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Building upon recent progress in Lindblad
engineering for quantum Gibbs state prepara-
tion algorithms, we propose a simplified pro-
tocol that is shown to be efficient under the
eigenstate thermalization hypothesis (ETH).
The ETH reduces circuit overheads of the
Lindblad simulation algorithm and ensures
a fast convergence toward the target Gibbs
state. Moreover, we show that the realized
Lindblad dynamics exhibits an inherent re-
silience against stochastic noise, opening up
the path to a first demonstration on quan-
tum computers. We complement our claims
with numerical studies of the algorithm’s con-
vergence in various regimes of the mixed-field
Ising model. In line with our predictions,
we observe a mixing time scaling polynomi-
ally with system size when the ETH is satis-
fied. In addition, we assess the impact of al-
gorithmic and hardware-induced errors on the
algorithm’s performance by carrying out quan-
tum circuit simulations of our Lindblad simu-
lation protocol with a local depolarizing noise
model. This work bridges the gap between re-
cent theoretical advances in dissipative Gibbs
state preparation algorithms and their even-
tual quantum hardware implementation.

1 Introduction

The simulation of quantum systems is poised to be
one of the most promising applications of quantum
computing. This task typically requires the accurate
preparation of relevant initial quantum states. In par-
ticular, Gibbs states at an inverse temperature g and
for a quantum (non-commuting) Hamiltonian H,

e BH
96 = Ty[e=PH] (1)
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play an essential role in understanding the thermal
properties of quantum many-body systems. Further-
more, Gibbs states serve as key resources in a vari-
ety of quantum algorithms for optimization problems,
machine learning tasks, and more (see [1, 2] and ref-
erences therein). Such demands have led to signifi-
cant research efforts to develop quantum algorithms
for Gibbs state preparation [3-19].

Inspired by the successful application of Markov
chain Monte Carlo algorithms to a wide range of
practical computational problems, including classical
Gibbs sampling [20, 21], the authors in [5, 7, 22, 23] in-
vestigated their quantum analogue for sampling from
Gibbs states of quantum Hamiltonians. Inspired by
thermalization phenomena occurring in nature [24],
there has also been a broad interest in utilizing
dissipative quantum dynamics, described under the
Markov assumption by the Lindblad equation [25], to
prepare quantum thermal states on a quantum com-
puter [3, 26-38]. The underlying mechanism is the ex-
istence of an (often unique) steady state, which can be
made close to a target state through a specific design
of the underlying Lindbladian [39-41]. Recently, the
authors of [32, 33] have resolved several outstanding
obstacles in the engineering of such specific Lindbla-
dians, which are both efficiently simulatable and have
the desired Gibbs state as their unique steady state.

From a complexity theoretical perspective, low-
temperature Gibbs states are hard to prepare even
with a quantum computer in the worst case [42]. Still,
it is anticipated that quantum algorithms simulat-
ing Lindblad dynamics can efficiently prepare certain
Gibbs states of interest [43-45] that would otherwise
be hard to sample from. The efficiency of these algo-
rithms is assessed in terms of the resources required to
implement the Lindblad evolution as a quantum cir-
cuit and the mixing time of the dynamics. The latter
characterizes the time for any initial state to converge
close to the steady state of the Lindbladian.

Despite remarkable advances in the design and sim-
ulation of adequate Lindbladians, a gap remains be-
tween theoretical results in idealized scenarios and
their practical application. Such practical consider-
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ations include the noise resilience of the proposed al-
gorithms or numerical studies of their convergence.
We address this gap by proposing a version of the
Gibbs state preparation algorithms [32-35, 38] with
reduced quantum resource requirements, potentially
facilitating a near-term hardware demonstration. We
provide a comprehensive numerical investigation of
convergence characteristics of the Lindblad dynam-
ics in various settings, establishing the crucial roles
played by both the jump operators and the dynami-
cal properties of the system Hamiltonian. In addition,
we analyze algorithmic errors and the noise suscepti-
bility of our proposal—both analytically and based on
simulations of the corresponding quantum circuits.

In Sec. 2 we recall necessary background about
Lindbladians, their mixing time and steady states,
and give a detailed summary of our contributions
and their relation to prior works. In Sec. 3 and 4
we introduce our variant of the dissipative quantum
Gibbs state preparation algorithm. Crucial to our al-
gorithm is the compliance of the system Hamiltonian
H and the selected jump operators with the eigen-
state thermalization hypothesis (ETH) [46-49]. We
show in Sec. 3 that the ETH guarantees fast and ac-
curate convergence of the Lindblad evolution towards
the desired Gibbs state. The circuit implementation
of our algorithm, together with a detailed analysis of
the algorithmic errors incurred, is given in Sec. 4. To
complement our theoretical investigations, in Sec. 5
we perform extensive numerical simulations of the
noiseless Lindblad dynamics for a 1D mixed-field Ising
model. In Sec. 6, we analyze the impact of stochas-
tic noise on the convergence accuracy of our proto-
col, neglecting algorithmic errors such as discretiza-
tion and Trotter errors. Based on this, in Sec. 7, we
numerically study the influence of local depolarizing
noise by simulating quantum circuits of the full pro-
tocol. In this section, we also study the effect of our
algorithm’s main parameters on the convergence ac-
curacy and analyze the trade-off between algorithmic
and noise-induced errors.

2 Preliminaries

We briefly summarize the concepts of Lindblad dy-
namics, steady states, detailed balance, and mixing
time. These form the basis for the discussions in the
subsequent sections. The Lindblad equation,

Lty = £lot)], )

describes the dissipative dynamics of an open quan-
tum system, which is formally solved as p(t) =
e“[p(0)] for an initial state p(0). The Lindbladian
L is the generator of the dynamics and can be writ-

ten as follows:

Llpl = —i[G,pl + > a (L“pL“T - %{L‘”L“,p}),
acA
(3)

The first term in Eq. (3), —i[G, p], captures the co-
herent (unitary) part of the dynamics. G is Her-
mitian and in the present work we set G = H,
where H is the system Hamiltonian of the Gibbs
state og in Eq. (1). The remaining terms are re-
sponsible for the dissipation along the evolution: the
transition term 4 YaL®pL and the decay term
=2 Y ueaYa{L*TL, p}. The set of indices A selects
suitable Lindblad operators L that drive the dissipa-
tion, and ~, are transition weights.

Quantum detailed balance—a generalization of
the classical notion of detailed balance of Markov
chains—controls the steady state of the Lindblad dy-
namics. A steady state o of £ is defined by e'*[0] = o
for all t > 0, or, equivalently, L[o] = 0. Throughout
this work, we assume that the Lindblad dynamics has
a full-rank and unique steady state, denoted as puo.
The latter can be ensured by choosing the coherent
term and Lindblad operators such that only multiples
of the identity commute with them [50, Theorem 3].

We adopt the Kubo-Martin-Schwinger (KMS) inner
product to define quantum detailed balance.” For a
full-rank density matrix o, the KMS inner product is
defined as the weighted scalar product [52, 54-56],

(X,Y), = Tr[X o2y o/, (4)

for bounded operators X,Y. We denote by £ the
adjoint of £ with respect to the Hilbert Schmidt in-
ner product, ie. (X,LI[Y])yg = (L[X],Y )y with
(X,Y)ps = Tr[XTY]. Then, we say that the Lind-
bladian £ obeys the o-detailed balance (0-DB) con-
dition if LT is self-adjoint with respect to the KMS
inner product (4),

(X, LIY]), = (LTX]Y), ()

for all bounded operators X,Y. For a Lindbladian £
that obeys the 0-DB condition, we have for all X

(Llo), X)us = (I, LT[X]), = (£M1]. X), =0, (6)
where [ is the identity operator. We used the o-DB
condition (5) in the second equality and £7[I] = 0 in
the last equality. When a Lindbladian obeys the o-
DB condition, the corresponding Lindblad dynamics
converges to the steady state o in the infinite time
limit [57, Proposition 7.5].

To prepare the quantum Gibbs state og, Eq. (1),
we wish to engineer a Lindbladian £ that satisfies the
03-DB condition. When this is only approximately

ISeveral other notions exist in the literature [51-53].
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satisfied, the steady state po, of L inevitably devi-
ates from the target og. In such case, it is impor-
tant to control the convergence accuracy ||psc — 03|,
of the steady state compared to the Gibbs state, as
quantified here via the trace distance. Furthermore,
to use this construction algorithmically, the speed of
convergence and the efficient implementability of the
Lindblad dynamics are crucial (see Sec. 3). We quan-
tify the convergence speed via the mixing time tyix,
i.e. the time it takes to approach the steady state un-
der the Lindblad dynamics from any initial state p in
trace distance:

tmix(€) = inf {t > 0| Vp: [[e“[p] — poc]|, < €}. (7)

Contribution and relation to prior works

Our protocol builds upon recent advances in Lind-
blad engineering for quantum Gibbs state prepara-
tion, with the aim to reduce circuit complexity and
facilitate a potential near-term hardware demonstra-
tion. We follow [32], who propose an efficient quan-
tum algorithm for Gibbs state preparation via simu-
lation of the Lindblad equation (2) with a carefully
designed (approximately o3-DB) L. Key to their al-
gorithm is the use of Lindblad operators in the form of
filtered operator Fourier transforms (8), which allow
to control the trade-off between convergence accuracy
and required resources. In subsequent work, [33] pro-
pose to use G = Gcka, Eq. (47), as the coherent
part of the Lindbladian to satisfy the o3-DB condi-
tion exactly. Despite being efficiently implementable,
its overheads likely remain prohibitive on near-term
quantum hardware.

In our protocol, we simplify the construction of [32]
by using a discrete set of Lindblad operators (similar
to [35]), instead of the continuous set used in [33]
(see App. A.2). In addition, we avoid the implemen-
tation of Gekg by resorting to the ETH (assuming
the underlying system Hamiltonian behaves quantum
chaotic), which ensures 03-DB on average. The evo-
lution under the Lindbladian (3) is simplified by em-
ploying the single-ancilla protocol of [36, 58] (similarly
used in [34] for tasks of ground state preparations),
combined with the random selection of a single Lind-
blad operator (8) at each time step. Such a random-
ized method is also used in [38] with jump operators
constructed from n-qubit unitary 2-designs. In com-
parison, assuming the ETH allows us to use simple,
local Pauli products as jump operators, which can be
implemented with shallower circuits than 2-designs in
practice. Finally, [59] proves a bound on the mix-
ing time similar to ours for random sparse Hamiltoni-
ans and unitary 1-design jump operators. While their
choice of jump operators is similar to ours, they use
the quantum Gibbs sampling algorithm of [33] with-
out the simplifications we propose here. We also point
out that the ETH was employed to efficiently prepare
the quantum Gibbs state in [30], where, instead of

evolving the system under dissipative dynamics, they
simulate the unitary dynamics of the system and an-
cilla and trace the latter out only at the end.

We verify the correctness of our protocol and prove
that under the ETH the Lindbladian £, Eq. (3), is o-
DB (on average), and derive an upper bound on the
convergence accuracy ||ps. —ogl|; for a concrete re-
alization of £. Moreover, we show that, in this case,
the mixing time of the Lindblad dynamics is poly-
nomially bounded in the number of qubits n. For
this, we tailor the spectral gap analysis of [60] to our
case. Note that very recently and employing a dif-
ferent technique, [61] derived a log(n) mixing time
bound for non-commuting local lattice Hamiltonians
above a constant critical temperature, improving over
bounds based on the spectral gap of the Lindbladian.

Beyond those theoretical results, our main contri-
butions are a comprehensive numerical study of mix-
ing time and convergence accuracy of the Lindblad
dynamics, and a thorough analysis of the influence of
algorithmic errors and noise on our protocol.

Prior numerical works mainly focus on the spec-
tral gap of the Lindbladian [60, 62, 63]. Convergence
towards the target Gibbs state via long-time simula-
tions is studied in [64] for harmonic oscillators and
hydrogen chains. In [65], considering a similar pro-
tocol as ours for the purpose of ground state prepa-
ration, the Hartree-Fock method is used to analyze
the convergence of energy expectation values. In gen-
eral, simulation of dissipative system dynamics is a
well-developed field [66-72]. However, the numerical
methods developed there often exploit structure of the
Lindblad operators, such as sparsity, low-rank approx-
imations or tensor network decompositions, which we
do not expect to apply, in general, for Lindblad op-
erators in form of the operator Fourier transforms we
consider here (see App. D.3.4 for a brief discussion of
recently proposed tensor network approaches).

In our numerics we focus on the mixed-field Ising
model. We identify quantum chaotic (where ETH and
03-DB holds) and non-chaotic regimes of the model
based on an eigenstate delocalization analysis [73-76].
To efficiently explore mixing time and convergence ac-
curacy across the different dynamical regimes, we de-
velop an adaptive numerical solver that determines
for each setting an optimal temporal discretization.
In the chaotic regime and using local jump operators
(ETH holds), we numerically observe polynomial (in
some cases linear) mixing time scaling. For non-local
jump operators (ETH does not hold), convergence to
the Gibbs state is significantly slower. Interestingly,
in the non-chaotic regimes of our model we observe
vastly different convergence properties.

To our knowledge, the interplay between algorith-
mic and noise-induced errors on Gibbs state prepara-
tion with the recent Lindblad simulation algorithms
has not been studied in detail before. In order to as-
sess noise-induced errors we bound the distance to the
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target Gibbs state under the influence of a stochastic
mixture of unitary noise channels. In certain regimes
the effect of noise can be significantly smaller than
expected: mnoise-induced errors at earlier times are
damped through the contractive nature of the Lind-
blad dynamics showcasing inherent robustness of the
protocol to typical sources of hardware noise on near-
term quantum computers. Similar effects have been
observed, e.g., in [77-82]. To assess errors from key
algorithmic parameters (e.g. Trotter step size) we
perform full circuit simulations. We also analyze the
trade-offs between algorithmic and noise-induced er-
rors, whereby smaller algorithmic errors tend to in-
crease circuit depth which, in turn, increases noise-
induced errors. Quantifying such trade-offs is crucial
for identifying optimal algorithmic parameter config-
urations for given hardware specifications.

3 Lindblad engineering with ETH

In this section we introduce our protocol in more de-
tail and discuss basic aspects of the ETH. The ETH
will allow us to derive analytical bounds on the accu-
racy and the speed of convergence towards the target
Gibbs state for our Lindbladian (3), which is only ap-
proximately detailed balanced.

3.1 Lindblad operators

We consider Lindblad operators {L%},., given in
the form of a filtered operator Fourier transform
(OFT) [35],

= [Cagan = X wdn ©

- vEBy

with A%(t) = eftAme 1t p, = [% dteg(t)
and A} = > p_p_ LA, where II; is the
projector onto the eigenstate of H correspond-
ing to the energy FE;. We denote with By :=
{E; — E; | E;, E; € spec[H|} the set of Bohr frequen-
cies. The set of jump operators {A%},ca can be cho-
sen arbitrarily as long as it satisfies {\/7aA%}aca =
{V/7aA}aca. In our case, we will always consider
Hermitian jump operators, such that this condition is
fulfilled by construction. In addition, we assume the
jump operators to be local, in the sense that they act
non-trivially only on a small part of the system. This
is a requirements of the ETH, discussed in more detail
in Sec. 3.2. The concrete jump operator model used
in our numerics is described in Sec. 5.1. Furthermore,
to guarantee uniqueness of the steady state we require
that only multiples of the identity commute with the
jump operators and Hamiltonian [50, Theorem 3]. We
choose a filter function

A2 1/4 _A2421i8A2
o) = (55) st )

which  satisfies the normalization condition
[Z dtlg(t)? = 1. This choice seclects energy
transitions in Eq. (8) that decrease the energy by
roughly SA%/2. For our analytical and numerical
studies, we choose Ap = +/2/8, as discussed in
App. C.1. This choice ensures that the energy
transitions induced by the jump operators are well
within the energy window defined by the Fourier
transform of g. Noting 1, = e=#*/25_,,, Eq. (44), and
using {\/VaA%aca = {\/VaA }aca, one can readily
show that 3 a0, ?Lact?[]ol/?Late /2
W 0Ya0g o5 "[og o4

> .Y LT[JL*. Tt then follows that the transition
term in Eq. (3) satisfies the 03-DB condition (5) as

D Vel X, LY L),
acA
—1/2 74 1/2 1/2 pa+ _—1/2
=Y aloy L0 Xoy P L0 2 Y g, (1)
acA

= V(LTXLYY),,.
a€A

It remains to assess under which conditions the decay
term in Eq. (3) obeys the 03-DB condition.
3.2 Convergence under the ETH

The ETH [48, 49] states that, for a given Hamiltonian
H with eigenbasis {|F;)}, the matrix elements of a
local observable A are expressed as

f(Eij, vij)
Ei| A|E;) = A(E)by; + ——L9 R, 11
(B AIE) = A(BSy + Ry, (1)
with Eij = (Ez + EJ)/Q and Vij = El — Ej.

A(E) and f(E,v) are smooth functions of E and v.
The density of states D(F) is defined by D(E) =
> EiespeclH] 5(E — E;), where 6(E — E;) is a smeared
delta function so that D(FE) becomes a smooth func-
tion of F. R is a Hermitian matrix with entries R;;
whose real and imaginary parts are independent ran-
dom variables and which satisfy Er[R;;] = 0 and
Er[|Ri;|?] = 1, where Ep denotes the average over
R. We assume that the diagonal vanishes, R;; = 0,
for all 7. See App. C for details.

In the following, we assume that for given jump
operators the Lindbladian £, Eq. (3), is well-
approximated by a random realization of £ with jump
operators modeled according to Eq. (11). The strat-
egy is to show that the ETH-averaged Lindbladian
ERL respects the 0g-DB condition and that the dis-
tance between the average ErL and a single realiza-
tion of £ is bounded by a sufficiently small quantity
with high probability. Via this bound we obtain up-
per bounds on the mixing time and the convergence
accuracy for our Lindbladian L.

Detailed balance — The decay term in Eq. (3)
obeys the o3-DB condition under the ETH average.
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To see this, we convert the decay term to,
Z Ya (X, {LaTLav Y}>U[i
acA

=3 qaloy PL LA X + Xo P Lt Lo P Y ),
acA
(12)

for all bounded operators X, Y. According to the
ETH, the matrix elements of the jump operators A®
are given by Eq. (11), which leads to,

Er [UEI/QLGTLQUE/Q]

= Z nunu’eB%ERKAZ)TAz’]

v’

ETH ER[L(ITL“L

(13)

where the last equality follows from Eg[(A2)TA%]
d,,,-. Combining Eqs. (12) and (13), we find

B[ 3 (X {1410 YY), |

acA (14)

—Ep [ 3 %<{L“TLG,X},Y>UB].

acA

From Egs. (10) and (14) we conclude that the Gibbs
state og is the steady state of the averaged dissipa-
tive Lindbladian, i.e. neglecting the coherent term
—i[G, p] in Eq. (3)—which in our case is generated by
the system Hamiltonian, G = H. Note that H com-
mutes with og, which implies that the coherent term
—i[H, p] does not affect the steady state. Thus, we
find that the Gibbs state o3 is the steady state of the
averaged Lindbladian ErL,

ERL:[O'Q] =0. (15)
Mixing time — For a Lindbladian £ with steady

state poo and gap A, the mixing time is bounded via
(see e.g. [83, Eq. (104)])

1 9 g01/2
bg(np nm)_

i <
tle (6) = AL c

(16)

The spectral norm || p;ol/ ?||lso typically scales expo-
nentially in the number of qubits n. Thus, we obtain
a polynomial dependence of the mixing time on the
number of qubits n if the spectral gap of L is lower-
bounded by 1/poly(n).

In App. C.3, we show that EgrL effectively re-
duces to a classical Markov chain on the spectrum of
H [60]. This allows us to employ the well-developed
framework of Markov chain conductance to derive an
inverse-polynomial lower bound Ag,, > Q(83/n).
According to Eq. (16), this implies a bound on the
mixing time of EgL polynomial in n and 3. To ob-
tain a similar bound for £, we show in App. C.4 that
the distance between the Lindbladians £ and ErL is

bounded by O(58/+/]A]).

B

As proven in App. C.5, it follows that

tmix(€) < O (nB*(B||H || oo + log(1/¢))) ,

with high probability, provided a sufficiently large
number of jump operators, |A| = Q(n?8%). See
Thm. 2 for a precise statement of the result and
the assumptions. Typically considered Hamiltoni-
ans have polynomially bounded norm ||H||~, for ex-
ample ||H|l« = O(n*) for k-local Hamiltonians, or
|H||co = O(n) for geometrically local Hamiltonians.

(17)

Convergence accuracy of the steady state —
We again invoke the result on the distance between
L and EgrL. As proven in App. C.5, see Thm. 2, the
trace distance between the Gibbs state o3 and the
steady state of L, poo, is bounded by

n/3?

V14|

lp0e = 0plli <O (6 + (Bl Hlloo + 10g(1/6))> ;

(18)

with high probability. Thus, a sufficiently large num-
ber of jump operators |A| = Q (n?B%||H||% /€) leads
to a steady state that is e-close to the Gibbs state, i.e.,
lpoo — opll1 < €. In the next section we will see that
| A| does not enter the complexity scaling of our quan-
tum protocol for the Lindblad simulation. Therefore,
in principle, we can choose |A| as large as allowed by
the considered jump operator model.

