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Several quantum hardware platforms, while being unable to perform fully fault-tolerant quantum
computation, can still be operated as analogue quantum simulators for addressing many-body prob-
lems. However, due to the presence of errors, it is not clear to what extent those devices can provide
us with an advantage with respect to classical computers. In this work we consider the use of noisy
analogue quantum simulators for computing physically relevant properties of many-body systems
both in equilibrium and undergoing dynamics. We first formulate a system-size independent notion
of stability against extensive errors, which we prove for Gaussian fermion models, as well as for a
restricted class of spin systems. Remarkably, for the Gaussian fermion models, our analysis shows
the stability of critical (gapless) models at zero temperature which have long-range correlations.
Furthermore, we analyze how this stability may lead to a quantum advantage, for the problem of
computing the thermodynamic limits of many-body models, in the presence of a constant error rate

and without any explicit error correction.

I. INTRODUCTION

Quantum information processing systems hold the
promise of solving a number of problems in physics and
computer science faster than their classical counterparts
[1, 2]. However, most quantum algorithms with theo-
retical performance guarantees require a fault-tolerant
quantum computer [3-5]. While in principle possible,
implementing a fault tolerant quantum computer is a
technological challenge that could still take a long time to
solve. This has motivated several investigations trying to
identify both quantum algorithms, as well as physically
relevant computational problems, that can be addressed
by quantum hardware in the near term and without any
explicit error correction.

Analog quantum simulators, wherein a target Hamilto-
nian is mimicked by an experimentally controllable sys-
tem, have shown some promise in solving problems aris-
ing in many-body physics in the near term [6-8]. From
a theoretical standpoint, several previous works have de-
veloped the notion of universal quantum simulators [9-
11]. More practically, they offer several distinct advan-
tages in solving many-body problems. First, in many
of those problems, there is no need for a universal gate
set to implement the target Hamiltonian, and thus the
requirements are much milder than those to build a quan-
tum computer. Furthermore, the simulation can be per-
formed just by letting the system evolve, without the
need to Trotterize the evolution into a quantum circuit,
which typically incurs in a rapid proliferation of errors
during the algorithm [7, 8, 12-14]. Moreover, since one
is typically interested in the thermodynamic limit, this
only requires obtaining the expectation values of certain
intensive quantities, like the energy or magnetization per
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lattice site. Even if the quantum state of the simulator
is orthogonal to the ideal one, those quantities may still
be correct, or have a small error, raising the expectation
that the degree of robustness required to be much lower
than for other problems in quantum computing.

These expectations make quantum simulators very
promising in providing some advantage with respect to
classical computers when addressing typical quantum
many-body problems that appear in different branches of
physics. However, the standard notion of quantum ad-
vantage [15-20], that deals with the computational effort
required to solve a problem as a function of the system
size, must be revisited since one may be interested in
the thermodynamic limit as opposed to a finite system
[21, 22]. Additionally, the fact that quantum simula-
tors do not implement error correction casts doubts on
their applicability and has to be carefully taken into ac-
count. More specifically, analog quantum simulators in
most applications try to implement a target Hamiltonian
H which is typically geometrically local i.e. H =" ha,
with ||hel| < 1. Each term h, is implemented by en-
gineering local interactions between different subsystems
in the quantum simulator. In practice, however, each of
these local interactions are slightly different from their
target. Consequently, the quantum simulator imple-
ments a perturbed Hamiltonian H' = H+4§ ) v,, where
lvall <1 and § measures the “hardware error” incurred
by the simulator locally. While a well designed experi-
mental setup can, in principle, achieve § < 1, the total
error between H' and H grows with n, the number of
qubits in the quantum simulator (i.e. the problem size)
— ||H' — H|| ~ dpoly(n). Due to this proliferation of
errors, the error in the state of the quantum simulator,
relative to the target state, both for dynamics or ther-
mal equilibrium, will only be small if § < O(1/poly(n))
— this could potentially limit the applicability to quan-
tum simulators to only small-scale problems.

In this paper we show that many physically relevant



problems are stable and avoid this worst-case prolifera-
tion of errors, and thus can be addressed with the help
of quantum simulators without implementing any error
correction. We also propose a notion of quantum advan-
tage, in the presence of errors, for such problems, where
the figure of merit is the computational time to obtain
an intensive quantity in the thermodynamic limit with a
hardware-limited precision.

In order to address the stability with respect to noise,
we consider the quantum simulation of both equilibrium
and non-equilibrium problems. We first study geomet-
rically local Gaussian fermion models, and show that
k—local observables (or their weighted averages) are sta-
ble for the problem of constant-time dynamics. Fur-
thermore, when considering the ground state and Gibbs
state of Gaussian fermion models, we show that trans-
lationally invariant k—local observables are stable with-
out any restrictive assumptions on the spectrum of the
model — our results hold not only for gapped models,
but also for gapless models and without any assump-
tion on the frustration freeness of the model. Finally,
we also consider spin systems with geometrically local
interactions, and show that well-known locality proper-
ties [23-27] of these models imply stability of local ob-
servables in constant-time dynamics, ground states and
Gibbs states but with more restrictive assumptions on
the model (e.g. the Hamiltonian being stably gapped
for ground states, or exhibiting exponential clustering of
correlations for Gibbs states). Additionally, for Gaus-
sian fermion models, we numerically verify that the the
ground state problem is, in fact, stable to errors in both
the gapped and gapless cases, as is theoretically predicted
by our stability analysis. Based on these results, we hy-
pothesize that many physically relevant, gapped or gap-
less, models could potentially be within the reach of near-
term analogue quantum simulators.

Finally, we turn to the question of whether the class of
problems that are stable under errors on quantum simu-
lators also provide some advantage over the best known
classical algorithms for solving the same problems. Here,
instead of framing the algorithm run-time as a function
of system-size (i.e. the number of spins/fermions) and
the desired precision, we treat the system-size as a trun-
cation parameter introduced in approximating the more
physically relevant thermodynamic limit [21, 22]. This
allows us to express the run-time of the classical and
quantum algorithms in terms of a single parameter —
the precision in the approximated thermodynamic limit.
We argue that for many problems for which we have evi-
dence of stability to errors, we also expect an advantage,
with respect to precision, in using the quantum simulator
— in the absence of errors, for the problem of constant-
time dynamics this advantage is superpolynomial with
respect to precision and exponential with respect to evo-
lution time in two or higher dimensional local Hamiltoni-
ans, and for ground state computation it is exponential in
desired precision. In the presence of errors, there is a fun-
damental limit to the precision that can be achieved by

the quantum simulator which is determined by the hard-
ware error — the advantage of the quantum simulator
can then be assessed by scalings of the classical run-time
required to achieve this hardware-limited precision with
the hardware error.

II. STABILITY OF ANALOGUE QUANTUM
SIMULATORS

Abstractly, an analogue quantum simulation can be
considered to configure a target Hamiltonian H on
n—spins and measure an observable O on a state py asso-
ciated with this Hamiltonian (e.g. a state obtained from
an initial product state after evolution for finite time un-
der H, or the Gibbs state/ground state of H). The target
Hamiltonian can be expressed as a sum of terms each of
which correspond to interactions between groups of spins
ie.

H=> hy. (1)
A

In an experimentally realistic setting, in the process of
configuring this target Hamiltonian, an error can be in-
curred in each term i.e. the Hamiltonian that is imple-
mented on the hardware is instead given by

H/:Zh;\a (2)
A

where we are only guaranteed that ||hy — h/y|| < § for all
A and for some & — & can be considered to be a measure
of the ‘hardware’ error incurred in the quantum simu-
lator. We note that since the number of terms in the
Hamiltonian in Egs. 1 and 2 will typically be poly(n),
we can only guarantee that |H — H'|| < dpoly(n) —
consequently, for the analogue quantum simulator to be
accurate without error correction, we would require the
hardware error to scale as 1/poly(n). This would typi-
cally make it intractable to obtain thermodynamic limits
accurately with analogue quantum simulators since the
hardware error would have to be made very small.

An alternative viewpoint would be to ask if there are
certain interesting many-body problems for which a good
estimate for the thermodynamic limit can be produced
with a hardware with constant errors. This motivates us
to look for ‘quantum simulation tasks’ which are stable
to an error in each term of the Hamiltonian, as made
precise in the following definition.

Definition 1 (Stable quantum simulation task). The
quantum simulation task on n spins of measuring an ob-
servable Oy, in a state pg, associated with a target Hamil-
tonian H, is said to be stable if the corresponding state
pr, for the perturbed Hamiltonian H), satisfies

|Tr(Onpmn,) — Tr(Onpny )| < f(6),

for some f, independent of n, such that f(0) — 0 as
0 —0.
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FIG. 1. Schematic depiction of our error model for ana-

logue quantum simulator. A target Hamiltonian H, expressed
as sum of Hamiltonian terms modelling interactions between
groups of spins, when implemented on an analogue quantum
simulator would have an error § per term. The parameter §
thus controls the accuracy of the hardware implementation.

