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Ancilla-train quantum algorithm for simulating non-Markovian open quantum systems
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We present a quantum algorithm for simulating open quantum systems coupled to Gaussian environments
valid for any configuration and coupling strength. The algorithm is applicable to problems with strongly coupled,
or non-Markovian, environments; problems with multiple environments out of mutual equilibrium; and problems
with time-dependent Hamiltonians. We show that the algorithm can reproduce the true dynamics of such

problems at arbitrary accuracy and, for a broad range of problems, only adds a minor resource cost relative
to Trotterized time evolution; the cost is low-degree polynomial in the inverse target accuracy. The algorithm
is based on the insight that any Gaussian environment can be represented as a train of ancillary qubits that
sequentially interact with the system through a time-local coupling, given by the convolution square root of

the bath correlation function; this is a secondary result of our work. In numerical simulations of a spin-boson
model, we find accurate simulations can be achieved with moderate (10'=10%) ancilla counts in the intermediate
to strong-coupling regimes. Our results open up applications of quantum computers for efficient simulation of

nonequilibrium and open quantum systems.

DOI: 10.1103/dc52-844x

I. INTRODUCTION

A key motivation for the development of quantum com-
puters is their ability to dramatically speed up simulation of
physical processes governed by quantum mechanics [1]. To
harness this potential capability, a diverse range of quantum
algorithms have been developed to simulate quantum sys-
tems in nature [2—11]. Much effort has focused on isolated
and equilibrium quantum systems, which can be character-
ized in terms of ground states, excitation spectra, or thermal
ensembles [5,9,12-22]. At the same time, many important
processes in nature involve open and nonequilibrium quantum
systems, which feature dynamics, structured environments,
time-dependent forces, or multiple baths out of mutual equi-
librium. Nonequilibrium and open quantum systems emerge,
e.g., in the contexts of biology [23], chemistry [24-26], or
light-harvesting [27,28]. While a variety of classical methods
have been developed for these problems [29-43], relatively
simple systems remain challenging to simulate on classical
computers, e.g., due to non-Markovian effects or the break-
down of thermodynamic principles [35,36,44]. This raises the
question: How can we efficiently harness quantum computers
for simulating open and nonequilibrium quantum systems?

In this work, we address the question above by intro-
ducing a quantum algorithm that efficiently simulates the
dynamics and steady states of any open quantum system cou-
pled to Gaussian environments. The algorithm, termed the
ancilla-train algorithm (ATA), is, for instance, applicable to
problems with strongly coupled, or non-Markovian, environ-
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ments; problems with multiple environments out of mutual
equilibrium; and problems with time-dependent Hamiltoni-
ans. The ATA consists of a standard Trotterized evolution
where each iteration is augmented with a gate sequence cou-
pling system observables with a finite array—or train—of
ancillary qubits (ancillas); see Fig. 1. With a suitable but
simple system—ancilla-train coupling, we show that the ATA
efficiently simulates any open quantum system with Gaussian
environments to arbitrary accuracy with respect to the true
dynamics resulting from the underlying microscopic model.

We provide rigorous error bounds and resource estimates
for the ATA. In particular, we demonstrate that the ATA in-
curs only a minor cost relative to Trotterized Hamiltonian
simulation for a broad class of problems: namely a strictly or
quasilocal system-ancilla coupling circuit (depending on the
class of model), along with a finite ancilla register. As another
advantage, we argue that ATA can tolerate a finite hard-
ware error rate because its output—fixed-point trajectories
or steady states of open quantum systems—is perturbatively
robust against generic noise.

We construct the ATA based on a single key insight:
Any Gaussian environment can be represented by a train of
qubits—or quantum binary white noise signal—sequentially
interacting with the system through an appropriate time-local
interaction. Specifically, we show that such a representation
is accurate when the time-local interaction is proportional
to the convolution square root of the bath correlation func-
tion, or jump correlator, identified in Ref. [39]. We refer
to this representation as the ancilla-train representation of
Gaussian quantum noise (ATR). The ATR offers a systematic
time-domain, or collision, model, with qubit representa-
tion of any Gaussian quantum environment, complementary
to frequency-domain, or pseudomode, bosonic representa-
tions [31,32,35,42]. As a key secondary result, we obtain a
rigorous bound on the error incurred by truncating the ancilla

Published by the American Physical Society
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FIG. 1. Ancilla-train algorithm (ATA): The ATA simulates the
evolution of any open quantum system with Gaussian environments
to arbitrary accuracy via Trotterized evolution. Each iteration—here
the mth—propagate the system through a time step At via two gate
sequences, U,, and V,,, with U,, the time evolution generated by the
system Hamiltonian, while V,, connects one or more system observ-
ables to a register of ancilla qubits (red, purple, and blue boxes; black
lines indicate couplings). After the iteration, a subset of ancillas are
carried over to the next [(m + 1)th] iteration (purple); the remainder
are discarded (red), and an identical number of new ancillas are
(re)introduced in the |0) state (blue). With a suitable system-ancilla
coupling structure obtained from the jump correlator of the bath [39],
g(t), we show that the ATA can reproduce the true dynamics of the
system to arbitrary accuracy with a finite ancilla register.

train of the ATR, enabling a systematic approximate represen-
tation of any Gaussian environment with a finite qubit register.
Exploiting the natural qubit representation of Gaussian envi-
ronments offered by the ATR, we obtain the ATA simply by
Trotterizing the resulting time evolution.

Interestingly, a construction related to the ATR emerged
recently in the open quantum systems literature [43], involv-
ing a train of harmonic oscillators, rather than qubits, and a
construction based on orthogonal polynomials that does not
have the discrete time-translation symmetry of the ATR.

An illustrative special case of the ATR emerges for sym-
metric power spectral densities, where the environment is
equivalent to a classical noise signal acting on the system [44].
Here the ATR implies that any classical noise signal with
Gaussian correlations—i.e., colored noise—can be generated
as a sufficiently dense sequence of identical pulses with ran-
dom signs; see Fig. 3. Thus the ATR can be viewed as a
quantum noise generalization of the well-known result that a
colored noise signal can be generated by filtering a (binary)
white noise signal [45]; here the jump correlator provides the
filtering kernel.

The ATA complements two other approaches that have
recently emerged for systematic quantum simulation of open
quantum systems: quantum Gibbs sampling (QGS) algo-
rithms [12,17-22] and Markovian collision-model algorithms
based on systematic, nonsecular Lindblad equations that have
recently been derived rigorously [39-41,46], here termed sys-
tematic Lindblad (SL) algorithms; see Sec V A for a detailed

Problem class

Equilibrium | Nonequilibrium
Gibbs ensembles Dynamics

Ground states Noneq. steady-states

QGS SL

ATA

System-bath coupling
Strong | Weak

FIG. 2. Regimes of applicability of the ATA, in relation to quan-
tum Gibbs samplers (QGS) [12,17-20], and non-Markovian collision
models based on systematic, nonsecular, Lindblad equations (SL
algorithms) [39-41,46]; see Secs. I and V A for details.

discussion (see also Ref. [47] for a proposal preceding these
developments). We summarize the regimes of applicability
and advantages of the ATA, QGS, and SL algorithms in Fig. 2
and Table I. Compared to QGS and SL algorithms, which
are generally only accurate in the limit of weak system-
environment coupling [48,49], and require compilation of
quasilocal jump operators and Lamb shifts, the ATA offers
key advantages: (1) the ATA is accurate to all orders in
system-environment coupling and can thus efficiently cap-
ture non-Markovian effects. (2) the ATA does not require
compilation of quasilocal jump-operators or Lamb shifts, i.e.,
renormalizations of the system Hamiltonian, as required in
QGS or SL algorithms, and can thus potentially be imple-
mented with the addition of a low-depth unitary circuit to each
Trotter iteration. (3) Like SL but unlike QGS algorithms, the
ATA can be applied to nonequilibrium problems and can yield
dynamics, fixed-point trajectories, along with steady states.
The cost of the ATA relative to QGS and SL algorithms is a
register of a finite number of ancilla qubits that scales linearly
with system-bath coupling for a given, fixed target accuracy.
Thus, the ATA offers both a broad range of applicability and
an efficient implementation in cases where circuit depth is the
limiting resource.

We expect that the advantages of the ATA outlined above
make it a promising approach for thermal state preparation
and quantum simulation in a broad range of problems in-
volving equilibrium and nonequilibrium quantum systems
and non-Markovian dynamics. Moreover, we expect that its
potential robustness against finite error rates makes it a
good candidate for implementation on near-term quantum
hardware.

The rest of the paper is structured as follows: In Sec. II we
introduce the problem that we study and present our first main
result: the ancilla-train representation of Gaussian environ-
ments. In Sec. III we use this result to present our second main
result: the ancilla-train quantum algorithm, based on the ATR.
We conclude with a discussion, including a more detailed
analysis of the relationship among the ATA, QGS, and SL
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TABLE 1. Comparison of quantum algorithms for systematic
open quantum system simulation. We compare the features of ATA,
quantum Gibbs sampling (QGS), and systematic Lindblad (SL) algo-
rithms; see the text for definition of these. Here ¢ denotes the target
accuracy of the algorithm, while I', T, and A denote the characteristic
scales for system-bath coupling, correlation time, and ultraviolet
cutoft for the environment defined in Eqs. (17) and (20).
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2The ATA involves a strictly local ancilla-system coupling in each
Trotter iteration if observables in the simulation coupled to environ-
ments can be represented as a local observable in the system register.
PReferences [19-21] found approximate QGS-like algorithms with
strictly local system-ancilla coupling and multiple ancillas, which
could yield approximate (not exact) Gibbs states.

“Here Lamb shift refers to a quasilocal renormalization of the Hamil-
tonian, required for the Lindblad processes corresponding to QGS
and SL algorithms.

dPhysical systems only converge to Gibbs states in the limit of
vanishing system-bath coupling [48]; (y/) indicates that the steady
state contains corrections accounting for this fact, while ,/indicates
that the algorithms return the exact Gibbs state.

°For example, for collision models based on the Lindblad equa-
tions from Refs. [39,41].

algorithms, in Sec. V. Detailed error bounds, estimates, and
their proofs are found in the appendixes.

II. ANCILLA-TRAIN REPRESENTATION
OF GAUSSIAN ENVIRONMENTS

Here we introduce the class of models for open quantum
systems that can be simulated with the ATA (Sec. Il A) and
provide our first main result, namely that any Gaussian envi-
ronment can be represented by a train of ancilla qubits that
sequentially act with the system (Sec. Il B). We then demon-
strate that this train can be truncated to have a finite number
of qubits at the cost of a controllable error that vanishes in the
limit of many qubits. This result underlies the ATA. As a spe-
cial case, we finally demonstrate that classical noise signals
with Gaussian correlations can be represented by a discrete
binary noise signal convolved with the jump correlator of the
bath power spectral density (PSD)—defined as the inverse
Fourier transform of the square root of the bath PSD.

A. Introduction of problem

We consider an arbitrary quantum system, S, coupled to
one or more Gaussian environments, henceforth referred to
as the bath, B. See below and Appendix A for a definition
of Gaussian environments. We allow for the system Hamil-
tonian, Hgs(¢), to be time dependent. The Hamiltonian of the
combined system we consider thus reads

Hsp(t) = Hs(t) + Hg + Hiy, (D

where Hp is the Hamiltonian of B and the system-bath inter-
action Hiy,, contains all terms of Hgg(¢) that act nontrivially on
both S and B. In general, H;,, can be written in the form

Hin = /7 Y S ® Bo, ©))

with S,, B, Hermitian operators (observables) of the system
and bath, respectively, while y is an arbitrary energy scale
parametrizing the system-bath coupling. We refer to each
term in the sum above as a noise channel. We assume S,
to be bounded. Without loss of generality, we may there-
fore set ||Sy|| = 1 [50] and assume (B, (¢)) = O for each «;
any nonzero expectation value can be removed by modifying
Hg(t). For simplicity, our discussion mainly considers the
case where the sum above holds a single term, and hence we
suppress the subscript @ below. In Sec. III C we present our
results for the general case.

Furthermore, we assume that the system is decoupled from
the bath at the beginning of the simulation, i.e., that the
system-bath state is separable at some initial time #y,

pse(to) = p(to) ® PB. (3)

Our goal is to obtain the resulting evolution of the system,
fully described by its reduced density matrix,

p(t) := Trplpss(1)]. “)

with psg(#) denoting the time evolution of psp(fy) generated
by Hsp(t), and Trp denoting partial trace over the environ-
ment Hilbert space.

The Gaussian property of B implies that the correlation
functions of B with respect to Hg and ppg are fully deter-
mined from the two-point correlation function, and structured
according to Wick’s theorem [44]; see Appendix A for de-
tails. This property emerges, e.g., when 3 consists of a set
or continuum of bosonic modes, with B a linear combination
of mode creation and annihilation operators and pp a Gaus-
sian state with respect to these modes [44]. More broadly,
Gaussianity emerges in the limit where the bath consists of
many effectively decoupled subsystems, no matter their in-
ternal structure. For this reason, Gaussian environments are
ubiquitous, emerging in a broad range of settings, includ-
ing electromagnetic, phononic, electronic, vibronic, and spin
environments [44,51]. The universality of Gaussian environ-
ments means that they can be represented in many equivalent
ways, e.g., in terms of configurations of discrete dissipative
bosonic modes [31,36]. In the next section, we will identify
one such way of efficiently representing Gaussian environ-
ments which is particularly useful for quantum simulation.
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B. Ancilla-train representation

We now show how the bath can be represented as a train
of ancilla qubits sequentially interacting with the system.
We first show that the bath can be represented as a train of
harmonic oscillators sequentially interacting with the system,
all initialized in the ground state. A bosonic construction for
quantum collision models, similarly to ours, was recently pro-
posed in Ref. [43] for Gaussian baths with a hard ultraviolet
(UV) cutoff. Subsequently, we show that the probability for
excitation to the second excited state can be neglected, im-
plying that the harmonic oscillators can be replaced by qubits
initialized in their |0) states.

First, we transform to the interaction picture with respect
to Hg [52], introducing B(t) := e Be~! Note that the
reduced density matrices of S are identical in the interaction
and Schrodinger pictures. In the interaction picture, when
restricting to a single term in Eq. (2), the Hamiltonian of the
combined system becomes

H{J(t) = Hs(1) + /7S ® B(t). Q)

The observable B(t) can be viewed as a quantum generaliza-
tion of a classical noise signal [51]; we henceforth refer to it
as the quantum noise signal generated by the bath.

We next exploit that B is Gaussian. This means that, in
the state pg, all correlation functions of B(¢) are determined
by the two-point correlation function, according to Wick’s
theorem [44]. Here the two-point correlation function is given
by

J(t —1t') := Te[B(t)B(t")pg], (6)

The above fact means that the system evolution p(¢) can be
reproduced by substituting the quantum noise signal B(¢) in
Eq. (5) with any observable A(z) whose correlations are struc-
tured according to Wick’s theorem and produce the two-point
correlation function J(¢). This defines a broad equivalence
class of observables that emulate the same environment as
B(1).

We now identify two observables, which are equivalent to
B(t) in the sense above and offer efficient representations of
the environment for quantum simulation. The first, Ay (?),
is a time-dependent linear combination of creation and an-
nihilation operators in an array, or train, of bosonic modes.
We use this to obtain the second, A4(¢), which is analogously
constructed from a train of qubits, and forms the basis for the
ATA in the next section.