4 Randomized single-ancilla protocol

So far we have studied the convergence properties of
the Lindblad dynamics. In this section we describe
how this evolution can be implemented as a quantum
circuit. In Sec. 7 we perform full circuit simulations
and investigate the algorithmic errors of our proto-
col. We adopt a single-ancilla protocol as in [34, 36]
and combine it with a randomized scheme [38, 84]
to simulate the dynamics under the Lindbladian (3)
with G = H and v, = yp,. The parameter v > 0
controls the strength of the dissipation and ensures
that the probabilities p, satisfy 0 < p, < 1 together
with - p, = 1. Instead of applying the full Lind-
bladian (3), at each evolution time step we apply a
single Lindblad operator L* sampled with probability
Pa. We further factorize the coherent and the dissi-
pative parts of the time evolution. Hence, starting
from an initial state p(0), the state prepared after M
evolution steps of length dt each, is given by

M
(H P o U&) [p(0)], (19)
i=1
where we have defined
1
D[p] = LpL*T = {L*TL", p}, (20)
Z/{(St [p] — e_iéthei‘StH, (21)
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Repeat fori=1,..., M

10 e ——

- L1 vai (5t)
efiHét

Figure 1: The quantum circuit for simulating Lindblad evo-
lution (19). The ancilla qubit on the top is traced out by
discarding the measurement results.

and {a,...,apn} is the set of labels of the randomly
sampled Lindblad operators. The total evolution time
is t = Mdt. By taking the average over the random
sampling of Lindblad operators we find,

> pae™" 0 Usilp] = p+ StLIp] + O(5¢) "
a 22
= e p] + O(6t?).

It has further been shown that the individual trajec-
tory defined by Eq. (19) approximates the target dy-
namics with an error measured in the trace distance
inversely proportional to M (Theorem 7 in [38])%.
Hence, for large M, a single trajectory describes the
average evolution in Eq. (22) sufficiently well.
To implement each dissipative Lindblad evolution
e®P"[p], we note that, for the dilation [28]
K= 1) (0],,.® L +10) (1], . ® LT,  (23)

anc anc

the following identity holds,

Tranc [e_i 6thu(|0> <0|anc ® p)ei &WKG]
= &P [p] + O((6t7)?).

Implementation of the left-hand side of the identity
only requires introducing a single ancilla qubit and
Hamiltonian simulation.

To retain the algorithmic error of O(4t?) in
Eq. (22), we apply the second-order product for-
mula to implement the evolution under the unitary
e WIK" 1341 To do so, we first discretize the
OFT (8) over a restricted domain [—T,T]. Taking
discretized time steps At :=T/S, we get

(24)

S
L= " At,g(sAt)A"(sAt), (25)
s=—5

with Aty = At for =S +1<s< S —1and At, =
At/2 for s = £5. We call At the OFT discretiza-
tion step. Accordingly, the dilation K¢, Eq. (23), is
discretized as K := [1) (0], ® L%+ (0) (1], ® L.

anc anc

“Results of Ref. [38] are given in terms of a weighted I2-
metric that upper bounds the trace distance, see Lemma 5 of
Ref. [56].

Now, one can implement e~} StyK* by applying the
second-order product formula, which we denote by

Ve (ét), such that

Ve(St) = e VITET L 0(51242). (26)

~ p(Mdt) The same ancilla qubit can be reused after resetting

it to |0). The resulting quantum circuit implementing
the Lindblad dynamics is sketched in Fig. 1.

As apparent from the previous discussion, several
approximations are required for the circuit implemen-
tation. In App. B, we provide a comprehensive study
of the resulting errors. When accounting for all these,
the preparation of the steady state of £ incurs the
following algorithmic error:

At 2
trmix X O (6t + e 2T/A)
VB

(98 N
B —7(27rAt—2,8||HHoo—1) _
+V/B|Bule +
(27)

The precise statement is given in Prop. 1 in App. B.
The contribution of the individual error sources are
discussed further in App. B.4, and analyzed in detail
in Sec. 7, by means of simulations of the corresponding
quantum circuits. For the algorithmic error (27) to be
less than €, the algorithm uses Hamiltonian simulation
(i.e. evolution under the system Hamiltonian H) for
a time scaling as

o <ﬂtr2nix logﬂtmix> ) (28)

€ €

See Thm. 1 for the precise statement. Combined with
Eq. (17) and also accounting for the convergence ac-
curacy of Eq. (18), this shows that under the ETH,
preparation of the Gibbs state, with e-error, can be
implemented efficiently as a circuit with a single ad-
ditional ancilla. We note that the currently known
best Lindblad simulation algorithm achieves the run-
time [28, 33]

O (Btmix polylog(1/e)) , (29)

where O hides the polylogarithmic dependence on 3
and tnyix. However, this requires an additional over-
head circuit for a complex block encoding of the Lind-
bladian. The protocol presented in this work is based
on the Trotterization and dilation (weak measure-
ment), which avoid such overhead circuit at the cost
of sacrificing the near-optimal scaling in Eq. (29).

5 Noiseless numerical study

This section studies the dynamical properties of our
randomized Lindbladian protocol. To this end, we nu-
merically estimate mixing time, spectral gap and con-
vergence accuracy for the Lindbladian (3), taking into
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Figure 2: ldentification of chaotic (point CH) and non-chaotic
regimes (TFIM, REG) of the mixed-field Ising model (30) as
a function of transverse and longitudinal fields via eigen-
state delocalization. ETH is expected to hold in the chaotic
regime. Mean E[D;] (left) and variance Var[D;] (right) of
the fractal dimension D; are evaluated in the n-qubit Z-basis
for n = 8. Large mean E[D:] combined with small Var[D1]
signal quantum chaos. Other parameter points and eigen-
state delocalization in other bases are discussed in App. D.1
(cf. Tab. 1).

account the random application of a single jump oper-
ator at each time step, as in the quantum algorithm in
Sec. 4. Here we ignore the Trotterization (19), OFT
discretization (25), as well as the influence of noise as
they will be the focus of Secs. 6-7.

We consider the 1D mixed-field Ising model with
open boundary conditions

n—2 n—1 n—1
H=-JY ZiZia—-hY Xi—mY_ Z. (30)
1=0 1=0 1=0

The parameters h and m control the strength of the
transverse and longitudinal fields, respectively. We
set the inverse temperature to 8 = (2.J)~! throughout
our numerical studies.

We analyze various settings defined via: (i) the
number of jump operators, (ii) the locality of the jump
operators, and (iii) the degree to which the system
satisfies the ETH, parametrized by h and m (keep-
ing J fixed), as detailed in Secs. 5.1-5.3. We ob-
serve a polynomial scaling of the mixing time with n
when the ETH holds, confirming our analytical bound
in Eq. (17). Moreover, we observe a polynomially
decreasing distance between the steady state of the
Lindblad dynamics and the target Gibbs state with
increasing number of jump operators |A| as indicated
by the bound in Eq. (18). In settings where the ETH
does not hold, we observe vastly different convergence
properties.

ETH and quantum chaos — The ETH is ex-
pected to hold with high accuracy in quantum chaotic
systems [48]. For our model (30), we identify sets
of parameter points (h,m) with distinct quantum
chaotic properties by analyzing the delocalization

properties of the energy eigenstates, as used e.g. in
[75, 76]. This approach directly assesses the under-
lying properties of ETH, while simultaneously being
independent of a specific choice of observables (jump
operators). Quantum chaos is signaled by a large av-
erage E[D;] over the fractal dimension D;, in com-
bination with a drop in variance Var[D;]. This be-
havior signals a strong and uniform delocalization
of energy eigenstate. Definitions and more details
are given in App. D.1. Figure 2 shows E[D;] (left)
and Var[D;] (right) in the parameter range m/J €
{0}U[10~1, 10, h/J € [1071,10]. The parameter re-
gion 0.7 < h/J <2,0.2 <m/J < 0.9 shows the clear-
est signature of quantum chaos (see also Fig. 12 for an
extended analysis). Within this chaotic lake, the ETH
ansatz is expected to be valid with with high accu-
racy. In turn, the limits m — oo or h — oo are dom-
inated by either the transverse or longitudinal field,
whereas in the limit h,m — 0 the interaction term
dominates the dynamics. In all three cases, eigen-
states become more localized and we expect that the
ETH is not applicable. We call these limits the regu-
lar limits of our model. Another important case is the
limit m — 0 of the transverse field Ising model, which
is an integrable (i.e., non-chaotic) model. Based on
the phase diagram in Fig. 2 we select three relevant
parameter points, shown as white crosses, for our nu-
merical studies in this section—TFIM (the transverse
field Ising model), REG (dominated by the longitudi-
nal field), and the point CH deeply within the chaotic
lake. Additional parameter points, exploring the re-
maining regular limits and the chaos transition, are
considered in App. D. In Tab. 1 we summarize all con-
sidered parameter points. Furthermore, in App. D.1.3
we compare eigenstate delocalization properties to the
distribution of level spacing ratios, another frequently
used signature of quantum chaos [85, 86].

5.1 Simulation of the Lindblad equation

In this subsection we study numerically the mixing
time and the convergence accuracy ||poo — 0|, of the
Lindblad dynamics (2). The Lindblad operators (8)
are constructed from a set of random k-local Pauli
jump operators A® with a € A. The random jump
operator model is detailed in App. D.3.1. For our
studies, we vary both k& and the number |A| of con-
sidered jump operators. For computational efficiency,
we ues a randomized simulation strategy. We com-
pute individual trajectories of the dynamics by sam-
pling at each time step a single jump operator A%,
a € A, with probability p, = 1/|A|, and evolve the
current state under this single jump operator. This
is similar to our quantum protocol in Sec. 4. We use
the fourth-order Runge-Kutta method, instead of the
Trotterization (19) used in the quantum algorithm,
and evaluate the integral in Eq. (8) exactly, instead
of using the discretization (25). For each parame-

Accepted in {Yuantum 2025-08-20, click title to verify. Published under CC-BY 4.0. 7



Number of qubits n.

= 3 6 1 I
1 I [
10—4—§ 4 — I 1
i— 5 — 3 || |
——rrr] — ] SN | R I U I — — et
102 103 10* 102 103 104

Evolution time Jt Evolution time Jt

Figure 3: Trace distance between the target Gibbs state os and the state p(t) evolved under Lindblad dynamics of the
mixed-field Ising model (30) with single random jump operators at each time step for n = 3,...,8 qubits and 8 = (2J)~".
We consider a set of size |A| = 20 of random 2-local Pauli jump operators and the Hamiltonian parameter points REG (left,
dominated by the longitudinal field) and CH (right, quantum chaotic regime), cf. Fig. 2. Thin lines are individual trajectories
of the randomized Lindblad simulation protocol (details in App. D.3), thick lines are trace distances between the Gibbs state
and the time-evolved state averaged over trajectories. Vertical lines indicate the mixing time estimate in Eq. (31). The results
confirm much faster mixing in the quantum chaotic regime (CH) than in the non-chaotic regime (REG). On the other hand, the

system in parameter regime REG converges to a state closer to the Gibbs state as explained in App. D.2.

ter point, we simulate the Lindblad evolution up to
a maximal number of time steps NJ&X = 3 - 10°.
The step size is determined by an adaptive scheme
for each setting and system size individually. Details
on the numerical scheme are provided in App. D.3,
with step sizes reported in Tab. 1. The results shown
in the main text are computed for a fixed number of
random trajectories. A detailed analysis of the influ-
ence of the number of trajectories on the dynamics,
and a comparison to the Monte Carlo wave function
method, is given in App. D.3.3. We highlight that the
numerical simulations performed are exact, thus lim-
iting the system sizes that are probed. In App. D.3.4
we briefly discuss the potential and challenges of re-
cently proposed tensor network simulation techniques
for similar systems.

Figure 3 exemplifies the evolution of the trace dis-
tance ||p(t) — opl|1 for the two parameter points REG
and CH (cf. Tab. 1) and increasing number of qubits
n = 3,...,8. As initial state we fix the maximally
mixed state, p(0) = I/2™ with I the 2" x 2™ identity,
and we fix for each n a set of random (k = 2)-local
jump operators of size |A| = 20. A single trajectory of
the dynamics for a given n is generated by sampling a
random jump operator from this set in each time step.
The trace distances for several of these trajectories are
plotted as thin lines (varying n is indicated by color).
The time-evolved state is computed as an average of
the trajectory states at each time point (see App. D.3
for details). The trace distances of this state to the
Gibbs state are shown as bold lines. In all cases, the
averaged time-evolved state is significantly closer to
the Gibbs state than the individual trajectories.

Because of the randomization, the Lindblad dy-
namics does not exactly converge to po, but plateaus
at a value between 10~* and 1072. Moreover, the

exact steady state of Eq. (2) only approximates the
Gibbs state og. However, as we will see in Fig. 5,
the convergence accuracy ||poo — 03|1 is well below
the observed plateau in Fig. 3 in all cases. Hence,
with our limited number of trajectories in Fig. 3, we
cannot dynamically resolve the difference between the
two states. Further note that for the point REG and
n = 8, the time evolution already stops at Jt ~ 10%.
This is because this setting requires a much smaller
step size for the simulation, cf. Tab. 1, such that we
only reach a time of Jt ~ 10* within the maximal

number of steps Ngii.

5.2 Mixing time estimate and spectral gap

We set € = 1072 and estimate the mixing time (7) by

tmix = inf{t > 0:||p(t) — o)1 <1072},  (31)

starting from the maximally mixed state, p(0) =
I1/2™ instead of maximizing over all initial states. In a
slight abuse of notation, p(t) denotes the evolved state
under the numerical scheme, and not the state under
the exact dynamics (2). The mixing time estimate
fmix is highlighted in Fig. 3 by vertical dashed lines.
We generally observe that the early time dynamics
(t < tmix) coincides for all trajectories (thin lines).
Hence, a very small number of trajectories (even only
a single one) suffices to accurately compute the esti-
mate fix. As expected, timix increases with n. The
quantum chaotic parameter point CH exhibits a much
smaller mixing time than the regular limit REG. In-
terestingly, the trace distance ||p(t) — 0|1 converges
to a smaller value for REG than for CH, which we will
discuss in more detail in Fig. 5.

From the bound in Eq. (17) we expect the mixing
time to scale as O(poly(n)). Here we study numeri-
cally the scaling of fmix and the spectral gap A, with
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Figure 4: Scaling of mixing time (top) and spectral gap of Lindbladian £ (bottom) with n. We consider sets of random 2-local
Pauli jump operators of size |A| = 5,20, 50 and the mixed-field Ising model (30) at parameter points TFIM (left, transverse
field Ising model), CH (middle, quantum chaotic regime) and REG (right, dominated by the longitudinal field), cf. Fig. 2. We
use 8 = (2J)"'. The mixing time and spectral gap data fit well a polynomial oc n” (lines). The transverse-field (TFIM) and
chaotic (CH) regimes show much faster mixing and correspondingly larger spectral gap than the longitudinal-field-dominated

regime (REG). The number of jump operators |A| has a negligible effect except for REG,

A| = 5. In this case the dynamics

does not converge within the maximal simulation time and the spectral gap is significantly smaller than in other cases.

the number of qubits n for different numbers of (k =
2)-local jump operators, |A| = 5,20, 50, at the param-
eter points TFIM, CH and REG (cf. Fig. 2). As before,
the initial state is maximally mixed. Other parameter
points, other values of k, as well as simulations with
initial state [0)*" are discussed in App. D.2.

Figure 4 shows the mixing time fy, (top row) and
the spectral gap A, (bottom row) as a function of
n for different |A|. We compute Az from the full
Lindbladian (3), containing all Lindblad operators
L% a € A (details in App. D.3.5). For each |A| and
each parameter point the legend shows the leading
exponent  of the polynomial dependence of fyix, As
on n, obtained by fitting the data to ~ n”. In almost
all cases, this assumption is justified based on our nu-
merical findings. We note that the number of jump

operators | A| does not have a significant effect on i
and AL.

We observe small mixing times for the chaotic point
CH with a polynomial scaling exponent of approxi-
mately k &~ 1.4. Other chaotic parameter points show
a similarly fast convergence (see App. D.2). In con-
trast, the regular limit REG shows over an order of
magnitude larger mixing times with slightly smaller
scaling exponent k ~ 1.3. Note, however, that in
this case and for n = 8 or |A| = 5, the time-evolved
state does not converge to a distance ||p(t) — o1
below € = 1072 within the maximum time horizon
considered. Even larger mixing time estimates are ob-

tained in the limit of large transverse field, h > m, J,
as discussed in App. D.3. Interestingly, the inte-
grable point TFIM, corresponding to the transverse-
field Ising model, shows the fastest convergence with
exponent kK ~ 1.2. Moreover, for REG we observe a
non-monotonic dependency of mixing time on n (al-
though showing an overall increasing trend with n).
The mechanism behind this is a complex interplay
of Bohr frequencies of the model, the filter functions
used in Eq. (8), and the energy distribution of the
initial state. In App. D.2.2 we discuss this effect in
more detail and show that, as a consequence, the scal-
ing for the regular point REG is strongly susceptible to
the initial state, while the chaotic point CH is relatively
robust against the choice of initial state.

The situation is mirrored for the spectral gap A.
As expected, we obtain large gaps with a decay expo-
nent between —2 < k < —1 for the chaotic parameter
point CH, and comparably smaller gaps for REG. Inter-
estingly, in this case and for |A| = 5, the spectral gap
drops roughly two orders of magnitude in comparison
|A| = 20,50. This is in line with the above observed
extremely long convergence time in this case. The in-
tegrable limit TFIM exhibits the largest spectral gap,
accompanied by the smallest (in modulus) decay ex-
ponents between —1 < k < —0.5.

In App. D.2.1 we further explore the influence of
initial state and locality k of the jump operators (see
App. D.3.1 for a detailed description of the jump oper-
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ator model we use). We generally observe an increase
of mixing time for larger k. Moreover, the zero state
|O>®” typically converges faster to the steady state
than the maximally mixed state. In App. D.2.3 we
study the influence of the coherent term —i[H, p] in
the Lindbladian (3). In the derivations of our ana-
lytical results in Eqs. (17) and (18), it turns out the
coherent term does not play a role. Nevertheless, we
find numerically that the coherent term significantly
improves the convergence towards the steady state of
L.

5.3 Distance between steady state and Gibbs
state

According to the bound (18), the trace distance be-
tween the steady state and Gibbs state, ||peo —0os|l1 <
O(poly(n)/+/]A]), depends inversely on the number of
jump operators |A| when |A| is not sufficiently large.

Here we study numerically the scaling of || poc —0g]|1
with |A| € [5,200] for n = 5,6,7 at the parame-
ter points TFIM, CH and REG. The results are shown
in Fig. 5. As expected, the distance between both
states decreases in all cases for increasing |A|. For
the points TFIM and CH we observe a clear linear de-
crease on the double-logarithmic scale. The leading
order exponent x is obtained from a fit of the data
to ~ |A]" (solid lines) and given in the legend. The
data shows a smaller (in modulus) exponent, around
Kk ~ —0.2, compared to the scaling x = —1/2 sug-
gested by the analytical upper bound (18). Note that
the dynamics is approximated with a randomized pro-
tocol with fixed number of trajectories, as described
in App. D.3.1. A detailed analysis of the decay of
convergence accuracy with increasing number of tra-
jectories is provided in App. D.3.3.

The data for the parameter point REG shows strong
variation. However, we still discern a clear decrease
with |A|. In this case, the leading order exponent is
approximately x ~ —1/2. Overall, we observe a much
smaller trace distance between steady state and Gibbs
state in the regular limit REG (m/J > 1, h/J < 1),
compared to the other two points. This is in line
with Fig. 3, where we also observed a convergence
to a lower value of ||p(t) — ogll1 for REG. The same
effect is present for the complementary regular limit
h/J > 1,m/J < 1(ctf. Fig. 17, App. D.2). The likely
cause is that, effectively, only one energy transition
contributes to the Lindblad operator which leads to
an effective Lindbladian with the Gibbs state as its
steady state with a high accuracy. For details, see
App. D.2.2.

Interestingly, we do not observe an increase of
lpoo — opll1 for an increasing number of qubits n,
suggesting that this empirical distance has milder de-
pendence on n than our analytical upper bound (18).
This is a promising observation for the practical im-
plementability of our approach since it potentially al-

lows us to choose a number of jump operators |A| in-
dependently of n and still retain ||pos — o3/l1 = O(e),
as discussed below Eq. (18).

6 Resilience against hardware noise

In addition to errors incurred by the approximations
necessary for circuit implementation, any hardware
implementation will inevitably encounter imperfec-
tions due to noise. As much as for the algorithmic
errors in Sec. 4, it is crucial to quantify and under-
stand these errors, which is the purpose of this section.

To facilitate the exposition we focus on the effect
of noise, considering a stochastic noise model (i.e. a
stochastic mixture of unitary channels including the
identity), and ignore other algorithmic errors. The
noise model contains typical noise channels such as
local and global depolarization and arbitrary Pauli
noise channels representative of noise obtained after
application of randomized compiling [87] techniques,
that are commonly used to mitigate coherent errors.
Under this assumption, we derive two independent
bounds on the noise-induced Gibbs state preparation
error. The first one is restricted to stochastic noise,
Eq. (32), and explicitly takes into account the damp-
ing of early-time errors through the contractive nature
of the Lindblad channel. The second bound is adapted
from [32] and is applicable to more generic noise chan-
nels, as discussed in more depth in App. E.5. In
certain regimes, the former can result in a signifi-
cantly tighter bound. To make this study concrete,
we will evaluate deviations incurred by noise resorting
to protocol characteristics extracted from the numer-
ical studies presented in Sec. 5 and extrapolated to
larger system sizes.

6.1 Setup

A noisy realization of the protocol consists of noise-
less short-time Lindblad evolution interleaved with
the noise channel. In the noiseless case, the dynamics
corresponding to M steps of evolution, each of dura-
tion 6t is given by I'pr = (e®*)M. In contrast, we
model the noisy dynamics as fM = (Ay o )M
with noise channel

MIX] =1 =X+ NUXU[  (32)
l

Each U; is unitary, A; € [0,1], and A = >, \; € [0, 1]
is the overall error probability.

