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Many-body open quantum systems, described by Lindbladian master equations, are a rich class of
physical models that display complex equilibrium and out-of-equilibrium phenomena which remain
to be understood. In this paper, we theoretically analyze noisy analogue quantum simulation of
geometrically local open quantum systems and provide evidence that this problem is both hard to
simulate on classical computers and could be approximately solved on near-term quantum devices.
First, given a noiseless quantum simulator, we show that the dynamics of local observables and the
fixed-point expectation values of rapidly-mixing local observables in geometrically local Lindbladians
can be obtained to a precision of € in time that is poly(s_l) and uniform in system size. Furthermore,
we establish that the quantum simulator would provide an exponential advantage, in run-time scaling
with respect to the target precision and either the evolution time (when simulating dynamics) or
the Lindbladian’s decay rate (when simulating fixed-points) over any classical algorithm for these
problems unless BQP = BPP. We then consider the presence of noise in the quantum simulator in
the form of additional geometrically-local Linbdladian terms. We show that the simulation tasks
considered in this paper are stable to errors, i.e. they can be solved to a noise-limited, but system-size
independent, precision. Finally, we establish that there are stable geometrically local Lindbladian
simulation problems such that as the noise rate on the simulator is reduced, classical algorithms
must take time exponentially longer in the inverse noise rate to attain the same precision unless

BQP = BPP.

I. INTRODUCTION

An extensive body of results suggest that, with a fault-
tolerant quantum computer, several many-body prob-
lems relating to both dynamics and equlibrium proper-
ties can be efficiently simulated [I}, [2]. However, despite
the recent experimental demonstrations of quantum error
correction to build logical qubits [3H7], building a large-
scale fault-tolerant quantum computer still remains a
massive technological challenge. At the same time, there
has been increasing interest in using available quantum
devices without error correction to obtain approximate
solutions to quantum many-body problems. A major ef-
fort in this direction is to use quantum devices as “ana-
logue quantum simulators”, where the target many-body
Hamiltonian is configured on a (semi-) programmable
quantum device, and due to its own physics the quan-
tum device simulates the target many-body problem [g].

Most of the focus of analogue quantum simulation has
been confined to simulating closed many-body systems
i.e. many-body problems that are specified by a Hamil-
tonian. The goal is typically to measure an intensive
observable in either a non-equilibrium state associated
with the Hamiltonian (such as the state generated by
time-evolving an initial product state under the Hamil-
tonian), or an associated equilibrium state (such as its
Gibb’s state or ground state). The mappings of a vari-
ety of physically interesting Hamiltonians arising in solid-
state physics, condensed matter physics and high energy
physics onto existing quantum computing platforms such
as trapped ions, superconducting qubits, or atomic sys-

tems have been extensively developed [T, [BHI2].

However, closed many-body systems are just a special
case of open many-body systems, which can be modelled
by Lindblad master equations. Dynamics and equilib-
rium properties of open many-body systems have a num-
ber of physical effects — such as driven-dissipative phase
transitions [I3} [14], super and sub-radiance [I5HI9], and
exceptional spectral points [20H24] — that are qualita-
tively different from closed systems and make them inde-
pendently interesting target problems for quantum sim-
ulation. Furthermore, there is evidence to suggest that
open quantum system problems could inherently be more
robust to noise than closed quantum system problems
[25]. In particular, if a quantum simulator is implement-
ing only a Hamiltonian, then well-known no-go results
indicate that due to entropy accumulation in the pres-
ence of a constant rate of depolarizing noise, the simula-
tor state converges exponentially with simulation time to
the maximally mixed state [26H30]. However, these no-
go theorems are not applicable to a quantum simulator
implementing a Lindbladian, since the simulator dynam-
ics inherently could counter the accumulation of entropy
due to external noise.

Several proposals for implementing the digital quan-
tum simulation of Markovian [3IH37] and non-Markovian
open quantum systems [38, [39] on fault-tolerant quan-
tum computers have been recently developed. Analogue
quantum simulation of open quantum systems has also
been investigated [40H42], although it has not received as
much attention as its closed system counterpart. A rela-
tively simple way of simulating a given Lindbladian is to
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FIG. 1. Diagrammatic depiction of the analogue quantum simulator. (a) The target Lindbladian acting on a lattice of sites
is the sum of dissipator Linbdladians Dr, each corresponding to a geometrically local jump operator L. (b) The analog
quantum simulator approximates each Lindbladian D, by implementing a Hamiltonian wV, that couples the sites (blue) on
the lattice region to an ancilla qubit (purple) that undergoes dissipation resetting it to |0). (c) Noise due to unwanted coupling
to an environment is modeled as additional local Lindbladians Np of strength & each acting on regions that may include both

simulated lattice sites and ancillae.

use a set of ancillae, each continuously reset to its ground
state (i.e. experiencing an amplitude damping channel),
and couple the ancillae to the system qubits via a Hamil-
tonian that depends on the jump operators in the target
Lindbladian. By tuning the rate of amplitude damp-
ing in comparison to the strength of the Hamiltonian,
an approximation of the target Lindbladian dynamics
can be implemented on this system. Since implementing
both amplitude-damping dissipation and a Hamiltonian
interaction is possible on many experimental platforms,
this method is particularly suitable for analogue quantum
simulation of open quantum systems. This method has
been used to implement dissipative quantum memories
[40], and identified as a strategy for Lindbladian simu-
lation [41]. However, it remains unclear if, and under
what circumstances, this experimentally simple analogue
quantum simulation protocol can provide a good approx-
imation to target many-body Lindbladians, especially in
the presence of errors in the quantum simulators.

In this paper, we analyze the analogue quantum simu-
lation of open quantum systems, both in the noiseless and
noisy settings and rigorously prove accuracy guarantees
on the quantum simulation protocol. We first consider
the noiseless setting, where a user-specified Hamiltonian
and an amplitude damping channel can be perfectly im-
plemented on the analog quantum simulator. We estab-
lish that a generic k—local Lindbladian implemented on
n qubits for time ¢ can be simulated with an overhead
in simulation time which is at most polynomial in the
number of qubits n and the evolution time ¢. This sim-
ulation also incurs an overhead in ancilla qubits that is
equal to the number of Lindblad jump operators, which
is typically poly(n). We then focus on the case of a spa-
tially local Lindbladian on a lattice and show that, as
a consequence of Lieb-Robinson bounds [43] [44], local
observables on an analogue quantum simulator can be
measured in a simulation time that scales polynomially
with ¢ but is uniform in the system size n. For geomet-
rically local Lindbladians, we also consider the problem
of measuring either long-time dynamics of the local ob-

servable, or its fixed point expectation value. We show
that, under the assumption of rapid mixing [45] 4], this
can again be done on an analogue quantum simulator in
a simulation time that is uniform in the system size n.
Our main theoretical technical contribution that enables
us to establish these results is to develop a rigorous analy-
sis of adiabatic elimination of the damped ancillae which
explicitly leverages the finite Lieb-Robinson velocity in
the target system.

Simultaneously, we build upon the quantum-circuit to
Lindbladian mapping developed in Ref. [47] and show
that unless Bounded Quantum Polynomial Time (BQP)
= Bounded Probabilistic Polynomial Time (BPP), we do
not expect there to be a classical algorithm that has a
run-time which is polynomially in both the inverse pre-
cision ™' and the evolution time ¢ (when simulating
dynamics) or the inverse Lindbladian’s decay rate v~
(when simulating fixed-points) and consequently we ex-
pect there to be an exponential separation between the
run-time of the quantum simulator and the best possible
classical algorithm. This holds true even when restrict-
ing ourselves to the physically relevant setting of time-
independent and spatially local 2D Lindbladians. To es-
tablish this result for 2D local Lindbladians, we adapt
the circuit-to-2D-Hamiltonian-ground-state mapping de-
veloped in Ref. [48] to the dissipative setting and theoret-
ically establish that the resulting master equation mixes
in a time that scales polynomially in the system size.

Finally, we consider the presence of errors or noise
in the quantum simulator, which can either be coherent
configuration errors or incoherent errors due to interac-
tion with an external environment. Since typically every
qubit on the quantum simulator would be noisy, there are
extensively many errors on the simulator. In the worst
case, these errors could accumulate and result in the ob-
servable being measured on an n-qubit quantum simula-
tor incurring an error ~ § x n. Consequently, as the sys-
tem size is increased (e.g. to simulate the thermodynamic
limit of a many-body observable), any constant error rate
0 would cause the simulated observable to diverged from



its true value. However, we establish that when com-
puting dynamics of local observables or the fixed point
expected value of rapidly mixing local observables, a
noisy quantum simulator incurs a system-size indepen-
dent error that decreases polynomially with the noise
rate. Thus, these simulation task are stable in the sense
defined in Ref. [25] and can be solved using near-term
experimental platforms to a hardware-error limited pre-
cision. Finally, by combining these stability results with
the circuit-to-2D-geometrically-local-Lindbladian encod-
ing, we also establish that to solve these problems to the
same precision as achieved by the noisy quantum device,
any classical algorithm would require time that scales ex-
ponentially with the hardware error rate.

II. SUMMARY OF RESULTS

A. Theoretical results

Throughout this paper, we will concern ourselves with
simulating a Lindladian. Any Lindbladian over a Hilbert
space H (dim(H) < o0) can be specified by a set of jump
operators L, Ly ... Ly, and a Hamiltonian Hgys(t). The
corresponding Lindbladian master equation is

d M
PO = —ilHsys, p(D)] + ;DLa(p(t)), (la)

where p(t) is the time-dependent density matrix of the
physical system under consideration and, for any opera-
tor A, the dissipator corresponding to A is the superop-
erator

Da(X) = AX AT - %{X, AT A}, (1b)

We assume that the time-unit in the physical problem
is normalized such that |L,| < 1 for all a. For typical
problems in physics the qubits are laid out in a lattice
and the jump operators are typically local operators that
are supported on a subset of neighbouring qubits and the
Hamiltonian is also geometrically local i.e. a sum of such
local jump operators.

If a quantum simulator could configure any specified
dissipator, there would be a direct mapping between the
target master equation and the quantum simulator. How-
ever, in most experimentally available systems the quan-
tum simulator can controllably implement a (family of)
Hamiltonians and simple single qubit dissipators, neces-
sitating an experimentally simple way of mapping a Lind-
bladian to a quantum simulator.

This problem has been addressed previously — in par-
ticular, Ref. [40] identified that a dissipator Dy can be
effectively implemented by using an ancilla qubit with
a large amplitude damping dissipation (i.e. a dissipator
that maps |1) of the ancilla to |0)) and coupling it weakly
to the system with a Hamiltonian that depends on the
jump operator L,. More specifically, to simulate the

Lindbladian in Eq. [I| over Hilbert space Hg, we define
another Hilbert space H.4 = (C2)®M of M ancilla qubits
and consider the following Lindbladian over Hs ® H 4

d

%pw(t) = ['w(pw(t)) (23‘)

with

M M
L,(X) = —iw?[Hyys, X] - iw[ > Va,X] +43 Dy (X),
a=1 a=1 (2b)

where 04 = |0,)(1a] is the lowering operator on the ot
ancillary qubit,

Vo = Lool + LT o, (2c)

is the interaction Hamiltonian between the o ancilla
and the system, and the dimentionless parameter w con-
trols the strength of the interaction between the ancillae
and the system.

The parameter w also controls the extent to which the
reduced state of the system, Tr 4(p. (%)), is a faithful ap-
proximation of the target state p(t) satisfying Eq.[th. To
see this physically, we treat the ancillae as an environ-
ment for the system qubits. The limit of small w then
corresponds to the limit of weak system-environment in-
teraction in which we expect the ancillae to behave like
a bath describable by the Born-Markov approximation
[49]. Equivalently, we expect Tra(p.(t)) to satisfy a
Markovian master equation. Consequently, as we will
rigorously establish in this paper with a concrete bound
for finite w, it is true that a smaller w guarantees a more
accurate simulation of the target quantum dynamics. In
particular,

lim TrA(pw(wtg)) = p(t). (3)

It is important to note that Eq. [3]suggests that even for a
fixed time ¢, the simulation time needed on the quantum
simulator increases on decreasing w, i.e. the greater the
accuracy required in simulating the target master equa-
tion, the slower the quantum simulator will be.

While this provides a qualitative reason why a quan-
tum simulator can reproduce the dynamics of the target
system, it leaves open several theoretical questions that
are important from the point of view of current experi-
ments. First, can we provide concrete run-time bounds
on the quantum simulator and gauge its performance for
various physically relevant models? And is it true that an
analogue open quantum system simulator can potentially
provide a quantum advantage over classical algorithms
for physically relevant models? Second, does the pres-
ence of errors (coherent or incoherent) catastrophically
impact the performance of the analogue open quantum
simulator, and if not, is the analogue open quantum sim-
ulator stable to errors for any problems which are both



physically interesting and classically hard? This question
is even more important in view of Eq. [3| which suggests
that the quantum simulation time must be increased to
increase the accuracy of the simulation, and hence it is
possible that even a small but constant error rate could
accumulate over this long simulation time and result in
the simulator’s output being completely incorrect. It is
therefore crucial to understand if and under what circum-
stances this quantum simulation protocol could be stable
to errors in the quantum simulator and trusted to pro-
duce a faithful approximation of the target problem. In
this paper, we provide answers to all of these questions.

1. Noiseless setting

Dynamics. We first analyze the noiseless quantum
simulator and provide concrete run-time bounds for the
simulation tasks considered in this paper. We will also
provide complexity-theoretic evidence of quantum advan-
tage, even for the physically motivated restricted settings
that we consider in this paper. We begin by consider-
ing the general Lindblad master equation (Eq. (1)) as the
simulation target. Our goal is to obtain the full density
matrix at time ¢ to a given precision ¢ in trace-norm. As-
suming that |L,| < 1 for all a, we establish the following
simulation time bound on the analogue open quantum
simulator.
initial-

> 0,

Proposition 1. With «all the ancillae
ized to the state |0) and for any time t
lp(t) = Tr a(po (t/w?))|, < € can be obtained with

c1/2

(M + AM | Hgys|t + 4M2t

w=0 )1/2

which implies that the required run-time on the simulator
tim = t/w? scales as

(Mt + 4AM| Hoys|t? + 4M?t? )
tsim = © .
€
Importantly, in this general setting and if the required
target is the full quantum state to a desired precision,
then the analogue quantum simulator must run for a
time that increases with the number of jump operators
M, which in a typical n-qubit problem scales as poly(n).
Furthermore, we expect this scaling to be tight as far as a
target precision in the full many-body state is concerned
since we incur an extensive error in using damped ancillae
to mimic a Markovian environment. Finally, we remark
that our bound on the quantum simulation time exhibits
a quadratic slowdown for the analogue quantum simula-
tor with respect to the target dynamics i.e. tgm ~ t2 —
this is expected and consistent with lower bounds on dig-
ital quantum simulation time for Lindbladians previously
described in Ref. [35].
The key technical tools that we develop in this pa-
per that enabled us to prove this proposition is (1) a

procedure to rigorously adiabatically eliminate the an-
cillae while accounting for the adiabatic elimination er-
rors in terms of the excitation number in the ancillae
together with (2) an excitation number bound on the
ancillae which decreases sufficiently fast with w. This
analysis approach also forms the basis of the proof of the
better run-time bounds for spatially local Lindbladians
provided in the propositions that follow.

We remark that, to the best of our knowledge, such an
analogue simulation protocol has been analyzed previ-
ously only in Refs. [41] 50] and [40]. In Refs. [41l 0], the
bounds provided effectively do not explicitly evaluate the
dependence of the simulator time tgy,, on the target time
t compared to the result in Proposition [I] Furthermore,
our proof of this proposition also significantly differs from
Refs. [41), [50] and is more amenable to the analysis of ge-
ometrically local models considered in the remainder of
this paper. Additionally, in Ref. [40], the authors also
considered an encoding similar to the one considered in
Proposition [I} but their error analysis followed a signif-
icantly different approach and was restricted to a single
jump operator.

Next, we consider geometrically local models, which
frequently appear in the study of many-body open quan-
tum systems in physics. We make the assumption that
the system S consists of a set of qubits arranged on a
lattice Z< and the target Lindbladian £ is assumed to be
of the form

L=YL.,

where L, is a Lindbladian corresponding to a jump op-
erator L, with |L,| < 1, and Hamiltonian h, with
|he| < 1. Both L, and h, are assumed to be sup-
ported on qudits in S, which has a diameter a, i.e.
diam(S,) = maxy yes, d(z,y) < a, where d(z,y) is the
Manhattan distance between z,y. Such models have a
finite velocity at which correlations can propagate across
the lattice, formalized by the well-known Lieb-Robinson
bounds [43].

In the following we analyze the restricted problem of
measuring local observables in the dynamics and fixed
points of these Lindbladians. The physical motivation
behind this choice stems from the fact that in many-body
physics settings it is typically of interest to only measure
intensive order parameters that are expressible as single
(or weighted sums of) local observables. Consider first
the problem of using the analogue quantum simulator to
compute a local observable, at time ¢, for a spatially local
Lindbladian. Given that a spatially local Lindbladian has
a finite Lieb-Robinson velocity, it could be expected that
the choice of w needed to obtain a good approximation
for a local observable, instead of depending on the total
number of jump operators in the Lindbladians as sug-
gested by Proposition (1, should depend on the number
jump operators within the light-cone until time ¢. How-
ever, a closer look at the quantum simulator Lindbladian
(Eq. [2) reveals that its Lieb-Robinson velocity, being de-
pendent on the norm of the interaction terms between



different qubits, scales as w, while the total simulation
time scales as t/w?. Consequently, it would appear that
the effective light cone of a local observable on the ana-
logue quantum simulator would scale as w x t/w? = t/w,
which would diverge as we take w — 0 to increase the
accuracy of the quantum simulation.

Despite this issue, in the next proposition, we show
that the parameter w needed to estimate a local observ-
able at ¢t under evolution with a spatially local Lindbla-
dian can be chosen to be uniform in the system size
(i.e. number of jump operators). More specifically, we
consider local observables (i.e. observables that are sup-
ported on a geometrically local subset of system qubits)

A
v

0 wVy %

Ancillas in
general state

~
~
€
[
A
~
v

Ancillas in low-
excitation state

FIG. 2. (a) In a system evolving under the target Lindbladian
L, the support of a local observable O spreads in the Heisen-
berg picture in a “light-cone” with a Lieb-Robinson velocity
scaling as ~ |L4|. (b) In the quantum simulator we analyze,
the Lieb-Robinson velocity scales as ~ w|Va| ~ w; however
the simulator also runs slower by a factor of 1/w?, leading to
a diverging Lieb-Robinson light-cone as we take w — 0. Our
analysis shows that the effective light-cone is no longer diverg-
ing if we account for the ancillae (red) being heavily damped
and thus in a low-excitation state.

and establish that

Proposition 2. Suppose L is a d—dimensional geomet-
rically local Lindbladian and O with |O| < 1 is a local 0b-
servable. To achieve an additive error ¢ in the expected
local observable with the analogue quantum simulator, we
need to choose

w=0 (t—(d+1/2)\/g)
and this corresponds to a stmulator evolution time
tim = t)w? = O (t2d+2€—1) ’
which is uniform in the system size.

The key physical insight that allows us to side-step the
issue of the diverging light-cone as w — 0 is that the
light-cone predicted by the Lieb-Robinson bound upper
bounds the spread of a local observable for any initial
state of the ancillae. However, in the analogue quantum
simulation experiment, the ancillae are initialized to |0)
— moreover, they are strongly damped by the amplitude
damping channel applied on them and thus remain ap-
proximately in |0) throughout the evolution of the sim-
ulator. At a qualitative level, restricting the quantum
states of interest to only slightly excited ancillae results
in a much slower growth of the light cone on the quan-
tum simulator than predicted by a direct application of
the Lieb-Robinson bounds. Our key technical contribu-
tion in the proof of Proposition [2]is to make this expec-
tation precise by combining the rigorous adiabatic elimi-
nation of ancillae developed in the proof of Proposition
together with the Lieb-Robinson bounds for dissipative
systems [43].

Steady state under rapid mizing. Similarly, we can con-
sider the quantum simulation of long-time dynamics of
local observables that are rapidly mixing in a geomet-
rically local Lindbladian. Rapidly mixing Lindbladians
were introduced in Ref. [45] as the dissipative counter-
parts to gapped Hamiltonians. It has been established
that the fixed points of rapidly mixing Lindbladians have
properties similar to those of ground states of gapped
Hamiltonians, such as the stability of local observables
to local perturbations in the Lindbladian [45] [46] and a
mutual information area law for the fixed point [51], and
have also been proposed as a key tool to rigorously define
phases of mixed many-body states [52].

More specifically, a local observable O in a spatially
local Lindbladian £, with a unique fixed point o, is con-
sidered to be rapidly mixing if it converges exponentially
fast to Tr(O0c); i.e.

Tr (0™ (p(0)) = Tr(O0)| < k(ISol,7)e™™,  (4)

where So is the support of observable O, |Sp| is the
number of lattice sites in So (i.e. its volume), and
k(l,~) is O(poly(l)) for a fixed v, and, for some k > 0,
O(exp(y™")) as v — 0 for a fixed . The parameter -y
controls the rate of convergence of the local observable



to the fixed point. For observables and spatially local
Lindbladians that satisfy Eq. [d] we establish that the w
needed to estimate the observable, at any time ¢, depends
entirely on the precision required in the observable and
is uniform in both system size n as well as time t.

Proposition 3. Suppose L is a d—dimensional geomet-
rically local Lindbladian and O with |O| < 1 is a local ob-
servable supported on O(1) lattice sites satisfying rapid
mizing (Eq. . To achieve an additive error € in the ex-
pectation value of O at time t with the analogue quantum
stmulator, we need to choose

=0 (U )
which corresponds to a simulator evolution time
teim = tJw? = O (ty DD 1)

Since rapidly mixing local observables (Eq. |4) are
within e of their fixed point expectation value Tr(Oo)
in time t = © (fy‘('“l)) +O(y ' log(c7!)), an immediate
consequence of the run-time bound in Proposition [3] is
that analogue quantum simulators can be used to effi-
ciently simulate such observables. More specifically,

Corollary 3.1. For a d—dimensional geometrically local
Lindbladian, an analogue quantum simulator can com-
pute the fixed point expected value of a rapidly mizing
local observable O (Eq.[4), with |O] < 1, to precision € in
simulator evolution time

tsim =0 (7—(2d+2)(n+1)€71 log(e—l)) )

The proof of this Proposition [3| builds on the proof of
Proposition [2] together with an application of the rapid
mixing assumption in Eq.[d To show that w can be cho-
sen to be uniform in time, we separately analyze the error
incurred by the quantum simulator in the short-time and
the long-time regimes. In the short-time regime, the ob-
servable error can be estimated with the same approach
used to prove Proposition [2| and the long-time regime is
handled using the rapid mixing property (Eq. .
Quantum Advantage. Propositions [2] and [3] show that,
for the specific problem of spatially local Lindbladians,
significantly better run-time bounds that are uniform in
the system size can be obtained when compared to the
general setting addressed in Proposition[I} However, this
immediately raises the question of whether we even ex-
pect a quantum advantage over classical algorithms in
these restricted settings. In our next proposition, we
show that there is indeed complexity-theoretic evidence
for quantum advantage with respect to physically rele-
vant problem parameters even in these restricted settings.

Proposition 4. There cannot exist a classical algorithm
that can, for every geometrically local 2D Lindbladian
and a corresponding rapidly mizing local observable, com-
pute the fized point expected value of the local observable
to additive error & in time poly(y~,e71), unless BQP =
BPP.

Again, since from Eq. [ it follows that rapidly mix-
ing local observables reach a precision € in time t =
O(y~ "D log(s71)), Proposition {4 also implies the hard-
ness of measuring local observables in dynamics, as is
made precise by the following corollary.

Corollary 4.1. There cannot exist a classical algorithm
that can compute every local observable at any given time
t in every 2D Lindbladian to additive error € in time
poly(t,e™) unless BQP = BPP.

Our proof of Proposition [] follows the strategy of en-
coding any given quantum circuit on n qubits and depth
poly(n) into the unique fixed point of a 2D geometrically
local Lindbladian. Furthermore, we also exhibit a local
observable whose expected value in the fixed point deter-
mines the probability of a pauli-Z measurement on the
first qubit of an encoded circuit resulting in a 1. Since
every decision problem in the BQP class can be solved
by measuring only one qubit at the circuit output, this
encoding establishes an equivalence between the classical
hardness of simulating a poly(n) depth quantum circuit
and the fixed point of a geometrically local 2D Lind-
bladian. With this encoding, we can see that if there
indeed existed a classical algorithm to obtain a rapidly
mixing observable in the fixed point of a geometrically
local Lindbladian to a precision € in time polynomial in
both 4~ and 7!, then these parameters could be chosen
as polynomials of n such that the encoding Lindbladian
and local observable would also satisfy Eq. [d] and thus
we would obtain a classical algorithm to simulate any
poly(n) depth quantum circuit, implying BQP = BPP.

Our key technical contribution to the proof of Proposi-
tion [ therefore, is an encoding of a quantum circuit on
n qubits and of depth poly(n) into the fixed point of a
geometrically local 2D Lindbladian, as well as a rigorous
analysis of the convergence of the resulting Lindbladian
to its fixed point. This builds on Refs. [47] and [48]. In
particular, in Ref. [47], the authors demonstrated a strat-
egy to encode a given quantum circuit into the unique
fixed point of a 5-local (but not geometrically local) Lind-
bladian and analyzed the spectrum of the Lindbladian to
assess its convergence to the fixed point. We extend this
construction to geometrically local 2D Lindbladian by
adapting the construction provided in Ref. 8], where
they encoded a quantum circuit into the unique ground
state of a 2D geometrically local Hamiltonian. Further-
more, we provide a detailed convergence analysis of the
2D geometrically local Lindbladian, which is significantly
different from the analysis of the gap of the geometrically
local Hamiltonian constructed in Ref. [48].

