). (B.42)
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If we choose the number of time slices (M) and the block size (£) such that »r < R + ry,
the set Y will lie outside the support B, of Uto X U , and therefore Uto XU will commute
with Oy-. Note that for a fixed value of M, the error should decrease with a larger value
of /. Therefore, to prove the strongest bound, we should choose ¢ as large as possible,
ie., { = R/M, and hence M = R/{. Substituting the value of M and t = T'/M into

Eq. (B.42), we obtain the error bound in terms of ¢ alone:

e < bz% o114+ R- 060, (B.43)

where by = blréj ~1 is a finite constant. We note that the above bound is valid for all

values of ¢/ < R. The tightest bound can therefore be obtained by choosing a value for ¢

that minimizes the above expression. Our intuition and numerical evidence suggest that

Ra
T’

this happens when ¢ ~ so in the below analysis, we aim to choose ¢ as close to this
value as possible.
To proceed, we consider two regimes of time 7', when vT" > « and when vT" < a.

In the former regime, we choose ¢ = f—; < R and substitute into Eq. (B.43) to get

e < bz%@a ~y(1+R(1- %»D_l o (%>

< b2 I TRO1, (@) | (B.44)
~—— vT

=C|r

where we have used % <lforallaa>1,1— viT < land 1+ R < 2R. In particular,

a—D—-1

if % > 1, where z is the larger solution of x = €77, the algebraically decaying
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term in &, dominates the exponentially decaying one, and therefore

Bo) () L)
fa (UT) a (]_ —7> (%)Q—D—l +e’ ’ (B.45)
16 \* 1
=2 B.46
(%) @ B

16 \* fvye—D-1 (T\* P!

Combining Egs. (B.44) and (B.47), we obtain a bound on the commutator norm:

Ta—D
Clr,a ROL*QD 9

C(T,R) < e < (B.48)

where

16 \“ a-D-1
Cra = 261 (—) (3) . (B.49)
1—7 @

The light cone implied by the bound is

a—2D

T2 RoD. (B.50)

~

In the limit o« — oo, the exponent of the light cone converges to one at a rate given by

a+11—2DD . 1|

_ iy ot _

n=Jim Ty = ®3D
a—D

On the other hand, if v1" < «, we simply choose ¢/ = R. Equation (B.43) then
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becomes
C(T,R) < e < by(e"" — 1)L (R). (B.52)
Therefore, we arrive at the Lieb-Robinson bound in Theorem 7 with ¢, = b,.

B.4 Proof of Lemma 4 in Higher Dimensions

In this section, we discuss the construction of the circuit in Lemma 4 that gener-
alizes the lemma to higher dimensions. Similar to the D = 1 case, we first break the
unitary into O (T') unitaries exp(—iHt) for some ¢ = O (1). We then use an algorithm
consisting of D steps to break the simulation of exp(—iHt) into simulations of Hamil-
tonians on smaller hypercubes of size at most 2/. In the first of the D steps, we cut the
D-dimensional lattice into L /¢ layers, each with the same thickness ¢, a parameter to be
chosen later. In this step, the cross section of the cut is LP~!. Therefore, by Lemma 3,

each time a new layer is generated, we accumulate an error of

LD—l
o (m) :

For T'L /¢ layers of the first step, the accumulated error will be ¢V) = O (T L /¢>~=P).

Next, for each of the O (T'L//¢) layers of D — 1 dimensions, we break them again

into L/ layers of D — 2 dimensions. Using Lemma 3 with a cross section L”~2, we find
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the error of the second step

TL L P2 TLP
(2 _ 2 ¥~ A
e = 0/ @ <€a—(D—1)—1) =0 (—ZO‘—D“) ) (B.53)

which decreases with /¢ faster than the error of the first step.

More explicitly, in the kth of the D steps, the error is ¢® = O (LP /¢o=P=2),
which is dominated by the error in the first step for all £ > 1. Therefore, the error of cut-
ting the D-dimensional lattice of size L into L? /(" subsystems is still O (T'LP /(7).
To meet a fixed total error €, we need to choose ¢ o< (T LP/ 5) ﬁ. The geometrical con-
straint ¢ < L requires o > 2D. Finally, simulating each of the O (T'L” /(") subsystems
using the LCU algorithm up to /P /(T L) accuracy requires O (€3D log (T LP /efP ) )

quantum gates. Therefore, the overall gate complexity of the algorithm is

ga—D g

Tn)*ap T
Gp=0 <% log —”) . (B.54)

B.5 Estimation of the Actual Gate Count

In this section, we describe how we estimate the actual gate count of the HHKL
algorithm and the QSP algorithm in simulating one-dimensional power-law systems.

The direct implementation of the QSP algorithm requires computing a sequence of
rotation angles on a classical computer, which is prohibitive for large-size Hamiltonian
simulation. Instead, we use a suboptimal approach described in Ref. [7]. To simulate H =

Zle B H; for time ¢ and accuracy €, where L is the number of terms in the Hamiltonian,
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B; > 0 and H; are both unitary and Hermitian, we divide the entire evolution into r
segments. We choose r sufficiently large so that each segment is short enough for the

classical preprocessing. Specifically, we choose

r= {Mw (B.55)

Tmax

and T. = 1000 [76]. Within each segment, we choose ¢ to be the smallest positive

integer satisfying

244! - 8r’

(B.56)
so that the overall error is at most €. This gives M = 2(q — 1) phased iterates within each
segment [7].

The number of elementary operations of each phased iterate is log(L) + 4L + 8L.
Here, the first term corresponds to the reflection along an L-dimensional state |0); the
second term costs the preparation/unpreparation of an L-dimensional state; and the third
term is the cost of selecting L two-body operators. We thus estimate the gate complexity
of the QSP algorithm as (log(L) + 12L)rM.

Next, in order to determine the gate count of the HHKL algorithm, we need an
estimate for the error of the unitary decomposition in Lemma 3. Recall that for D = 1,
the error given by our analysis is b/¢>2, where b is a constant that can be estimated
numerically by computing the actual error for small values of ¢ and extrapolating for

larger /.

Since simulating the evolution of a generic system is classically intractable even for
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Figure B.3: The empirical error of the unitary decomposition in Lemma 3, computed for
the single-excitation one-dimensional Heisenberg chain (o« = 4) in Eq. (7.18) at different

values of ¢. The system size is fixed at n = 300 and the evolution time at ¢ = 0.01. We fit
the data (blue square) to the theoretical model b/¢*~2 and obtain b = 1.62 x 1073,

a moderate system size, we study only the one-dimensional Heisenberg model given in
Eq. (7.18) and restrict our calculation to the single-excitation subspace. In Fig. B.3, we
plot the error of the unitary decomposition in Lemma 3 at several different values of ¢ (for
system size n = 300 and evolution time ¢ = 0.01). The scaling of the error agrees well
with our prediction. By fitting the data to b/¢>~2, we obtain an estimate b = 1.62 x 1073,

Recall that there are 7'/t time slices in the HHKL algorithm. In each time slice,
there are n/¢ blocks of size ¢ and 2n/(2¢) blocks of size 2¢. To meet the total error at
most £, we need to choose (see also Eq. (5.20))

"
) (22_”’7) ' (B.57)
t ¢

By multiplying the number of blocks by the gate count for using QSP to simulate a single

300



block, we arrive at the total gate count presented in Fig. 5.5.

B.6 Numerical Performance of the Product Formula

This section includes the numerical performance of the fourth-order product for-
mula (PF4) used to simulate the evolution of the system given in Eq. (7.18) for time
T = n. We plot this numerical performance as well as the theoretical estimates for the

gate counts of the PF4, LCU, QSP, and HHKL algorithms in Fig. B.4.

101 @® Empirical PF4 /,’t
1 Empirical PF4 (extrapolated) ,,/’
10" 1 ====- PF4 Bound Jptiael .
QSP/LCU Bound ~__-="~
10° ¢ HHKL Bound __-="" -

107 ¢

Gate count

10° 4

10° 1

5 10 50 100

System size n

Figure B.4: The empirical gate count of PF4 (purple dots) from n = 4 to n = 12,
extrapolated to larger system sizes (solid, purple), for simulating the dynamics of the
Hamiltonian in Eq. (7.18) for time 7" = n at a fixed error tolerance. The error bars are
smaller than the size of the markers and hence not visible in the plot. Also shown in
dashed lines are the slopes of the gate counts of several advanced algorithms for com-
parison. These slopes represent the scaling of the gate counts as functions of n. Their
y-intercepts, which represent a constant multiplicative factor, should be ignored.
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B.7 Mathematical Tools

This section contains a collection of mathematical results omitted from the previous
sections. In Appendix B.7.1, we present the upper bounds on standard sums we use in
the proof of Lemma 3 in Appendix B.1. In Appendix B.7.2, we show how we estimate
the sum over the convex set A in Eq. (B.3) by parameterizing the elements of the set by
their distance to the boundary of A. We also note that we use the same notation “\” for

constants that appear in different lemmas.

B.7.1 Standard Sums

In this section, we present upper bounds on a a few standard sums used in the previ-
ous sections. Specifically, we use Lemma 18 to bound Eq. (B.2), Eq. (B.18), Lemma 19 to
bound Eq. (B.15), Eq. (B.22), Lemma 20 to bound Eq. (B.18), Eq. (B.22), and Lemma 21

to bound Eq. (B.22).

Lemma 18. Let A be a D-dimensional lattice and 7 be the coordinates of sites in A. For
o > D+1and R > /D, there exists a constant \ that may depend on D but not on R, o

such that:

1 A

S S . (B.58)
2 7P = (R VDb
I7I=R

In particular, it implies that the sum ZFG \ converges for all o > D.

Proof. The proof of this bound is straightforward. For simplicity, we first assume none
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of the coordinates of 7" is zero. Since I% is a decreasing function of z for all &« > 0, we

can always bound the sum over such 7 by an integral

11 dPr
Z —a < —a
7] 171>r—vD 7]

reEA
T
o /°° dr g(D)
_ < , B.59
02 Jn v 27 = (R= VD> B2

where 3"’ denotes the sum over 7 with no zero coordinate and g(D) = 272 /T(2).

Next, consider 7~ with exactly one zero coordinate. These sites lie on D hyperplanes,

each of dimension (D — 1). Therefore the contribution from them can be evaluated using

the above integral with D — D — 1:

Dg(D - 1) Dg(D - 1) B.60)

(R—VD -1y = (R— JD)o-0’

By repeating this argument for the sums over 7 with different number of zero coordinates,

we arrive at
1 A
—= < ; (B.61)
2 S (R v
I7I>R
O

where A\ = 327 (©)g(D — d) is a constant independent of R.

Lemma 19. Ler A be a D-dimensional lattice and 7 be the coordinates of sites in A. For
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all R > 0, there exists a constant )\ that may depend on (3, D but not on R such that:

2|8 A B+D—1
3 H7|‘||| < AR S (B.62)
67‘

rEA
#>R

where (3 is a positive constant. In particular, it also implies that the sum Zﬂe \ converges.

Proof. The proof of this lemma follows the same idea as of Lemma 18. However, note
that the function 2”e~* is a decreasing function of  only when = > x for some z, that
depends only on (. Therefore, if R > xy, we follow the exact same lines as in the proof

of Lemma 18. For example, if none of the coordinates of 7”is zero, we can bound

18 =8

> /H]U = / ”ﬂu a°r

e o If=Rr-vD €
I7I=R

ors  [®  pPrD-lgy B.63
“HB s B0
(R _ \/E)ﬂ+D—1 RA+D-1
for some constants \;, \s that depend only on /3, D.
On the other hand, if R < xy, we consider
et 177
A= max { s Z T (- (B.65)
IIFH>R

The lemma should follow if we can argue that A can be chosen independently of R.
Indeed, since 1 < R < x4 and from the previous calculation, we know that the sum

over I~ converges to a constant that depends only on 3, D. This concludes the proof of
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Lemma 19. O

Lemma 20. Let d, 5, C be three distinct sites in a D-dimensional lattice A. For all o« > D,

3 414 IR q)\2 5 (B.66)
“la—dlep-ae i

where ) is a constant independent of @, C, c.
Proof. A proof of the lemma is presented in Ref. [18]. [

Lemma 21. Let a, g, C be three distinct sites in a D-dimensional lattice A. For all o > D,

v € (0, 1), and positive integers 3 € 7, there exists a constant ~' € (0, 1) such that

- 4 \“
v poar M) via- g

—— = < — = = , (B.67)
“~ j@— bl et @ — & ev'la=el
where \, X' are constants that may depend on 3, D, but not on d, , c.
Proof. Without loss of generality, assume ¢ = 0. Let { = ||¢ — d|| = ||@|| be the distance
between ¢ and @. We need to prove
- 1\
1) A (1_—> X (AP
(L U . (B.68)

- a— g o eVHEH (e et
S

Let B,, be a D-ball of radius uf centered around ¢ for some arbitrary constant
€ (0,1). We shall divide the sum over b into two regimes, corresponding to b inside
and outside B,,.

In the first regime where b is inside B,.., we can show using the triangle inequality
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that ||@ — b]| > (1 — p)¢. Therefore, the sum over these b can be bounded by

b||? )
e £ B <25
EB;M

11°

i converges and is bounded by a constant A

where we have used the fact that ) ;. »
which may depend only on D, 3.
In the second regime, we bound ||@ — b|| > 1 to obtain

3 IS ZHEIIB
e el = evllgll

b¢ B, ”

IE,BJrD—l
<N o (B.70)
where the last sum is bounded using Lemma 19 and noting that ¢ < 1.
Combining Eq. (B.69), Eq. (B.70), we arrive at a bound
9 (03
1 b 6 <1T> NP1
> o] S (B.71)
|G — bl evall Iz e
beA
Let ¥ = ~u and take p < ﬁ, it is straightforward to show that ﬁ < 1%,, and
therefore,
=R
1 L8 <T> 1pB+D—1
S BI"  ZAt) X (B.72)
“— ||@ — b||~ el (> ev't
beA
Note that if we choose 1 = then v = takes on a value between 0 and 1, which
can be arbitrarily close to 1. [
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B.7.2 Parameterizing a Convex Set

In this subsection, we show how we evaluate the sum over @ in Eq. (B.3). First, we
parameterize a convex set by the distance to its boundary. The following lemma simplifies
a sum over every site in a convex set to a sum over the above distance, multiplied by the

boundary area of the set.