We construct Aq(7) and Ao () using the jump correlator
from Ref. [39], g(¢), defined as

g(t) == «/%_rr [ : doy/ J(w)e™ ™ (7)

with J(w) := 5= [0 dte™ ] (1) the power spectral density of
B(t). Note that J(w) is always non-negative so the square root
is non-negative as well. The jump correlator g is the unique
positive-semidefinite convolution square root of J, i.e., J =
g * g with x denoting convolution [53]:

Jit—1t) = /00 dsgt —s)g(s —t'). (8)

oo

We construct Ay (f) by introducing an ancillary system
consisting of infinitely many independent harmonic oscilla-
tors, or free bosonic modes, Ay, With bosonic annihilation
operators {a,|n € Z}. We initialize A in the vacuum state
of all ancilla modes, p2. := [0)(0] with |0) := &> __|0),,
and |0), the vacuum state of mode n: a,|0),, = 0. We construct
Agsc (1) as a sliding linear combination of creation and annihi-

lation operators:

Awe(t) :=AE Y~ (¢t —EDay +He),  (9)

n=—00

where &, = nA&, and A£ is a timescale of our choice. It is
straightforward to verify that, in the state ,ogsc, Agsc (1) satisfies
Wick’s theorem, and has two-point correlation function

o0

Tr[Avse (VAose ()00 ] = Y Akglt — E)gE —1). (10)

n=—00

We identify the right-hand side above with that of Eq. (8)
with a discretized integral. Thus the above expectation value
converges to J(¢) in the limit A& — 0. Since the correlation
functions of Ay (¢) satisfy Wick’s theorem, and have two-
point correlation function J(¢), Aesc(t) reproduces the same
evolution as B(t) in the limit A& — 0. In Appendix B2 we
provide a rigorous proof for this fact, along with a bound for
the error incurred by choosing A& nonzero.

We now identify the second observable, Aq(?), that repre-
sents the bath in terms of gubits. First, note that leakage to the
second excited state of any ancilla oscillator in A, is negli-
gible in the limit A& — 0. Even for nonzero A, the leakage
error can be controlled (see Appendix B 3). This allows us to
project the ancilla system into the subspace of the ground and
first-excited state of each oscillator at a vanishing error cost.
This effectively replaces the harmonic oscillators in A with
qubits. Building on this result, we introduce the qubit ancilla
system, A, consisting of infinitely many qubits, with Pauli op-
erators {(0, 0, 07)|n € Z}. We initialize the ancilla system
in the mutual |0) state of all qubits p% = @re . 10),(0l,

n=—

and introduce the energy-truncated ancilla-train operator,

Aq(t) :=/AE Y (gt —&)o,f +He), (D)

n=—0o0

with oF := %(a,’l‘ + ioy') the usual ladder operators of qubit
n. By the arguments above, in the limit A& — 0, this signal
satisfies Wick’s theorem and has the correct two-point corre-
lation function; J(¢). Thus, B(¢) and A4(¢) result in the same
system dynamics in this limit.

The above result shows that any Gaussian environment, or
quantum noise signal B(t), can be represented by an array, or
train of qubits that sequentially interact with the system in
a time-dependent manner controlled by the jump correlator.
This ATR of the quantum noise signal converges to the exact
quantum noise signal as we take the limit A§ — 0.

ATR for classical noise

An illuminating example of the ATR emerges in the spe-
cial case when the bath PSD is even, or, equivalently, the
correlation function is real valued [51]. In this case, B(¢) can
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FIG. 3. Ancilla-train representation of classical colored noise:
Environments with even power spectral densities are equivalent to
classical noise signals acting on the system [44]. Here our results
imply that any classical noise signal with Gaussian correlations—or
colored noise signals—can be generated by summing a sequence of
identical pulses with random signs (red and white dots) and spac-
ing A&, and taking the limit A§ — 0. Here the is pulse given by
8(t)V/AE [45].

be represented as a classical, scalar-valued, noise signal with
Gaussian correlations—or colored noise signal—acting on the
system through S. In this case, g(¢) is real valued, and Eq. (15)
becomes Aq(1) = /AE Y, g(t — &,)0;. Note that o' is now
an integral of motion of the total time evolution. Since each
ancilla is initialized in an even-weighted superposition of the
two eigenstates of o, tracing out the ancilla is equivalent
to replacing o;; with 1 and —1 at probability 1/2 each. We
may therefore replace each o; with an independent random
variable x,, uniformly sampled from {—1, 1}. This replaces
Aq4(t) with the following stochastic (scalar-valued) function:

Aa(t) = VAEY gt — &), (12)

Since the right-hand side above is simply a scalar-valued
stochastic function, we identify it with a classical noise signal.
This special case of the ancilla-train representation thus shows
that a classical Gaussian noise signal can always be generated
by convolving its jump correlator with a white noise signal. We
provide an illustration of this result in Fig. 3.

The above results show how the ATR can be viewed as a
quantum noise generalization of the known result from signal
processing that a colored noise signal can be generated by
filtering a white noise signal [45]; here we identify the jump
correlator as the filtering kernel.

C. Truncating ATR to finite ancilla number

We now demonstrate that the infinite ancilla train of the
ATR can be well approximated by an ancilla-train quantum
noise signal with a finite register: We show that a quantum
noise signal B(¢) can be substituted with an emulating noise
signal of the form in Eq. (15), with the sum truncated to a
finite number of terms by picking a finite step size A§ and
discarding terms in the sum with [t — &,| < 1, for some cutoff
time t..

We prove in Appendix B 2 that the ATR can be truncated
to a finite ancilla register as above at the cost of an arbitrary

small error, if we simultaneously replace g(¢) with a filtered
jump correlator [54], defined as

g () :=/ dsg(s)p —s) (13)

o0

with (1) = ﬁ f dod(w)e™™ a low-pass filtering kernel
satisfying @(w) =0 for |w| > /A& and @(w)=1 for
|lw| < mw/2A&. In between these two ranges, ¢ should have
uniformly bounded first and second derivatives (almost every-
where), implying that g+ () decays on approximately the same
timescale as g(#)—in Appendix B2 we provide a particular
construction of @(w) via polynomial interpolation. Below, we
present three operators, which faithfully reproduce the evolu-
tion generated by B(t) when choosing A¢ sufficiently small
and choosing a sufficiently large cutoff time, 7.:

A (1) 1= /AE Y~ (g5t —E)al +He),  (14)

n=—00

Agi(t) = AE Y (g5t —&)o,f +He), (15

)
Ar(t) = /AE ) (gh(t — &), +He), (16)

n=n_(t)

with ny(¢) = round([r £ 7.]/A&). We will use the first two
observables as intermediate steps to bound the error for sub-
stituting B(t) with At(¢), which only requires access to a finite
ancilla register of size ~7./A&, and serves as a basis for
the ATA. In the following, we define this error as the trace
norm distance between the evolution, pr(t), generated with
the quantum noise signal At (¢) with positive A& and finite .,
and the true evolution, p(t), resulting from B(t).

Our error bound depends on two quantities of the bath: a
characteristic system-bath interaction rate, I', and the charac-
teristic correlation time of the bath, t, defined as

o0 2 >, dt|g(t)]
F=4y|:/ dt|g(t)|] and r:%.

Importantly, I defines an upper bound for the rate of bath-
induced evolution [39].

Below, we identify values of A and t. such that the error
induced by the truncation is smaller than some given target
relative accuracy, ¢. Specifically, we require that

Io(T) = pr(D)lly = OTT), (18)

where || - || denotes the trace norm. We employ a triangle
inequality argument to bound this error by a sum of three
contributions: The first error, €, arises from substituting B(t)
with Ao (f). The second error, &, arises from substituting
the oscillator signal Agge.r(¢) with Ag¢(¢). The final error, &3
arises from discarding terms involving |, — ¢| beyond the
cutoff time 7., resulting in Ap(¢). We discuss each of these
three errors separately below.

The discretization error €, can be bounded by a quantity
depending on the effective UV cutoff of the bath PSD, i.e., an
energy beyond which J(w) effectively vanishes. Specifically,
we find in Appendix B 2, that the substitution of B(t) with
Agse:r (¢) induces a correction to p(7") with trace norm of order

a7)
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at most O(e(2)['T), when choosing A§ < /2, with

. WUadoT @) (Jyadold @)
B [/, drlg@)]’ '

In particular, €(Q2) — 0 as Q — oo when J and J” are inte-
grable. For such power spectral densities, we reach the target
accuracy by choosing the following UV cutoff:

A(e) :=inf{Q > 1/7]e(Q) < &}. (20)

19)

The requirement that Q2 > 1/t ensures that the frequency
filtering does not significantly alter I and 7 (see Appendix C
for details). We expect that A(g) can effectively be chosen
to be given by the effective spectral width of the observable
coupled to the bath, which is equivalent to the Trotter step in
the algorithm, and hence A& can be chosen to be of the same
order as the Trotter step.

We now consider the error &, from using qubits instead
of harmonic oscillators. This error is small whenever leakage
to the second excited states of the harmonic oscillators is
negligible. The leakage vanishes when A& goes to zero, as the
strength of the interaction with each ancillary qubit becomes
vanishingly small. In Appendix B 3 we make this intuition
precise and show that the error stays within the target accuracy
when choosing A& < £.

Finally, we consider the error &3 from discarding ancilla
qubits whose distance from a given time |&, — ¢| exceeds the
cutoff 7. In Appendix B 4 we show that ¢3 is within the target
accuracy when choosing 7. > ©

Together, the above results imply that Ap(z) reproduces
the correct dynamics up to a relative target accuracy ¢ when
choosing

e w
'’ Ae)

With these parameters, At (¢) only involves a limited num-
ber of ancilla qubits at any given point in time, given by

2I't 2A(e)t
e’ ;e )

AE < min( ) o> L Q1)
&

N = max ( (22)
Importantly, we note that the number of ancillas required
scales as a low-degree polynomial in e ' when the bath PSD
decays sufficiently fast.

Our results above show that any Gaussian environment can
accurately be represented by Ar(¢), even in the case of an
infinite number of unbounded degrees of freedom. This is
significant since At(¢) is constructed from a finite ancillary
register of N qubits. Importantly, At(¢) is bounded; with the
choice for A& above, /7 [|Ar(t)]| ~ max{I'//e, v/AT} [55].
This fact enables efficient Trotterization of the system evolu-
tion with the ancilla-train representation. In the next section,
we exploit this fact to construct an efficient quantum al-
gorithm for simulating dynamics of open quantum systems
connected to arbitrary Gaussian environments at arbitrary
coupling strength.

III. ANCILLA-TRAIN ALGORITHM

We now use the ATR to obtain our main result: a quantum
algorithm for systematically simulating open quantum sys-

Ancilla-train algorithm (2nd-order Trotterized)

Input p(to), J(w), Hs, S, v>0,T >0, >0

Set A >1/7 with e(A) <e > See Eq. (19);
re— %5 A6 = min (£, 5);

;M:round(%)

£

~ VTlHs S
Prepare |¥) ~ p(to) > Sample from initial state
for m € {1,2,3,..., M} do

Load new ancillas used in step m

Evolve |¥) — U,l,L/2VmU71n/2\\I!) > Trotter step

Discard/reset ancillas not used in step m + 1.
end for
Discard remaining ancillas
Return |¥) ’s ~ p(MAt) to accuracy O(eI'T)

\. J

FIG. 4. Pseudocode for the ancilla-train algorithm. Input param-
eters denote the initial system state p(f), bath PSD J(w), system
Hamiltonian Hs, system coupling operator S, system-bath coupling
y, total simulation time 7', and (relative) target accuracy €. U,,, given
in (26), denotes a Trotter interaction generated by the system Hamil-
tonian and V,,, given in (27) and (29), denotes a Trotter iteration in
the time evolution generated by the ancilla(s)-system coupling. We
write |W) ~ p to indicate that the expected value of |W) (W] is p.

tems coupled to any configuration of Gaussian environments
at any coupling strength. The ATA is obtained by Trotterizing
the combined system-ancilla (S.A) evolution in the ATR, us-
ing the truncated ancilla-train quantum noise signal At (¢). We
provide a compact pseudocode of the ATA in Fig. 4.

The section is structured as follows: For the sake of sim-
plicity, we first introduce the ATA for a single noise channel
(Sec. III A) [56] and provide a resource estimate (Sec. 111 B).
We then extend these results to the most general (multichan-
nel) configuration of Gaussian environments in Sec. III C).

A. Construction of ATA

The ATA simulates the evolution of the open quantum sys-
tem of the class defined in Sec. IT A: i.e., an arbitrary physical
system S with (possibly time-dependent Hamiltonian) Hs(t),
connected to any configuration of Gaussian environments 5,
through an arbitrary system-bath coupling Hi,. For simplicity,
we first consider the case where Hj,, factorizes into a product
of a system observable S and a bath observable B: Hi, =
JVSB, with ||§|| = 1. Here y parametrizes the system-bath
coupling and can be arbitrarily large. We consider the more
general case in Sec. IIIC.

The ATA operates on a system qubit register Rg, encoding
the state of the system S, and an ancilla register, 4, used to
emulate the bath B through the ATR, as described in Sec. II.
The system can be encoded in R s through standard Hamilto-
nian simulation techniques [2,57—62]. Henceforth, we simply
use S in place of R, while S and Hg(¢) refer to the observable
and Hamiltonian in R s representing their counterparts in the
simulated system.

The ATA takes as input the initial state of S in the simula-
tion, |Yg)s [63]. The ATA then simulates the evolution of p(¢)
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resulting from |y) by iteratively propagating the system for-
ward in time through the Trotterized evolution: Specifically,
the mth iteration of the ATA returns a state of SA, |V,,),
whose corresponding reduced density matrix,

om = Tra[[ W) (W], (23)

provides a controlled approximations of p(t,) (see below).
Here ¢, := mAt and At, termed the Trotter step, is an input
parameter of the simulation that controls the accuracy and
output resolution.

The first step of the ATA prepares the full system-
ancilla register SA in the initial state |Wg) := |¥g)s ®
10) 4 with [0) := ), |0), the tensor product of |0) states
in A. The ATA then iteratively generates the trajectory
{|¥,,)} through Trotterized evolution with Hs 4(¢) = Hs(t) +
VYV SAT(t). Specifically, |W,,) is iteratively obtained through a
sequence of gate sequences—Trotter unitaries—Gy, Gy, . . .,
where the mth Trotter unitary, G,,, propagates the system
forward from time #,,_; to t,,:

W) = G| Win-1)- (24)

‘We use a second-order Trotterization scheme, such that G,, is
given by

G, = UV, Ul (25)

m

where U,, and V,, are the Trotter unitaries generated by Hg(t)
and ,/y SAT(t):

t/ll
U, =T exp |:—i/ dsHS(s):|, (26)
tm—1

Im
Vi =T exp [—i/ ds/yS ®AT(S)], 27
Im—1
with 7 denoting the time-ordering symbol and Ar(¢) the em-

ulated bath signal from Eq. (15)

ny (1)
Ar@)=/A5 Y (g5t —&o +He). (28
n=n_(t)
Here &, := nAé&, ny(t) = round([r £ t.]/A&), with A& and
7. input parameters of the simulation that, together with A¢,
control the accuracy of the simulation; see below for more
details.