The simulation times of the noiseless quantum simu-
lator for all of these problems and complexity-theoretic
limitations of classical algorithms are summarized in Ta-
ble [



2. Noisy setting

Next, we address the stability of the quantum simu-
lation protocol to noise in the quantum simulator. The
notion of stability in quantum simulation tasks has been
considered previously in Ref. [25] — a physically mean-
ingful and stable quantum simulation task is one in which
in the presence of a constant rate of error § on the simu-
lator, the error in the observable being measured is only
perturbed by an amount f(d) < O(poly(d)) dependent
on the error rate §, and does not grow with the num-
ber of qubits in the simulator. The observable can thus
be computed to a hardware-limited and system-size inde-
pendent precision, f(d), on a noisy quantum simulator.
Physically, a stable quantum simulation task is a special
computational task where the quantum simulator avoids
an accumulation of errors incurred on all the qubits —
such an accumulation would typically yield an observable
error that grows not only with ¢ but also with the sys-
tem size n, and would be a worst case scenario for the
performance of the quantum simulator.

We start by considering a concrete but general and re-
alistic error model for the analogue quantum simulator.
There can be two sources of errors — coherent errors on
the quantum simulator which lead to the incorrect con-
figuration of Hamiltonian interactions between different
qubits, or incoherent errors that arise from the interac-
tion of the simulator qubits with an external environ-
ment. In order to model both of these sources of errors,
we will assume that the quantum simulator implements
the Lindbladian £, s instead of the Lindbladian £,, with

Los=Ly+ON, (5a)

where § is the error rate and N is itself a spatially local
Lindbladian given by

MI
N =3 Ns, (5b)
B=1

where each term Nj is a local Lindbladian acting on
the system and ancillae and the number of these term
M’ < O(n) with n being the number of qubits. We
may consider § to be the error rate since it mediates
the strength of A/, which describes decohering interac-
tions with an environment. We assume the normalization
Vs, < 1. In general, N3(X) = —i[vg, X]+ 3, Dq, , —
the Hamiltonian term vg in g corresponds to coherent
errors in the quantum simulator that perturb the Hamil-
tonians, and the jump operators @; 3 can model different
incoherent errors in the Lindbladian. We now revisit the
problem of computing local observables in dynamics and
fixed points, and analyze how the presence of errors and
noise effects the results of the computation. We will show
that the analogue quantum simulator is stable for both
the problem of local observables in dynamics of geometri-
cally local Lindbladians as well as that of rapidly mixing

local observables in fixed points. In the next two proposi-
tions, we establish that the quantum simulator is robust
to both coherent and incoherent errors — in particular,
we show that in the presence of hardware error at rate ¢,
we can pick the parameter w = poly(d), and uniform in
the system size, to obtain a precision ¢ in the observable
that also scales as O(d¢), for some constant ¢ > 0, and is
uniform in system size. More specifically, for the prob-
lem of dynamics of geometrically local Lindbladians, we
establish that

Proposition 5. Suppose L is a d—dimensional geomet-
rically local Lindbladian and O with |O| < 1 is a local
observable. Then, in the presence of noise with noise
rate 8, the expected local observable at time t can be
obtained to a precision € = 0(51/2152‘“1), independent
of the system size, with the analogue quantum simula-
tor. Furthermore, to obtain this precision, we need to
choose w = O (Y4 which results in a simulator run-time

teim = t/w? = O(t64?).

We establish a similar stability result for the problem
of long-time dynamics of rapidly mixing observables (de-
fined in Eq. , i.e. these observables can be obtained
on quantum simulators to a precision ¢ that scales as
poly(d) and is independent of the system size n as well
as the time t.

Proposition 6. Suppose L is a d—dimensional geomet-
rically local Lindbladian and O with |O| < 1 is a local 0b-
servable supported on O(1) lattice sites satisfying rapid
mizing (Eq. . Then, in the presence of noise with noise
rate §, the expected local observable at any time t can be
obtained to a precision € = O(6Y/2~~ (DAY e
pendent of n and t, with the analogue quantum simula-
tor. Furthermore, to obtain this precision, we need to
choose w = O(5Y*) which results in a simulator run-time
teim = t/w? = O(t61?).

For rapidly mixing observables, Eq. [4] implies that after
t>0 (fy_(’“l)) log(s_l), the expected value of the observ-
able at time ¢ is e-close to its fixed point expected value.
Consequently, from Proposition[6} it immediately follows
that the problem of measuring the fixed point expecta-
tion value of such observables is also stable to errors.
More specifically, we obtain that

Corollary 6.1. Suppose L is a d—dimensional geomet-
rically local Lindbladian and O with |O] < 1 is a lo-
cal observable supported on O(1) lattice sites satisfy-
ing rapid mizing (Eq. . Then, in the presence of
noise with noise rate §, the fixed point expected value
of the local observable can be obtained to a precision
e=0 (51/27_(““)(2[1“)), independent of n, with the ana-
logue quantum simulator with a simulator run-time tgy =
O(,y—(m+1)6—1/2 log((s—l)) + O(,y—(m+1)6—1/2 lOg(’y_l)).

Quantum advantage with errors. Even for a stable
quantum simulation task, the observable of interest can-
not be determined to an arbitrary precision on a noisy



Problem

Simulator run-time

Quantum advantage

General Lindbladian and

observable (Dynamics) O(M | Hsys|t?)

O(e "Mt) + O(M*t?) + —

Geometrically Local Lindbladian
on Z%, local observable
(Dynamics)

o) (t2d+2€_1 )

No poly(t,e ") classical algorithm
for d > 2.

Geometrically Local Lindbladian
on Z¢, rapidly-mixing local
observable (Dynamics)

O (t,y—(n+1)(2d+1)5—1)

No poly(t,v ', ") classical
algorithm for d > 2.

Geometrically Local Lindbladian
on Z¢, rapidly-mixing local
observable (Fixed points)

1) (,y—(n+l)(2d+2)6—1 log(s_l))

No poly(y',e™ ") classical
algorithm for d > 2.

TABLE I. Summary of the upper bounds on the simulator run-time for the problems considered in Propositions[T}3] as well as
the classical hardness results for these problems following from Proposition @

Problem Noise-limited precision

Simulator run-time

No poly(é ") algorithm for
(in 2D)

Geometrically Local

rapidly-mixing local
observable (Dynamics)

Lindbladian on Z%, local O(8" 2%+ O(t571?) t=0(5°7V1%) for any o > 0.
observable (Dynamics)

Geometrically Local

Lindbladian on Z¢, O/~ (rH1)(2d+1)) O(t6711%) —

Geometrically Local
Lindbladian on Z¢,
rapidly-mixing local
observable (Fixed points)

0(61/27—(/@+1)(2d+1))

O(,Y—(rﬁ—l)(s—l/Q)

,Y—l _ O(5a—1/(10(m+1))) for any
K,a > 0.

TABLE II. Summary of the results from the analysis of noisy open quantum simulator for the dynamics and fixed points of
geometrically local Lindbladians. The table lists the estimates of noise-limited precision and simulator run-time as a function
of the noise-rate ¢ that follow from Propositions as well as the family of problems as a function of § that where there is
expected to be no poly(d~1) classical algorithm. The O in the last row suppresses polynomial factors of log(y ™) and log(571).

quantum simulator, but only to a precision &(d) that
scales polynomially with the hardware error rate §. Fur-
thermore, as exhibited in Propositions 5] and [f] the noisy
quantum simulator solves these problems in simulation
time O(poly(6~1)). To compare the performance of the
noisy quantum simulator with classical algorithms, we
take the perspective laid out in Ref. [25] — i.e. if the
run-time of the (best) classical algorithm to solve the
considered problem under to the hardware-error limited
precision £(0) also scales as poly(d1), then the noisy
quantum simulator does not provide an exponential ad-
vantage over classical algorithms. On the other hand, if
the classical run-time scales exponentially with 67!, then
the quantum simulator could provide an exponential ad-
vantage over the classical algorithm if it is of interest to
compute the target observable to only the noise limited
precision. Stated differently, this notion of quantum ad-
vantage implies that as the noise rate J is reduced the
classical algorithm would find it exponentially harder to
compute the observable to the noise-limited precision.
Our main result is to show that this notion of quan-
tum advantage holds for certain families of problems of
computing local observables in dynamics or fixed point of
geometrically local 2D Lindbladians that are also stable
to noise on the quantum simulator. In particular, for the

problem of fixed points, we show that

Proposition 7. For a given a, k > 0, consider the family
of geometrically local 2D Lindbladians and corresponding
rapidly mizing observables indexed by § — O satisfying
Eq. 4| with 1 < (6« Y OO+ Then, the fized point
expectation value of the observable can be estimated by an
analogue quantum simulator with noise rate § to a noise-
limited precision O(8**DY) (which - 0 as § - 0) in
simulator run-time O(poly(671)) and there cannot exist
a poly(67Y) randomized classical algorithm to estimate
this local observable to the same precision for any o,k >0
unless BQP = BPP.

From a physical standpoint, the constraint ! <
O (6 A0 for o < 1/(10(k + 1)), simply states
that a quantum simulator with lower noise can be used to
simulate the fixed point expected value of a rapidly mix-
ing local observable that takes longer to reach its fixed
point value while still obtaining a hardware-limited pre-
cision which decreases polynomially with §. This propo-
sition, which rigorously proves the notion of noisy quan-
tum advantage laid out in Ref. [25], follows almost di-
rectly from the quantum-circuit-to-2D-Lindbladian en-
coding developed for the proof of Proposition The
only additional detail in proving this proposition is to



show that, given any quantum circuit on N qubits with
depth T = poly(NN), the encoding Lindbladian can be em-
bedded into the family of problems considered in Propo-
sition [7] while accounting for the additional constraint on
~. We show that this is possible simply by choosing o, s
depending on the degree of the polynomial of N describ-
ing the depth 7', and then choosing N depending on 4
as N = poly(671). This implies that if there did exist a
poly(d71) classical algorithm to simulate this family of
problems for any «, k > 0, then it could also simulate an
arbitrary poly(/N) depth quantum circuit, thus implying
BQP = BPP. Furthermore, we also establish an impli-
cation of Proposition [7] i.e. a similar notion of quantum
advantage holds for the problem of dynamics of local ob-
servables. More specifically,

Corollary 7.1. For a given « > 0, consider the fam-
ily of geometrically local 2D Lindbladians, local observ-
able and evolution time t indexed by § — 0 such that
t < O(6Y19) . Then, the fired point expectation value
of the observable can be estimated by an analogue quan-
tum simulator with noise rate § to a noise-limited preci-
sion O(6°) (which — 0 as § - 0) in simulator run-time
O(poly(671)) and there cannot exist a poly(6~') random-
ized classical algorithm to estimate this local observable
to the same precision for any o >0 unless BQP = BPP.

We summarize the results pertaining to noisy quantum
simulation of geometrically local Lindbladians in Table

i}

B. Numerical example

As an illustrative example of the analogue quantum
simulation and the impact of noise on the simulator, we
study the analogue quantum simulation of a gaussian
fermion model. We choose a gaussian fermion model
since it can be numerically simulated efficiently for large
system sizes [14], 53], allowing us to verify the scalings
predicted by Propositions [ and [5] We consider a
family of target Lindbladians on n = 2L + 1 fermions ar-
ranged on a 1D lattice and described by the Hamiltonian

L L
Hgys = Z K(alaﬂl + h.c.) + Z J(ama%l + h.c.),
r=—L x=—L

where a, is the annihilation operator on the fermionic
mode at z, and we assume periodic boundary conditions
and therefore set ayz-r+1 = a.-_r.. We associate one 2-
fermion jump operator per site xz, L., given by

Lx = )\Oaz + )\1&z+1.

The parameters J, K, \g and A1 specify the model. We
will consider the problem of measuring the observable O
given by

1
0==%ala,,
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FIG. 3. The particle density observable O in the fixed point
of the dissipative fermionic system as a function of the cou-
pling parameter J, while setting K = 1, Ao = 1.1 and A = 1.
The inset shows the convergence of the particle-density ob-
servable to its thermodynamic limit. Note that, due to the
fast convergence of O to the thermodynamic limit, the curves
for n =21 and 41 overlap with eachother.

which measures the particle density (i.e. the particle
number per unit lattice size), in the fixed point of this
dissipative system. Figure [3]shows this observable as a
function of the parameter J — at J = 0, since the Hamil-
tonian Hgys is particle number conserving and the jump
operators annihilate any fermions on the lattice, the par-
ticle density in the fixed point is 0 and becomes non-zero
when J # 0. Furthermore, as shown in Fig. |3 this ob-
servable also has a well defined thermodynamic limit and
converges exponentially to this limit.

To perform a quantum simulation of this model, as
described in the previous subsection, we introduce ancil-
lary fermions with annihilation operators b, and couple
them to the system fermions. The quantum simulator
dynamics is given by the Lindbladian

Lo(X) = —iw[Heys, X1+ > (4Dbz(X) —iw[Vy, X]),
) (6)

where V, = bLLgE + lez. The quantum simulator be-
comes increasingly accurate as w — 0 — this is numeri-
cally demonstrated in Fig. [dh for different system sizes,
where we compare the expected value of O in the fixed
point of the simulator Lindbladian L, to its expected
value in the fixed point of the target Lindbladian £. Fur-
thermore, the scalings of the observable error incurred on
the quantum simulator with the system size n and the
parameter w are studied in Fig. @b and c. We note from
Fig. [@p that the for a fixed w, the observable error sat-
urates on increasing the system size. This uniformity
with system size is consistent with our expectation from
Proposition [3| Furthermore, consistent with the Propo-
sition [3] Fig. [dc shows that the observable error, in the
limit of large system-size, scales polynomially with w.
Next, we add noise to the quantum simulator and an-
alyze its impact on the performance of the quantum sim-
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FIG. 4. Numerical studies of the performance of the noiseless analogue quantum simulator described by Eq. @ (a) The particle
density observable as a function of J — the solid line shows the target (ideal) observable and dotted-dashed lines show the
observable measured on the quantum simulator for different w. (b) The observable error incurred by the quantum simulator as
a function of the system size, indicating that the error becomes independent of n as n — co. (¢) The observable error for large
n as a function of w, showing that the error scales polynomially with w (note that both the axes are shown on log-scale).

ulator. We consider single-site depolarizing noise acting
on the fermions at a rate 6 — this can be theoretically
modelled by assuming that the quantum simulator has a
Lindbladian L, s

Los=Lot5Y (Trx(.) ® % - id). 1)

Such a Lindbladian has hermitian jump operators that
are quadratic in the fermionic annihilation/creation op-
erator and can be simulated following the formalism in
Ref. [I4]. In Fig. |5, we numerically study the deviation
in the observable O computed in the fixed point of L, s
from its expected value in the fixed point of L. Figure
shows the dependence of the measured observable on the
parameter w in the presence of noise. For a fixed §, un-
like the noiseless case, reducing w no-longer results in
an increasingly accurate simulation. We instead observe
that there is an optimal w, that is dependent on J, at
which the noisy quantum simulator best approximates
the target observable. Figure b shows the scaling of the
observable error at this optimal point with the parameter
§. Consistent with Proposition[6] we see that the observ-
able error becomes independent of the system size n as
n — oo, and the error in the large n limit scales polyno-
mially with §. The choice of w that achieves this optimal
error is also shown in Fig. | and we see it too becomes
independent of n as n — co and scales polynomially with
§ consistent with Proposition [6]

III. NOTATION AND PRELIMINARIES

Given a Hilbert space H, we will denote by L(#H) the
set of bounded linear operators from H — H, define
M(#) to be the set of the bounded Hermitian opera-
tors from H — H and define D;(H) as the set of valid

density matrices on H. We will typically use the T su-
perscript to indicate the adjoint, or Hermitian conjugate,
of an operator or superoperator. However in some cases,
more compact expression can obtained by using the fol-
lowing notation — for some operator or superoperator
X, we define X := X and X := XT. Furthermore we
will use ¥ = — and = = +. For example, X(® := XT for
u=-.

While dealing with mixed states and their dynamics,
it will often be convenient to adopt the vectorized nota-
tion, where we map operators on a (finite-dimensional)
Hilbert space to state via p = ¥, ; pi . li){ir] = |p) =
Yiriy Pirsiy i1, 37).  Superoperators, such as Lindladians
or channels, will map to ordinary operators in this pic-
ture. Given an operator X € M(#H), we will define
Xi, X, e M(H ® H) by Xi|p) = (X ®I)|p) = [Xp) and
X.lp) = (I ® XT)|p) = [pX). X;(X,) can also be inter-
preted as a superoperator which left (right) multiplies its
argument with X i.e. X;(V)=XY and X,.(Y)=YX. A
Lindbladian superoperator £ specified by a Hamiltonian
H and jump operators {Lq fae(1,2... M}

£00) ==X+ 3 (BaXEL- X LU )

can be vectorized

m

. 1
L=—i(H-H)+Y (LQJLL,T—2 (LLJLM + La,rLL,r) )

a=1

The adjoint of the Lindbladian (with respect to the
Hilbert-Schmidt inner product), £ will be given by

M
LX) =i[H,X]+ (LLXLa - ;{LLLQ,X}).
a=1
The adjoint of the Lindbladian, by definition, will satisfy
Tr(AL(B)) = Tr(LT(A)B) and that £1(I) = 0. In the
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FIG. 5. Numerical studies of the performance of a noisy quantum simulator described by Eq. IE (a) The dependence of the
particle density observable on w with the dashed line indicating the target observable. In the presence of noise there is an
optimal w depending on § at which this error is the lowest. (b) The (smallest) observable error as a function of the noise rate

0, as well as the choice of w that yields this error.

vectorized notation, £ will be expressed as

m

L= i(Hl—Hr)+ z (LL’ZLO(7T_; (LL,lLaJ + La,TLL,r) )

a=1

Norms. |A|, denotes the Schatten p-norm of an op-
erator A. We will denote the operator norm, which is
also the Schatten-co norm, by |A| without an subscript.
Il = maxo, o) -1 A(O)], indicates the norm of a su-
peroperator A. We define the completely-bounded norm
of a superoperator A as | Al ., = SuD,50 [A®idy|, -
The diamond norm is the completely bounded 1 — 1
norm — for the diamond norm, we will use the standard

notation [A, = [Al ;-

Lattices in this work are lattice graphs. d(x,y) for
two lattice sites x and y denotes the Manhattan distance
between x and y, i.e. the graph path length to reach y
from x. We write the distance between a set of lattice
sites S and a single site « as d(S,z) = minyes(d(z,y)).
The distance between two sets of lattice sites S; and
Sy is accordingly d(S1,S2) := minges, yes, (d(x,y)). The
diameter of set of lattice sites S is written diam(S) :=

J

maxweS,yeS(d(ATyy))'
For two real-valued functions f(z) and g(x), we will

write f(z) < O(g(z)) to indicate that there exists C, zq €
R such that f(z) < Cg(x) for all x > xg. Similarly f(x) >
Q(g(x)) indicates that there exists C,z € R such that
f(z) > Cg(zx) for all x > xy. Finally f(z) = ©(g(z))
indicates Q(g(z)) < f(x) < O(g(x)).

For notational conciseness, we will often use a short-
hand for list of indices — the list {m,m+1,m+2...n}
will be abbreviated as [m :n].

IV. ANALYSIS OF THE NOISELESS
SIMULATOR

A. Rigorous adiabatic elimination of the ancilla

We begin with analyzing the analogue open quantum
simulator in the absence of any noise. Supposing sys-
tem qubits S starts in the state p(0) at time ¢ = 0, we
wish to simulate the state p(t) = e*p(0). To begin the
analysis, we set up equations of motion for Tr4(p,(t))
and Tr4(0ap,(t)). Following from the definition of L,
in Eq. 2l we have that

) - T 5 [ Teaol? pa(0)] = [t Tea () (8a)
%TYA(Uan(t)) = 2Tr 4(0apuw(t)) —iwLaTra(pu(t)) - Z.‘*"2[HSySv Tra(oapu(t))] +w Z Eo (1), (8b)
A (o pa(0)) = 2T 40T () + S Tra (s (D) L] — i [Flgs, Tea (ol ()] + 0 D BL o (0), (89

where
i{LmTrA(nan(t))} a=d
Eoor(t) = —i Z [Lgf),TrA(cran)pw(t))] atad
ue{+,-}

(

with n,, = o 0, being the excitation number operator at



the o' ancillary qubit.

To develop concrete error bound on the deviation of
the quantum simulator and the target dynamics, we will
carefully analyze the remainder R,,(t) defined by

Ralt) = S Tea(pult) - LTea(pu(e)), (10)
which can be physically interpreted as the error in the
rate of change of the reduced state of the system qubits
S on the analogue quantum simulator compared to the
target Lindbladian. The next lemma provides an expres-
sion for R, (), which we will repeatedly use throughout
this paper while analyzing the analogue quantum simu-
lator. This expression follows directly from Egs. 8| — a
detailed proof of this is provided in Appendix [A]

Lemma 1. For any t >0, the remainder R, (t) satisfies

Rw(t) = UJ2 Z qa + w4 Z Z f —2(t-s) Q(]}{gyg(s)ds

je{1,2} o
+w? Z Z[ 6_2(t_S)QgL,(s)ds. (11a)
je(3.4) a0’ 7" ’
where
da = =Dr,(p(0)),

Q1) =~ L[LL [ Tra(oapa ()] + hc.

1

Q) (1) = =S [LL, Lalh Tra(pu(t)]] + hic,

f i .

Q== % Du (L, Tra(e pu(1)))),
u€{+ -}

Ifa=d,

(4) ) (1) = 7(DL, Dr, ) (Tra(napu(t))),

Ifozia,

O, (1) = - 3 (LW, L8, Tra(e @ pu ()],

U,
e{+,-}

To theoretically analyze the fidelity of the quantum
simulation, we thus need to provide an upper bound
on |R(t)|; which - 0 as w — 0. From the ex-
pression provided in Lemma [I] ‘ we see that the terms
QS}IM,QSLM,QSL, and Qa ‘s> Which contribute to
the remainder, depend on the operators Tra(nqpw(t)),
Tr4(00pw(t)), TI"A(O'L,O'apw(t)) and Tra(caoapu(t)).
We expect these operators to be small — to see this phys-
ically, we note that if all the ancillae were exactly in |0)
at time t, then all of these operators would be exactly 0.
In the analogue simulation, the ancillae are only weakly
coupled to the system, with the coupling strength ~ w,
while simultaneously being strongly damped. Thus, we
could expect the ancillae to never be significantly excited
during the simulation, and consequently we expect the
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operators Qa oy Q((fz{syu Qf’)a, and Q((l )a, to be small.
The next lemma translates this physical intuition into a

rigorous upper bound,

Lemma 2. Suppose p,,(t) is the joint state of the system
and ancilla qubits with the ancilla qubits initially being in
state |0), then for all o,/

w
”TI"A(Uan(t))”l < 5 and s

2

ITr a0l o pe (D)1 ITra(Taap ()], < %-

To obtain these upper bounds, we develop a set of

input-output equations for the ancilla lowering operator

04- These are analogous to the input-output equations

used in quantum optics [49]. We provide a detailed proof

of the lemma in Appendix [A] — to illustrate the basic

idea behind the proof, we explicitly bound |oqp.(t)];-
We begin by noting that

Tapu(t) = Eu(t0)(0a,1(t)(p(0))),

where £,(t,s) = e~(=%) is the channel generated by the
Lindbladian of the quantum simulator and o,(t) is a
superoperator defined by

O—Oé,l(t) = 5;1 (ta O)Ja,lgw (tv 0);

where, as defined in section 0a,1(X) = 0,X is a su-
peroperator that left-multiplies its argument by o,. We
can now obtain a “Heisenberg-like” equation of motion
for o4 (t):

io—al(t) = g;l(tvo)(aa,lﬁw - Ewaa,l)gw(t70)7

dt
= —iwE (t,0)[0ats Vot = Var | (t,0)+

4651 (t,0) [0, Do, JEL(t, 0)

© —20,,(t) - iwsS' (£,0) La[oau. ol JES (,0),

where in obtaining (1) we have used the fact that o4
commutes with V,,, (since it left multiplies while Vi, ,
right multiplies) and with itself, and that [04,, Dy, ] =
0a,1/2. Integrating this equation, we can obtain that

0’,171(15) = 672t0a71—
t
iwfo 672(7&73)6;1(5,O)La7l[0a7l,gl7l]gw(57O)ds,

which can be considered to be an input-output equation
for o, since it relates its action on the quantum state at
time ¢ to its action on the initial state at ¢ = 0. Now,
since o, annihilates the initial state, i.e. o,p(0) =0, we
obtain that

Uapw(t)
- iw fo e 208, (4, 5)(Laloa: 01 164(5,0) (p(0)))ds



We can now bound Tr4(o.p,(t)) — in particular, us-
ing the fact that |[oa,00]] < 1, |La] < 1 and that
1€ (£, $)(X)]; < |X]; (i-e. trace norm is contractive un-
der application of quantum channels), we obtain that

b w
Trea(@apu(l <w [ ()l ds =5,
which is the bound provided in Lemma [ A sim-
ilar procedure can be followed to obtain bounds on
||T1"A(Jl%'pw(t))||1 and |Tra(oaoapu(t))];-

Proposition 1, repeated. With all the ancillae ini-
tialized to the state |0) and for any time t > 0,
lp(t) = Tr a(pw (t/w?))], < € can be obtained with

£1/2

(M +AM | Hgys|t + 4AM2t

w=06

)1/2

which implies that the required simulation time on the
stmulator tgm = t/w2 scales as

o @(Mt + 4 M| Hgys|t? + 4M2t2)

g

Proof. We note that the remainder defined in Eq.