Lemma 22. Let A C R” be a compact and convex set in RY with non-empty interior.
Let C C RP be another subset disjoint from A, and let { = dist (A, C) be the smallest
distance between elements of the two sets. Furthermore, we denote by {; = dist (@, C)
the minimal distance from a given lattice site @ in A to C. For a decreasing function

f: R — R, we shall have

> flta) < 2p0(A) i f+p), (B.73)

acANA u=0
where 1 is a constant that may depend only on D and ®(A) is the boundary area of A.

Proof. Let us divide the set A € RP into disjoint subsets
S,={deA:p<dist(d,04) <p+1} (B.74)

for p = 0,1, ... Note that the assumption that the interior of A is non-empty implies that
dist (@, 0A) is not uniformly zero. Roughly speaking, S,, contains the sites in A whose

distances to the boundary JA are between y and i + 1. Therefore, /7 > ¢ + u for all
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@ € S,. We then obtain

IWIOEDY f(ta) (B.75)

<3 F+ 1) 1S.NAlL (B.76)

where |.S, N A| is the number of lattice sites that lie within .S,,.

Let A, = {d € A:dist(d,0A) > u} be a subset of A containing sites at least a
distance ¢ from the boundary of A. Clearly, S, = (A4, \ A,+1) U 0A,4+1 and 05, =
0A, U 0A,+1. Roughly speaking, S, is a shell with the outer surface A,, the inner
surface A, and a unity thickness. The number of lattice sites in .S, will be bounded by
n®(S,) = n(P(A,) + ®(A,+1)) (see Appendix B.7.2.1 for the definition of the constant
n). Since A is compact and convex, ®(A4,11) < ®(A4,) < P(A) (see Appendix B.7.2.2).

Therefore, we arrive at the lemma. O]

B.7.2.1 The number of lattice sites in a compact region

In this subsection, we shall provide an upper bound on the number of lattice sites in-
side a compact set A C R”. We use this bound in Eq. (B.76) to estimate the number of lat-
tice sites in the set |5, N A| by its boundary area. Let A, = {d € AN A : dist (a,0A) > 3}
be the set of lattice sites that are at least a distance % away from the boundary 0 A, and let
A< = A\ A. be the other lattice sites of A.

First, note that for every lattice site @ in A, there exists a D-ball 3 ,4(a) of radius

%‘ that contains no other lattice site and B;,4(@) C A. Therefore, the number of lattice
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sites in A is at most V(A)/V(B1/4(@)) = mV(A), where V(A) is the volume of A in
RP and 1y = V(B 4(a)) .

Next, to count the lattice sites in A<, we note that for every @ € A<, we can select
a point f(@) € OA on the boundary such that | f(@) — @|| < . We now argue that
1f(@) — f(0)| = 5 for all distinct lattice sites @ # bin A<. Indeed, since @, b are distinct

lattice sites, the least distance between them is 1, i.e. |7 — b]| > 1. Using a triangle

inequality, we can show that

If@) = f@)I = @bl = |1 £(@) — all = |£(B) = bl

1 1
>1-:—7=

1
—. B.77
3 3 3 ( )

-

Therefore, a D-ball By /6(f(@)) around f(@) € OA shall contain no f(b) of any other
lattice site b € A<. Therefore, the number of lattice sites in A< is at most 7, ®(A), where
®(A) = |0A] is the boundary area of A and 7, is the area of a (D — 1)-dimensional disk
of radius 1/6.

In summary, the number of lattice sites in A is therefore at most 7,V (A) + 7. ®(A).
In particular, for a shell A whose volume V(A) can be upper bounded by 7;P(A), the

number of lattice sites will be at most n®(A), where n = 17113 + ens.

B.7.2.2 Convex sets in R? are shrinkable

In the proof of Lemma 22 [see the discussion after Eq. (B.76)], we used the fact
that ®(A,) < ®(A). In this section, we will show that this property of A—which we

term shrinkability—holds if A belongs to the class of convex and compact sets in R”.
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The formal definition is as follows:

Definition 2 (Shrinkable set). A compact set A C RP with boundary DA is shrinkable if,
forallr >0, A, = {d € A :dist(d,0A) > r}, we have that ®(A,) = |0A,| < |0A| =

B(A).

In other words, a set is shrinkable if the surface area of the boundary of A, C A is
no larger than that A. In this section, we will prove that convexity is a sufficient condition
for shrinkability. Recall that a set is compact if it is both closed and bounded, whereas

convexity is usually defined as follows:

Definition 3. A set A is convex if for any x,y € A and any 6 such that 0 < 0 < 1, we

have 0x + (1 — 0)y € A.

Examples of convex sets include D-balls and hyperrectangles, which are also shrink-
able. To prove this holds in general, we will first show that if A is convex, then A, is also
convex (or empty) for all » > 0. To do this, we formulate an equivalent definition of a

convex set as an intersection of halfspaces.

Definition 4. A halfspace H is given by the points {x € RP | aTx > b}, where a €

RP\{0}.

From this definition, it follows that halfspaces are convex sets. A folk lemma [201]

states that a closed set A is convex iff

A= ﬂ{ka | H halfspace, A C H,.},

kel
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for some countable index set /. In other words, A is equivalent to the intersection of
all halfspaces that contain it. Since convexity is preserved under arbitrary intersection,
this implies that A is convex. The converse follows from the separating hyperplane theo-
rem—see [201] for details.

With this equivalent definition of convexity in hand, we will prove that A, is also

convex.

Lemma 23. If a compact set A C RP is convex, then A, = {G@ € A : dist (@, 0A) > r} is

convex (or empty) for all v > 0.

Proof. Write A as the intersection of half-spaces H;, = {z € R” | alz > by}, fork € I.
Then A, is the intersection of the half-spaces given by H! = {z € R” | alx > b, +r}.

By the converse of the above lemma, A, is convex (or empty). [

To show that A is shrinkable, we must show that ®(A,) = [0A4,| < |0A| = ®(A).
Following a standard technique in the literature, we define the nearest-point projection of
RP onto a convex set and then show that it is a contraction. The following lemma implies

that such a mapping is well-defined.

Lemma 24. Given a non-empty, compact and convex set A C R” and a point v € RP,

there exists a unique point pa(x) € A such that

pa(x) = arg min||z — y||.
yeA

Proof. Since A is compact, the continuous function d,(y) = ||z — y|| must achieve its
minimum value on A.
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Now suppose that minimum value of d, occurs at a point y € A. We will show
that y is unique. Assume for the sake of contradiction that there exists some point j € A
such that d,(y) = d,(7), but y # §. Then the set of points z, y, and § form an isosceles
triangle, with y7 as the base. Dropping an altitude from x intersects this line segment at
the midpoint m such that ||z —m|| < ||z —y|| = |]z — §||. But m is a convex combination
of yand g, i.e. m = %(y + 9) € A, so we have reached a contradiction. Thus, y must be

unique, and, therefore, p4(z) is well-defined. L]

The projection function p4 () can be interpreted as generalizing the concept of the
orthogonal projection into an affine subspace. It is also well-known that the nearest point

projection p 4 is a contraction mapping.

Lemma 25. Given a nearest-point projection p4 : RP? — A onto a convex set A, it holds

forall z,y € RY that

lpa(z) = pa()ll < llz —yl.

Proof. While the lemma can be proved for all z,y € R, for our purposes, we only need
to consider x,y ¢ A. Assume that p4(x) # pa(y). Then consider the hyperplanes H,
and H,, that pass through p4(x) and p4(y) respectively, and are perpendicular to the line
segment }m. (See the geometric diagram in Fig. B.5.)

We prove by contradiction that = (y) and p4(y) (pa(x)) lie on opposite sides of H,
(H,). Suppose without loss of generality that z and pa(y) lie on the same side of H,.

Then the point where the altitude from x intersects the line segment p4(z)pa(y) would
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Figure B.5: The nearest-point projection p4 of two points = and y onto a compact set A
(oval). Also depicted are the line segment connecting the two image points p4(x) and
pa(y), as well as the two hyperplanes orthogonal to it.

lie in A, contradicting the fact that p(x) is the nearest-point in A to . Thus, x (y) must
lie on the opposite side of H, (H,) from ps(y) (pa(x)). Then, as shown in Fig. B.5, the
points x and y must fall outside the rectangular strip between the two hyperplanes. From

this we conclude that ||p4(z) — pa(y)|| < ||z — ¥ O

The above result proves that the projection p4(x) is indeed a contraction. Since
contraction mappings do not increase lengths, we can use this fact to demonstrate that the

boundary of A, is less than that of A.

Theorem 12. If the set A C RP is compact and convex, then ®(A,) = |0A,| < |0A| =

B(A),

Proof. Consider the projection ps,. : A — A,. Note that for » > 0, we have that A, =
{r € A | d(x,A°) > r} is entirely contained in the interior of A, which implies that
A, NOA = (). Thus, our situation satisfies the assumption we made in the proof of
Lemma 25.

Under the action of p4,, any point in R? outside of A, will get mapped to 9 A,. In
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particular, since the map is onto, A will get mapped to 0A,, i.e. p(0A) = OA,. Using

the fact that p4, 1s contractive, we have that

(4,) = [0A,] = [p(0A)] < [0A] = ©(A),

from which we conclude that A is a shrinkable set. ]

This provides the final step in our proof of Lemma 22. Note that we do not require
an explicit formula for the surface area of the boundary of a D-dimensional convex set.
In general, one may use the Cauchy-Crofton formula to calculate this quantity—for more

details, see Theorem 5.5.2 of Ref. [202].
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Appendix C: Supplemental Material for Sec. 6.2

C.1 Proof of Lemma 5

In this section we provide a proof of Lemma 5. One direction of the lemma
is straightforward. If the joint state is a product, i.e. p = py ® p4, then all bipar-
tite disconnected correlators between Ay € S(X) and Ay € S(X) are factorizable,
(AxAs) = (Ax) (A4). Therefore all bipartite connected correlators vanish. To prove
the opposite direction, that is vanishing of all bipartite connected correlators implies p is
a product state, let {Fff } denote a complete normalized basis for density matrices of X,

and likewise for {Fff } Any joint state of X and X may be written as

1 ~ ~
p:N(]IXU)E+Z<I‘fj>l“ff®ﬂ)g+z<l“ff>]lx®l‘f
m v

X X\ px x
+Z<ru®ry>ru®ry>, (1)

214

where N = |Hx ® H 3| is the dimension of the joint Hilbert space. Since all bipartite

connected correlators vanish,
<rfj ® Ff> = (1) <rf> (C.2)
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for all i, v. Therefore p is also factorizable,

1 ~ ~
p:N<I[X—|—Z<F;Y>F:}/>®(H£+Z<F5>F§>. (C.3)
I v
Thus the lemma follows.

C.2 Equivalent Definitions of Multipartite Connected Correlators

In this section we present some definitions of the multipartite connected correlation
function which are equivalent to Eq. (6.14). The multipartite connected correlator can
also be generated by [127]:

" 0 A
un(A17 . 7An) = |:a>\1—a)\ In <€Zi:1 AZAZ>:| y (C4)

-

A=0

where the partial derivative is evaluated at X = (A, ...,\,) = 0. This generating form
will be used in Appendix C.5 to evaluate multipartite connected correlators of the GHZ

state. An equivalent way to define multipartite connected correlators is via lower-order

correlators,
tn (Ary o Ag) = Ay A =S T ww (Ap), (C.5)
P peP
where the sum ZIP is taken over all partitions of { X, ..., X, } except for the trivial par-

tition P = {Xy,...,X,}, and A, = {A; : i € p} denotes the set of all observables with

indices in set p. We shall find this definition useful for the inductive proof of Theorem 9
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and in Appendix C.5.

C.3 Proof of Lemma 6

In this section we prove the connection between factorizability and vanishing con-
nected correlators in Lemma 6. We shall prove this lemma inductively using generating

functions of multipartite connected correlators (C.4),

k1 ko
In <exp (Z NA; + Z A;Bj) >
i=1 j=1

k1 ko
=1In <exp <Z )\,'Ai> > +In <eXp (Z )\;Bj) > . (C.6)
i=1 j=1

The first term on the right hand side is independent of any A;-. Therefore, partial deriva-
tives with respect to \’s will make the first term vanish. Similarly, the second term will
also vanish after partial derivatives with respect to \;s. Therefore multipartite connected
correlators, which are n™ order partial derivatives of the left hand side with respect to

both \;s and /\;s, will vanish. The lemma follows.

C.4 Proof of Theorem 9

In this section we prove Theorem 9 by induction on n. When n = 2, the inequalities
reduce to bipartite Lieb-Robinson bounds. Assuming that it holds forany 2 <n < k—1,

we shall prove that it holds for n = k. We start with the recursive definition of connected
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correlators (Appendix C.2):

(A A= > [T (Ap>, (C.7)

PeP(S) peP

where P(S) denotes the set of all partitions of S = 1,...,k, and A, = {4, :i € p}
denotes the set of all observables with indices in set p. Consider one particular bipartition
of S, e.g. S = 51 U5, such that §; N Sy = . The partitions of S can then be divided
into two types. Partitions of the first type have elements that lie entirely on either S; or
Sy. They therefore belong to the set P(S1) & P(S2). The sum over these partitions in

Eq. (C.7) can then be factored into a product of two sums over P(.S;) and P(.Sz),

S ()] S o)

PieP(S1) preP: PyeP(S2) p2eP2

) <TSI Ai> <E[ Ai> | (€3)

where we have used the definition (C.7) for the sets S; and S;. The terms in Eq. (C.7)
we have not yet summed over are partitions in which some elements overlap with both S,

and Sy, namely P(S) \ P(S1) @ P(S2) = P12. We can then rewrite Eq. (C.7) as

(Ay . AR =up(Ay, .. Ap) + <H A,-> <HAZ->

1€S1 €S2

+ D Hup3|(f1p3)- (C.9)

P3€P12 p3ePs
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Rearranging Eq. (C.9) in terms of bipartite connected correlators, we have

up(Ay, ..., Ay) = uy (II,%,IIIQ>

1€51 1€S2
-, II?MM({Amm}>- (C.10)

P3eP12 p3€P3

Therefore,

u(As ... A)| <

(1)

1€S] 1€S>

2 1l

P3eP12 p3s€Ps

1mm({Amm})+ (C.11)

The first term is bounded by o exp(vt — d(.S1, S2)), where the distance between subsys-
tems S; and Sy, i.e. d(S1, S2), is defined as the smallest separation distance between a
site in 57 and a site in S5. To bound the second term, we first realize that the connected
correlators here are between at most k£ — 1 points, and therefore our induction hypothesis
applies. For each connected correlator u, there can be two possibilities. It can involve
subsystems supported by both S; and S,, or supported by either S; or S5 alone. If we
sum over those of the second type, we again get expectation values which are bounded by
1. For the connected correlator u that involves qubits in both S; and S5, by the induction
hypothesis it is bounded by exp(vt —r), where r is the largest distance between any bipar-
titions of the subsystems. By dividing those subsystems into those in S; and those in S5,

the distance r has to be at least the one between S; and S, i.e. 7 > d(S1, S3). Therefore
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the second term in Eq. (C.11) is also bounded by exp(vt — d(.S, S2)). In the end, we get

|uk(A1, RN ,Ak)‘ S Ck exp [ULRt — d(Sl, 52)] (CIZ)

for some constant Cj, to be determined. For each choice of bipartition {57, 5>}, we get
one such inequality. The tightest bound is obtained from the bipartition with the largest

distance d, i.e.