Thus, if a quantum simulation task is stable as per this
definition, we can hope to be able to estimate the thermo-
dynamic limit of the observable on a quantum simulator
with the hardware error determined entirely by the pre-
cision desired in the thermodynamic limit. These prob-
lems would not require the hardware error to be scaled
down with system size even in the absence of error cor-
rection, and we can consider them to be problems that
analogue quantum simulators can conceivable solve in the
near term.

The stability of quantum simulation tasks for many-
body physics problems, while hard to prove rigorously,
can be intuitively understood. For simplicity, consider
the specific setting in which both the target Hamiltonian
H and V = H' — H are translationally invariant — in
this case, if the thermodynamic limit of an observable
(e.g. a local observable) O in a non-equilibrium or equi-
librium state associated with the translationally invariant
Hamiltonian H(s) = H + sV exists and is a continuous
function of s, then it can be seen that it is indeed stable
in the sense of definition 1. However, this argument falls
short of a full proof since in an actual experiment, even
for target Hamiltonians that are translationally invariant,
the presence of errors can make it translationally varying
thus making it hard to define its thermodynamic limit. In
particular, disorder can induce Anderson or many-body
localization which can even result in local observables be-
ing unstable. In the following sections, however, we show
that for several many-body problems, physically interest-
ing observables and order parameters are stable even to
translationally varying errors in the Hamiltonian.

III. STABILITY OF GAUSSIAN FERMION
MODELS

To make further progress on whether many-body sim-
ulation tasks can be considered to be stable in the sense
defined above, we consider physically relevant setting of
free-fermion models. We will consider fermions arranged

on a d—dimensional lattice with L sites in each direction
Z%, and at each site we have D fermionic modes — we
denote by ¢ for x € Z% o € {1,2...2D} the Majo-
rana operators associated with each site . We consider
a target Hamiltonian with local interactions given by

= > Zhifw (3)

z,yezf a.f=1
d(z,y)<R

where R is the range of interaction, and we assume
that all interaction strengths are bounded by a constant,
|h2:8] < J. Due to local hardware errors, the quantum
simulator instead implements a perturbed free-fermion
Hamiltonian H’,

= . Z hl ey, (4)

:c,yEZL a,f=1
d(z,y)<R

such that

|heol — nP| < 6.

Generically, we expect ||H — H'|| = O(n), where n =
2DL? is the total number of fermions. However, in
the following subsections, we show the stability of the
quantum simulation task of measuring several important
classes of observables, which include typical intensive or-
der parameters, in both dynamical and equilibrium states
of these models.

A. Finite-time dynamics

We are interested in the expectation value of Gaussian
observables O which are either k—local, i.e. they act on
aset S C ZCLl of k sites

2D
Oo= D, D onjeey. (5)
z,y€S a,Bf=1

or weighted averages of k—local Gaussian observables
i.e. are of the form Zi\il w;0;, where O; is of the form
Eq. 5, sz\i1 |lw;| = 1 and M can possibly grow with
n~ L%

We consider an arbitrary Gaussian initial state, and
let the target state pg be the state obtained on evolving
it with H for time t. We show in Appendix B that

Proposition 1. The quantum simulation task of mea-
suring k—local Gaussian observables, or their weighted
sums, for constant-time dynamics under a spatially local
Gaussian Hamiltonian is stable with f(0) = O(t9).

We point out that the dependence of the error be-
tween the observable in perturbed and unperturbed
models on ¢ is independent of the dimensionality



of the lattice d — this result is thus stronger
than what would be expected simply from locality,
wherein the error would be expected to grow as t X
(Number of sites in the light cone at time t) oc t4+1 —
we revisit this in section IV.

B. Equilibrium

We next study the stability properties of the ground
state as well as the Gibbs state. We again consider the
target Hamiltonian described while studying the stability
of constant-time dynamics, but make an additional phys-
ically reasonable assumption on the density of modes of
the target Hamiltonian H.

Assumption 1. We assume that the number of eigen-
frequencies ny, of H, which are eigenvalues of the matriz
hgf defining the target Hamiltonian, lying in the interval
[—n, n] satisfy the upper bound

Ty < nfh(n) + '%(77771)’ (6)

where n = DL is the number of fermionic modes, f1,(n)
is some function which — 0 as n — 0 and k(n,n) is o(n)

for any fixed 7.

Physically, this assumption formalizes the expectation
that any frequency interval would have an extensive num-
ber of eigenmodes lying within it — we expect this to
be true for most physically relevant models. In particu-
lar, for translationally invariant models, such an estimate
would be true with f3(n) being governed by the deriva-
tives of the dispersion relation of the free-fermion bounds
near w = 0.

The observables we consider while analyzing ground
states are translationally invariant Gaussian observables
generated k—locally, i.e., if Og is a k—local observable of
the form of Eq. 5, then we consider observables of the
form

0="1 3 7(00),

d
T€LY

where 7, is the observable Oy translated by z. Consid-
ering the target state py to be the ground state of the
free-fermion Hamiltonian, we then obtain the following
proposition (proved in appendix C)

Proposition 2. The quantum simulation task of mea-
suring translationally invariant Gaussian observables
generated k—locally, in the ground state of a spatially lo-
cal free-fermion model whose density of modes satisfies

Eq. 6 is stable with f(8) = O(V6) + fu(O(6Y4)).

We note that the stability result above holds very gen-
erally, with only a mild assumption on the density of
modes of the free-fermion model. In particular, it holds
for free-fermion models which are not gapped, i.e. the
energy separation between the ground state and the first

excited state decreases with n, as long as the observable
under consideration is translationally invariant.

The translational invariance of the observables con-
sidered here is key to obtaining the stability result for
ground states — translationally varying observables need
not be stable, even if they are intensive and spatially
local. A simple counter-example here is that of Ander-
son localization — consider H to be a 1D translationally
invariant tight-binding model ie. H = Z?:_ll (a;r 1 +
ajai_ﬂ), with errors Y -, 5iazai where v; is chosen uni-
formly at random between [—§, §]. In the absence of error,
the ground state of H is completely delocalized across
the spin-chain. In the presence of errors, no matter how
small, this model is known to be localized. Now, for ev-
ery 61,0z ...0, and , consider the translationally varying
intensive observable Oy, 5,...5, given by the average par-
ticle numbers on ©(1/4) sites around the site where the
ground state is localized. This observable, when mea-
sured in the delocalized ground state of the unperturbed
Hamiltonian H, yields an expected value of 0 as n — oc.
On the other hand, in the ground state of the perturbed
localized model it will yield an expected value of ©(1).
Thus, not all translationally varying observables can be
stable, even if we restrict ourselves to free-fermion mod-
els, with the observables being intensive and spatially
local.

Finally, we consider the Gibbs state, py =
e BH /Tr(e=PH) where the inverse-temperature 3 is a
constant independent of m, corresponding to the spa-
tially local free-fermion Hamiltonian above, and again
study the stability of translationally invariant Gaussian
observables that are generated k—locally. We show in
appendix D that

Proposition 3. The quantum simulation task of mea-
suring translationally invariant Gaussian observables
generated k—locally, in the Gibbs state at inverse-
temperature B of a spatially local free-fermion is stable

with f(8) = O(BV9).

We point out that, in contrast to the corresponding result
for ground state, this stability result corresponding to the
Gibbs state does not rely on an assumption on the density
of modes of the target Hamiltonian. However, f(J) grows
with (3, so this result does not directly imply the stability
of the ground state since 8 would in general have to be
increased with n for the Gibbs state to approximate the
ground state.

As an illustrative example to corroborate proposition
2, we numerically study the ground state of the free
fermionic Su-Schrieffer—Heeger (SSH) model on n fermi-
ions with periodic boundary condtion:

- 1 iodd

_ T _ )
HSSH[J] = ;tiai Q11 + H.c, t;, = {J i even. (7)
where a,+1 = a,. This model displays a (topological)
phase transition at J = 1, where the gap closes as 1/n,
and is gapped otherwise. We consider measuring the en-
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FIG. 2. Numerical study of the error in intensive translation-
ally varying observable in the SSH model. The observable
that we study here is O = Hggu[J]|/n, where Hssul[J] is the
Hamiltonian of the ideal SSH model (Eq. 7) (a) The error in
the expected value of the observable O in the ground state
between the perturbed and unperturbed Hamiltonians, as a
function of §, the hardware-error, and the number of sites n.
For both gapped (J = 0.5,1.5) and gapless (J = 1.0) cases, we
see that the error in O becomes independent of n as N — oo.
(b) Numerically extracted error between the perturbed and
unperturbed models for n — oo as a function of 4, and its
fit with 62. (c) The error between the perturbed and unper-
turbed model as a function of J — for the same hardware
error 9, this error peaks at J = 1 which is also the point at
which the gap in the unperturbed model closes. All the er-
rors are computed by averaging over 500 random instances of
perturbed models.

ergy density Hssi[J]/n of the unperturbed Hamiltonian
in the presence and absence of errors. Figure 2(a) shows
impact of changing system size on this energy density —
we see that for both gapped (J = 0.5,1.5) and gapless
(J = 1.0) cases, the errors in the energy density becomes
independent of n as n — oo, verifying the expectation in
proposition 2. Furthermore, we show the error in the en-
ergy density for large n as a function of § in Fig. 2(b) and
see that, consistent with proposition 2, this error — 0 as
d — 0. Finally, Fig. 2(c) shows this error as a function
of J — we see the error peak near J = 1 (i.e. the point
where the gap in the Hamiltonian closes), and that it is
smaller for values of J where the model is gapped.