LT A(pu1)) - P LTEA((1)) = R (1),

can be integrated to obtain

TrA(pw(o;)) =p(t) + ‘/Ot/w GE(F"J?S)('RW(S))dS,

(12)

where p(t) = e£!(p(0)) is the target state to be simu-
lated. Using the contractivity of the trace norm under
the quantum channel e“*, we obtain that

o) 0

We can now use the explicit expression for R, in
Lemma (1| together with Lemma [2| to bound |R.(s)],
term by term. Consider first bound on g, — note that
since |La| < 1, |gal; < 2. Next, consider bounds on

||ngqy(s)||1 for j € {1,2} — we obtain that

t)w?
< [T IRu()ds. (13)
1 0

1 8 a
19%%,. 9], < “ sl Tra(o$? ()], < 41 Hupsl,

107, () < I[LL, La[Heys, Tra(pu ()11 € 4| Hags

Similarly, a bound on ||Q£¢33>/(5)"1 can be obtained via

1057, ()], < iue{Z}4HTrA(aS)pw(s))Hl <4,

s
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Consider next | Q&L'(S)Hl — for a # ’, we obtain that

4 -
100, s T [Trae®elpa(s)], <4

w,u’e{+,~}

For o = o', it similarly follows that

2
1QCL (), = S I(D s = DL )(Tralnapu ()],
w
8
< = Tra(nap, ()] < 4.
w
With these bounds, we obtain that
IRw ()]
s ’
<2Mue ™ 4wt f e 20=) (SM | Hoye| + 8M?)ds,
0
<2Mw?e ™ + AMw*s(|Hyys| + M).

Using this bound on |R(s)], together with Eq.[13] we
obtain that

oo 2] 0

from which the theorem statement follows. O

< (Mw?+4Mw?| Hyys|t+4M>w?t),
1

B. Geometrically local models

In this subsection, we confine ourselves to geometri-
cally local models, which frequently appear in the study
of many-body open quantum systems in physics. We
make the assumption that the system S consists of a set
of qubits arranged on a lattice Z¢ and the target Lind-
bladian £ is assumed to be of the form

L=5 L, (14a)

where L, is a Lindbladian correspond to a jump operator
L, ie.

Lo(X) = =i[ha, X]+Dr (X)), (14b)
with |Lo| < 1, and Hamiltonian h, with || < 1. The
operators L, and h, are assumed to be supported on
qudits in S, which has a maximum diameter of a,

diam(S,) = max d(z,y) < a.

z,yeSa

Such models are known have a finite velocity at which
correlations can propagate across the lattice, formal-
ized by the well-known Lieb-Robinson bounds. While
originally derived for geometrically local Hamiltonian
(i.e. closed) systems, Lieb-Robinson bounds have been
extended to open quantum systems [43]. Below, we quote
a Lieb-Robinson bound from Ref. [44], which we will use
in the remainder of this section. To compactly express



this bound, following Ref. [44], it is convenient to define
the degree of a subset S ¢ Z¢

0s = {a|Sa N S # @} and Z = max9(S,).

Og is thus the number of terms in the Lindbladian that
act on the qudits in S, and consequently Z is an upper
bound on the number of terms in the Lindbladian that
intersect with any one term in the Lindbladian. For no-
tational convenience, given a set S c Z¢ of lattice sites,
we will define

_0s
-

The Lieb-Robinson bound from Ref. [44] is precisely
stated below.

ns

Lemma 3. Suppose K is a superoperator supported on
region S and satisfies K(I) =0, and O is a local observ-
able, with |O| <1, supported on region So, then

d(SIC,SO)).

a

7
1K= (O)] < ns, K]

ch,00—ro0 EXP (4eZt -
The superoperator K that will typically arise in our anal-
ysis throughout this paper would either be commutator
K(X) = [K, X] with some operator supported on Sy or
the adjoint of a Lindbladian supported on Sk i.e. K = E}LC
for a Lindbladian superoperator Lx. Both of these ex-
amples can be seen to satisfy K(I) = 0.

As we will outline in the rest of this section, while an-
alyzing both quantum simulation of dynamics and fixed
point, our strategy would be to use the Lieb-Robinson
bounds to obtain an upper bound, that is uniform in the
system size n, on the remainder calculated in Lemma
However, we note that the remainder expression, unlike
the Lieb-Robinson bounds, has contributions from terms
such as ijfx,, QSL” that involve the consecutive appli-
cation of two superoperators supported on two different
regions of the lattice. Motivated from this observation,
we will need a Lieb-Robinson bound that accounts for the
application of two superoperators on a Heisenberg picture
observable as opposed to a single superoperator. We pro-
vide this in the lemma below, and it follows straightfor-
wardly from the Lieb-Robinson bound in Lemma

Lemma 4. Kx and Ky are superoperators supported
on regions X and Y such that Kx(I) = Ky (I) =0 and
diam(X),diam(Y) < a, then for any local observable O,
with |O| < 1, supported on region So

ot
ICx Ky e (O < ensolICx N up, o0 00 1KY 005 00 %

exp (4eZt - i(d(X, So) +d(Y, So))).

1. Dynamics

With the two Lieb-Robinson bounds in Lemmas Bl and
[ we can now analyze the remainder expression given
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in Lemma [ to obtain bounds that are uniform in the
system size n when we are interested in obtaining local
observables. In particular, for a local observable O, let
us consider the error between its ideal expected value

{O)idear = Tr[0e™ (p(0))],

and the expected value on the quantum simulator after
evolving it for time #/w?,

nenfon ()]l ()] 1o

Using the integral form of the remainder definition,
Eq. |12} we can express the error between (O) and (O )sim
as

t/w? 5
|(O>idea1 - (O>sim| = |/(; Tr(Oeﬁ(t_w S)Rw(s))ds

1 fotﬂ(o(t—s)ﬁA(R“(;)))ds

T w?
where O(t) = eﬁt(O) is the Heisenberg picture evolu-
tion of the observable O under the target Lindbladian L.
Using Lemma |1} which expresses the remainder R, (s)

)

, (16)

in terms of the operators qq, Qszsys(s), Qizzqy(s),
o® (s), and oW (s), which can be individually an-

a,of a,of
alyzed. The next lemma shows that using R, (s) as
provided in Lemma [1] together with the Lieb-Robinson
bounds (Lemmas [3| and |4) provides an upper bound uni-

form in the system size.

Lemma 5. Suppose O is a local observable with |O] <1
supported on So, and for T >0, let O(7) = exp(L 17)(0)
where L is a geometrically local Lindbladian of the form
in Eq.[If} Then for q as defined in Lemmal[l], then there
s a non-decreasing piecewise continuous function v such
that v(t) <O (td) ast— oo and

2 Tr(0(7)ga)| < v(7),
and for j €{1,2,3,4}
¥ [ (0(m)0l ()| < (),

a,af

where, for j € {3,4}, ngl, is defined in Lemma and for
je{1,2}, we define Q((jl, = Qg% , where ngl is defined
in Lemma 1

This lemma follows directly from the application of
the Lieb-Robinson bounds. The proof of this lemma is
detailed in Appendix [B] but we provide a sketch here.
Consider first Y., |Tr(O(7)go| — using the explicit ex-
pression for ¢, from Lemma |1} we obtain that

S ITE(O(7)gal = Y. IT[O(T) La(p(0))]],
= Y| T L] (0())p(0)]
=Y [£Lo()I. (17)

)




Now, we can use the Lieb-Robinson bound in Lemma [3]
together with |£] | <4 to obtain

cb,00—>00 =

2T (O(7)gal

[e3%

<4 min (7750 exp (4627 - d(SO”SO)), 1). (18)

a

However, the summation in the above equation is sim-
ply a summation over an exponential over the lattice
7%, which will be convergent and independent of the
size of system. A careful analysis of this summation,
performed in Appendix [B] yields that, as stated in the
lemma, it can be upper bounded by a non-decreasing
function which is O(7%). Similarly, as an example, con-

sider ¥, o/ Tr(O(T)QS:L,(s)) — by using the explicit ex-
pression for Q((jzy,(s) from Lemma we obtain that

¥ [m(0(m) 8 ()|

) é QZQ ue{a} T(O() DL ([L8, Tr (e p(7)]))],
- iz{z} ITe([D},_(0(7)), L1 Tea (08P pulr)):
) iélue;g I[P}, (O, LEMTr Ao ()
3% >3 DL (o), L8],

a1

Q

" ue{-,+}

where in the last step we have used Lemma We
can note that both Dj:a and [-,L((;f)] are superop-

J

|<O>idea1 - <O)SiIIl| < Z

(03

t 2
f Tr(O(t - 5)qa)e 2*/“ ds
0

) t 5 t sjw?
< f v(t—s)e 25 ds+4w2f [
0 o Jo
) t 25/ 2 9 9 t s
<v(t e s+ 4w v (t
S/w d 4
0 o Jo

where in (1) we have used Lemma— in particular, the
fact that v(t) is a piecewise continuous function and thus
can be integrated to give a legitimate upper bound. In
(2), we have used the fact that the function v(t), intro-
duced in Lemma [5| is an non-decreasing function. Not-
ing, again from Lemma [5| that v(t) < O(t?), we obtain
that [(O)ideal — (O)sim| € w?O(t2%*1) — consequently, to
attain a precision ¢ in the simulated observable, we need

4
+w? S
j=la,a’

/W2 2
e—2(s/w —s')ds/ <
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erators that are respectively supported on S, and
So and have the identity operator in their kernel.
Thus from Lemma [] as well as using the fact that

HDTLa ||Cb’oo%o, Il &, ey, cosoo < 2 We obtain that

2

a,a’

<2 Z min (enso exp (4eZT—

a,af

Tr(0(7) Q) ()

i(d(sa,so) +d(sa,,so))), 1).

This summation, which is approximately a double sum-
mation of a two-dimensional exponential function on a
lattice, can again be analyzed and upper bounded by a
non-decreasing function that grows as O(72%). The rest
of the Lemmal 5] can be proved similarly — the proofs are
outlined in detail in Appendix [B]

Proposition 2, repeated. Suppose L is a
d—dimensional geometrically local Lindbladian and
O with |O| < 1 is a local observable. To achieve an
additive error € in the expected local observable at time t
with the analogue quantum simulator, we need to choose
w = Ot~ CHD 2) which corresponds to a simulator
evolution time tgm, = tjw? = O(t44+371),

Proof. The proposition follows by combining the expres-
sion of R, (s) from Lemma |1| with Eq. [12| and then us-
ing Lemma Using Hgys = X ha, we first decompose
oY), =%, 0Y)  for je{1,2}, where QV) is defined
in Leﬁlma F07r Totational convenience, f(;r je{1,2

we will define QE}ZL, = QS}LQ" From Egq. |l{and Lemma
it follows that

9

t s/w? 2 .
[ [ e 00 - )@Y, () ds’

0 0 ’
(19)

e—2(s/w2—s')]/2 (t _ S)dsl7

w2

71/(15) +2w2t2 (1),

(

to choose w = O(t(4*1/2)1/2) which corresponds to a
quantum simulation time of tyy, = O(t24*1e71) O

2. Long-time dynamics and fized point

Next, we consider the question of simulating long-time
dynamics and fixed point of a spatially local Lindbladian,



which is also rapidly mixing. As outlined in section [[TA]
a local observable in a spatially local Lindbladian £, with
a unique fixed point o, is considered to be rapidly mixing
if it satisfies, for any initial state p(0),

Tr (0™ (p(0)) - Te(O)| < k(|Sol.v)e ™,

where k(1,v) is a function that is poly(!) for a fixed v and
exp(O(y7")) for a fixed I. Since the rapid mixing condi-
tion is satisfied for any initial state p(0), it can equiva-
lently be reformulated in the Heisenberg picture

|O(t) - Tx(O0) | < k(|Sol.v)e ™, (20)
where O(t) = eETt(O) is the Heisenberg-picture observ-
able corresponding to O. For the problem of simulating
such rapidly mixing observables at time ¢ in geometri-
cally local Lindbladians, we show that the w required is
uniform in both system size and time. This also allows us
to use the quantum simulator to approximate the fixed
point expectation value of the local observable.

To establish this result, we start from Eq. for the
observable error, analyze it term by term and provide a
bound uniform in ¢. The key lemma, which is the coun-
terpart of Lemma [5| for dynamics, that we establish is
the following

Lemma 6. Suppose O is a local observable with |O] <1
supported on So, and for T >0, let O(7) = exp(L 17)(0)
where L is a geometrically local Lindbladian of the form
in Eq. [I}} Furthermore, suppose O is rapidly mizing
with respect to L and satisfies Eq. |20 with k(|Sol,7) <
O(exp(y™")) as v - 0. Then for qo as defined in
Lemmal1],

2

(03

t 2
f Tr(O(t—s)qa)e_zs/“’ ds §w2/\(1)(7),
0

where XV (y) < O(y %< D) as v - 0; and for j €
{1727374}

VAT

TI‘(O(t _ S)Q((ljjl,(S/))672(S/w2,5’)d81d8

a,af

< A3 (),

where )\(2).(7) < O(y G0 45 ~ > 0 and for j €
{3,4}, Qg)a, is defined in Lemma and for j € {1,2}, we
define Q(j) = Q((j}la, where QS% is defined in Lemma .

a,a’

Importantly, this lemma establishes bounds on the er-
ror terms appearing in Eq.[I9]that are uniform in the time
t — this is a consequence of not only the spatial locality
of the target Lindbladian, but also an explicit account-
ing of the rapid mixing of the target observable (Eq. [20]).
We provide a detailed proof of this lemma in Appendix B
— below, we illustrate how we obtain bounds uniform in
t. The key idea is instead of using the Lieb-Robinson
bounds to obtain an upper bound on the observable er-
ror for any time, we use it for only short times and use
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the rapid mixing property (Eq. to upper bound the
observable error for long times. For instance, consider
upper bounding

2

e

t 2
f Tr(O(t - 5)qa )e 2% ds
0

Tr(O(s ga)e 2 /< gl (21)

Suppose t, is a time cutoff for separating long times from
short times, which we will choose later and possibly allow
it to vary with . We then split the integral with respect
to time in Eq. [21|into a short time integral 5 (t,t,) and
a long time integral €2 (t,ty) i.e.

<es(t,ta) +e(tta),

t 2
‘ [ THO(s)aa)e " as
0

where

and

min(t,ts)
es(t,ta) = ’/ Tr(O(s)qa)e_2(t_s)/‘“2ds
0

t
ei(t,ta):‘ f ( )Tr(O(s)qa)e‘Q(t‘s)/‘“st.
min(¢,ty

The short-time integral, €5 (t,t,), can be analyzed simi-
lar to the case of dynamics — more specifically, proceed-
ing similar to the analyses in Egs. [I7] and [I§] we obtain
that

e5(tta)
d sy
< 2w? min (7}50 exp (4eZ min(t, ty) - (SSO)), 1),
a

%) 2w? min (7750 exp (4eZta - d(Sa’SO)), 1). (22)
a

where in (1) we have wused the fact that
min(ng, exp(4eZs—-d(Ss, So)/a),1) is a non-decreasing
function of s.

Next, for bounding the long-time integral, e (¢,t,,), we
explicitly use the rapid-mixing property of O (Eq. —
in particular, we note that for

Tr(O(s)ga )|

=[Tr((O(s) - Tr(00)1)ga) + Tr(O0) Tr(ga ),
<[Tr((O(s) = Tr(O00)I)ga)| + [Tr(ga) || Tr(O0)],

1)
< |O(s) = Tr(Oo)||gal,
2 4k(1Sol, v)e ™, (23)

where in (1) we have used the expression for ¢, from
Lemma [I] to obtain Tr(ga) = Tr(La(p(0))) = 0 and in (2)
we have used the fact that, by assumption, O is a rapid
mixing observable and hence satisfies Eq. [d Now, note
that if ¢ < ¢, (or min(t,t,) =t),

e (t,ty) =0.



On the other hand, if t > ¢, (or min(¢,ts) = ta),

t 2
et ta) < [ ITH(O(s)aa)le " as,
ta
t
S4]f(|50|ﬁ)/ e V2= g
ta

t
S4k(|5’o|,7)e_7t‘*f e_Q(t_S)/‘“st,
t

e

< 20%k(|Sol,y)e . (24)

Furthermore, it is also true that for ¢t > ¢,

t 2
tta) < [ TH(O)a)le 2 ds,
la
t
< [ 10laal e as <2 (25)
to

Combining Egs. and we obtain that for any
tyta,

2 (t,ta) < 2w min(k(|So|,v)e 7, 1). (26)

We note already that the bounds on both the short-time
integral (Eq. and the long-time integral (Eq. are
independent of the time ¢, but instead depend on the
time cutoff ¢, that separate long times from short times.
We can now choose t,, in such as a way that ¥, €5(t,t4)
and Y, e2(t,t,) are uniform in system size. A specific
choice for t,, is to choose them to be

1
" 8eZa

to d(Sa,S0),
i.e. choose the time-cutoff to grow with distance of S,
from the observable. With this choice, we note that

Zefx(tyta) < 2w? Zmin (7}50 exp(_ d(S"“SO))’ 1)7

2a

Zei(tvta)
b _ 29(5a,50)
< 2w %:mm(k(|50|,’y)exp( 8eZa s

both of which, since they are sums of a decaying exponen-
tial function on a lattice, converge and are independent
of the system size. As is shown in Appendix[B] the other
error terms can be analyzed similarly. Furthermore, a
more careful analysis of these summations allow us to
also calculate their scaling with the parameter v to ob-
tain the exact upper bounds quoted in Lemma [6]

With Lemma [6 we can now establish the following
proposition.

Proposition 3, repeated. Suppose L is a
d-dimensional geometrically local Lindbladian and
O with |O| £ 1 is a local observable supported on O(1)
lattice sites satisfying rapid mizing (Eq. . To achieve
an additive error € in the expected local observable at
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time t with the analogue quantum simulator, we need to
choose

w=0 (7(d+1/2)(n+1)\/g)
which corresponds to a simulator evolution time
tsim = t/w2 =0 (tfy—(f@+1)(2d+1)5_1) .

Proof. This proposition can now be proved by directly
combining Lemma [6] and Eq. [I9]— in particular, we ob-
tain that for any time ¢,

[{O)ideal = {O)sim| < w? ()‘(1)(7) +423 (7)) .

In the limit of v - 0, we obtain that [(O)igeal — {O)sim| <
w20 (y~ D)) Thus, to obtain a precision ¢ in the
simulated observable i.e. to achieve [{O)igeal — {O)sim| < €,
we need to choose w =0 (51/27(d+1/2)(“+1)). O

C. Quantum advantage over classical algorithms

As discussed in the previous subsection, in the prob-
lems of local observables constant time dynamics in spa-
tially local Lindbladians, as well as in long-time dynam-
ics and fixed points for rapidly mixing Lindbladians, an
analogue quantum simulator can be very efficient even
obtaining a run-time that is independent of the system
size. It is a natural question to ask if these problems are
hard to solve on a classical computer, so that we can ex-
pect a quantum advantage with the analogue quantum
simulation method discussed so far. In this section, we
establish that, subject to the complexity assumption of
BQP +# BPP, we indeed expect exponential advantage
with a quantum simulator in both of these problems.

The separation between the runtime of the analogue
quantum simulator and classical algorithms is based on
a technique to encode a quantum circuit on N qubits
and of depth T = poly(N) into the fixed point of a ge-
ometrically local Lindbladian in two dimensions. This
problem has been previously addressed for 5-local (but
not geometrically local) Lindbladians [47]. A related line
of work encoded a quantum circuit on N qubits and of
depth poly(V) into the ground state of geometrically lo-
cal Hamiltonians, starting with Hamiltonians in two di-
mensions [48] [54], followed by Hamiltonians even in one
dimension [55]. We build upon the techniques developed
in Ref. [47] for quantum circuit to 5-local Lindbladian
encoding, and in Ref. [48] for quantum circuit to 2D spa-
tially local Hamiltonian encoding and encode a quantum
circuit into the fixed point of a 2D spatially local Lindbla-
dian. Furthermore, one of our key technical contribution
is to establish that the resulting Lindbladian has a mix-
ing time of at most poly(N), where N is the number of
qubits in the circuit, and its depth is poly (V). More pre-
cisely, we consider circuits of architecture shown in Fig. [6]
and establish that
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FIG. 6. Circuit architecture of the circuit being encoded into the geometrically local Lindbladian. In each round, the unitaries
are applied in sequence, first on the first qubit, then on qubits 2 and 3, then on qubits 3 and 4 and so on.

Lemma 7. Suppose we are given a quantum circuit C
on N qubits with architecture shown in Fig. |6 and with
R rounds of gates. Then, there exists a two-dimensional
spatially local Lindbladian £ on NR 6-level qudits with a
ungiue fized point o, as well as a local observable O such
that

Tr(Oco) =

1
ONR
where z¢ is the expected value of a pauli-Z operator on
the last qubit at the output of C. Furthermore, for any
initial state p(0) of the two-dimensional grid of qudits,

[ (p(0)) = ocl, < co(N, R) exp(=r0(N, R)),

where co(N, R) = O(N°R? exp(O(NR))) and vo(N, R) =
O(N3R™).

We point out that the assumed circuit architecture
(Fig. @ is not restrictive — any quantum circuit on N
qubits and depth poly(N) can be expressed in this for-
mat with at most poly(/N) rounds. Furthermore, for

quantum circuits with R = poly(/N) rounds, Lemma

shows that it takes time ¢ = O(poly(N)log(¢™!)) for the
encoding Lindbladian £ to converge e—close to its fixed
point ¢. Then, measuring the local observable O to a
precision of 1/2N R = 1/poly(N) effectively measures the
Z operator on the last qubit at the output of the quan-
tum circuit. Since, for any decision problem in the BQP
complexity class, measuring the Z operator in the last
qubit is the only required measurement for solving the
problem, Lemma [7| indicates that being able to take a
local observable in the fixed point of any spatially lo-
cal two-dimensional Lindbladian, even restricting to the
class of Lindbladians that converge to the fixed point
in time that scales at most polynomially in the system
size, is sufficient resource to perform an arbitrary quan-
tum computation. The construction of this Lindbladian
closely follows the circuit-to-Hamiltonian ground state
mapping presented in Ref. [48]. We detail this construc-
tion, the calculation of its fixed point, as well as analysis
of the convergence rate of the Lindbladian to its fixed
point in Appendix [C] Based on this lemma, we obtain
the following proposition.

Proposition 4, repeated. There cannot exist a classi-
cal algorithm that can, for every geometrically local 2D

Lindbladian and a corresponding rapidly mizing local ob-
servable, compute the fixed point expected value of the lo-
cal observable to additive error ¢ in time poly(y~t,e™1),
unless BQP = BPP.

Proof. Assume the contrary i.e. that there is a random-
ized classical algorithm that can obtain the fixed point
expectation of a rapidly mixing local observable to an
additive error ¢ in time poly(y~!,e7!). In such case,
any decision problem € BQP could be solved with this
algorithm. To see this, note that the decision problem
parameterized by the problem size m could be solved by
measuring one qubit at the output of a quantum circuit
on N = poly(m) qubits with R = poly(m) rounds. By
Lemma [7] the expectation value of the pauli-Z operator
on the output qubit in such a quantum circuit can then
be embedded into the expectation fixed point value of a
rapidly mixing local observable with v = poly(m). Fur-
thermore, as given by Lemma [7] the expected of value
of this observable is 1/(2NR) < O(1/poly(m)) times
smaller than the expected value of the pauli-Z operator,
and thus needs to be computed to an O(1/poly(m)) pre-
cision to effectively simulate the encoded circuit. Since
this can be done with a randomized poly(y~*,e7!) clas-
sical algorithm in poly(m) time, we contradict the com-
plexity assumption of BQP # BPP. O

V. STABILITY TO ERRORS
A. Stability analysis

Next, we consider the impact of noise on the quantum
simulator. We will consider the model of the noisy quan-
tum simulator given in Eq. [5| — the quantum simulator
Lindbladian, in the presence of errors, will be given by

Lys=Ly+ 52./\[/3,
B

where N is a Lindbladian acting on (both system and
ancilla) qubits in a geometrically local region S;. We
will assume that the subset Sé at most intersects with
Z’ other subsets S% or S, where S, are the subsets of
data-qubits on which the target Lindbladian is defined



(i.e. Eq. . More specifically, for all 3,
{B":8snSh # o} + {a:Spn Sy # ¢} < 2.

In the remainder of this subsection, we will carefully ana-
lyze the error incurred in using the noisy quantum simu-
lator. Our goal would be to show that, despite the hard-
ware error rate § # 0, the quantum simulator can still
obtain local observables to a precision that depends only
on the hardware error rate and not on the system size.

Our analysis of the stability relies strongly on the ex-
tension of Lemmas|[I] and [2] to the noisy setting i.e. where
the quantum simulator dynamics are described by the
Lindbladian in Eq. In particular, as is shown in Ap-
pendix [D| Lemma [I] can be modified to obtain an upper
bound on the remainder, R, s(t), corresponding to the
time evolution of the noisy quantum simulator i.e.

Rea (1) = 5Tl s(0) ~ LT s (1))

More specifically, we obtain that

Lemma 8. If the ancillae are initially in |0) then

Rus(t) = Ru(t) + 6 S KL (1) +
B

2t .
6y Zoﬂ/ e_Q(t_S)ICSL(S)ds,

a,Bj=1 0

where Ry, (t) is as defined in Lemma but with p., = pu.s
and

K (t) = Tra(Ns(pos(t)),

KO () = =i[ L], Tra(0aNs(pus))] +hoc.,

1
K30 = SILL LaTra(Wa(pus(t)] + hec..

Another key ingredient in the stability analysis is the fol-
lowing modification of Lemma[2] whose proof is presented
in Appendix

Lemma 9. Suppose p,, s(t) is the joint state of the sys-
tem and ancilla qubits with the ancilla qubits initially
being in the state |0), then for all o, o/,

ITra(oapus())l, < 5 + 25 and,

ITea(0aoa pws (D) ITralolow pus ()], <

w? wZ's
— 4
4

+ Z'6.