The first gate sequence of the Trotter unitary, U,/ 2, can
be implemented with existing Hamiltonian simulation tech-
niques [2,57-62]. The bath propagator, V,,, is itself a product
of commuting unitaries that each are generated by coupling S
to a single qubit in A: with

ny (lm)

[T Vo

n=n_(tn-1)

Viun := T exp |:—i\/yA.§ /(O)
1,

mn

Vi =

£

mn

dsS®(gy(s — 5,1)0,;*+H.c.):|,
(29)

where t,ggl) = max(t,_1, & — t.) and t,(nln) ‘= min(t,, & + t.);
1D denote the boundaries of the integration domain, ac-
counting both for the restriction from a finite 7. and from
the bounds of the time interval corresponding to the Trotter

step. Note that for local or quasilocal S, V,,,, can be efficiently
compiled to a finite sequence of quantum gates and may even
be classically tractable. Thus, we expect the compilation of
Viun to generically be low cost.

In Appendix B we show that the ATA returns the true
system evolution to any nonzero target accuracy, ¢, for A§,
1/7., and At chosen sufficiently small. We establish this
result by combining the discussion in Sec. II with an error
bound for second-order Trotterization of the time evolu-
tion [64]. Our bound assumes a time-independent system
Hamiltonian, Hs(t) = Hg [65], but we expect generalization
to time-dependent Hamiltonians is straightforward. Specif-
ically, we show that the output trajectory of the ATA is
guaranteed to reproduce the true system evolution to a given
(relative) target accuracy e,

lom — Pl < O(eT 1), (30)
provided

(e
Af <min| —, —
' A(e)

>, =", A< 31)
&

e
VTS
where s := ||[Hs, S]], while I', t, and A are defined in
Egs. (17) and (20). A more detailed requirement on At for the
bound for nonvanishing & can be found in Appendix B 5. The
results are obtained by combining the error bounds in Sec. II
with an error bound for the Trotterization of the evolution, &4;
see Appendix B for details.

We finally emphasize that the ancilla qubits in A need
only be prepared at the first Trotter step where they are used:
i.e., ancilla n needs only be prepared at Trotter step m) :=
inf{m : n < ny(mAr)}. Likewise, ancilla n may be discarded
after the last Trotter step where it affects the system evolution:
m® := sup{m : n > n_(mAt)}. Depending on the hardware,
in particular, the resource cost of qubits, discarded ancillas
may be reset and reintroduced in the register. In this scheme,
A only needs to hold n, (¢,,) — n_(t,—1) = [ZTZ—J;A’W qubits;
among these, Nyeser := [Af/AE] are reset and reintroduced in
the register, and the remaining qubits are preserved, at every
Trotter step. It is still possible to implement the ancilla register
as a continuous stream of incoming qubits in hardware, where
this is more resource efficient [66,67].

B. Resource cost

We now estimate the additional resource cost of the ATA
compared to the standard unitary time evolution generated by
Up.

We first consider the number of extra qubits required to
implement the ATA—i.e., the minimal number of qubits in the
ancilla register, .A. Recall from the discussion below Eq. (31)
that the ATA only requires access to Ny = [A’A;;T‘} qubits
in the ancilla register. In terms of error scaling, the number

of required ancillas is thus upper bounded by max(\/? +

iz, n% + 22%) In the limit ¢ — 0, the required number

of ancillary qubits thus scales as

. 't A(e)r
No. of ancillas = O max = ) (32)
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Next, we consider the gate complexity of implementing
ATA relative to standard unitary evolution. Each Trotter step
V,, involves a product of N4 = |'2’°A—EA’] unitaries V,,,. As
described in Sec. III A, each V,,, is generated by a coupling
of S with observables of the nth qubit in A. Therefore, we
expect V,,, can be efficiently compiled to a finite sequence of
quantum gates. The additional gate count of the ATA com-
pared to the standard Trotterized Hamiltonian simulation thus

scales as N4 T /At, which leads to

( |:17T«/1"3§ A(s)tT\/ﬁ:D
max e .

No. of ancilla gates =0 3
€

(33)

If we pick A¢ commensurate with At, i.e., AE/At =a/b
for integers a, b, then the gate V,, is identical to V,,1icm(a.b)
up to a shift of the ancilla register, where "lcm" denotes the
least common multiple. In this case, the gates {V,} may be
efficiently precompiled. Given a set of unitary gates for simu-
lating the isolated system evolution {U,}/ 2}, the compilation
of G,, follows easily. For time-independent Hg, all {Unl/ 2
are identical, and thus, the number of precompiled G, is
independent of the simulation time 7.

Our resource estimates for the ATA in Eqgs. (32) and (33)
show that the extra resource cost of the ATA, relative to the
standard Trotterized evolution, is a low-degree polynomial
of the inverse target accuracy when the bath PSD decaying
sufficiently fast. Importantly, the extra cost is independent of
the complexity of the Hamiltonian simulation problem. Thus,
the extra cost of replacing standard Trotterized evolution with
the ATA may be negligible for a broad class of problems.

C. Definition for multichannel environments

We finally demonstrate how the ATA can be straight-
forwardly extended to arbitrary Gaussian environments and
arbitrary system-bath coupling, Hjy.

Without loss of generality [39], in this case we may express
Hin as

Hi = /7S -B. (34)

Here S and B represent the column vectors (S, ... Sy.) and
B = (B, ...Bx,), respectively, with Sy, B, denoting observ-
ables on S and B, respectively, and Nc denoting the total
number of noise channels. We employ this vector notation to
emphasize the similarity to the single-channel case. The bath
correlation function now becomes matrix-valued, J(¢), with
(o, B) element given by

Jup(t — ) := Tr[By(t)Bs(s)psl, (35)

We extend the definition of the jump correlator, g(¢), to be
the unique convolution matrix square root of J of positive
type, i.e., g(t) := [dwe ™ \/J(w)/2m with \/- denoting the
matrix square root with branch cut along the negative real
axis [68].

With these definitions in place, we extend the ATA from the
single- to the multichannel case as follows: First, we extend-
ing the ancilla register A from one to N¢ ancilla trains, i.e.,
an array of qubits with Pauli operators {o! [ =1,...N.,n €
Z,i € {x,y,z}} [69]. From these ancilla trains, we can replace

each B, (t) with the truncated, emulating noise signal Ar.,(?),
where

N ny (1)
Ata() =Y Y A&, (t — E)oy + Hee), (36)
A=1 n=n_(t)

where gr.q, (¢) denotes the («, 1) entry of the filtered jump
correlator gy(t) := f dsp(t — s)g(s). Note that each ancilla
train does not necessarily emulate a single channel; instead,
each channel is generally generated from combinations of all
ancilla trains.

The ATA is defined for the multichannel case as for the
single-channel case, with the replacement of the system-
ancilla coupling V,, to account for the multiple channels, i.e.,

n
Vi := T exp |:—i/ ds./JyS - AT(S)]. 37
Im—1
This unitary can, with care, be further Trotterized by utilizing
commutativity between different ancillas (see Appendix D);
if {Sy} mutually commute, then V,, directly factorizes into

operators acting on individual ancillas.

Except for the substitution above, the ATA for the mul-
tichannel case is unchanged from the single-channel case.
Indeed, our error bound in Appendix B was derived for the
multichannel case; it shows that the ATA for multichannel
baths is guaranteed to be e-accurate in the sense of Eq. (30)
if A&, 1., and At are chosen to satisfy Eq. (31), with
I', t, and A(e) now defined by appropriate substitution of
[ (@)], ()], and |g(®)| with [J(@)]11. 1T (@)]1,1. and
lg(@)ll2.1, respectively. Here, for any matrix M, M|, , :=
OIAVIMI |P19/P)1/4 denotes the (p, ¢) matrix norm.

IV. NUMERICAL SIMULATION

In this section, we simulate the ATA for a spin-boson model
consisting of a two-level system coupled to an environment
with Ohmic spectral density. Our goal is to demonstrate the
operating principle of the algorithm and to probe its resource
requirements, which in practice may be significantly smaller
than our rigorous bounds in Sec. III B, which cover worst-case
scenarios.

The model we simulate has Hamiltonian

HSB:_AUZ +H3+ﬁ0x®35 (38)

where B is an observable of a Gaussian environment with an
Ohmic cutoff. The power spectral density is given as

 \2
we™ @)

Jp(w) = 1

where § is the inverse temperature of the bath and w; is the
Gaussian cutoff. In all of our simulations, we set A = 1, y =
0.01, and w; = 10. We consider three different temperatures:
B =0.1,8=1,and B=10.

We consider the dynamics that results from initializing the
system in |1). Through direct time evolution, we simulate the
evolution of the system under the ATA, using up to 13 ancillas;
see Fig. 5 for the pseudocode. In all simulations, we set At =
A& to minimize numerical costs [70]. From the expression for
the ancilla number N4 in Sec. III B and Eq. (31) we find the
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FIG. 5. Simulation of the ATA for Ohmic spin-boson model. (see main text for details). In all the plots, we set A =1, y = 0.01, and
ws; = 10. The three rows result from different inverse temperatures of the baths: g = 0.1 (top), 8 = 1 (middle), and 8 = 10 (bottom). Column
1: Absolute value of the jump correlator. The gray bars show the extent of the cutoff time t. chosen for the simulation. Column 2: Bath power
spectral densities for chosen parameters. Gray bars show the implemented UV cutoff for different numbers of ancillas. The innermost region
bar is for 5 ancillas and the outermost region is for 13 ancillas. Column 3: Population in state |1) of the spin as a function of time for simulations
using different numbers of ancillas; p; indicates simulation with j ancillas. Column 4: Trace distance between the simulation using 13 ancillas
and the simulations using fewer ancillas. We see that the simulations converge with respect to each other to within 2% when using 13 ancillas.

following inequality:

AT, < %(NA +1), (40)
where 7, is the cutoff time and A is the UV cutoff. In all
simulations, we choose the largest possible value of At.. The
first two columns of Fig. 5 show how the value of 7, and A are
chosen such that the jump correlator and power spectral densi-
ties have little weight outside of their respective cutoffs. In all
simulations, we choose the smallest possible ancilla spacing,
A&, given the number of ancillas, N 4, and the cutoff time 7,
through A¢ = Ni’i] + 8. Here § = 107 1og 2/A is a small ir-
rational correction included to avoid Floquet resonances from
the Trotterized evolution [71]. For numerical tractability, we
finally restrict the Hilbert space of the ancilla register to the
subspace with up to four simultaneous excitations.

In the third column of Fig. 5 we plot the evolution of the
population of the |1) state from our simulation of the ATA.
In the fourth column, we plot the trace distance between the
evolution of the system state to the evolution with 13 ancillas.
This serves as an indicator for convergence with respect to
the ancilla number. As seen in Fig. 5, the simulations with
the ATA converge to within 2% when comparing simulations
using 11 and 13 ancillas. There is a clear trend that the dis-
tance decreases with increasing ancilla number—the trend is
most pronounced in the transients. This suggests convergence

of the algorithm with respect to ancilla number, and an error
from the finite ancilla number of a few percentages for the
13-ancilla simulation.

It is illuminating to compare our results with the error
bounds from Sec. III B. From Eq. (32) and Eq. (30), we see
that the number of ancillas required to ensure a total error of
less than £ = O(eI'T) is

. T3¢
No. of ancillas = O T ,

(4D
where T is the total simulation time. For the parameters we
probe, we observe the model relaxes to a stationary state
within a time T ~ 40; see Fig. 5. In order to ensure an error
below 10% within this time span, our analytical bounds in-
forms us that we require O(10°) ancillas as evident in the third
column of Table II. In comparison, our simulations indicate

TABLE II. Parameters and analytical upper bound on the ancilla
count for the Ohmic spin-boson model. The estimate is based on an
error threshold of 10% at T = 40.

B I't r Ancilla bound max; ||p11 — pull
0.1 0.2 2.7 2.5 x 10° 0.5%
1 0.2 1.2 3.6 x 10* 1.6%
10 0.7 1.9 3.6 x 10° 1.2%
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convergence within a few percentages for ~13 ancillas. These
results thus suggest that, in practice, numerical convergence
occurs for much fewer ancillas than predicted by our bound.

V. DISCUSSION

In this paper, we introduced a quantum algorithm for
systematically simulating quantum systems interacting with
arbitrary Gaussian environments at any coupling strength:
the ancilla-train algorithm (ATA). The ATA can be used
to simulate dynamics and steady states of equilibrium and
nonequilibrium problems and is applicable to non-Markovian
regimes. We have provided rigorous bounds on the accuracy
of the algorithm and shown that the simulation error can be
made arbitrarily small with an appropriate choice of simula-
tion resolution parameters.

The resource cost for the ATA is polynomial in the inverse
target accuracy, provided modest decay properties of the bath
PSD, and is controlled by a combination of four physical
energy scales of the simulated model: A characteristic Heisen-
berg picture velocity of the system observables coupled to the
environment, along with the bath correlation time, system-
bath coupling strength, and effective ultraviolet cutoff of the
environment. Importantly, resource costs are independent of
the complexity of the system. Thus, for a broad range of
problems, the ATA only requires a small amount of additional
resource relative to the cost of simulating the time evolution
in the absence of external environments.

The ATR of quantum noise provides a secondary result
of our work that underlies the ATA: Any Gaussian quantum
environment can be emulated by convolving a quantum binary
white noise signal—an ancilla train—with a time-local convo-
lution kernel. A corollary is that a classical noise signal with
Gaussian correlations can be generated by convolving a white
noise signal with the jump correlator. This result is consistent
with the known result in classical signal processing that a
colored noise signal can be obtained from filtering a white
noise signal [45]; here the filtering kernel is given by the jump
correlator. The ATR thus provides a generalization of this
result to quantum noise, through a non-Markovian collision
model. For quantum noise, the filtering kernel (jump corre-
lator) is simply generalized from a real to a complex-valued
function, and the classical (binary) white noise signal—a bit
stream—is replaced with a stream of qubits.

A. Relation to quantum Gibbs sampling and systematic
Lindblad equation algorithms

We now comment on the relationship between the ATA
and other algorithms for quantum simulation of open quan-
tum systems that have recently emerged in the literature:
QGS [12,16-20] and collision models based on systematic
and rigorously derived Lindblad equations (SL) [39-41].

QGS algorithms yield the exact Gibbs state for a given
model Hamiltonian. This is achieved through collision mod-
els [46] based on Lindblad processes with quasilocal jump
operators that exhibit KMS detailed balance [72]. Physical
systems connected to environments in thermal equilibrium are
known to converge to such exact Gibbs states in the limit
of weak system-bath coupling. However, for nonzero finite

couplings—as emerge in physical systems—the steady state
deviates from the Gibbs state by a correction controlled by
the system-bath coupling due to the ambiguity in defining an
appropriate subsystem Hamiltonian for a partitioned quantum
system [48]. Thus, from a quantum simulation perspective,
QGS algorithms yield accurate physical steady states of open
quantum systems only in the limit of vanishing system-bath
coupling.