Let us define pas := Tas[p(0)] and fas == Car[p(0)],
the states obtained after M steps of noiseless and
noisy evolution, respectively, both starting from the
same initial state p(0). Under the noiseless dynamics,
pm converges to the target Gibbs state og up to a
convergence accuracy (18), which is neglected for the
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Figure 5: Scaling of trace distance between the exact steady state of the Lindblad dynamics p and target Gibbs state o3 with
the number of jump operators |A|. We consider random 2-local Pauli jump operators, n = 5,6, 7 qubits, 5 = (2])71, and
the mixed-field Ising model (30) at parameter points TFIM (left, transverse field Ising model), CH (middle, quantum chaotic
regime) and REG (right, dominated by the longitudinal field), cf. Fig. 2. Polynomial fits o< |A|" (lines) confirm a decrease
with exponent x &~ —0.2 for TFIM and CH slightly smaller in modulus than expected from the bound (18) (k = —1/2). The
integrable point REG shows a faster decrease (k &~ —1/2) and a significantly smaller distance between the steady state and
Gibbs state. Appendix D.2 explains this observation and presents further results.

purpose of this section. In trace distance this conver-
gence is captured by

lpas — oplls < Bem M, (33)

We note that for this bound to hold for an arbitrary
input state p(0), B can be exponentially large in the
system size. Below we will fit B and « to numerical
data obtained from our simulations and, when limit-
ing ourselves to a single input state, show that B can
be significantly smaller in practice.

6.2 Bounds on the convergence accuracy

As detailed in App. E.2-E.3, through Eq. (33) and
the use of triangle inequalities, we can upper bound
the distance ||par — o||1 between the state prepared
by M steps of noisy dynamics and the Gibbs state by

~ A A
— M(q _
BM._B[uO (1 1—uO>+1—u0] "

with ug == (1 — N)e™® € [0,1).

Given that 0 < ug < 1, B M decreases monotonically
with M towards the asymptotic bound B, limiting
the distance between the noisy steady state p., and
the Gibbs state,

I7ss = 05ll, < Boo = B (35)

1-— (%)
The precise statement is given in Thm. 3. This bound
depends both on the error probability A and the con-
vergence rate a. As expected, the smaller the error
per step of evolution, the closer g is to the Gibbs
state. Similarly, the bound decreases as the con-
vergence rate increases, and simply becomes B\ for
a — oo. Note that for given B,« and sufficiently

small A (ie. BMA/(1 — ug) < |pnoise — 0pll;/2) the
noisy steady state p is closer to the Gibbs state than
to the steady state ppoise Of the noise channel. This
is in contrast to unitary evolution, which always con-
verges to the fixed point of the noise channel for any
finite level of noise \.

In App. E.5, we derive a second bound on the noise-
induced Gibbs state preparation error, Eq. (219),
which holds for more generic noise models. This
bound is based on the operator distance between the
Lindblad evolution quantum channels of the ideal and
noisy dynamics. For the derivation we adapt [32]
(Lemma II.1), which is stated for continuous time,
to our discrete setting and the considered noise chan-
nel (32).

6.3 Results

In order to quantify noise-induced errors and, ulti-
mately, to assess the viability of our dissipative Gibbs
state preparation protocol, one wishes to evaluate the
bound (35) at varied system sizes, noise levels, and al-
gorithmic parameters (for instance, the discretization
of the Lindblad operators (25) that affects the gate
count of the circuit and thus the strength of the noise
per step of evolution). To illustrate applications of
these bounds, we resort to values of B and «, extrap-
olated to large n from the numerical data discussed
in Sec. 5. We use the data from the chaotic setting
CH in Fig. 3, for n = 3,...,8, and starting from a
fixed initial state p(0) = I/2™. In Fig. 6 (left panel)
we fit the right-hand side of Eq. (33) (dashed lines)
to the numerical data (solid lines). From these, a de-
pendency on n is extracted. Results are displayed for
« in the inset of Fig. 6 (left panel), showing that a
geometric fit closely matches the data, and for B in
Fig. 21 (right panel) of App. E. Using these fitted a, B
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Figure 6: Noise study for the mixed-field Ising model (30). (Left panel) Fitting of the convergence dynamics in the chaotic
regime (CH data from Fig. 3). We report the trace distance between the state prepared by noiseless evolution and the target
Gibbs state, for different system sizes (n = 3 to 8 qubits, colors in legend) and set 3 = (2J)" as before. A fit of the form
of the right hand side of Eq. (33) (dashed lines) matches closely the convergence dynamics. (Inset) the convergence rates a
are found to scale as O(n~'3%). (Right panel) Extrapolating the convergence rates o and prefactors B to larger system sizes
(up to m = 100), and assuming a number of 2-qubit gates Ng(n) = 50n per evolution step (Jdt = 1), we can evaluate the
bounds (35) on the distance between the steady state of the noisy dynamics and the Gibbs state. These are normalized by B
and plotted (solid lines) for different values of the error probabilities A; per noisy gate. For comparison, we show bounds based
on the operator distance between noisy and noiseless Lindblad channels, Eq. (219), with the same strength (dotted lines),
and for corresponding unitary circuits (dashed lines). These are further detailed in the main text and appendices (App. E.5

and E.6).

in our bound (35) is justified only if we additionally
assume that Eq. (33) holds with these parameters for
all p(0) that can be generated from I/2™ by applica-
tion of I'. For a more detailed discussion we refer to
App. E.3.

For the noise channel (32) the error probability A
for one step of evolution can be related to the num-
ber Ny of noisy operations (e.g., 2-qubit gates) re-
quired for the circuit implementation of e*** and the
error \g per operation: 1 — X = (1 — \g)Me. We fix
the error per noisy gate A\; and assume a number of
gates Ny = 50n per unit of time (Jét = 1). This
linear dependency is taken to reflect that the num-
ber of terms in the Hamiltonian (30) grows linearly
with the system size. In turn, the number of gates
required to perform unitary evolution (see Eq. (68)
in Appendix B) would also increase linearly. The co-
efficient 50 is taken as a representative example—in
concrete implementations it will depend on the cir-
cuit details and their compilations. Other choices,
grounded in algorithmic and system details or scal-
ings of @ and B, can be made. Further full circuit
simulations under a local depolarizing 2-qubit gate
noise model are presented in Sec. 7.2, where we re-
port actual gate counts resulting from compilation.

The bound (35) is reported in units of B in
Fig. 6 (right panel, solid lines), and evaluated for
different values of the 2-qubit gate error, Ay =
104,105 and 1078. Such values span error rates
representative of the transition from quantum plat-
forms with high-fidelity 2-qubit operations on physical
qubits expected in the near term, to platforms with a
limited number of quantum-error-corrected qubits in
the medium term. As can be seen, for a noise strength

Ag = 107* (blue line), except for the smaller system
sizes, the prepared steady state quickly becomes indis-
tinguishable from the maximally mixed state, which
corresponds to a value B, /B = 1 for the chosen ini-
tial state p(0) = I/2™. As the 2—qubit gate errors
decrease to \g = 1079, the range of sizes for which
the prepared state remains sufficiently close to the
target Gibbs states increases to a few tens of qubits.
Finally, for Ay = 1078 it would become possible to
prepare Gibbs states of up to n = 100 qubits with
relatively low error found to be ||po — 0ll1 =~ 0.2.

We stress that the previous evaluation of the
bounds relies on extrapolation of the convergence
rates from fixed input state and relatively small sys-
tem sizes, up to n = 8, to much larger values of n.
Still, through bounds on the spectral gap derived in
App. C.3 and C.5, and corresponding assumptions, we
expect the convergence rate to scale geometrically as
O(n~°), as used here, albeit with potentially different
values of the exponent c.

To put these results into perspective, we include
our second bound, Eq. (219), which in principle can
be adapted to more generic noise models than the
stochastic model given in Eq. (32). The second bound
is distinct from Eq. (35) and is tighter for large enough
values of B. However, for relatively small values of B,
in regimes where noise effects are comparatively small,
it can significantly overestimate the impact of noise.
This is observed in our numerics. As can be seen in
Fig. 6 (right panel), the bounds for generic noise (dot-
ted lines) are substantially looser than the ones from
Eq. (35): 3 to 70 times larger for the regime of small
errors Bos < 0.2. Notably, the latter accounts for
the fact that errors (especially the ones occurring at
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early times in the dynamics) are tempered by the sub-
sequent steps of evolutions that always tend towards
the steady state of £. This feature is not captured by
the more generic bounds.

Finally, we also incorporate deviations that would
be entailed for a unitary Gibbs state preparation
protocol with comparable circuit complexity (dashed
lines and detailed further in App. E.6). As can
be seen, these are also significantly larger than the
bounds of Eq. (35) obtained for Lindblad evolution
and stochastic noise: 2 to 50 times larger for the
regime of small errors Bo, < 0.2. While such a study
has its limitations—some amount of non-unitarity
would be required when preparing Gibbs states—it
exemplifies the enhanced resilience of the dissipative
protocol compared to the unitary case, and adds to
the body of work identifying this effect [77-81]. Con-
ceptually, the existence of a non-trivial steady state,
distinct from the steady state of the noise channel,
ensures that the long-time evolution does not accu-
mulate errors and still retains information about the
Gibbs state 0.

Overall, the bounds in Egs. (35) and (219) allow
us to assess the viability of the here considered dis-
sipative Gibbs state preparation protocols on near-
term quantum hardware. We saw that errors in-
duced by noise can be significantly less detrimental
than expected, especially when the dominant contri-
bution from the noise is stochastic. Going forward,
combining such noise estimations with the algorith-
mic errors analysis of Sec. 4 will be key in determin-
ing the optimal algorithmic parameters for our proto-
col. Finally, we note, that the noise considered here
was adversarial, in that our Lindbladian was not de-
signed to account for it. Engineering Lindbladians
for Gibbs state preparation taking into account pre-
characterized noise (even if approximately) may open
up the path to even more resilient protocols.

7 Quantum circuit simulation

In Sec. 5 we investigated the dynamical properties of
our Lindbladian (3), neglecting realistic error sourced
incurred by the circuit implementation. In this sec-
tion we focus on circuit simulations of our protocol
(Sec. 4). These allow us to study the influence of the
main algorithmic hyperparameters and analyze the
algorithm’s performance under realistic noise mod-
els. In Sec. 7.1 we compare our analytical bounds
derived in Sec. 4 to the error obtained from noise-
less circuit simulation. Furthermore, in Sec. 7.2, we
support our theoretical treatment of hardware noise
(Sec. 6) by noisy circuit simulations, assuming a lo-
cal depolarizing two-qubit-gate noise model. The cir-
cuit simulations are performed with qujax [88], a
Python circuit simulation package based on JAX [89],
which allows efficient parallelization and batching of
circuit runs for different hyperparameter configura-

tions. As in the previous section, we focus on the
parameter point CH of the Ising model (30). For the
jump operators A% in the discretized Lindblad oper-
ators (25) we use the same model of k-local Pauli op-
erators as in Sec. 5 (see also App. D.3.1 for a precise
definition). The compiled circuits used in this sec-
tion are accessible via https://github.com/CQCL/
lindblad_engineering_circuits. There, we also
provide a circuit visualization of a single step of trot-
terized Lindblad evolution for n = 2.

7.1 Algorithmic errors

We explore the interplay of different sources of algo-
rithmic errors and quantitatively investigate how each
source impacts the accuracy of our Gibbs state prepa-
ration protocol presented in Sec. 4.

Error sources — We recall the upper bound on
the Lindblad simulation error (27),

TA? At 2
tix X O (0t + ——— + —2(1/8)
X ( + 5t + \/Be

2 (36)
+/B|Bulet rdi—20lH1<-1) ) |

with evolution step 6t and OFT discretization step
At appearing in Egs. (19) and (25), and the number
of Bohr frequencies |By| for a Hamiltonian H. See
also Prop. 1 for a detailed discussion. The first term
is due to Trotterization, random sampling of Lind-
blad operators (19), and dilation (24). The approxi-
mation of e VK" in Eq. (24) induces the second,
third and fourth terms, each of which arises as fol-
lows (see Prop. 1 for more details): Approximating
the Lindblad operators (8) via Eq. (25) by restricting
the integration domain to [-T, T, and discretizing it
into 25 time steps of size At = T/S induces a trun-
cation (third term) and discretization error (fourth
term). The implementation of the operator A%(sAt)
appearing in Eq. (25) requires coherent evolution un-
der e 'H5At that is approximated by a second-order
product formula, and thus, induces the second term
in Eq. (36).

Numerical setup — The Gibbs state prepara-
tion error of our circuit is quantified by the distance

circ

lpSre — opgl|1 between the approximate steady state
pSr¢ of the noiseless quantum circuit, Eq. (19), after
Trotterization and OFT discretization and the Gibbs
state 03. For the following noiseless circuit simula-
tions we use the mixed-field Ising Hamiltonian (30)
with n = 5 qubits and choose 8 = (2J)~! as before.
We set the cutoff time of the discretized OFT (25)
to JT = 1.6. This value ensures that the bulk of
the Gaussian filter ¢(¢), Eq. (9), is captured (i.e.
(2o dtg(t)— [T dtg(t))/ 72, dtg(t) ~ 1077). Fur-
thermore, we fix the maximum simulation time to
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Figure 7: Algorithmic errors of the randomized single-ancilla Lindblad simulation protocol for the mixed-field Ising model (30)

circ

with n = 5 qubits and 3 = (2J)™'. Trace distance between the steady state p<° simulated by the noiseless circuit (simulation
time J¢ = 500) and the target Gibbs state o as a function of Trotter evolution step 6t (left panel) and OFT discretization
step At (right panel). The fit (solid lines) obtained with the ansatz in Eq. (37) captures the algorithmic error data (dots)
reasonably well. The black vertical line in the right panel indicates the maximum At for the fit ansatz to be valid. Fitted

parameters and further details are in App. F.

Jt = 500, which is sufficiently large for the dynam-
ics to converge to its steady state p<i¢ for the chosen
Hamiltonian parameter point (cf. Fig. 3). Thus, the
number M of evolution steps, Eq. (19), is given by
M = 500/J6t for fixed step size dt. Moreover, we
choose |A| = 10 random jump operators and average
all simulations over 10 repetitions.

To investigate the applicability of our theoretical
bound (36), we compute the distances ||p<¢ — o041 on
a two-dimensional discretized grid of (¢, At)-values in
the range 1072 < Jét < 10" and 0.06 < JAt < 1. We
fit this data with the function

fal,az,ag,m; (5t, At) =

1

At? ~i(2ng-28)H)-1)"
041+Oé25t+Oé3TW—|—a4\/B|BH|e 8 At ,

(37)

which captures the error scaling of Eq. (36) for fixed
evolution time. Details are given in App. F.1. Since
we use a large integration window with JT = 1.6,
the truncation error term oc e~2(7/8)° in Eq. (36) is
negligible relative to the other error sources, and we
drop its contribution in Eq. (37). The parameter «y
has been introduced to account for the convergence
accuracy, Eq. (18), of the ideal Lindblad evolution.

Results — In Fig. 7 (left panel) we report the dis-
tances ||pd"°—o3|1 (indicated as dots) as a function of
the evolution step size dt for several values of the OFT
discretization step size At (colors in the legend). We
observe that the fitted function f [Eq. (37), solid lines]
captures the approximately polynomial error increase
for large 6t (Jdt 2 1), although with larger slope than
the data. For small 6t (J§t < 0.1) there are two dis-
tinct behaviors. If At is sufficiently large, the third
term of Eq. (37) (proportional to as) is large and its
1/6t dependence counteracts the ot dependence of the

second term. In this regime, the error can increase
with decreasing evolution step size §t, which is visible
in the fit corresponding to JAt = 0.26 (left end of the
light blue line). The circuit simulations data (dots)
partially reflects this behavior: for JA¢ > 0.16 the
error decreases only mildly with decreasing 6t. The
contribution from the third term of Eq. (37) can be
suppressed for sufficiently small JAt < 0.1, which re-
sults in an overall error decay with d¢ according to the
second term. Note that the observed error (dots) de-
creases faster than predicted by the fit in this regime,
which is expected since the function we fit is an upper
bound.

In Fig. 7 (right panel) we show the error dependence
on the OFT discretization step At for four values of
the evolution step 0t (given in the legend). Several
characteristic regimes can be identified. For small
Jot = 0.01 (dark blue dots) and JAt < 0.25, the
third term of Eq. (37) controls the weak decrease of
|pSire — o1 as At decreases. For larger OFT dis-
cretization step, the fourth term of Eq. (37) dom-
inates, leading to a rapid increase of the error for
0.25 < JAt < 0.4. A qualitatively different behavior
is observed for larger Jét > 1. In this case, the second
term of Eq. (37) exceeds the third term (dependent on
At), and the error plateaus and becomes independent
of At for JAt < 0.25. A more detailed discussion of

the individual error contributions is given in App. F.2.

Overall, our circuit simulations show that our ana-
lytical bounds capture the different algorithmic error
sources reasonably well and allow us to understand
the individual contributions. In the noiseless case, we
can control the algorithmic errors by reducing evolu-
tion step 6t and OFT discretization step At, at the ex-
pense of increased circuit depth scaling polynomially
in the inverse error, cf. Eq. (28). However, when exe-
cuting on noisy quantum computers the increased cir-
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cuit depth generally will lead to larger errors induced
by noise. These two trends, namely the reduction of
algorithmic errors and the increase of noise-induced
errors, counteract each other and need to be balanced
for an optimal overall accuracy of the prepared state.
We study this interplay in the next subsection.

7.2 Local depolarizing noise

To complete our error analysis of the randomized
single-ancilla Gibbs state preparation protocol, we
perform circuit simulations with local depolarizing
noise. To reflect the realistic implementation on hard-
ware, the circuits are first compiled to the native gate
set of the Quantinuum’s H1 architecture using the
TKET compiler [90] with optimization level 2. Fur-
thermore, after each 2-qubit gate in the compiled cir-
cuit, we apply a noise channel

1
Axq[X] = (1= X)X + A, Trag[X] @ =22, (38)

controlled by the error probability Ay € [0,1] and
where Traq indicates tracing out the 2-qubit Hilbert
space the gate acts on, while Ipq is the identity op-
erator on such space. While here we consider a lo-
cal depolarization noise channel (38), we note that
the bounds of Eq. (34) would evaluate to the same
value for other stochastic noise channels with the same
probability of no-error 1—\,. We choose an OFT dis-
cretization step size JAt = 0.2. As in Section 7.1, all
simulations are performed for the mixed-field Ising
model (30) with n = 5 qubits, 8 = (2J)7 !, cutoff
time JT = 1.6, |A| = 10, maximum simulation time
Jt = 500, and we average all simulations over 10 rep-
etitions.

Results of the circuit simulations with noise are
displayed in Fig. 8. Denoting as pS™ the output of
the noisy quantum circuit simulation, we evaluate the
trace distance ||p%¢ — o4ll1 to the Gibbs state as a
function of the noise parameter A\, € [1076,1074].
This distance quantifies the overall error, includ-
ing both algorithmic and noise contributions, in the
preparation of the target Gibbs state. Results (indi-
cated as circles) for different values of the evolution
steps Jot = 1,3 and 5 are reported (colors in leg-
end). As can be seen in the figure, for noise strengths
Az < 1075, lower values of 0t systematically yield
smaller trace distances. As the noise increases, how-
ever, larger evolution steps result in smaller distances.
This highlights trade-offs between algorithmic and
noise errors: while the algorithmic error scales with
the size of the evolution steps, the effect of the noise
decreases with it, such that in certain noise regimes
adopting larger evolution steps becomes beneficial.

To validate the noise analysis of Sec. 6, we evaluate
the bounds B, (N,) derived in Eq. (35) for stochas-
tic noise. These bounds are computed using an error
rate A = 1 — (1 — \g)™e for Ny the number of 2-
qubit gates per evolution step. For Jdit = {1,3,5},

the gate counts per step of the compiled circuits are
N, = {308,484, 644}, respectively. To be comparable
to the trace distance, the bounds Bu,(Ng) are shifted
by the algorithmic error dy that is obtained in the
noiseless scenario (i.e. by setting the noise strength
Ag = 0) for each of the values of §t probed. As seen
in Fig. 8, Boo(Ng) + do (dotted lines) always upper
bounds the overall errors. Furthermore, the trade-off
between algorithmic and noise errors, whereby larger
evolution steps can incur smaller overall errors, is also
captured by these bounds, albeit at slightly shifted
values of Ag.

Finally, we perform a fit of the errors obtained with
the bounds Bo (Neg) from Eq. (35) for an effective 2-
qubit gate count N.g, rather than the true number
of 2-qubit gates Ng. For Jot = {1,3,5}, we obtain
fitted Neg = {135,193,247} respectively. The result-
ing bounds, again shifted by the algorithmic errors d,
are reported as solid lines. This shows that, for the
noise model simulated, the functional dependence of
the bounds B captures the actual errors remarkably
well.

Overall, these simulations allow us to validate the
noise analysis of Sec. 6. We show that, while overesti-
mating the actual noise, the bound B, already cap-
tures important trade-offs between algorithmic and
noise-induced errors. Considering these trade-offs will
be crucial when aiming to run specific circuits on
quantum hardware. Furthermore, we see that the
bound captures the actual errors remarkably well us-
ing an effective number of gates smaller than the real
number of gates. Understanding this reduction in re-
lation to the prior works on noise-resilience of quan-
tum simulation [82, 91-97] is left to future work.

8 Conclusion

Our contribution bridges the gap between the pre-
dominantly theory-driven literature on dissipative
quantum Gibbs state preparation algorithms, and the
engineering of concrete Lindbladians and protocols
that exhibit good convergence in practice, with cir-
cuits implementable on foreseeable quantum hard-
ware. To this end, we combine several recent develop-
ments in the literature [32-35, 38, 60] and propose a
variant of this class of algorithms with reduced imple-
mentation cost (Secs. 3 and 4). Through a numerical
analysis (Sec. 5), we establish the crucial influence
of the dynamical properties of the underlying system
Hamiltonian and the Lindblad operators on mixing
time and convergence accuracy. In line with our the-
oretical analysis, we observe a weak, almost linear,
polynomial system-size scaling of the mixing time for
systems obeying the ETH. In contrast, the Lindblad
dynamics exhibits vastly different convergence char-
acteristics in the non-chaotic limits of our model.