IV. STABILITY IN QUANTUM SPIN SYSTEMS

While for free fermion models, we could prove tight
stability results with minimal assumptions on the model,
looser stability results hold for quantum spin systems
under more restrictive assumptions on their many-body
spectrum. In this section, we outline several quantum

simulation tasks whose stability is a consequence of sev-
eral locality results that have already been established
in the many-body literature [23-30]. Our emphasis here
is to cross-examine these results from the standpoint of
quantum simulation, and discuss their implications on
noisy quantum simulators.

We restrict ourselves to spin systems that are spatially
local — n spins are arranged on a lattice £ C Z¢ in
d—dimensions, and the Hamiltonian is of the form

H=> hy,

zel

where h, only acts on spins within a distance R from z,
and |hg|| < J for all x. We consider different physically
relevant observables, and states (either ground states,
Gibbs states or states generated by constant-time dy-
namics) that are associated with H, and study the sta-
bility of the quantum simulation problem of computing
a local observable in these states.

A. Finite time dynamics

Consider first the setting where an initial state
(|0) (0])®™ is evolved under the Hamiltonian H for a time
t that is independent of n — we are thus interested in
pr = e *Ht(|0) (0])®"e’Ht. We consider observables O
that are either local (i.e. they only act non-trivially on
an n—independent subset of spins), or of the form

0 = 0,0,...0y, (8)

where O1,05 ... 0Oy are local and k is independent of n,
or

M
O = Z ’inZ‘,
i=1

where Zf\il lw;| = 1, O; are of the form of Eq. 8 and
M can possibly grow with n. For these observables, the
stability of this quantum simulation task can be stated:

Proposition 4. The quantum simulation task of mea-
suring k—Ilocal observables, or their weighted averages,
for constant-time dynamics under a spatially local Hamil-
tonian is stable with f(8) = O(t*18) + O(tdlog(6~1)).

The proof of this result, provided in appendix E is
straightforward and uses the Lieb-Robinson’s bounds
[23, 24] to approximate the Heisenberg picture evolu-
tion of local observables with that corresponding to the
Hamiltonian truncated within their light cones, and then
uses a perturbation theory bound on this truncated
Hamiltonian.

Note also that for large ¢, the error between the target
observable and the observable measured on the quantum
simulator grows as t%*! — this is looser than the corre-
sponding result in Gaussian fermion models (proposition



1), where the error grows only as ¢t. Furthermore, since
this error bound becomes loose with ¢, it prevents us from
using this result to understand the stability of quantum
simulation tasks which are aimed to studying the ground
state properties of many-body Hamiltonians, and use the
adiabatic algorithms [7] that evolve a Hamiltonian for
t ~ poly(n). To address these problems, we consider the
stability of the ground state and Gibbs states of local
Hamiltonians using a different approach.

B. Equilibrium

We next study the stability of the task of simulating
the ground state and Gibbs states of H. We first consider
the problem of measuring k—local observables, and their
weighted averages, in the ground state. We assume that
H is gapped i.e. the energy difference between the ground
state and the first excited state is > A independent of
n. Furthermore, we also assume that the Hamiltonian
remains gapped in the presence of errors i.e. any Hamil-
tonian H' such that

H' =" hl, with ||hy — hl|| <6 for all z,  (9)
zel

is gapped with gap A — we refer to such a target
Hamiltonian H to be stably gapped with gap A. We
point out that the stability of the gap in the presence
of errors or perturbations has only been shown for cer-
tain frustration free models with local topological order
[31-34], although we posit it as a reasonable physical
assumption. The stability of this quantum simulation
task is a direct consequence of the spectral flow method,
or quasi-adiabatic continuation, proposed by Hastings
and co-workers [25, 26] which shows that map taking
ground state of H to the ground state of H' can be well-
approximated by a local unitary. We thus obtain the
following proposition and we include a proof of this in
appendix F.

Proposition 5. The quantum simulation task of mea-
suring k-local observables, or their weighted averages, in
the ground state of stably gapped spatially local Hamilto-
nians is stable with f(5) = O(0).

We point out, again, that the choice of observables here
is crucial to having a stable quantum simulation prob-
lem — even for stably gapped Hamiltonians, non-local
observables would in general not yield a stable quantum
simulation task. A counter-example here would be the
unperturbed Hamiltonian H = >"" | Z;, and a perturbed
Hamiltonian H' = """ | Z; + 6X;. It can be seen that
both these models are gapped for small § — the gap of H
is 2, and gap of H' is 2y/1 + 2. However, the non-local
observable O = (|0) (0|)®", when measured in the ground
state of H is 1 and when measured in the ground state
of H' evaluates to (1+46%)~"/2 — thus, at any § > 0, the
error in this observable — 1 as n — oo showing that it is
unstable in the sense of definition 1.

We next consider the Gibbs state of H at some tem-
perature 8 independent of n, and assume that the Gibbs
state has an exponential clustering of correlation [27]
i.e. for any two observables A, B separated by distance
l7

(A ® B) — (A)(B)| < |A[|B[O(e™),

for some constant cy. Furthermore, as in the case of
ground states, we assume that this exponential cluster-
ing of correlations is stable i.e. for any perturbation H' of
H of the form of Eq. 9, this exponential clustering prop-
erty holds. In this case, we again obtain that the problem
of measuring 1—local observables and their weighted av-
erages is stable.

Proposition 6. The quantum simulation task of mea-
suring I1-local observables, or their weighted averages, in
the Gibbs state of spatially local Hamiltonians with sta-
ble exponential clustering of correlations is stable with

£(6) = O(log! /(1 /6)e~2os""(1/8))),

V. DISCUSSION: QUANTUM ADVANTAGE IN
THE THERMODYNAMIC LIMIT

In many problems in physics, the quantities of inter-
est are the value of certain intensive observables in the
thermodynamic limit i.e. when the system size n — oo.
Thus, typical complexity arguments behind quantum ad-
vantage that rely on the scaling of the computational ef-
fort with the system size have to be revised and adapted
to this limit. One way of doing that is to concentrate
on the computational complexity of obtaining the ther-
modynamic limit as a function of a prescribed error, ¢
[21, 22]. A quantum advantage can then be obtained if
the computational time on a quantum computer required
to reach a precision of € scales more favorably with it than
with a classical computer. For instance, in a quantum
computer this scaling can be Tq = poly(1/e) while in a
classical one T, = exp(log®(1/¢)) or To = exp(O(1/¢)),
in which case we will respectively have a superpolyno-
mial or exponential quantum advantage. Furthermore,
even this notion of advantage relies on error-free com-
putation — for quantum simulation in the presence of
errors, a new notion of quantum advantage needs to be
introduced.

In this section we discuss potential advantage in quan-
tum simulations for dynamics and ground state problems.
First, we will consider the ideal (and unrealistic) situa-
tion where there are no errors. For dynamical problems
we will show that a quantum advantage can be reached
for the problem of computing the thermodynamic limit
in the sense described above. For ground state problems,
we will adopt a different perspective than the one an-
alyzed in Refs. [21, 22], where they consider the most
general scenario and even a quantum computer may re-
quire an exponential time in terms of the required er-
ror. Instead, we will consider promise problems where



the many-body Hamiltonian fulfills physically reasonable
assumptions and discuss potential quantum advantage.
Most of our discussion is based on technical results re-
lated to locality estimates and analysis of adiabatic quan-
tum algorithms that can already be found in literature —
we focus on describing the implications of these results
for quantum simulation.

Next, we will consider the more realistic scenario where
the quantum simulator is subject to errors as analyzed in
the previous sections. There, we will argue that quantum
advantage has to be based on the classical computational
time required to obtain the value of the intensive observ-
able in the thermodynamic limit with the same error as
with the quantum simulator. Within this framework, we
will rely on the robustness results of the previous sec-
tions, to argue that quantum advantage can persist for
stable quantum simulation tasks even in the presence of
€rrors.

A. Quantum advantage for ideal quantum
simulators

Let us consider a many-body model defined as a fam-
ily of Hamiltonians {H,, },en and observables {O,, }nen,
where H,,,O,, act on n—spins. We are interested in the
expected value of O, in a many body quantum state
generated by the Hamiltonian H,,, pg, . We furthermore
assume that the models and observables under consider-
ation have a well-defined thermodynamic limit i.e.

O* := lim Tr(py, On) (10)
n—oo
exists.