In parallel with the emergence of QGS algorithms, a
family of systematic rigorously derived Lindblad equa-
tions has emerged that circumvent the rotating-wave, or
secular, approximation. These Lindblad equations have been
successfully employed in classical simulation of dissipative
quantum many-body systems [73-78]. Similarly to QGS
Lindblad processes, these systematic Lindblad equations fea-
ture quasilocal jump operators and can thus be efficiently
implemented as quantum algorithms using collision-model-
type approaches [46]. We term such quantum algorithms SL
algorithms. Contrasting QGS algorithms, SL algorithms are
systematically derived from underlying microscopic models
and extend to nonequilibrium problems, e.g., featuring driving
or nonequilibrium reservoirs. These SL approaches yield dy-
namics and steady states—equilibrium or nonequilibrium—
that are accurate up to corrections proportional to the
system-environment coupling (relative to an intrinsic cor-
relation timescale for the environment [49]). Thus, from a
quantum simulation perspective, SL algorithms yield steady
states that are accurate on the same level of approximation as
those returned by QGS algorithms—namely both QGS and SL
algorithms are accurate in the limit of vanishing system-bath
coupling.

The ATA complements the QGS and SL algorithms above,
offering important advantages: (1) The accuracy of the ATA
simulation is limited only by the available resources; it can
yield the exact steady state and dynamics of the simulated
microscopic model to arbitrary accuracy. (2) The ATA in-
volves only a simple, strictly local system-ancilla coupling
and thus does not necessarily require compilation of a quasilo-
cal system-ancilla coupling. In particular, if the coupling
operators in the system can be represented by strictly local
operators, Sy, then the unitary system-ancilla coupling opera-
tors, V,,, are also strictly local. This contrasts many quantum
algorithms based on Markovian collision models [17,39]. (3)
The ATA does not require compilation of a quasilocal Lamb
shift or generalizations thereof. For a given, fixed target accu-
racy, the additional cost of the ATA is a register of ancilla
qubits of size scaling linearly with system-bath coupling.
Thus, the ATA offers both a broader range of applicability
and a simpler implementation than the QGS and SL algo-
rithms in cases where the depth of the circuit is the limiting
resource.

During the preparation of this manuscript, ancilla-train-like
constructions appeared in the QGS literature in Refs. [19-21].
Here the goal was to simulate a Lindblad process with
a thermal (Gibbs) state as an approximate steady state.
References [19-21] provides rigorous performance guar-
antees for this construction, demonstrating that ancilla
trains are broadly applicable for QGS, where they, more-
over, bring the advantage of a strictly local system-ancilla
coupling.
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B. Noise resilience

A final potential advantage of the ATA, shared by other
algorithms for open quantum systems simulation [12,17—
20,39,40], is a potential intrinsic robustness against hardware
errors due to its entropy-extracting nature [79]. Specifically,
noise in hardware executing the ATA will map to a noise
channel in the simulated microscopic model. Since the simu-
lation already involves a mechanism for dissipation, this noise
channel will compete with other channels for dissipation and
noise and thus only generate a continuous perturbation of
the output (simulated steady state) if weak enough: Hence
for open quantum system simulators such as the ATA the
noise-induced error is generically a finite-slope function of
the noise strength. Equivalently, since the dissipative channels
in an ATA simulation provide a finite relaxation time for
perturbations of the steady state, extrinsic noise will generate
a negligible error if the characteristic rate of errors is small
relative to the relaxation time. The extent of the inherent error
resilience in simulations of open quantum dynamics is still
an open area of research. However, several recent theoretical
and numerical results corroborate the intuition that simula-
tions of open quantum systems dynamics is significantly more
resilient to errors than simulations of closed quantum sys-
tems [80-83].

C. Outlook

In summary, the ATA offers a systematic and accurate
approach for simulating open quantum systems at arbi-
trary coupling strength, and in arbitrary nonequilibrium or
equilibrium configurations of Gaussian environments. The re-
striction of ATA to Gaussian environments can be seen as a
second-order cumulant expansion of the multitime correlation
functions of the environment. A natural extension of ATA
beyond Gaussian environments would be to include higher-
order cumulants. We leave such an investigation for future
work. We expect the algorithm has intrinsic resilience against
hardware error and is relatively simple to implement. We
expect these results make the ATA a promising candidate for
quantum simulation of nonequilibrium quantum systems and
for implementation on near-term quantum hardware.
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APPENDIXES

In the appendixes, we provide proofs of our claims from the
main text. In Appendix A we demonstrate that the evolution

TABLE III. Overview of the relationship between bath corre-
lation function, power spectral density, square root of the power
spectral density, and the jump correlator.

Name Notation Definition
Bath correlation function Jt—5) Tr[B()B(s)" pg]
Power spectral density (PSD) J(w) =[5 did (t)e™
Square-root PSD g(w) V)2
Jump correlator g(t) [22, dog(w)e™™

of a system coupled to a Gaussian environment only depends
on the environment through its bath correlation function. In
Appendix B we give rigorous error bounds for our ATR as
well as for the Trotter approximation required to obtain the
ATA. In Appendix C, we prove that the jump correlator can be
passed through a suitable low-pass filter without significantly
increasing its characteristic interaction rate and correlation
timescales. In Appendix D, we give a formula for V,, from
Eq. (27) in the case where {S,} are mutually commuting
operators. Finally, in Appendix E we derive some important
relations that are frequently used throughout the appendixes.

Throughout these appendixes, we consider the general case
of multiple quantum noise channels [i.e., with multiple terms
in the sum in Eq. (2)], where the bath correlation function J (¢)
is matrix valued. The special case considered in the main text
of the article is equivalent to the case where J(¢) isa 1 x 1
matrix. As a help to the reader, in Table III we provide an
overview of the relevant functions of the bath for multiple
quantum noise channels.

APPENDIX A: PROPERTIES OF GAUSSIAN BATHS

In this Appendix, we show that the effect on a given quan-
tum system from a Gaussian environment solely depends on
the two-point correlation function of the environment.

To recap, we consider the evolution of the reduced density
matrix of the system, p(¢), generated by the full system-
bath Hamiltonian Hsg(t) = Hs(t) + Hg + /¥ >4 Sa ® By
[see also Eq. (1) of the main text].

We first go to the interaction picture with respect to the
system-bath interaction, \/7S - B, obtaining

p(t) = Us(t)Tr[Usy (1)p(to) ® puUsy " (1)]U§ (1), (A1)
with Us() = Te o 0, Y Qg = T hyrv7SOBO),
and S(t) = Us(t)SUg (t). Here we use the dot-product nota-

tion that was introduced in Eq. (34) of the main text. Next we
expand Us(g) in terms of its Dyson series:

& t 1 [
Us(g)(t,to)=1+2(—i)”/ dtl/ dt2-~-/
n=1 to to to

x dt, [ [(/vS@) - B@)).

i=1

(A2)

We refer to the series expansion of p(#) obtained by inserting
the above expression into Eq. (Al) as the Dyson series for

p(1).
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Physical System

Appendix B2: g

Harmonic Oscillators

Appendix B3: €9

Qubits

Appendix B4: &3

Time Cutoff

Appendix B5: g4

Trotterization

Il
[Ancilla—train algorithm]

FIG. 6. Overview of approximations leading from the physical
system to the ATA. Orange boxes indicate the subsections of the
appendixes where the approximations are introduced and bounded.

Importantly, each term in the Dyson series for p(7) depends
solely on Hs(t), {Sy}, and the N-point correlation functions of
the bath (for N € N),

(By---By) :=Tr[By ---Bypgl, (A3)

where B; is shorthand for B, (1) := e B, e~"5'i _ A defin-
ing fact about Gaussian baths used in this work is that they
obey Wick’s theorem [84],

N

(B1---By) = Z(BIB]‘><BZ ~-Bj_1Bji1 -+ By).
=2

(A4)

Repeated use of Wick’s theorem together with our assump-
tion (without loss of generality) that (B(¢)) = 0 shows that all
terms in the Dyson series for p(t) are completely determined
by the system Hamiltonian Hg(t), the local coupling operators
{S»}, and the matrix-valued two-point correlation function,
defined as the matrix, J(¢), whose («, §) entry is given by

Jop(t —1') 1= (Bo()Bp(1)). (AS5)

We now briefly argue that the above bath properties en-
sure that the dynamics are fixed by the two-point correlation
function of the environment. Assuming I' < oo, [|J]l; is
integrable [85]. This implies that the Dyson series for p(t)
is absolutely convergent. Therefore, the effects of Gaussian
baths on the system dynamics are also completely determined
by Hs(t), {S«}, and J(¢) [30,44]. For a more detailed proof of
this fact, see Refs. [86,87].

APPENDIX B: ERROR BOUNDS OF THE ATR AND ATA

In this Appendix, we bound the error of the ATA, i.e., the
deviation of the evolution generated by the ATA and the true
evolution of the simulated microscopic model.

We obtain the ATA through four successive approxima-
tions, outlined in Fig. 6, and described in Appendixes B 2-B 5

below. We establish a rigorous bound on the error induced
by each of these approximations; the error of the ATA is
bounded by the sum of these bounds. Likewise, the error of
the ATR—i.e., the deviation of the system dynamics obtained
from the ATR with respect to the true dynamics—is bounded
by the sum of the errors induced by the first three of these
approximations.

Throughout this appendix, we make use of superopera-
tor notation. We provide an introduction to this notation in
Appendix B 1. Throughout this appendix, we make frequent
reference to a set of relations associated with matrix norms
or Dyson expansions; we provide proofs for these relations in
Appendix E

1. Superoperator notation

We first introduce a convenient notation for superoperators
that will be used extensively in this and in the following
appendixes. Superoperators are defined as linear operators
acting on the set of linear operators on a given Hilbert space
2 [88]. Importantly, this set of operators itself forms a
Hilbert space, termed operator space; superoperators can be
represented as matrices acting on this operator space. To high-
light their Hilbert space nature, we will, in the following,
use double brackets, |-)), to indicate operators acting on J#
and use ((-|-)) to indicate the Hilbert-Schmidt inner product
between two such operators [89]:

({A|B)) := Tr[ATB]. (B1)

A (bounded) operator on .77, O, induces two natural superop-
erators, namely left- and right-multiplication by O. We denote
these induced superoperators by

O"|A)) := |0A)) and OF|A)) := |AO)). (B2)

Note that [A”, BX] = 0 for any operators A, B. As an important
example, the von-Neumann equation, % p(t) = —i[H, p(1)],
may be written in the superoperator notation as

0 .

o 1p@) = —ivgH|p(0))), (B3)
where v, = —vg = 1, and we use the Einstein summation
convention

vy H? = Z vaH. (B4)
de(L.R}

We use the above summation convention for the indices {L, R}
when they appear in the following. We will moreover in gen-
eral use calligraphic symbols to indicate superoperators, when
they are not given by left or right multiplication by bounded
operators on 7. In particular, we reserve U for time-evolution
superoperators. Given a Hamiltonian, H (¢), we define

Ut to) = T exp <—ivd / dst(s)>. (B5)

to

We refer to U(t, ty) as the time-evolution superoperator gen-
erated by H (t).

2. Approximating the bath with a discrete train
of harmonic oscillators

We now proceed to the proofs of our error bounds. We first
bound the error that comes from representing the bath as a
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discrete train of harmonic oscillators of the form described in
Eq. (14) of the main text [90].

In the following, we let p(¢) denote the exact time-evolved
system state as in Eq. (4) and by pos.(¢) the time-evolved
system state resulting from an interaction with a discrete
train of harmonic oscillators in place of the bath, defined via
Egs. (B29) and (B32) below. Our goal is to bound the trace
norm distance between these two evolutions,

&1 1= || posc (@) = p()l - (B6)
We call this error the discretization error, since the system of
harmonic oscillators can be seen as a discretization of the bath.
Our derivation proceeds as follows: We first show that the bath
B is equivalent to a combination of fwo specific environments,
B, and B, in the sense that they produce the same evolution
of the reduced density matrix of the system, p(¢). Here B,
can be taken to have a compactly supported PSD and B, can
be neglected at the cost of a small error (Appendix B2 a).
Subsequently, we show, via Poisson’s summation formula that
B, is equivalent to the harmonic oscillator train Hamiltonian
that generates the evolution of pgs(#) (Appendix B 2 b).

a. Dividing the bath in two parts

To construct B, and BB,, we express the bath PSD J () as a
sum of two power spectral densities, J(w) = J (@) + J2(w),
where J;(w) and J,(w) are positive semidefinite and have
support only for || < 2 and |w| > /2, respectively, with
2 some arbitrary effective frequency cutoff we introduce as a
free parameter. In the following, we show that, when choosing
Q large enough, J,(w) can be neglected at the cost of a
small bounded error [we give an explicit expression below
in Eq. (B21)], resulting in a bath whose PSD [J;(w)] has
compact support.

We construct the bath PSDs J| () and J»(w) as follows:

Ji(@) = (@) T(w),
J2 (@) == (1 = (@)D (),

Here ¢ can be any function satisfying 0 < @(w) < 1 for all
w e R, p(w) =1 for |w| < 2/2 and @(w) = 0 for |w| > .
To avoid introducing long time correlations in the bath de-
scribed by Ji(w), we shall be careful in choosing ¢(w) to
be sufficiently smooth. To this end, we pick a second-order
polynomial interpolation for @(w), ensuring that it is twice
differentiable almost everywhere:

(B7)

1 for || <
2
?(w) = 1—3(3) (ol —2/2)* for 2 <o| <22
1(4)? 2 3Q :
2(3) el — ) for 5 < ol < Q
0 for o] > @
(B8)

lp(@))) = 1p1(1))) — i/ ds{(IUy (1, 10)Ha(s)Ua(s, 10) [ p0)) | pB))-

to

By this choice, the characteristic timescales I'y and ¢ of B
are of similar magnitude as the corresponding timescales I"
and t of the original bath B (see Appendix C).

Importantly, since J(w) =J(w)+ J2(w), and the ef-
fects of a Gaussian environment is completely determined
by its two-point correlation function (see Appendix A and
Ref. [30]), the physical environment we wish to simulate can
be exactly represented as a combination of two uncorrelated
environments, B; and B, with PDSs J(w) and J»(w) such
that the system-bath Hamiltonian takes the form [30]

Hyy(t) = Hs(t) + Hp, + Hp, + /vS - (B +By),

with B » observables of Gaussian environments with PSDs

(B9)

Ji(t) = (Bi(t)(B1(0)")5,, (B10)
J2(t) = (Ba(t)(B2(0))5,, (B11)
(B1(t)(B2(0))") 5 = (B2(1)(B1(0)")5 = 0. (B12)

Specifically, the corresponding equation of motion for the
reduced density of the system described by Hy,(¢) is the same
as that arising from the system-bath Hamiltonian given in
Eq. (1) of the main text:

o)) := ({(IIsU(t, t9)| o)) | pB))
= ((IsU12(t, t0)| o)) | oB))-

Here U/ denotes the time-evolution superoperator of Hsg from
Eq. (1) and U, the time-evolution superoperator generated
by Hi;. As the combination of the two baths B; ® B, is
equivalent to the original bath 3, we use B also to denote the
combined baths B ® ;.

We now show that the bath B, can be neglected at the cost
of a small error when €2 is sufficiently large. To formalize this
statement, we define H,(¢) = Hs(¢) + Hg, + Hp, + ﬁS - By
and the time-evolution superoperator of H; by U;. We also
denote the time-evolved reduced density matrix of the system
arising from U, by

lor (@) = (1Bl (2, 10)|po)) | oB))-

Since the time evolution of p(¢) generated by Hsg(f) and
Hj,(t) are identical, bounding the distance || p;(t) — p(¢)|1, 1S
reduced to bounding the effect of decoupling the split system
from B,.