It should be noted that on setting the hardware noise §
to 0, the bounds in Lemma [J] reproduce the bounds in
the noiseless case obtained in Lemma 21

Dynamics. Next, we can analyze the modified remain-
der provided in Lemma [§] term by term and explicitly
use the Lieb-Robinson bounds (Lemmas [3] and [4)) to ob-
tain bounds that are uniform in the system size. We first
establish an extension of Lemma [5| to the noisy setting.
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Lemma 10. Suppose O is a local observable on the
system qubits with |O| < 1 supported on So, and for
7> 0, let O(1) = exp(L T7)(O) where L is a geomet-
rically local target Lindbladian of the form in Eq. [IJ
Then for qo as defined in Lemmald], then there are non-
decreasing piecewise continuous function v,v’ such that
v(t), (1) <O(t?) as t - oo and for w <2

2 Tr(O(7)ga)| < v(1) and,

[

; 202" 462’
ZI‘Tr(O(T)Qg,L,(s))|s(1+ ‘L + 22 ),,2@.

where, for j € {3,4}, Q((j;zl, is defined in Lemma with
Pw = Puws and for j e {1,2}, we define Qg)a, = Q((j)h ,
where Qijal 1s defined in Lemma with py, = pu.s. Fur-
thermore,

%:‘Tr(O(T)ICéO)(s)‘ <v'(7) and ,
Zﬁ [Te(O(n) KD (5)| < (v (7))?,

where K and ICS?Q for j € {1,2} are defined in
Lemma 8 7

In this lemma, the bounds on 3, |Tr(O(7)qs)| and
Yol |Tr(O(T)Qg)a,(s))| can be obtained by closely fol-
lowing the proof of Lemma [5, but with an application of
Lemma |§| instead of To obtain ¥4 |Tr(O(T)]C(ﬁ0)(s)|7

we note that since O(7) = exp(LT7)(0) is an operator
that acts entirely on the system qubits,

T (O(r)KS ()|
= [Tr((O(7) ® L) N3 (pu,5(5))],
= Tr(WH(O(7) ® L) pus.s(5))),
<INHO(r) ® La)] = INT(O(7)],

where Ng, defined by ./\75 (X) =Np(X®I,),is asuperop-
erator acting entirely on the system qubits. Although N g
isn’t necessarily the adjoint of a Lindbladian superopera-
tor (like V), it has the identity (on the system qubits) in
its kernel i.e. /\7;([) = 0. Furthermore, since Ng is sup-
ported on S;g, N, g is supported only on the system qubits
contained in S, which we denote by 5‘% Now, with an

application of the Lieb-Robinson bounds (Lemma |3, we
obtain that

d(So, 5]
‘TI‘(O(T)]C/(;J)(SN < min (7)50 exp (4€ZT - (Oﬁ)), 1),

a

where we have used that ||/\7§||Cb e S ||N?;|| <

cb,00—>00

1. This bound immediately yields an upper bound on



X5 |Tr(O(7')ICéO) (s)| which is uniform in the system size,
since it reduces it to the summation of a decaying ex-
ponential on a lattice. An analysis of the scaling of this
upper bound with 7, together with similar bounds on

DI |T1“(O(T)]C(J)ﬁ(8)| is provided in Appendix @

Proposition 5, repeated. Suppose L is a
d-dimensional geometrically local Lindbladian and
O with |O|] < 1 is a local observable. Then, in the
presence of noise with noise rate §, the expected local
observable with the analogue quantum simulator can

J

1

|<O)target - <O>Sim| = E

t 2
Tr(O(t - 8)qa )e 2/% ds| +
0

sl )
(i)[ u(t - 5)e 219" ds + duw? / [ ( 202
L52fotl/(t—s)ds+ojzjzzzlauj/otfosW

)

N

-
INY

T2

where in (1) we have used Lemma [I0]and in (2), we have
used the fact that the functions v(t),v'(t) appearing in
Lemma [I0] are non-decreasing in ¢. From this bound,
which is uniform in the system size n, it can be seen
that, for a fixed ¢, a choice of w scaling as ©(6/*) min-
imizes the error [(O)target — (O)sim| as & — 0. Further-
more, with this choice of w, we obtain an observable error
of O(5'%t?%+1) as § - 0 and t - oo, independent of the
system size. O

Long-time dynamics and fixed point. Next, we consider
rapidly mixing observables (Eq. and analyze stabil-
ity of these observables for long-time dynamics or fixed
points. For this, we will establish the following modifica-
tion of Lemmalf| to the account for noise in the quantum
simulator.

Lemma 11. Suppose O is a local observable with |O] < 1
supported on So, and for T >0, let O(7) = exp(L 17)(0)
where L is a geometrically local Lindbladian of the form
in Eq. [Ij} Furthermore, suppose O is rapidly mizing
with respect to L and satisfies Eq. with k(|Sol,7) <

fotﬂ(ou—s>TrA(nw75(;2)))ds

/- [ e-2(s/w2_5')Tr(O(t_ S)Q((XJ;L,(SI))dS,dS

(5 2
722‘“
=
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be obtained to a precision ¢ = O(5Y*t241).  Fur-
thermore, to obtain this precision, we need to choose
w = O(6Y%) which results in a simulator run-time

teim = t/w?® = O(t61/?).

Proof. Given a local observable, the error between the
target expectation value (O)arget and the expectation
value obtained on a noisy simulator, (O)sm can be
bounded by Eq. with the modified remainder R, s
from Lemma [§]instead of R,,:

)

+

—2(8/w2-8')Tr(O(t - s)lcfj;g(s’))dS’dS . (27)

e

462
w2

) 25/ =52 (¢ - s)ds'ds+

e 261" % (4 g)ds'ds,

¢ t t s/u.z2 ,
v (t) fo e*QS/wde%y’(t) f ds+(4(w2+2w52’+452')y2(t)+5(1+w)1/2(t)) fo fo 2615 g1 s,

1w v(t)+ = (4(w + 2002 + 462" (t)+—(1+ W (t)+— (t))

(

O(exp(y™™)). Then for qo as defined in Lemmall],

> f Tr O(t—s)qa)e_%/“’ ds| < AWM (5),

where XD (y) < O(y %) as v - 0 and for j €
{]‘72’374}

TI'(O(t _ S)ng’)a,(S’))B_Z(S/WZ_S,)dSIdS

S(1 22'§ 425) @),
w (.L)

0

where X (v) < O(y~ 4G g5 4 0 and for j €
{3,4}, Q((j,ix, is defined in Lemma 1| but with p, = pu.s
and for j € {1,2}, we define Q((j)a, = Q(J) o where Q(j)
is defined in Lemma (1] I 1| but with py, = pu.s- Furthermore

S| oo )

<)




where A'(l)(’y) < O(y @)Y 45 4 - 0 and for j €
{1,2},
o,

t s/w? . ,
[ [ Tr(O(t - s)ICg%(s'))e_Q(s/“’z_s )ds'ds
0o Jo ’

< NP (y),

where )\’(2)(’7) < 0(7—(2d+1)(n+1)) as v — 0.

The proof of this lemma closely follows the same strat-
egy as the proof of Lemma [f] for the noiseless case and is
detailed in Appendix [D] With this lemma, we can then
establish the stability of the quantum simulator while
simulating the long-time dynamics or fixed point expec-
tation values of rapidly mixing observables.

Proposition 6, repeated. Suppose L is a
d—dimensional geometrically local Lindbladian and
O with |O] < 1 is a local observable supported on O(1)
lattice sites satisfying rapid mizing (Eq. . Then, in
the presence of noise with noise rate 6, the expected local
observable at any time t can be obtained to a precision
e = O(8%3~ (DAY - independent of n and t, with
the analogue quantum simulator. Furthermore, to obtain
this precision, we need to choose w = O(86Y3) which
results in a simulator run-time tgy, = t/w® = O(t6-2/3).

Proof. To bound the observable error, we start from
Eq. P7 and use Lemma [T1]— we then obtain

|<O)targct - (O>sim| <
WAD () +4(w? + 225 + 4Z')A D (7)+

N0+ L@@ ().
w w

From this bound, which is uniform in the system size n
as well as the scalings of A (), ) () from Lemma
it can be seen that, for a fixed -, a choice of w scaling as
©(6'/*) minimizes the error [{O)target = (O)sim| as & — 0.
Furthermore, with this choice of w, we obtain an observ-
able error of O(§Y24~(++DQd1)y a5 § 0 and v — 0,
independent of the system size. O

B. Quantum advantage in the presence of noise

As shown in the previous subsection, even though the
dynamics and fixed point of geometrically local Lindbla-
dians could be stable to noise and errors on the analogue
quantum simulator, a noisy quantum simulator cannot
simulate observables perfectly but only to a noise-limited
precision. We now adopt the perspective in Ref. [25],
and ask if there are family of stable Lindbladian prob-
lems where a reduction in the noise rate § results in clas-
sical algorithms requiring an exponentially longer time
to achieve this noise-limited precision. In showing that
these problems exist (subject to the complexity assump-
tion of BQP # BPP), we will leverage the quantum-circuit
to 2D Lindbladian mapping presented in Lemma [7]
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We first consider the problem of rapidly mixing local
observables in the Lindbladian fixed point in 2D. From
Proposition@ it follows that, given § > 0, as long as 7! <
O(6o~/A0F)Y for o > 0, the noise-limited precision in
the estimated observable £ < O(6***D) - 0 as § — 0.
Physically, this corresponds to the intuitively expected
fact that a simulator with lower noise rate § can be used
to solve problems which have a smaller decay rate v (or
equivalently those that take longer to reach their fixed
point) without accumulating a large error. Now, using
Lemma [l we establish that there cannot exist a classical
algorithm which for any «, x > 0 can compute the rapidly
mixing local observable to a precision of O(d%) in time
poly(6~1) unless BQP=BPP.

Proposition 7, repeated. For a given a,k > 0, con-
sider a sequence of geometrically local 2D Lindbladians
and corresponding rapidly mixing observables indexed by
§ = 0 satisfying Eq. |20 with v~' < O(5*~/(0=+1)) “tphen,
the fized point expectation value of the observable can be
estimated by an analogue quantum simulator with noise
rate § to a noise-limited precision O(6*"*1) (which — 0
as 6 = 0) in simulator run-time O(poly(6™1)) and there
cannot exist a poly(671) randomized classical algorithm
to estimate this local observable to the same precision for
any a, k>0 unless BQP = BPP.

Proof. The estimate of the noise-limited precision and the
quantum simulator run-time follows immediately from
corollary of propositin [f} We now show the classical
hardness of this sequence of problems. Assume that such
a classical algorithm did in fact exist — then, we can use
it to simulate the outcome of measuring an output qubit
in an arbitrary poly-depth quantum circuit. To see this,
suppose we had a quantum circuit C with architecture
shown in Fig.[flon N qubits with R < O(N™) rounds for
some m > 0. We can then use the Lemmal/[7] to produce a
2D geometrically local Lindbladian £ and a rapidly mix-
ing local observable O which satisfies the rapid-mixing
condition (Eq. {) with x = 1/3 and ! < O(N3(m+D),
Being able to simulate the local observable O to a pre-
cision of O((NR)™) = O(N-("™*1)) would allow us to
estimate, upto an O(1) additive error, the probability of
the output qubit (which is arbitrarily chosen to be the
first qubit) to be in 1 thus successfully simulating the
quantum circuit.

Now, if we indeed had a classical algorithm that did
satisfy the conditions in the proposition, then for a small
6 >0, we could use it simulate this Lindbladian for NV be-

ing chosen as a function, Ny, of § to satisfy the constraint
,Y—l < 0(5(1—1/(10(“1))) ie.

Ng’(m+1) < O((SQ_BMO),

and to satisfy the requirement that precision ¢ =
062"+ be at-least O((NR)™'), we impose that

540{/3 S O(N(S_(m+1)).

We note that both of these requirements can be satisfied
by using o = 3/200 and Nj = ©(§~1/(500m+1))y



Thus, if there did exist a poly(d~!) classical algorithm
to simulate the rapidly mixing Lindbladian problem, even
with the constraint on y~! as stated in the proposition to
ensure a vanishing noise-limited error as 6 - 0, for any
a, k >0, we could simulate the outcome of measurement
of an output qubit in an arbitrary poly-depth quantum
circuit, which would imply that BQP=BPP. O

Similarly, we can use Proposition [7] to establish a sim-
ilar result for dynamics of geometrically local Lindbladi-
ans.

Corollary 7.1, repeated. For a given o > 0, consider
the family of geometrically local 2D Lindbladians, local
observable and evolution time t indexed by § — 0 such
that t < O(6°Y19).  Then, the fizred point expectation
value of the observable can be estimated by an analogue
quantum simulator with noise rate § to a noise-limited
precision O(5°®) (which - 0 as 6 — 0) in simulator run-
time O(poly(671)) and there cannot exist a poly(67')
randomized classical algorithm to estimate this local ob-
servable to the same precision for any o >0 unless BQP
= BPP.

Proof. The estimate of the noise-limited precision and the
quantum simulator run-time follows immediately from
Proposition To show the classical hardness of this
sequence of problems, note that if such a classical algo-
rithm did exist, then it could be used to simulate the
sequence of fixed point problems in Proposition [7] to the
corresponding noise-limited precision corresponding to
o,k > 0 by simply choosing t = ©(y~(**Dlog(s71)) <
O(5% ~1010g(571)) where o = (k+1)c’ and thus imply-
ing that BQP = BPP. O

VI. CONCLUSION

In conclusion, we have provided an analysis of ana-
logue quantum simulation of physically motivated open
quantum system simulation problems. Our analysis de-
veloped tools to study both a noiseless quantum simula-
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tor, as well as a noisy quantum simulator and provided
rigorous accuracy guarantees on the observables being
measured on the quantum simulator. Furthermore, we
also provided complexity theoretic evidence of classical
hardness of the physically motivated problems that we
considered. Our results provide theoretical evidence for
the possibility of using near-term quantum devices for
solving physically interesting and classically hard open
system simulation problems, while remaining stable to
noise. Our paper also introduces several new technical
results that could be of independent interest — the ac-
curacy and stability guarantees that we develop in this
paper were based on developing a mathematically rig-
orous adiabatic elimination analysis that could account
for Lieb-Robinson bounds, and the classical hardness re-
sults were built on a quantum circuit to 2D Lindbladian
encoding together with its convergence analysis.

Our work leaves several important theoretical ques-
tions open — most importantly, can we develop certifi-
able analogue simulation protocols for the analogue sim-
ulation for the fixed point of Lindbladians that are not
rapidly mixing, and are these protocols stable to errors?
A possible approach to this problem, which we leave for
future work, is to identify a set of reasonable assumptions
on the spectrum of Lindbladians, that may not be rapid
mixing, but which still allow for analytical results re-
lated to their stability. An alternative could be studying
Lindbladians showing dissipative phase transitions nu-
merically near the phase transition, and understand if
(and which) local observables are stable.

Furthermore, another direction would be extending
the classical hardness results to 1D geometrically local
Lindbladians by encoding a quantum circuit in the fixed
point of such a Lindbladian, thereby making the case
for quantum advantage in simpler (i.e. 1D) experimental
setups. This should in principle be possible by adapt-
ing the techniques developed for the corresponding re-
sult that encodes a quantum circuit to the ground state
of a 1D Hamiltonian [55]. Furthermore, extending classi-
cal hardness results to translationally invariant Lindbla-
dians, along the lines of similar results in Hamiltonian
ground states [56], also remain open.
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Appendix A: Detailed proofs from section [[V]

Lemma 1, repeated. For any t >0, the remainder R,,(t) = iTrA(pw(t)) —W2LTrA(pw (1)) satisfies
R (t) = w? Ze o +wt Y Z[ e S)Q(j) L (s)ds

je{1,2} o

WYy Q0 (s)as. (Ala)

je{3,4} o,
where
da ==Dr,(p(0)),
1
Q1) = —;[LZ;, [, Tr (00 pu(1)]] + hc.

Q) (1) = [ L Lalh, Tra(po(1))]] + hec..

o (1) S Do ([, Tra(el? pa (1)),

ue{+ -}
Ifa=o', Q0. (t) = ;@L(a - D, )(Tra(napu(t))),

ffam',gf.%(tr—é L, L) Tea(o Dol pu ()],

E{+7_}

Proof. In order to find R, (), we start from the equations of motion for Tr4(p,(t)) and Tr4(cap.(t)) as given in
Eqgs. [Bp,b. We first integrate Eq. [Bp to obtain

TYA(Uan (t)) = _/(;t e_Q(t_S)( - iw2 [Hsysa TTA(Uan(S))] - Z.WLoéTI‘.A(pw(5)) +w Z Ea,a’(s))dsa (AQ)

where we have used the fact that o,p,(0) = 0, since the ancillae are initialized in |0). Next we note that, from
integration by parts and the expression for %’H A(pw(t)) in Eq. , it follows that

t
f e‘z(t_s)LaTrA(pw(s))ds
0

1 B —2(t-s
- S LaTra(pu(t) - - L Tra(pu(0)) - L f 2L, LTy () s,
1 _Qt w? —2(t-5) w b a(t-s)
:§LaTrA(pw(t))—TLaTrA(pw(O))—T ; e L()L[Hsys,'1’1",4(pw(s))]ds+52:‘/0 e Foo(s)ds,
(A3)
where
Foo(s)= Y La[L Tra(ol? pu(s)]. (A4)

ue{+,-}

From Egs. [A2] and we now obtain that

W W _
Tra(oapu(t)) = _?LaTrA(pw(t)) + ?e 2tLocp(O)

3 2

. '/Ot e_z(t—s)( — iwz[Hsys,TrA(Uapw(s)))] - %La[Hsys, Tra(pw(s))]+ Z (wEa,a/(s) + %

ol

Fa,a,(s)))ds. (A5)

We now consider the remainder R, (t) — using the definition of the remainder (Eq. together with Eq. , we
obtain that

Ru(t) = *TI"A(Pw(t)) w? LT 4(pus(t)) = Z(( iw[ L, Tra(0apu(t))] +h.c) —WQDLQTrA(Pw(t))) (A6)



26

It follows from Eq. [AF] that

w2 w2 t
— [ LY Tea(0apa(D)] = = [Lh LaTra(pu ()] + S [LL Lap(0)] + [ e2<t-s>(—w?’[Liw[Hsys,Tmaapw(t))]

2
‘w4 . 2 Wg
- ZE[LL,LQ[HSYS,TrA(pw(s))]] —iy, (w [LL, Baar(s)] + 2[LL,Fa7a/(s)]))ds, (A7)
Using Egs. and , b, we note that —[L}, LTr 4(pw(s))]/2 + h.c = D, and so arrive at

Ro(t) = Z(w2€—2tqa+w4 /O‘te—2(t—s)( (1) (8)+w Q(Q) (8))d8) ot Z [ -2(t-s) Q(3) (8)+Q((143X,(8))ds

(48)
where
Leoy
Qo = i[LavLozp(O)] +he,
1
Qi (1) = =~ [LL, [Hays, Tra(0ap(t)]] + hic.,
7
Q... (8 = =5 [Lh, La[ Hys, Tra(pu(t)]] + hec.,
Q((j)al(t) = Q_J[LT  Fa a’(t)] +h.c,
Q1) =Lk, (] e, N

The expressions for ¢, Q(I}{ (1), Qf}{ (1), Q(3) /.(t), and ng?l,(t) can be seen to be the same as those provided

sy
in the lemma statement. O

Lemma 2, repeated. Suppose p,,(t) is the joint state of the system and ancilla qubits with the ancilla qubits initially
being in state |0), then for all o, o’

2

w w

loap. ()], < 5 and ITr a0l ow pu ()1 ITra(Gaoapu(t)]; < i

Proof. The proof of the bound on |oqp.(t)]; is provided after the statement of Lemma [2[ in Subsection Here

we bound |Tr4 (ol 00 pe(t))] and |Tr4(caca p.(t))] for any a,a’. It is convenient to define the “Heisenberg-like”

picture of any operator or superoperator O to be O(t) := £,(t,0)0&,(t,0). Accordingly we may write in vectorized
form that, for u e {-,+},

d
p (082000 i (1)) = [080 (O)Tari(t), Lu()] = =408 () = iwLar ()05 (D)0 (1) + wiw LE ()07 (D) oar i (1),
where we interpret the subscripts as — =1,+ = r and o7, := [UQ,U};] is the pauli-Z operator acting on ancilla qubit «.

Integrating the above equation, we obtain a relation between ol (t)aa 1(t) and ol z)ﬁa ls
t , ,
TN ($)0a(t) = e Mol oa +iw f M (<Lara(#) 0 (o S () + uL S ()07 o () oara () dt!
0 : : 7 :

We express the bound on |Tr A(Uéu)aarpw(t))"l in vectorized form using the above equation as

[(Tealol) oo ilow (O], = [{Traléu(t, 008 (How 1(D]p(0))],

SWfO A (| Tral€u(t,0) Lara () () 80D, + 1(Traléu (£, 0)LEY () E () aara ()] p(0))], ) dt’
(A10)

where we have used the assumption that p(0) is initialized with all ancilla in vacuum to apply o4 ]p(0)})) = 0. Using
the bound |oap.,(t')]; < w/2 for any « from the first part of Lemma [2[in conjunction with the contracting effect of
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channels on the 1-norm, we have |oq,;(¢)|p(0))];, ||0:§t’r(t)|p(0)>>||1 <w/2 for any « and ¢ > 0. Inserting these bounds
into the above equation and applying the assumption |L,| < 1, we find

t , 2
ITra(0 P aap(t)], <w fo ¢4t (g , %) it < 2. (A11)
The lemma statement is obtained by either setting w = — or u = +. O

Appendix B: Detailed proofs of lemmas from section [[VB|

Throughout this appendix, we will focus on geometrically local Lindbladians introduced in section [[VB] These will
be Lindbladians of the form

L= La,

where we will assume that L£,(X) = —i[ha, X] + D (X) for operators hy, L, supported on S,. Furthermore, we
will assume that diameter diam(S,) < a for all o, and the degree 9(S,) = {a’ : Su N Sy = ¢} < Z for all a. As was
mentioned in section a key ingredient in our analysis is the Lieb-Robinson bound from Ref. [44].

Lemma 3, repeated. Suppose K is a superoperator supported on region Sx and satisfies K(I) =0, and O is a local

observable, with |O| < 1, supported on region So, then

+
”’CBL f(O)” < Nso ”’C”cb,oo—wo

exp (4eZt - d(SK’SO))
a

An immediate consequence of this lemma is the following modified “2-point” Lieb-Robinson bound.

Lemma 4, repeated. Kx and Ky are superoperators supported on regions X and 'Y such that Kx(I) =Ky (I)=0
and diam(X),diam(Y) < a, then for any local observable O, with |O| < 1, supported on region So

t 1
1Cx v e (O] < en5o VOl s VY Lo 0P (4e2t - 5o (d(X, S0) + (Y, so>>).

Proof. Note that

o

S, 1
ey e (O < Wox ol e O)] « 20 o KoL e (4“’” i So>)- (B1)

Z

Next, consider the case X nY = @, then KxKy = KyKx. In this case, the above equation holds with X and Y
swapped i.e.

a(S 1
oy e O € X5l el oo 1020~ (X, 50) ) (B2)
Multiplying Eqgs. [BI] with we obtain that
o e O € X5y o e 1020 5 (AN S0) v dV50)) B

Consider now the case when X nY # @. In this case, we can treat Kx /Ky as a superoperator supported on X uY.
From the Lieb-Robinson bounds, it then follows that

a(S
exkere 0 < 252y

cb,00—00

exp (4eZt— ld(X UY,SO)). (B4)
a

We note that [KxKy | o000 < IX ] ep om0 KV |ep 00 oo- Next, we note that

d(X uY,So) =min(d(X, So),d(Y,So) = min(d(xo,So),d(yo,50)),
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where 29 = argmin,.xd(w,S0) and yo = argmin,-d(y,So). Since diam(X),diam(Y’) < a, we have d(zo,yo) <
a and so min(d(zg,S0),d(yo,S0)) = d(zg,S0) - d(xo,y0) = d(X,Sp) — a. By the same logic we also have
min(d(zo, So),d(yo, So)) = d(Y, Sp) — a and consequently we have that
1
d(XuY,S0) > i(d(X(SO)) +d(Y(S0))) - a.

Therefore, from Eq. [B4] we obtain that when X nY # g,

pexhor e )1 < LB, o lov e (4e2t o (d(X, S0) +d(Y, so))). (85)
From Egs. [B3] and the lemma statement follows. O

An upper bound on the sum of an exponential function over a d—dimensional lattice is a useful technical result.

Lemma 12. Suppose S, for o € N, are subsets of Z* which satisfy that for some Z > 0, 95, =[{a’: SonSy o} <Z

for all a € N. Suppose S ¢ Z with |S| < oo is a fized subset of Z:. For any k€ {1,2...}, m € {0,1} and T, \,z >0,
define

m m . 1
5g\’w,k)(T) = Z Aoy vy, TN (xexp (T— )\dahaz__.ak),l),

a1,x2...0

where do;y o...0p = Z;”':l d(s, Saj). Then,
B (7Y < max(a, 1) k™ (VO (A1) (0O (0, 1)),

where, V"™ (X, T) are piecewise continuous non-decreasing functions of A (for a fixed T) and T (for a fized \) which

only depend on Z and d. Furthermore,
V(N T) < O((AT)™ ) as A\, T — oo and ™ (X,0) < O(A™?) as A - oo.