In realistic scenarios, the overall Gibbs state prepa-
ration error is controlled by an interplay of algo-
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Figure 8: Circuit simulations with depolarizing noise applied
to the 2-qubit gates for n = 5 qubits and 8 = (2J)7*. The
distance ||pS° —os||1 between the target Gibbs state and the
output of the noisy circuits (circles) is reported as a function
of the noise strength A\ in Eq. (38) for different values of the
evolution step ¢ (colors in legend). Further details regarding
the parameters used for the circuit construction are provided
in the main text. These distances account for both algorith-
mic and noise errors in the preparation of the Gibbs state.
In addition, we report the bounds B, on the noise errors
from Eq. (35), shifted by the algorithmic error do, which is
evaluated for Ay = 0. We report these shifted bounds both
for the actual number of gates Ny used in the compiled cir-
cuits (dashed lines) and for an effective number of gates Neg
(solid lines), which is obtained by fitting the bound Bo, + do
to the data. Both Ny and the fitted values Neg are provided

in the main text for all the ¢ studied.

rithmic and hardware-induced errors—for example
smaller evolution steps in Eq. (19) reduce the Trotter-
ization error but, at the same time, increase the gate
count of the full circuit. To obtain a good under-
standing of those error sources, we investigate their
impact both on a theoretical level and based on cir-
cuit simulations (Secs. 4, 6 and 7). We numerically
demonstrate that our theoretical error bounds provide
a good description of the actual errors in noiseless cir-
cuit simulations. Further, we show that the Lindblad

dynamics can exhibit an inherent resilience against
incoherent stochastic noise, due to the presence of a
nontrivial steady state of the noisy dissipative dynam-
ics. Unlike in the unitary case, noise-induced errors
at earlier times can be damped significantly through
the dissipative character of the dynamics, which is
a promising observation for the successful demonstra-
tion of this class of algorithms on near-term hardware.
We support our theoretical noise analysis with cir-
cuit simulations considering a local depolarizing noise
model.

The successful demonstration of dissipative quan-
tum Gibbs state preparation algorithms on foresee-
able hardware requires a deep understanding of many
contributing factors—dynamical and algorithmic de-
sign properties (Hamiltonian, Lindblad operators, ini-
tial state, algorithmic parameters), and of the ex-
pected hardware errors. This work lays an important
foundation to achieve this goal. Future work needs
to address the design of suitable initial states im-
plementable with shallow circuits, and a detailed ac-
count of the trade-offs between algorithmic and noise-
induced errors for realistic hardware-specific noise
models. To further mitigate the influence of noise, one
may design the Lindbladian to take into account and
counteract pre-characterized stochastic noise chan-
nels. Furthermore, the influence of coherent errors,
and potential routes to convert those into stochastic
noise similar to randomized compiling [87, 98], need
to be explored. Finally, to assess the performance of
the algorithm, efficient ways to certify the prepared
Gibbs state, e.g. based on recent Hamiltonian learn-
ing results [45, 99], are required.
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A Protocol details and relation to the CKG algorithm

After briefly reviewing the quantum Gibbs sampling algorithm proposed in [32, 33], we clarify its relation to
our protocol.

A1 CKG Quantum Gibbs sampling algorithm
The CKG algorithm [33] uses the Lindbladian

Loralpl = -Gl + 3 [ duon(@) (L@t @) - H{E @)1 ). o))
acA
= G A+ (AL, (ALY — (ALY A, 1), (30)
a€EA v,V

= ) goxa(v—w)Ay,

veBy

where a,, ., = [dwy(w)jcke (1 — w)joke (V2 — w) and By is the set of Bohr frequencies of the Hamiltonian
(wtwsy)?

H of the target Gibbs state og. With the choice of transition weight v(w) = e 223 and frequency-domain

filter function Goxg(w) = me 5% for parametrization satisfying 8 = W’ one can readily confirm
E
the identity,

—B(vi+v2)/2

Quy,py =€ Xy, —vs- (40)

This identity ensures that the transition term >, 4>, ., Qv A7, [](A%)T obeys the o3-DB condition (5),

while the decay term —1 3 _ 4 > L? (w)TL%w), -} does not. To enforce the o5-DB condition for the full
Lindbladian Lcke]-], the authors in [33] designed the coherent term as

G = Goxa = Z 3 s tanh(5< ))(Aa )AL, (41)

aGA V1,V2

which, combined with the decay term, obeys the o0g-DB condition, and thus, so does the Lindbladian Lckc,

(X, LLa Vo, = (LLya[X].Y )0, (42)

for any bounded operators X, Y.

A.2 Relation to the present protocol

In the present work, we choose a d-function for the transition weight
Y(w) = d(w+w,) with w, = BAE/2. (43)

With such a choice, the coeflicients v, ., factorize as

1 (v+842/2)?
. A N
gy = Moyl With 7 = Joxa (v + wy) = (2rAZ)i/i° e, (44)
and satisfy the identity (40). Furthermore, the Lindbladian (39) is reduced to
3 a a 1 a a
Lexalp) = 1[G pl +7 ) (L pLt — S{LML 70}), (45)
acA
oo
r= [ atgwa = Y na (46)
- vEBy

G = Gcka = Z Z Ty My, tanh (ﬁ( )> (Ag)TAs (47)

aEA v1,v2E€Bg
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with A%(t) == et A% Hl = [ dteg(t), A2 = > pi—p,—y 1LiAIl; and g(t) as defined in Eq. (9).
Equation (45) is identical to our Lindbladian (3) except for the coherent term involving Geke and the fact
that transition rates 7, in Eq. (3) formally depend on a because subsequently we write v, = yp, and sample
individual Lindblad operators according to the discrete distribution p,.

Next, we show that the coherent part (47) vanishes under the ETH average, i.e. Eg[Gcke] = 0. To this end,
we assume that the jump operators A® satisfy the ETH (11),

[ (Eij, vij) Ra

E;|A®|E A*(E;)0; i
(B 47 |By) = A°(B)5y + LR,

(48)

where the random variables R, are independent and satisfy Eg[R{;] = 0 together with E R[|R§‘j|2] =1, and
D(F) is the density of states. Hence, the ETH average of a product of jump operators is given by

s
Er[(A2)TA% | = SkiOkj A" (E:)AY(Ey) |E:) (Ej| + L R{FRY ] |E;
A5 AL = D G AEDA B B0 B+ e s R R L) (B
Ek—Ej:lll
5 o
— . . a )2 ki
= X 1B (B (0 0dunol A B + 0 p S )
gk_giilQ

In the first line, we use the fact that the cross terms involving A% and R* are first-order in the random matrix
elements R‘;j and, hence, vanish in the ETH average. For the second line note that the §;;dx; in the first term
enforces Fj, = E; = Ej, such that v; = v, = 0. Moreover, ER[R%‘R%] = 0;j, which enforces F; = E; and,
thus, 11, = vs. Importantly, both of these contributions are zero whenever 1y, # v5. From this, and the fact that
tanh(0) = 0, it directly follows that the coherent term (47) vanishes under the ETH:

| ox = Z tanh( ) Z Ty Mg Ouy g = 0. (50)

VGBH vy —Va=V

The above argument confirms that the average dissipative Lindbladian ErD, with

Dl = 3 v (LopLe — S{LA1L ). (51)

acA

[cf. Eq. (3)], is og-DB without introducing the coherent term —i[Gckg, -], as we saw this in Sec. 3.2. Since the
Gibbs state o3 commutes with H, a coherent term —i[G, -] generated by the system Hamiltonian G = H does
not change the steady state, and EgrL = —i[H, -]+ EgD remains o3-DB under the ETH average under a slightly

generalized definition of detailed balance. To see this, note that, in general, (£)Txus = 0/;1/211[0[13/2 . 0;/2]0;1/2

is the adjoint of LT (the Hilbert-Schmidt adjoint of £) with respect to the KMS inner product (-, g, In our
case both generators are not equal, as required by our KMS detailed balance condition (5). Their difference
(under the ETH average) is given by ErLl — (ExrLT)TxMs = 2i[H, -], as can be readily confirmed. This is a
special case of the more general version of quantum detailed balance introduced in [54] (Def. 27). In fact, it is
easy to see [similar as in Eq. (6)], that under this condition

(ErLlog], X)us = (LERLTX)),, = ((BrLh)Tevs (1], X)

for all X, which confirms that o3 is the steady state of EgL.

Thus, by replacing Gekg in Eq. (45) with the system Hamiltonian H, we end up with our Lindbladian (3).
For our protocol, we set Ag = v/2/3 (see App. C.1 where we elaborate on this choice of parameter), which
results in the filter function [cf. Eq. (9)]

= (EgLY[I] - 2i[H, 1], X), =0 (52)

9B B

L /s —22/p°

With this, our Lindblad operators take the form [cf. Eq. (8)]

o= [ argane - (ir>/ > e =Y (54)

o0 vEByH

with the frequency-domain filter function

2\ 1/4
ve(5) (55)
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B Details of single-ancilla Gibbs state preparation protocol

We provide details on the implementation of the steps of Lindblad evolution that are core to our Gibbs-state
preparation protocol by closely following [34], where the authors employed a single-ancilla protocol to prepare
ground states. A thorough error analysis of each approximation necessary for a quantum circuit implementation
is provided (Sec. B.1 to Sec. B.3). A summary of these contributions is reported in Sec. B.4 together with the
overall circuit complexity, which we state here as a main result:

Theorem 1. Let L be the Lindbladian given by Eq. (56) with the Lindblad operators (75). For simulation time
t and inverse temperature (3, there exists a quantum algorithm that simulates a Lindblad dynamics e“*[-] with

an error € in trace distance, whose cost in terms of the Hamiltonian simulation time is given by @(%ﬁy/log%).

The theorem is proven in the remainder of this App. B. See Eq. (99) for the final result. A decomposition
of the algorithmic error into individual contributions is given in Prop. 1 at the end of this appendix. In the
following, we aim at implementing the evolution et for a Lindbladian £ over a simulation time ¢ = Mdt. The
Lindbladian (3) with G = H can be recast as

£l = X o (il 4 (102 - L7110} ). (56)

acA

in terms of a discrete probability distribution over the jump operator indices {p, }oca and where the strength ~
of the dissipative terms has been renormalized accordingly. For the purpose of implementation, we approximate
the evolution under such Lindbladian through

M

a; 1 . .

ML (Heﬁtvmou&) where  D?(p] = L%t — S{LTL% o), and Uslp) = o e (57)
i=1

At each evolution step we randomly sample a Lindblad operator yielding a set {L% },=1 .. a where each of the
indices a; has been drawn with probability p,,. The approximation in Eq. (57) holds upon taking this average.
Using the Taylor expansion, one can see that, on average, such sampling incurs errors that scale with 622 as we
have

> pae® " oUsi[p] = p+ 6tL[p] + O(5t7) = e [p] + O(6t%). (58)

While the second approximation holds upon taking the average over trajectories with randomly sampled jump
operators, it is expected to hold even with a single trajectory if the number of steps M, at fixed evolution time
t, is sufficiently large. The authors in [38] have shown that the individual trajectory approximates the target
dynamics with an error measured in weighted (?-distance inversely proportional to M (Theorem 7 in [38]).

B.1 Regularization of the integral in the operator Fourier transforms

Recall from Eq. (8), that the individual Lindblad operator L* can be expressed as an operator Fourier transform
via the integral

L* = / dt g(t)A%(t), where A%(t) =t A%HE (59)

To realize such an integral as a quantum circuit, we need to regularize it. This is achieved by restricting its
domain to [T, T] and discretizing it using the trapezoidal rule. For a step size At :=T/S, we obtain

S—1
Ea — %g_sefiHSAtAaeiHSAt + Z AtgseiHsAtAaefiHsAt + %gseiHSAtAaefiHSAt
s=—S+1
(60)
S
_ Z At g eiHsAtAae—iHsAt
- sds 9
s=—8

where we have defined g5 := g(sAt) and At; .= At for —S+1<s <5 —1or Aty := At/2 for s = £8S.
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Accordingly, the Hermitian dilation operator K (23) corresponding to L* becomes

_ Lo + [of e _ [at

1) Ol © 22 4 10) (1 @ £ = Xone 0 T iy, H22

S
Z s(Re[gs]) Xanc + Im[gs]Yanc) ® oiHsAt pa —iHsAt o
s=—S

S

YR

s=—5

where A® is assumed to be Hermitian. FErrors entailed by the discretization of the jump operators will be
quantified in Sec. B.3, but for now we proceed with the implementation of the Lindblad evolution.

B.2 Second-order product formula for Lindblad evolution

Having defined the discretized Lindblad L® and dilation operators K¢, we aim at implementing a step of
dissipative evolution €’*YP* appearing in Eq. (57). Recall from Eq. (24) that this can be achieved, up to an

error scaling as (6ty)?, through the unitary evolution e~V 7K “ acting on the system together with a single
additional qubit:

Trancle VK" (10) (0], @ p)e!VITE"] = 9P" 5] + O((6t7)?). (62)

This evolution is implemented for the discretized K,, as a second-order product formula yielding

el ﬁz ~ f[e

sV ‘Sf’Y Ka. H Y g"Y I’(Sa
)
S

where we defined the ordered products [[{ O(s) = O(S) --- O(=S+1)O(=S) and [[,” O(s) = O(=S)---O(S —
1)O(S). The resulting Trotter error is given by

— —

A0ty a . Sty >a . = _ — —
Heﬂ“f K Heﬂ@& — VIR (519)32 3T e, KGR RS 4+ O((517)2), (64)
s s 81,582,583

with some coefficients ¢, s,5,. Furthermore, noting that (0|, ® I)K2 K2 Rg3(|()) ®I) =0, we find

anc

— —
VOt a V1Y a
><O‘anc®p)Hel >— K¢ Hel 5 KS]

S

—

-

MOt fea i MOt fea
[ 5 e
p ,

Tranc

(65)
= Tranc[e VR (10) (01,0 ® p)eVO ]+ O((517)?).

We simplify the evolution operator and estimate the evolution time required for each step of Lindblad evolu-
tion. Recalling that the evolution under a single K2 (out of a total of .S) takes the form,

_i@f(‘l |: V(St'}/
2 s =exp |—i 5

e Aty (Re[gs] Xanc + Im[gs]Yanc) ® eiHSAtAae_iHSAt}

. /oty a .
_ (Ianc ® eleAt) e i Ats(Re[gs] Xanc+Im[gs]Yane)® A (Ianc Qe 1HsAt)

b

=:B2
we can rewrite Eq. (63) as

V31 1 V31 —i = a i - —i a i
T[T = (fane @ 071 <HBS(Ianc®eHm)> (H(Iam;@e HANBE ) ([0 @ e HSAY),

S

—

1:[e

S S

= Va(st)
(67)
Therefore, a single step of Lindblad evolution (57), which consists in a unitary part Us[] = e 1H%[]eif% and
a dissipative part (65), is given by the superoperator
We(6t) p]
— Tranc[(Ianc ® e—1HSAt)Va(5t)( ane ® e1HSAt)(|O> <O| ®Z/[5t[p]) Ianc ® e—1HSAt)Va(6t) ( anc ® elHSAt)]
_ e_iHSAtTranc[V“(ét)ﬂO} <0| ® elHSAte—lH(StpelH(;te—lHSAt)Va(5t)T]elHSAt' (68)
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—iHSAt iHSAt

Since we sequentially apply M steps of evolution W*(dt), the operators e and e cancel out, except at
the first and last steps. Still, we can show that these two steps can also be discarded. For that, suppose we evolve
an initial state p(0) for evolution time M4t that is larger than the mixing time ty,;x. By definition of the mixing
time, any initial state p evolved for a time larger than t.,;x approximates the Gibbs state og = e PH / Tr[e_*@ H ]
That is,

o ; Trotterizati o
(H P o u&) 9] ~ (H A% (6t)> (] = os. (69)
i=1 i=1
Taking p = Usai[p(0)], and using the fact that o3 = U_gai[os] as H and o3 commute, this implies

M Mo

U-sat o (H we (515)) oUsae[p(0)] = <H we (5t)> [p(0)] = 03, (70)

i=1 i=1

where we have defined

WSE)[p] = U_gar 0 W(St) 0 Usar[p] = Tranc [V (52)(|0) (0] @ e peif oty ya(5t)1). (71)

Therefore, the evolution by we [p], Eq. (71), induces the same Lindblad evolution as the one by W*[p], Eq. (68),
but does not require any of the unitary et'#52¢ evolution. The resulting quantum circuit is sketched as follows:

Repeat fort=1,...,M

! 10)ane l
—— Ve : (72
p(0){ 1. |emiHO v b p(Mdt)
I B ;
where V% (dt) is given by
anc — L L 4 -
B a_iS B gig_;,_ 1 B g{i B gvi B a_"'S
Vei(ot) = - a a L a u L - (73)
o—iHAL oiHAL

In the circuit depiction of Eq. (73), the jump operator A%, used in the definition of any of the B% as per
Eq. (66), has been taken to be a one-local operator acting on the second system qubit from the top. More
generally, these jump operators could act on more than one qubit, but in the present work, we restrict them to
be local, i.e. acting on O(1) qubits to be aligned with the ETH. Hence, the cost of implementing any of the
V@ (§t) is dominated by the 25 steps of Hamiltonian simulation Ua; = ¢4 The Hamiltonian simulation of
Uay and Us; in Eq. (70), e.g. again via Trotterization, induces an error which can be controlled by choosing
an appropriately fine evolution step. We discuss this in more detail below Eq. (97), where we summarize all
algorithmic errors. In the following, we attempt to identify the choice of S.

B.3 Truncation and discretization of integral

So far, the circuit implementation presented was general to the evolution under the Lindbladian of Eq. (56)
together with the Lindblad operators obtained through the generic operator Fourier transform of Eq. (59). We
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now specialize to our protocol and specify the Lindblad operator (59). Let us recall our definition of the filter
function [Eq. (53)],

1

— it/B—2t7/5°
g(t) - 7('3/4/81/26 € ’ (74)

resulting in Lindblad operators of the form

00 1/4 2
Le :/ dt g(t) A% (t) = (52> 3 e AL (75)

47
- vEBy

We prove the following lemma, which plays a key role in determining the complexity of the protocol.

Lemma 1. Let g(t) be the filter function defined in Eq. (74). Then, provided that

B

S=0Q <ﬂ||H||oolog5,) , At=0 (76)
‘ BIlH e + \/n +log
in (60), we have the regularization error
IZ = Ll = O(¢'). (77)
Proof. Introducing Lo = Yo Atgg e sBt Ae=1HsAL we separate the discretization and truncation errors,
IZ = Llloo < IL = Log|loc + [ Loc = Ll co- (78)
We start with bounding the truncation error || Lo, — Lo as follows:
oo _ 2
1E — L < mm Zsez(sAt/5)2 - WQTA;/Q Zsefzs(m/ﬁ)"’s _ W;%tm 1 d :i?:gmz v
|s[> s (79)

for

SzQ(ft log(\;%il)>, (80)

where we used ||A||cc = O(1) assuming A is O(1)-local.
Next, we bound the discretization error,

1L~ Ll < | [ dtaaw - at Y ganaean] . (81)
Using the Poisson summation formula,’ we have,
At Y g(sAt)A(sAt) = / dtg(t)A(t) + > / dt e 7127kt At (1) A(t)
§=—00 700 k:Z\{O} B - (83)
= / dtg)AL) + > > / dt e 27kt AL g ()it A,
B vEBy k=7Z\{0} Y ~°

SFor a function h(7), the Poisson summation formula is given by,
Z h(s) = Z / dr e 127k (7). (82)

sS=—00 k=—oco” =

Setting h(s) = At g(sAt)A(sAt) in Eq. (82), we arrive at Eq. (83).
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leading to

_ —i27r i — 2 w
1L~ Ll < w5777 T A Z/ b o 2T Bt~ i

vEBH |k|>0
51/2 27rﬁk Br—1
= 21/27r1/4H Z Ay Z e s ) Hoo
vEBH |k|>0
vS2Hlloo 52| Bul|All L(2n L2 :
0 s\ 27 A7 k=28 H|loc —
S Toiaga e 3 Y (84)
|k|>0
(25)1/2\BH|||A||00 Z ~1(2n £ 28| Hlloo—1) (27 £ k28I H || o —1)
= Tl/4
12 ~1(2n 28 H ] -1)"
< (28) / \BH|||A||oo e s\Tar <
= l/4 _ ot (en & -2sIHI—1) (2n £)
As the number of Bohr frequencies satisfies |By| < 4™, it suffices to choose
2
72 i =0 o , (85)
¢8lo O BlIAL) 1 98 H||+1  \BlH|loo +/n+log2
to ensure ||L — Loo||so < €. Combining Egs. (80) and (85) we obtain Eq. (76). O

Denoting as p; = p(idt) the state after ¢ steps of ideal evolution, with py = p(0), and by p; := |0) (0],,. ® pi
and using Lemma 1, we bound the effect of the regularization error on the dissipative evolution (62),

HTranc [efi 5t'yK“ﬁiei1/6t'yK“]  Trape [efi StyK® —'eiq/(;t'y}_(“] ||1

. o, _ . o - B . ay a
_ Tranc[e in/otyK (pifel StyK el Sty K pie 1 Sty —iy/0tyK )el 5t'yK]

‘ 1

Voty , STV KO ¢ = RO - 3RO i(r JFENE
(8:7) / dTTranC[el(T— oty)K [Ka_Ka7e—17—K ﬁielTK ]e—l(T— 6t'y)K]

;

0
- /\/a 47 Trane [ei(r—m)KG (Ko — Ka’e—irf(aﬁieirka _ ﬁi]e—i(f—\/ﬁ)l{a] ‘1 (86)
0
n H / ven A7 Trape [T~ VINK® [0 _ a5 le=ir—V/Em)K"] ‘1
0

T O(IR" — K*ct).