]uk(Al, Ce ,Ak)’ S Ck exXp [ULRt — R] (C13)

with R = maxg, d(Si,S2). Thus the hypothesis is true for n = k, and by induction it
holds for any n.

We now prove the second part of the theorem, i.e. C), < n”%. Clearly it holds for
n = 2. We prove that if the statement holds up to n = k — 1, it must also hold for n = k.
Recall that a k-point connected correlator is bounded by Eq. (C.11). The first term of
Eq. (C.11) is bounded by 1. We need to find a bound for the sum. Note that at the critical
time ¢ = R/v, the only non-negligible contributing terms are those involving S7 C S
and S, C S, such that the distance between S} and .S is exactly R (by construction the
distance is at least R).

Let Sfo) C S; and Séo) C 59 be such that the distance between any s; € S§O) and
S9 € Sfo) is always R. The point is that only connected correlators that involve such s;
and s, will contribute to the sum. We now count the contribution from such correlators.

If we take k; subsystems from Sio), ko subsystems from Séo) and k3 subsystems from
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S = 9\ SOUSY their contribution is © (k1 + ko + k3)k1T2+8s) Note that summing
over connected correlators of leftover subsystems, we get their disconnected correlator,
which is bounded by 1. Note also that by counting this way, some terms will appear more
than once, so we get a loose bound. Denoting by my, mq, ms the size of Sfo), Séo) and S§°),

we can bound the constant C; by summing over all possible choices of k1 +ko+k3 < k—1,

Ok<_ZZZ( )( )(kg)(k1+k2+k)’ﬂ+k2+k3 (C.14)

k1=1 k2=1 k3=0

Cy on & & my (m2) (ms k1 +ko+k
< —= -1 1+ko+k3 1
<23 (1) () (oo 19
k1=1 ka=1 k3=0
- %Wl — Dk - 1 < &

ke = (’:f (C.16)

Thus Cj, < kk% holds for n = k, and by induction it holds for any n.

C.5 Calculation of Connected Correlators

In this section we show how connected correlators are calculated for the GHZ states,

the cluster states and the product state evolved under the X X Hamiltonian.
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C.5.1 The GHZ State

The generating function of w, (71, .. ., Z,) evaluated for the GHZ state of n qubits

is

gn = In <exp {Z )\ZZZ}> (C.17)
A i=1 GHZ
1 u 1 u
=1In 5 exp (Z )\i> + 5 exp (— Z )\Z>] (C.18)
= In |cosh <Z A)] . (C.19)

Let \=> ", \;. Then

Ogn 09, OX Oy,

X OXON  OA (€20
for all 7. Therefore the multipartite connected correlator above is given by
o On B o
un(Z1y ooy Zy) = T _ = [8/\” In(cosh )\)] A_O. (C.21)

Note that this connected correlator has the same parity as n. Therefore for odd n, it

vanishes. For even n, the correlator is given by

Uy = ———— (C.22)
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where B, is the n'™ Bernoulli number. In the large n limit, the Bernoulli number is
approximated by

™ n n
B,|~ 4 —(—> . 2
| B 5 90 (C.23)

Therefore the n-point connected correlator of the GHZ state grows as u,, oc =~/ 2(%)”71” =

O(n").

C.5.2 The Cluster States

For each vertex 7 in a cluster state’s graph, we can associate an operator X; [ | JENG) Zj,
where A/ (i) denotes the set of vertices adjacent to i. These operators generate a stabilizer
group of which the cluster state is a simultaneous eigenstate. Operators outside of this
group have no disconnected correlations. Using the stabilizer group, we can count the
number of contributing disconnected correlators in the definition of connected correlators
(6.14). For example, for the observables Y7, X5, X3, ..., X,,_1, Y, in the cluster state in

Fig. 6.3(a), all low-order disconnected correlators vanish. Therefore,

un(yvla X27 X37 s 7Xn717 Yn)

= (Y1 X5 X5 .. X1 Y,) = 1. (C.24)

Similarly, by direct counting we find the n-point connected correlator of the Fig. 6.3(b)
cluster state u,, ({1 : j =1,...,n}) = 2"3", where T; = Xjforall 1 < j < n such that

J = 1(mod 3), and 7; = Y otherwise.
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C.5.3 A Product State Evolved Under the X X Hamiltonian

The time evolution shown in Fig. 6.4 can be verified as follows. The time-dependent
state of n qubits evolving from [00...0) under H = >_, ,, X;X; can be written in the

form of a matrix product state,

W) = Y G (t) linia. i) (C.25)

the coefficients of which are given by

Civig..in (1) = Liy Aiy () Ai () - - - Ai,_, (1) Ri, (1), (C.26)
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where

Lo = (1 0) ; (C.27)
L, = (0 1) , (C.28)
cost 0
Ap(t) = , (C.29)
0 —8int
0 cost
Ay(t) = , (C.30)
—isint 0
cost
Ro(t) = , (C31)
0
0
Ri(t) = : (C.32)
—z8int

Note that this matrix product state is in left canonical form (i.e. ) _, Lj» Li=5, AZTAI- =1)
and it is normalized (3, RIR; = 1). Our goal is to first determine all disconnected cor-
relators of the form (O,0; - - - O,,) where O is either I or Z. Because all such operators
are diagonal on each site, we can write the expectation value itself as a matrix product.
In the end, we find that the disconnected correlator picks up a factor of cos(2t) for each
“boundary” between a Z operator and an [ operator. For instance, on a 5-qubit system, the
expectation value (Z,Z5Z;) = (IZZ1Z) = [cos(2t)]’, as there are 3 relevant boundaries:
between qubits 1-2, 3—4, and 4-5.

From this, it is already obvious that our connected correlator u,, (71, ..., Z,) will
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be some polynomial of the variable cos(2t). Given some partition P, we would like to de-
termine the power to which cos(2t) is raised. Let us, for sake of example, denote our par-
tition by letters of the alphabet. On 5 qubits, ABBCA corresponds to the product of dis-
connected correlators (7, Zs) (ZoZ3) (Z4) = (ZITIZ) (IZZII)(IIIZI) = [cos(2t)]°.
In general, the product of disconnected correlators will be [cos(2t)]*” where v is the num-
ber of bonds that border two distinct subsets of the partition. (In the case of the example
ABBCA, this includes each bond except the one between sites 2—3, which are both in the
same subset, B.)

Now we would like to count the number of partitions which contribute to the term
with power 2v. Because the coefficient in the connected correlator depends on the num-
ber of subsets in the partition |P|, we must consider separately partitions with different
numbers of subsets. Given n qubits, there are n — 1 bonds between qubits. Thus there are
(";1) different ways to choose v bonds which connect different subsets of the partition.
Given these v bonds, there are {"} different ways to construct partitions with (a+ 1) total
subsets. (Here, {Z} denotes a Stirling number of the second kind.) Thus, the number of
partitions on n qubits with v bonds that border two distinct subsets and with (a + 1) total
subsets is (”;1) {¥}. Note that Z;:é (";1) S0 {"} is equal to the n™ Bell number B,,,
so we have indeed accounted for all possible partitions.

As mentioned above, given a partition, two factors of cos(2t) are picked up for each

bond that borders two distinct subsets. In general, we can compute the expectation value

of the connected correlator from Eq. (6.14) as follows:
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Un (Zl ..... Zn)

:%})mlm| ]I<HZ>225U

PcP \peP

(1)

3||

ZEC;ﬁmmwz {} Z( )m%ﬂ@y
- : ”;1) [~ cos?(2)]" = [1 — cos?(26)]" " = [sin®(2t)]""", (C.33)
where we have used the identity Y _._(—1)%a! {'} = v 203].
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Appendix D: Supplemental Material for Sec. 6.9

D.1 The Generalization of Gong et al.to Many-Body Interactions

In this section, we prove Eq. (6.83) and thereby generalize the bound in Gong et
al. [29] from two-body to k-body interactions, where £ is an arbitrary finite integer. This
bound is an ingredient in the generalization of the tighter Lieb-Robinson bound in Tran et

al. [21] to k-body interactions.

Proof. We recall that the bound in Ref. [29] is based on the Hastings & Koma series [18]:

)

FIORSTERIPUE pic2a) I SN DENTRND SR | 17

Z1:Z\NX#D Zo: Z1NZo2#D Zy: L 1NZp#9, 1=1

ZpNY #£2
(D.1)
and we can bound the summation within the square brackets as
k

>, 2 2 ke

Z1:ZWNXAD Zo: Z1NL2#D Zy:Zy 1NZp#£D, i=1
ZNY #£2

2)3) 5 35 3 (P DY 1) BN G S )

i€X jJEY 21 22 k-1 ~Z1di,21 Zy2D2K—-1,]
<> D NI, (D2)

i€X jEY
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where J"(i, j) is given by the k-fold convolution of the hopping terms J;; =

(where 1;; = dist (() 4, 7)) for i # j and J;; = 1 for all 4

TENZI D Y i T

z1 22 Zk—1

Note that Eq. (D.2) comes from Definition 1: ZZai,thZH < 1/rf = Jij fori # j and
STzl <373 bzl < A, (D.3)
Z3i j Z3iyj

where A = 1+ > il /7 is a finite constant for all a > d. This equation is exactly
Eq. (3) in Ref. [29].
For simplicity, we consider d = 1 in the following discussion. To put a bound on

J ’“(i, Jj), we use the same trick as in Ref. [29]. First, we consider the sum over z;:

Z Jizl lezg S 2 Z Jizl lezga (D4)

21 2120 STz 5

where the right hand side sums only over z; being closer to ¢ than to 2z, and the factor
2 accounts for exchanging the roles of ¢ and z,. We further separate the sum over z; in

Eq. (D.3) into two, corresponding to whether z; is within a unit distance from ¢ or not:

Z Ji21Jz1z2 S 2 Z + Z Jizlszg‘ (DS)
z1

21Tz K1 212 22

Since r;,, < r,,.,, it follows that r, ., > r;,,/2. Therefore, J,,., < 2*J;,, and we further
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bound the second sum in Eq. (D.5) by

Z Jiz1 lezg S 2aJi22 Z Jizl

21Tz 22 21Tz 22

<2°J.,2 (A = 1)

<20 =1) Y i (D.6)

21Tz <1

where we bound ) | 2 Jin < 217N = 1) and J;,, <> <1 Jiz1 Sz 2, similarly

21Tz Z1iTiz) S

to Ref. [29]. Therefore, we have ) Ji., J.,., < 4A ) <1 Jiz J2, 2, Repeating this

21Tz

analysis for 2y, . . ., 2, in Eq. (D.3), we have an upper bound on J*(i, 5):

VAR ISP e N

2129 S1 22721 25 <1

> /S S S (D.7)

Bk—1Tzp_oz)_1 <1
(
1/(7’Z'j—k+1)a ifk<MTij,

< (120)" % (D.8)

1 it k > pri;,

1/[(1 — [L)’f’ij]a ifk < U5,
< (1201 x (D.9)

1 if k > Hrij,

where 1 € (0, 1) is an arbitrary constant.
To get the second to last bound, we note that the maximum value that the summand
in Eq. (D.7) may achieve is 1/(r;; — k + 1)* when k < pr;; and 1 when k& > r;;, and the

number of sites within a unit distance of any site is 3. Plugging this bound into Eq. (D.1)
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and Eq. (D.2), we have the Lieb-Robinson bound in Ref. [29] generalized to many-body

interactions:

ITA(#), Bl

[prig1—1 24\k
SHAHHBHZZ< 2 6)\k‘<[?4)\ ))ng]

i€X jeY k=1
i": (24%)’“)
k!
k=[pri;] 0
< JAlBI S ce ( i ) (D.10)
i€X jey 'u)r”}
1
< A BIINXIY L R — —HT D.11
< LAMBIXIYICE (e ), .11)

where C' = 1/6)\, v = 24)%, and r is, again, the distance between X, Y. The proof for

d > 1 follows a very similar analysis. [

A feature of Eq. (D.11) is that it depends on | X|, |Y|, which can become problem-
atic when A, B are supported on a large number of sites. In such cases, we can sum over
the sites of X, Y in Eq. (D.10) to get more useful bounds. Without any other assumptions,
summing over the sites of Y gives an extra factor of r%:

1 vt
IA@BICIANBIX] (gt ) .12

where the constant C' absorbs all constants that may depend on p. Note that the bound
still depends on | X| but not on |Y'|.

We can go one step further and sum over the sites of X, but we need to assume that
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X is convex (similarly to Ref. [21]). Then, we have a bound

1 vt
l[A®.BlI<CIIANIBlo(X) ((1_@%&6_(1_1 = ) D.13)

which is independent of | X |. Here ¢(X) is the boundary area of X, defined as the number

of sites in X that are adjacent to a site outside X .