Proof. We can reduce the multiple summation to a single summation — and important fact that we will use here is
that for 0 <y, z9... 2 <1 and A > 1,

k
min(Azi2s ... 2k, 1) < min(Azq,1) min(Azs, 1) -+ [ [ min(Az;, 1). (B6)
i=1

To see that Eq. is true, consider two cases — if Azqxy...x > 1, then for any i€ [1: k],

1
Az; > >1 = min(Ax;,1) =1
X1...i-1Lj+1---Tk

and hence satisfies Eq. [B6 On the other hand if Azjxs ...z <1, then we again have that
k
min(Azixs ... x5, 1) = Ax129 ... T} < HAaci for any Sc[1:k] = min(Az1zs...25,1) < I_Imin(Agci7 1).
i€S i=1

where we have used that 0 < z; <1 and A > 1. Now, noting that for any z,y > 0, min(y,z) < max(x,1) min(y,1).
Using this together with Eq. [B6] we obtain that,

fﬁ?f) (T) = Z min (xexp (T - idal,azu-ak)a 1)

a1,02...00

k
<max(z,1) > Hmin(exp (T—i\d(ﬁai,S)),l)7

aq,09...0 1=1

k
£max(w,l)k(2min(exp(T—id(SMS))J)) . (B7a)
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and

ik . 1
i%x )(T) = Z dal,ag...ak min ( exp (T - )\dal,ag...ak)ax)

aq,02...0p

<max(z,1) > (Zd(SQI,S))Hmm(eXp(T— d(Sa“S)) )

a1,09...00 \ 1=1

= kmax(z,1) )’ d(SN’aNS)Hmin(exp(T—id(gai,S)),l),

a1 ,Q2...0

k-1
< kmax(z, 1)k( Zmin(exp (T— /1\615(5'0”5’))7 1)) Zd(ga, S) min(exp (T— /1\615(5'0”5’))7 1). (B7b)

Having reduced the multiple summation to a single summation, we re-express the single summation with respect to
«a with a summation with respect to the grid distances. In particular, we note that

a n=0

> d™(Sa,S) min(exp (T— %d(ga, S)), 1) => nm min(exp (T - i\n), 1)|{a :d(Sa,S) = n}. (B8)
We next upper bound |{a : d(S,,S) =n}| — note that

{a:d(Sa,S) =n)| € Z|{z 2 d(x,5) = n})| € Z|S||{z e 29 d(z,0) = n}], (B9)

where in (1) we have used the fact that any one site z € Z¢ can be in at most Z sets S, (since otherwise there would
be more than Z sets S, that would intersect each other), and in (2) we have simply upper bounded the number of
sites at a distance of n from S by the number of sites at a distance of n from any site in S.

A bound on |{x € Z%: d(x,0) = n}| can be obtained by noting that, since d(z,y) = £, |z; - | is the Manhattan
distance on the lattice,

d d
{zeZ:d(x,0)=n}| = {erd:Z|xi|:n} <24 {xeNg:in:n},
i=1 i1
+d-1 24
=2d(" ) d-1)4", Bl
) ey (B10)
Combining Egs. B9 and [BI0, we obtain that
2129

{o:d(Sa,8) =n}| < (n+d-1)%1,

~ (d-1)!
Returning to Eq. we obtain that

de(Sa,S)mln(exp(T— d(Sa,S)) ) 2'2]s| imin(exp(T—in),l)nm(n+d—1)d_1, (B11)

Now, we note that

> min(exp (T— 7;), 1)nm(n+ d-1)*
n=0

o AT oo
< Z n™(n+d-1)""1+ > nm(n+d—1)dlexp(T—n),
n=|A\T| A

[AT o T
<Y n™(n+d- 1)+ Y (n+ [ AXT)™(n+|\T)+d- 1) texp (T— % - :\L),

n=0 n=0
@ 1271 s
<> n™(n+d-1)""1+ + > (n+ [AT])"™(n+|A\T]+d- 1) exp(-n/N),

n=0 n=0
V(AN +22 Y T =1+ TN 0y (), (B12)

o,0'¢{0,1}
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where for p€ {0,1,2...} and m € {0,1}

oo [2]
Xp,(N) = Z;)np exp(-n/A) and Y, (2) = Z:onm(n+ d-1)"

In (1), we have split the summation over n into two summation — one summation involving only n < [AT'], where we
have used min(exp(T —n/\),1) <1, and the other summation involving n > | \T'|, where we have used min(exp(T -
n/A),1) <exp(T -n/\). In (2), we have used the fact that AT < [\T'|, and thus exp(T - |AT'|/A) < 1. In (3), we have
used the fact that for a,b > 0, (a +b)? < 247 (a? + b%). We will now pick the functions v™ (\,T") from the lemma
statement to be,

2129

V(N T = @-D!

(Ym({)‘T‘l) + 2d72 Z [)‘TJ(lig)m(d -1+ [)‘TJ)(lJ’)(dl)Xom-%—U’(d—l)()‘))'
o,0'€{0,1}

From Egs. and it follows that the lemma statement holds with this choice of (™ (X, T)). Furthermore,
since the dependence of v™) (X, T) on T is entirely through |AT| and [AT], it follows that it is a piecewise continuous
function of T for a fixed . It is also clear that (™) (\,T) is non-decreasing in T for a fixed \. Finally, to understand
the asymptotic behavior of v(™ (X, T) as A\, T — oo, we note that X,(\) < O(NP*!) and Y, ([AT]) < O((A\T)™*9).
Therefore, we have that

l/(m)()\,T) < O((/\T)m+d) i Z O(()\T)(l—a)m+(1—o")(d—1))O()\(Jm+0"(d—1)+1)),
o,0'¢{0,1}

< O((/\T)m+d) i Z O(()\T)(l—a)m+(1—o' )(d—l))O(()\T)(am+o' (d—l)Jrl))7
o,0'¢{0,1}

<O((\T)™*),

Furthermore, for T =0,

212
™ (\,0) = d |15;|' (Ym(o) +2972(d - 1) X, (M) + 2d‘2Xm+d_1(/\)) <OA™) as X - oo.
This concludes the proof of the lemma. O

1. Proof of Lemma [5l

In this appendix, we will establish Lemma [5] We first establish the following

Lemma 13. Suppose O is a local observable with |O| < 1 supported on So, and for T >0, let O(T) = exp(L T7)(0)
where L is a geometrically local Lindbladian of the form in Eq. , Then for qq(s), Q(()i)a,(s), with QSL, oW and

a,har
o® - Q((f;l ,» as defined in Lemma

a,af

[Tr(O(7)ga(s))] £ 2min (7750 exp (4@27’ - d(SO”SO))7 1) for any «,
a
and

|Tr(O(T)Qg2X,(S))| < 4min (enso exp (4627’ - %(d(sa, So) +d(Sar, So))), 1) for any a, . j.
’ a

Proof. Using the Lieb-Robinson bounds (Lemma [3) together with the fact that |Dp, | <2, we obtain that

ITr(O(7)4a)| = [Tr(O(T) DL, (p(0)))| < ID],_(O()llp(O)];

< 2min (7750 exp (4eZT - d(SO”SO))7 1).
a
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Next, consider Tr(O(T)QS’L,(s)). For any «, @’ we obtain that
2
ITe(O(r) QL (5))] < *|TT(O(T)[LL, [har, Tra((oapw(s))]])

S%H[h L OMIITral(oape ()
< ther, L5, 001

where, in the last step, we have used Lemma Next, we can use Lemma [ together with the fact that
[0, Vet soso0- ITEE™ T oo < 2 0 ODEaIN

)

T(O() QL1 , ()] <410 mm(enso exp(4ezf— o (d(S,50) + d(S ,So>)) )
Next, for any a,a’, we obtain that,
[Tr(0(r) Q) ()| < [T (O(NLL, La[hars ps()1])];
< Ilhars [LE, O(DILTra (s ()]
< 4| O] min (enso exp (4627’ - %(d(Sa, So) +d(Sy, So))) , 1) .

Next, we bound |TrA(Q )|- For any «,a’, we obtain that

a,af

T (0(r) Q) ()] < - RLCOLE ([28 Tra(el pu (NI

1 u u
<= ¥ |, DL 0| Trael? pus)
w ue{+,-}
1 u
<> ¥ el ol o)
ue{+,-}
where, in the last step, we have used Lemma Next, we use Lemma [4| together with ||[L,(lu),-]||cb)oo_)oo < 2 and
IDL. 1l oo soo <2 to Obtain
1
|Te(0(1) Q. ())] < 4]0] min (enso exp (4ezT ~ 50 (d(Sa,50) + d(Sar, so))), 1).
Next we bound |TI‘(O(T)Q(4) (8))l, For a#a
12 (0(r) QL ()] € T (O)LE (28 Tea (ol () D
1 u u u u
<= ¥ |8 w8 oo reaeeOp,
W u'e{—,+}
1 u “
1 |28, 128,001
u,u E{ ,+}
where in the last step we have used Lemma Furthermore, from Lemma 4] and the fact that ||[L§;‘)7 Tep oomoo <21t
follows that
1
|Tr(0(T)ngg,(s))\ < 4]O[ min (67750 exp (4ezT ~ 5 (A(Sa,50) + d(Sar, so))), 1). (B13)

Similarly, for a = o/,
2
Tr(0(r) QL ()] < E|TT(O(T)(DLQ =D )(Tra(naps(s)
2
< 5I(Pr. - D) (O a(nape (),

<5101, - D) OM),
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where, again, in the last step, we have used Lemma Next, we can use Lemma [3| together with the fact that
(DL, —D;t )T||Cb oo $4, we obtain that

1
ITH(0(r) Q2 (5))] < 210] min (ﬂso oxp (4ezT L., so>), 1). (B14)

’ a
Eqgs. and together establish establish a bound on |Tr(O(T)Q$)a,(s))| for any «, o’ and is consistent with the
lemma statement. O

Lemma 5, repeated. Suppose O is a local observable with |O| < 1 supported on So, and for 7 > 0, let O(7) =
exp(L T7)(0) where L is a geometrically local Lindbladian of the form in Eq. . Then for q, as defined in Lemma
then there is a non-decreasing piecewise continuous function v such that v(t) < O(t%) as t - oo and

2T (O(7)ga)| < v(7),
and for j €{1,2,3,4}

2

a,af

Tr(O(7)Q£ZL,(s))| <12(n),

where, for j € {3,4}, Qg?l, is defined in Lemma and for j € {1,2}, we define Qijz)/ = QSL
in Lemma [l

Proof. We will prove this lemma using Lemmas [12| and Consider first

where ngl s defined

4

Y Tr(0(7)ga) € 2> min (7750 exp (462’1’ -
[0 [e3% a

=2¢00D (4e27) < 2max(ns,, 1)V (a,4¢Z7) < 2emax(ns,, 1) " (2a,4e27), (B15)

a,Msqo

where in the last step, we have used the fact that as per Lemma |12 v(?) (), T') is a non-decreasing function of \ for a
fixed T. Similarly, for j € {1,2,3,4},

> T (0(r) QY ()],

1,02

<4 ) min (enso exp (4627 -

a,a’

d(Sa, S0) + d(Swrr50) | |
2a ? Y

= 4¢{0 (2a,4eZ7) < 4(max(ens,, 1))2 (1/(0) (2a, 462‘77’))2 < 4e*(max(ns,, 1))2(V(0)(2a, 4627’))2. (B16)

2a,ens

From Egs. and it follows that choosing v(7) = 2e max(7s,,, 1)v(?) (2a, 4¢ Z7) satisfies the lemma statement. Tt
can also be noted that, from the asymptotics of (O (\,T') in Lemma v(7) < O(7%) and that since v(O) (X, T), for a
fixed ), is a non-decreasing and piecewise continuous function of T, v(7) is also a piecewise continuous non-decreasing
function of 7. O

2. Proof of Lemma

In this appendix, we will outline a proof of Lemma[6] A convenient technical lemma to use for this proof is below.

Lemma 14. Suppose O is a spatially local observable and let O(1) = exp(L T7)(O) be its Heisenberg-picture evolution
with respect to a geometrically local Lindbladian L of the form of Eq. and with fized point o. Suppose that O obeys
the local rapid mizing condition (Eq. @) Furthermore, suppose a,,(s) is a time-dependent operator which satisfies
low(s)l, < f(w) for some f(w) > 0. Furthermore, let Ko, Jur be superoperators supported on S, and Sor respectively

which satisfy ICJ(I) = jaJ,r(I) =0 and |Kaly, |Tul, <2 and Yo : |[{a/ : S0 0 Sor # @} < Z for some Z' > 0. Then,
(a) For any t >0,

.

fot 2T (O(t = 5)Ka (0(5)))ds| < w?f(w)¢CD (3), (B17)

2

(0%

where if k(|Sol,v), defined in Eq. is O(exp(7™"%)) as v = 0, then ¢ (y) <Oy~ 4=+ as v - 0.
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(b) For any t >0,

S| [ 10 - s)Kalou())is| < £ ), (B15)

(0%

where if k(|Sol,v), defined in Eq. is O(exp(y™")) as v — 0, then (P (y) < O(y~(¢DEDY 454 - 0.

(¢) For any t >0,

fot /(;S e 2T (O(t = ) Ko T (00,(57)))ds ds| < w? F(w) P (), (B19)

a,af

where if k(|Sol,7), defined in Eq. is O(exp(y™%)) as v — 0, then (3 (y) < O(y~ v+ d+1)y,
In Egs. the functions (), ¢ () and () (v) depend on Z, a, and Z.

Proof. (a) The idea behind this proof is similar to the example detailed in the main text i.e. to separate out the
integral in the summation with into a short-time and long-time integral. The short-time integral is upper bounded
using the Lieb-Robinson bounds, and the long-time integral is bounded using the local rapid-mixing property (Eq. .
We begin by noting that

’/Ote*s/ﬁTr(O(t-s)/ca(aw(s)))ds . ‘[Ote*2<t*5>/w2Tr(0(s)/ca(aw(t-s)))ds <eS(tta) +e2(hta),  (B20)

where

)

min(t,ta) 2
2 (11ta) = ‘ [ T Os) (- )
0

)

t
< _ -2(t-s)/w? _
€< (t,1) Ummm) ¢ Te(O(s)Ka (0w (t - 5)))ds

and ¢, > 0 is to be chosen later. We bound €5 (%, t,) using Lieb-Robinson bounds. First we note that by Lemma
IO (e~ D)< ILOlra 1= ), 25y min s, e (1025 - L5250} 1) ooy
This allows us to bound €5(t,t4):
€3 (t,ta) < 2f(w)ns, fomin(t’ta) 729/ 1pin (nso exp (4638 - d(Szga)) 7 l)ds,

S min(t,ta)
< 2f(w) min (1750 exp (462 min(¢,t,) - d(SO’SD‘)) ) 1) [ e_Q(t_S)/WQdS,
a 0

a

< w?f(w) min (nso exp (4eZta - d(SO’S“)) , 1) (B22)

We bound €2 (t,t,) using the local rapid mixing condition. Note that
Tr(O(s)Ka(0w(t - 5)))|
< Tr(Oo)Tr (Ko (ow(t = 5)))| + |Tr((O(s) - Tr(Oo) Ko (o, (t - 5)))],
210(s) = Tr (O I||Kal 0w (t = )]s
2 2f(W)k(|Sol, e, (B23)

where in (1) we have the fact that for any operator X, Tr(KCo (X)) = Tr(Kl (I)X) = 0 and in (2), we have used Eq.
For t < tq, since min(t,t,) = t, it follows immediately that

e (t,ty) =0. (B24)
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For ¢ > t,, we can obtain two upper bounds on €2 (t,t,). The first upper bound is using Eq. which yields,

t 2
4 (6 ta) <2 @k(IS0l,7) [ €207 ds < R f(w)k(|Sol 7). (B25)

o

Alternatively, we can also bound

t 2 t 2
et < [ IO Ka(oult=s))lds < [ eI ONIKC ot = 9lyds <P (@) (B20)
t t

@ @

From the bounds in Eqs. [B24] [B25] and [B26] we obtain that,

e2(t,to) <w?f(w) min(kj(|50|,7)e_'yt“, 1) for any ¢,t,.

Combining the bounds for the short-time and long-time integrals, we obtain that

2

[0

fote*%/ﬁTr(O(t-s)/ca(aw(s)))ds

< w2f(w) Z ( min (775() €xXp (4€Ztoc - d(SOa’SQ))7 1) +min (k(|SO|77)6_7taa 1))7

<wif(w) Z ( min (7750 exp (4eZta - d(SOa’Sa)), 1) + min ( exp (T,Y - ’yta), 1)), (B27)

where T, = log(max(k(|Sol,7),1)) — note also that T}, > 0. We now pick t, = d(So,S4)/(8¢2a) and apply Lemma
to obtain

2

(03

ﬁ LT (Ot = $)Ka (00 (5)))ds

<WF (@) (&b, (0) + €050 (1),

<w’f(w) (max(ns,, 19 (24,0) + U(O)(862a7_17T7)) . (B28)

()
Now, if k(|So|,v) < O(exp(y™")) as v = 0, then T), < O(~™"). Therefore, as v - 0
¢ (y) = max(ns,, Y (2a,0) + v O (8eZay ™, T,) < O((v'T,)*) < O(y~ D),

which proves part (a) of the lemma. Note that ¢(%)(v) also depends on Z through v(9)(\,T).
(b) We proceed similarly to part (a), and note that

‘[OtTr(O(t—s)lCa(ow(s))ds _ ‘fOtTr(O(s)lCa(aw(t—s))ds < S (t 1) + €2 (1, 1),

where

b

¢St 1) = ‘[Omm(t’t“)Tf(O(s)ica(aw(t—s)))ds

)

e (t,ty) =

Lljn(t,ta) ’I‘I'(O(S)’Ca(o'w(t - S)))ds

where t, >0 is to be chosen later. We proceed similarly to part (a). To bound e5 (¢, ), we use Eq. to obtain

min(t,ta) g
es(tta) SQf(w)f min (T]So exp (4eZs—d(SO’Sa)),1) ds,
0 a
S min(t,ty)
< 2f(w) min (1750 exp (4€Z min(t,ty) — M) , 1) / ds,
a 0

< 2f(w)ty min (7750 exp (4eZta - d(SOa’Sa)) , 1) . (B29)
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Next we bound €2 (t,t4). If ¢ < ¢4, then min(¢,t,) =t and we have

ez (t,ta) =0. (B30)
If instead t > ¢, we can use Eq. to write
t
2 (1t0) <20 (@k(Sol.7) [ e7ds < 2f(@k(Sol. 1) e e (B31)
ta
Combining Egs. [B30] and we obtain that
e2(t,to) < 2f(W)y  k(|So|,y)e e for any t,t,. (B32)
We now pick
d(SO ga)
Y Nt S e Y
o« TRz

where T/ = 4" max(log(y"k(|Sol,7))). We accordingly obtain the following expressions for the short-time and
long-time integrals:

Yes(tta) < f(w) (2T;§(0’1)O (4eZT0) + 461 (LD (ge ZT’))

2a,ms 2a Mo
ezt ta) < 2f ()50 1 (0), (B33)

where we have used fg\w;’k) (t) from Lemma Using Lemma (12| we obtain that,

2

[

Ze (t.ta) +ealt,ta) < f()CP (),

fo Te(O(t - 8)KCa (00, (5)))ds| <

where

¢@(y) = max(ng,,1) (QT' ©)(2aq, 4eZT)) t 1z (1)(2a 4eZT.) + 20 (8eZany™ O))

Note that () (5) also depends on Z through its dependence on v(™ (X, T). If k(|So|,7) < O(exp(y~")) as v — 0,
then 77 < O(y 1) and so, using the asymptotics of (™ (X, T) from LemmaE we obtain that

C(Q)(,y) < 0(7—(n+1)) % O(,y—d(rc+1)) n 0(7—(d+1)(n+1)) i O(’Y_d) < O(,y—(d+l)(n+1))’

which establishes the lemma.
(c) We begin by rewriting

= ‘/O‘t /-t6‘2(3'—5)/w2TI“(O(S)/Caja,(gw(t _ Sl)))dslds 7 (B34)

; 255/’ Tr(O(t - 8)KaTo (0,(s")))ds ds

where we have made the change of variables s — ¢t — s and s’ - t — s’. Next, we define the short-time and long-time
integrals as follows:

t I’
e 20 _S)/wQTr(O(s)ICajaf(ow(t -s')))ds'ds| <€, o (tta,ar) + €5 o (tta,ar),

where

min(t,t, o) t ,
€aar(tilaar) = ‘ f f e 26 T (O(8) KT (00 (= 8')))ds'ds|,
0

S

e o (tita,ar) =

t t ’ 2
Sy o2 DO Tar (1 = ') s,
min(t,t, o s
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and tq, o > 0 will be chosen later. Consider first ei a,(t, ta,or) — this can be upper bounded using the Lieb-Robinson
<2, we see that

cb,c0—00 =

bounds. Applying Lemma [4| and using ||/CL||cb7oo_,oo, 173]
T (O(8)KaTar (0 (t = )| < | TLEL(O()) [l (t = 5y,
1 ~ -
<4f(w)min (67750 exp (4eZs - 2—(617(507 Sa) +d(So, Saf)) , 1) ,
a

leading to the bound on €, . (t,ta,a):
- min(t,toha/) t o' 2 1 - -
€50 (tita,ar) <4f(w) —/0 —/g e 25 =9)/%" i (67750 exp (4@28 - %(d(SO, Sa) +d(So, S’O/))) , 1) ds'ds,
] ) i min(hta) [t
< 4f(w) min (enso exp (4e3ta,a, - - (d(S0,8a) + d(S0, B ))) , 1) [ [ 2= gl s,
a 0 s

< 2w” f (W)t 00 Min (engo exp (462150‘70/ - i(d(So, S.) +d(So, Sa/))) , 1). (B36)
Next we consider eia,(t,ta,a/) — again, to upper bound this term, we use the local rapid mixing property (Eq. .
For any 0 < s,s’ <t, we have
Tr(O(8)KaTar (0w (t = 5)))] <[Tr(00) Tr(KaTar (0w (t = s")| + [Tr((O(s) = Tr(O0) ) KaTar (0w (t = s7)));
<10(s) = Tr (O IKal, 1o |t = ).
< F@)k(ISol 7). (B37)

where in (1) we have used the fact that J(I,(I) =0 and therefore for any X, Tr(J. (X)) = Tr(jg,(I)X) =0. In (2),
we have used Eq. Now, for ¢ < ty,q, min(t,tq,o) =t and therefore

€ (trta,ar) = 0. (B38)
Next, for ¢ >ty s, using Eq. we obtain that

> t ¢ —2(s'=s)[w? —ys 3.1
e&,a'(tata,a’)S4f(w)k(|50|77)/t f e e 73ds'ds,

<2 f()K(ISol ) [ e s
<2972 F()(|So] ) (B39)
From the bounds in Eq. [B38| and B39} we obtain that
€ o (tta,ar) < 27 W f(w)k(|So|,v)e e for any t,ta o

We now pick

ta,ar = T,

—|d ~a d ~o¢’
, 7+16€Za( (So,S )+ (So,S ))

where T = 1 max(log('y_lk(|50|,’y)7 1)) With this choice, we obtain the following expressions for the long-time
and short-time integrals:

< 2 1£(0,2) / L a2 /
aza’ €5 ar(tilae) Sw f(w)(QT,Yf%enSo (4eZT7) + g Saens, (4eZTV)),
> et taa) € 207 F@)ERD 1 5,1 (0),

where we have used ff\”f(t) defined in Lemma Using Lemma , we obtain that

a,af

< Z (ei,a’(tv ta,oc’) + ei,a’(t’ toé,a')) < w2f(w)c(3) (’7)7

a,af

t S ’ 2
/ f 6—2(5—3 )/w TI‘(O(t _ S)’Caja'(aw(S’)))dslds
0 0
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where

2
¢®(y) = max(eng,,,1)? (2T,; (v (4a, 4eZT)))" + 1wz

Note that ¢(®)(5) also depends on Z through its dependence on ("™ (). If k(|So|,7) < O(exp(y™")) as v — 0,
T, < O(y~**1) and using the asymptotics of (™) (X, T) from Lemma we obtain that

C(3) (,y) <0 (,y—(n+1)) x O (V—Qd(n+1)) +0 (V_d(’ﬁ—l)) <O (,y—(d+1)(m+1)) +0 (’Y_Qd) 0 (7—(2d+1)(5+1)) ,

which establishes the lemma. O

) (4a,4e 2T )V (4a, 4eZT;)) +2(1© (166771 2))”.

Lemma 6, repeated. Suppose O is a local observable with |O| < 1 supported on So, and for 7 > 0, let O(7) =
exp(L T7)(0) where L is a geometrically local Lindbladian of the form in Eq. . Furthermore, suppose O is rapidly
mizing with respect to L and satisfies Eq. with k(|Sol,v) < O(exp(y™")) as v = 0. Then for q, as defined in
Lemmal1],

<wAD(y),

2

(03

where XV (v) < O(y~ 1)) 45 4 - 0; and forj €{1,2,3,4}

f f O(t 8)QS;L,(S,))G_Q(S/w2_81)d3,d5

t 2
f Tr(O(t - s)qa)e 2% ds
0

<A@ (),

where X2 () < 0(7_(2‘1*1)(“1)) asy — 0 and for j € {3,4}, Qgi)a, is defined in Lemma and for j € {1,2}, we define
Qg)a, = QSL , where Qg;l is defined in Lemma .