In the third line, we used the identity,
GitBo—itC gitCo—itB _ 4 _ i/t dreB[B — C,e 17 A TC]e~ B, (87)

0

for non-commuting operators A, B, and C. In the last inequality, we used

Trane [T VINE" K0 — g 07K oK _ flei(r—V/0)K"]
HTYanc [ei“—\/ﬂ)K“ [K® — K¢, ﬁi]e—i(T—m)K”]

=O(|K* = Koo T K*[|0),

| = O™ = Kl - (7 = Vo) Kl|0),
(88)

and |[K?| = ||K®|| = ||A%|| = O(1). Finally, combining Eq. (61) and Lemma 1 together with Eq. (86), we find

| Trancle™ VO g VK ] — Ty, [e VO TR btV oK 1
= O(| K — K%ocbty) = O(| L — L[| st7) = O(e'17).

(89)
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B.4 Algorithmic errors

Combining all the previous results, we assess the resources needed for the Gibbs-state preparation protocol.
We start by relating the overall error € in the approximate Lindblad evolution algorithm to the total evolution
time ¢, the number of performed steps M (or equivalently the size 0t of these steps) and the error €' resulting
from the regularization of the integral appearing in App. B.3. We then provide bounds on the runtime of the
Gibbs state preparation algorithm in terms of total Hamiltonian simulation time, and also the required number
of steps of Hamiltonian simulation e'#4¢ as seen in Eq. (73).

B.4.1 Lindblad simulation

The approximate Lindblad evolution incurs an error in the evolved state that is now quantified.
The trace distance between the ideal p(Mdt) = eM£[p(0)] and the approximately evolved state

E{a, [Hi\il W (5t)[p(0)]] (68), with the average Ey,,}[-] taken over trajectories associated with the randomly
sampled jump operators { A%, ... AM} is

|o(aest) ~ By, [ﬁ we (6t ool | (90)
=1

Let us now start by recalling all the sources of errors contributing to Eq. (90) using p; = p(idt), po = p(0), and
pi = 10) (0], ® p; as before. We need to account for the following:

e Randomized applications of the jump operators.
162 [0i] = Ea[e”P" o Use[pil] [l = O(5¢%), (91)
according to Eq. (58).
e Dilation of the dissipative evolution.
677" — Trgpe o™V K" 5, VAT | = O((617)?), (92)
according to Eq. (62), and noting that the unitary evolution Us; does not affect the errors.
e Truncation and discretization of the operator Fourier transform.
HTranc[e_i ét'yKaﬁiei 6t»yK“] _ Tranc[e_i 5m1’(“ﬁiei 5t»yf<“]H1 _ (’)(e’ét'y) (93)
according to Eq. (89).

e Trotterization.

— — — —

Aty a /0ty pa\ /37 ma /3t —a . . _

HTI’anC|:(He iI5—K He i Q*Ks)pi(HelA > K 1_‘[6172 K5>i| _Tranc[e in/otyK piel Sty K ]
s S

S S
= O((5t7)*),
(94)
according to Eq. (65).
We are now ready to combine all these errors. First, notice that at any step ¢ = 1,..., M we have
o = B [ TIW @01 1e0l] |
j=1
i—1
= {|or = Ea. [y @0)lpi]] + Ea, [Wos(60) 11 By [ TT W @0l00]] . (93)
j=1

pir — By [H w3l | -

<]

pi — Eq, {Wm (515)[/%'71]] H1 + ’
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The last line is obtained through the triangle inequality and the fact that E,, [V (dt)] is a quantum channel
together with the contractivity of the trace distance under quantum channels. After recursive use of this
inequality, we can bound the total error through

|o(hst) ~ B,y [ﬁwai (6t) ool |
M -
<" |loi = Ea, [V (38) [0 )] |,
Z;l

<3 (llor — Ba [P othsafoi-1]]

i=1

+ Ea, |66MD% oUst[pi—1] — Trancle™ &WK"ﬁi_lei éth“ H
+ Eq, | Trancle Vo0 piel VO] — Ty e VIR eV |
—iy/StyK® = _i\/StyK® — _i\/ﬁka —i@[(a ~ — imf(a — T g
* Ea || Trancle pi€ ]_Tranc[(He ’ SHG 2 s)Pi(He B sHe B )”‘1)
= t° + e Mot).
< O(MSt? + M6 .

Hence, we can guarantee an error O(e) in the prepared state, after a total Lindblad evolution time ¢t = Mdt,

provided that
2
d=0(5), M= 0(’;) (o7)

So far, we have not specified how to implement the coherent evolutions Us; and Ua; in Eqgs (21) and (70).
If we employ the second-order product formula with rs steps to approximately implement Us;, the error is
O((|| H|o00t)3/72). Similarly, applying the second-order product formula to Ua; with ra steps induces the error
O((| H||scAt)3/72). Note that for each of the M steps of size §t, Ua; has to be applied 45 times in Eq. (70).
Thus, the error accumulated during M steps of the Lindblad evolution is

O(MW+MSW>~ (98)

2
rs A

Choosing rs = O(\/M(|[H||6t)3/€) and ra = O(\/MS(||H||cAt)3/€) suffices to bound the error by e.

B.4.2 Gibbs state preparation

Provided a quantum system described by H and jump operators {A®} obey the ETH (48), one can prepare the
Gibbs state o by simulating the approximate Lindblad dynamics (57) for a mixing time tyix = Mpmixdt of the
Lindbladian £ (56). Here, we provide the runtime of the quantum operation (57) to simulate the corresponding
Lindblad equation in terms of the total Hamiltonian simulation time

t tmix
Mix X (0t + O(SAL)) = (6 mix gﬂ > , (99)

€ €
to prepare an e-precise Gibbs state in trace distance. For the simulation time corresponding to the dissipative
part, we used S and At satisfying Lemma 1 with ¢’ given by Eq. (97). The resulting circuit, from Egs. (72) and
(73), uses a total of

t2 il H 00 tmix
Myix X O(S) =0 (ﬁ mix | H | logﬁ > (100)

€ €
applications of By (Iane ® eA) and (I, ® e AN B,

For the purpose of the error analysis conducted in Sec. 7, we collect all the sources of algorithmic error along
the Lindblad simulation for time t,,;x = Muyix6t. While we stated the runtime without specifying a Hamiltonian
simulation algorithm in Eq. (99), we here adopt the second-order Trotter formula as discussed around Eq. (98)
to be aligned with the numerical simulations presented in the main text. Adding Eqgs. (91), (92), (93),(94), and
(98), we obtain the total algorithmic error, summarized below.
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Proposition 1. Let L be the Lindbladian given by Eq. (56) with the Lindblad operators (75), mizing time tmix
and inverse temperature 3. Let |By| be the number of Bohr frequencies for the Hamiltonian H. Moreover, let 5t
be the evolution step size in Eq. (19), At and T be the OFT discretization step and integral range limit appearing
in Eq (25), and rs and ra as given in Eq. (98). The total algorithmic error of the algorithm in Thm. 1 is given
by

At > L(on 8 > ot TAE?
tmix X O [ 6t + —=e=2T/8) Bylet(ergs—20im1) | 000 1A 101
( + 50 +v/B|Brle T Tt Ee (101)
For ¢ in the truncation and discretization error (93), we used Egs. (79) and (84), resulting in the second and
third terms in Eq (101). In Eq. (27) of the main text, we drop the second last term oc §t2 as this is subleading
to the first term o 0t, and set rA = 1 to align with the setup adopted in the main text.

C Convergence of Lindblad dynamics under the ETH

This appendix details the convergence analysis of the Lindblad dynamics towards the Gibbs state, assuming that
the eigenstate thermalization hypothesis (ETH) holds. For this, we follow the strategy of [60] and compute the
spectral gap of the ETH-averaged Lindbladian ErL and relate it, via a bound on the channel distance between
ErL and the actual Lindbladian £, to the mixing time of £. Throughout this appendix we set 7, = 1/|A] in
Egs. (3) and (51).

In Sec. C.1 we restate the ETH, and discuss the energy scales at play together with the assumptions made. In
Sec. C.2 we introduce the density of states and summarize the properties relevant for our subsequent derivations.
Following this, we compute the spectral gap of the averaged Lindbladian EzL and the distance between EgL
and £ in Secs. C.3 and C.4. Based on these derivations, we then prove in Sec. C.5 our final mixing time bound
for the actual Lindbladian £ [Eq. (17)], and the closeness of the steady state of £ to the target Gibbs state
[Eq. (18)], which stated in the following theorem.

Theorem 2. Suppose a Hamiltonian H and a set of Hermitian operators {A%},—1,. . |a| obey the ETH,

1

<Ei|Aa|Ej> = -A(Ez)fsz] + D(Eij)7§f(Eij7Vij)Rij7 with E'L'j = (Ez + EJ)/Q, such that Ei = 315 and
v;j = E; — E;. Furthermore suppose the function f(E,v) satisfies Assumption 1 and the density of states
D(E;;) satisfies Assumptions 2 and 3. Then, for an n-qubit Gibbs state og and € > 0, there is a Lindbladian L
admitting ps as a steady state such that,

nB?
[poc —0plls <O (e + T (B11H [ +1og(1/€))> (102)

with high probability. Moreover, the dynamics et* prepares a state e-close to ps in trace distance for any
t > tmix with

tmix < O (nB? (B H||oo +log(1/€))) - (103)
We prove this theorem in the remainder of App. C. See Egs. (183) and (193) for the final results.

C.1 Eigenstate thermalization hypothesis

The ETH, originally proposed by Srednicki [48], hypothesizes that, for a Hamiltonian H, the matrix elements
of a local operator A in the eigenbasis {|E;)} of H is expressed as [Eq. (11)]
Ei iy Vij
Aij = <E,| A |EJ> = .A(El)éw + f(D](_El—-]))Rij7 (104)

with E;; .= (E; + E;)/2, such that E; = E;;, and v;; == E; — E;. We will also sometimes use D;; := D(E;;)
and fi; = f(E;;,vi;). Both A(E) and f(FE,v) are smooth functions of E and v. We defer the discussion of the
properties of the density of states D(E) to Sec. C.2. R is a Hermitian matrix with entries R;; whose real and
imaginary parts are independent random variables that satisfy Eg[R;;] = 0 and Eg[|R;;]|?] = 1. Furthermore,
its diagonal entries are set to R;; = 0 for all i.

Given the ETH ansatz (104) and properties of the random variables R;;, one can verify several identities that
will be useful later on when performing averages over entries of R. First, we have

f(Eij, vij)

EnlAy Al = b AGB)ABL) + budn” =S

(105)
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Ag = O(ArniT)

} v

= O(ArmT)

I y

Arnvt = O(1/5)

|
S

Figure 9: Squared Gaussian filter function 2 (55) from the operator Fourier transform and the function |f(v)|? in the off-
diagonal ETH (11). The relationship between their supports Ag = v/2/3 = ©(Armt) guarantees significant overlap between
the two functions.

Furthermore, recalling that 4, = >_ Bi—E,— , 11; AlL;, with II; the projector onto the Hamiltonian’s eigenspace
with energy E;, one can verify that

ER[AvlpAuz] = 6”1,V2ER[AV1PAL1]7 and Eg [{AT ATUPH = 51/1 VzER [{AT ATlvp}] (106)

To proceed with the concrete calculation of the mixing time, we make a couple of simplifying assumptions on
the non-universal function f(FE,v).

Assumption 1. The function f(E,v) in Eq. (104) satisfies the following properties.
(a) f(E,v)= f(v) is independent of E, and supported on v € [—ArmT, ArMmT], Where it is flat.

(b) The width of the support scales with § as ArmrT = O(1/8), and the function takes an (n,()-independent
constant value fo on the support.

To motivate the assumptions we note that an operator A, such that ||A?||c = O(1), obeys Tr[ogA?] <
| 4%l = O(1). With the ETH, one can express the trace in the integral form,

(oo}
Tr[og A?] :/ dv P 2| f(v))? = O(1). (107)
— o0
To ensure that the integral converges to a finite value, we need | f(v)| ===+ o(e~#*/4) [48,100]. Assumption 1(b)
provides a simple restriction on f(v) so that this constraint is met. While we made specific choices of AryT
and |f(v)|, any polynomial dependence of them on n also leads to a polynomial upper bound on the mixing
time. In the following, we shall provide computational resources with and without Assumption 1(b).

We illustrate the relevant scales under Assumption 1(b) in Fig. 9. Given the above condition on |f(v)|, we
choose the width of our filter function 1, (55) to be Ag = O(Aryr) = ©(1/6). This, in turn, leads to the
filter being peaked at v = —BA%/2 = —Ag/V/2. Figure 9 illustrates that there is a significant overlap between
the supports of 2 and |f(v)|?, which guarantees efficient transition of states upon applications of the jump
operators. Quantitatively, we can derive upper and lower bounds on the overlap integrals,

ARMT oo
I= / dvn? |f(v)?  and To = / dvn2|f(v)|?, (108)
0 —o00
which will show up frequently in this appendix. First, we can relate these two integrals through
I'<T, <2T, (109)

where we used the fact that f is only supported on v € [—AgrmT, ArRMT), from Assumption 1(a), and the profile
of 1, (55) that has most of its mass on the range [—AgrmT,0]. Hence it is sufficient to derive bounds for I'. For
its upper bound, we insert Eq. (55) and obtain

B @+ /agsr2) s < B [ 4 i) g2 (2D (110)
Fg—/ dy o= (B +1)/46Bu/2 () g—/ e 22 o), (110
Vam ArMT V4 —AgrmT
On the other hand, Assumption 1(b) allows one to lower bound the overlap,
—(BARMT)?/45—1/4  pARMT —(BARMT)?/45,—1/4
re S [ o -
A7 0 47

using Aryr = O(1/43) in the last equality.

Armrlfol? = O(1), (111)
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C.2 Density of states

We introduce the density of states

DE)= Y  §E-E). (112)

E; espec|H]

Here §(E — E;) is a smeared delta function ensuring that D(E) is a smooth function of E. The following
assumption on the density of states guarantees that the ratios appearing in the conductance calculations in
Sec. C.3 are of order 1.

Assumption 2 (Bounded ratio of density of states). The ratio of densities of states is uniformly bounded such
that for all |E — E'| < Agmr

< Rp =0O(1). (113)

We note that in [60], the spectrum of the Hamiltonian is truncated to exclude pathological cases that would
invalidate this bound on the ratio close to the extremal values of the spectrum.

The normalized density of Gibbs states is defined by
Ds(E) x e PED(E) (114)

with the normalization taken to satisfy ffooo dEDg(E) = 1. We require that the bulk of the density of Gibbs
states is lower-bounded by a characteristic scale 1/Agpec and that the tails decay sufficiently fast. This is
captured by the following assumption.

Assumption 3 (Density of Gibbs states). The (normalized) density of Gibbs states Dg(E), defined in Eq. (114),
satisfies the following properties.

(a) There exists an interval [Ey, ER] that contains more than half the weight, such that fgLR dEDg(E) > 1/2,
and for all E € [Ey,, ER] we have

Dg(E) > D™ = Q(AL.)- (115)

spec

(b) The right tail [Er,00) and left tail (—oo, Ey| decay such that for all E € [Er,00) we have

/Eoo dE'Dg(E") = O (AspecDs(E)) (116)
and for all E € (—o0, E1] we have
E
| AEDA(E) = 0 (8upucD(E)). (117)

To gain intuition about these assumptions, it is instructive to think of the density of states as a Gaussian

_(B-BEy)?

D(E) xe 2%ec | (118)

where Eo, = Tr[H]/2" is the energy at infinite temperature. Then the density of Gibbs states is a Gaussian
shifted by —SA2

spec

1 _ (B-BootBAZ,.0)°

Ds(F) = ———e 28%ec (119)

\/ QTFASZPGC

Figure 10 illustrates those densities. It can be shown that those Gaussian densities fulfill Assumptions 2
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BA

spec Eeo

Figure 10: Example of the density of states D(E) and density of the Gibbs state Dg(E) that we consider.

and 3 [60]. For instance, the density (119) indeed obeys Assumption 3(b),

2

(B'—Eoo+883,60)% 1 0
—u

S Zhepee = — due

/ dE'Dy(E') = / dE'e
E 1/27TA2 T VA Dipopavenn, AT

u?
< 2ﬁw [u du 2ue™ (w = |E Ex + BAspecV 2Agpec)

1 /°°d > (120)
Tarw S

A2
spec
= E—En+pa, P

< AspecDg (E)

spec

The last line follows from Agpec < |E — Eoo + BA2 .| in the tail E > FR.

spec

C.3 Spectral gap of EgRL

In this section, we derive a lower bound on the spectral gap of the Lindbladian ExL under the ETH average.
After working out the action of the average Lindbladian onto eigenstates projectors, in Sec. C.3.1, we proceed
in two steps: First, in Sec. C.3.2, we show that the average Lindbladian ErL can be mapped to a classical
Markov chain admitting the Gibbs state as its exact steady state. In the second step, in Sec. C.3.3 we work out
bounds on the conductance of the Markov chain, which allows us to bounds its spectral gap through Cheeger’s
inequality. Subsequently, in Sec. C.4, we derive an upper bound on the distance between the Lindbladian £
and the averaged one ErL, which implies that the steady state p., of £ is close to the Gibbs state og.

C.3.1 Action of the averaged Lindbladian

We wish to evaluate the action of the averaged Lindbladian EgL, with £ given in Eq. (56), onto any of the
operators |E;) (Ej|. Setting v, = 1/|A| in Eq. (51), or equivalently p, = 1/|A| and v =1 in Eq. (56), together
with our choice of jump operators in Eq. (54), we can write the dissipative part of our Lindbladian as

DUl = g 32 (12 8% 1) = o 30 3w (40,042 - 5045142 ) (a2

a Vi,V

Taking an average over the random matrices elements appearing in Eq. (104), and using Eq. (106), leads to
1 1
ErDlp] = 77 > nEr [AszzT - ATAl, p}] : (122)
a 14

that has the form of the Davies generator [101, 102]. Let us define D;; := D(E};) together with n;; = 7,,, and
= f*(vij). Recall that v;; = E; — E;. Using Eq. (104), we can see that

2 | fa |2
S EERIAL B (55| 421 = A (840 () B 5+ 0 Y B iy sy gy
v ki ¢
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Similarly, for the second term appearing in Eq. (122), we obtain

i+v 2 ‘f‘,l, v |2
STRER{ALTAL B (B} = | 02 (A2(E:)? + A%(E;)?) + Y ( it Wi ) i) (Bl

s Diivv)  DiG+v)
(124)
Finally, we note that [H, |E;) (E;|] = (E; — Ej) |E;) (Ej].

Putting everything together we can evaluate the action of ErL onto any of the |E;) (E;| operators. For the
case where ¢ = j we get:

EncllB) (B = 7y £ 5 20 5 (51 - 1 5, (125)

a j#i

On the other hand for i # j, after some reordering, we obtain:

. 1 o 5 |5,
ErL[|E:) (E;|] = | —i(E: — Ej) — MZ 5 (A" (E) — 1> im| +Z >y |E3) (B
a m#i I#7
(126)
In the following, we will often need to bound the terms Zk# "’igiﬁm, for a fixed ¢, appearing in Egs. (125)
and (126). To do so, we first approximate the sums as follows:

A 2
ngil fril / 2 |l /Ez+ T 2 il
AE D(E.)n2, - AE, D(E)n?. . 127
Dy, ( k)n’”D(Eki) N ( k)n’”D(Eki) (127)

ki

We first replaced the sum by an integral that holds for a smooth function g(E). Then, given that f(v) is
supported on the interval [—AgrymT, ArMT], We restricted the integral’s interval. Finally, using the fact that the
ratio of densities is bounded through Assumption (2) and the definition of I" in Eq. (108), we get

r 771%'|fki|2
— < E RLULLALIEN S T. 12
Rp — Dy; < Bp ( 8)

C.3.2 Mapping to a classical Markov chain

Here, we show that the average Lindbladian ErL defines the generator of a classical Markov chain on the
spectrum of H. The transition rates ¢;—,; between eigenstate projectors |E;) (E;| are readily obtained from
Eq. (125) as

77]z|f]1| 5 77]2<i|fki|2
— by kil kel

iy = T (1) (B | B ]B3) (1)) = 57 Do

(129)
ki

where for the sake of simplicity we assumed that f® = f for any a € A. Moving to the off-diagonal elements
|E;) (E;|, we saw from Eq. (126) that these were eigenvectors of EgL. From Eq. (128), the minimum (in
magnitude) of the real part of these eigenvalues is lower bounded through

1 Z 2 | “1\2 r
AOH — min —— 2 a Ez J > 1
rr%;_n 2‘A| ; Mo (A ( ) + Z 777nz + l] - RD ( 30)

mi zm

Under the time evolution with e®24, the imaginary part of the eigenvalues results in a phase, while the real
part leads to a decay of the amplitude on the off-diagonal operators |E;) (E;|. Later on, we will discuss the
timescales of such decay, but for now focus on the classical Markov chain defined by Eq. (129), which is just
the restriction of ErL to eigenstate projectors. This converges to the Gibbs state og, since ErL is 03-DB, as
discussed in Sec. 3.2, and the mixing time of the chain is controlled by the transition rates (129).

We shift and rescale the transition rates ¢;—,; to obtain a stochastic transition matrix of the classical Markov
chain:

Gi—j + 7045 . nl%i‘fki‘z
P, =——— withr =max) “— (131)
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Figure 11: Sketch of energy intervals, transitions, and density of states that contribute to the conductance from S to S.