D.2 The Absorption Rate from Linear Response Theory

This section provides more details on the derivation of the absorption rate within
linear response theory. In particular, we provide more mathematically rigorous proofs of

Eq. (6.106) [Appendix D.2.1] and Eq. (6.109) [Appendix D.2.2].

D.2.1 Proof of Eq. (6.106)

In this section, we prove the statement of Eq. (6.106) [also Eq. (D.15) below]. We
recall that the system Hamiltonian H is a power-law Hamiltonian, while the harmonic
drive V' (t) = g cos(wt)O is a sum of local terms, g cos(wt)O;, each of which is supported
on the site 7 only, where ¢ runs over the sites of the system. In addition, we assume that
the system is initially in the equilibrium state psz of H, corresponding to the temperature
1/5. To the lowest order in g, the energy absorption rate of the system is proportional to

the dissipative (imaginary) part of the response function, o(w) =}, ; 0i;(w), where 4, j
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are the sites of the system and

oi(w) = 3 /_OO dte™* ([04(t), 0;(0)]) 4, (D.14)

where (X)) ; = Tr(psX) denotes the expectation value of an operator X in pg.
In Ref. [146], the authors proved that there exists constants C', x such that for all

w > 0,0w > 0 and for all pairs 7, j,
o3 ([w, w + dw])| < Ce ™. (D.15)

The statement in Ref. [146] is for finite-range interactions, but, for completeness, we
show here that it also holds for power-law Hamiltonians. First, we consider the diagonal
terms o;;(w). Let |n) and E,, denote the eigenstates and eigenvalues of Hy. Similarly to

Ref. [146], we rewrite o;;(w) as

gi(w) =7y paln (@) — 1 (~w)), (D.16)

where p,, is the probability that the state is in the eigenstate |n), and 71(1" ) denotes the

contribution to o;; from the n-th eigenstate:

1P (W) =" [m| 04 |n) PO(E, — B — w)

d},0;n) |2
= [ m|a s )| 5(By — B — w), (D.17)
w
where adyO; = [H,O;], k is an integer to be chosen later, and the last equality comes

333



from the fact that |m) , |n) are eigenstates of H and the J function fixes the energy differ-
ence to be w.

In Ref. [146], the authors used the fact that /4 has a finite range to upper bound
the norm of ad%;O; by A*k! for some constant \. For power-law interactions, the proof
does not apply because the Hamiltonian A can contain interaction terms between arbi-
trarily far sites. Instead, we upper bound ad’}IOi by realizing that O; technically satisfies
Definition 1 and is therefore a power-law Hamiltonian. It then follows from Lemma 27
in Appendix D.5 that ad%,0; € Nk!H,, i.e. ad%;O; is a power-law Hamiltonian up to a
factor A\*k!, where )\ is the same constant as in Lemma 27 and H., is the set of power-law

Hamiltonians with exponent o [See Appendix D.5.1]. Finally, we can upper bound
|ad%, 04| < CAFR!, (D.18)

by realizing that the supports of the terms in ad%;O; all contain the site i.
Integrating Eq. (D.17) over w, assuming dw is small enough so that the number of

energy levels in the range [w,w + dw] is finite, and using Eq. (D.18), we have

kL \ 2
([0 + 6} < € (ﬁ)

wk

2k
(&) < Ce™, (D.19)

W

<

Q

where k = 2/(\e) and, to get the last line, we choose k = w/(\e). Plugging this bound

into Eq. (D.16) and summing over n yields Eq. (6.106) for = j. The bound for ¢ # j
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can be derived using the positivity of o [146] and the Cauchy-Schwartz inequality,

|oij ()] < Slou(w) + 0j5(w)]- (D.20)

N | —

Therefore, Eq. (6.106) applies for all power-law Hamiltonians .

D.2.2 Proof of Eq. (6.109)

We now provide a rigorous proof of Eq. (6.109) in the main text. Equation (D.15)
says that the (i, j) entry of o(w, w + dw]) is exponentially suppressed. In principle, sum-
ming over all 4, j implies that o([w,w + dw]) is also exponentially small as a function of
w. However, since there are N sites in the system, this summation results in an additional
factor of N2, making o([w,w + dw]) superextensive. Therefore, this naive calculation
breaks down in the thermodynamic limit (N — 00).

Instead, to show that o([w,w + dw]) increases only as fast as N, we use Lieb-
Robinson bounds to bound the off diagonal terms o;;(w). Let r;; = dist(()4, j) denote
the distance between the pair of sites ¢, j. Without loss of generality, we assume w > 2dw.

We can then bound

w+ow

o(jw,w+ dwl]) = / dw'o (W)

w

* /7(“/;“2 /
< dw'e™" 5 o (W)

—eow Y / dte PP e (04(8), 04]) (D21)
ij Y
where ¢; = =, 0 = ¢ \/7/2, which we will combine and denote by C, and 0t =
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2/dw. The first inequality is because o(w) is positive for w > 0 and o(—w) = —0o(w).
The second equality comes from evaluating the integral over w’. We then use the Lieb-
Robinson bound in Ref. [29], which applies for interactions with characteristic exponent
a>d:

1040, 0,0)1 < e (470 (0.22)

ey
where v, C, i are positive constants. While this bound was derived in Ref. [29] for 2-body
interactions, it also holds for more general k-body interactions and thus for fully general
power-law Hamiltonians [see Eq. (D.11)].

We now divide the sum in Eq. (D.21) into two parts corresponding to r;; > 7,
and r;; < r, for some parameter 7, we shall choose later. The sum over 7, 7 such that
r;; > 74 can then be bounded by first inserting Eq. (D.22) into Eq. (D.21) and evaluating

the integration over time. Note that the factor e~/

suppresses the contribution from
et at large t. Therefore, performing the integral yields an upper bound C'(1/ T 4 eTH)

for each term corresponding to the pair (4, j), and the sum over r;; > r, gives:

1 1
> ¢ (—a + e‘””) <CON ( . e‘”*) , (D.23)

.. r
2,0:Tij >ry *

for o > d, where the factor of N comes from summing over i and the factor of r¢ from
summing Over j.

On the other hand, for r;; < r,, we simply use Eq. (D.15) to bound their contribu-
tions. Summing over ¢, j such that r;; < r,, we get a bound CN rfe"w, where the factor

of N again comes from summing over i and the factor of 7¢ from counting the number of
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sites 7 within a distance r, from 7. Combining with Eq. (D.23) yields an upper bound on

the the total heating rate

r

*

1
o ([w, w + dw])| < ON7! (e—“w +—=+ r;%‘*‘”) : (D.24)

Choosing r = ™ and noting that the last term is dominated by the first two when w is

large enough, we find
o ([w,w + dw])| < CNe™ T, (D.25)
which is exponentially small with w as long as a > d.

D.3 The Effective Hamiltonian

In this section, we study the structure of the effective Hamiltonian defined in Eq. (6.116).
Specifically, we show that the operators G, defined in Eq. (6.113) are also power-law
Hamiltonians [See also Lemma 7 in the main text for ¢ < ¢n.x and Lemma 26 below for
¢ > Gmax]. In addition, we show that the norm G, for ¢ > gmax is exponentially small as a
function of ¢ and w, [Lemma 26], implying that the norm of the residual drive V" is also

exponentially small.

D.3.1 Structure of G, for ¢ < gmax

First, we prove the statement of Lemma 7 that the operators G, are also power-law

Hamiltonians for all ¢ < gmax-
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Proof. We proceed by induction and assume that Lemma 7 holds for all gupto ¢ = ¢p— 1
for some ¢y > 1. We now prove that it also holds for ¢ = go. We consider the first term in

the definition of Gy, [Eq. (6.113)]:

(1)
Gyt = o > adg, ...adg, H(t). (D.26)
k=1 1<, 1. <qo
i1+t =qo

Using Lemma 7 (note that it applies to all ¢ < ¢) and Lemma 27 in Appendix D.5,

we have

q0
1
G € ZE > Twce - ’fH — Dlghe R AFH @0+
k=1

1<41,...,ix <qo
i1+ +ip=qo
9 q ko
_ 7790 .90 ) 4 0 _ 1\I11r(go+1)
= T 0 \90 o > H 1)!H
k=1 1<i1,.ix<qo j=1
i1+ +ip=q0
90 ch—k
C TN Y B (qo — k)12 H)
k=1 ’
k
C T 0 \90 g |Z 2 qO (qo —k)! E(a0+D)
qO'kZ' @
<o
C ¢y TP\ go B0+ (D.27)

where ¢, is a constant which exists because the sum over k converges [See Lemma 29 in
Appendix D.5].

To get the first equation, we use Lemma 27, with k., upper bounded by ¢, every
time. We have also used the second part of Lemma 28 in the Appendix to bound the sum

over iy, ..., 1.
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Next, we consider the second term in the definition of G, :

- q (_1)k+1
Gooo=i) > adg,..adg, OQn(t). (D.28)
k

k+1)!
:1( +1) 1<y, ig,m<q+1
i1t i tm=g+1

Again, we use Lemma 7 and Lemma 27 to show that

q0 Lk k
q ke —h— .
Graed s S rmert et T - i — R
k=1

1<i,eyig,m<qo+1 Jj=1
t1+-+ig+m=qo+1

(D.29)
q0 ch—k k
— 0 - . ( +1)
= TocN" Y i Z H(zj D!(m — 1) Ho (D.30)
k=1 1<i1,eyig,m<go+1 j=1
i1+ Fig+m=go+1 -~ _
<(qo+1—(k+1))1=(qo—k)!
§2k+1
2" gpc (a0+1)
C 90 %0 \902 — k)IHo+ D.31
< ; ey~ H] (D31)

q0

2"q5c ™ (g0 — K)!
C 2T \gyl Y " == 0 - H0HD C 26, TP\ g |H® D | (D.32)
k=1

<er
where we have used Lemma 28 in Appendix D.5 to bound the sums over 4, . . . , ix, m.

Combining Eq. (D.27) and Eq. (D.32), we have

Gy € 3c1TP g \OH 2+, (D.33)

Note that c¢; can be made arbitrarily small by choosing a larger value for c. Therefore,

with ¢ large enough so that 3¢; < 1, we have that Lemma 7 holds for ¢ = ¢q. OJ
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D.3.2  Structure of G, for ¢ > gmax

We now prove Eq. (6.124), which is a similar result to Lemma 7, but for ¢ > gmax =

Wi

Lemma 26. For all ¢ > quax = wy, G4 € Ce *'9H,,, where C and k' are constants.

Proof. Let us first look at the first term in Eq. (6.113):

We also recall from Lemma 7 that for all ¢ < w,,

1
Q, € T9(q — DIt NTTHO = /\—qu!cq/\qHa.

cq

For all ¢ < w,, we have

TIg!cIN < (TeAq)? < (Tehw,)? < e ™,

where we have used w, = e~ */(T'c)). Therefore, for all ¢ < w,, we have

1 1
Q, € —T9'ANH, € —e "H,.
77 Neq Te )\cq6
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Note also that H(t) € H,,. Therefore, using Lemma 27, we have

1 qk

adg, ...adg, H(t) € ———e "\ "\'H,
k 11...17C
1 k
= - . q—ke_“qHa.
11...%%C
Thus, we get for all ¢:
q k
q 1 _
G,1 € —_— - - e "H
¢ — crRl Z Q. g “
= L1 gy <wx
i1+ +ip=q
Se;/,c2q

C e—(n—ln 2—1/c)qH

= (O

(D.38)

(D.39)

Note that the 7; < w, as we only define (2 up to w,. Further, the factor of 29 comes from

upper-bounding ﬁ with 1 and the number of terms with 29. Next, we consider the

second term in the definition of G;:

» q (_1)k+1
quzzkz (k+1)! Z adg, ...adq, 9 (t).
=1

1<i,...,ik,m<g+1
i1+ +igtm=g+1

Note that

O Qm(t) € T™ Hm — 1)l N TH, C e ™ VH,.
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Thus, we have

g Kk
q —Kq
Gaz € kz Fk 1) 2. o |Ha
=1

1<i,eyig,m<q+1
i1+ +ig+m=q+1

C 2¢~(wn2=1/e)apy (D.42)

Combining Eq. (D.39) and Eq. (D.42), we arrive at Lemma 26 with ¥’ = k —In2 — 1/c,
which can be made to be positive by choosing x > In2 + 1/c. It suffices, however, to
choose k > In 2, since making c large enough sends 1/c to zero. Equation (6.125) also

follows. O]

D.4 Using the Lieb-Robinson Bounds for Evolutions of Local Observ-

ables
In this section, we use the Lieb-Robinson bounds to bound the norm of 9 in Eq. (6.126).
In the main text, we argue that ||0(¢)|| would be small up to time ¢, o w, if the light cone
induced by the Lieb-Robinson bound is logarithmic, and t, oc %" if the light cone is
algebraic. We provide below the mathematical details to supplement the argument.

Recall that V'(t) € Ce *“H,, H' € yH, (7 is a constant that depends only on

r, ) and that we defined the normalized V"' = C~'e®'“-V, H" = v~'H’ such that:
! t . 7!/ . 7!/
16| < Cee / sl [V"(s). " 0= | (D.43)
0

We now use a Lieb-Robinson bound for power-law interactions to bound the commutator.
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The idea is that for a finite time s, the operator O mostly spreads within a light cone, and
only the terms of V”'(s) within the light cone significantly contribute to the commutator.
In contrast to the finite-range interacting Hamiltonians, a tight Lieb-Robinson bound
has yet to be proven for power-law Hamiltonians with finite & > d. In the following sec-
tions, we consider the effect of using different Lieb-Robinson bounds, namely the bounds
in Gong et al. [29], Else et al. [141], Tran et al. [21]. The case of a hypothetical bound,

which would be tight if it were proven, is treated in the main text.

D.4.1 Using Gong et al.’s Bound

First, we consider a generalization of the bound in Gong et al. [29] [See also
Eq. (D.12)]. The bound holds for @ > d, has a logarithmic light cone ¢ 2> logr, and is
extended to many-body interactions. To bound the commutator norm in Eq. (7.5), recall
that we write V"(s) = 3 72, V" (s), where V]"(s) = 3~ ¢ siq(()x.0)efrrr1) Px denotes the
terms of V" (s) supported on subsets exactly a distance between r and r + 1 away from O.
furthermore, since V”'(s) is a power-law Hamiltonian, it follows that ||V (¢)]] < Cr?=1.