Proof. Noting from Lemma |I| that ¢, = Dr_(p(0)), and that |p(0)], = 1, from the application of Lemma [14{a), we
obtain that

t 2
[ 1O = $)aa)e I ds| < w2 ¢ D (),
0

2

[e3

and thus we may choose A((y) = ¢V (y). By Lemma so long as k(|Sol,v) < O (exp(y ")) as v — 0, then
(W (y) <O (y4=*D) as v - 0. Next, we note that

[w®
Tr(O(t - 5)Q%), (s"))e 2"~V ds'ds

P

TI‘(O(t _ S)Q((Jz])a'( ))6—2(8—3')/w2d81d8
(B40)

We can now consider j € {1,2,3,4} separately — for j = 1, we have from Lemmathat Q(l) (s')w?) = Ka T (0,(5")+

h.c. with Ko (X) = [L], X], To(X) = [har, X] and 0,(8") = ~w ' Tr4(0apw (s’ /w?)). We note that [Ka|,, | Torl, <
and that, by Lemma 2} |o,,(s")], <1/2. Thus, from Eq. and Lemma [14]c), we obtain that

/w2 ’
Tr(O(t - s) Q" (8'))6_2(8/‘“2_8 )ds'ds

a,af

<¢® (). (B41)

Similarly, for j = 2, we have from Lemma |1| that QSjL,(s'/wQ) = KaJuw(0,(5")) +h.c. where Ko(X) = [L, Lo X],

Jor(X) = [hor, X] and 0,(8") = =iTr a(pw (s’ /w?))/2. We note that |Kal,, [T, <2 and that o, (s")|, < 1/2. Thus,
from Eq. and Lemma [T4], we obtain that

<¢®(y). (B42)

f f Tr(O(t - S)QS’L,(8,))6_2(S/w2_51)d8,d5

a,af

For j = 3, we have from Lemma (1| that QS:L,(S,/WQ) = Yue{-+} K&u)jo(f)(a(u)(s')) where K = Dy, (u)(X)

(L% X] and 64" (") = iw 1Tr,ﬁl(c'f(u)pw(5'/w2)) We note that [KS], ||j(5u)|| < 2 and, using Lemmal ||o'(”)(s’)||1
1/2. Thus, from Eq. m (B40| and Lemma we obtain that

IA

<¢® (). (B43)

f [ Tr(O(t_S)QS?XI(Sl))e—2(s/w2_s')dslds

a,a’
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z
A
=

- DJDP Gy

I I
=

FIG. 7. Architecture of the circuit being encoded into the Lindbladian assumed in section The identity gates are treated
as separate time-steps. Any poly(N) depth quantum circuit on N qubits can be brought into this architecture with at-most a
poly(N) overhead in the circuit depth.

Finally, for j = 4, we have from Lemmathat oW (s Jw?) = Suure{-+} Kajéfl’u,)(a&u’“’)(s’)) +h.c. according to the

a,a’

following definitions: We define Ko (X) = [L], X]. Jg}t’u’)(X) = LM X if u' = — and J(Sf’ul)(X) = XLM if o' = +.

(u,u (u,u’)

Finally, o, ’)(s’) = w_QTI“_A(Uéa)aapw75(8'/w2)) if o =a and 05"/ (s") = u’w‘ZTrA(crg)aapw75(s'/w2)) if a # .
We note that for any u,u’, |Kal,, ||jOE} )||0 < 2 and, using Lemma le&*)(s")], < 1/4. Thus, applying Eq. and
Lemma |14](c), we obtain that

t S/"‘)2 2 ’
> f f Tr(O(t - S)QSL,(S'))e_Q(S/“ ~Vds'ds| < 2¢3) (7). (B44)
aar|Jo Jo :

Eqgs. we may choose A(?) () = 2¢3) () to satisfy the lemma statement. O

By Lemma so long as k(]Sol,7) < O (exp(y™")) as v — 0, then ¢ (y) <O (7_(2‘1*1)(“*1)) as 7 — 0. Considering

Appendix C: Circuit-to-geometrically local Lindbladian encoding

In this appendix, we construct an encoding of a quantum circuit into a 2D geometrically local Lindbladian with
a unique fixed point. We prove a useful result about its convergence to fixed point. Our construction follows
from combining the dissipative quantum computing gadgets in Ref. [47] with the quantum circuit to Hamiltonian
encoding in Ref. [48]. We remark that Ref. [47] already suggested, in its supplementary, that it should be possible
to perform dissipative quantum computation with just a 2D nearest-neighbor Lindbladian but did not provide an
explicit construction. We fill that gap in this appendix.

1. Review of the O(log N)-local

As a review of the basic construction and proof technique involved in encoding a quantum circuit into the fixed
point of an Lindbladian, we first analyze the 5-local construction in Ref. [47]. While Ref. [47] laid out the circuit
to Lindbladian encoding and analyzed the eigenvalue spectrum of the resulting Lindbladian, they did not explicitly
bound the error between the state obtained by evolution under the Lindbladian and the fixed point. This subsection
also serves to fill this gap.

We will begin by first reviewing the circuit to Lindbladian encoding that is a slight modification of the one shown in
Ref. [47] — consider a quantum circuit on N qubits and of depth T = poly(N). In preparation for the analysis of the
geometrically local Lindbladian, we will assume the unitaries Uy, Us ... Ur applied in each time-step of the circuit are
in the architecture as shown in Fig. @ We will construct a master equation on the Hilbert space (C?)®N @ CT*+! of N
data qubits and a (T + 1)-level system, which will be the clock qudit. We consider a Lindbladian L. with two sets
of jump operators, first, {Sa}aef1,2..n1 encoding the initialization of the data qubits to |0) and second, { Lt }ie(1,2..1}
to encode the quantum gates:

N T

Lref = Z DSQ + Z DLS, (Cla)
a=1 s=1
a-1

So =10a)(1a]® 3 [E)(t] for ae[1: N], (C1b)
t=0

Ly=Us;®|s){(s-1|+hec. if se[1:T]. (Clc)
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As we will demonstrate below, the unique fixed point of this master equation is given by the state

1 T
S IALIIE ()

where |¢,) = UUs_1...Uy [0)®, with |¢o) = [0)®" Furthermore, we will also establish an upper bound on
|e“rrt = Tr(-)o|,, to assess the time taken to converge to the fixed point. We remark that our analysis closely
follows Ref. [47], where they calculated the eigenvalues L..s. However, since the eigenvector matrix of a Lindbla-
dian superoperator is not necessarily unitary and can be badly conditioned, just the eigenvalues are not enough
bound the error [|e£rft — Tr(-)o|,,,. Below, we build on the analysis in Ref. [47] and provide a concrete bound on
i L O L PP

To proceed with our analysis, we need the following technical lemma.

Lemma 15. Suppose M € RF¥** is the tridiagonal matriz given by

T
i}

M= (|i)(i+1|+|i+1)(z’|—|z')(i|—|i+1)(i+1|),

9

I
(e}

then
Jexp(M1) ~ E)e] ], < exp(—4tsin2 (;)) - exp(— 9(;)) a5 k> oo,

where |€) = k"2 YRV n). Furthermore, if d € R¥ is a vector with only non-negative elements and with smallest
non-zero element dy then

Jexp((M - diag(d)))],,, < exp ( - Zmin(d0,4sin2 (27;))) _ exp( _ Q(]:S)) a5 ki > oo,
Proof. We can analytically diagonalize M — consider the vector |v,) € R¥, for n € {0,1,2...k 1} given by

2 12 j-1 ™ 1
=) Zeos (e 5) o

lun) is an eigenvector of M with eigenvalue X\, = —4sin®(nm/2k). Note that |vg) = [¢€) with Ao = 0. It then follows
immediately from the diagonalization of M that

k-1
lexp(Mt) - €)e ], = ‘ S M ool

m=1

=exp(Ait) = exp ( — 4t sin® (27;))

To bound |exp((M - diag(d))t)|, we use Ref. [57] Lemma 14.4 which is as follows: Suppose A;, A > 0 are non-
negative operators with the minimum positive eigenvalue being at least cg. Suppose N1, N3 are the null spaces
of Ay, Ay respectively and 6 = cos™ (max|,, jen; MaxX|ny)en, | (1| n2)|/|nafnz]) be the angle between N1, N3, then
Amin (A1 + Ag) > 2¢osin?(0/2). We now apply this with A; = diag(d) and A; = ~M. Note that this implies that
co = min(dp, 4sin®(7/2k)) and cos@ < (k —1)/k. Thus, we obtain that

op

Amax (M = diag(d)) = —Amin (M + diag(d)) < ‘% min (do,4sin2 (27;:))

Now, using the fact that |exp((M - diag(d))t)| < exp(Amax (M — diag(d))t), the lemma statement follows. O

Lemma 16 (Expanding on Ref. [47]). The state o described in Eq. is the unique fized point of the lindbladian in
Eq. and for sufficiently large T, N,

[ = Tr(-)ol iy < co(T, N) exp(~ao(T)1),

where

4
co(T,N) =64(T + 1)1/2N429N/2 and ao(T) = T sin2 (2(11711))
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Proof. In this proof, we will work with the vectorized notation introduced in section [[II} In both vectorized and
unvectorized states or operators, we will consistently write the operator acting on the space of the data qubits to
the left of the tensor product ®, and the operator acting on the clock qudit on the right of the tensor product ®.
Following Ref. [47], as a first step, we introduce the unitary

T
V=Y UUs1...Uy®|s)(s],
5=0

with Uy = I. Note that Yae[1: N]:

VESV = 5 v (j0a) (1] @ 1))V,

t=0

a-1
=Y Ulul . U (100) (1) UUy ... Us ® 1)1,

t=0

a-1

3 10a)(1al @ 1)1, (C3)
t=0

where in (1), we have used the fact that the unitaries Uj ...U,-1 act only on qubits 1,2...a—1 due to the assumption
that the circuit is of the form shown in Fig. . Furthermore, Vs e [1:T]:

Ly=VLV =V (Us;®|s)(s—1|)V +h.c. = |s)(s - 1| + h.c.. (C4)
Therefore, we obtain that
_ N T
Lref = VETVTTL:ref‘/Z‘/: = Z DSQ + Z ’Z)]f,S (05)
a=1 s=1

Next, we diagonalize the Lindbladian in the space of the data qubits. For this, we consider the following (non-unitary)
transformation

N+1

X = Z Xij+1...XN®Hj,
j=1

where for j= N +1, X;X;.1...Xn =1 and

0 p0 1 pl 0 pl 1 p0
X = PUPL 4001010 = PLPL, + POPL, + PLP,

2,7

and

T j-1 N
Iy = Y [sise ) (sise T = > (Ljese ) Giosel + [sigeMsidr] ) and Tyaq = 1= Y115,
s=0 s=0 7=1

with P\ =|a; x|, for ace {0,1}, A e {I,7}. It can be checked that X; satisfies X;D,, X; = —(Pilm +Pi171)/2 and that
X;=X; ! (and therefore X = X1, Next, we compute XDg_ X and XDj X — note that Dg, is explicitly given by

1

a-1 1 a—
Ds, =D, ® ), Issy ) ssr] = 5 Py, ® Z

s,8'=0

T 1 a-1 T
Z 5180, sls;|+Pa’T® Z Z |823T)(s;sr|)

5=0 s’'=«

To compute XDg_ X, we observe that for a € [1: N]

a-1

Hj( Z |sisl.)(sisL| )er =0ifj+j5 orj=j5>a, (C6a)
s,8'=0
a-1 T a-1 T

Hj( > |315;)(sls;|)ﬂjf :Hj( > Z 518r) slsr|) s =0ifjzjorj=5<a (C6b)
5=0 s'=c¢ s=0 s’=c¢



41

Therefore, we obtain that, for all a € [1: N]

a=1 1 1 a=-1 T
XDSaXlzX(D%(@ PIEES slsT|)X—X Pll® Z Z |sisl.)(sisL| X—§X Polw® 33 Isise)(sise| | X

s,8'=0 s=0 s’=c s=0 s’=c

a-1 a=-1 T
=XaDs Xa® Y. |sisi)(sis)]- ( ol ® Z Z lsis.)(sisp|+ Ph,.® Y > |s;s,«)(sfsr|),

s,s8'=0 s=0 s’=« s=0 s’'=«

1 a-1 a-1 T
—g(Pc(Yl) +P(i,1l))® > sus ) sisn| - ( 01 ® Z Z lsisp)(sisp |+ Py @ >0 Y |5557.)(s;s,|),

s,8'=0 s=0 s’=a s=0 s'=a
a-1
-5 (P(l) ® Z |si)(si| + Po(l,l,), ® Z s ) (s )
s=0

Furthermore, it can also be easily seen that for any s € [1:T] and j € [1: N +1], [II;,D; ;] = 0, and Dj_ acts as

identity on the space of the data qubits. Therefore, we obtain that XD; X~ ! =D; .
Thus, by performing the transformation given by X, the vectorized Llndbladlan is now diagonal on the space of
the data qubits. In particular, we can express

»Xﬁref‘)(_1 = Z |:Elyr><xlyr| ®-Ax,y7
z,ye{0,1}V

where for x,y € {0,1}", A, , e L(CT*! ® CT*!) given by

T

1
Az,y:_iz: (l‘)|Sl Sl|_72f9(y)|57" ST‘|+ZD|S 1)s|+h.c.s

s=0

where fo(2) = Zg41 + Tor2...an f 0<s <N -1and fs(x) =0 if s > N. Furthermore, A, , is block diagonal — to see
this, we perform the following decomposition

crrocri-oon( 1 7)o 1y 52)
te[1:T] tse0T]
[t—s|>2

where

SO = span({|t,t) for t e[0:T]}) = CT*,
S = span({[t,t - 1), |t - 1,)}) = C2 for t € [1: T],
82 = span({|t,s)}) 2 C' for t,5 € [0: T] with [t - 5| > 2.

Then, we can note that Y,y € {0,1}", A,y is block diagonal on the subspaces S(O),St(l),St(i). Furthermore,

T

N
Aol =57 (1ul@) + £ ) 5]+ z(|s_1><5|+|5_1><3|_|5><3|_|5_1><5_1|), (CTa)

s=0 s=1

2
Aaglagn = (2—(5t1+6m>)1+|1><0| |o><1|—1((ft(m>+ft1<x>)|o><0|+(ft<y>+ft1<y>>|1><1|), ()
1

Az ylse 2 =5 (4= 000 =0 =050 = do1) - (ft(x)+fs(y)) (C7c)

We now immediately obtain the eigenvalues of L., which are just the eigenvalues of the block diagonal operator
Ay It can be noted that A, 4|0y < —1/2 and Ay |42 < -1 for any x,y, s,t. Finally, it also follows from Lemma
t t,s

that only A,-o y=0|s@ has a zero eigenvalue, with the eigenvector |£) = (T +1)7Y/2(|0,0,.) +|1;1,.) +...|T;T;)). This
allows us to obtain the fixed point of L, (where an additional factor of (T +1)7%/? is introduced to make the fixed
point a normalized density matrix),

1

QN _
\/mVX |0l07”> ® |§>> -

o) = ViV 10,0,)%N ® [¢)),

1
VT+1
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from which it follows that

1

T

T T
v{00D* @ 200 v - 1 et el

=0
Next, we bound [e£rt! — Tr(-)o|,,. Out of the two transformations used to diagonalize L,ef in the Hilbert space of
the data qubits, the unitary V does not effect this norm i.e.

et = Te (Yol = [ = Tr()a], 1, (C8)
where L is defined in Eq.|C5land & = (T'+1)~*(|0}(0)®N ® ¥/, [t){t|. Furthermore, we can note that, in the vectorized

picture, Tr(-)& = |F)(I], where [5) = (T + 1)7110,0,)*" @ =L, ltst,) = (T +1)"/2]0,0,)®Y @ |¢). Also note that
X[5) =16) and (11X = (0,0,1°" @ TL (tit,| = (T+1)/2(0,0,/*" @ (¢].

9

Jefrert — T (-)a] ., = HX[ Y lmye oy ® eAWt]X - o) {1l

z,ye{0,1} N

1-—1
QN
NX[ S e Y| © o0t — (1000,)(0,0,]) ®|§>><(€I]X |
z,ye{0,1}V 11
QN
SIXELL] Y e mye] @ etort = (10,0,)(0,0,)7 @ ENel]
z,ye{0,1}V 151
QN
<ENT XL S e @ et = (100,0(000,]) @ oWl
z,ye{0,1}V 259
<EM@+))PIXTL, Y ewedmye] © Quy (8)]y-s,
z,ye{0,1} N
=@N@+))PIXTL, Y 1Qey sy (C9)
z,ye{0,1}V

where

efov ot ey (gl if 2= 0N and y =0V,
Quy(t) = oAn iyt

otherwise.

Note that, for any superoperator &, |€],_,, coincides with its operator norm when interpreted as an operator in the
vectorized picture. This fact together with Lemma [15] allows us, for sufficiently large T, to provide the upper bound

a4 T N
"Qr,yngégﬁexp(—T*_lsm (2(T+1))) Va,ye{0,1}7.

Therefore, we obtain that

~ At m
Lre 7 N 2 i
et = Te ()6, < (T + )22V PIX L, exp ( T (2(T+ 1) ))

It remains to bound | X|,_; (recall that X is interpreted as a superoperator) — we start with the simple upper bound

N N N N
X,y <M @], + ( ||Xi|o)||f Bl <1+ (1 | ||Xi||o)||f oIl (C10)
j=1 \i=j j=1 i=j

The diamond norm |X;|, can be computed explicitly. For this, we note that, as a single qubit superoper-
ator, X;(Q) = Q+ (0,/2]0;) ® (|0;)(0;] — 2[1;)(14]). Therefore, for © on a possibly larger space, |X;(Q)]; <
120, + 110:[€210:) @ (0: )(0i = 2[15)(La) [y < €2y + 3] (0:| 2|05} [, < 4€2,, which yields |X], < 4. Consequently, we
obtain from Eq. [CI0] that

N .
X0 <1+ 32 (1 4M I (C11)
i1
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Next, we provide upper bounds on [[®II;|. Note first that II;, as a superoperator on CT*! is a channel since it
admits the Kraus representation

I (X) = 3 [s)(s] X |s)(s].

s=0

Therefore, we obtain that |II;], < 1. Next, we note that II; for j € [2: N] can be expressed as

j-1
0,00 - % ( )1 X 1) s + 1s) ] X 1) ] )
and consequently we obtain that
101, DO, < X (11X sl + el X )11 €26 -1) — ML, <2(-1),

Using these bounds for |II;], together with Eq. we then obtain that

N .
Xy <1+ 3 (1+4V7")2(5 - 1) <1+ 2N?(1+4V) < 8N4, (C12)
j=1
Combining Egs. [C9 and we obtain the lemma statement. O

From Lemma it follows that starting from any initial state p(0), p(t) = e p(0) is an ¢ approximation to the fixed
point o given in Eq. after time ¢t = O(T?log(¢7!)) + O(T31logT) + O(T3log N) + ©(T3N). Then, the fixed point
can be used to effectively perform the quantum computation by first measuring the clock qudit on the computational
basis and post-selecting on the measurement outcome being |T') — if successful, the data qubits will then be in the
state |¢7) that would have been obtained at the output of the encoded quantum circuit. Since the probability of the
clock qudit being in |T') is 1/(T + 1), this can be repeated O(T) < O(poly(NN)) to have successfully prepare |¢r) on
the data qubits.

2. 2D local Lindbladian

Construction. Consider a quantum circuit on N qubits, with depth poly(N). As described in Ref. [48], we use the
fact that any quantum circuit (Fig. @a) can be brought into a specific topology shown in Fig. Elb, where a quantum
gate first acts on qubits 1, 2, then on 2, 3, then on 3, 4 and so on, using SWAP gates and with at most a polynomial
overhead in the depth. We assume that the quantum circuit, in expressed in this format, has depth NR, where R is
poly(NN'), where each round is composed of 1 single qubit and N -1 two qubit gates. We will encode this circuit into
a 2D dissipative system with only spatially local jump operators — we consider NR qudits with d = 6 arranged in
a 2D grid with N rows and R columns. The qudit internal states will be denoted by {|0),[1),]0),[1),|x),|®)}. We
make the following remarks about notation used in this subsection:

(a) For z€{0,1,0,1,x,0}, |2z, ) will mean that the qudit at the #'" column and y** row is in the state 2.

(b) We will also define the operators m = |0)(0] + |1){1] and 7 = [0)(0] + |1){(1|, and 7, , or 7, denote the operators
7 or 7 respectively when applied to the qudit in the z*" row and y*" column.

(¢) We will refer to the qudit being in |x),|®), barred 0/1 and unbarred 0/1 as being of distinct types. Thus, an
operation that changes the ‘type’ of a qudit could be an operation that converts a qudit from x to ® or from
barred 0/1 to x etc. Likewise, an operation that simply rotates a qudit within the space of barred (or unbarred)
0/1 states will not change its type.

(d) We will often use operators defined on qudits that are horizontally adjacent, vertically adjacent or arranged on
a plaquette. It will be convenient and visually clearer to express tensor products of operators as a matrix of
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(a)
Z, Us [—
S Us .
o @ Us
d L L] L
Use SWAP and pad with
Identity gates
(b)
I —HuPH I
71 Jﬁ e
,TII_, Us’s ,TII_, [P
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f
Round 1 Encode into Round 2
a 2D lattice
(c)
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O O O O O O lntem_al States
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Y NEA D )
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FIG. 8. Schematic depiction of the circuit to geometrically local Lindbladian encoding. Given an arbitrary quantum circuit on
N qubits and depth poly(N) (a), it can always be mapped to a quantum circuit on N qubits with architecture shown in (b)
where the quantum gates are applied on the qubits sequentially and in several rounds. The total number of rounds needed for
a circuit that was originally of depth poly(NN) is at most poly(N). Finally, this circuit is then encoded into a geometrically
local Lindbladian on 2D grid of 6-level qudits as shown in (c).

operators associated with the coordinate of the lower leftmost vertex. For example,
($—1,y—1) (Jf,y—l)
D C

D C
A B

] = Aey-1®Boy ® Co1y ® Dy y-1 ‘ ‘ )
z,y

A B
(x—l,y) (x,y)

~ A — B
[A B]z,y = A$,y—1 (2] Bz,y (CE _ l,y) (.T, y) s
(5117 Y- 1)
A
[B] = Ay1,® By, B
x,y
(z,y)
~ A
[A]W = Aoy (z,y)
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Often, for convenience, we will omit elements in the matrix — the omitted elements should be interpreted as
identity operators on the corresponding qudits. For example,

(m_va_2)_ A (.%‘,y—2)

- S|
!

A | | |
B C D —A11y2®3x2y 19 C,_ 1,y- 1®Dzy1®EI1yOI‘ B—C — D s
EL, | | |
LB __.
(z-2,y) (z,9)

First, we map the quantum circuit on N qubits into a larger quantum circuit on the VR qudits with the property
that we only ever apply a gate between two (horizontally or vertically) neighbouring qudits and every neighbouring
pair of qudits experience a gate only once (note that any one qudit might experience multiple two-qudit gates, but
they will always be with a different second qudit). Similar to the situation with Hamiltonians, this will avoid the
need of an explicit clock qudit. Also similar to the situation with Hamiltonian encodings, we point out that removing
the clock qudit to allow for a geometrically local Lindbladian would come at the cost of a much larger Hilbert space
than that of the encoded qubits — consequently, only a small subspace of this large Hilbert space will be used for
the encoded computation. We will provide a precise definition of this subspace later — in the following qualitative
description of the how to construct the encoding Lindbladian, we will simply refer to as the “space of valid states”.

Initially, all the qudits other than those in the first column will be in |®), all the qudits in the first column will be
in |0):

¥-® (|oz,1> ®§2 |<am,y>). (C13)

We then apply the first round of unitaries, Ul(l)7 Ul(Ql), Uz(;) ... Uj(\,l_)1 y and simultaneously transform the qudit state
from |a) — |a) for a € {0,1}. This is accomplished by applying the operators:

s

a,b=0 2,2

L 21: (Ufl))ab[mzr(b' |®)<®|] +he., (C14)

1 " Ile)(bl .
D (Uy,yﬂ)a’a,;b,b, la"){b] |@)(e +he. ifye[l:N-2],
a,a’,b,b'=0

2,y+2 (C15)

1

a)(b| )
v [W ] +he. ify=N-1
a,a',;b':o( y,y+1)a asb b | |a' ) (b| |e)e] 2y y

Note that these operators perform two tasks — first, they apply the unitaries U(l) U1(12) . U(l) LN and second, they

also check if the qudit whose type is being changed is horizontally and Vertlcally adJacent to a qudlt in the correct

e

N-1.N all the qudits in the first row will be in the states

“type”. After application of the operators L(l) L(l)

0),]|1). We also note that the order in which the operators L(l) L(l) L(l) are applied does not matter if we
-1,n

, only applies U, (L) | if the i qudit in

apply sufficiently large number of them — this is because the operator % o

xT, ZIJ+
the first column is in an barred state, and the (z + 1)™ qudit is in an unbarred state, else it annihilates the state
(i.e. maps the state to 0). Furthermore, only if this unitary is successfully applied would the (x + 1) qudit will be
mapped to a barred state, and consequently the only next operator that will act without annihilating the state is

VI(H ».o- Consequently, the choice of operators in Eq. naturally enforces the ordering of the unitaries in circuit
belng encoded. Another important point about the operatorb constructed in Eq.[CI4]is that the operators also check
if the qudit whose type is being changed is horizontally and vertically adjacent to a valid type — in particular, this
qudit should have a barred state vertically above it, an unbarred state vertically below it and a |®) state horizontally
to its right. While this check might seem vacuous if the initial state is valid, it becomes important if the initial state
is invalid and needs to be brought into the valid subspace via additional jump operators (which we describe below).

Next, we apply operators that swap the barred states from the first column to unbarred states in the second column,
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FIG. 9. Schematic depiction of the jump operators used to implement the circuit. (a) In the first round, the qudits are initially
in the state shown in |¥o). The gates are then applied through the jump operators L§1), Lfg, L;lg ... which change the state
of the qudits in the first column and also convert them from unbarred to barred states. (b) In the second round, the qudits are
swapped from the first column to the second column by the jump operators L§1’2)7L51‘2) ... — simultaneously, the qudits in
the first column are converted to x and the qudits in the second column are converted to unbarred states. (c) Next, we apply
the jump LEQ),L?%,L?Q ... which execute the second round of gates. The gray-shaded qudits are the qudits whose state can
be changed by the appiied operation, and the pink-shaded qudits are qudits whose state does not change on the application of
the jump operator but are checked to be in the valid state by each jump operator. In particular, a gray shaded qudit whose
type is being changed is always surrounded by a gray or pink-shaded qudit in our construction.
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and simultaneously map the states in the first column to |x). This is accomplished by applying the operators

7 [o)ol
Sactor) | )@l la)el [o)el|  ifyel2:N -1,
3]
L = [|x)(a . C16
200 |@><@|] —_— (C16)
- 3,y+2
7 |o)o| .
€ _ f :]\/v7
a0 [l la)el fo)ell,, Y

In the next step, we again apply a round of operators similar to Eq. [CI4]on the second column, followed by operators
similar to Eq. on the second and third columns. More specifically, we apply the jump operators,

)b
)b

™

T L T xWx| la}{b| O} T L T |_&
VN (o W L i IR NS i G e [ BT

a,b=0 z+1,2 a,a’,b,b’=0

|
I o)l ;
z+1,y+2

(C17a)

T |e){e]
L) =y lIXMXI ngéﬁl la){e] |®)<®|] (C17b)

ae{0,1} | | s

where any single qudit operator in these expressions which is defined outside the lattice should be treated as identity.
For simplicity, we will often denote the set containing all of these jump operators by {L; : ¢t € T}, with the set T
indexing different jump operators.