To see that with such choice P;_,; is indeed stochastic? we first note that the transition rates (129) satisfy
Zj ¢i—j = 0. Hence, > j P;_,; =1 for any choice of r > 0. It remains to show that the chosen r ensures that
any P;_,; > 0. This can be seen by noting that r is equal to — max; g;—,; and that the ¢;_,; are the only negative
transition rates. Finally, according to Eq. (128), we readily see that r is bounded through

<r<RpT, (132)

r
Rp
Given the spectral gap Ap of the Markov chain with transition matrix P, the gap of the diagonal part of

ErL is AY28 = rAp. and we now wish to bound Ap. To this end, we relate the gap of the Markov chain with
its conductance ® defined as

o) 255)

TS

Q(Sl,SQ) = (133)

Z Wipiﬁj-

1€S51,j€S2

Here, S C spec(H) refers to a subset of the spectrum of H and S to its complement. We further defined the
probability 75 := ), ¢ 7; for the stationary distribution m; of the Markov chain. This stationary distribution m;
satisfies the detailed balance condition given by m; P;_,; = 7;P;_,; for any i, j € spec(H). Defining the minimum
conductance (also called bottleneck ratio) as

¢ = min M, (134)
ms<1l/2 TS
the spectral gap Ap is bounded via Cheeger’s inequality as
2
- <Ap <2¢. (135)

2

C.3.3 Conductance calculation

In the following we aim at bounding the conductance (134). For that, we introduce a set of non-overlapping
energy intervals {S;};, each of which has size Aryt as sketched in Fig. 11. The intervals S; are labeled in
increasing order of energies, i.e., F; < E;11 for any E; € S; and E;11 € S;41. Furthermore, we assume for now
that the subset S appearing in the definition of the conductance has the form S,USy 1 U- - -US, supported on the
energy interval [Fy, E,], such that mg < 1/2. That is, we assume that S is contiguous over the energy spectrum.
When S is not contiguous, we can decompose it into contiguous subsets and combine their conductance bounds,
as discussed later. We divide the analysis of the conductance into four cases [60] that cover all the possible
locations of E; and E, with respect to the interval [Ep, Eg] that was defined in Assumption 3.

4We say P;_,; is stochastic if it satisfies E], P;_,; =1 for all i and any P;_,; > 0.
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Case E, € [EL, + Armt, Er — Armr).  The conductance is lower-bounded with Assumptions 2 and 3 as

(I)(S) Z QQ(S; 5) Z Q(WSTPT*)T%*l + ’/TS[,PZ~>571) Z 27TSTPr~>r+1

2
_ 2 2 |f7",r+1|
- ; WET”T‘,’I‘-}—I D

B, €S, Erp1€Sm41 rrtl

9 [Er Ersa |f(E—E)?
== dE Ds(E dF' D(En%, = — L
L[ apDye) [ (Bib-s )y e

Ass. 2 2 B Brgr o
2 R dE Dg(E) dE ng _g|f(E — E')|
Thip JE,_ E,

Ass. 3(a) 2Dr6nin By Ert1
> [ ae [ T apap plrE - B
TRD Er—l Er

_5 2pwin - rE, Erp1-E
v=E'-E 2Dg 214 |2
= — dF dv
"Rp /ET1 /Er ny|fu|

—-E

_ 2pwin - ~AgmT ArmT+H

n=E,.—F

=" / du/ dvag| fol?
D Jo ©

9pmin - fAgmT ArMT
I / dps / dvny|ful?
rap Jo 0

2Dmine*ﬁARMTA ARMT
> B RMT dy 3 |f |2
= R n_,\Jv
TivpD 0
(132) o e PARMT Apyip
Aspec .

%

(136)

The derivations of such bounds only account for energy-increasing transitions, as seen in the first line of the
derivations.

Case Ey € [EL, + Armrt, Fr — Armr).  Following similar steps, the conductance is lower-bounded as

2 _1? A
®(S) > 215, Pryo_1 = - > TEME 1 ‘fbf’ib} ‘_ >Q ( RMT) . (137)
" BieSiEres D( ['251) Aspec
2 50 —1 £—1

Note that the energy-increasing conductance bound (136) is smaller than the energy-decreasing one (137).

Case E, € (—o0, Fr].  Under Assumption 3, Q(S, S) is lower-bounded as,

_ 1 ARMT
Q(S,S) > g . Pryri1 > - Ernelg ARMTDg(ET)efﬁARMT/ dw]zu|f(1/)|2. (138)
€S 0
and
E’V‘
o < / dE'D3(E') = O(AspeeDa(Ey)). (139)

Thus, the conductance is bounded as

B(S) = Q5. 9) >0 (
TS

—BARMT
¢ ARMT) . (140)

Aspec

Case Ey € [Eg,00). Following similar steps as for the previous case leads to the same lower bound (137).

To deal with unions of contiguous energy sets, let us first consider the case with two such sets, S; and So, that
are not contiguous to each other (and thus do not overlap). We wish to relate the conductance ®(S12 == S1USs3)
to the individual conductances ®(S1) and ®(S2). To do so, we note that given Assumption 1(a), transitions
P;_,; between any i € S; to any j € Sy are suppressed such that Q(S12, S12) = Q(S1,51) + Q(Sa, Sy). Hence

Q(Sla‘gl) + Q(‘S’27§2)
TS, + TS,
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This can extended to unions of more than two non-contiguous sets, and shows that taking such a union cannot
decrease the conductance. Overall, accounting for all the cases studied, we get that the conductance is lower-
bounded as

—BARMT A
®(S) > Q (e X RMT) : (142)
spec
which thus gives the minimum conductance, i.e.,
—BARMT A\
6> 0 (eRMT> . (143)
Aspec

Therefore, using Cheeger’s inequality (135) together with the relationship between the classical Markov chain
and the diagonal part of the averaged Lindbladian (131), we obtain the lower-bound for the spectral gap

e~ 2BARMT AQRMTI"
A2 '

spec

2
Ading > % =0 ( (144)

Using Agmt = ©(1/8) (Assumption 1(b)) and the lower-bound on the overlap integrals (111), we get
. 1
Adiee — ( — ), 145
(%) (145)

Here, we further used a standard scaling of the spectral width of a local Hamiltonian, Agpec = O(v/n) [103—
105]. Finally, comparing the scaling of Eq. (145) to one of the eigenvalues of the off-diagonal part of the
averaged Lindbladian (130), we conclude that A41%8 provides the lower bound of the spectral gap of the average

Lindbladian,
6_2’8ARMTA2 r Ass.1(b) 1
A =0 RMT =" Ql—=). 14
ErL < Agpec nﬂQ ( 6)

Recall that this spectral gap bound is derived under the assumption of ETH (104) and Assumptions 1, 2, and
3.

C.4 Concentration: upper bound of ||£ — I['ER£||05172_>2

We derive an upper bound on the operator distance between the Lindbladian £ and its ETH average ErL. A
convenient distance measure for our purposes is the weighted induced quantum channel norm || - || -1 ,_,, [56],
5

which is defined by

lexl

o5 th2 ® -
e with X, [(X, X) g Te[Xto, " * Xo ;7 (147)
”X”(ygl,z 2 \/

for a quantum channel C and the maximization is performed over Hermitian operators X. Later, this norm will
allow us to bound the trace distance between the steady states po and og.
Note that the ETH average does not affect the system Hamiltonian, such that we can simplify

||C||og1,2—>2 = max

||£7ER£||051724)2 = ||’D7ERDH0‘5172~)2' (148)
where D is the dissipative part of £, which form we recall here:
1 a at 1 at a at at ga
Dlo) = g D (LoD = S{L L)) = o TS (AL pAz - (A AL ). (49)
a a Vi,V2
Defining K[| := o, 4D Dlo 2/4 . 0113/4]%_1/4, and K its vectorization, we can verify that’
I =ErDl,1 55 = IK = ErKllow2 = | K — ErK|oc. (151)
5Let 8D :== D — ERD and 6K := K — EgrK. The first equality in (151) follows from
1Kz o Y/ 4Dlo A x0Y oy o o5 46D[R]oy 4 2 19Dl 5
[[6K||2—2 = max —————= = max = max T 1 = max = (150)
x X2 X ||X||2 X oy Xey / ll2 I
with X = ‘7;13/4)(%1-;/4- In the present work, the maximization of X (X) to define the induced norm is restricted to Hermitian

operators.
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We note that, for any og-DB dissipative channel D, the channel K is self-adjoint with respect to the Hilbert-
Schmidt inner product for all bounded operators. Furthermore K, the vectorization of K, is given by®

B B
1 B » N e—z(ﬂ—’/) ez(H—V)
K= o 20 (30 (42)" @ A — ST (A7) A

a p,v

(A)T(4)" © 1), (153)

where AT is the transpose of A.

Our strategy to bound Eq. (151) is to partition the energy spectrum into a set of non-overlapping energy
intervals {S;}; (Fig. 11) using the projectors

Mg, = > \E:) (. (154)

E;€[iArmT,(i+1) Armr]

. . . * . s v a\* a a\* a
We start with the terms involving A*® A. For AKaga =, >, , Mumer (h+1) ((A2) ® Af —Eg[(Ag)* @ AG])

and an even integer p,

(Eg||(Is, ® I1s,) AK aga(Ils, @ 1g,)|| )"
< B (s, © M) AKasa(s, 9107, < Ex(Ils, & s )AK aga(ILp, T )|

p
(156) 1 ;
< Ep| (s, &) 0 > ST, (A2)* © A% — (A9)* @ A9) (I, ® 115,
a v p
p
(157) 2 Bt ayx a
="Eg ||(ILs, ®Hsz)m22e4(’” Iy (BL)* @ B(Ils, ®11s,)
a 14 P
p
(158) 2 " "
< Egr szskai@) fglvsj
a p

(159)( 2 )pE c
< Y R Sk,Si
VIA] *

v <2> (max{Tr[Is,], Tx[Is,|}Er|Gs, 5, 2] max{Tr[Ms, ], Tr[lls, }ER[IGs, 5, )72 (155)

V14l

In the third line, we used that, for the zero-mean random matrix X = (Ag)* ® Af, — E[(A])* @ Af]

gERHGSz,Sjng

Er|lX|} < Er[IX — X"||7, (156)

where X and X' are i.i.d. random matrices (all the diagonal entries are zero). In the fourth line, we wrote
A= (B+B')/v2and A" = (B — B')/v/2 with zero-mean random matrices B and B’. Then, it follows

A*@A-A*®A'=B*"®@ B + B”®B. (157)

In the fifth line, we defined the zero-mean random matrices G  whose entries all have the same variance,

B(F_ B(F— |f(F - E)]?
E a/ i’2 _ 4(F E) _ 2E Ba 7;'2 —_ 4(F E) _ 27. 158
RllG ul’) = g (5P m el Bal(Bp gl = | s (3 Pme_p g 159
SThe vectorization of D is
1 1 1
D= D e ((4)" @ 43— S1 @ ()AL — S(an AT @ T). (152)

a p,v

Then, the vectorization of K is K = ((0;1/4)T ® 0571/4)D((U}3/4)T ® 02/4)'
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In the sixth line, the Gaussian matrices are decoupled as

p
Er| Y G @G

p

Z CaICZQ . Cap,IC:;pERTf[Gal Ga2t GapflGapT]ER’I‘I.[G/CU Glest G/ap—lG/CLpT]

pairs
2 a a Ap— a, a a Ap— a
< (Z|ca\2)p/ > ERTY[GmGoT .. G GUIERTY[G ™ G/ . G G'r | (159)
a a1,...,ap
) pairs pairs
Z| N K NS 7% e il e LB el Te L I NS o0 o e Y e L N e Y ey
ai,...,ap b1,...,bp

/2
< (D leal?)" " BR|IGILER|G .
a

The quantity ExTr[G™ ... G"»T] is non-vanishing upon averaging over independent random matrices R or
equivalently G* only when all the indices make pairs. Accordingly, the sum Zpam a only runs over such indices.

The last inequality holds because E RTr[GalG“"’T .. G- 1G“PT] > 0 holds when the indices are contracted. The
seventh line follows from Fact D.1 in [60]. For a d; x da matrix G of the maximum variance Varg,

Eg| G5 < min{oll,dg}Varg/2 ((c1v/max{dy, dg})p + (c2v/P)P), (160)

for constants ci,cp. Setting p such that min{d;,ds}*/? < 1/c;, we have

(ERHGHg)l/P < /Varg -max{d,, ds}. (161)

Therefore, we can upper-bound the fluctuation in each eigensector,

Er| (s, ® s ) AKapa(Ils, @ TLs;)||

A R
< SRMTED J max D(F) max D(F)
\ /|A| EeSUS; FGSZUS]‘

B B
T o 1 N LY P e ]
EL€Sy,Ei€S; D(EkJrEl) E€S,E;€S8; D(E1+E_7)
2 2
ArmrRY, 8 s A 8 P
Dot (Be=Ey) o | F(Bx — E)| - %P1~ 77E, o | f (B — Ej), (162)

e Tt

where Ek, Ei is the pair of energies solving the first maximization of the third line, and El, Ej solves the second
maximization of the third line. Recalling Assumption 2, for the second line we used that the number of states
in each energy interval can be expressed as

TI"[HSi} < D(Ei)RDARMTa for all E; € S;. (163)

A

The last line in Eq. (162) holds only if FE; € S; and EA’kAG Sk are close, which is true because f(Ek — E;) vanishes
for |Ey — E;| > Armr (Assumption 1(a)). Same for E; and Ej.
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Now, we add all the energy eigensectors.

Er[[AKaglloo

=Eg Z (s, ®ILs, ) AKAga(Ils, ® I, )
ikl

oo

< ZER Z stm ® HSj+n)AKA®A(HSi ® HS]')

4,J 00

= ZH}%—XER ||(H5i+m ® HSj+n)AKA®A(HSi ® HSJ’)Hoo

(162) A R B N N 2
< RMT S2RMTAVD (Zmaxe4 (Ez+m )T}EA'H_m—Eq (E1,+m — E@)|)

ARMTRD B (Byyrn—Fr) . L \2

< SRMIZD (NS Fum By f (B — By 164

<V (X 81101/ B = ED)) (164)
ARMTRD Bm /4 2

Si E 0, | f (D) (165)
VAl ( )

Ass.2

2
=70 ( / dve® /4, |f (v )> where we used AgrumT Z ~ /dy
ARMT \V IA ( m
(167) <

1
yN— M) . (166)

In the inequality (164), we defined #(m) := argmax eg(E”m_Ei)nEAHM_Ei\f(EHm — E;)|, and suppressed its

K3
m-dependence for the notational simplicity. In the inequality (165), , is given by vy, € U {Eixm — Ei|E; €
Siy Eitm € Sitm} that maximizes eBvm/ 0., | f(vm)]. The last equality follows from the Cauchy-Schwarz in-
equality,

0o 2 00 0o
(/ dyeﬁ”/417,,|f(u)> g/ dynf/ a2 1)1 "L o). (167)

1

Next, we bound the norm of AK gaa :=32,3, , Ml ® ((A%)TAg —Eg[(A%)TAY]).

(Er[|(ITs, ®ILs,)AK g aa(Ils, ® ILs,)| )"
< Eg||(ILs, ® s, ) AKrgaa(Ils, @ ;) |17

p
1 _ Bl
<Ep s,y 30 e F0 I, (47)1 45— (a) A7)0
a 1% p
p
e |A|ZZe Hm), i, T, (Be) BT,
a P

p

2
<Egr 4] Z Z Gs,.5,Gs,.5;
a h P

p
(169) 9
< |—=| Er
(\/ |A|>
p/2

4 <2> (3 ma(Te{ITs ], Te{lLs, (|G, 5,12 max(Te(ILs, | Te{lls, }ER[IGs, 5,12) . (168)
h

p

E Gs,,5,Gsy,8;
h

P

V14]
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In the second last inequality, the Gaussian matrices are decoupled as

P
En|| Y caGiG"
a p
_ Z CachQ o Cap_lcszRTr[GalG,al G@tgret  Ger— G/apflGapTG/apT]

ayp,...,ap

pairs (169)
Z l a| P/2 Z ]ERTI' Ga1 G/a1 GGQTG/GQT L GQar—1 G/ap_lGapTG/apT]

I A

= (X Jeal?) (ErllGI G 2).

The sum Zpalrs@p only runs over the indices that consist only of pairs. The last inequality holds because
ErTr[GGT ... G4%-1G%T] > 0 holds when all the indices are paired. The last inequality follows from,

(161)
Er[|GG'|} < d2BR||G|1% - Er[|G'|I%, < /Varg Varg: - max{dy, d2} max{dz, ds}, (170)

for a d; x do matrix G and a ds X d3 matrix G’. The even integer p is chosen so that dé/p <1.
Therefore, we can upper-bound the fluctuation in each eigensector,

Eg||(I, @ Is,) AK @ aa(lp, ®1s,)|

ARMTRD
Z\/EeSzush (E) Fensl“%s D(F)

B(g,— E+E B +E;
y s o1 (E h)nEszh,|f( ng By — Eh)| . o1 (En—E 77Eh |f( R o Ej)|
E, €S, EreSy D(E1+Eh’) En€Sh,E;€S; D(Eh,“rEj)
2 2
A R? B - ~ b A A
— w Zeg(Ez*Eh)nEliEh|f(El _ Eh)| eg(Eh*Ej)nEhiEAj ‘f(Eh — Ej)|, (171)

VIAL 5

where Ej,, Ej, E; are the energies solving the maximization of the third line.
Summing the contributions from all the energy eigenspaces, we find

Er[[AKrga4ls

=Egr Z(I ® s ) AKrgaa(I @1ls;)

gl IS

< ZER Y (IeTs,,, )AKgaa(I@1ls)

j o0

< Zm]aXER ||(I® s, ) AK@a4(I ® HSJ)HOO

(171 Agpr R2
D Z 5 (Bim— E’L)UE]M*EJJ[( J+m—Eh)|e4 (En— WEh |f( E;)| (172)

; Vv |A‘ m,h

Armt R B(Bynsm—E; ~ ~ 8(Bypn—E; ~ ~
= > i Fanim ]+h)771§,»+h+m—1§j+h|f(Ej+h+m — Ejyp)|e Fotr 1)77Ej+h,,];ﬂj|f(Ej+h — Ej)
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A
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- VAl 4
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=2 ( / dve™ i, | (v >|) where we used Arar “/ d”
(ARMT\/W zh:

(167) o 1
Arvry/A] )

(174)

Accepted in {Yuantum 2025-08-20, click title to verify. Published under CC-BY 4.0. 37



In the inequality (172), j(m) solves the maximization, j(m) := argmax }_, o3 (Bjxm—En

J
E‘h)|e§(Eh’Ej)nEh7E7‘ |f(Eh - Ej)\, and its m-dependence is suppressed for the notational simplicity. In the

Mg, f(Ejm —

inequality (173), 7, for an integer z is given by v, € UiEits — EilE; € Si,Ei1y € Sit.} that maximizes

eB”T/éInum |f (V)]
Similarly, one can obtain the bound

1
Er||AKAagrloc SO | ——— | . (175)
Armt/|A]
Overall, we have
1
ER||D—ERD||U—1 :]ER||AKA®A+AK]®AA+AKAA®[HOO SO — (176)
8 ,2*}2 ARMT /|A|
Furthermore, a careful concentration analysis in [60] together with Eq. (148) shows that
1

1€ ~ErLll, 1500 = 1D~ ErDll, 15, < O [ ——— ()

8 ,2—2 5 ,2—2 ARMT\/W

holds with the probability exponentially close to 1 with respect to n. Using Agryt = ©(1/8), we can simplify
Eq. (177) to
B

£ — ER£||UE1,2—>2 =0 (M) . (178)

C.5 Bounding the convergence to the Gibbs state

In the previous sections C.3 and C.4 we showed that the gap of the average Lindbladian EgL is lower-bounded
by a polynomial in 8 and the system size n, whereas the channel distance between the actual Lindbladian £
and its average Er L is upper-bounded by the inverse square root of the number of jump operators |A|. In this
section we will use both results to polynomially bound the spectral gap of the true Lindbladian £ and to show
a high convergence accuracy of the Lindblad evolution, in the sense that its exact steady state po, is close to
the target Gibbs state o, which is the steady state of EgL.

Let us start with the spectral gap. From the gap Ag, . of the ETH-averaged Lindbladian (146) and the
channel distance (178), we obtain a lower bound on the gap A, of the Lindbladian £ = EgL + (L — EgL) via

e 2BARMT A2 r 1
A£Q< RMT )(9 — . (179)
Agpec ARMT V |A|
Hence, there exists a number of jump operators,
A= T A 180
|A| = W ) (180)
for which the spectral gap (179) is lower bounded by
—2BARMT A2 T
ALQ<e I ) (181)
spec

with high probability. Finally, using Eq. (16) and 10g(||0§1||00) ~ B||H||c0, the lower bound of the spectral gap
is turned into an upper bound of the mixing time,

(182)

1 625ARMTA2
tix < O (5||1ij||<><j+1ogg)7spec .

AI%{MTF

With Assumption 1(b), Agpec x 1/y/n, spectral gap (181), the sufficient number of jump operators (180), the
mixing time (182), and the bounds on the overlap integral I' (111) and (110), we find

1

re=0(.

) A= Q2), b = O (B2 (B H]le + 1og(1/6)) (183)

Accepted in {Yuantum 2025-08-20, click title to verify. Published under CC-BY 4.0. 38



As a reminder, we used the assumption of ETH (104) and Assumptions 1, 2, and 3 to derive the spectral gap.
This proves Eq. (103) of Thm. 2.