From Eq. (D.12), the light cone of the bound is 7.(s) = evs/*, We further divide

V" (s) into those with < r,(s) and r > r,(s). In the former case, we simply bound:

Z || |:‘/r//(3>a eis*yl_{”Oe—isvH”] ||

r<rs«(s)

<2 Y IV)0] < Cru(s)? < Ce/, (D.44)

r<ry«(s)
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For the latter case, we use Eq. (D.12) to bound the commutator norm:

S [V (s), e 0emn |

r>74(8)
e vs—ur

<C Y VOOl (o + o) D4s5)

r>14(8)

evs

<C (—ragdﬂ + Td‘le”‘*”’) (D.46)

r>ry(s)

evs — VS—UT« (S

S C <W + T*(S)d 16 Hr )> (D47)
<C <e2dvs/o¢ + evs%evs—ue“/a) (D.48)
< gl (D.49)

where we use the same C' to denote different constants that may depend on p, a. Note
that while the bound in Eq. (D.12) is valid for o > d, the sum over r converges only when
a > 2d.

Plugging Eq. (D.44) and Eq. (D.49) into Eq. (7.5) and integrating over s, we have

18] < Ce"'w et/ (D.50)

which is the result presented in Sec. 6.9.3. Again, ¢ is only small for up to time ¢,
w, o 1/T, which is expected because the region inside the light cone implied by this

bound expands exponentially fast with time.
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D.4.2 Using Else et al.’s Bound

Instead of using Gong et al. ’s bound, we now use the bound in Else et al. [141],
which already holds for many-body interactions. The bound states that when | X| = 1,

1+d/(1—0)
\|[A<t>,B]||scuA|mBu{exp<vt—r1-v)+L}, D51

ro(a—d)
where 1 > 0 > (d+1)/(av — d + 1) is a constant that we can choose. Since our aim
is to prove an exponential heating time for o as small as possible, we need the algebraic
tail exponent (v — d) to be as large as possible. So we will assume that we pick some o

very close to 1.

First, let us look at the light cone generated by Eq. (D.51). The first term of the

(1_0_) o(a—d)

bound gives a light cone ¢ > 7179, while the second term gives t > r a+1-o . Since

we are choosing o close to 1, % will be larger than 1 when @ > 2d. The former light

cone, i.e. t 2 177 is therefore looser and thus dominates the latter. In the rest of the

calculation, we take 7, (t) = t'/(1=7) to be the light cone boundary.

Similar to Eq. (D.44), we get an upper bound for the terms inside the light cone:

Z || [‘/r”<5)7 eis'yH//Oe_is'yH//} ||

r<r.(s)

<2 ) [VVe)llol

r<rs«(s)

< Cry(s)? < 0s079), (D.52)
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For the terms outside the light cone, we use Eq. (D.51):

> [V (s), e 0 |

r>74(8)
o (v5)1+d/(1_“)
< X I o (e +
T>T* S
d—1 evs— rl-o (vS)H_d/(l_U)
= ¢ Z ( + ro(a—d)—d+1
>74(5)

1 d vs,.d_—ri=° (Us)ler/(liU)
SC’(C—Zg(l_U)e rie +—rf(a_d)_d

d . (Us)1+d/(1—a)
sofe(p) e

S 1—0o

<C¢ < d ) s, (D.53)

where () = 22°T'(z), T is the Gamma function, and we again absorb all constants that
may depend on d alone into the constant C'. We drop the second term in the second to last
inequality because for o arbitrarily close to 1 and o > 2d (see below), the second term
may be upper-bounded by the first. To estimate the sum over r, we have used Lemma 30
in Appendix D.5.2. Plugging Eq. (D.52) and Eq. (D.53) into Eq. (7.5) and integrating
over time, we get

18] < Ce™x¢ (&) et (D.54)

Thus, the difference is small up to an exponentially long time ¢, o "'+ 711 | The sum
over r converges if o(« — d) > d, or equivalently « > d (1 + %) Since o can be chosen

arbitrarily close to 1, this condition is effectively equivalent to o > 2d.
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One should be careful, however, in taking the limit o goes to one since i) the heating

/ 7170- . . . .o .
time ¢, oc e”“*@+1-7 is no longer exponential in w, and ii) the prefactor £ (%) diverges
faster than exponentially in this limit. Nevertheless, the analysis is still valid for fixed

values of o0 < 1.

D.4.3 Using Tran et al.’s Bound

In addition to Else et al. [141]’s bound, we can also use the bound in Tran et al. [21]
[see also Eq. (6.104) for a generalization to k-body interactions], which also works for
a > 2d. Compared to the bound in Else et al. , the bound in Tran et al. has a tighter light
cone 7, (s) = s@~9/(@=2d) byt it decays with the distance r as r*~2%, slower than the tail
ro(@=) in Else et al. when o > (a — 2d)/(a — d).

Similar to before, we further divide V() into those with r < r,(s) and r > r,(s).

For the terms inside the light cone, we again bound:

S [ s e 0|

r<r«(s)
<2 V(O]
r<ry«(s)
< Cr,(s)? < Cstlad/la=2d) (D.55)
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For the terms outside the light cone, we use Eq. (6.104) with ¢(X) = 1:

Z H |:‘/r//(5)7 eis'yH//Oefis'yHu] H

r>74(S)
< 3 ) Hnou( i)
>74(5)
2d—2 —ur/s
<0 5 (i o)
T’>T* S

IN

a—d
S 2 2d—2 —ur«(s)/s
C <—T*(S)a_3d + s°r.(s)* e

d(a—d)

<C (S = 3252<a—d>(d—l)/(a—m)e—usd/(a%)

d(a—d)

< Csorat (D.56)

where we have dropped the second term in the second to last inequality because it is
exponentially small in s and can be upper bounded by the first term. Note that we require
a > 3d in order for the sum over r to converge.

Plugging Eq. (D.55) and Eq. (D.56) into Eq. (7.5) and integrating over time, we get

18] < Ceeng S+, (D.57)

a—2d

’
R Q@) —d(d+2)

Thus, the difference is small up to an exponentially long time ¢, x e
Compared to using Else et al. ’s bound, this analysis works only when o« > 3d. However,
within this regime, the exponent of the heating time using this bound is larger than using
Else et al. . This is a manifestation of the trade-off between the tail and the light cone

when switching from Else et al. to Tran et al. bound.
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D.5 Mathematical Preliminaries

This section contains mathematical details omitted from the previous sections for
clarity. In Appendix D.5.1, we discuss the properties of the set of power-law Hamiltonians

defined in Definition 1. In Appendix D.5.2, we present some bounds on discrete sums.

D.5.1 Properties of the Set H,, of Power-Law Hamiltonians

In this section, we explore some properties of H,, that are useful for proving that
the effective Hamiltonian is also power-law [See Appendix D.3].
We recall from the main text that H,, is the set of power-law Hamiltonians with the

exponent «. In addition, H

is the subset of H, which contains all power-law Hamilto-
nians whose local support size [see Definition 1] is at most k£ + 1. For a real positive con-

stant a, we also denote by alH, the set of Hamiltonians H such that ¢~ H is a power-law

Hamiltonian with the exponent «. It is straightforward to prove the following identities:

aH, + bH, C (a + b)H,, (D.58)

aHl, C bH, ifa < 0. (D.59)

The following lemma is particularly useful for the adjoint operation:

Lemma 27. For a« > d, if H, € aH&kl),Hg e pH{ for some positive constants
a,b, ki, ko, then ady, Hy € ab/\kmaxH&k1+k2), where \ is a constant to be defined later

and Koy = max{ky, ko }.

Proof. Write Hy = >y ax,Hy =), by,ady, Hy =), hy, where h; = ad, hy and
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Z = X UY. By our definition of power-law Hamiltonians, we have:

b
Y llaxll € i S byl € (D.60)

When a > d, it is also straightforward to prove that ) _ _.[|ax|| < a)o for all 4, where ),
is a constant that depends only on «, d.

Note that hz # 0 only if X NY # @. We seek to bound > _ ., .||hz|| which sums
over Z = XUY >4,7and X NY # &. We discuss some useful notations. We will
occasionally rewrite or label summations with restrictions using the indicator function
€(A) where £(A) = 1,0 if A is true, false respectively. There are 9 mutually exclusive

cases [Table D.1], satisfying 7, j € X UY depending on whether 7, j are in X, Y, or both.

€EX ¢X €Y ¢V

51 Zaj - Za] -
& ] = i J
& 4,j - J (
e 4,5 - - 4,J
&s ' 2
&6 J i
&r iy -
&s ( J
&o (B B

| Ll =
SR SO N

Table D.1: Mutually exclusive indicator functions for Lemma 27. For example, &; = 1 if
all of the conditions in the first row, i.e. ¢,j € X and i, j ¢ Y, hold and ; = 0 otherwise.

Thus, the indicator function £(X UY > 4, j) may be written as a sum of indicator

functions of mutually exclusive events listed in the table: {(X UY 3 4, j) = Z?Lzl &n.
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The overall sum that we want to bound can be written as a sum over the nine cases:

ZthHI Z [|lax, by]||

Z3i,5 XUY 3ij

<2 ) llaxllbyE(X NY #2)E(X VY 34,))
X Y

9
=2 ) D llax by [E(X NY # @)&,, (D.61)

n=1 X Y

and we will bound each of the nine cases individually. We will often eliminate the condi-
tion that X NY" # &, which can only make the sum larger, and introduce an inequality by
summing over all sets X or Y. To illustrate our technique, consider first the contribution

from &;:

23S lax by €(X NY # 2)&

<257 3 flaxbv]

EIREIN
b 2Xpab
<2 < D.62
<22 oG = T R

where the first inequality comes from ignoring j ¢ X and the second comes from H,
being a power-law Hamiltonian.
The bound on the term corresponding to &7 follows analogously since we simply

switch 7, 7. Similarly, the terms corresponding to &5, &3 switch only the roles of X, Y
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compared to &5, £7. Meanwhile, analyzing the term corresponding to &; yields:

23> lax by 66X N Y # @)
X Y

=2 > llax|ltvl

D EINREIN

2ab 2ab
=G0 = a0 o

where we take into account dist (() ¢, ) > 1 for all d.
Upper bounding the term corresponding to &g is a bit trickier. Since X NY # &,
there exists a site £ # ¢, j such that / € X NY. Rewriting the term corresponding to &g as

a sum over ¢, we have:

SN laxllibyllE(X nY # )

X3i Y3j
XZj YHi

<255 57 2lfax]by]

041, X210 Y D50

@ b 2\ ab
= 2; diSt(() Z',g)o‘ dist(() Z’j)a < diSt(() Z',j)a’ (D.64)

where the last inequality comes from the reproducibility condition [18], applicable when
a > d, and ), is a constant that depends only on d, «. The term corresponding to &g
contributes the same as &g, as it only switches the roles of ¢, j.

Finally, we bound the terms corresponding to &4, &y. For &4, we are trying to bound
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the sum:

>0 2dax by E(X NY # ). (D.65)

X3ij Y #i,j

The non-empty intersection means that for there to be a nonzero contribution, 3¢ # 1, j
such that / € X, Y. Further note that by assumption the maximum extent of X is k; + 1
and therefore there are at most &1 — 1 sites distinct from 7, j where Y can intersect with

X. We bound this as follows:

23" 3 laxlllbylE(X NY # @)

X3ij Y #i,j

<2303 Jaxllllbyll

X31i,j €X Y/

C#1,5
2)\0 k1 ) b
<2 Ab < —————. D.66
2 Nlaxll D dob < FoTms (D.66)
X3i,5 Z;%X;

We bound the term corresponding to &y similarly by switching the role of X, Y. Collecting

everything, we have the lemma with A = 2(6\g + 2X\; + 1). O

D.5.2 Bounds on Discrete Sums

In this section, we provide bounds on some discrete sums used in the main text.
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Lemma 28. Forall 1 < k < g, we have the following inequalities:

k
D C 3!1)!, (D.67)

1<iy,...,ip<q j=1
i1+ Fip=q

k
> It < 24! (D.68)

0<iq,...,ig<q j=1
11+ Fip=q

Proof. We first bound

k k
Z . qg—1 .
1l < </-c - 1) 19{{1.%3(11_[”!' (D-69)

1<y, ig<q j=1 i1 tip=q J=1
11+ Fip=q

For positive integers a > b, we have (a + b — 1) = al(a+b—1)---(a+ 1) > alb!
with equality if either a,b = 1. This implies that the maximal product occurs for some
tj = q— k +1and i;x; = 1 (we omit the simple proof by induction), yielding

k
qg—1 -
(121), e IT0!

i1+ tip=q J=1

(¢ —1)!
< g )
< EZ:&R —k+1) < (kf!l)!, (D.70)

as k # 0 by the summation restrictions. Eq. (D.68) is essentially the same as Eq. (D.67)
with some indices allowed to be 0. For example, if 7; = 0 while the other ¢ are nonzero,
it is just Eq. (D.67) with k& — k — 1. This part of the sum is then crudely upper bounded

by ¢!, while summing over all possible choices of zero indices leads to a factor 2*. [
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Corollary 5. Forall1 < k < g, we have:

> H = 1)1 < 2(go — K. (D.71)

1<91,..,9<qo j=1
i1+ ik=qo

Proof. Define p; = i; — 1 suchthat 0 <p; < ¢y —1landp; +---+ pp = qo — k. This
second condition implies that we may simplify the first condition to 0 < p; < gy — k.

Therefore:

I

1<iy,..ig<qo j=1
it +i=qo

k
= > et <20 - k) (D.72)

0<p1,....ps<go—k j=1
p1+-+pr=qo—k

where the last inequality is from Eq. (D.68). U
Lemma 29. Forall1 < k < q, we have:

WO ok k —k

2 — k)
P (o — k) e (e2/c — 1) (D.73)
P qdk' N 2T

Proof. Using Stirling’s approximation, v/2rn"t2e™" < nl < en""ze~" for go! and (qo —
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k)!, we can bound:

2L 2kghe (qo — k)!
u v
1 k! qo:
Z%ch ¢ (a— k)" Vg — ke h
B V21 % Vo e ®
Z lekcik ( )qo k m

S ./ | qo—k
2m k=1 k! qo A
—_——— —
<1 <1
lekc k e

< \/_Z = \/%(626/8_”' (D.74)

We note that the bound approaches 0 as ¢ — oo. 0

Lemma 30. Ford € Nog,r, >1,0<n <1

2 7
Z ri e < 29U (d/n)rde ", (D.75)
n

T>Ty
where 1 is the Gamma function.