Examples of physically relevant pp, would include the
states obtained on evolving an initial state of n spins after
some time ¢, the Gibbs state corresponding to H,, or the
ground state of H,. We will mostly focus on families of
local Hamiltonians

$€Z%n

where h, acts on spins in a cube of unit length with z
being its lower left corner and satisfies || h,|| < J for some
J > 0. Typically, one considers translationally invariant
models, where h, is just some hg translated to the po-
sition . We will also only consider here observables O,,
are then acting on a single or few lattice sites.

Now, given a precision €, we can then choose n(e) such
that

0" = Tr(Onpm, )| <, (12)

i.e. approximate the thermodynamic limit by a finite-
size problem. The run-time of a quantum simulation or
a classical simulation for the finite-size problem can thus
be expressed in terms of the precision ¢ demanded in the
thermodynamic limit. This allows us to then compare

& &
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Q‘v& & '&Q@ n — 00
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%\@ %Q / *@——» 5
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Initial Target TL
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FIG. 3. An erroneous quantum simulator can obtain the ther-
modynamic limit of the perturbed model to a precision &’ in
time poly(1/e’) — this thermodynamic limit, however, can
have an error f(0) from the target thermodynamic limit in
the presence of hardware error §.

the scalings of the run-time of these algorithms with the
precision €, and declare an algorithm to have an advan-
tage in precision compared to others depending on their
respective scaling.

We note that there are classical algorithms which di-
rectly operate in the thermodynamic limit [35, 36]. We
will not consider them here, since for ground state prob-
lem in dimensions higher than two, it is not possible to
give rigorous scalings, and for dynamical ones they give
the same scaling as the ones considered here.

1. Finite time quantum dynamics

We consider first an initial product state [0)*", and
for t > 0, we take py, = e **(]0) (0| )®neiH"t. The
observable of interest is a local observable O.

The existence of the thermodynamic limit is obtained
directly using the Lieb-Robinson bounds [23, 24], and it
also characterizes the error between the thermodynamic
limit and its finite-size approximation.

Lemma 1. For the problem of computing a local ob-
servable O* after evolving |O>®n for finite-time t with
respect to a nearest-neighbour Hamiltonian exists and ful-
fills Eq. 12 for n = ©(log?(1/¢) + t9).

On a quantum simulator, one would evolve n =
O(log?(1/¢) +t%) qubits for a time ¢ and measure the ob-
servable. The procedure would be repeated M times, so
that the error in the observable would decrease as 1/M?.
In order to obtain an error €, the computation time would
then be O(t/e?)

On a classical computer, in general, we would have to
compute the quantum state on O(log?(1/e) + t%) spins.
Using exact methods, this would require a run-time that
scales as 2000e"(=™)+t" " For a fixed time ¢, in two or
higher dimension, this run-time would be superpolyno-
mial in 1/e and exponential in t. One could also use
other classical methods that obtain a better scaling with
the required precision. For instance, in Ref. [37] a method
based on cluster expansion was analyzed and which the



computational time scales as poly(n), although super-
exponentially with time. Compared to such a classical
algorithm, the quantum advantage is super-exponential
with respect to evolution time t.

2. Ground state

Consider next the problem of estimating local observ-
ables in the ground state of many-body Hamiltonians
in the thermodynamic limit. The convergence rate of
a finite-size approximation of a local observable to its
thermodynamic limit for the ground state problem is ex-
pected to depend on whether the model is gapped (and
hence the ground state has exponentially decaying cor-
relations [28, 29]) or gapless. While it is generally hard
to rigorously characterize the rate of convergence of a
finite-size approximation to the thermodynamic limit for
ground states, it is physically reasonable to consider the
following cases:

e Logarithmic Convergence: n = log%(1/e),
where d is the lattice dimension.

e Power-law Convergence: n = poly(1/e).

The first case is expected to hold for gapped models. In
fact, under the local topological quantum order condi-
tion [31, 33, 34], one can easily show that this is the case.
The second case is expected to hold for critical (gapless)
models. For instance, for the Gaussian fermionic Hamil-
tonians analyzed in the previous section this is the case,
under very general conditions for the Fermi surface.
Furthermore, to ensure that there is a quantum algo-
rithm that reaches the ground state we will assume that
H,, is adiabatically connected to a family of Hamiltoni-
ans H? with efficiently preparable ground states with a
minimal gap, A,, along the adiabatic path, fulfilling

e Power-law Gap: A, > 1/poly(n).

This ensures that using the adiabatic algorithm one can
reach the ground state within an error € in a time
Tq = poly(n,1/e), or Tq = poly(1/e) if framed entirely
in terms of the precision of the thermodynamic limit!.
This scaling of the gap is expected to hold for critical
systems as well.

We expect that, generically, classical algorithms to
compute a ground state observable would be no bet-
ter than exactly diagonalizing a finite-size Hamilto-
nian. Thus, under the Power-Law Gap and Logarith-
mic convergence conditions, a classical computer would

1 Note that we could have also considered a constant gap, in
which case, at least under certain further assumptions on the
Hamiltonian, it is provably possible to reach the ground state in
Tq = polylog(n,1/¢) [38].
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require time exp(O(log?(1/¢))) and thus one would ob-
tain a superpolynomial quantum advantage using a quan-
tum simulator. Instead, under the Power-Law Conver-
gence conditions, a classical computer would require time
exp(O(poly(1/e))) thus yielding an exponential quantum
advantage using a quantum simulator.

B. Quantum advantage for noisy quantum
simulators

As argued above, in the absence of errors, we expect a
quantum simulator to provide an advantage over classi-
cal algorithms for computing thermodynamic limits. The
presence of errors, however, sets a limit on the precision
that can be obtained by quantum simulators. In the er-
ror models analyzed in previous sections, such a limit is
determined by the hardware error ¢. In time poly(1/e’),
the quantum simulator is expected to compute the ther-
modynamic limit of the perturbed model to a precision
¢’ — the precision of the target thermodynamic limit ob-
tained is thus upper bounded by

e < O(max(e, f(9))),

where f(0) is given in Definition 1. From this, we imme-
diately see that in the presence of hardware errors, we do
not gain any benefit in precision by running the quantum
simulator beyond a time needed to obtain ¢’ = f(d) with
which we can expect to compute the target thermody-
namic limit to a precision of O(f(J)). Based on the sta-
bility analysis of the previous subsections, we generically
expect f(d) = poly(d) for most stable many-body simu-
lation tasks, and thus to be able to obtain the thermo-
dynamic limit to a precision of O(poly(d)), determined
entirely by the hardware error 4, in quantum-simulation
time O(poly(1/4)).

A numerical illustration of this analysis is shown in
Fig. 4 — here, we use the adiabatic quantum algorithm
to find the energy density observable in the ground state
of the critical SSH model (i.e. Eq. 7 with J = 1). Figure
4(a) shows the convergence of the energy density observ-
able, in the absence of errors, to its thermodynamic limit
— we see that a power-law convergence is obtained, as
physically expected for gapless models. In Fig. 4(b), we
use a system-size that yields a precision of O(f(¢)), as
determined by the stability bounds on the ground-state
of this model, and simulate an adiabatic algorithm to find
the ground state in the presence of hardware error. We
see that, in the presence of errors, the accuracy in the
achieved precision is fundamentally limited by the hard-
ware precision 6 — Fig. 4 shows the run-time of the adi-
abatic algorithm as a function of this hardware-limited
precision. We see that this run-time scales polynomially
with 1/e, where ¢ is the hardware-limited precision that
is achieved by the adiabatic algorithm.

To define a notion of advantage in the presence of noise,
we can now compare the classical and quantum run-times
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FIG. 4. Numerical study of quantum adiabatic algorithm in the presence of error. We consider using the adiabatic algorithm to
find the energy density observable for the critical SSH model in the thermodynamic limit (TL). (a) Convergence of the energy
density to the thermodynamic limit as n — oo — the scaling of € with n reveals a power-law scaling that is expected for gapless
models. (b) The adiabatic algorithm in the presence of hardware errors — the quantity being plotted is the error of the noisy
adiabatic algorithm from the thermodynamic limit of the noiseless model. The precision achieved by the adiabatic algorithm
is fundamentally limited by hardware errors. (c¢) The final precision (¢) achieved by an adiabatic algorithm in the presence of
errors as a function of the adiabatic algorithm run-time, confirming that 7' ~ poly(1/e) as expected from our analysis. Thus, on
decreasing the hardware error, the error achievable by the noisy quantum simulator decreases and the run-time of the quantum

algorithm increases at-most polynomially.

needed to achieve this hardware-limited precision. As-
suming f(d) = poly(d), it follows from the discussion in
the previous subsection that we would need classical run-
times that are either superpolynomial or exponential in
poly(1/6) to achieve the precision that can be achieved by
quantum simulators in time poly(1/§). If § is decreased
by a constant factor, then the run-time of the quantum
simulator will only increase at-most polynomially with
this factor, while the run-time of the classical simulator
will increase by a super-polynomial or exponential factor.