To proceed, we transform the system described by Hj» ()
to the interaction picture with respect to ,/y'S - B,, finding

o)) = (sl (t, to)Ua(t, t0)| o)) | pB)) (B15)

with Ut t0) = Te o™ and Ha(s) = Ygerpn va
J7S8%(s) - B4(s). Here we defined the interaction picture
operators; 89(s) = e158%e=H15 and B, (s) = €0 Bye =15,
Using a simple Dyson expansion on U/, [see Eq. (E6)], along
with Eq. (B14), we conclude

(B13)

(B14)

(B16)
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Next, we write U, as a Trotterized product with infinitesimal Trotter step:

M
. s —1Ip
Us(s, tp) = lim 1—1
2(s. 10) MLwH 7
m=0 de{L,R}

W«/?Sd (_m(s —fo) + to) . Bd<—m(s —fo) + to)

(B17)

M M

Upon direct substitution of the above into Eq. (B16), and using Wick’s theorem (A4) for B;, it follows that

) = 1P ) — iy > vave f ds f ds' 4 5(s — Y16l (1, 10)SE()has, $SG((ss 10)loo))los))s (BIS)
o,B to 0]

where, ford = L, R, ng 8 denotes the (o, B) entry of the matrix J, when e = L and the («, 8) entry of the matrix J ; fore = R.
Furthermore, we used the Einstein summation convention from (B4). To bound the integrand above we use that |Tr[X pY]| <
IX11Y |I; this auxiliary result is established in Appendix E [Eq. (E11)]. Inserting this above implies

(182 (2, 10)S5 (5)a(s, )85 (s W (s, 10)| po)) o)) |, < 1.

Thus,

t K
1o1®) = (D)l <4y/ ds/ ds' a6 — )l
o T

Splitting the integration domain in s > so and 5" < s, where s is some free parameter to be chosen below, we find

lo1(@) = p@)ll7e <4V/ ds

Using pointwise bounds [J 44(s)| < ffooo da)fz,aﬁ(a)) and
S ap(9) < [T, doolJ] 5 (@)], we find

lo16) = (Ol < 4y <S061(Q) + $62(9)> T, (®2)

with
(@) =2 flww dolT (@)l (B23)
(Q) =2 /M doll T @)l (B24)

It follows that, fort < T,

lo1(®) = P, < E@TT, (B25)

with
(@) = 2Yavely) (B26)

[/% dtlig)ll, ]

For |\J|l1.1, 17" 1I1.1 € L'(R) we note that () — 0 as  —
oo. Hence, the full bath can be closely approximated by the
interaction with a bath where the PSD has compact support.
In particular, fixing 2 = A(¢), where

A(e) :=inf{Q > 1/7]e(R) < &}, (B27)

the trace distance between p(¢) and p;(¢) stays within the
target accuracy, i.e.,

lp1(®) — p(Oll7 < Tt (B28)

b. Equivalence between the bath 1B, and a train
of harmonic oscillators

We now show that the dynamics of a system coupled to
the bath B; are identical to those generated by the a train of

(B19)
(B20)

S0 oo 1
(/ dS/llJz(S/)|I1,1+2/ dS/(S/)ZII(S’)ZJz(S')||1,1>- (B21)

(

harmonic oscillators, as in Eq. (14). Specifically, exploiting
the compact support of J(w), we show that the evolution of
[p1(t))) is equivalent to the reduced density matrix evolution
generated by the harmonic oscillator train Hamiltonian

Hosc(t) = HS(t) + \/75 . AOSC(t)v

where A (f) is the column vector whose ath entry is given
by

(B29)

00 Ne
Avsca®) =Y D JAE(S 5t — Ea], + He.). (B30)
n=—00 rA=I

Here A can take any value smaller than, or equal to, 27 /€2,
{aynlA =1, ...,Nc,n € Z} are a set of distinct bosonic an-
nihilation operators, and g,(7) denotes the jump correlator of
the filtered environment:

gi0) = [ doe "\ [Ti(@)2n,

with /- denoting the positive-semidefinite matrix square root.
We define the harmonic oscillator train evolution of the system
as

(B31)

Posc(t) 1= {{Losc|Uosc (£, 1)1 00)|0)

with U (2, o) the unitary time-evolution superoperator gen-
erated by Hy (1), and |0) = |0, 0, ..., 0) the mutual vacuum
states of all bosonic modes corresponding to {a;,}. We note
that |0)(0| is a Gaussian state; hence the n-point correlation
functions of A in this state satisfy Wick’s theorem. Thus,
due to the equivalence among Gaussian environments de-
scribed in Appendix A, the evolution of pu(#) is identical
to that of any open quantum system coupled to a Gaussian
environment with system Hamiltonian Hg(¢), system-bath
coupling ,/¥S - B, with B" a bath observable with two-point

(B32)
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correlation function given by
(0] Avsc (1) (Agsc(s))10) = ng(t — §1)8;(n — )AL

(B33)
We now show that the right-hand side above is equal to J; (r —
s), implying that posc(7) = p1 (7).
To establish that the right-hand-side of Eq. (B33) is iden-
tical to J,(t — s), we use Poisson’s summation formula [91]
which states

> gt — £)gi (& — $)AE

n=—00

=Y / degi(t — £)gi(€ — s)e™ % .

k=—00" "

(B34)

Inserting g;(t) = ffooo dwy/Ji(w)/2me ™, it is straightfor-
ward to show that
L 2mEk

/ dEgi(t — §)gp(§ — s)e”' .

: 2kt

= /oo dw\/jl(an/Ag + a))\/jl (w)e*iw(tfs)e—zTE )
h (B35)

Thus, since v/J 1 (w) = 0 for |w| > 7 /A&, we find, for k # 0,

/ dEgi(t — E)gr(6 — )™ =0. (B36)

o0

It follows that

D gt — Eg(E, — )AL

n=—0oo

=/ dégi(t —§)gi(§ —s) =J1(t —s).  (B37)

This is what we wanted to show; thus

P1(t) = Posc(t). (B38)

Combining the above result with the bound on
lo1(t) — p()|l,, in Eq. (B28), and recalling that A§ = 27 /<2,
we conclude that

81 1= llposc(t) — p(O)lly; < eTT, (B39)

when pos is constructed with A =27 /Q and Q2 = A(e).
This establishes our bound on &;.

3. Error from using qubits in place of harmonic
oscillators in the ancilla train

In this section we bound the error incurred by using qubits
in place of harmonic oscillators in the ancilla train. Specifi-
cally, we let pq(¢) denote the time evolution of the reduced
density matrix of the system generated by Hy(t), where

Hy(t) = Hs(t) + /¥S - Aq(?).

The qubit error is defined as the trace norm distance between
these states:

(B40)

&2 1= || osc(t) = pg()lir, (B41)

In this subsection, we obtain the following bound for this
error:

£ < 25.96AE(T + A2, (B42)

where T is the total simulation time.

To establish Eq. (B42), it is convenient to consider the
quantum channels for the two time evolutions pq and pgsc; Cq
and Coc, respectively, such that pos (1) = Cosc (2, 10)[0(29)] and
pq(t) = Cy(t, 1) p(to)]. We quantify the error in terms of the
difference between the two quantum channels, defining

Eq(t, tg) :=Cqy(t, o) — Cosc(t, 10).

We term &(t,1p) the error map. Importantly, &, is upper
bounded by the superoperator norm of the error map

(B43)

& < 1€, 10) s, (B44)
where | - || denotes the superoperator norm induced by the
trace norm:

€q(t. t0)lls == sup [[E(t, to)[p]ler- (B45)

pillplle<l

The rest of this appendix is dedicated to bounding
€4, to)[p]ll,,- To this end, we first obtain a convenient ex-
plicit expression for & in Appendix B 3 a. Subsequently, in
Appendix B 3b, we expand this expression in a collection of
terms that we bound individually through a Dyson expan-
sion. In Appendix B3¢, we finally combine these bounds
through triangle inequality to obtain a bound on [|&, (¢, fo)ll,
and thereby ¢;.

a. Constructing the error map

To obtain an explicit expression for the error map &, (¢, 1)
we seek to express the quantum channel Cy in terms of Cog.
Letting U (2, fp) denote the time-evolution superoperator
generated by Ho(7) [Eq. (B29)], the quantum channel, Cos,
can be explicitly written as

Cosc(t» tO) = ((IA|uosc(ta t0)|0>>’

with |I4)) the identity operator on the Hilbert space of the
ancilla oscillators. Since the harmonic oscillators are initiated
in the vacuum state and since Hy(¢) is linear in creation
operators acting on the harmonic oscillators, we can obtain
Cq by removing terms in Hog that couple the first and second
excited level in each ancillary oscillator. We introduce the
following notation: Given an operator defined on the Hilbert
space of a single harmonic oscillator, X, we denote by (X);,
the operator which acts with X on oscillator (A, n) and acts
as the identity on all other oscillators [92]. This allows us to
arrive at an equivalent expression for Hy in terms of Hos by
removing the terms in the individual oscillators which mix the
first and second excited states [93]:

(B46)

Hy(t) = Hose() = Y Y~ Kinat)  (B47)
A h=—00
with
Ko (@) i= )y AESalgion (= £ (j — 1D+ Hel,
’ (B48)
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where |j) denotes the jth harmonic oscillator Fock state.
Specifically, denoting the time-evolution superoperator gen-
erated by H(¢) by Uy (¢, tp), we can express Cq in terms of U,
via

Cq(t, 10) = ((LalUUq(t, 10)10)). (B49)
The error map can now be found as the difference between
the two quantum channels. Through Eq. (B47), we can now
express U, in terms of Uy via a Dyson expansion allow-
ing us to obtain a compact expression for &;. To this end,
we make extensive use of the following two Dyson-type
identities in the remainder of this appendix: Given a super-
operator U(t,ty) generated by a Hamiltonian of the form
H(t) = H\(t) + Hy(t), the following two relations hold:

UL, 1) = Uy (2, 1) — ivg / dsUy (t, s)HS (s)U(s, to),

fo

(B50)
UL, 1) = Uy (1, 1) — ivg / dsU(t, $)HE (YU (s, 1o),
’ (B51)

where U (¢, tp) is the time-evolution superoperator generated
by Hi(t). Due to our extensive use of these identities, for
shorthand we refer to the substitutions in Egs. (B50) and (B51)
as a left and right H,(¢)-Dyson substitution of U(t, ty) re-
spectively. We moreover refer to U (¢, ty) as the leading-order
term, and the second terms above as the residual term. The
effect of a H,(¢)-Dyson substitution is to isolate the dynamics
generated by H,(¢) to the residual term. Using suitable choices
of H,, this allows us to eliminate leading-order terms in our
analysis below. We provide proofs of the Dyson substitutions
above in Appendix E 1.

To express Uy in terms of Uy via the above Dyson
substitutions, we first perform a >, > °° _ Kj,.»(¢)-Dyson
substitution of Uy (¢, ty), obtaining

uosc (t P t())

t
— Uyt 10)— i g / dsUone (1, KL 5 (U5, ).
an fo

(B52)

From the expressions for the quantum channels [Egs. (B49)
and (B46)], we thus identify the error map as
0>>

Eq(t, 10) = Z<<IA
(BS3)

An
This expression serves as a starting point for obtaining our
bound on the error map.

t
ivg / d5Uose (12 KL (W5 1)

)

b. Expanding the error map

In this section, we use Dyson substitution to expand the
error map in Eq. (B53) into several maps whose superoperator
norm can be bounded individually. To this end, we seek to

bound each individual term in the sum in Eq. (B53)

Eqn(t. 10) = (] iva / sl (1, )KL () (5, 70)10)).

1
! (B54)
Our strategy is to further expand &g,(¢, ) in powers of
K.;j(t) using Dyson substitutions in such a way that the
leading-order terms vanish when we trace out the harmonic
oscillators. Each time we perform such a Dyson substitution,
the resulting expression gets suppressed by a factor /y A§.
We are able to perform four such Dyson substitutions, al-
lowing us to eventually achieve a bound for the norm of
Eqan(t, to) which is of order (y AE)?. To establish that the
leading-order terms are indeed vanishing, we make exten-
sive use of arguments based on the support of quantities
in the operator spaces of the individual ancillas. For sim-
plicity, we introduce the following terminology: Below, we
say that |A)) has its (A, n) support confined to the subspace
spanned by i) {(jil, ... lim) (| if Tru[AC@) (¥ Don] =0
for any (|¢)(¥|), orthogonal to the subspace spanned by
i) i Dans -« +» Uim) (JmDan. Here Tr,, denotes the partial
trace over oscillator (X, n), and orthogonality is defined with
respect to the Hilbert-Schmidt inner product.
To identify the first vanishing leading-order term in
Eqan(t, o), we perform a K;,;;-Dyson substitution of U, in
Eq. (B54) to obtain

Uy (s, to) =Z/lé\”;1(s,t0)+ive/ dully (s, WK, , U™ (u, 10),

1

A ' (B55)
where we use I/{é‘ "J to denote the time-evolution superoperator
generated by Hy — Kj,,;. Crucially, L[qk’“' cannot couple the
Oth Fock state of oscillator (A, n) to any other Fock state (note
that the first Fock state is already decoupled from all higher
Fock states, by the very definition of Hy). Hence, the opera-
tor Z/Ié”;' |0)) has its (A, n) support confined to the subspace
spanned by |0){|. Reinserting the leading-order term of the
above Dyson substitution into Eq. (B54) results in a map,
which is proportional to the operator KM;ZL{Q”;HO)). Recall
from the definition in Eq. (B48) that Kj,., annihilates any
operator with (A, n) support confined to the subspace spanned
by 10)(0]. KM;ZUC’I\";I |0)) is therefore the zero operator, which
in turn means that the map resulting from the leading order
of the Dyson substitution is the zero map. We can therefore
replace Uy in Eq. (B54) with the residual of the above Dyson
substitution, resulting in

t s
vdvef ds/ dulos(t, 5)
Io I

x Ko ($)Ug(s, w)K

n;1

gq;kn(t» tO) = <<IA

U™ (u, 10)

o))

(B56)

We now further subdivide the error map by performing a
Kn;1-Dyson substitution of (s, u) in Eq. (B56)

Equnt, 10) = E3, (1, 10) + £ (1, 10),  (BST)
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where E (1) .(t,10) and E 2) o (2, to) result from the leading-order
term and res1dua1 term of the Dyson substitution respectively:

él,\)n(t ty) = <<IA vdvg/ ds/ duldos (2, §)

K (U™ (5, u)
0>> (B58)

t N s
(2)(1 t) = —i<<IA vdvevf/ ds/ du/ dv
Iy u

X Unse(t, Kb (MU (s, v)
< K/

An; l(v)uéhn’l (U’ M)
0>>. (B59)

We bound the norm of these error maps individually below.
To bound the norm of & )\)n(t ty), we analyze the structure
of the (A, n) support of the operators making up the inte-
grand in 5 ., to). For brevity, the time dependencies are
implicit in the rest of this paragraph. We first note that |0))
has its (A, n) support confined to the span of |0)(0|. Since
U™ cannot couple the vacuum state of oscillator (4, n) with

higher Fock states, the operator |0§2))) = Z/{é”;1 |0)) also has
its (A, n) support confined to the span of |0)(0|. Recall from
the definition in Eq. (B48) that Ky, , couples the vacuum
and first excited state of oscillator (X, n). Thus, the operator
|0(2) ) = =K, |0(2) )) has its (A, n) support confined to the
subspace spanned by |0)(1], |1)(0]. We observe that Llé”l

f
K)m; 1°

state of oscillator (X, n). Therefore, the operator |0§2);ef ) =

UgK],. U1 |05)) has its (A, n) support confined to the
subspace spanned by |0){0], |0)(1], [1){0], |1){|. Finally, since
K , couples the first and second Fock state of oscillator
(1, n) and annihilates any other Fock state, we conclude that
the operator to the right of Uy in Eq. (B59), |0(2) def ) =

o 2|0(2) ef )), has its (A, n) support confined to the subspace
spanned by [0) (2], [2)(0], [1)(2[. [2)(1].