Proof. Let f(r) = r¢~le™™". Our strategy is to upper bound >~ _  f(r) by an integral.

T>Ty
For r € (0,00), f has a maximum at 7 = ry = (d — 1)"/"~'/", Letr, = |ro] and

re =15 + 1 > ro. Then, the function f(r) is increasing for r € (r,,r, ) and decreasing
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for r > r{. Therefore, we can upper bound:

S st < [T st [ o5+ )

>y *

g[g f(r)err/T;f(r)errZ/;g F(r)dr

* 0

< 2/00 f(r)dr, (D.76)

where we use the fact that f(r) is concave between 7, and 74 to bound the first line by
the second line. Next, to bound the integral, we make a change of variable to x = r" so

that

2/ f(r)dr:2/ r e " dr

2 [ a4
= —/ x%e_“”dx
N Ja.

2 [ 2

< —/ 2Pe dr < —2’8613356_“7*
nJz, n

— zgﬁmrlzﬂe—rl’
n

2 0
< 229D (d/n)rde ", (D.77)
n

where x, = 77, f = [(d — n)/n] < d/nis an integer, and I is the Gamma function. Note

that we have also used a bound for the integral
/ 2Pe%dx < 2°B\aPex (D.78)

which can be proven inductively on  for all 5 > 0 and x, > 2. Indeed, the inequality is
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trivial for 5 = 0. Suppose the inequality holds for § — 1, using integration by parts, we

have

oo o
/ tPedr = aPe ™ + B/ P e de
€T Tx

*

< aPem 4 p2P71(B — 1)1l e

*

1 1
B-1 | B ,—Tx
=2 (25—15! * x*> ple.e

< 291558 (D.79)

where the terms inside the bracket in the second to last line is always less than or equal to

2 for all z, > 1 (corresponding to r, > 1). O
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Appendix E: Supplemental Material for Chapter 7

In this Appendix, we provide more mathematical details for the derivations of the
error bound in the Chapter 7. Specifically, Appendix E.1 explains how we write the k-th
order error 0 into a commutator. Appendix E.2 provides an upper bound for a sum of
different evolutions of ¢. Finally, in Appendix E.3, we show how we bound the norm of

Ay in Eq. (7.16).

E.1 Structure of J;,

In this section, we present the proof of Lemma 8, which says that we can write
into a sum of a commutator and an operator of higher order. First, we need the following

recursive relation between the 9, operators.

Lemma 31. For k > 2, we have the following recursive relation:

Spyr = Hi6p + 0p Hy — [H”, Hy). (E.1)
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Proof. We prove the lemma by expanding both Uy, and U t(/12 U t(/%} in orders of ¢/7:

R B e
Ut(/lﬁUf/ZB _ o iHt/r g—iHat/r _ ZE Ay (_) , (E.2)
= k! r
—iHt/r < 1 —it *
Ut/r =e = Z EBk — 5 (E3)
— k! r
where
RN
ae= Y (D) pom i s i) E4)
§=0

With these notations, we have the relation o, = By — Aj. It is also straightforward to

verify the recursive relations for A, and By:

Apsr = H Ay + ApHy, (E.5)
Bpy1 = H"' = HBy, = (H, + Hy)(Ax + 0)

= H, Ay + H,6y, + By,Hy — By, Hy]

= H1 Ay + Hi6; + (Ar, + 0x) Hy — [ By, Ho

= (H1 Ay, + ApHs) + H16y + 6, Hy — [H*, Ho]

= Ap1 + Hiop + 01 Hy — [Hk7 H2] . (E.6)

By definition, we have

Okt+1 = Bry1 — Agy1 = Hi0p + 0. Ha — [Hk, H2] . (E.7)
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Therefore, the lemma follows.

]

We now construct the operators Sy, V}, in Lemma 8 inductively on k. For k = 2, we

have d, = [H, Hs|. Thus Lemma 8 is true for £ = 2 with Sy = Hs and V5, = 0. Assume

that Lemma 8 is true up to k, i.e. there exist S, V} such that §, = [H, Sy| + Vj, we shall

prove that it is also true for £ + 1. Using Lemma 31, we have

Opi1 = Hy0p + 0p Hy — [H”, Hy)
- [H175k] + 5k:H - [HkaHQ]

= [Hy, [H, Sp] + Vi| + Vi H + [H, S| H — [H*, Hy).

We use the following commutator identities:

[H,Sx|]H = [H, S, H],

k—1
[H* Hy] = [H,Y  H"'“H,H].

=0
With some trivial manipulations, we can write 0y 1 = [H, Sg11] + Viy1, Where

k—1
Sk+1 = SkH — Z Hk_l_jH2Hj;

J=0

Viwr = [Hy, [H, S]] + HiVy, + Vi Hs.

(E.8)

(E.9)

(E.10)

(E.11)

(E.12)

Finally, we show that the operators Sy, V}, constructed using the above recursive relations

satisfy the norm bounds in Egs. (7.10)—(7.12). We need the following lemma about the

structure of Sy, V.
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Lemma 32. Forinteger k > 2, the operators Sy, Vy. constructed from Egs. (E.11) and (E.12)

can be written as

ng
Vo= ki, m <&t (E.13)
=1
— k(k—1
Sk=) ki, Mk < %n“, (E.14)
=1

where £ is a constant, vy ;, Sy ; are operators supported on at most 2(k — 1) sites and
Iskall <1, Jlowall <1, (E.15)

for all 1.

Proof. Denote by supp(X) the support size of an operator X, i.e. the number of sites
X acts nontrivially on. We say that the number of terms in Vj is x if there exists a
decomposition V= > %, v; such that [|v;]| < 1 for all j. For k = 2, the lemma is true
by definition. Assume that the lemma is true up to some k£ > 2, we shall prove that it
holds for k + 1.

First, we argue for the bounds on the number of terms M1, 7g+1 0 Sgi1, Vit
respectively. Since there are my terms in S, using Eq. (E.11), it is straightforward to

bound my_1—the number of terms in Sk 1:

Mnk + knf = Mnk (E.16)

My < myn + kn < 5 5
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To bound ny. 1, the number of terms in V;;, we use Eq. (E.12) and note that s;; can non-
commute with at most 2supp(sy ;) = 4(k — 1) terms from H. Therefore, the number of
terms in [H, Sy| is at most 4(k — 1)my,. Each of these terms has its support size increased
by at most one (to 2k — 1) compared to the terms of Sj. Repeating the argument for

[H1,[H, Sk|], the number of terms in Vj, can be bounded as follow:

ner1 < 2(2k — D)4(k — )my, + nng (E.17)

< 8Pl 4 ekt (E.18)

< 2Pkt < gehTInhTt (E.19)

where ¢ = 622(24781) and we have used the fact that 8k* + £eF=2 < £eb=! for all & >

2. Therefore, the number of terms 71, m;y; are bounded according to Egs. (E.13)
and (E.14).

It is also apparent from this construction that each iteration in Egs. (E.11) and (E.12)
increases the support size of the constituent terms in Sk, Vi by at most 2. Therefore,

Lemma 32 follows. O]

With Lemma 32, it is straightforward to show that the norms of Vj, Sy, [H, Sy| are

upper bounded by the their number of terms:

Vil < ny = O (" ?n"72) (E.20)
1Skl < my = O (K*n*71), (E.21)
I[H, Sk]l| < 4(k — L)my, = O (K*n*71). (E.22)
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These bounds complete the proof of Lemma 8.

E.2 Sum of Evolutions of 4

In this section, we present the proof of Lemma 9, which provides an upper bound

for the sum of evolution of an operator with different times.

Proof. We denote by 7 := t/r and

a—1
Sa(X) =Y U [H,X| Ul 7, (E.23)

J=0

where X 1is an arbitrary time-independent operator, a is a positive integer, and U; =
exp(—iHt) as before.
First, we need to turn the sum ¥,(X) into a sum of several integrals using the

following lemma.

Lemma 33. Define

1 T S
FIX]=—— / ds / dvU, [H, X U}, (E.24)
T Jo 0

t
L(X) = / U, [H, X]Ulds. (E.25)
0

For all T such that nt < 1, where n is the number of sites in the system, we have

o0

Sa(X) =) L (FFX))), (E.26)

k=0

where F°F the k-th iterate of a function F, i.e. the composition F°*[X| = F[F|... F[X]...
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with F°° being the identity function.

Proof. To prove the claim, we note that

o=l c(G+1)r

I.(X) = /0 N U, [H, X|Ulds = Z / U, [H, X Ulds (E.27)

Therefore, we have

=0
-1

- Z < / U, [H, X UTds> Ul (B28)
j=0

—I(X) = UJT<HX T—/ U, | HX]UTds> Ul
7=0
a—1
:ZUJT/ ds ( — U, [H, XU U},
Jj=0 0
a—1

0
:ZUJT/ ds/ U, [H, [H, X)|UIUL.

Il
QQ
3
=
N
N
&.
&
<
Qﬁ
=
fa
A=
E‘

= S.(F[X])). (E.29)

To get the second last line, we use the fact that H and U; commute in order to move

the integral inside the commutator. Repeated applications of this recursive relation yields

Eq. (E.26). The condition n7 < 1 ensures that the sum in Eq. (E.26) converges (See

Lemma 34).

]

Lemma 34 below is a consequence of Lemma 33.

Lemma 34. If X is time-independent and p .= ™

(XN < 11X
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Proof. To prove Lemma 34, we note that
IEXTI < 7l H[[XT < pll X (E.30)
Therefore, || F°*[X]|| < u*||X]|. Note also that for the time-independent X,
I.(X) = /O N U, [H,X|Ulds = U,, XUl — X, (E.31)
and therefore ||7,.(X)|| < 2||X]||. Using Lemma 33, we have

[Sa(X)] <Y I ar (FFX])| < 2D | FHX|
k=0 k=0
<2X[D) o pt = —— Xl
k=0 1—p

-~ o(IXI). (E:32)

nt

where we have assumed p = o < 1so that the sum converges. Therefore, the lemma

follows. L

To prove the Lemma 9, we write § = [H, S| + V with S,V bounded by Eq. (7.14).

We then use Lemma 34 with X = S and the triangle inequality to get

a—1 a—1
d U UL < H lza(S) H + > UV Ul (E.33)
j=0 ’ =0
|
=0 (2Isl) + 0@V (B34

3
=0 (n7t> +0 (a%) . (E.35)



Thus, the lemma follows. ]

E.3 Upper Bound on A

In this section, we show how we bound the norms of A, in Eq. (7.16). For that, we

use Lemma 9 together with the bound on ||0|| [Eq. (7.13)]:

r—k r—k—iy r—k—i1—i2 r—k—i1—io—-—iy
Al =|>2 > > o > UOUR UG U R
11=0 1i2=0 13=0 i,=0 ~~
§ appears k times
r—k r—k—iy r—k—i;— r—k—i1—ig—--—1ig
k—1 -
<2 Z Z ol >, Uy
i1=0 ia=0 3=0 ix=0
_ t  nt?

Thus, Eq. (7.16) follows.
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Appendix F: Supplemental Material for Chapter 8

F.1 Faster Convergence of the Quantum Zeno Effect

Using symmetries to protect quantum simulations has previously been explored in
the context of the quantum Zeno effect: undesirable errors from the simulation can be
suppressed by constantly measuring the system in an appropriate basis [165, 172, 204].
However, measurements are costly in most available quantum computers and therefore
often only performed once at the end in simulations on quantum computers. An alterna-
tive approach commonly used in quantum control is to frequently apply fast pulses, or
“kicks”, to the system during the experiments. In the high frequency limit, these kicks
confine the dynamics of the system to the so-called quantum Zeno subspaces defined by
the spectral decomposition of the kicks [165, 166, 167, 168, 169, 170, 171], effectively
realizing the quantum Zeno effect without measuring the systems.

In this section, we derive a concrete bound on the rate at which the effective Hamil-
tonian of a frequently kicked system converges to its projection to the Zeno subspaces.
This bound exponentially improves a recent result of Burgarth, Facchi, Gramegna, and
Pascazio [171]. Interestingly, our proof makes use of a tight analysis of Trotter error [77],
suggesting a deep connection between quantum simulation and quantum Zeno effect.

The aim of quantum control is to confine the dynamics of a system evolving under
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a Hamiltonian G into the subspaces specified by a set of projectors:

P={P,}. (F1)

One approach is to repeatedly measure the system in the basis corresponding to P through-
out the evolution. These measurements results in the quantum Zeno effect: the dynamics
of the system is confined to the subspaces corresponding to the projectors P,. Alternative

to measuring the system, one could periodically “kick™ the system [171] with a unitary

Uik = »_ e P, (F2)

I

where ¢, is chosen such that ¢, # ¢, mod 27 for all i # v.
Suppose the total evolution time is ¢ and we apply the kick every ot = t/r where r

is an integer. The dynamics of the system becomes

(Ufi)" (efiGt/rUkick)T : (F.3)

where (U, )" is added at the end of the sequence to undo the evolution generated by the
r applications of Uy;c. In the limit » — oo, the dynamics of the system again exhibits the

quantum Zeno effect

Ul:riZk (efifGUkiCk>7‘ N e—itGZenO’ (F4)
where
Gzeno = »_ PGP, (E5)
pn=1
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Figure F.1: The frequent kicks confine the dynamics of the system (solid arrows) to the
so-called quantum Zeno subspaces, defined by the projectors P, in the spectral decompo-
sition of the kicks Uyjek = > i e~ "%« P,. In particular, the kicks suppress the probability
for the system to travel between the subspaces (dashed arrow). By generating the kicks
from the symmetries of the system, we can target the simulation error—the sole contrib-
utor to possible violations of the symmetries in an ideal simulation—for suppression.

is the projection of G onto the subspaces defined by the spectral decomposition of Uy;c.
In other words, the kicks effectively confine the dynamics of the system to the subspaces
defined by the projectors P, (See Fig. F.1).