More specifically, in the case of dynamics, we can
evolve the noisy quantum-simulator for time t =
O(6~Y/(4+2) and, from proposition 4, we obtain an
error in local observable that — 0 as poly(d). All
known classical algorithms, based either on exact meth-
ods or cluster expansion, will have a run-time which is
exp(O(poly(1/4d))) thus one would obtain an exponential
quantum advantage in the sense of the previous para-
graph. Similary, for the ground state, depending on
whether we have logarithmic or power-law convergence,
one would obtain a superpolynomial or an exponential
quantum advantage. We summarize our expectation of
noisy quantum advantage for the quantum simulation
task of dynamics and ground states in the table 1. This
table is based on both the stability results provided in the
previous two sections, as well as the scaling conjectured
above for the run-times of classical algorithms.

VI. CONCLUSION

We have considered both the stability and quantum
advantage of using near-term analogue quantum simu-
lators for thermodynamic limits of many-body problems
in physics. Based on both existing theoretical results in
many-body literature, and new technical results for free-
fermion models, we argue that many physically relevant
many-body problems are stable to a constant rate of er-

ror on the quantum hardware being used to solve them
and thus are accessible in near-term experiments. We
also hypothesize that these algorithms have an advan-
tage, with respect to the obtained precision, in comput-
ing thermodynamic limits of many-body problems. Our
formulation and results provides some evidence for near-
term analogue quantum simulators being useful for solv-
ing many-body problems.

Extending the stability results for gapless models to
the case of quantum spins, or non-Gaussian fermionic
systems is an immediate open problem suggested by our
work. While previous work by Hastings [25] indicates
that, under some assumption on the density of states of
the many-body model, such a stability result could hold
for gapless spin systems, it would be interesting to see if
restricting observables to being translationally invariant
could help improve these results. Furthermore, we have
assumed a coherent error model for analyzing stability of
quantum simulation task, future directions could include
expanding these results to incoherent error models. Fi-
nally, any progress on a rigorous analysis of impact of
errors on adiabatic quantum algorithms would help lay
current experimental efforts on a strong theoretical foun-
dation.
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Appendix A: Notational preliminaries

The following is a list of notations that we will use for the mathematical proofs in the following appendices. Here

v denotes a vector, and A a matrix.

e

loll, = &2 vp)% denotes the p-norm of the vector v (p = 2 is the Euclidean norm, for which we drop the

subscript, ||| = ||-||2)- In the p — oo limit, it becomes the max norm, ||v]|. = max; |v;].

|Allop is the operator norm of A, i.e. the norm induced by the Euclidean vector norm, or the oco-Schatten norm.

|Allop,1 denotes the trace norm, i.e. the 1-Schatten norm of A.

e vec(A) denotes the vectorization of A, i.e. the vector whose components are the matrix elements of A.

will be its operator norm.

Unless otherwise mentioned, ||v||, where v is a vector, will denote their £ norm and ||O||, where O is an operator,

In the proofs relating to gaussian fermion models, for a hermitian operator O expressed as a quadratic form over the

Majorana operators cg,

we will denote by O the matrix of coefficients 0®?, with the indices (z,a) corresponding to the rows and (y, 3)

T,y

corresponding to the columns. We will assume, without loss of generality and unless otherwise mentioned, that O is

a hermitian matrix with purely imaginary matrix elements.
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Appendix B: Proof of proposition 1 (Dynamics of free-fermion models)

We will need the following lemma on matrix norms:

Lemma 2. Let M be an n X n matriz such that (i) |M;;| < 6,V1, 7, and (i) any row or column of M has at most r
nonzero elements. Then || M |op < 76.

Proof. Let v = (v;) be a vector, and denote R; = {j|M,;; # 0}, C; = {i|M,; # 0}. Then,

> Ay

n 2

1Mo =

i=1 1 jeR;
n
< > 1AGE Y fowl?
i=1 \jER, kER;
n n
< ré? Z Z log|? = 7“522 Z vk |2
i=1 kER; k=14€Cy,

<2 8|l* = [M|lop <70

O

Lemma 3. Given bounded Hermitian operators H and H', for any bounded operator O

‘eiH’toe—iH’t _ it —iHt . < 2|0l opll H — H'[lopt.
Proof. Consider the operator O(t) = e~ #HteiH't Qe ~H'tiHt  Note that
%O(t) _ i[e_th(H' _ H)eiH’tOe—iH’teth _ e—theiH’tOe—iH’t(Hl . H)eth ,
and consequently,
|00 <21 = #vgon,
We then immediately obtain that
GH =i 't _ ez‘Htoe—thH < /Ot ‘jg@(s) ds < 2||O||||H — H'||t.

O

Proof (of proposition 1). Let H,O be the 2DL% x 2DL® matrices with elements h2?, 0% (see Egs. (3)-(5)), and let

z,y Y,y
T’y be the correlation matrix in the Majorana basis corresponding to the initial state pg,

(Co)gf = 5 Tr(pole ) (B1)

After evolving for time ¢, the expectation values of the unperturbed and perturbed observable are given by
(O()) i = Tr(ToeOe™1) and (O(t)) g+ = Tr(Toe' T 1O '),
Using | Tr A| < Tr |A| = ||Al|op,1, and Holder’s inequality, ||AB|lop.1 < [|Allop,1]/B|lop, we have
(O 1 = (O | < [[Ollop,alle™ M Toe ™t — e Toe ™ || < 2] 0llop,1

where the second inequality follows from lemma 3. It only remains to prove that the last expression is independent
of lattice-size L. Observe that since O only acts on k sites, O has at most 2kD nonzero eigenvalues, thus

10llop.1 < 2kD|O]].

IToll||H — H'l,

Furthermore, for any correlation matrix, |[I'o|| < 1. Finally, by assumption, H — H’ is a matrix that satisfies the
conditions of lemma 2 (its elements are bounded by §, and due to H, H' being local, it has at most 2DR? nonzero
elements per row and column), hence

|H — H'|| < 2DR% (B2)

and the proposition follows. O
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Appendix C: Proof of proposition 2 (Ground states of local gaussian fermionic models)

In this appendix we will prove the stability of the expectation value of a translationally invariant, k-locally generated
Gaussian observable on the ground state of a quadratic Hamiltonian. We first provide a lemma that uses the translation
invariance of a local observable to provide an error bound.

Lemma 4. Consider a quadratic operator O which is translationally invariant and expressible as

0="1 % 7(00),

d
T€LY

where n = L% is the number of sites in Z%, Oy is a quadratic operator with a support on at most k sites and 7, is a
super-operator that translates an operator by x, then for any quadratic operator Ay,

4D2k
ITr(OTAp)| < 7||00||\|A0||op,

Proof. We note that

Tr(O Ay) = % > Tr(0o7f(Ao)) = % > Tr(Opr—x(Ap)).

d d
TEL] TEZ

Define A =n"" Zzezi T_2(Ap). We note that A is translationally invariant on the underlying lattice — consequently,

if F'is the n x n Fourier transform matrix, then Fp = F ® Isp block diagonalizes Aie. FDAFE) will be a block
diagonal matrix with n blocks of size 2D x 2D. Then we use

|T(0" Ao)| = | Ta(FLO P FLAF,)| < “vec(F,géoFD)“oo Hvec(FgAFD)Hl

where we have applied Holder’s inequality to the norms of the vectorized matrices. Now we bound each of the factors
in the right hand side. Since the operator Og has support only k sites, Og only has 2Dk x 2Dk non-zero elements.
Suppose that IIp, is a diagonal matrix with 1s on the entries that correspond to non-zero elements of Oy — it then
follows that Oy = o, OoHoo. We further note that if f; is the i*" column of Fp then

= 2Dk
[vee(EbOuED)|| = sup |10, 0000 5| < 100l sup Moy il THo, 51l = == 1100l

o0

where we have used that each entry of Fp has magnitude 1/4/n since it is the Fourier transform matrix. Next, since
F})AFD is block diagonal with N 2D x 2D blocks, and labelling by A, A5 ... Ay these blocks, we obtain that

Hvec(FT AFp) H ZHvec ;< 2DZ||A lops = QDHFT AFp

- QDHA

op,1 op,1

where we have used |[vec(M)||; < n||M|lop1 for an n x n matrix?. Finally, since A = erzd T_+(Ap)/N, it follows

that | Alop.1 < [|Aollop,1. Combining the above estimates, the lemma statement follows. O

The correlation matrix I' of the ground state of a quadratic Hamiltonian H with matrix of coefficients H (see
Eq. (3)) is given by

I = sign(H),

where sign(z) = z/|x| for # # 0 and 0 for x = 03. The sign function applied on a matrix is to be understood
as an operator function i.e. as a function acting on the eigenvalues of the argument while keeping the eigenvectors

2 To see this, let 0;; = sign(M;;). Then ||loop < n||vec(c)|loo = n,
and [[vec(M)[l1 = Te(oM) < [lollop| M lop.1 < 1M lop.1-
The reader may be familiar with the equivalent formulation in
terms of complex fermions, where the function to be applied to
the Hamiltonian matrix to obtain the correlation matrix of the

ground state is of the Heaviside type, such that it populates
negative energy states and depopulates positive energy states.
The function of the sign function in the language of Majorana
fermions is exactly analogous.
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FIG. 5. (left) Truncated Fourier series approximation sign,,(z) to the sign(x) function, used in the proof of proposition 2.
(right) Truncated Fourier series approximation tas(x) to the tanh(8z) function (for 8 = 1), used in the proof of proposition 3.

unchanged. Our proof will rely on a Fourier series approximation to the sign function. Within the interval (—m, )
we will investigate the approximation of sign(x) with sign,,(z), where
M _ 1 _
sign,,(x) = Z cn €™ where ¢, = . sign(x)e™ """ dz.