Let us now come to the distance between Gibbs state and steady state of £. The inequality (177) allows us
to bound the x? divergence, |log — poo||0;172, between Gibbs state and the steady state po. of £, which in turn,

bounds the trace distance, [|0g — poo|l1 < [|0 — poo|l,—1 5 [56]. Let us simplify notation, £ = ErL, and let o
5
and o’ be states such that L[o] = £'[¢'] = 0. Then

lo = 0"llg-1,0 = lle*“[o] = e [0 ]l5-1,2 < lle"“[0 = 0]l 51,2 + (" — &) [0 ] 5-1.5. (184)

To bound the second term, we note

1
”etﬁ 7etﬁ’”071’2ﬁz < t/ dSHestﬁ(ﬁ o El)e(lis)tﬁlHo——l’Q*)Q
0

1
185
<t [ A sz e = £ o2 e 1 (1%9)
0
<HL = LM g1 2550,
where in the last inequality we used
le”“[plllo-12 = lle"“[p = olllg-12+ 1< llp = 0llg-12+ 1= lpllo-1, (186)
for z > 0, leading to
le*“[p]llo-1,2
[€”%[p] ||l g1 252 = max ———7—= < 1. (187)
P Hp||a—1,2
The same inequality holds for £’. Thus, the second term in Eq. (184) is bounded by
1ot = )0 Nlo-1.2 S HIE — L1202 - 0701 . (188)
Note that ||o’| ;-1 2 can be evaluated as follows:
o' lo=1,2 < llollg=12 + [lo" = ollg=12 =1+ [lo" = oflg=1 2. (189)

To bound the first term in (184), we set t = A 'log(]|c ™! l»/€) for the spectral gap A, of £ (181) so that the
following inequality holds,

[e“[0” — o)|lg-12 < e L]0’ — 0|10 <€ (190)
Putting these together, we have the bound on (184),
lo = 0'llg-12 S e+ t|L = Lo-1 2521+ [lo = [ 5-1,2)
_ et AL og(llo Hloo/OIIL = £ g-1 22 (191)
T 1= Azog(lo oo /L = Lo 200

which also upper bounds the trace distance due to o — o’|1 < [jo — 0'|[,-1 2.
Setting ¢’ = poo, 0 = 0, and using Eqs. (178) and (183), we can bound

nB3
V1Al

where we used log(||aﬁ_1||oo) ~ B||H||co. With this, we obtain the following upper bound on the trace distance,

Az 10g(ll0 oo /ONIE — £ l5-1,532 = O ( (BIIH] e + 1og<1/e>>> , (192)

w.h.p B _
oo = 78l < llpoo = opll,=1 0 < e+ (AzMog(lloz loo/IIL = £ ]lo1 252
(193)

_ n’ _

This proves Eq. (102) in Thm. 2. The second inequality holds with a high probability. In the last equality, we

set the number of jump operators as
2381 F 1|12
1Al =Q (" b ‘6| ”OO) : (194)

so that po is 2e-close to o in trace distance. Choosing the number of jump operators as Eq. (194) automatically
guarantees the second equation in Eq. (183).
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Figure 12: Fractal dimension analysis of the mixed-field Ising model (30) for n = 8 qubits. The upper and lower rows show,
respectively, mean E[D1] and variance Var[D;] of the first fractal dimension, Eq. (195), evaluated over the inner 80% of the
spectrum, as a function of transverse and longitudinal field strengths. The four columns correspond to four different Pauli
strings (given in each column’s title) which define the basis in which the fractal dimension is evaluated. Large mean values
E[D1] in conjunction with small Var[D1] are a signature of quantum chaos. We identify a clear region of uniform eigenstate
delocalization below the center (m = h = 1) of the phase diagrams, which is present for all considered Pauli bases. Within the
phase diagram, we identify eight parameter choices (white crosses), with broadly varying eigenstate characteristics, of interest,
which we will consider in more depth in the following convergence analysis. They are summarized in Tab. 1.

D Details on numerical experiments and further results

We discuss further numerical results for the mixing time and convergence accuracy of the Lindblad dynamics (2).
We expand the analysis of Sec. 5 by investigating the impact of the locality k of the jump operators, and of
the initial state in App. D.2. Furthermore, we extend our analysis to more parameter points, exploring further
regular limits and the edge of chaos of the model (30). We start this section by giving a more detailed overview
of fractal dimensions and eigenstate delocalization, from which we identify the various dynamical regimes of
our mixed-field Ising model (30). In App. D.3, we give further details on our Lindbladian simulation scheme.
Throughout this section we fix 8 = (2J)7!, as in the main text.

D.1 Eigenstate delocalization

Eigenstate thermalization is expected to accurately describe the behavior of quantum chaotic systems [48].
Typical signatures of quantum chaos comprise, for example, spectral statistics [85, 86] or the delocalization
behavior of energy eigenstates [73—76, 106-108]. We identify sets of parameters (h,m) of the mixed-field Ising
model (30) with distinct quantum chaotic properties by following the approach advocated in [75, 76], based
on delocalization of energy eigenstates. This approach directly assesses the crucial properties underlying the
ETH, while simultaneously being independent of a specific choice of observables, i.e. of the Lindbladian jump
operators in our case.

D.1.1 Eigenstate delocalization and fractal dimension

Quantum chaos is signaled by a strong and uniform delocalization of a substantial part of the energy eigenstates
in almost any basis of the Hilbert space (excluding pathological cases such as the eigenbasis itself) [73-76, 106
108]. A way to quantify eigenstate delocalization in a given Hilbert space basis |() is via so-called fractal

dimensions. For an eigenstate |E;) = ngi% 1[12 [€) of (30) the finite-size generalized fractal dimensions are
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Key Hamiltonian parameters Step size n =3 n=4 n=>5 n==~6 n="17 n=3~§
TFIM h/J=1.0,m/J=0.0 0.25 0.25 0.125 0.125 0.125 0.125
CH2 h/J=1.0,m/J=0.2 0.25 0.25 0.125 0.125 0.125 0.125
CH h/J=10,m/J=04 0.25 0.25 0.125 0.125 0.125 0.125
KIH h/J =0.9045, m/J = 0.8090 | JAt= 0.25 0.125 0.125 0.125 0.125 0.0625
REG h/J =0.1585, m/J = 3.062 0.125  0.0625 0.0625  0.0625  0.0625  0.03125
INTER | h/J =0.5623, m/J = 1.230 0.25 0.125 0.125 0.125 0.0625 0.0625
CH3 h/J =1.698, m/J = 0.5551 0.125 0.125 0.125 0.0625  0.0625 0.0625
REG2 h/J =6.310, m/J = 0.2158 0.0625 0.03125 0.03125 0.03125 0.03125 0.015625

Table 1: Summary of the Hamiltonian parameter configurations considered in our numerical experiments. For each configura-
tion, we give the label, the corresponding coordinates h/J and m/J, and the time step sizes for the considered values of n.
The step sizes are determined by our numerical scheme as described in App. D.3.

defined by
dim H

logam# RS, RY =" [P, qeR, (195)
¢=1

D —
q 1—¢

where dim 7 is the dimension of the Hilbert space. In the following we will omit the superscript (i) of Dy if it is
not necessary. For ¢ = 1 the definition is given by taking the limit, D; = lim,—,1 Dy, which coincides with the
normalized Shannon entropy of the probability distribution {|i¢|?}¢. In the large-system limit one can identify
three different regimes: localized (the eigenstate is supported only on a vanishingly small portion of basis
states, with limgim 5—o0 Dq = 0 for all ¢ > 1), multifractal or extended non-ergodic (0 < limgim #—o00 Dg < 1
dependent on ¢) and ergodic (limgim #—o00 Dq = 1 for all g, which holds for the limit of the uniform distribution
|¢2|2 =1/dimH for all ¢).

For uniform eigenstate delocalization in a given expansion basis, two statistical signatures are crucial: Firstly,
a large average fractal dimension E[Dy], where the average E is taken over the eigenstates {|E;) };, indicates that
almost all eigenstates are strongly delocalized. Secondly, a small variance Var[D,| over the spectrum signals
that this delocalization happens uniformly over all eigenstates. In the following we will focus on the first fractal
dimension, ¢ = 1, which is sufficient for our purposes.

To gain a comprehensive picture of the dynamical landscape of the mixed-field Ising model (30), we analyze
D in the full parameter space of our Hamiltonian. To filter out potentially untypical eigenstates at the spectral
edges, we focus on the bulk of the spectrum, and compute mean E[D;] and variance Var[D;] over the inner
80% (in terms of energy) of the eigenstates. To consolidate our analysis in Fig. 2, where we consider the fractal
dimension in the n-qubit Z-basis, we evaluate D; in four additional random n-qubit Pauli bases. The results
are shown in Fig. 12 for n = 8. The four columns correspond to the four chosen Pauli bases, given in the column
titles. For each column, we show the mean value E[D] (top row) and variance Var[D;] (bottom row), for the
Ising Hamiltonian (30) in the parameter range m € {0} U[1071,10%], » € [1071,10']. As before, we also include
the value m = 0, which corresponding to the (integrable) transverse-field Ising model.

As in Fig. 2, the parameter domain 0.7 < h/J < 2, 0.2 < m/J < 0.9 shows strong uniform eigenstate
delocalization for all considered Pauli bases. In this regime we observe a consistent maximization of E[D,],
which is accompanied by a drop of variance Var[D;], signaling uniform properties of the eigenstates over the
bulk of the spectrum. The fact that this happens independently of the chosen basis, confirms that this region
is indeed characterized by strong quantum chaotic behavior. Consequently, we expect our model to align
well with the ETH predictions in this parameter regime. Note that the remaining parameter regions show
different signatures for each chosen basis. This is expected. The fractal dimensions are, by construction, basis-
dependent and we expect traces of this basis-dependence to be visible within the non-chaotic regimes of the
model. Physically, we can identify three regular limits of the Ising model (30); m/J — oo, h/J — oo or
m, h — 0. In these limits the Hamiltonian is effectively given by only a single term. In general, we expect ETH
to be not applicable in the regular limits. In the limit m/J — 0, the mixed-field Ising model approaches the
transverse field Ising model, which can be mapped to free fermions via the Jordan-Wigner transformation. This
is an integrable (i.e. non-chaotic) model—however, it can exhibit critical behavior.

D.1.2 Hamiltonian parameter points for the numerical investigation

To investigate the dynamical regimes of the mixed-field Ising model, we consider several parameter configura-
tions, covering different dynamical regimes of the Hamiltonian (30), for our simulations. These configurations
are shown in Fig. 12 as white crosses with corresponding labels. We consider points along an anti-diagonal
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Figure 13: Mean level spacing ratio of the even-parity symmetry sector of the mixed-field Ising model (30) for n = 8 qubits. The
level spacing ratio distriution is computed in the even parity symmetry sector of the model. In the quantum chaotic parameter
region, its mean value (r) approaches the prediction from the Gaussian orthogonal ensemble (GOE), given by (1), = 0.5307
[75, 86]. We observe that the region identified as quantum chaotic by the mean level spacing ratio is well-aligned with the
regime identified from the eigenstate delocalization analysis shown in Fig. 12. The considered parameter points used for our
numerical investigation (white crosses) are shown again for comparison. They are summarized in Tab. 1.

through the center of the phase diagram (m = h = 1) (REG, INTER, CH3, REG2). The points REG and REG2 are
exemplary for the two regular model limits, where either the longitudinal or the transverse field dominates the
dynamics, cf. Eq. (30). The point CH3 is located within the chaotic domain of the model. Additionally, we
investigate the point KIH, considered in [109] as a “robustly non-integrable” parameter point based on the dis-
tribution of level spacing ratios. From the standpoint of eigenstate delocalization, this parameter point seems to
be located close to the edge of chaos. We further explore the transition towards the transverse-field Ising model
(m — 0) with the three points TFIM, CH2 and CH, located on the vertical line h = 1 for three different values
of m. All eight parameter points are summarized in Tab. 1. According to our fractal dimension analysis, we
expect that the configurations CH, CH2 and CH3, show the clearest signatures of quantum chaos and, therefore,
that ETH is applicable at these points.

D.1.3 Distribution of level spacing ratios

For comparison, we provide numerical data for another frequently employed signature of quantum chaos, the
level spacing ratio distribution r [85, 86]. Let E; denote the ordered energies (in ascending order) of the
Hamiltonian, in our case the mixed-field Ising model (30), and s; = F;11 — E; the i-th level spacing. The
level spacing ratios are defined by r; = min(s;4+1/8:, $i/si+1). In quantum chaotic systems, the distribution of
level spacing ratios follows the corresponding distribution of an appropriate ensemble of random matrices. In
our case of the mixed-field Ising model (30), which is time-reversal symmetric, the appropriate ensemble is the
Gaussian orthogonal ensemble (GOE). Typically, one simply considers the mean value of level spacing ratios
(r) as quantum chaos signature, which is predicted to be (r),op = 0.5307 by GOE.

Figure 13 shows (r) for the mixed-field Ising model in the parameter range m € {0} U [107},10!], h €
[1071,10], as considered in Fig. 12. Note that symmetries of the model will strongly alter the distribution of
energy levels, hence one first has to remove those symmetries, respectively work in the individual symmetry
sectors. Our considered mixed-field Ising model with open boundary conditions (30) is symmetric with respect
to reflection at the center of the chain. We remove this symmetry by projecting the Hamiltonian to the even
parity symmetry sector. The observed region of quantum chaos, (r) = (r)op, aligns well with the parameter
region identified in Fig. 12 by the transition to uniformly delocalized energy eigenstate.

D.2 Mixing time and convergence accuracy

We extend our analysis of mixing time and convergence accuracy in Secs. 5.2 and 5.3. Especially, we take a
closer look at the influence of the locality k& of our jump operators and of the initial state on the Lindblad
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Figure 14: Scaling of mixing time (top row) and spectral gap (bottom row) for varying k = 2, 3, n, indicated by color, and two
different initial states, the maximally mixed state /2™ and the zero state |0)®". We observe a general increase of the mixing
time, and a corresponding decrease of A, with the locality k of the jump operators. Especially non-local jump operators,
k = n, show a significantly faster increase (decrease) of the mixing time (spectral gap), as compared to local operators. In
most cases, the zero state converges faster to the steady state. This effect is most prominent for the chaotic Hamiltonian
parameter point CH3, see Tab. 1.

evolution in App. D.2.1. In App. D.2.2 we discuss the influence of the Bohr frequencies and the initial state’s
energy distribution on convergence accuracy and mixing time. We also investigate the influence of the coherent
term —i[H, p] in the Lindbladian on the mixing dynamics in App. D.2.3.

D.2.1 Non-local jump operators and initial state

The upper row of Fig. 14 shows the scaling of the mixing time estimate i, (7) with n, for two initial states and
three values of &k = 2,3, n. As Hamiltonian parameter points we consider CH2, KIH, INTER and CH3, cf. Tab. 1,
i.e. the parameter sets that are not considered in Sec. 5. Note that the point REG2, which is dominated by the
transverse field, fails to converge below convergence accuracy ||og — p(t)|l1 = 1072 within the maximal time
horizon considered in our simulations for all cases, see App. D.3 for details. Therefore, we do not have mixing
time estimates for this point. We fix |A| = 50 random k-local Pauli jump operators, cf. Sec. 5, in Fig. 14. As
an initial state, we compare the maximally mixed state I/2" (solid lines), with I the 2" x 2" identity, to the
zero state |0)®" (dotted lines). The different values of k are indicated by color. Firstly, we observe that the
chaotic parameter points CH2 and CH3 show faster convergence than the other two points, i.e. shorter mixing
time fmix. The point KIH, according to our analysis in Fig. 12 located at the edge of chaos, still shows a faster
mixing than the non-chaotic point INTER. These observations are in line with the results discussed in Fig. 4.
The locality of the jump operators has a huge influence on the mixing time. Note that the ETH ansatz (11)
assumes local operators with & < n. Indeed, for local jump operators, k = 2,3, fmix scales polynomially in n
with approximately the same small exponent for both initial states and both values of k. This confirms our
observations Fig. 4, showing that our analytical bounds are applicable in this case. In turn, non-local jump
operators, k = n, show a a much faster growth of the mixing time with n (for both initial states), potentially
even with a super-polynomial dependency on n. To validate this observation, simulations of larger system sizes
would be necessary. Regarding the influence of the initial state, for the chaotic point CH3, we observe that
choosing the zero state as the initial state gives consistently shorter mixing times as compared to starting from
the maximally mixed state. For the remaining parameter points, this effect is less pronounced, but we still
observe a weak increase in mixing time for the maximally mixed state in most cases.

In the lower row of Fig. 14 we show the spectral gap A, as a function of n for the same Hamiltonian parameter
points. For k = 2,3 we observe, similar to Fig. 4, a polynomial decrease of the gap with n, in line with our
theoretically predicted bound (181). For non-local jump operators, k = n, we observe a much faster decay of
A, with n. Whether this decay is polynomially or super-polynomially, we cannot reliably assess based on the
limited number of data points. As expected, the gap mirrors the behavior of the mixing time; larger mixing
times correspond to smaller gaps, and vice verse. This supports the theoretical bound (16), stating that the
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Figure 15: Convergence of the Lindblad dynamics for two random pure initial states (rows). We plot trace distance versus
evolution time (in units of 1/.J) for Hamiltonian parameters REG (left) and CH (right), as in Fig. 3. For CH, the mixing time
is comparable for both states (as also for the maximally mixed initial state considered in Fig. 3), and increases monotonically
with system size n. For the point REG, the mixing time strongly fluctuates with varying n. The mechanism behind this is
explained in more depth in App. D.2.2.

mixing time is mainly controlled by the spectral gap of the Lindbladian generator.

Figure 14 shows that for the considered Hamiltonian parameters, the initial state does not have a strong
influence on the mixing time. Moreover, mixing time increases, as expected, monotonically with system size.
Note, however, that the four parameter combinations are all sufficiently far away from the regular limits of our
model, and the above described behavior can strongly change in these limits. For example, the left panel of
Fig. 3 shows that for the regular point REG, mixing time does not monotonically increase with system size, e.g.
for n = 5 the dynamics converges faster to the steady state than for n = 3.

To underline this effect, we compare in Fig. 15 the convergence dynamics for parameter points REG, CH and for
two pure initial states sampled from the Haar distribution. While for the chaotic point CH, the mixing time of all
initial states shows roughly the same dependence on system size n, for REG the mixing time strongly fluctuates
as n is varied. For example, n = 8 for random state 1 shows comparably fast mixing, while n = 5 for random
state 2 mixes extremely slowly. We observed similar effects for various other random initial states. The reason
behind this is a strong sensitivity of the dynamics to the initial state’s energy distribution in the regular limits.
We describe this phenomenon in more detail in App. D.2.2 by connecting the initial states’ energy distribution
with the Bohr frequency spectrum of the Hamiltonian.

D.2.2 Bohr frequencies and convergence

Mixing time The left and middle column of Fig. 16 show the distribution of Bohr frequencies for Hamiltonian
parameters REG and CH and n = 5,7. A schematic representation of the filter function 7, see Egs. (9) and (55),
in the frequency domain is added as pink curve. For REG there are many energy levels, and correspondingly Bohr
frequencies, that are almost degenerate, resulting in a strongly discretized and broadly spaced distribution, with
large regions that are not covered by Bohr frequencies of the model. In comparison, for the chaotic point CH
there are no degeneracies and the Bohr frequency distribution follows an almost continuous and densely packed
Gaussian-like shape.

The mixing time of the system, i.e., the ability of the system to transform an initial energy distribution to
the Gibbs distribution, is controlled by those Bohr frequencies that are selected by the filter function 7,. For
REG, due to the discreteness of the distribution, there are only a few selected Bohr frequencies that participate
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Figure 16: Bohr frequencies and initial state energy distribution. The left and middle column show the distribution of Bohr
frequencies (as normalized histograms) of the mixed-field Ising model (30) for parameter points REG and CH and n = 5,7
(rows). The pink curves schematically depict the Gaussian filter function (55) of our Lindblad operators (8) in the frequency
domain. The regular limit REG shows a discontinuous distribution due to many energy levels that are almost degenerate. In
comparison, the Bohr frequency distribution of the chaotic point CH is smooth with a Gaussian-like shape. The right column
shows the energy distribution (as normalized histograms) of two exemplary random pure initial states (state 1 and state 2 in
Fig. 15) for the two parameter points. The interplay between initial energy distribution, Bohr frequencies and filter function
determines the mixing properties of the dynamics. In the regular point REG the initial state has a much stronger effect on the
dynamics due to the discreteness of the Bohr frequencies, as can be seen in Fig. 15.

effectively in the dynamics. Thus, the mixing time strongly depends on how these few Bohr frequencies can
transform the initial states’ energy distribution to the Gibbs distribution. On the other hand, the broadband
of Bohr frequencies that are active in the chaotic point CH ensures that the mixing time is to relatively robust
to the energy distribution of the initial state. To exemplify this, we show in the right column of Fig. 16 the
energy distribution of random initial state 1 (r1) and random initial state 2 (r2) used in Fig. 15 (identified
in the legend), for REG and CH. To compare different system sizes and parameter points, we rescale energy
to the interval [0,1] and sample 10* energies from the energy distribution of each initial state. The resulting
distributions are shown as histograms with 10 bins on the rescaled energy axis. We observe that in the regular
point REG, the state r2 (yellow bars) shows a relatively strong concentration of the distribution for n = 5 in
the sixth and eighth bin, while the corresponding distribution for n = 7 is broader. This statistical feature is
accompanied by a larger mixing time for n = 5 than for n = 7, as visible from the red and pink curves in the
left column of Fig. 15. In general, the precise in interplay of energy distribution, Bohr frequencies and the filter
function is complex, so concrete mixing time predictions will be difficult to make for points such as REG, with
many almost degenerate levels.