We define S as the set of states which are of the form shown in Fig. [10| with the barred or unbarred 0/1 qubits being
in a possibly entangled state. S contains the states that are obtained from the application of the jump operators

z+2,y+1

L;IJ 41 and Léz’“l) to the initial state |¥o) and will be referred to the space of “valid” configurations. Furthermore,

S = (C?)®N @ C®2NH+L j o every state in S is a linear combination of states of the form [¢)) ® |y¢), where |;) for
t€{0,1,2...2N R} indicates the “shape” of the state (i.e. which qudits are barred 0/1, unbarred 0/1, ® or x) and i)
is a N-qubit entangled state. We can also think of the states {|v:)}sc[o:(2nr+1)] @S the state of a clock, even though
we do not have any explicit qubits designated to be the clock. Similar to the 5-local case, we will need to penalize
invalid configurations. As is shown Ref. [48], the invalid configurations in the 2D encoding can be checked 2-locally.
In particular, the show the following lemma.

Lemma 17 (Claim 4.2 of Ref. [48]). A computational basis state |x) € {x,,0,1,0,1} is a valid state (i.e. |r) € S)
if none of the following two-qudit horizontally or vertically adjacent configurations are present in |x) (a or b denotes
unbarred 0 or 1 state and @ or b denotes barred 0 or 1 state):

1. (®,a), (0,a), since in all valid states, a qudit in the state ® is to the right of all the other qudits.
. (a,%), (a,x), since in all valid states, a qudit in the state x is to the left of all the other qudits.
. (0,%), (x,0) since in all valid states, qubits in x and qubits in © are separated by a barred or unbarred qudit.

. (a,b), (a,b), (a,b) or (a,b) since there is only one qudit in a barred or unbarred 0/1 state per row.

S NI

(9), ( x ), (}f) since only a barred 0/1 qudit can be vertically above a barred 0/1 qudit.

a a a

(6):

a a
o) (&
(C:), (g) since qudits in © state and x state cannot be vertically adjacent.
a X
O] ( a

8. (2),

9. ® in the first column of qudits and x in the last column of qudits.

D

. ) since only an unbarred 0/1 qudit can be vertically below an unbarred 0/1 qudit.
7.

) since there is no © qudit below a barred 0/1 qudit and no x qudit above an unbarred 0/1 qudit.

For each of the invalid configurations from 1 to 9, which we now construct a jump operator which maps the invalid
qudits’ state to valid qudit states by just changing the state of one of the qudits. More importantly, for a set of two
neighbouring vertical qudits that are in an invalid configuration, we will make the choice to change the bottom qudit
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Configuration Jump operator(s) Configuration Jump operator(s)
(®,a) |©, @), (?) H 19N, ze{0,0,1}
(0,a) |©,0)(@dl ) [

(a,x) la, ®){a, x| (2) %|Z)(2|7 z¢€{0,1}

(@, x) la, ®){a, x| (g) %]Z)(‘Cﬂ, z¢{0,1}
(®,%) |©,0)(e, ] (%) 1G] ze {01}
(x,0) %|x,z)(x,®|,ze{x,O,l,(j,i} (S) %’S)(ﬂ,ze{@,o,l}
(a,0) la, ©)a, b (5) [0

(a,b) |a, ®){a, b| (2) %‘Z)(g‘,ze{x,o,l,(),i}
(a.) 0. 0) {a. 1 (2) i

(a,b) la, ®)(a, b|

(©1,1) %|2171) (®1,1] 2€{0,1,0,1} (xRr,1) %|ZZ7R><><1’R| for € {0,1,0,1}

TABLE III. Jump operators corresponding to different invalid configurations. Each of the horizontal two-qudit jump operator
corrects the invalid configuration by changing the right-most qudit, and the vertical two-qudit jump operator corrects the
invalid configuration by changing the bottom-most qudit.

to make the configuration valid and for a set of two neighbouring horizontal qudits that are in an invalid configuration,
we will make the choice to change the left qudit to make the configuration valid. This can be accomplished by adding
the jump operators shown in the table below corresponding to each of the two-qudit invalid configurations. We will
denote the set of jump operators penalizing these incorrect configurations by {P; : j € J} — this set will include
the horizontal and vertical two-qudit jump operators at every point on the lattice, as well as the single qudit jump
operators on the first and last column of the lattice.

Finally, to initialize the qubits to |[¥o), we add jump operators {Sa }qer1:n7] Which act only on the first column of
qudits and map them to unbarred 0 from unbarred 1 i.e So =|01,4)(11,al-

Analysis. We begin by establishing that the operators {P;},cs enforce that, at long times, the state of the qudits
is in the valid subspace. For this, we consider the operator F', which counts the number of invalid configurations in
the state of the qudits:

F=Y PP,
JjeJ

and analyze its dynamics in the Heisenberg picture. We will use the following technical lemma.

Lemma 18. Suppose x1(t),x2(t), z3(t) ... x5 () 20, with £;(0) <1 Vi€ [1:n], satisfy the inequalities

i—1
ixl(t) < —alxl(t) and il'z(t) < —Ckiib'i(t) + Z ﬂl jij (t),
dt dt j=1 ’

where a; > >0, 3 ;20,5 8 < B for some o, 3> 0 and Vi, then

2;(t) < (max(1,28/a))"e™ 2 for all t > 0,i € [1:n].

DODOOO OO
DOOOO ®
QOOOO ®
OOOOO ®
DOOOO OO

FIG. 10. Schematic depiction of typical valid states i.e. states that lie in the subspace & and are reached on applying the jump
operators {L; : t € T} on the initial state |¥o).
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©
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Proof. We immediately obtain that x1 () < 21(0)e”*? < e™*'. We can rewrite the inequalities for z2(t), x3(t) ... 2, (t)
as integral inequalities:

i—1 t
SUz(t) <e it 4 Z ﬂz] f x](s e~ i(t=8) 4o <e ot 4 Z 5i,j A wj(s)efa(tfs)ds.
j=1
Define #;(t) = max;e[1:;) 2;(t) — we then obtain that Z(t) < e " and for i > 2,
Zi(t) <™ +Z,6’wf Zio1(s)e ) ds < e +/3f Fia(5)e ") gs,

We can integrate these equations recursively to obtain that Vi e [1:n],

B . /83t3 . ﬂiflti—l ot
e,
21 3l (i-1)!

zi(t) < Ty (t) < (1 + [t +

Noting that for >0 and i € [1:n], (8t)" = (at/2)(26/a)® < (max(1,28/a))™(at/2), we obtain that

at a2t2 aStS ai—l ti—l

— + + .
2 2122 3128 T (i-1)12i1

(0 5 Gmax(1,28))" 1+ Jerot < st 23,

which establishes the lemma statement. O
Lemma 19. For any initial state p(0) of the 2D grid of qudits, (F(t)) = Tr(Fe“t(p(0))) < (NR +1)20N+1e7t/5,

Proof. It will be convenient to define the sets j(H) ={j e J: P; is a 2-qudit operator supported on (z-1,y), (z,y)}
and j(v) {j € J : P; is a 2-qudit operator supported on (x,y - 1), (z,y)}. We first re-express F' as

_ -0 X
F=nii+mr,+ Z F
ze[1:R]
ye[1:N]

where 78 = |04y (O yl, Tx., = [Xa,y)(Xa,y| and

= 6$¢1F ) 4 6y¢1F£)‘;) where
forxz+1: FQEZI) = > PJTPJ- =[m+7+]e) 0] m+m+|x)(x]] +[Ix)x| |®)(®|]1y and

et o
for y+1: FV) = PTP-:[|®)<®|+|,X><X|+7T] +|:|X>(><|+7T+7_1':| +[|x (><|] +|:7r+|®)<®|] . C18
vrlib)= 2, PP 7 LU eer U Lt e L, ©®)
J€Tz .y
Here, we define dq+p = 1 - d4,. We also define
£) = Y Dpand L{)= 3 D, (C19)
jeTiy jeglly)

As laid out in Table since for any horizontally (vertically) invalid two-qudit configuration, the horizontal (vertical)
two-qudit jump operators P; correct it by changing the right (bottom) qudit, it follows that

If («/,y') ¢ {(z - 1,y), (2,)}, then ¥ j e 70 [P, F{D] =0 = £UDI(F{) = 0, (C20a)
If («/,y") ¢ {(2,y 1), (z,9)} then ¥ j e T [P, F{D =0 = £UDI(EM)) =0, (C20b)
If (/,y") ¢ {(2,y = 1), (z,)} then ¥ j e T [P, D =0 = £ N(F)) =0, (C20c)
If («/,y') ¢ {(x - 1,y), (2,)}, then ¥ j e 73) [P, FD] =0 = £U)I(FID) = 0. (C20d)

These relationships are depicted in Fig. which shows, for a given horizontal or vertical edge associated with a
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FIG. 11. Schematic depiction of which jump operators P; effect error number operators Fég), Fé‘i,’ corresponding to a given

edge. The edges whose associated P; can change F;Z),F;‘;) corresponding to a dark edge are shown in gray, while the P;

operators associated with the dotted edges do not impact the error number operator corresponding to the dark edge.

FJEIZ/ V), which edges are associated with terms ﬁ;g/ Y)T that result in a non-zero value when applied on the FJSI;/ V).
Furthermore, it can be verified by explicit computation that
t (H)\ _
27 - D|ZR,1)(><R,1| (FRJ ) =0. (C21)
2¢{0,1,0,1}

It can also be noted that, as a consequence of the specific choice of L; (Egs. |C17)) which checks the validity of the
qudits horizontally and vertically adjacent to the qudit whose type is being changed,

[ L) =0=[F") L]V teT. (C22)

T,y

Furthermore, since Fég) and FQ%) are expressible entirely in terms of the projector 7 = |0}{(0] +|1){1|, as opposed to
the individual projectors |0)(0] and |1)(1], it also follow that

[FD) 5. 1=0=[F"),S,] Va e A (C23)

T,y ) x,y Y

We now obtain upper bounds on (Fy;)(t)) = ’I‘r(F,El;I)p(t)) and (Fé‘;)(t)) = Tr(Fag‘;)p(t)) It follows from Egs.
[C21] |C22] and [C23| that Va € [2: R],y € [1: N],

d
2 P O) + (FED (1) = 8T (L (FEP)p(1)) + 8 T (L8 (FEP)p(1)) + 8y T (LY (FED )0 (0)) +
1

T H
D0e2byn 3 T(D o, ((EE)), (C24a)
2€{0,1,0,1}

and Vz e [1: R],y€[2: N],

d
FECDO) + (FLD (1)) = 8y Tr(£3]) (FLD)p(0) + 60 T (L8 (FLD)p(0) + 60 T (L) (FSD) (1)) +
1 1% 1 14
etz N T(DL o, ((EE0M) + J0erdye 3 (DL (FED)A®)  (C24D)
2¢{0,1,0,1} 2¢€{0,1,0,1}

where we have used the fact that Eg{i)T(Fég)) = —Fég) and E;Z)T(Féz)) = —Fé};). We can upper bound some of the
terms on the right hand side of Eqgs. [C24h and b with a simple argument — note that

Te (£ (B p() = Y Te(PIEUD Pp(t)) - Te (B D p(1)),

-1,y -1y~ .y
jeTs),
[¢D) 2) H
< Y TEPp®P) < Y Tr(Pp(t)P]) = (F) (1)), (C25)
jeT ), jeg ™

where in (1) we have used the fact that Fﬁ{l)yFyZ) > 0, and in (2) we have used the fact that ||F||i}2) <1 and

consequently for any o > 0, Tr(Fggg)o) < ||F351;7,I)||||(7||1 < Tr(o). Proceeding similarly, we can obtain the upper bounds

Te(L) (FED) p(2)), T (L) (F)p(t)) < (B (), Te (28T (D) (1)) < (B (1) (C26)

z-1,y z,y—1 z-1,y z—1,y
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Furthermore,
v H
(DL, o, (FEDRM), X TH(DL o, (FER(0) < 4lxD, (1), (C27)
2¢€{0,1,0,1} 2¢{0,1,0,1}
and
Tx(D] FRI0()) < 4l (¢ 28
r ‘ZR.1)<><R‘1|( )P( ) <7TR 1( )) ( )
2¢{0,1,0,1} ’

Using these bounds and Eq. we obtain that V z € [2: R],y e [1: N],

(F(H)(t)) (FUD (1) < Saea( FL2D () + 8yt (L (D) + 0y Te(LE)T(FUD (1)) + 01.28,,1 (w21 (1), (C292)

z-1,y

and Vz e [1: R],y€[2: N],

< FY ) + {FLD(8)) < ()L () + 80t (FLD L (8)) + 80 Te(LEDTEYD) (1)) + 80,18y 25, (£)) +
6z,36y72(7r§)1(t)). (C29b)

We will now arrange these inequalities into a sequence which is of the form analyzed in Lemma and then use
this lemma to obtain an upper bound on (F(t)). We will first consider the first column of qudits and upper bound

(F(V)(t)) as well as (7, (t)). For (77, (t)), we obtain that

d

dt<7r1 (1) + <7T1 1(1) =0. (C30)

Specializing Eq. [(C29p to the first column of qudits (z = 1), we obtain

d

21 (D) + (Fry (1) < 0y (Frya (D) + Oy2(mT1 (1)), (C31)

where we have used the fact that F , = F(V).

We next consider inequalities for all the remaining columns. For (F QEI{) (t)) = (Fy1(t)), we obtain from Eq. =
that

%(Fw,l(t)) + (Fo1 (1) < Oaea{Fom1,1 (1)) + 00 2(77 (1)) (C32)

To use Egs. , b when y € [2 : N], we need to provide upper bounds on Tr(ﬁgH)T(FQE};))p(t)) and

Tr([:%,)T(Féz) )p(t)). While these terms could be bounded by following the argument in Eq. the bound thus
obtained is too loose to be useful. Instead, a more careful analysis is needed — in particular, one important fact

z,y—-1
((z-1,y-1),(z-1,y)) and ((z-1,y-1), (z y—1))) are unlikely), then the probable configurations on the diagonally
opposite sites (z - 1,y), (z,y — 1) are also constrained. This can be made formal by noting the simple inequality

([oporemes ] o00)

:Tr(ﬂggggiigj 'XMX'W%LJ(”)*“([|@><'£|>Y7'r+w |x><x|+ﬂ+7—r] p(t))’

z,Y

that we will use is that if F(V)y and F  have small expected value (i.e. the invalid configurations on the edges

<t [loNol+ o7 sl + e 7], o00) *Tr([|o><|<§|)ﬁ+w]zl,y o)

<(FEU () +(F) (1)) (C33)

z-1,y

Equation can be interpreted as indicating that if the configurations on the edges ((z -1,y -1),(z-1,y)) and
((z-1,y-1),(z,y-1)) are valid (i.e. (FUD(z,y)) = (F(V)) 0), then the diagonally opposite vertices, (x—1,y) and
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(z,y — 1), cannot have the configurations (a,b) where a € {®,0,1,0,1} and b € {x,0,1,0,1}. We now consider upper
bounding Tr (L) (FED) p(1)):

Tr(CS’/)T (H))p (t)) = Z Tr( PTF(H)p 2p(t)) - Tr(F(H)F(V)p(t))
jeTsY)

5[ 725 20) 5[ tonier R o) e m el T )

+Tr( [W+ﬁ+|®><®| F+X|>(§;<<|®|L’yp(t))+Tr( [ﬂ+ﬁ+|®><®| |X>7r_(x|]xyp(t)) Te(FD EM p(t)),

25 [y £ |>x(§9<|x|]z,y”(“)+Tf([w+w+|@>< o 130, 0) s+t e, 20)
([ L] o0) o[, ] 0)
2 HED OV F, )+ (FS, ) (C34a)

where to obtain (1), we need to use the explicit expression for Fég)Fé};) to cancel terms from Z e, P;FJEZ)PJ-,

and in (2) we have used the bound from Eq. |C33] Proceeding similarly, we can upper bound Tr(E(H)T(F(};))p(t)):
TN EO)p(1) = 5 (PRI Pyp(t)) - Te(FD FUD (1)),

jegity
g ([RYSP et VC) T o { IR A e M O B O
|><)(><| T+ 7] 3 |® ®|
: Tr( oMol +m+ 7 [e)x] + 7+ 7] P(“)w : 5“( (101 1oy ”(“)
< Tr( [T e} i P(t)) . gT( [Ix)(x [o)(o]] p(t))
< SR (1) + (F,) + (F) 1 (0)). (C31)
From Egs. [C34h, b together with Eqs. [C20h, b, we obtain that for x € [2: R—1],y € [2: N]
%(Fx,y(t» + %(Fx,y(t)) < 2(( w1,y (1)) + (Flye l(t») + 5x,R5y,2(771X%,1(t)>- (C35)
Finally, we can similarly obtain an inequality for (77 (%)) from
(D) + (i o(0) < TR () (0)) < (Fiea () (C36)

Now, we can see that the inequalities in Eqs. [C30, [C31, [C32] [C35 and sat-
isfy  the  conditions of  Lemma with  21(t),z2(t),23(t) ... 2, (¢) being  chosen  as

(r21(O), (Fra(t)), (Frs(t)) .. (Fin (1), (Fo1 (1), (Fo2 (1) - (Fon (1)) - (Fro11(1)), (Fro12(1)) .. (FRo1,n (1)),
(Fr1()) (g1 (1)), (Fr2(t)) ... (Frn(t)) and with a =2/5,5 = 4. We thus obtain frorn that

(Fuy (D), (751(0))s (7 1 (1)), < 20V e — (F(1)) < (NR+1)20V 1 e™/5,
which proves the lemma. O

We can now finally prove Lemma [7] from the main text.

Lemma 7, repeated. Suppose we are given a quantum circuit C on N qubits with architecture shown in Fig. depth
and with R rounds of gates. Then, there exists a two-dimensional spatially local Lindbladian £ on NR 6-level qudits
with a ungiue fixed point o, as well as a local observable O such that
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where z¢ is the expected value of a pauli-Z operator on the last qubit at the output of C. Furthermore, for any initial
state p(0) of the two-dimensional grid of qudits,

[ (p(0)) = ocl, < co(N, R) exp(=r0(N, R)),
where co(N, R) = O(N°R? exp(O(NR))) and (N, R) = O(N3R™3).

Proof. We first bound the 1-norm distance between p(t) = e“*(pg) and Hsp(t)ILs to show that as t — oo, due to the
action of the penalizing jump operators, p(t) evolves to be almost supported in the valid subspace S. For this, we
will use Lemma [19] — note that by definition of S, a state |i)) € S* is orthogonal to the kernel of at least one of the

projectors PJTPj and thus (Y| F [¢) > (1,[)|PJTPJ' [v) = (¢ 9). Also, we observe that F'—IIg: > 0 since for any |[¢) # 0,
(0 (F ~Tse) ) = (¢ F ) = ([ TLs: [9)
2 (@[ s: Flls [9) = (0] s [9)
2 ([ IgeIIgu [1h) = (| Is: [¢0) = 0,

where, in (1) we have used the fact that, since P;Ils =0V j e J, Flls =IlIsF =0 = II5.FIls. = F. Using F = g1,
we obtain that

Tr(Ms: p(t)) < Te(Fp(t)) < (NR +1)20V e/,
Suppose for p € Dy ((C%)®NE) p(t) = e£t(p), then
lo(t) - Msp(DLs], < s p(D)], + Msp()Ts: ..
< VTe(ls: p(D) T (p(D)) + v/ Te(Ts p () T (s (1)),
<2\/Tr(s: p(t)) < 2(NR +1)/220NVE+1)/2-t/10, (C37)
Next, it is convenient to introduce the superoperators Ps and Qs defined by
Ps(X) =IIsXIIs and Qs =id — Ps.

Ps can be interpreted to project an operator onto another operator that is entirely supported on S. Now, the master
equation can be expressed as the following two equations:

d
%PS(P) =PsLPs(p) + PsLQs(p), (C38a)
d
%QS(P) = QsLPs(p) + QsLQs(p), (C38b)
Furthermore, since V j € J : P;Ils = 0, it immediately follows that
1
Dp,Ps(X) = PIIs XTIsP] - 5{JD]UD]-7stng} =0. (C39)

Since V a € A,t € T: [Lt,Hs] = [Sa,Hs] = 0, DS(;PS = ,PSDS(W DLtPS = ,PSDLW Thus, we obtain that
QsLPs =), QsDs,Ps+ ».QsDr,Ps+ y., QsDp,Ps,

aeA teT jeJ
= Z QS'PSDSQ + Z QSPSDLt = Oa
aeA teT

where we have used that QsPs = 0. Similarly,

T
IPsLOsly1 = | Y. PsDs,Qs +Y,PsDr, Qs+ ). PsDp,Qs
aeA t=1 jeJ

)
1-1

9
1-1

=| > PsQsDs, + ), PsQsDr, + ., PsDp,Qs
aeA teT jeJ

= (PSDPj - PSDPjPS)
jeJ

)

1-1

< Z (||P8DPj ”1_,1 + ”’Pstsz H1»1)7
jeJ

[¢5) 2 2
<2 Z ||DPj ”1_,1 <4 Z ”P]” < 4|j|7
jeJ jeJ
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where in (1) we use that |Ps],, < 1 and in (2) we use that [Dp,|, , < 2|P;|° = 2. Finally, it also follows that
PsDr,Ps = Drgr,ns and PsDs, Ps = Drgs, g VteT,ae A Tosee this, note that since any A € {Sy}aeaU{L }ieT
commutes with Ilg,

PsDsPs(X) =TI Alls XM A'Tls - %(HSATAHSXHS + Mg ATATIs XTlg),
=5 Alls XTIsATTls - %(HSATHSAHSXHS + s A ATIs X)),
= Duis ans (X). (C40)
From Egs. and [C40], it then follows that

Ls:=PsLPs= Y PsDs,Ps+ Y, PsDr,Ps= . Dugs.ts + Y. Drigr,is-
aeA teT aeA teT

Furthermore, L5, which is a Lindbladian superoperator corresponding to the restriction of the full Linbladian £ onto
the valid subspace of states, is by construction unitarily equivalent to L,.f with each gate (including the identity gates)
in Fig. Op treated as an independent time-step.

Using Eq. we can now bound [e“!(pg) - of,. From Eq. |C38h, we obtain that Qs(p(t)) = €252 (py) and
from Eq. [C38p, we obtain that

Ps(p(t)) = e£5Ps(po) + fo [ PSEPS - P L Qg (p(¢)) . (Ca1)

Now, since Lg is unitarily equivalent to L,ef, we can use Lemma |16]to obtain that for any A e L((C%)®VE;S)
e“H(A) = Tr(A)o + xi(A), where [xil;, < co(T, N)e ™",

where T' = 2NR and ¢o(T, N),ao(T) are defined in Lemma With this decomposition, we obtain from Eq.
that

Ps(p(t))

- [3Psto+ [ (PO | wPson) + [ v (Pt s (ot
2 (s - [ TH(@s£QsN)ar Jo +xePs(on) + [ e PoLOso N,
2 s - [ 050N )i |+ xPs) + [ v (Psts(otr

= Tr(po)o - (@ (1)) + xu(Ps(po)) + [ xaca (PsLOs (ot

where in (1) we have used the fact that Tr(PsL(:)) = Tr(L(:)) - Tr(QsL(:)) = -Tr(QsL(-)), since every operator in
the image of a Lindbladian is traceless and in (2), we have used Eq.[C38p. Noting that |Ps(p(0))|; = [Hsp(0)ILs|, <1,
from Eq 19s(p(t)], < 2(NR +1)Y210NF+1et5 and we obtain

[Ps(p(t)) = Tr(po)ol,

<12 (], + PO, + | [ xee(PsLQs (ot ar

)
1

t

<2ANR+ D)MP10M S [ Ps (p(0)]; + /0 Ixe-erl 1 P £Qs 1 1Qs (p(E) ]y dt',
t

<2ANR+ 110V ] [Ps (p(0)], + fo Xt PsLQsl L1 1Qsp ()] dt’,

t 4 ’
<2(NR+1)Y210NE 5 o oo (T, N)e D Pg(p(0))], + 8| T|(NR + 1) V210N B+l ey (T, N) f e~ =t /5 gy
0

40|7|(N R+ 1)Y210NE+ ¢y (T, N)

<2(NR+1)V210N 75 o oo (T, N)em o0 4 1-5a0(T)

(e—t/5 B e—(m(T)t)j
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Finally, we obtain from |e(pe) — Tr(po)ol, < Qs(p())], +[Ps(p())l, that

—ao(T)t+4O|'~7|(NR +1)1210VE* ey (T, N) (et/5—emo0(It),
1- 50,0(T)

It (po) = Tr(po)oly < 4(NR+1)YV210N B e t54 0o (T, N)e

From this bound, we obtain that as N, R — oo,
le(po) = Tr(po)ol, < O(N°R?exp(O(NR))) exp (- QN>R *)t).