™
n=—M -7

To analyze the error between sign,,(z) and sign(z), it is convenient to express sign,,(z) in terms of the Dirichlet
kernel,

T

sign (v) = Dy (z — y)sign(y)dy,

—T

where

1 < yoina _ L sin(M +1/2)a
D T

Below, we provide two technical lemmas about the sign,, function — one that quantifies the approximation error
between it and the exact sign function, and the next that quantifies the maximum value of the sign,, function. Both
of these lemmas will be used for the perturbation theory analysis of the free-fermion ground state problem.

Lemma 5. For alln < |z| <7 —n and M > 0,

(@) <~ 4L

}sign — sign,( Tz
Ui

Proof. We first consider z € [n, 7]. We note that

sign , (z /DM x —y)dy — /DM x4+ y)d

Now, since [™_ Dys(y)dy = 1, we obtain that

/ DM(w—y)dy=1—/ Dy (x +y)dy,
0 0

and thus
gy (2) —signa)| 2| [ Dt + y)dy‘ |
Next, we apply integration by parts to obtain
J; pta+ b = e (S

1 [T cos((M +1/2)(x +y))cos((z +y)/2)
5 /o sin?((z +1)/2) dy) ’



15

and therefore

o 1 | | 1™ Jeos((z +v)/2)ldy
|| o +y)dy’§7r<2M+1><cos<ac/2>| * e T2, (@ + 9)/2) )

2 1 1
S @M 1) <|cos(3c/2)| T (2] 1)’

where in the last step we have used the integral

1/“‘:” \cos(y/2)|d B 1 1

2 sin®(y/2) v= sin(z/2) + cos(z/2) 2

2

Now, for x € (n,7/2), |cos(z/2)| > 1/v/2 and [sin(x/2)| > z/m > n/7. Therefore, we obtain that

/(:DM(ery)dy‘ gﬁ(mjm(ﬁ+:;1>.

While this bound is true for x € [, 7/2], we note that both sign,sign,, satisfy f(z) = f(7 — x) for z € [0, 7] and
consequently this bound also holds for « € [7/2, 7 — n]. Finally, since for both sign, sign,,, f(z) = —f(—x), it follows
that this bound holds for [—7 4+ n, —n] U [n, 7 — ). O

Lemma 6. For all x € [—m, 7],
signag (2)] < 5.

Proof. This proof is an adaptation of the standard technique based on Riemann integration that is used to treat Gibbs
phenomena in Fourier analysis. We repurpose that technique to provide error bounds as a function of M instead of
just concentrating on the asymptotic limit M — oco. Again, we only consider = € [0,7/2], and extend the bound on
|signy; ()] to the remaining interval by symmetry. We divide the interval [0, 7/2] into [0, ag/M] U [ovg/M, /2], where
«g is a constant that we pick later.

Consider first « € [ag/M,7/2]. An application of lemma 5 yields

2 M
i <1+ —F—|V2-1+—).
[sign ()] < +W(2M+1)(f + ao)

For large M, this bound scales as ~ 1/ag and thus does not allow us to provide an upper bound on sign,,(z) for =
close to 0. For this, we use the representation of sign,;(x) as a Fourier series which approximates a Riemann integral
of sin(t)/t. Consider z € [0,a9/M) and let & = xM (o < ap). Note that

. 2 2 . (ka
sign,,(z) = - Z 7 sin (M)
ke[1,M]|k is odd

To bound the term in the summation, we observe that it is an approximation of the Riemann integral of sin(ax)/x
in the interval [0, 1]. In particular, since sup,cp |(sinz/x)’| < 2, Taylor’s theorem yields that

Z 2 i ka /1 sin ar | 402 < 40

Zsin(— | — — <0
B\ o = ISM =M
ke[1,M]|k is odd

Finally, we note that

Lsinaz
/ dr < a < ap.
0

Thus, we obtain that for z € [0, ag/M),
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Thus, for the entire interval [0, 7/2], we obtain that

. 402 2 TM
|sign, (z)] < max(a0+ WOJ‘F 71'(2]\4—}-1)<\/§_ 1+ CVO)).

Since this holds for any aq, we choose oy = 1. We then obtain that

4 2
lsign,;(z)| < max(l +—,1+

_ — < > 1.
i 71'(2M—|—1)(\/§ 1+7rM)>5foer

O

Proof (of proposition 2). The expectation value of the observable O in the ground state of the Hamiltonian H is given
by

(O)g = Tr(O~ sign(f{)), Oy = Tr(O~ sign(ﬁ’)).

Without loss of generality, we will assume that H, H' are normalized so that | H]|, ||H’| < 5. This way all the
eigenfrequencies lie in the interval [—7, 5]. Note that lemma 2 guarantees that this can be done with a constant
normalization factor, i.e. one that does not depend on the system size, and does not change the ground state (note

however that ¢ and f;, would have to be rescaled accordingly). Now, from lemma 4, it follows that

4D%k
n

{O) e = (O)mr| < 100 ll|lsign(H) — sign(H")lop,1-

Furthermore,
Isign(H) — sign(H'")||op,1 <
Isign(H) — signy (H)llop,1 + [Isign(H") — sigup (H")[lop,1 + llsignay (H) — signas (H')lop,1-

We bound each term on the right hand side separately. Consider ||sign(H) — signy;(H)||op.s — denoting by \; the
eigenvalues of H and for any n > 0, we can express it as

Isign(F1) — signy (Dllopn = 3 sign(h) —signy Ol + 3 Isign(A) — signyr (o).
i|X; €[—n,m) i|A; ¢ [—n,m]

The motivation behind splitting the error into these two terms is that, within the interval [-7, 7], the approximation

of sign (\) by sign,, (A) is only good outside the neighbourhood of 0 (see Fig. 5) — consequently, we treat the
eigenvalues of H which lie within 7 radius of 0 separately from the rest. It now follows that from assumption 1 and
lemma 6 that

> Isign(h) = signa(\)| < 6nfu(n) + 65(n,n).
ip‘ie[_nvn]

Furthermore, from lemma 5,
1
3 Jsign(h) - signy ()] < - (1 + )
, M 7
| Ai E[—n,m]

Therefore, we obtain that

1, . - . ~ Kk(n,n 1 1
() signag (D)o < 65 (n) + 6= 4 1 (142,

We can similarly analyze ||sign(H’) — sign(H’)||lop.1. Denote by X, the eigenvalues of H' — it follows from Weyl’s
theorem that [\, — \)| < ||[H — H'[|op < 2DR%5 (see Eq. (B2)). Consequently, for sufficiently small, but ©(1), &, we
obtain that

> Isign(N) — signy ()] < 6nfn(n + 2DRS) + 65(n + 2DR?S, n),
il €[]
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and
1
ST Jsign(\) — signy ()] < ”(1 + )
, M n
i\ & [—n,m]

Finally, we consider |sign,,(H) — signy (H)|lop1 < n|signy, (H) — sign,, (H')||. Now, denoting by {cm}mez the
Fourier series components of sign function, then

M M

Isigny, (H) — signp (H) | <Y Jemllle™ =™ < > |mep||H — H'|.
m=—M m=—M

Using the explicit expression for ¢,,, we can immediately conclude that |mc,,| = 2/7 when m is odd, and 0 when m
is even. Therefore, we obtain that

2(M + 1)

~ ~ 2(M +1
Isignyg (H) — signy, (H')| < 1 — ) < 2o pas
™ ™
Combining all of these estimates, we obtain that
1. - 2 1 , + ¢,
() — sign (s < M3+ 2 (14 1) 46 + fuly + ) + o 21 4 HOEERD),

with ¢, ¢ constants. Since this is valid for any n and M, choosing M = §~/2 and n = §'/4, we obtain the proposition.
O

Appendix D: Proof of proposition 3 (Gibbs state of free-fermion models)

The correlation matrix of a thermal state of a quadratic Hamiltonian can be written in terms of the coefficient
matrix H of the latter as I' = tanh(8H). Note that the 8 — oo limit yields the sign function, which was used in
the previous appendix to compute the ground state correlation matrix. Indeed, the reasoning here will be similar to
that of appendix C, replacing the sign function with the hyperbolic tangent. The next couple of lemmas discuss the
Fourier series approximation of tanh Sz, defined as