We now perform a Kj,.» Dyson substitution on Uy in
Eq. (B59). The leading-order term resulting from this consists
of an integral with integrand ((I4|O%"*/)) with |0$*/)) .=

uggﬂo@”“ﬂf )) and U denoting the time-evolution super-

X K UL (u, 10)

and

an;l
X K GOUN™ (u, 19)

and Uy at most couple the vacuum and first excited

operator generated by Hosc — Kj;;. Crucially, UM cannot
couple Fock states of oscillator (A, n) with index below j to
Fock states with index j or above. Hence U2 is unable to
couple the second Fock state of oscillator (A, n) with the ze-
roth and first Fock state. Since we found above that |022);def ))
has its (A, n) support confined to the subspace spanned by
10)(21, 12)(0], |1){2], 12)(1], we conclude that [0%***/)) has
its (A, n) support confined to the span of operators on the
form |0) (j1. 1/) (O, [1){jI, [/}(1| with j = 2. Since the (%, n)
support of |0§2)'def )) is fully off-diagonal, we thus conclude

that ((IA|O;2);def )) = 0. This leaves us with the map resulting

from the residual term of the Dyson substitution
5(2)

t N K t
qxn(tvt()) = —<<IA vdvevag/ ds/ du/ dv/ dw
I N

X Uose (8, WYKo (W)U (w, 5)

osc

X Kfh o ($0Ug(s, VK, nl(v)w'”(v u)

0>>. (B60)

To bound the right-hand side above, we now use that, for p
trace class and X and Y bounded operators, we have

< IXNY ol

where Try is a partial trace, i.e., Tra[O] = ((I4]O)) [see Ap-
pendix E2 for the proof]. Using the above result, along with
the triangle inequality and the submultiplicative property of
the operator norm, we arrive at the following bound:

t s s '
||5(§2/\)n(t,t0)” < 16/ ds/ du/ dv/ dw
To 4] u K

X ||Kkn;2(s)||||Kkil;l(u)||
XN Kot ) K2 (W)

X K U™ (u, 10)

[ Tra[X pY ]|l (B61)

(B62)
‘We next note that

(| K 1 (B63)

SVivAEY 18ran(t — £

Using this bound in Eq. (B62), and exploiting the symmetry of
the resulting integral under exchange of integration variables,
we find

32(y A
[ Egnte. )] < (y 2k U Z|gm<s sn>|

(B64)
Here the factor of 32 arises from counting over the indices
governing right and left multiplication and the two factors of
\/_ 2 from K.

We now bound the norm of Sélk)n(t,to). To this end,

we observe in Eq. (B58) that [0§")) := L} K,. 2"110))
has its (A, n) support conﬁned to the subspace spanned by
[0)(1], [1){(0]. Recall that K: 2 couples the first and second
Fock state and annlhllates the vacuum state of oscilla-
tor (A, n). Therefore, the operator |0§1);d9)) = Kfm2|O§1)‘6))
has its (A, n) support confined to the subspace spanned by
0)(2], [2)(0]. We further note that |0{"*)) is nonzero only
when d = e. Performing a (Kj,.; + K,,:2)-Dyson substitution
on Uy in Eq. (B58) results in a leading-order term, Ué\s'él 2
generated by Hose — Koyl — Kina- UX12 is unable to couple
the vacuum, first, and second Fock states of oscillator (X, n).
The operator, |0%*)) := U%1:2]0{"*)), therefore has its
(A, n) support confined to the span of operators on the form
|0)(jl, |7) (O] with j > 2. The map resulting from the leading-
order term of the Dyson substitution consists of sums and
integrals of terms on the form ((IA|O§1);de)). Since the (A, n)
support of |O§1);d6)) is purely off diagonal, this map vanishes
in the partial trace over the oscillators, leaving us with two
separate maps resulting from the individual Hamiltonians in
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the residual term of the Dyson expansion

1 1 1b
E(t,10) = E (1, 10) + ELNE, 10),

t s t
vdvevf/ ds/ du/ dv
fo Iy N

X Uose (1, VKT, OULE 2 (v, 5)

osc

(B65)

where

EL(t,10) = —i<<IA

x K (s)Z/Ié\”;] (s, u)

X K U (u, 10)

0>> (B66)

t s t
vdvevf/ ds/ du/ dv
I Ty N

X Uose(t, VIK] o, U (0, 5)

and

ESt, 10) = —i<<IA

0sc

0>> (B67)

We consider the two residual terms individually, starting with
Eélfn) To this end, we note that the operator |Oéla);def )) =

X K (UL (s, 1)

X K U™ (u, 10)

K/{n;l |0g1);d‘°)) has its (A, n) support confined to the span of
operators of the form [1)(jl, [/)(1] with j > 2. We further
note that |0(61“);def )) is nonzero only when d = e # f. We
now perform a Kj,.»-Dyson substitution on U in Eq. (B66)
with leading-order term /"2, The (A, n) support of the op-

0osc
erator |0(71“);def )) = L[égflOém)‘def )} is confined to the span
of [0)(jl, |/){0l, |1){jl, |j){1| with j > 2. The map resulting
from the leading-order term of the Dyson substitution consists
of sums and integrals of terms of the form ((IA|0§1“);def ).
Once again this map vanishes in the partial trace, leaving us

with the map resulting from the residual

t s t t
vdvevag/ ds/ du/ dv/ dw
0] T N v

X Uose (8, WK, (UL (w, v)

0sc

E (e, 10) = _<<IA

x K] (U2 (v, Ko (U (5, 1)
0>>. (B68)

By the same arguments as for the bound on the norm of 56(1.2)3”,
we arrive at the following bound:

an;l
X K5, U™ (u, 1o)

4
8(y A 2 t
|e . 10)] < M{/ s |gra(s — Sn)|j| -

4!
(B69)
The prefactor is smaller than before since we showed that only
terms where d = e # f provide nonzero contributions to the
bound.

By a line of arguments similar to the ones we made
below Eq. (B67) we conclude that the (XA,n) support
of |Ogb);def)) = K{n;2|0§1);d6)) is confined to the span of
|0)(1], [1)(0] and is moreover only nonzero whend = e = f.

Performing a Kj,.;-Dyson substitution on U in Eq. (B67),
we thus see that the leading-order term vanishes, leaving us

with
t N t t
vdvevag/ ds/ du/ dv/ dw
0 100 s v

X Uose(t, K, (W)U (w, v)

5(?;20, o) = —l<<IA

0sC

X Ko (U2 (0, $)KEL o (UL (5, 1)

0>> (B70)

By the same arguments as for the bound on the norm of 5(;.2)3,1,
we arrive at the following bound:

X K U™ (u, 10)

4
8 A 2 t
[£9 1) < (V—é)[ / dngm(s—ém} .

4!
B71)
The small prefactor results from the fact that only terms where
d = e = f provide nonzero contributions to the bound. We
have now bounded the norm of all terms that make up the
error map.

¢. Combining the error bounds

We finally combine the bounds on the norm of the subdi-
visions of the error map in order to arrive at a bound on the
norm of the entire error map. We start by combining the three
bounds from the last section. Using the triangle inequality, we
find

gt )l < |EG @, 1)+ [ €850, 10) | + [ €, 20)].
(B72)

Substituting in the bounds for the terms from
Egs. (B64), (B69), and (B71) and changing the integration
variable results in the bound

4

=&,
ds |gf;ak<s>|} :

1€ (e, 10)| <2(y AEY: [ /

to—&y

(B73)

Using the triangle inequality once more, we can bound the

norm of the entire error map by summing up the bounds for
the individual oscillators

14, 1)1l < Zzwsf[/
A fo

4
s |gf;ax<s>|} :

(B74)
To simplify this bound, we use the inequality, which states that
for any function f(¢),

o0 t—&, o)
> dtlf(¢)|<(A%_Jrl)/_wdtlf(t)l, B75)

n=—oo ¥ fo—én

=&,

—&n

where T =t — fp and &, = nA£& (see Appendix E 3 for proof).
Extending the domain of integration to the entire real line
for three of the integrals in Eq. (B74) and using the above
inequality on the fourth integral allows us to get rid of the
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sum over n and provides the following bound:

T
I€4(t. 10)]] < 2(yA§)2(A_E N 1)

4
xz[/ dsZ|gfm<s>|] (B76)
A - o

since Y, |a,* < (3, lan])?* for any set of numbers {a,}, we
obtain

I€q (. 20)l

2
<2AE(T + AE)y? Z[ / dngm(sn}
A oo

- o

2

B77)

Minkowski’s inequality, >l ffooo dsy ., furn(®)I7 <
[, ds >, O, 1 fur(9)IP)1/P]P, allows us to further bound
the error by

1€q(2, 20)]

4
o0

ds > > Igrar ()
o o A
(B78)

Using |gua(s)| = |gaa(—s)|, and relabeling the integration
variable s to —s, we obtain

1€ (2, o)l

< 2AE(T + AE)y? /

4
o0

sy D Igran ()]
o0 s o

(B79)

We recognize the integrand above as the 2,1-norm of g. Defin-
ing Ty := 4y [ [ dr|g:(t)ll, ]* analogously to T, we arrive
at the following error bound:

Ag
8
If we choose A& < % and ¢ < I'T, then we get the follow-
ing error scaling:

<2ME(T + AE)Y /

[1Eq(t, to)ll < —=(T + AE)TE. (B80)

E4(t, o)l = O(eTFT/T). (B81)

Importantly, with the choice of filtering function @ made in
Eq. (B8), we have I't < 14.41T"—see Eq. (C7) for the proof.
Thereby, we obtain

& < 25.96A&(T + A2 (B82)

This tells us that a train of qubits can emulate the effect of a
train of harmonic oscillators in the limit of a small discretiza-
tion step.

4. Error from restricting interactions to a finite
number of qubits

In this section, we bound the error from truncating the
qubit register connected to the system at each point in time.
Specifically, we introduce a cutoff time, 7., such that the

(A, n)th ancilla qubit only interacts with the system at times
t for which |t — &,] < T,

Hr = Hs + 7 ) Se ® Ara(0), (B83)
with At (¢) given in Eq. (36). We define pr(¢) to be the
reduced density matrix of the system time evolved under Hr
from the the initial state p(fp) ® |0)(0| 4. Similarly to before,
our goal is to quantify the error by considering the trace
distance between the time evolution with and without a time
cutoff

&3 1= [[pr(t) — pg(O) |l (B84)

In this Appendix, we show that this error can be upper
bounded by

e <Ti(T + A6, (BSS)
C

where 17 and I' are related to the characteristic interaction

rate and correlation timescale of the bath.

Similarly to the previous subsection, we arrive at the bound
above by defining a quantum channel for the time truncated
dynamics, Cr, such that pr(t) = Cr(t, to)[po]. As in the last
Appendix, we define the error map as the difference between
the two quantum channels and arrive at the bound by bounding
the superoperator norm of the following error map:

Er(t,19) := Cr(t, 10)[p(t0)] — Cq(t, 10)p(t0)],

where Cqy(t, o)[p(to)] is the quantum channel for the non-
truncated evolution. The rest of this Appendix is dedicated
to constructing the error map in Appendix B4 a and subse-
quently splitting and bounding the norm of the terms in the
error map in Appendix B4b.

(B86)

a. Constructing the error map

To obtain an expression for the error map &r, we define
X»(t) to be the indicator function of an interval of width 27,
centered at &,:

]s |t_";:n|<fc

Xn(t) == {07 t—E> T (B87)

We can then construct a Hamiltonian which is equivalent to

Hr by explicitly subtracting interactions with ancillary qubits,
which fall outside outside of the cutoff interval

Hy(t) = Hyt) = Y > KOl = xa®)],

(B88)
A n=—00
where
Kon(0) = D Sa/y DE(gho 0 — £} +Hie)  (pgo)

is the time-dependent coupling to qubit (A, n). Note that
K,, is simply a restriction of K;,,; from the previous ap-
pendix to the subspace spanned by the zeroth and first Fock
states, which is equivalent to the Hilbert space of the an-
cilla qubits. We can now construct the quantum channel
for the time truncated dynamics Cr(t, tg) = ({I4|Ur(t, to)|0)),
where Uy is the time-evolution superoperator generated by
Hr. Recall that the quantum channel for the qubit evolution is
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Cq(t, t0) = ({Lally(t, 10)|0)), where U is the time-evolution
superoperator generated by Hy. The error map can now be
found as the difference between the two channels. Similarly to
before, we relate the two time-evolution superoperators using
a Dyson substitution to obtain a compact expression for the
error map [see paragraph above Eq. (B50)]. Specifically, we
perform a Y, > K;,(1)[1 — x.(2)]-Dyson substitution
on Uy, allowing us to wrlte

Uq(t, 10) =Ur (2, to)—lz Z [vd/ dsly(t, )KL (s)

A n=—00

% 11 = 2OV, m)}. (B90)
This allows us to identify
Erte ) = ivg f ds{althy (e, $)KE (5)
2,
<11 = %5, 0D, (B

We now set out to expand and bound the error map by methods
similar to those used in the previous subsection.

b. Expanding and bounding the error map

In this section, we expand the error map into a sum of terms
that can be conveniently bounded individually. We first define
the error map associated with each individual ancilla qubit
(A, n) as

t
Eran(t, 1o) = in[ ds((LalUy (2, $)KS,(5)

fo

X [1 = xn($)Ur (s, 1)10)). (B92)
The total error map is the sum over the error maps above.
We now use Dyson substitutions on the unitary superoperators
above to express &t (2, 1p) in such a way that it can be con-
veniently bounded. As in the previous subsection, our strategy
is to choose Dyson substitutions where the leading-order
terms vanish based on considerations about (A, n) support
(see the second paragraph under Eq. (B54) for a definition
of this terminology). To aid this analysis, we introduce the
following notation: We let L{g"(t) denote the time-evolution

superoperator generated by Hy(t) — K;,,(¢) and let U™ (1) de-
note the time-evolution superoperator generated by Hy(f) —
K., () xu(t). Crucially, both these superoperators act trivially
on the operator space of ancilla qubit (A, n), implying that they
do not modify the (A, n) support of the operator they act on.
Having laid out the strategy and notation, we are ready to
expand and bound Er,, (2, tp). As a first step, we perform a
K., x»-Dyson substitution on Uy in Eq. (B92), resulting in
= g'i',])zn + 5’?)&1’