Finally, we construct a local observable whose expected value is the expected value of the pauli Z-operator on the last
qubit at the output of the quantum circuit — this local observable will be O = [1g n){1r,n|-|0r,~)(0r,~| and it acts
on the lower right-most qudit on the 2D grid. To see that this observable indeed measures the pauli Z-operator on
the last qubit of the encoded circuit, recall from Lemma[I6] that the fixed point of the Lindbladian contains a mixture
of the (valid) state of the qudits corresponding to different time-steps of the encoded circuit. Note that in all of these
time-steps except for the last one, the lower rightmost qudit is in the state |x) or in an unbarred 0/ state and thus
yields a 0 expected value for the observable O. Consequently, the expected value of O in the fixed point only has a
contribution from the state at the last time-step and is equal to the expected value of the pauli-Z on the last qubit
of the encoded circuit multiplied by a normalization factor of 1/2N R, which arises from the fact that the fixed point
contains a convex combination of the state of the qudits at all time-steps. O

Appendix D: Stability to noise and errors
As detailed in the main text, we will asssume that the quantum simulator due to noise, instead of implementing L,
will implement the Lindbladian £, s
Ew,& = £w + (SzNﬁa
B

where Ng, which itself is a Lindbladian, acts on (system and ancilla) qubits and is supported on S,g and ¢ is the noise
rate. We will assume that there is a Z’ > 0 such that

[{B": S0 Sk # ¢} + [{a: Sy 1 Sa % ¢} < Z' for all 5.

ie. S é intersects with at most Z’ other subsets S[’g or S, (on which the jump operators L, and Hamiltonian terms h,
corresponding to the target Lindbladian are supported). In particular, this implies that any one ancilla qubit is in the
support of at most Z" Lindbladians Ng. We will denote by &, s5(t,s) = exp(Ly s(t —s)) and py, 5(t) = Eu,5(t,0)p(0),
where we will again assume the ancillae to initially be in the |0) state. We first modify the remainder expression given
in Lemma [T for the noiseless case.

Lemma 8, repeated. If the ancillae are initially in |0) then

d o
aTrA(pM(;(t))—wQLTrA(pw,(;(t)):Rw(t)+5Zng))(t)+5Zf0 2t >(w/cg{}3(s)+w2/c§g(s))ds,
B o,

where R, (t) is as defined in Lemma but with py —> pu,s and

K (1) = Tra(Na(po.a (1),

K 3() = ~i[LL Trea(0aNs (s (1))] + bie.,

KPL(t) = %[LL, Lo Tr 4(N3(pws(t)] +hc..
Proof. We follow the method as in the proof of Lemma We begin by writing the equations of motion for Tr 4 (pw s(t))
and Tra(oapuw,s(t)),

(1)) = 0 S L Tr a0 ()] + 12) = i g, Tea (s (1))] + SETaAWi(pus()) (DL

A (s (1))

= _ZTI“A(Uan,é (t)) - iWLaTrA(pw,z;(t)) — iw? [Hsysa TYA(Uan,J(t))] +w Z Ea,a’(t) +4 25: TrA(UaNﬁ(pw,ﬁ(t)))-

(D1b)
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We now consider the remainder R, s(t) — using the definition of the remainder (Eq. together with Eq. 7 we
obtain that

Ru,s(t) = ETTA(PN 5(t)) — W LTr 4(pu,s(t))
- Z ((=iw[LL, Tra(0apw,s ()] +hc) - w?Dr Tra(pw.s(t))) + 5%:TrA(Ng(pw75(t))). (D2)
Integrating Eq. we find
TrA(Uapw,ti(t))

t
= '/(; e‘z(t_s)( — 1w [Heys, Tr 4 (0apu(s))] —iwLaTra(pw(s)) +w Y. Eqar(s) +3 Y. TrA(Ua./\/'g(pw,g(s))))ds. (D3)
a’ B
Using integration by parts and the expression for %Tr A(pw,s(t)) from Eq. we obtain
t t
- iw f ef2(tfs)LaTrA(pw,5(5))d5 = —iELaTrA(pw,g(t)) + igeﬂtp(O) +i2 f eiQ(t*S)LaiTrA(p%(g(s))ds,
0 2 2 2 Jo ds
W W WLt o w? LY
= _ZgLaTr.A(pw,é(t)) + 156 QtTrA(p(O)) - ? A € 20t )La[HsysaTr.A(pw,(S(s))]dS + ? Z A € 2t )Fa,a’(s)ds
wo U olies
#15 [eHI L Te (Na s (5)) s (D4)
B
Inserting Eq. [D4] into Eq. [D3], we obtain

. w? w? _
—iw[L},, Tra(0apu,s(t)] = —?[LivLaTrA(Pw,é(t))] e LY, Lap(0)]

4
o [ s>( L [Hags, Tea(oapis()] =i [ 2, La[Hsys,Tu(pw,as)m)ds

' 3
o [ e ( » (wQ[LL,Ea,a'(S)] + “;[LL,FW,@]) ds
0 ol

t 25
) fo ) (—iwa[LL, Tra(0aNp(pw,s(5)))] + “’2LaTrA<Nﬁ(pw,a<s>>)) ds, (Db)
B
Using Eq. and Eq. we note that —[L],, Lo Tr 4(p, 5(t))]/2 + h.c = Dy and so arrive at

Rw,(s(t):Z(w2e_2tqa+w4 [0 te-2<t—s>( O () + Q) (8))ds)+w4 5 [ 20998 (5) + Q4. (5))ds

a,a’

¢
+w?6 Z ICg))(t) +9 Z f e~2(t=5) (wICS)B(s) + WQIC@)ﬁ(S)) (D6)
3 a0 ’

where ¢o, Q1 (1), 0B (1), Q((j)a,(t), and QSL,(t) are defined in Lemma (with the substitution p,(t) —

a,Hgys a,Hgys

Pw,s(t)) and IC(BO)(If)7 IC(l) (1), IC(Q) 5(t) are defined in the statement of this lemma. O

Next we provide bounds on the excitation of the ancillae in the presence of noise. The following lemma is the
counterpart of Lemma [2|in the noiseless case.

Lemma 9, repeated. Suppose p, s(t) is the joint state of the system and ancilla qubits with the ancilla qubits
initially being in the state |0), then for all a, o/,

ZI
wz'0 + Z'6.

2
w w
loapes(Dly <5 + 26 and [Tra(oaoapus (D)l ITraloloapus (W) < = +

Proof. The proof follows the same steps as the proof of Lemma [2] We will denote by [0.4)) the vectorization of |0)(0]
on all the ancilla qubits. It will be convenient to note the following for o, ;(t) = 5(t 0)00.,1€0,5(t,0). We can now
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obtain
d
. 0c l(t) Ew 6(t 0)[0a 15 Lo 5] w,(s(t,()),

dt
:—20a71(t)—iw€ 5(t 0)[0’al, al] algw 5(t 0)+5 5(t 0)[0’al, ]Ewﬁg(t,()).

This can be integrated to obtain

t
O'a,lgw,é(ta O) = gw,é(ta O)Ua,le_Qt + f 6_2(t_8)gw,5(t7 5)( - iw[aa,g,al l]Loz,l + 5[0@,1,/\/’])5&;,5(3, O)dS (D7)
0 ;
Consider now upper bounding |Tr4(capw,s(t))|,.- We can first upper bound

ITra(oapn.s())]; < I Traloa.i€o,s(t,0)04)],,

where (Tra|oq,1€0.6(t,0)]0.4) is interpreted as a superoperator on the system qudits. Using Eq. [D7|and the fact that
) =0, we obtain that,

[{Traloa.iu.s(t,0)0.4)],

Sfote_Q(t_s)(wll«TrAlfw6(t )[00.0:0), 11 Lai€us(5,0)[0a, + 81 {Tral€u st 5) [0, ]fw,a(s,o)]IOA»lo)ds

t
o R R IS T

t
< f e‘2<t—5)(w +22'8)ds = % + 2’6,
0

where in (1) we have used the fact that at most only Z’ terms N3 do not commute with o, ; i.e. [{8:[Ng,00,1] %0} <
A

We follow a similar method to derive a bound on Tr4(0,00pw 5(t)) and Tra(ofow pu.s(t)). For u e {- +}, we
write in vectorized notation,

Tra(0{ 00 pus(t)) = (Tralol o, )) = (Tral€u,s(t,0)0 80 (o0 i(t)|p(0)), (D8)
where we interpret the subcripts as — =1, + = r. We have that

%(Uﬂ(t)aa,z(t)) (082 ()0a1(1), Loos (1)),
= 4ol ()00 (t) =~ iwLari(t)od 1080 (1) +uwiw L (0%, (Dow(t) +8[o (Howa (D). N ()], (D)
which can be integrated to obtain
o (1)au(t) = e ol oar,
b [ (oL (5107 (5)08U5) + wiw L (5107 (5100w 1(5) + 5oL (S)orw (). N ()] s (D10)

Inserting Eq. into Eq. and applying the fact that o, |p(0))) = 0, we obtain
ITea(0 8 o0 pus () < ﬁt6_4(t_3)w||(<TrA|5w,a(t7O)La',z(S)UZf,z(8)08,‘3(8)|P(0)>>||1d8
o [ DT 51 0) LU ()0 (O] s
+fot6_4(t_‘g)5||<<TrA|5w,6(t,0)[082(S)Ua',z(8)7N(8)]|P(0)>>||1d8-
< /Ote_m_s) (@lo &5 (I, +wloailpws ()M +8llo 800N lp(0))];) ds

2 /
QW WIS (D11)
4 2

In (1) we have used the bound [oqp(t)|; < w/2+ Z'0 derived in the first part of this lemma to insert the bounds

||cr];7r(s)|,o(0))>H17 loa,i(s)lp(0))], < w/2+ 2'6. We have also used the fact that at most 22" terms N do not commute

with 0\ o,/. The lemma statement is confirmed choosing u € {—,+}. O
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Dynamics. We now establish the counterpart of Lemma [5| in the presence of errors. This requires additionall
providing bounds on ¥4 ICéO) (), Yo K(l)ﬁ(t) and ¥, 3 IC(QB (t). We begin by providing a counterpart to Lemma

Lemma 20. Suppose O is a local observable with |O| < 1 supported on So, and for >0, let O(1) = exp(L T7)(0)
where L is a geometrically local Lindbladian of the form in Eq. Then for qq, Qa a’(8)7 with QSL, = QSL and
o® Q(2) s as defined in Lemma@

a,a T

[Tr(O(7)ga,s)| < 2min (nSO exp (4627’ - d(Sa’SO)), 1) for any «,
a

and,
Te(0(1) QY ()] < (4 + 8i'5 + 1(;22,6)min (engo exp (4ezT - i(d(sa, So) +d(Su, SO))), 1) for any a, o, .
Furthermore,
‘ﬂ(()(r)/cgo’(s)ﬂ < min (nso exp (4627‘ - d(S;ZSO)), 1) for any B,
and

, 1 _
|Tr(O(T)IC(aJ7)B(S))| < 2min (67750 exp (4eZT - %(d(S'B, So) +d(Sq, SO))), 1). for any «, 8,

where S’é is the set of system qubits contained in Sj.

Proof. The bound on |Tr(O(7)g.)| is a restatement of the bound given and proven in Lemma The bounds on
|TI‘(O(T)Q((1]L,(S))| are proven in the same manner as the bounds on |TI‘(O(T)Q((1JL,(S))| in Lemma

First we consider Tr(O(T)QS()I,(s)). For any «, o’ we obtain that
2
[Tr(O(7) Q40 () < Z[Te(O(D) (L [, Tra(0apw s ()N
2
< = thar, L, OO Tra((Tapuss (D)

s(l 235)” har, [, O],

where, in the last step, we have used Lemma [0} Next, we can use Lemma [4 together with the fact that
(7 Mot comsons ILE” s et o < 2 t0 Obtain

|’I‘r(O(7’)QS;La,(s))| < (4 i 8‘2 5) |O] min (engo exp (4627’ - 2i( (S, So0) +d(Sy 7S’o))) )
Next, for any «,a’, we obtain that,
T (0(1) QP ()] < [T (O(NLY, Lalher, s (5)1])];
< [har (1L O(P)]LalllTr A (w5 ()
< 40| min (engo exp (4627’ - %(d(Sa, So) +d(Sar, SO))) , 1) .
a

Next, we bound |TrA(Q(£L,)|. For any «, ', we obtain that

[T 0@, ()| < = 5 IO, (1L DA DI

SN R RCON [
g( = ) % [l o
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where, in the last step, we have used Lemma@ Next, we use Lemma 4| together with ||[L,(1u),-]||cb,°o_m < 2 and
||Dza |y oo son <2 to obtain
82§ 1
|TI“(O(T)QSL,(S))‘ ( ) |O] min (67780 exp (4€ZT - 2—( (S, S0) +d(Sy 75’0))) )
Next we bound |Tr(O(T)Q$L,(s))|1. For a # &/
1 u u @
(OO ()< 5 [rOMLL[LE Tra0 Pl pus(sNIDI
w,u'e{—,+}
< = L(Z,L,), LW o(r Tr 4 J(E)U(?I)
2 (e @ o @
w w,u'e{—,+}
1 26 Z'$ ' u
(3+22+20) 3 e ue.om),
w w w,u'e{—,+}
where in the last step we have used Lemma (9] Furthermore, from Lemma |4| and the fact that fou)7 oo $21it
cb,00—>00

follows that

Tr(0(1) Q2 ()] < (4 82/ 1625

) |O] min (enso exp (4627 - —(d(Sa, S6) +d(Sw ,So))) ) (D12)
Similarly, for o = o,

[T (0 Q)| € SO Dr, - Dy ) (Tralmaps ()]

< ZIDL, = D) (OO ITeAGrapos(s)l

g(l '5+2”)||(DL -, (0M),

+
2 w

where, agaln in the last step, we have used Lemma [0] Next, we can use Lemma [3] together with the fact that
(DL, -Dps1 ) < 4, we obtain that

cb,c0—00

42’5 8Z'S
+

TH(0(r)Q,())] < ( )non min (Uso exp(4ezf _ d<sa7so>) ) (D13)

Eqgs. and together establish establish a bound on |T1“(O(T)Q((]421,(S))| for any «, ' and is consistent with the
lemma statement.
The bound on |TI'(O(T)’C§30)(S))| is proven in the main text. Next we bound |TI‘(O(T)IC((X1723)|. For any «, 3,

T (O(1)E ()] < 2/Tr (O(T)[LE, 0aN5 (pus ()]
<2ANF(LE, O(M) o) lpw.s ()],

< 2|O| min (enso exp (4627‘ - %(d(S’é, So) +d(Sa, SO))), 1)7 (D14)
a

where N3(X) = N3(X ®14) and N3 is supported only on the system qubits in S’é Finally, we bound |TI‘(O(T)IC(2)B)|
For any «, 3,

T (O(N)KEE))| < T (O(7) L, LaNs (p,5(5)])]
<IN (1L, O] La) s ()],

< 2|O| min (67750 exp (4627 - %(d(ég, So) +d(Sa, So))), 1), (D15)
a

producing a bound identical to that for |Tr(O(7')IC(123)| O
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Lemma 10, repeated. Suppose O is a local observable on the system qubits with |O| <1 supported on So, and for
7>0, let O(7) = exp(L T7)(O) where L is a geometrically local target Lindbladian of the form in Eq. . Then for qq,
as defined in Lemma then there are non-decreasing piecewise continuous function v,v' such that v(t),v'(t) < O(t%)
as t — oo and for w <2

SO <) and 3 [0 6] < (14 222+ B2 )2y,

a,af

where, for j € {3,4}, an, is defined in Lemma and for j € {1,2}, we define Q((j;)a, = Qg;)hu, where ij}z is defined
in Lemmal[ll Furthermore,

%:‘Tr(O(T)ICgJ)(s)‘ <v/(7) and for j € {1,2}, %‘Tr(O(T)ICg)(s)‘ < (V' (7)),

where Kéo) and IC(()Z)B for j €{1,2} are defined in Lemma @

Proof. We prove this lemma in the same manner as Lemma [5] using Lemmas [T2] and Consider first,

Y Tr(0(7)ga)] < 2 Zmin (7750 exp (4627’ - d(Sa,So)), 1),

o a

= 2§(0 D (4eZ7) < 2max(ng,, )9 (a,4e27) < 2e max(ns,, 1)V (2a,4e27), (D16)

aNso

where in the last step, we have used the fact that, as per Lemma V(O)(A, T) is a non-decreasing function of A for
a fixed T.
Similarly, for j € {1,2,3,4},

> TE(0(r) QD) ()],

1,002

<(4+8wZ'0+162'6) > min (67750 exp (4627‘ - 5
a

a,a’

d(Sa,S0) +d(sa,,so)) 1)

= (4+8wZ'5 +162'8) ") ., (2a,4eZ7) < (4+8wZ's + 162'5) (max(ens,, 1))2 (y(o)(Za,4eZT))2

2a,ens

<(4+8w2'5+162'5) *( max(ns,,, 1))2(1/(0)(2a7 4627'))2. (D17)

From Egs. [D16| and it follows that choosing v(7) = 2e max(ns,,1)v?)(2a,4eZ7) satisfies the lemma statement.
Next we apply Lemmas [20] and [I2] to obtain

a

d(So, S’
> ‘Tr(O(T)ICEEO)(s))‘ < min (7750 exp (4627’ - (Oﬁ)) 7 1)
B
= fc(z(,)ﬁ?o (4eZ7) < max(ns,,, DO (a,4e27)

< max(ns,, 1)V (2a,4¢Z7), (D18)

where in the last step we have used the fact that, as per Lemma V(O)()\,T) is a non-decreasing function of A\ for
fixed T.
For j € {1,2},

2 ‘Tr(O(T)Kg)(S))‘ <2}, min (7750 exp (4@27 - d(55,50) +d(Sa, So) ) , 1)
o, B

2a

= &2a,ens,, (4€2) < 2(max(ens,,, 1))? (V((])(Qa,4627'))2

< 2¢*(max(ns,,1))? (V(O)(2a, 4627’))2 . (D19)
Considering Eqgs. and we may choose v/(7) = V/2e max (s, , 1)v(?) (2a,4eZ7) to satisfy the lemma statement.
It can also be noted from the asymptotics of v(®)(\,T) in Lemma [12] that both v(7),2'(7) < O(7%). Additionally,

since v(O)(\,T), for a fixed ), is a non-decreasing and piecewise continuous function of T, v(7) and v/(7) are also
piecewise continuous non-decreasing functions of 7. O
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Long-time dynamics or fized points. Next, we consider the problem of long-time dynamics or fixed points.

Lemma 11, repeated. Suppose O is a local observable with |O| < 1 supported on So, and for T > 0, let O(T) =
exp(L T7)(0) where L is a geometrically local Lindbladian of the form in Eq. . Furthermore, suppose O 1is rapidly
mixing with respect to L and satisfies Eq. with k(|Sol,v) < O(exp(y™")). Then for q, as defined in Lemma

>

[0}

t 2
[ 1O - 5)aa)e " ds| < wAD (),
0

where XV (v) < O(y~ 4 as v - 0 and for j € {1,2,3,4}

f f Tr(O(t—s)Qf)ZL,(s’))e’z(s/”z’sl)ds’ds < A®)(4),

225 425
aa! OJ

where A\ (y) < O(y~ DY 45y 0 and for j € {3,4}, Q(j) , is defined in Lemma but with p, — pw.s and for
J€{1,2}, we define Q&{L, = lea, where Q(Jh is defined in Lemma but with p, — py.s. Furthermore,

U Tr(O(t s)IC(O)( ))ds

where )\’(1)(7) <O(y~ DY 45~ 5 0 and for je {1,2},

<N P(y)

Tr(O(t - )KO)(s") )e 21" s ds| < NP (),

where )\'(2)(7) < O(y~CdrD+)y g5 v - 0.

Proof. We follow the same method as the proof of Lemma[f] Since g, is defined identically in the noisy and noiseless
models, the first statement of the lemma is simply a restatement of the bound from Lemma |6 Next we note that, for

a function fa,af(t),
[ / (O(t - 5)Fa, o/( 82 )) ~2(s=5")/w g6/ ).
w
(D20)

f [ Tr(O — 8) Faar () 261 = ! ds| = " Z

a,a’

aa’

We now consider the terms involving QW) for j € {1,2,3,4} separately — for j = 1, we have from Lemma 8] that
(1) . 3 B o
Q.. L8 [w?) = KaTw (0,(s")) +h.c. with Ko (X) = [LL, X], Tur(X) = [har, X] and 0,(5") = ~w  Tr 4 (00 pu,s (' [w?)).

We note that [Kol,, |Ja], <2 and, using Lemma [9] [o.,(s")];, < 1/2+ Z'6/w. Thus, applying Eq. and Lemma [14]
we obtain that
225
<1+ 22%) 0, (D21)

Similarly, for j = 2, we have from Lemma 8 that ng?l,(s’/cﬂ) = KaJa (04,(8")) + h.c where Ko(X) = [L], Lo X],
Jor(X) = [har, X] and 0,(s") = —iTr a(puw,s (s’ Jw?)) /2. We note that |Ko|,, |Tarl, <2 and that o, (s")], < 1/2. Thus,
from Eq. [D20] and Lemma [I4] we obtain that

f [ Tr(O(t—s) QM) (s'))e 21" = g ds

a,a’

< (). (D22)

[ f Tr(O(t_8)ng)a,(sl))6—2(5/w2_5’)d81d8

aa’

For j = 3, we have from Lemma |8 that Q((j)a,(s'/w2) = Tuefo) ]C(u) (“)(U(“)(s’)) where ’C((lu) =D, J (“)(X) _
[Lgf),X] and a(u)(s') = —iw‘lTrA(Ug)pwﬁ(s'/wQ)). We note that ||IC((1u)||<>,||\70(é,u)||<> < 2 and, using Lemma |§|7

||o(u)( Ny £1/2+ 2'§/w. Thus, from Lemma and Eq. we obtain that

/ f Tr(O(t-s)ng’ (s"))e 260"~ g s

< (1+2 )<<3>( ). (D23)

a,af
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For j = 4, we have from Lemmathat QE%L,(S'/WQ) = Yuure{- 4} KQJOE}A’U,)(UU(JU’M) (s"))+h.c. according to the following
definitions: We define Ko(X) = [L, X]. J@*)(X) = LWX if o’ = — and J@*)(X) = XL if o/ = +. Finally,
o (8") = w2 Tr A (08 00 pus (s w?)) if a = o and o™ () = u’w’QTrA(Jfﬁ)aapw,g(s’/w2)) if a # a’. We note

that for any u,u’, [Kal,, ”j(i;,)"() < 2 and, using Lemma@ ||<75Ju’u’)(s')||1 <1/4+wtZ2'§/2+w™2Z'S. Thus, applying
Eq. and Lemma [14[c), we obtain that

2

a,af

t s/w? ,
f f Te(O(t - 5)Q%Y (s))e 20"~ g/ ds
0 0 ’

< (2 WL +8Zf)g<3)(7). (D24)
w w

Considering Egs. we may choose A () = 2¢®)(v) to satisfy the lemma statement. Note that ¢(*)(v) de-
pends on a and Z and that by Lemma solong as k(|So|,7) < O (exp(y™)) asy - 0, then ¢® (y) <O (7_(2‘“1)(““))
as vy — 0.

Next, using the definition of Kéo)(t) from Lemmaand the fact that O(t - s) is not supported on the ancillae, we
have that Tr(O(t - s)ng)) (s/w?)) = Tr(O(t - 5)N3(0w,(s))) where 0,,(s) = pu,s(s/w?). Noting that [Nz, < 2 and
that |o.,(s)[, <1, we apply Lemma [14(b) to obtain

Z‘ fo tTr(O(t—s)lCéo) (s/w?))ds| < ¢ (y), (D25)
B

where in the application of Lemma (14 we consider d(So,S) = d(SO,gé). Picking X' () = ¢ (v) satisfies the
lemma statement. Note that ¢(?) () depends on Z, Z’, and a.

In order to prove the last statement in this lemma, we must define a way to sum over all regions S, and Sé in a
single summation. For c € {1,2,....M +M'}, we define S/ = S. if c< M and S = S!_,,; if ¢> M. Remember that M is
the number of target Lindbladian terms £, and that M’ is the number of error Lindbladian terms N3. Given any c,
we define the number other regions S’ that intersect S. to be bounded by some Z” >0, i.e. |{/|SLnS) +@}| < Z".
If ¢ > M, then S7 = S5!_,, can intersect a maximum of Z’ other regions S.. If ¢ < M, then S/ = S, can intersect a
maximum of Z other regions S, and each of the |S;| points in S. can be in the support of a maximum of Z’ regions
S'ﬂ'. We can bound max, |S,| by some Vg and note that Vs is a function of only a and d. Hence we can choose
2" =max(2', Z + Vs 2').

Using these definitions, from Lemma g we have that Y, 5Tr(O(t - S)ICS}}(S’/LUQ)) = Yoo Tr(O(t -
$)Ke T (0,(s"))) + hee. where Ko (X) = —i[Ll,0.X] if ¢ < M and 0 otherwise, Jo = Ny if ¢ > M and 0 other-
wise, and 0,,(s") = pu.s(s'/w?). We note that |K.|,,|Te], < 2 and |ow(s’)], < 1. Thus, applying Eq. and
Lemma [14]c), we obtain that

t 'S/"‘)2 2 ’
f f e 2s/w s )Tr(O(t - S)Kil)ﬁ(s'))ds'ds < 2('(3)(7). (D26)
0o Jo ’

2
a,B

Using the definition of ICS,)B in Lemma we have that ¥, 3 Tr(O(t - s)Kf[)g(s’/wQ)) = Yoo Tr(O(t -
8)KeTw(04,(8"))) +h.c. where K.(X) = [L!,L.X] if ¢ < M and 0 otherwise, J» = N if ¢ > M and 0 otherwise,
and 0,(s") = pus(s'/w?)/2. We note that |K.|,,|Tw], < 2 and |on(s")]; < 1/2. Thus, applying Eq. and
Lemma [T4|c), we obtain that
%

t s/w? > :
f [ 21D (O(t - 5)KE)(5') ) ds'ds| < P (). (D27)
o Jo ’

By Lemma B®(y)<0 (7_(2‘“1)("”1)) as v - 0 and ¢® () depends on Z, a, and Z”. Picking '@ () = 2¢®) (v)
satisfies the lemma statement. O
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