M

tIVI(x) = Z CneZn””7 where Cp = %/ tanh ﬁxe—mxdx'
n=—M -7

Lemma 7. For M > 1, and z € [—%,g],

|tar(x) — tanh fz| < %,

where q(8) = 12026° + 208 + (24 5 ) B+ (L2 + ) = 0(8).
Proof. We fix the value of § and let ¢t(z) be the 27-periodic extension of tanh Sz
t(z) = tanh B(x — 2nm), z—2nw € [-m7], neZ (D1)

Once again, it will be convenient to represent /() in terms of the Dirichlet kernel Djy;. We note,
tu(z) = | Du(z—y)ty)dy= [ Du(y)t(z—y)dy= [ Du(y)t(z+y)dy,

—T —T —T

and therefore, using that the Dirichlet kernel is normalized, we write

to) = tai(e) = 5 [ Das() (2t(a) — tla =) = t(o + )y = [ Das) )
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where in the last step we have defined f,(y) = 2t(z) — t(x — y) — t(z + y). In the integration interval [0, 7], f.(y)
is piecewise smooth with a single jump discontinuity at y = m — x. We thus split the integral into the two intervals
[0,7 — z] and [r — z, 7] and apply integration by parts in each of them. For the first one,

T Ccos 1
S o FFCIIES T

(2M +1 sin2 %

Leos (M+3)y) fulw)|

/0 D (y) fo(y)dy = T 2M +1 sin ¥
2
y=0

where g, (y) = 2sin § f; (y) —cos 4 fo(y). To bound this expression, we will use the following properties of the functions
f=(¥), 92 (y) on the interval [0, 7 — z], where they are smooth:

9:(0) = g,(0) = 0,97 ()| < 248° +45° + f + L.

These bounds follow from direct computation, and in the case of ¢, (y) they are easiest to see when expressed in terms
of f(y). They imply (via Taylor’s theorem with second order remainder) that

which together with sin2(y) > z’r—z will allow us to bound the integral. Putting it all together, we have

T—T 4\/§ 7r2
[ D] < G ¢ e 24 484 6 )

Now we proceed on to the second interval y € [r — z, 7r] and similarly integrate by parts,

s

" 1eos((M+3)y) fu 1 ™ M+
| Pty = = L firfyg) o ) g@(()y)d‘”

Now the bound on g, (y) from Taylor’s theorem no longer holds, due to the discontinuity, but since y = 0 is not in
the integration interval, we can just use the constant bound |g(z)| < 48 + 4 to obtain

[ outwnti| < G+ sy,

and putting everything together the lemma follows. O

Lemma 8. If {c,}nez are the Fourier series coefficients of tanh Bz in the interval [—m, 7|, then for M > 1

M
D Inea| < 2M(B+1).
n=—M
Proof. This follows by a straightforward manipulation of ¢, — note that ¢o = 0, and for n # 0, we obtain from
integration by parts that
1 (7 , 1 /2 , B [T eTinT
n = — tanh ~dr = — | — tanh T 4 — ———dx |.
c =) anh Bz e T 27r(n anh 87 e + in . cosn®e m)
Consequently,
1 /72 2 1
kﬂs(+7ﬁ)§6+.
2r\n n n
From this bound, the lemma follows. O]

Proof (of proposition 3). We bound the error between (O) i g and (O) g+ 3 using the same procedure as for the ground
state (see appendix C) — the proof simplifies significantly because tanh Sz does not have a discontinuity near = 0
(unlike the sign function). From lemma 4 it follows that
4D%k

n

{O) s = (O)m ] < 100 |l|[tanh BH — tanh BH’||op,1-
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We again split
[tanh BH — tanh SH'||op1 <
tanh BH — tar (H) op,1 + |tanh B’ — tar (H')lop,1 + a1 (H') = tar () op,1

We will assume once again that |[H||, [|[H'|| < 7, so that from lemma 7, it follows that

B N ~ ~ n
ltanh BH — tar(H)|lop,1, [[tanh BH' = tar (H')op1 < %ﬂ)

and
~ -~ ~ - M . - . -
[tar(H) = tar(H')[lop,1 < nlltar(H) — tar(H')|lop < n Z |Cm|||€lmH —etmi llop-
m=—M

Furthermore, from lemmas 3 and 2 we have [/ — ¢imH'|| < mcs, where ¢ = 2DRY. Thus, from lemma 8, it
follows that

[tar (H) = tar(H')lop,1 < 2nM (5 + 1)co.
Thus, we obtain that for any M > 1,

2¢(8)

(0}~ (Ohur sl < 1% Oullop 224

+2(8+ 1)cM6>.

choosing M = /q(B)/c(B8 + 1)d, we obtain the result. O

Appendix E: Proof of proposition 4 (Dynamics of locally interacting spin systems)

We will need the following two lemmas:

Lemma 9 (Lieb-Robinson bounds, Ref. [24, 39]). Given a Hamiltonian defined on a lattice Z¢, H = ZQEZ%S he such

that ||ha|l < J and hy acts on sites o such that d(a, o’) < R, then there exist positive constants p,v that depend only
on the lattice such that

(a) For any two operators A, B with support Sa,Sp and 1 = d(Sa, Sp),

[A®), BIIl < [SalllAlllIBlle™ (e = 1),
where A(t) = et Ae=tH?,

(b) For any local operator O with support So, and for 1 > 0,

106) - 0] < 0] 150l (7 1),

where Oy(t) = etQe= "t with H, = H — 2o ald(She ,S0)>1 Pa being the restriction of the Hamiltonian to a
region within distance | of So.

Proof (of proposition 4). We consider the Hamiltonians H and H’ represented as
H:Zha, H’:Zh’a.
aEZ% aEZ‘i

We have, by assumption, ||ha — I/, |lop < &. Thus if € < J, then for all a € Z¢, ||ha ]|, |hL | < 2J. Now,

. . . ’ - ’
elHltOe iHt —GZHI'tOe iHyt

{O)are = (O)mv e

< Z ||eiKtOe—iKt _eiKltOe—iKltH +
Ke{H,H'}
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We note that by simply counting the number of sites in the support of the truncated Hamiltonian,
|H; — H]|| < (Ro + 2R + 21)%,

where Rp = diam(So). From lemma 3, it then follows that

Using this together with the Lieb-Robinson bounds (lemma 9), we obtain that

et Qe it _ giHitQe—iHit|| < 9¢4||O||(Ro + 2R + 20)%.

{O) it — (O) v 1| < 2[|O]||Sole™ (2”7 — 1) + 2et||O||(Ro + 2R + 21)°.

Choosing | = 2vJt/u + log(2J/e) /1, we obtain that

4 2 2J\\ ¢
(O)na = Oharal < 101 15011~ =) + 21 (Ro 2+ 221 2105 (2],

which proves the proposition statement. [

Appendix F: Proof of proposition 5 (Ground states of gapped local Hamiltonians)

We will apply the formalism developed in Ref. for spectral flows for families of gapped Hamiltonians. We are
interested in a target spatially local Hamiltonian H, expressed as

H=Yha,
zel

where h, acts only on spins with a distance R of z € £, and ||h,|| < 1. The implemented Hamiltonian H' is assumed
to have a similar form,

H = Z (ho + va),
zel

where ||v;]] < e for all z € £. We assume that H is stably gapped with gap A i.e. any H' of the above form has
an energy gap between the ground state and the first excited state that is larger than A. We consider the family of
Hamiltonians, Hy, for s € [0, 1], defined by

Hy=H+s(H —H) =Y hy+ sy,

rel

and note that the assumption of being stably gapped is equivalent to H, being gapped, with the gap being larger
than A, for all s € [0, 1]. Now, the spectral flow method allows us to construct a unitary U(s) that relates the ground
state |Gs=o) of Hs—o = H to the ground state |Gs) of Hy as provided in the following lemma.

Lemma 10 (From Ref. [26]). Consider the unitary U(s) obtained from

@U(S) =iD(s)U(s) where D(s) = /_OO Wa(t)e s (H' — H)etHe dt,

where Wa € LY(R) is a real valued odd function which satisfies

(a) [Wa(t)| is bounded and satisfies
1
Wl = sup [ Wa(6)] = 1. (F1)
teR
(b) Fort >0, the function In(t) = [~ |Wa(s)|ds satisfies

IA(t) < G(AD), (F2)

where G(z) falls off faster than any polynomial as x — co.
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Then, |Gs) = U(s) |Gs=o), where |Gs) is the ground state of H(s).