ETn (B93)

where the two terms above arise from the leading-order and
residual terms of the Dyson substitution, respectively:

1
E (. 10)

= {(n

Vd[ dsUy(t, )KL, ()1 = xa()IUs" (s, 10)

fo

)

(B9%)

and

5'}2,\),,0, o) = — <<IA

t s
Vg Ve / ds / du
Iy Iy

x Uy (t, )KL (T — Xa(s) WUz (s, 1)

0>> (B9S)

We bound the error of the maps individually, starting with
&4, In Eq. (B61) [or (E11)] we saw that | Tra[X pY]|| <
||X Y Il where Trs denotes the partial trace over the
ancilla qubits. Using this result together with the triangle
inequality and the submultiplicativity of the operator norm,

we obtain

Kfn(u)Xn(u)u%n (u, t())

t s
162 ¢.10)] <4 / ds f dull = xu($)xa(t0)
10 fo

X N[ Kn (S I[ Kon G, (B96)

where the factor of 4 comes from counting over the left and
right multiplication indices, d and e. Recalling that K, is
the restriction of K, ; to the two lowest Fock states of the
oscillator, we use the bound on Kj,.; from Eq. (B63) and the
fact that x,, < 1 to obtain

t Ky
|e, 2. 10))] <4VA$/ dS/ dull — x,(s)]
T )

X Y 18ran (s — EIgrars (u — &I, (BIT)

o,

We now bound the term & (1)\) in Eq. (B94). We first note
that the operator to the right of U in Eq. (B94) has its (A, n)
support confined to the subspace spanned by |0)(1], |1)(0].
Performing a K;,-Dyson substitution on U, in Eq. (B94)
results in a leading-order term Z/{M, which preserves the con-
finement of the (X, n) support. Since this support is purely
off-diagonal, the map resulting from the leading-order term
of the Dyson substitution vanishes in the partial trace over the
ancilla qubits. This leaves us with the following map resulting
from the residual term of the Dyson substitution:

t t
vdve/ ds/ du
fo N

X Ug(t, K5, (U™ (u, 5)

ED (119) = i<<zA

x K& 11 = xu($)IUL (5, 10)

0>>. (B9S)
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B the same arguments used above for bounding the norm of
T M, we obtain the bound

t
|€0 . 1) <4y Ag f ds / dull = 1,(5)]
I s

X D 1gtar(s = E)lIgran (u — &) (B99)

a,a’

We next combine the two bounds in Egs. (B97) and (B99)
to obtain a bound for || Er, (2, 1)|]. Using the triangle inequal-
ity and the fact that the integration domains in Eq. (B97) and
Eq. (B99) line up, we find the following bound:

t t
| Eran(t, 10)]] < 4y AE / ds / dull = xu(5)]
Iy 0

XY 18t (s — ElIgrers (u — &)I. (B100)

aof

We finally obtain a bound for ||Er(, fp)|| by summing the
above bound over all ancilla qubits

IEr(t, 1)l < )4y AE f ds f dull — xo(s)]
‘i:n to— En

A,n

XD 18t (9118t (0)]- (B101)

a,of

By extending the integration over s to the entire real line and
then applying the same argument used below Eq. (B75), we
arrive at the bound

€@, 1)l <4y (T + AS)/ duf ds[1 = xo(s)]

X ) 1gran(5)llgran (0], (B102)

Ao,
where T =1t — 1y is the full simulation time. Using the in-
equality (see Appendix E 4 for the proof)

D 18w (9)11gars (w)] <

Ao,

Ig(=5)l,1 lg(=)ll5,;,  (B1O3)

we obtain, relabeling integration variables

1€ (, to)ll <4y (T + AS)/ du/ ds[1 — xo(s)]

X lgs()ll2.1llgy @21 (B104)

Recalling the definition of I’y [see also below Eq. (C1)], we
find

&3 <AT + A§)Y7TS f dst1 — xo(s)1lg (1.
(B105)

Since 1 — xo(t) vanishes for |¢| < 7., we see that the norm of
the error map is small if [|g[|, | has negligible weight in the
regions where |¢f| > 7.. The above constitutes our best bound
for &3.

While the above bound is generally valid, we can obtain a
simple expression for the right-hand side in terms of the bath
correlation time ¢ and I'¢. Since the integrand in the above

integrand is nonzero only when 'Xl > 1, we find

€x@, 1)l <2y Te(T + AS)T—/ ds|s|llge (), ;-
(B106)

Defining 7 == [°° dslsllgi(s)llo.1/ [, dsligi(s)ll,,; analo-

gously to 7, we find

-
IEr(, 1)l < T(T + Aé)—'.

C
In Appendix C we show that sty < 55.16I" ¢ with the choice
of filtering function ¢ made in Eq. (B8). Thus, we obtain the
following bound on the error

(B107)

g3 < 55.16T (T + AE). (B108)
Tc

This tells us that we can emulate the effects of the bath to

precision O(eI'T) by choosing 7. ~ t/e.

5. Trotter error

In this section, we bound the error from Trotteriz-
ing the evolution of the truncated Hamiltonian Hy = Hs +
VY 20 Sa @ A (1) first defined in Eq. (B83) with A ()
given in Eq. (36) and At a finite Trotter step. Such a Trot-
terized evolution is directly implemented in the ATA; thereby
this bound completes the establishment of an error bound for
the ATA, see, e.g., Fig. 6. For simplicity, we focus on the case
where Hs is time independent. Trotterization techniques for
time-ordered exponentials are analogous to time-independent
Trotterization, and both first- and second-order formulas exist,
see, e.g., Ref. [64]. The case of time-dependent Hs(#) can
thus be analyzed with similar techniques as below but is more
cumbersome; we therefore leave such an investigation for
future studies.

Our construction of the ATA employs a second-order Trot-
terization scheme. Denoting ¢, := #y + £ At and defining M :=
round(7 / At) as the total number of Trotter steps, this scheme
approximates the time-evolution operator generated by Hr,

Ur(ty. 1) = Te_if'UM dt'HT(t’)’

with the Trotterized system-ancilla ATR evolution operator
. M
given by [ [,_, G¢, where

(B109)

iHg At _ 1y ’ . ! Hg At
GK = gz [Te i 7 ldt \/VZ(XSD(®AT,H(, )]67 % , (BllO)

as in Eq. (25) in the main text. Letting and pr(f)y) denote
the system reduced density matrix generated by the system-
ancilla Hamiltonian Ht and pryouer (far) the system reduced
density matrix generated by the Trotterized system-ancilla
time-evolution operator, we define the Trotter error:

&4 1= ||10T([M) - pTrolter(tM)”Tr- (Blll)

In Appendix E5 we prove that the sum of the distances be-
tween the Trotterized and original time-evolution increments
provides an upper bound for the deviation. With the notation
U, := Ur(ty, t¢—1), we have the bound

M
<2) U — Gl
=1

lor(tp) — Prroter ()|l (B112)
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Therefore,

M
£4<2) U~ Gell- (B113)
=1

We next bound the terms on the right-hand side of (B113).
To this end, for brevity, we introduce the notation X =
Hs and Y(t) = /¥ Y ,Se ® Ar(t). The evolution we

. . . . Stz
wish to Trotterize is of the form Te i/ X@W+Y@wdu. oy

goal hence is to bound the distance of this operator to
e~ ¥ [Te 7 Ywdu)e=% Here we included an argument, u,
in X (u), whenever X is part of the time-ordered exponen-
tial argument despite the fact that we take X to be time
independent, to signify that X cannot be pulled outside the
integral in the time-ordered exponential. Such a bound can be
conveniently established using standard Trotterization tech-
niques [64] by introducing the operator

F(z,5) = e% (Tefif;“Y(u)du)*le’XTzTefif;“X(u)+Y(u)du 1,
(B114)

which compares the original time-evolution increment fol-
lowed by an inverse Trotterized increment to the identity. To
relate F'(At, z) to the operator difference we wish to bound,
we use F (0, s) = 0 to write F(At, s) = OAt dzdizF(z, s). Us-
ing the integral triangle inequality, we find

At d
| F (A2, 5)]l </ dz| —F(z, s)||. (B115)
0 dz

Exploiting the invariance of the operator norm under mul-
tiplication by unitary operators to multiply both sides by

—iXAr NN _iXAr
e (Te i Ywduye =55 e thus find

”e,,gm (Te,,-fym Yy e 3 Tt [T Xy (wdu ||

At
g/ dz
0

We note that the a sum over £ on the left-hand side with
s =1t,—; gives an upper bound on the Trotter error by
Egs. (B109), (B110), and (B113).

As the next step, we bound ||d%F (z, 8)||. Through direct
evaluation and use the triangle inequality, one can verify

—F(z,s)

. B116
dz ( )

dF( )
—F@.s
dz ¢

z w 1
< f dw / au| 211%, v s + 01, ¥ )1l
0 0 2’

1
+ Z[II[X, [X, Y (z+ 1]

1 Z
3 / doll[IX, Y'(w + 91, Y s + )]

w

1
+§||[X,Y’(w+s)]||:|. (B117)

Notice that integrating this equation leads to the well-known
Suzuki-Trotter error bound when Y (¢) is constant [94]. We
now analyze the terms of integrand in (B117) individually. For
brevity, we focus on the first term here. The remaining three
terms can be bounded by similar arguments.

To bound the first term in Eq. (B117), we first use our
definitions of X and Y to obtain

X, Y ()L, Y ()]
=y Y I[Hs, Sa] ® Ara(1), Sp @ Arg(s)l|.  (B118)
a.p
Hence,

IIIX, Y (s +2)], Y (s + w)l|l

<2 Z I[Hs, SellllAT.a (s + DIISp AT, (s + w)IIl-
a.p
(B119)
Recall from the definition of Arg(t) [Eq. (36)] that
AT < \/;A*s Y oe oo 25 |81t — £1)| A& Thus, using

the inequality f(y) < ; f;;”+8 dxf(x)+ fx);ﬁa dx|f'(x)| for all
Xo <y < xo + § and f absolutely continuous, we find

1 o0
AT (O]l < —= / ds’[ |gr.pa(t — 5)|
[AE J_o ;

+ A&|ghp (t — s’)l}. (B120)
Defining s = (51, 52, . . ., S5 )> $ = (51, §2, - - - , Sy, ), With
So = ISall = 1,
SO( = ||[Hs, Sa]”’
(B121)

and using the Cauchy-Schwarz inequality, we thus find

1 [o.¢]
2,3: I1SgIATs (]I < \/—A—SIISIsz_ ds'[llget — sDll2.1

o0
+ A& |lgi(t — )21, (B122)
with || - ||, denoting the standard Euclidean norm. Defining
Ce = Yo dslgi ol ) . ..
f 1= ~——"mr—, it follows from the definition of I’
that
1 VTt 3
SglllATs(O1 < |Is X 4 AT ).
ﬁ%jll sllllATs 1 < | ||2m< oA f>
(B123)
By a similar line of arguments we find
ﬁz I [Hs, SellllAT: (]l
(o]
< VyAgs] Z lige(t — &l ;- (B124)
n=—oo
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Thus it now follows that

ILEX, Y (z + )1, Y (s + w)]ll < 2||s||2||s||2(£+Asr3/2cf)fZ gz + 5 — &)l (B125)
Using this, (B117), (B113), and (B116), we find, for the first error term,
M At z w 1
Z/ dz [ aw [ dugiex v + 2Ly wly
—Jo 0 o 2
<& ) 13112 s ||2<£+Asr*/20>f > Zf dzlige(te—1 + 2 — &)l (B126)
—o0 (=1

We next use that Y, fOA‘ dzllgi(te—t + 2 — &y = [ dellgites + 2~ El,y and 2 [0 drf () < (L +
1) ffooo dt f(t), for any measurable, non-negative function f; see Appendix E 3, Eq. (E15), where a proof is provided. These
facts together imply

M At z w 2
Z/ dz / dw/ AUt 11X, Y+ ), Yt + )] < 8D : VI pere ) Y 127y
o fy L) M 2AE 2 2

Analyzing the remaining terms of (B117) in a similar way gives us

e aw [ al (ArY
;/0 dz/o dw/o duZ IIX. 1X.Y @+ )] < She (B128)
M At z w 5
) ! ' (A1) .
;/0 dz/o dw/o duz |IX.¥'(w +1)]] < Tat A& (B129)
and
M At z w 1 z (A[)2 m . F3/2CfAt
— / . Vot /2
;/0 dz/o dwfo dusz AvlIX. Y0+ 101 Y G 10l < S0 T4 agrong | EGA
(B130)

where § = (§1, $2, ..., 8n.) with §, = ||[Hs, [Hs, S.]]||. Hence, by combining Eqs. (B127)—(B130) with (B113), (B116),
and (B117), we obtain the following bound for the total accumulated Trotter error bound for the ATA:

Aty Trlsl,  I81L02C : T o1 ¥
4 <2(A; [JE(Q'SM + ”5”24 f) + ||S||22||S||2 (*/Z_f + §r3/2cfm> (—“/2—f + r3/2cfAé>]. (BI31)

Next we note that ||s||5 = Nc. Using this result, along with /Tt < %\/F, and noticing that [ dslg () <
% f—oooo ds|g'(s)]2,1 [95], we find

NTUT TAE 4 2

with C = /y =3/2( ffooo ds|g' (s)|2.1).- We see from the second-order Trotter error in (B132) how small Ar must be chosen to
guarantee the desired accuracy e, = O(eI'T). Assuming A& < £, we find the following requirement on At:

3/4 2
<u(Ar) (T+AE)|:\/E(”S“2 n ||S||2FC>+” ||2\/1V_CF< i CFAZ)(%+CFA§)]a (B132)

eAE

1 1
: ; A JTAE [eJTAE
At < min ( : ) ( . ) - E ] \/8 \/8 . (BI33)
CT'|Isll,+/Nc C*T2|I$ll,+/Nc 81,/ Nc CF||S||2 Nc' Isll, Cr|sll,

In the limit where ¢ — 0, the dominant inequality is

eAE
181,/ Ne*

This establishes the Trotter error bound used in Eq. (31) of the main text.

(B134)
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APPENDIX C: BOUNDS ON THE FILTERED BATH
CHARACTERISTIC SCALES

In this Appendix, we prove that the relevant interaction
rate and timescale for the filtered jump correlator, gf(t), can
be bounded by those of its unfiltered counterpart, g(¢). This
is important as the errors encountered in the Appendixes
above often depend on these timescales. The results of this
section justify our reexpression of all bounds in terms of the
corresponding rates and timescales associated with g; I" and
[see, e.g., (17) of the main text]. The characteristic interaction
rate and correlation time of g are defined as

- 2
Iy =4y [/ df||gf(t)||2,1:| ,
—00

00
oo At lIge ()l
In this Appendix, we prove that
r < 14.41T,
ite < 144107 +40.75T° /2. (C2)

We do not claim optimality of the numerical constants, and
they may be further reduced by a different choice of @(w).
Choosing 2 > 1/t, we therefore have

et = O(I'7). (C3)

To establish the bound above, we will, for convenience, use
the following notation:

/ h:

ft)>c

/ h:
ft)<c

for any functions f(¢) and Ah(¢), with 6(-) denoting the Heavi-
side step function. Similarly, we use the notation

foo dro(f(t) — c)h(r),

/oo drf(c — f(t)h(r), (C4)

fit)>c

ft)>c
with obvious generalizations to other directions of the in-
equalities in the integration domain.