Ref. [171, (A.30)] derived the following bound on the convergence rate with explicit

dependence on all parameters of interest

-1

_ Em2|G(1 + 2emil)

10 (Va7 = et , (E6)
r
where m is the number of projectors and
. ¢V - qbu -1
= max |sin | ———— E7
= maxlom (%) D
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is the inverse spectral gap. Unfortunately, this bound has exponential dependence on m,
|G]|, and ¢, which, in particular, suggests that we have to increase the number of kicks
r exponentially with the evolution time of the system and therefore may be impractical
in many applications. In Theorem 13, we prove a different bound that exponentially

improves the bound in Ref. [171] in terms of m, ||G||, and t.

Theorem 13 (Faster convergence of quantum Zeno effect). Let Uy be the unitary defined
in Eq. (F2) with m distinct eigenvalues, inverse spectral gap &, and a set of orthogonal
projectors { P, }. Let Gzeno = Y " P,GP, denote the projection of a Hamiltonian G onto

the subspaces defined by { P, }. We have

AT A 2 G]*t%1 G|t
Ezen0 = UL, <Ukicke_Z$G> — itz < §v/m| TH ogr+€\/ﬁrH I (E.8)
242
_ 3ev/m|[GI* log )
r
To prove Theorem 13, we rewrite the evolution as
tr [ —ita " itG, —itGe_ —itq
Ulty (€75 ) = 710 011G, (F.10)
where we have defined
G = Ul GUf . (F11)

Letting G|;,) = G1 + - - - + G|, the first step of our proof is to establish the error bound

||6_i%Gr ce 6_i$G1 _ 6_2%6‘[“] || < 2&\/ﬁ||G||2t2 IOgT’.
T

(F.12)
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This is the spectral-norm error of the first-order Trotter formula [77]. However, a naive
error analysis in terms of the commutators between G; (see [77, Proposition 15] for ex-
ample) gives a bound that does not decrease with r and thus fails to establish the desirable
bound. Instead, we seek a better analysis that exploits the spectral information of Uycx
[171].

The starting point of our analysis is the established von Neumann’s ergodic theorem

whose proof is included for completeness.

Theorem 14 (Von Neumann’s ergodic theorem). Let U be a unitary operator and U =

ZTzl e~ '%u P, be its spectral decomposition, with ¢; = 0 and ¢,, distinct. Then,

1, 4 &
— — < 2=
||r § Uk — P < > (F.13)
k=1
where
=9 —igv _ 17l = o (2 -1 F.14
§1:= 2max|e | Iygdsm(Q)\ (F.14)

Proof. The bound follows from

1 7 1 T m
||;ZU"—P1||=||<; Uk—Pl)ZPuH
k=1 v=1

k=1

1 m r p
~ 17> een - R
v=1 k=1 (F.15)
e—imb,,

TR N oS

= H; VZ# e 1_—e,mPuH

— lmax \—1 —e | &
rovAl 1 —e i T T
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We note that the condition ¢; = 0 is not restrictive as we can always make ¢; = 0

by adding a global phase to Uy [167].

Corollary 6. Let U be a unitary operator and U = ZZLI e~ n P, be its spectral decom-

position. Then, for any operator G,

1 ¢ - G
I~ d UGU T =3 PGP, < w (F.16)
k=1 pu=1
where
€ :=2max|e " — ¢~ |7t = max|sin (M) =1 (F.17)
p#v p#v 2

Proof. The claimed bound follows from

||1 Z UFGU ™" — i PGP, =| (1 Z UFGU ™" — Em: PMGPM) i P,
r k=1 pn=1 r k=1 pn=1 v=1
- ||§m:% r (evU) ap, - iPyGPVH
1

v=1 k= v=1

IN

Tl e

U= (¢4U)* GP, — P,GP,||?
T

v=1 k=1

1¢ i k vm|G
< Vi@l } 3 (@ 0)* - B < SICL

k=1
(F.18)
where the first inequality follows from the bound
m m T
HZ APl = \ I (Z AVPV> (Z Aﬂ%) I
i h (F.19)

= \ > ARAN< D IARAN = | D IAPR?
v=1 v=1 v=1
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]

As aforementioned, a naive analysis of the Trotter error fails to provide the desirable
bound for quantum Zeno effect. Instead, we use a recursive approach to estimate the

Trotter error Eq. (F.12).

Lemma 35. Define Gy, ,) = Zi;ko Gy, for kg < ky. For any s > 1 and it, we have
IJJ e — eCna®|| < 26y/ml|G|*6t°s 1og, s. (F.20)
k=1

Note that at s = r and 0t = ¢/r, Lemma 35 reduces to Eq. (F.12). We prove
Lemma 35 by induction on s. Suppose Lemma 35 holds for s = s; and s = s, such that

|so — s1| < 1, we shall prove that it holds for s = s; + s5. Using the triangle inequality

S1+52
H H efinzSt _ eiiG[1751+82]5tH
k=1

S1 51452
< HH e*iG’“‘St — 672’G[1751]5t’| + H H e*inét _ efiG[sl+1,sl+52]6tH
k=1 k=s1+1
+ He’iG“*Sl“?]‘;t . efiG[Sl+1’Sl+52]6t67iG[1’31]6tH (F21)

1
< 26v/m||G||20t% (51 log, 51 + 52 10g, 59) + §H [Glst151450], Gsy] 1687, (F22)

where we have used the inductive hypothesis and the Trotter error bound [77, Eq. (143)]

in the last inequality. To bound the commutator norm, we use the following lemma.

Lemma 36. For any ko < k1, jo < 1, we have

H [G[ko,kl]v G[jo,jﬂ] ” <2 (]1 - jO + kl - kO + 2) 5\/%HGH2 (F-23)
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Proof. We have

Ky J1
> Gy Gill

G ro<h<trs Gio<i<illl = ||

k=ko J=jo
k1 J1 m
< ZGk,ZGj — (1 —j0+1)ZPuGPu I
k=ko J=Jo p=1
k1 m m
1D Gr= (b= ko + 1) D PuGPu (G = Go + 1) Y PGP, | |
k=ko p=1 p=1

< 2(ky — ko + DG (svmlIGI) + 2 (€v/mlIG]) (i = Jo + DG

=2(j1+ ki —jo— ko + 2)6\/@\0!?,

where we have used Corollary 6 to prove the second inequality. Therefore, the lemma

follows. [
Applying Lemma 36 to Eq. (F.22), we have

S1+582

I H e IOt _ o= i0s1 4219 || < (251 log, 81 + 252 log, s2 + 51 + 52)E/m||G||* 0t
k=1
(F.24)
We now apply the above equation repeatedly to prove Lemma 35. Note that Lemma 35
holds trivially for s = 1. Suppose that it holds for all s < sy for some sy > 1. We shall

prove that it holds for s = so + 1.

First, we consider the case where s is even, i.e. there exists an integer [ > 1 such
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that s = 2[. Applying Eq. (F.24) with s; = s5 = [, we get

T e — e Crsian|| < (21log, 1 + 211ogy 1 + L+ 1)&y/m]| G5 (F25)
k=1
= (2slog,(5/2) + 8)&v/m)|| G20t (F.26)

< 2slog, s £/m||G||*6t>. (E27)

Therefore, Lemma 35 holds if s is even.
When s is odd, there exists an integer [ > 1 such that s = 2[ + 1. Applying

Lemma 35 with s; = [ and so = [ + 1, we have

T e — e*Csine|| < (2llog, I+ 2(1 + 1) log, (I + 1) + 21 + 1)&v/m||G|*6t>.
k=1

(F.28)
Let
g(x) =2xlogyx + 2(x + 1) logy(x + 1) + 22+ 1 — 2(2x + 1) log, (22 + 1).  (F.29)
It is straightforward to verify that g(1) < 0 and
2z(1 + x)

g (Qf) = 210g2 (

—_— F.
T ocp = (730

for all z > 1. Therefore, g(z) < 0 for all x > 1. Applying this bound to Eq. (F.28), we
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get

T e — e Crsiar|| < 2(21 + 1) log, (21 + 1)y/m|| G| *6¢? (F.31)
k=1

= 2slog, s £y/ml| G212 (E.32)

Thus, Lemma 35 holds for odd s too. By induction, Lemma 35 holds for all s > 1.

Combining Lemma 35 with

7i£G[1,T] _ G*itGZem)

e (F.33)

t m||G||t
< LGy — 1 < S

from Corollary 6, we prove Eq. (F.9).

F.2 Symmetry Protection by the Quantum Zeno Effect

In this section, we make a formal connection between the symmetry protection
technique and the quantum Zeno effect. In particular, we show how the quantum Zeno
framework provides an alternative explanation for the suppression of simulation error
under symmetry protection.

We first note that the symmetry transformations in our scheme are analogous to the
kicks in the quantum Zeno framework. Suppose that the symmetry transformations have

the form Cy, = C¥, where Cj) € S is also a symmetry transformation. Let

Co=) e P, (F.34)

M
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be the spectral decomposition of C, with e~*» being the distinct eigenvalues and P,
being the projectors onto the respective eigensubspaces. The condition on e~ being
distinct ensures that C satisfies the definition of Uy in Eq. (F.2).

With =% being approximated by a circuit Sy, in each time step, our symmetry-

protected simulation becomes

[ clsaCi = (C) (e Cy), (F35)

k=1

where H. is the generator of Ss; and exists for a small enough 6t (see Lemma 10).
Comparing Eq. (F.35) with Eq. (F.3), we identify Cy = Uy;c. Therefore, by Theorem 13,

the symmetry protected simulation is effectively described by

[ ClSsCr — e ezt (F.36)
k=1

in the large 7 limit, where Heft zeno = > o DuHes Py
Recall that H. is the effective Hamiltonian corresponding the Trotterized evolution
Ss¢. For small dt, it is a sum of the true Hamiltonian H that we are simulating and a small

error term V' (due to the use of Trotterization):
Hg=H+V. (F.37)

Therefore, under the symmetry protection, the effective Hamiltonian is replaced by its
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projection onto the Zeno subspaces:

Heff — Heff,Zeno =H + VZeno; (F38)

where Vzeno = > .. bV P, 1s the corresponding projection of V. In particular, if the error
V' does not respect the symmetry, the projection Vze,, could be much smaller than the
error V' in an unprotected simulation. The quantum Zeno framework therefore provides
alternative intuition for the error suppression from the symmetry protection. We note,
however, that choosing the symmetry transformations C}, independently, instead of C, =
C(’f considered in this section, could lead to more reduction of the simulation error, and
we demonstrate this advantage in Sec. 8.3.

We make these arguments rigorous by proving a bound analogous to that in The-
orem 13 for symmetry-protected quantum simulation. Specifically, we consider G =
Hey = H + V, where [H, Uyie]| = 0. Note that under this assumption, the distinctiveness
of the eigenvalues of Uy ensures that [P,, H] = 0 for all  in the spectral decomposition

of Ukicx. We will also denote by V;, = UJF VUE, = G\, — H.

Theorem 15 (Symmetry protection by quantum Zeno effect). Let Uy be the unitary
defined in Eq. (F.2) and suppose that G = H + V such that [H, U] = 0. Let Gzeny =

> i P,GP,=H+)’ .. BuV P, denote the projection of G onto the subspaces defined by
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a set of orthogonal projectors { P, } in the spectral decomposition of Uy We have

< 286V/ml|GllI[V][t*log N Evm|| V|t
- T

r
_ ir —it@ —itG,
EZeno = HUkick Ukicke T —€ zeno ,

(F.39)

_ 3¢/l GV Tog

r

(F.40)

where £ is the inverse spectral gap defined in Eq. (E.7).

Note that this bound is stronger than Eq. (F.9) in that the dependence on the norm
of the Hamiltonian is improved from ||G||? to ||G||||V||- To prove Eq. (F.40), we derive a

different version of Lemma 35 for the case G = H + V, where [H, Uy;ex] = 0.

Lemma 37. Suppose G = H +V, where [H,Uy;| = 0. For any s > 1 and 0t, we have
ITT e 6" — emCna|| < 263/m]| G|V ][6¢s ogy . (F41)
k=1

Again, we prove Lemma 37 by induction on s. Suppose Lemma 37 holds for s = s;
and s = sy such that |se — 51| < 1, we shall prove that it holds for s = s; + s5. Using the

triangle inequality

S$1+S2
H H e—incSt . e—iG[l,s1+s2]5t||
k=1

S1 s1+s2
< ”HefinSt o efiG[I,Sl]ét” + ” H efin& o eiiG[S1+1»81+8216tH
k=1 k=s1+1
_|_ ||6_7;G[1’Sl+s2]6t _ e_iG[sl+1ﬂ31+32]6t6_iG[1731]§t|| (F42)

1
< 26/l GIIIV G (51 oy 51 + 82108 52) + 5 1[Gl 111 Grao 162 (E43)
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To bound the commutator norm, we use a modified version of Lemma 36.

Lemma 38. Given G = H + V and [H, Uj] = 0, we have

[ [G[ko,k1]7 G[jo,jl]:| | <201 — jo+ ki — ko +2) Evm| G|V (F.44)

Proof. We have

H[Gkoﬁkﬁkl’ Jo<]<11 H [Z G, Z G ] ”

k=ko J=Jo
k1 Ji m
<| ZGkasz_(jl —j0+1)ZPuGPu |
k=ko J=jo p=1
k1 m m
HI) - Ge— (ki —ko+1)Y PGP, (i —jo+1)>_ PGP,
k:ko p=1 pu=1
= ZGk,Zv —jo+1 ZPVP [
k=ko J=Jo p=1
k1 m m
D Vi— (k= ko +1) ZPVP#, —jo+ 1) RGP
k=ko p=1 p=1

< 2(ky — ko + DG (EVmIIVI) +2 (EVmlIVI)) (1 = do + DIIG]

= 2(j1 — Jo + k1 — ko + 2)Ev/m||G||||V ]

where V;, = UlyszU ek = G — H as mentioned above. Therefore, the lemma follows.