Proof (of proposition 5). Using this result, we can straightforwardly show the stability of the quantum simulation
task of computing a local observable in the ground state of H. To see this, we note that

(G0l O |Go) — (G4 0 1G] = \<GO| (o - U*<s>ov<s>) Go)

<0~ Ui(s)0U(s)] < / 0. D(s")]|ds"

It then remains to bound ||[O, D(s")]|| — we can do this by following lemma 4.7 in Ref. [26], and we reproduce this
below — we start by noting that
/ W —th ]dtH

For each term in this summation, we further split the integral and bound it as

H/ Wal(t Hay,, e~ ]dtH

1A, D <
zel

Wa(t)[A, e ey e~ qt|| + Wa(t)[A, e Hop,e~tHe] gy

[t|<Ty [t]>Ty

For the first term, which only concerns with |t| < T, we use the Lieb Robinson’s bound (lemma 9) and Eq. F1 to
obtain

’ [ Wao.e e e
tI<T,

For the second term for [t| > T, we use Eq. F2 together with the fact that Wa is an odd function and the simple
bound [|[O, e?*Hsv,e~Hs]|| < 2||O||||v.|| to obtain that

Note that T, can be arbitrary in the above two estimates — choosing T, = ud(So, Sy, )/2v, we obtain that

—1d(80,80,) ovTe

TT/
. e
< [|Ollvz[[Sole ‘d(so’s““)/o (e”" = 1)dt < ||Oll||va]l|Sol

[ wa@o.e e e <2100l [ [Walo)] < 210] e GAT),
[t|>T. [t >Ty

H/ WA(t)[O,eitHﬂvz,e_“HS]dt” < [|O||[Jvz]| [“%'e—ﬂd(SOvva/? +2G<§”d(50,5vx))],
o v v
and therefore, for all s’ € [0, s], we obtain that bound
110, D)) < 0l Y [l mnatsosiorz oq (B, s,.)) |
’ - v 0] P

zel

Noting that the summand in the above expression decreases faster than any polynomial in d(Sp, Sy, ), we see that it
will be upper bounded by a constant independent of the size of the lattice £, thus independent of n. This proves the
proposition. O

Appendix G: Proof of proposition 6 (Gibbs state with exponential clustering of correlations)

We begin by presenting a proof of a standard bound on the perturbation of Gibb’s states of a Hamiltonian. This
can be found in , and we reproduce it here for the convenience of the reader.

Lemma 11. Suppose H and V are two Hermitian bounded operators, then for any B > 0:

(a) The partition functions satisfy
Tr(e—ﬁ(HH/)) < Tr(e PH)AIVI
(b) For any O = 0, it follows that

Tr(oe—ﬂ(HJrV)) < TT(Oe‘BH) exp (eﬂ(HHIHHVH)HVH)_
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Proof. (a) We will use the Duhamel’s formula, which states that for any differentiable bounded operator F'(t),

1
ﬂeF(t) :/ (1) F(t) dF(t) QUF(®) g
di A dt

Defining H(s) = H + sV, we note from the Duhamel’s formula that

1
/ Tr(ef(lfu)ﬁH(S)VefuﬁH(S)ds)du =0

1
| T O ) u] < BV aplle T o
0

d
O (o BH()Y| _
’dSTr(e )‘ ’ 0

where we have used the Holder’s inequality in the last step. Noting that |e™#7(®)||,, 1 = Tr(e #H(%)), we obtain that

‘jsTr(e_BH(s)) < ﬁ||V||OpTr(e_BH(s))

Therefore,

1 d
fTI‘(EiBH(S))

1
—B(H+V)y _ —BH I
[log Tr(e ) —log Tr(e™"H)] S/ Te(c—PH) ds

d 1
— log Tr(e PH())| ds = /
s og Tr(e )| ds ;

ds < B[|Vlop-

Thus, we obtain the lemma statement.

(b) We again use the Duhamel’s formula to obtain

1
/ Tr(Oe (- WBHE Y —u8H ) gy

1
< B/ ‘Tr(Oe_(l_“)ﬁH(s)Ve_“’BH(s))‘ du
0 0

jTr(Oe_BH(S))‘ =8

S

We note that
‘Tr(Oe*(lfu)BH(s)Ve*u,@H(s))‘ = ‘Tr(e*BH(s)/20676H(8)/267(1/27u)5H(s)Vef(u71/2)5H(5))‘ ’
< Tr(e—BH(s)/2Oe—BH(s)/2) ||e_(1/2_“)/3H(5)Ve—("—l/Q)ﬁH(s) I
< Tr(Oe PHE) V|| ePUHIFIVID,

where we have used the fact that since u € [0,1], |u — 1/2| < 1/2. Therefore, we obtain that

ds

d
logTr(Oe_ﬂH(S))‘ < ||V ||efIHT BV — llogTr(Oe_ﬂH) _ logTr(Oe_ﬁ(HJrv))‘ < ||V [ePUHEIFIVID,

This estimate yields the lemma statement. O

Lemma 12. Given bounded hermitian operators H and V', and any bounded hermitian operator (observable) O,

Oe_ﬁH Oe_ﬁ(H"FV)
Tr( = ) = Tr( —r ]| <200 BARIHIVIDIY Y — 1] +
‘ r(ZH(5)> r( Znv(B) )‘ o]l P(‘GXP(e V1) ‘

Proof. This is a straightforward application of lemma 11. We denote by H' = H + V. For simplicity, we will analyze
the operator O’ = O + ||O||I — O’ »= 0 and

O'e—PH O'ePH Qe BH OeBH
Tr( Zu(5) > B Tr( Zu(5) > - Tr( Zu(5) > B Tr( Zu(5) )
We begin by noting that

!, —BH /o—BH' le—BH
Tr(oe >—Tr<Oe )|§TI‘(O€ ) 1

esp(3IVI) - 1))

B Tr(O' e #H")
Tr(O'e—AH)

Tr(O'eﬁHv‘ ) ZH/w)’

Zu(B) Zr(B) Zu(B) Zr (B) Zu(B)

Noting that

Tr(O'e PH) Tr(O’e_BH,)
Zu(B) T Zw(B)

<[O'llop < 2[[O]lop,
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we obtain that
) —BH ) —BH'
Tr<O e ) B Tr(O e >
Zu(B) Zu(B)

We next need the notion of exponentially-clustered correlations in a Gibb’s state — which we reproduce below from
Ref. [27]. We will consider Hamiltonians on £ C Z? expressed as

H:th,

zel

< 210up  [exp(e2 D) - 1] +

exp(BIVI) - 1])

O

where h, acts only on spins within a distance R of = € £. We will denote by supp(h,) C £ the support of h,. Given
X C £, we denote by Hx the operator
Hx= Y ha,

z|supp(hs)CX
i.e. Hx is the Hamiltonian H obtained on restricting H to the set X.

Definition 2. A local Hamiltonian H is said to have exponential clustering of correlations at inverse-temperature 3
if deq, ca > 0 such that for all operators X C £ and A, B with supp(A), supp(B) C X with d(supp(A),supp(B)) > I,

|Tr(A® Box(B)) — Tr(Aox (8))Tr(Box ()| < co|| All| Blle,
where ax (B) = e PHX /Tr[e=PHxX] s the Gibb’s state corresponding to Hx at inverse-temperature (3.

An important property of Hamiltonians with exponential clustering of correlations, which relies on quantum belief
propagation [40] and is proved in Ref. [27], is that local observables can be estimated locally.

Lemma 13 (From Ref. [27]). Suppose H is a local Hamiltonian on a finite lattice £ C Z% with exponential clustering
of correlations at inverse temperature 8. If £ = AU BUC such that dist(A,C) > 1, then 3¢}, ch such that

| Trg,c(oe(B)) — Tra(oaus(B)),, < 1C|che i,
where ox(B) is the Gibb’s state corresponding to Hx and OC is the boundary between B, C.

Proof (of proposition 6). We assume that both H and H’' have exponential clustering of correlations and satisfy
lemma 13. Suppose O is a local observable with support Sp and consider B to be a region around Sop and C be the
remainder of the lattice. We also assume that d(C, So) > I, for some [ to be chosen later. We denote by o;(5) and
o1(B) the Gibb’s state, at inverse temperature /3, corresponding to Hs,up and Hg, 5 respectively, and by a(83),o’(5)
the Gibb’s state corresponding to H and H’'. Now, from lemma 13 it follows that

(00 (8)) — Te(Oau(B))], I TH(00' (8)) — TH(Ow{(A)] < [O]ld(21 + Ro)**che ™4,

where Rp = diam(Sp) and we have used that |0C| < d x diam(So UB)?~! < d(2] + Rp)?~!. Furthermore, lemma 12
can be used to bound |Tr(c;(8)) — Tr(Ooj(8))|. We note that

|Hsous — Hsusll < 6(21+ Ro)? and ||Hs,usl| < (21 + Ro)”.

Therefore,
Te(01(8)) — Te(O0](8))] < 2|Ol|O(PHE) (21 + Rp)?).

Thus, from the triangle inequality we obtain the bound that
ITr(o(8)) — Tr(Od’(B))] < ||O|| {0 ((21 + Ro)d—le—cil> +0 <eﬂ(ﬂ+Ro)d(2l + RO)d(s)} .

Choosing 2 + Ro = ©(log"/*(1/v/5)), we obtain that

[Tr(00(8)) — Tr(00'(8))] < [ O]|0(tog! ™/ (1/8)e= 0081/,

which proves the lemma statement. (]
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