To bound Ty, we invoke Minkowski’s integral inequality,
which states

h1=/ dio(fi(1) — c)0(f2(1) — c2)h(t), (C5)

(o]

2

2

o

<[ st [S it -9r. o

Squaring both side of this inequality and integrating over ¢,
we therefore have

/ dsgap(t — s)p(s)

o0

It < llglliT (€7
We now show that, by our choice of ¢ in Eq. (B8), we have

A 3.8 ~ 1441, (C8)

3/4

<
el N

from which the first bound in Eq. (C2) follows. (Note that the
above bound is valid with any matrix-valued function, h, with
integrable ||h]|, ;, in place of g.) To prove (C8), we first note

el </ |</7I+ﬁ2 | |<p|+f2 lel,  (C9)
Itl<so ltg‘o >5] |t ¢|<s1

>50 [t]|>s0

where so and s; are free parameters to be chosen below.
Using the Cauchy-Schwarz inequality in the first term, we

find f,, _, ¢l < v250ll¢ll> = vso/Tll, < /2502 For

second term, notice that

1 o
oot <= [ anipurt
zp|>sl St Joo

[£1>50

Using (s1)™! [Z dil2p0)"] = iz 2, dil5p(@)” and
2x11ﬂ [odolEp(@))* < 2Y],,( )%, we find

(C10)

8
< —. Cl11
ﬁzwlm lol - (C11)
|t]>s0
For the third term in (C9) we observe that
o0 1 S1
2 dt— =2—. Cl12
A;z‘/’|<éo |§0| S1 /S0 1‘2 S0 ( )

[t]>s1

Thus, ||l¢|l; < +/2502/m + s Q + 23‘ Minimizing the right-
hand side with respect to sg and S, we find Eq. (C8) at 59 =
42/ and s, = 424 /(JTQ).

We prove the second bound in Eq. (C2) by a similar ap-
proach to the first bound: First we note that

00 00
Frtp = J// dtllgf(t)tllz,I/ drligi®ll,,-  (C13)
- —00

o0

We identify the last factor as «/Ty/4y, which we
have bounded above. To bound the first factor, we
use that [ dsg(t — )p(s)t = [ ds(t — 5)g(t — )e(s) +
ffooo dsg(t —s) so(s). A straightforward computation, using
Minkowski’s integral inequality, as in (C6), then shows

o0 o0
f dillgs il < ol / dllgn)tl,

o] o]

o0
el [ dilglh, (€14
—0o0
With our choice of ¢ in Eq. (B8), we show below that
ltoll, < 27716 1 10. 741 (C15)
Pl = \/— O ~
Equation (C2) follows by combining this result

with (C13), (C15), and (C8).
To prove (C15), observe first that

lzell </ |t§0|+[13 |=r |t§0|-|-ﬁt3 < , ltel, (C16)
[tl<ro
| \

t\>rg t|>10

where ry and r; are free parameters to be chosen below. For
the first term in (C16) we use the Cauchy-Schwarz inequality
again to bound f\tl<r [to] < A/2r9||t@]l,. Using Placherel’s

Theorem, which states that the Fourier transform preserves
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the L2-norm up to a normalization constant, it hence follows

that
ro
/ ol < |2
[t]<ro T

where the latter inequality follows from the explicit form of ¢
given in Eq. (B8). For the second term in (C16) we use

1 o0
to] < — dr |2 o).
A'[3¢|>”12| (p| ~ rlz /;oo | (/’( )|

[t]>ro

d

do

8}’0

SV g (C17)
2

(C18)

Using again Plancherel’s Theorem, ffooo dt|t?e@))* =

= dw|%¢(a))|2, and the explicit ¢ from Eq. (BS),
it follows that

[ee) 5 ) 4
dt|t“pt)|” < . C19
/m o0 < 5 (C19)
For the last term in (C16) we have
[ee) 1 2
2 n
/3 L ltel < 2(r) / dt— =2—. (C20)
|| <ri N ro
[t]>ro
Combining the results above, we find
8ro 44 ”12
t <G —+ —— +2—. C21
” 90”1 7TQ + 27_[’_12&-23 + 1o ( )

Minimizing the right-hand side with respect to ry and r
[achieved with ry = 8ﬁ/$2 and r =4 23/8/(711/49)] we
obtain Eq. (C15).

APPENDIX D: TROTTERIZING ANCILLA-SYSTEM
COUPLINGS WHEN OPERATORS COUPLED
TO BATHS COMMUTE

In this Appendix, we describe how the system-ancilla cou-
pling can be Trotterized for multiple quantum noise channels
with commuting {S,}.

To recap, for multiple channels, we use the following op-
erator to advance the coupling in the mth Trotter step:

V, := T exp [—i/m dsﬁs.AT(s)]. (D1)

In—1

[See Eq. (37) of the main text]. If {S,} mutually commute,
then we may factorize V), into unitaries acting on individual
ancillas,

Vm - 1_[ Vm;An» (D2)
na

where
Vion := T exp [—iﬁ/ dsS - Am,,(s)}, (D3)
Lnn

and where the integration domain 1, is the intersection be-
tween the mth Trotter step interval and the time cutoff interval
for ancilla n, Ly, := [ty—1, tn] N [&n — Tc, &, + Tc]. Finally, the
ath entry of Ar;, is given by

Atain(s) 1= A& o5 (s — §)oy), + He. (D4

The ATA for multiple commuting quantum noise channels can
then be executed with the pseudocode in Fig. 4 by compiling
V,, as a product of gates acting only on single ancillas.

APPENDIX E: DERIVATIONS OF COMMONLY
USED IDENTITIES

In this Appendix, we derive the bounds in
Egs. (B50), (B51), (B61), (B75), (B103), and (B112) that are
used throughout Appendixes B and C.

1. Dyson substitutions: Proof of Egs. (B50) and (B51)

In this section, we derive general identities for Dyson
substitutions of unitary superoperators given in Egs. (B50)
and (B51). Specifically, we show that given a Hamilto-
nian H(t) = H;(t) + H»(t), the unitary superoperator U(t, ty)
generated by H(¢)—i.e., the time-evolution superoperator—
satisfies

U, tg) = U (t, 1) — iy / dsU (t, S)sz(S)Z/{(S, t0), (El)

o

and

UL, tg) =U(t, ty) — vy f dsU(t, s)sz(s)Z/ll (s, t9), (E2)

fo

where U (s, ty) denotes the unitary superoperator generated by
Hi(t). In Egs. (E1) and (E2), we refer to the right-hand sides
as Hp-Dyson substitutions of U.

To prove (E1), recall that, given a Hamiltonian H(¢), the
corresponding time-evolution superoperator is

t
Ut 1)) =Texp|—i Y vd/ dsH(s) |, (E3)
p o

de{L,R

where L denotes left multiplication and R denotes right mul-

tiplication and vy = —vg = 1. From now on, we contract
indices, so it is implicit that
vgH' = " vgH. (E4)
de(L.R)

The derivative of U/ evaluated at time s is (by definition)

aU(t, ty)

5 = —ivgH(s)U(s, 1p). (ES)

Clearly U(ty, o) = Z, where 7 is the identity superoperator.
Hence, integrating the above equation, we find

Ut 1) =T — ivy / dsH ()U(s, to). (E6)

fo
Likewise, the derivative with respect to #y yields

oU(t, ty)

= ivgU(t, s)H (s). (E7)
dty

s

Integrating this derivative from ¢ to #y and exchanging the
limits of integration in exchange for a sign change, we find

Ut o) =T —ivy / dst(t, s)H (s). (ER)

to
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With the above preliminaries established, we now prove
Egs. (E1) and (E2): If the Hamiltonian is written as H(t) =
H,(t) + H(t), then the superoperator associated with the uni-
tary time-evolution operator is then given by Eq (E3). On the
other hand, consider the superoperator

Ut, to) = U (t, to) — ivd/ dsU (¢, s)Hf(s)Z/{(s, t9). (E9)

Iy

By straightforward differentiation we find

J - -
5, U 1) U 1) = —ivgH{' (1)U, 10) = U, 1))
(E10)

It follows that
Ut to) — U, to) = Ui (t, o) Ulto, to) — Ult, 19)) = 0

and hence the superoperator U(t,ty) is equal to U, to),
and (E1) follows. Equation (E2) follows by a similar argu-
ment.

2. Bound on the trace norm of a partial trace: Proof of Eq. (B61)

In this section we prove Eq. (B61), i.e., we provide a bound
for the trace norm of a partial trace of a product of bounded
operators, one of which is a trace-class operator. This bound
is used to bound the operator norm of the error maps in
Appendixes B2, B3, and B 4. Specifically Eq. (B61) states
that for any trace class operator p on a composite Hilbert
space %4 ® ¢ and bounded operators X and Y on that same
Hilbert space, we have

ITraX pY 1l < IXINY H 217 (E1D)

where Trp denotes the partial trace over J#3. We will often
think of p as a quantum state; however, the inequality is
generally valid for any trace class operator.

To prove Eq. (E11), we use the fact that there exist two
orthonormal bases for 23, {|¥;)};, and {|¢;)};, such that

ITrslX pY 1l = D (W Trs[X pY 1I0).

J

(E12)

This follows from the singular value decomposition of the op-
erator Trg[X pY] on JZ;. We next express (V| Trz[O]|¢;) =
Y ¥l ®{(alOl¢;) ® |a), with {|a)} any orthonormal basis
on ¢, and note that there exist a unitary operator, U, such
that U|y;) = |¢;). Thus,

ITrslX pY 1l =) (¢ ® (al(U @ DX pY |$;) © |a)
j.a

=Tr[Y (U ® X p], (E13)

where we have used the cyclic property of the trace in the
last step. Taking the absolute value on both sides, and us-
ing Holder’s inequality for Schatten-p norms, |Tr[AB]| <

|A|l||B||;» We obtain
ITe[Y (U @ DX pll < 1Y (U @ DX Il ol (E14)

Using submultiplicativity of the operator norm along with
IlU & I]| = 1 has unit operator norm leads to Eq. (E11).

3. Proof of Eq. (B75)

In this section, we prove the bound in Eq. (B75) for a non-
negative function, f(¢):

o0 t—&, o0
> /Hn dtf(t) < (A% + 1) /_OO dtf(t), (El5)

n=—0o0

where T =t —ty > 0 and §, = nA&. To show this inequality,
we introduce the characteristic function on an interval

L, 1 €lta, 1]

Xt (1) = {0, Bl (E16)

This allows us to write the above integrals as

0 t—&, 00 x
> [ o= [ afo Y xseso.

n=—oo ¥ fo—én
(E17)

The sum over the indicator functions is uniformly bounded

o0

T
e e —+1). E18
OOX[to £0,1—5,1(1) (Ag + ) (E18)

n=—

Due to the non-negativity of f(r), we thus arrive at the desired
inequality.

4. Proof of Eq. (B103)
Here we prove the bound in Eq. (B103), which states

D 18anIgerr )] < Ng(=9)lly, llg(=)ll51. (E19)

Aa,af

To establish this result, we first use the Cauchy-Schwarz
inequality to obtain

D 18ar(9)]]garn ()]

Aa,af

<> (; |gw<s>|2)

o,

2

(Z |8au\(u)|2> L E0)
A

Using that go, (#) = g5, (—u) we hence find

D 18ar(9)]]gan ()]

Ao,

1
2

<. (ng(—s)ﬁ) (ng(—unz) :
A s

o,a

(E21)

We recognize the above right-hand side as the product of two
2,1-norms, M1y, := >, (3, IMas|H)V/?, of g, ie.,

Z 18ar ()18ar (W) < 1Ig(=9)1l21 I8(=)ll2, 1

Ao,

(E22)

which is the desired result.
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5. Bound on the accumulated Trotter error: Proof of Eq. (B112)
Here prove the bound in Eq. (B112):

lor(tm) — Prrotter (ta) I T

M
_i [t ’ ’ iHg At iHg At
<2Y [T e A _ Wy @23)

=1
with ty, = 1o + M At.

To conveniently prove the bound above we introduce the
following notation: We let

"t

Ur(t,10) = Te o 1), (E24)

denote full system-ancillas ATR time-evolution operator, with
Hr given in Eq. (B83), and let

iHg At iHg At
T2 T2
Ve

Gn=e (E25)

denote the full system-ancilla ATR Trotter step unitary. Fur-
thermore, we let

pr(t) = Ur(t, 1) (p(to) ® 0)(0)|Ur(t, 10)",

denote the evolution of the density matrix of the composite
system-ancilla system generated by Hy(¢) and likewise let

¢ ¢ T
Proter (1) = []‘[ Gm}pao) ® |0><0|[1_[ Gm} (E27)

m=1 m'=1

(E26)

denote the corresponding time-evolved state of the composite
system with the Trotterized evolution. We finally introduce the
shorthand Ur., := Ur(t;, ti—1).

With the n9tati0n above, it clearly follows that pr(t) =
UT;le(téfl)Uql;g, and Prioter () = Gei)Troller(téfl)Gz- There-
fore,

P1(te) — Prooter () = Ut;ZIZ)T(tE—l)U,Tg — G Prrotter(te—1)G).
(E28)

Adding and subtracting U, ,?)Tmner(tg,l)Ut;, taking the trace
norm, and using the triangle inequality we find

|51 (te) — Prvower (te) |l
< NUelprte—1) — Proter (-1 )]U:g [l
+ ”Ut;EbTrotter(tK—l)Uig - Glerotter(té—l)GZ”TP (E29)

As the trace-norm is unitarily invariant, the first term of (E29)
gives

1Urel[Br(te—1) = Prroter (te—1)IU, I

= ||pr(te-1) — Prvotter Fe—1) || Tr- (E30)

For the second term of (E29) we add and subtract
Gy Prrotter (Te—1 )U,fz and use the triangle inequality to find

” Ut;(ZZ)Trotter (tﬁ—l )U[Tg - GZ IbTrotter (tf—l )G; ”Tr
< ”[Ur;K - Gl]b’l‘rotter(tﬁ—l )U;;r[”'l‘r

+ 1GePrvotter (te—1) Ure — Go) 'l (E31)
Using that || X PrroterY I < IXIIY ]I, for X and ¥ bounded

operators [Eq. (E11) with 53 = C and | prroter |Te = 1], we
thus find

1Ure Prvotter (te- 1)Uy = Geprvoter (te—1)G) e < 2[1Ure — Gell-
(E32)
Thus,
|21 () — Protter (o) |l T
< NPrlte-1) = Preoer (eI + 20|Ue — Gell. - (E33)

By induction and by using || p1(fo) — Protter (o) llTe = 0, it fol-
lows that

” bT (tM) - /bTrotter (tM) “Tr

M
<Y T IO _ oy (E34)

=1

Equation (B112) [or (E23)] now follows by noting that

“pT(tM) - pTrolter(tM)”Tr < ”:Z)T(tM) - /Z)Trotter(tM)”Tr’ (E35)

which follows from the bound || Trg()|I: < |21, valid for
any trace-class operator p on a composite Hilbert space 574 ®
3 [see Eq. (E11), with .73 being the ancillas Hilbert space,
and withX =Y =1].
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