O

381



Applying Lemma 38 to Eq. (F.43), we have

S$1+S2

| TT /" — e "Cmraa®|| < (251 log, 81 + 252 10g, 55 + 1 + s2)&v/m||G[[|V]|6£°.
k=1

(F.45)

Using this bound and an inductive argument similar to the proof of Lemma 35, we prove

Lemma 37. Finally, combining Lemma 37 at s = r with

L p t 4 t _ &/m| V|t
e 4G — ]| < |Gy — rGramolle < I3 Vi = Vil < IV
T T T

k=1

(F.46)

we obtain Eq. (F.40).

F.3 A General Bound on the Trotter Error

In Sec. 8.2, we prove a bound on the simulation error under the protection from a
special class of symmetry transformations Cj, = C¥. In this section, we prove a similar,
but more general, bound without making such an assumption.

Given a fixed total evolution time ¢, we first estimate the number of Trotter steps r
required to simulate exp(—iHt) so that the total additive error of the simulation meets a
threshold €. Suppose the Hamiltonian = 25:1 H,, is a sum of L Hamiltonian terms

H,, such that each e~*#1%" can be readily simulated on quantum computers. Again, we
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define the following quantities

L L

y=Y_ > IH[H, Bl
p=1v=p+1
L L L

=32 > IHs[H,H.
p=1v=p+1v'=p
L L

o= 3" |H, Bl
p=1v=p+1

that are independent of ¢, r.

The first-order Trotterization approximates exp(—iHdt) by

L
_ —iH,, 6t
S5t — H € # )
p=1

where Hi’zl U, =Uyg...U.Uy is an ordered product.

(F47)

(F.48)

(F.49)

(F.50)

To get an accurate scaling of the gate count with the error tolerance, time, and the

system size, we extend the approach in Ref. [77] to estimate the higher-order contributions

to the total error. First, we estimate the higher-order contributions to the additive error in

one Trotter step.

Lemma 39. Assuming 36t < 2« and o6t < v + f3, the Trotter error in approximating

Ust = exp(—iHt) by Ss; in Eq. (F.50) is given by

5t~
5& = U(gt — Sgt = U(StUO? + V((Si),
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where vy is defined in Eq. (8.15) and 9(&) is an operator bounded by
V@t < At (F.52)

with A = 2(v + ).

Proof. From [77, Theorem 8], we have

st
Sy = e U oxp {—z/ dTlF<7'1)} , (F.53)
0

where 7 exp {} is the time-ordered exponential,

L

L
ﬁ(Tl) _ pimady Z < H e*’iTladH,,H‘u _ Hﬂ) ’ (F.54)

p=1 \v=p+1

adaB = [A, B], and e "4 B = ¢~ #A B4 Note that the summand in the definition of

F(m) is of order O (7). Therefore, we can rewrite it as (See [77, Theorem 10] or use a

direct differentiation):

L L 1 L
. ) irad .
[[ e wH,—H.=—i > / dry | e m*we ™ [H,, H,] (F55)
v=p+1 v=p+1 0 v'=v+1

L L - L ' .
= —1 Z [Hln H,u] T —1 Z / dT2 ( H e_ZTladH”leilTQadHV [Hua Hu} - [Hl/; HM]
0

v=p+1 v=p+1 v=v+1

) |

/

~—
=Gu,v(11,72)

(F.56)

Again, we note that G(71) = O (11 + 72). Therefore, we can rewrite it (using either [77]
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or a direct differentiation) as

L L

G/‘«V T1, 7-2 == Z H eiZTl“de / dT3€7iTsadHy/ [Hl/’a [Hllu HMH

vi=v+1s=v'+1

L "
2 1T e_”ladHu'/ drye” ™A [, [H, H,]].  (E57)
i v'=v+1 0

Using the triangle inequality, we have

L
|G (1 72) | < 70 ) [Hor, [Hoy HA (F.58)

v'=v

Therefore,

HF7'1 H<7'12 ZHHwH ?1;

p=1v=p+1

Z ZII Hy, [H, Bl  (F59)
pt

v=p+1v'=v

In addition, we have
e'm¥n [H,, H, -[H, H, = Z/ drpe'™ 4 [H,[H,, Hy|. (F.60)
0
Therefore, with vy = Zﬁzl Zf:wl [H,, H,|, we have

L 1
F(m) + ivgr, = ZZ (eiTladH (H,, H,) 7 — [H,, H,] 7 + ™ / deGu,u(Tlﬂb))
0

L
p=1v=p+1
L L . '
—i Z Z / dry (iﬁe”?adh’ [H,[H,, H,)] + ™G, (1, 7'2))
p=1v=p+1"0

(F.61)
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Expanding the time-ordered exponential, we have

T exp {_i/jt dﬁﬁ(ﬁ)}

ot ot T1 - - T2 ~
=1- Z/ dTlﬁ(Tl) — / dT1 / dTQF(Tl)F(TQ)TeXp {—Z/ dTgF(Tg)}
0 0 0 0

5t2 ot "
:H_TUO_Z/ dTl[F<Tl)+iUoT1]
0

) /06t " /On dryF () F(m)T e {_Z-/OTQ dTgﬁ(TS)} .

Therefore, we have

> _imsr. OF
HS& —e 1Hot te ZH&UO?H

ot _ ot T . .
< / dni| F(ry) + vor | + / a, / dns| E(r) |1 ()|
0 0 0

Y+B_ 5 6t 5t \?
<l = — —B) .
<3 ot” + 3 a+25

In particular, assuming 36t < 2« and o5t < v + 3, we have
5t?
||56t - U6t007|| < A5t3a

with A = 2(v + f8). Therefore, Lemma 39 follows.

(F.62)

(F.63)

(F.64)

(F.65)

(F.66)

As aresult of Lemma 39, we can bound the additive error in one Trotter step:

|5l < @&2 + ASt?.
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Therefore, we arrive at a bound for the total error for the simulation

e = U — [] CLSuCkll

k=1

T r r A
<IN ClUL UGl + 3 (]) (€l
k=1 j=2

T 5t2 T )
<Y ClULtUisCall % + A0t + " (sl

k=1 7j=2

. 5t?
<> 0,1U,IMUOU,ﬂ;tck||7 + At + 212 || Es |

k=1
1< 12 13 1 t\2 ¢
trot

N J/

IN

=0

(F.68)

(F.69)

(F.70)

(F71)

(F.72)

where Uys; = exp(—iHkdt) and we have assume 7||Es|| < 1/2 to bound the sum over

j. This bound again has the same feature as the bound in Theorem 10: the total error,

to the lowest-order, scales with ||7p||—an averaged version of vy under the symmetry

transformations—instead of scaling with ||vy||. Note, however, that the definition of 7

here, with the addition of the transformations under Uy, is slightly different from Theo-

rem 10.

F.4 Proof of Lemma 10

In this section, we prove Lemma 10, which provides a bound on the error in one

Trotter step.
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Proof. From [77, Theorem 8], we have

st
Sst = T exp {—z/ dr (H + F(Tl))} : (F.73)
0

where 7 exp {} is the time-ordered exponential,

L L
F(n) =) ( I] e h, - Hu> : (F74)

p=1 \v=p+1

ad,B = [A, B], and e""4 B = ¢4 Beit4, Note that the summand in the definition of
F(7) is of order O (71). Therefore, we can rewrite it as (See [77, Theorem 10] or use a

direct differentiation):

L L 1 L
y ‘ irad .
[ oty 3 [Can [ e ) ©79
V:M+1 V:M+1 0 v'=v+1
L L T1 L
i . —i71ad —1
= — g (H,,H,| 7 —1 E / dry H e Tt e, 1fp [ — [H,, H, |
v=p-+1 v=p+1 0 v'=v+1
=Gu,v(T1,72)

(E.76)

We note that G(71) = O (71 + 72) [Recall that O () is the standard Bachmann-Landau
big-O notation.] Therefore, we can rewrite it (using either [77] or a direct differentiation)
as

0

L L
Guo(rvm) ==i >° [T e [ dre ™ (1,1,

vi=v+1s=v'+1

L 4 1 .
—ZE H efznadHV, / dTge_”g%adHV [Hw [HV’ HN]] . (F77)
T v'=v+1 0
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Using the triangle inequality, we have

L
|Gy (1, 72) | < 70 ) [Hor, [Hoy HA (E.78)

v'=v

Therefore, with vy = 2521 Zf:wl [H,, H,|, we have

F(Tl)—f—ZU()Tl——’lZ Z / dTQ TR 7'1,7'2) (F79)

p=1v=p+1

E]:(T1)

Using the bound on |G, , ||, we have

L
Z o [Hy, H |, (F.80)

L
[Fr)ll < Z

gmh

which implies

~

L

[1F(r)ll <7 ZZ (Hy Hll4 Y Y Y NH [He Hl. - (F81)

=1 p=1v=p+1v'=v

Ea ;ﬁ

[\

In addition, combining Eq. (F.79) with Eq. (F.73), we have

5t
Sse = T exp {—z/ dry [H —dvgm + -7:(7'1)]} ; (F.82)
0

with v and F (1) given above.
Next, we rewrite the time-ordered exponential into a regular exponential using the

Magnus expansion.

389



Lemma 40 (Magnus expansion [152, 205, 206]). Let A(7) be a continuous operator-

valued function defined for 0 < T <t such that f(f d7||A(7)|| < 1. Then, the equality

T exp { /0 “ar A(T)} — exp (f; Qj(t)) (F.83)

holds with a convergent operator series Z;; Q;(t), where

t drj_1
() = 5 (1) 11) / dry - / dry [A(m), .- [A(r), A ],

J Ca
(F.84)
with the sum being taken over all permutations o of {1,...,j} and dy is the number
of descents, i.e. pairs of consecutive numbers oy, 0.1 for k = 1,...,5 — 1 such that

Ok > Ok41, in the permutation o. Furthermore, );(t) are all anti-Hermitian if A(T) is

anti-Hermitian. It is worth noting that the first two §2;(t) are

O (t) = / dr A(7), (F.85)
0

Qg(t) = %/Ot dTl \/OT1 dTQ [./4(7'1),./4(7’2)] . (F86)

We now use Lemma 40 to rewrite Eq. (F.82) with A(7) = —i[H + F(7)] = —i[H —

i’l)oTl -+ .F(Tl)]Z

Ss; = exp (Z Qj(fst)) : (F.87)

J=1
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where the first-order Magnus term is

ot . ot
Ql(ét) = —Z/ d7'1 [H — Z"UoTl + .F(Tl)] = —Z(St |:H — %UQ(R + %/ dTl-F(7'1>:| .
0 0

(F.88)

To bound the higher-order terms in the Magnus expansion, we first note that
I[A(m), Al = [I[H + F(11), H + F(7)]| (F.89)
< 2(||17?||||F(Tz)|| + [[F@)IIH] + ||F(71)||||F(T2)||> (F.90)

< 2(||H|| (aﬁ + 5712) + || H]|| (cwg + 5722) + (aﬁ + 5712) (cwz + 5722) )

(F91)
< 2 (2| H|| 4 adt + B6t%) (adt + Bot?) (F92)
< 4 (| H| + adt 4 6t%) (adt + 0t%) (F.93)

for all 71, 75 < dt. Similarly, for higher-order nested commutators:

ILA(m), - [A(m—1), AT IE< 272 LA - - A=) [ITA(T-1), A

(F.94)

<2 (|H| + adt + B6t*)’ ™" (adt + B6t%) . (F.95)

Using Lemma 40 and noting that there are j! permutations for each j, we can crudely
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bound

ot drj_1
19,(5) |1<Z/ dﬁ/ A, JAG D Al (96)
< j!572j (I H|| + adt + B6t2)" " (adt + 562) (F.97)
J!
< (26t (||H|| + adt + B5t2) ™" (adt + 86t2) (F.98)

for all j > 2. Define

1 [ 1 &
= — — Q; F.
Viot) = - /0 dnF(n) + 5 ; (6t), (F.99)
we could write
S5t = exp [ — iét(H —%vo&f + V(1) )] ) (F.100)
~- .

It follows from the bounds on €2; above that

o0

IV(t)| < 6828 + (a+ Bot) Y (26t) (|| H| + adt + 5ot2) (F.101)

Jj=2

o0

< 6126 + 4513 (o + Bot) (| H|| + adt + Bot*) S (26t (| H| + adt + Bot?)’

J=0

(F.102)

< Ot°B + 86t* (o + B6t) (|| H|| + adt + B6t?) (F.103)
where we have assumed 6t (|| H | +a6t+ﬁ5t2) < 1/4 so that the sum over j in the second
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line converges. We note that this assumption also ensures that the Magnus expansion
converges. The bound states that ||V(6t)|| scales with 6t as O (5t*).

Assuming 5t < a, 2a0t < ||H||, and 86t||H|| < 1, we get

|V(6t)|| < 6t (B + 32a|| H|) . (F.104)

This bound completes the proof of Lemma 10. Note that the constant prefactor of our
bound may be further tightened by using a stronger version of Lemma 40. Such an im-
provement may be especially useful for near-term implementations of quantum simula-
tion, but a detailed discussion falls out of the scope of the current dissertation and will be

left as a subject for future investigation. 0

F.5 Proof of Theorem 10

In this section, we provide more details on the proof of Theorem 10 for complete-

ness. Using the triangle inequality

e = Hﬁ efi(H+CkVCk)6t . efthH

k=1
S ||€_iHefft _ e_thH + ||H€—i(H+CkVCk)5t _ e_iﬁefftH (FIOS)
k=1
— 2 H VIDIIV]£21
< P+ 2L VDIV Pl 106
t? 3 26y/m(||H| + tadt + x5t*) (Last + x6t*)t? log r

r
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Since x = f + 32a| H||, xdt = [t + 32a||H||0t < 5o (assuming Fot < « and

8||H||6t < 1). Therefore, we could upper bound
(| H|| + 5o«ﬁt + X0t )(éaét + x0t°) < 6(||H|| + 6cdt)adt < 24||H||a;, (F.108)

where we have also used the assumption that 2«6t < || H||. Therefore, we have

t3logr

t2 t3
e < 5”%“ X5+ 4A8¢/mal|H || (F.109)
N—————

=K

r2

This completes the proof of Theorem 10.
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