Convergence accuracy Let us turn to the convergence accuracy of the Lindblad evolution, i.e. the trace
distance ||os — pooll1 between Gibbs state o, Eq. (1), and the steady state po of £, Eq. (3). In Fig. 17 we
plot this distance as a function of |A| for varying n = 5,6, 7, indicated by color. We show results for the five
Hamiltonian parameter points not discussed in the main text in Sec. 5. We set the locality to k = 2. Other
values of k exhibit a similar behavior. In all cases we observe a polynomial decrease of ||og — pooll1 With the
number of jump operators |A|, which is qualitatively in line with our analytical prediction in Eq. (18). The
approximate leading order exponent x of the decay is obtained from a linear fit in the double-logarithmic scale
and is given for each curve in the legend. We generally observe, as in Fig. 5, slightly smaller exponents (in
absolute value) between x ~ —0.2 and x &~ —0.4 for all parameter points except the point REG2. In comparison,
our upper bound (18) predicts an exponent of kK = —1/2. The parameter point REG2 shows the predicted scaling
with good accuracy. However, this point resides in a regular limit of our model (30), where the Hamiltonian is
mainly controlled by the transverse field only, and we cannot expect ETH to be a faithful description for the
system at this point.
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Figure 17: Scaling of the convergence accuracy ||poc — 0g|[1 with the number of jump operators |A|, for the parameter
configurations not considered in Fig. 5, and n = 5,6,7 (denoted by color). We consider (k = 2)-local jump operators. As in
Fig. 5, we observe a polynomial decay with |A|. The leading order polynomial exponents x (obtained from a fit) are given
in the legend. We observe —0.3 < & for the close-to-chaotic configurations CH2 and KIH, and slightly larger (in modulus)
for the less chaotic points INTER and REG2. In turn, these points, generally, show lower distances ||psc — 0]1, i.e. a higher
accuracy. For REG2, the distance is around two orders of magnitude smaller than in the chaotic regime. The same effect was
observed for the other regular limit REG of our model (30), cf. Fig. 5. We give an explanation of this effect in App. D.2.
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Similar to Fig. 5, we observe a trace distance |0 — peol|[1 of order 107%. Only the regular limit REG2,
similar to the other regular limit REG in Fig. 5, shows a significantly lower trace distance of order 107%. First,
let us consider REG by setting (h/J,m/J) = (0,3) to understand its qualitative convergence behavior. The
corresponding Hamiltonian has the Bohr frequencies, By = {£2¢;J + 2€mm}g‘],g,,,Le{O}il’iz,m }- The Lindblad
operators are given by Eq. (53),

L = Z mA, = n-27A% ;. (196)
vEBg
We used that the jump operator with v = —2J dominantly contributes because the others are suppressed

by n, e~ (Br+1)?/8 [Eq. (55)] for B = (2J)~'. With this Lindblad operator, the dissipative part of the
Lindbladian (51) approximately takes the Davies form,

a 1 a
Dlp] ~ Z Va2 (A(iZJpAJQJ - §{AJ2JA(12Ja P}) (197)
acA

One can readily show that the approximated generator (right-hand side) is exactly o3-DB (i.e. og being the
exact steady state). Thus, the steady state of £ is comparably close to the Gibbs state. Similarly, we can
qualitatively understand the convergence at REG2 by considering (h/J,m/J) = (6,0). At the leading order in
h/J, where the energy eigenstates are those of h) . X;, the Bohr frequencies are By = {£2¢,h}s,cz. The
Lindblad operators are given by Eq. (53), L, & n_2n A%, with n_gp, e~ (=68J+1)*/8 Thig again explains why
the convergence accuracy is high at REG2. Moreover, since even the most dominant transition rate is strongly
suppressed by 1n_op, the applications of the jump process rarely happen, and hence, the mixing time is large.

D.2.3 Influence of the coherent term

Note that the coherent term —i[H, p] of the Lindbladian £ does not enter explicitly our derivation of the spectral
gap bound and the fluctuations around the ETH average in Secs. C.3 and C.4. This is because the coherent
term only contributes a complex phase in the calculations and, thus, does not influence the decay behavior
of the classical Markov chain, cf. Sec. C.3.2, capturing the action of the ETH-averaged Lindbladian EzL.
Moreover, in Sec. C.4, the influence of the coherent term directly drops out in the difference between £ and
the ETH-averaged Lindbladian ErL. Nevertheless, the coherent term can have a significant influence on the
convergence speed of the Lindblad dynamics in practice, see for example [34, 110].

In the following we numerically study the influence of the coherent term on the evolution. Figure 18 compares
the dynamics for two exemplary parameter configurations, REG and CH, with and without the coherent term
for the Lindbladian (3). In the four rows we plot the time evolution of the trace distance ||p(t) — o1 for
two initial states (the maximally mixed state p(0) = I/2" and the zero state |0)*™) and, each case, with and
without the coherent term in £. In each row we show the two parameter configurations REG and CH and consider
n =3,...,8. The first row replicates Fig. 3.

We observe that, in all cases, the coherent term leads to a more accurate convergence towards the Gibbs
state og in the long time limit. Without the coherent term, the simulation does not converge to accuracies
below 1072. In terms of convergence speed, which can be estimated from the slope of the curves for early and
intermediate times, the influence of the coherent term is less clear. One can potentially discern a slightly faster
convergence for CH, n > 5 and using |0>®" as initial state, if the coherent term is present. For the other cases,
there is no significant difference in convergence speed with and without coherent term.

D.3 Details of the numerical scheme

In this section we describe our adaptive numerical scheme for simulating the Lindblad dynamics. Key to
the procedure is a Hermitianity test during the time evolution, which allows us to monitor the stability of
the numerics and to stop the simulation in case the temporal step size is chosen too large. As can be seen
from Tab. 1, the optimal step size for simulation can vary substantially for different Hamiltonian parameter
configurations, such that this ability is crucial for our numerical studies. In Sec. D.3.1 we introduce our adaptive
scheme based on a fourth-order Runge-Kutta step. Our method, which we denote by dmRK4 for brevity, is
based on simulating the dynamics of the full density matrix, in combination with randomization over jump
operators, similar to our quantum algorithm described in Sec. 4. In Sec. D.3.2 we provide numerical support for
our proposed step size update criterion. Note that, for large systems, the processing of the full density matrix
of size 2" x 2™ becomes a limiting factor, such that so-called Monte Carlo wave function (MCWF) techniques
(also called quantum jump approach) [66, 111-113] need to be considered. Therefore, in Sec. D.3.3, we compare
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Figure 18: Influence of the coherent term on the convergence of the Lindblad dynamics. We plot trace distance versus evolution
time (in units of 1/J) with parameters as in Fig. 3. The four rows show results for: (i) p(0) = I/2", with coherent term;
(i) p(0) = I/2", without coherent term; (iii) p(0) = [0)0|®", with coherent term; (iv) p(0) = |0X0|®", without coherent
term (with I being the 2™ x 2" identity operator). For both initial states and both parameter configurations, inclusion of
the coherent term significantly improves the convergence towards the target Gibbs state og. The speed of convergence, as

discernible from the early time behavior of the curves, appears to be less influenced by the coherent term.
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the accuracy and runtime of our method and a standard MCWF solver. Our numerical evidence shows that, for
intermediate-sized systems, the proposed dmRK4 exhibits for our setting a substantial performance advantage
over the MCWYV method, which typically requires a much larger number of trajectories to obtain accurate
results. Independently from the dmRK4 solver, Sec. D.3.5 gives a brief discussion on how the spectral gap of
the Lindbladian £ is computed in our work.

D.3.1 Adaptive Runge-Kutta scheme

Our adaptive dmRK4 scheme proceeds in two steps. Firstly, the density matrix of the next time step is computed
based on a Runge Kutta 4 update step. Secondly, we test whether the predicted density matrix is still Hermitian.
If this is not the case, this indicates that the simulation is unstable and that the time step size dtgrk needs to
be reduced. The simulation is started again from the beginning, or from the previous time step, with a reduced
step size. In Sec. D.3.2 we show numerical evidence that in case of a too large step size, the simulation stops
early and this procedure yields an efficient way to determine a suitable step size dtrxk.

As jump operators, we consider a set of random k-local Pauli jump operators A* = P ® --- ® P, with
P, e {Iiq,X,Y,Z} and |{i : P; # Liq}| = k, indexed by a € A. Here, I1q is the 2 x 2 identity matrix. A
random k-local Pauli is specified by: 1) k-tuple (i1, ..., i) of distinct positions (in the 1D spin chain) from the
set {1,...,n} picked uniformly at random from the set of all such k-tuples; 2) a k-tuple picked uniformly at
random from the set {1q, X,Y, Z}*. For our numerical studies, we vary the size of A and the locality k of the
jump operators, cf. Secs. 5 and D.2. To advance the system state for a single time step, we use a randomized
approach similar to our quantum algorithm described in Sec. 4. Let p(®) (jotrk) describe the time-evolved state
of a single trajectory i = 1,..., N at time step j. To advance each trajectory in time, we do not apply the
full Lindbladian (3), but, instead, choose Ny, random jump operators A% with a; € A, i = 1,..., Ny;o with
probability p,, = 1/]A|, and perform a fourth-order Runge-Kutta step with the Lindbladian generated by this
single jump, £% = —i[H, ]+ D% [with D% as defined in Eq. (20)] for each i. This procedure approximates the
dynamics generated by (3) for v, = yp, with overall dissipation strength parameter v = 1. In contrast to our
quantum protocol, we do not factorize the coherent and dissipative parts of the one-step time evolution as in
Eq. (19), but instead apply the Lindbladian £% for each ¢ according to the scheme

P (G + 1)tric) = p1 (jotric) + &% (k" + 2k5" + 23" + k)
kit = L£%p" (jotri)]
kgt = £ [0 (jotri) + Strick® /2] (198)
kgt = L% p" (j6tri) + Stricks /2]
kSt = £%[pW (j6trk) + dtrickS).

This advances each trajectory ¢ one step forward in time. The average state at time point (j 4+ 1) is given
by p((j + 1)dtrk) = Zf\[:“f‘ P ((j + 1)0trk)/Nira. To obtain an approximate solution to Eq. (2), we have to
average over a suitable large number of trajectories. In practice, we observe that only a very small number
of trajectories, of the order of ten, suffices for our purposes, as can be seen for example from the mixing time
estimates (vertical dashed lines) in Fig. 3. For all our simulations, we each use Ny, = 10 trajectories for system
sizesn =3,...,7, and N, = 3 trajectories for n = 8.

To obtain a suitable step size dtrk, we start with a fixed starting step size 6t0RK and evolve the system
as described above under Eq. (198) until the average state p(jdtrk) becomes non-Hermitian. More precisely,
at step j we first check if p(jdtrk) is Hermitian (up to a given accuracy) and, if so, normalize the state,
tr[p(jétri)] = 1, and project it to the Hermitian subspace via p(jdtrk) = (p(jétrk) + p(jotrk)")/2 to remove
a potential small overlap with the non-Hermitian sector. If p(jotrk) is non-Hermitian, the simulation is stopped
and we start again, either from the previous step or from the initial state pg (resetting the simulation completely)
with reduced step size 0ty = 6t% /2. This procedure is repeated until p(jdtrk) stays Hermitian for all time
steps j. We numerically observe that, if dtgrk is too large, a small number of steps (198) evolves p(jdtgk) into
a state p((7 + 1)dtrk) which is far away from the Hermitian subspace, cf. Sec. D.3.2. On the other hand, if the
step size is sufficiently small, the state stays Hermitian for all times.

Note that we can make the scheme exact by performing Eq. (198) with the full Lindbladian £, instead of the
randomly selected £%. More precisely, for the exact scheme we apply Eq. (198) with the full £ = —i[H, ]+ D =
—i[H, ] + > ,ca D?/|A|. The full dissipator D is given in (51) with v, = 1/|A] (see also Eq. (121) and the
discussion before Eq. (19), with v, = vpa, v = 1 and p, = 1/|A[). In this case we do not have to average
over trajectories, and p((j 4+ 1)dtgk) denotes the state obtained by this procedure at iteration step j + 1. In
Secs. D.3.2, D.3.3 we verify that this scheme is consistent, i.e. that the exact scheme converges up to machine
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Figure 19: Convergence in trace distance of the dmRK4 and MCWF methods towards the exact steady state of £. The left
plot shows the trace distance to the exact steady state (solid) and the target Gibbs state (dashed) as a function of time Jt
for the exact dmRK4 solver (cf. Sec. D.3.1, for varied step size dtrk and n = 5. For dtrk > 0.3, the simulation stops after a
small number of time steps, due to the violation of our proposed Hermitianity check. For dtgrx < 0.2 the state stays Hermitian
for all times and the simulation converges up to machine precision to the exact steady state of £. The distance towards the
Gibbs state plateaus at a fixed value around 10™2 which is approximately the distance between exact steady state and the
Gibbs state. The right plot compares the time dependence of the trace distance for the MCWF and our randomized dmRK4
scheme (cf. Sec. D.3.1 for n = 7. We simulate the dynamics for varied number of trajectories Nt (indicated by color). The
dmRK4 scheme converges already for a single trajectory to precision 1072. The accuracy of the MCWF method is orders
of magnitude worse, even for a larger number Ni, = 30 of trajectories. For a more complete analysis of the convergence
dependence on Ny, see Fig. 20.

precision to the exact steady state of £, and that the randomized scheme converges to the exact result for
increasing number Ny, of trajectories.

D.3.2 Step size dependence and Hermitianity check

To justify the proposed Hermitianity criterion and step size update, we analyze in Fig. 19 (left panel) the
convergence of the exact scheme for varied step sizes dtgx = 0.1,0.2,...,0.5. We consider the parameter point
CH. We plot the trace distance between time-evolved state and the exact steady state (solid lines) versus the
evolution time (in units of 1/J). We observe a clear transition in the convergence behavior for dtgk between 0.2
and 0.3. For dtgk > 0.3, the trace distance grows quickly for a couple of time steps after which the simulation
stops because our Hermitianity criterion is violated. For dtgx < 0.2, the simulation continues and converges up
to machine precision to the exact steady state of the model. We also show the distance between time-evovled
state and the Gibbs state (which is not identical to the exact steady state, since £ is not exacty DB) as dashed
lines, which plateau at a value of order 1073,

The optimal step size dtrk for each simulation needs to be chosen to be below, but close, to the transition
between divergence and convergence. We approximate this value by initializing the step size with a given value,
and halving this value when the simulation fails and restarts, cf Sec. D.3.1. Table 1 shows the in this way
obtained step sizes dtrk for the considered Hamiltonian parameter configurations and system sizes.

D.3.3 Comparison to the Monte Carlo wave function method

The MCWF method is based on simulating the time evolution of state vectors (i.e. wave functions) using an
effective Hamiltonian and applying the jump operators (quantum jumps) in a similar randomized fashion as
in our dmRK4 scheme. The full (mixed-state) Lindblad time evolution is then realized by taking appropriate
averages over many realizations of these pure state trajectories. A review of the method and applications is
given for example in [66]. The advantage of the method lies in the fact that only pure states are evolved
and need to be stored, i.e. state vectors of size 2". In comparison, our dmRK4 scheme requires storing and
manipulating the full density matrix of size 2™ x 2", which becomes the computational bottleneck for large n.
While our ansatz has this limitation, below we discuss numerical evidence showing that for intermediate system
sizes the dmRK4 scheme can be significantly more performant than MCWEF. For our simulations we use the
QuTiP implementation of MCWF [114, 115].
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Figure 20: Comparison of convergence accuracy and fluctuations versus simulation runtime comparison between dmRK4 and
MCWE. The left plot shows the convergence accuracy, i.e. the average trace distance within the plateau in the right plot of
Fig. 19 for Jt > 700. The left plot shows the corresponding variance around the mean value. Solid (dashed) lines show the
results for dmRK4 (MCWF). The points along the lines correspond to different values of Ni.a, ordered from small (upper left)
to large (lower right), and indicated as small numbers for the dark blue lines. Colors indicate the system size. For all n, our
dmRK4 method achieves higher accuracies and smaller fluctuations than MCWF by orders of magnitude, even if much larger
Nira are used for MCWEF. A straight-forward extrapolation of the dashed lines suggests that much larger simulation runtimes
(around > 10° seconds) would be required to achieve comparable accuracies to our dmRK4 method.

The right panel of Fig. 19 shows the trace distance between the steady state and the time-evolved state for
the randomized dmRK4 solver (solid), cf. Sec. D.3.1, and the MCWF simulation (dashed). As before, we
consider the parameter point CH. We show exemplary results for varied numbers of trajectories Ny, between
1 and 30, and consider a system of n = 7 qubits. The dmRK4 method shows significantly better convergence
than MCWF. Already a single trajectory, Ni,. = 1, suffices for dmRK4 to converge below accuracy 10~2, while
larger numbers of trajectories lead to accuracies below 1072. On the other hand, for all shown Ni.,, MCWF
does not converge below 0.4.

A more complete picture is given in Fig. 20, where we compare convergence and runtime of both methods for
varied n and N, (again for CH). To quantify the convergence accuracy and fluctuations we compute the mean
and variance of the time signals, shown in the right panel of Fig. 19, in the region of large evolution times J¢ > 700
(where the signals are all converged to their respective long-time value). We compute these quantifiers for
n=4,5,6,7 and N5 = 1,5, 10,15, 20, 25, 30 for dmRK4 and for N..; = 1,5, 10, 15, 20, 25, 30, 100, 200, 300, 400
for MCWF. For each case we also measure the runtime of the simulation (on a standard laptop). Figure 20 shows
average (left panel) and variance (right panel) of the trace distance versus the runtime. For each n (indicated by
color), the points along the lines correspond to increasing values of Ny, ordered from small (upper left) to large
(lower right). For the dark blue lines we indicate the Ny, values as small numbers next to the points. Note that
we are using a larger Ny ,-range for MCWF (dashed lines). The data shows a clear separation between dmRK4
and MCWF, both, in terms of average trace distance and variance. Generally, the average trace distances are
around two orders of magnitude smaller for the dmRK4 solver, and this even though much larger V,, are used
for MCWEF. A rough extrapolation of the dashed lines shows that, to obtain similar accuracies as dmRK4, the
MCWF method will likely require runtimes of around > 10° seconds. A similar picture is given for the variance
around the average trace distance in the right plot.

D.3.4 Comments and improved classical simulation techniques

Let us add a few comments. Interestingly, in the left panel of Fig. 20 we see that the accuracy of the simulation
does not degrade for larger n for dmRK4, while there is a weak degradation effect for MCWF. At the same
time, for dmRK4 the variance is slightly reduced for increasing n (for fixed Ny, ), which hints at a concentration
effect that would be interesting to explore further in the future. In addition, note that the Hermitianity check
cannot be applied to MCWF methods, which only evolve and store the state vector. Hence, the corresponding
density matrix estimate, given by averaging pure states over trajectories, is Hermitian by construction.

An interesting future avenue is to explore the combination of tensor network methods with our dmRK4
scheme, similar as proposed by [71, 72]. The requirements for such a scheme are similar to [71], namely the
ability to encode Hamiltonian and Lindblad operators as low-bond-order tensor network operators, and a limited
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bond order increase during time evolution for the tensor network representation of p(jdtrk). This poses unique
challenges for tensor network methods. Specifically, for quantum chaotic Hamiltonians we expect the Lindblad
operators, given in form of operator Fourier transforms (8), to be strongly entangling. In this case, one would
require large bond orders to represent the Lindblad operators as tensor network operators. For example [72]
develop a tensor network protocol for simulating dissipative dynamics under the OFT Lindblad operators (8).
One step of discretized Lindblad dynamics entails a computational cost of O(D%) (cf. Sec. V in [72]), where
Dp is the bond order of the matrix product operator representation of the Lindblad operators. Even if Dg
stays sub-exponentially during the evolution—a questionable assumption in the case of chaotic Hamiltonians
as discussed above—this constitutes a large polynomial overhead cost in terms of bond order, and further
improvements of such schemes would be desirable for future applications.

D.3.5 Spectral gap of the Lindbladian

To determine the spectral gap of the Lindbladian £, Eq. (3), we construct the vectorization L of £, cf. Eqgs. (152)
and (153), as

. N 1 1 "
L=—i(loH-H&)+Y anm,,((Aﬁ) ® A — ST @ (A1 AL - S(ADT(47)" @ 1). (199)
a  p,v
In general, L is not Hermitian and, thus, has complex eigenvalues ¢; € C, i = 1,...,2?". If L has a unique

steady state (as we always assume here), there is a single eigenvalue which is zero, and all other eigenvalues
have negative real parts. This is, indeed, the case for all settings considered here. Without loss of generality,
let /14 = 0. Then we compute the spectral gap of L as the distance between zero and the second largest real
part of the spectrum,

Ar =min{|Re[]| | i =2,...,2°"}. (200)

E Noise study

In this appendix, we provide additional details and data supporting the noise study presented in Sec. 6. After
recalling the setup of interest (App. E.1), we derive and discuss bounds for the convergence accuracy of a state
prepared through Lindbladian evolution subject to global depolarization noise (App. E.2). These bounds are
generalized to stochastic noise (App. E.3). We summarize the main result here as a theorem:

Theorem 3. For a Hamiltonian H and inverse temperature 3, let T™ := eML pe o Lindblad dynamics that
admits the Gibbs state o as a steady state. Assume the state converges to the Gibbs state as |[T'M [py] — o1 <
Be=M for an arbitrary initial state py and n-dependent variables o and B. Then the modified dynamics
(Ax o TYM subject to a stochastic noise channel Ay (209), with probability of no error incurring A, admits the
steady state poo that satisfies ||poc — oall1 < %.

We then provide details of the scaling study (App. E.4). We present bounds obtained through a more generic
noise analysis and based on what would be obtained for unitary circuits (App. E.5 and E.6, respectively). These
are used for the Fig. 6 of the main text.

E.1 Setup

The noiseless dynamics corresponding to M steps of Lindblad evolution, each of duration dt, is given by
Ty = (9)M | with £ the Lindbladian admitting the target Gibbs state o3 as a steady state. We also denote
I :=T; = £, The noisy dynamics is defined as I'y; = (Ay o T)M, and accordingly I' = A, o I', where each
step of ideal evolution is followed by a noise channel A. We start by considering a global depolarization channel

MX]=01-MNX+ )\Tr[X]i

IR (201)

although the following derivations apply (with minor adjustments) to generic stochastic noise, as detailed in
App. E.3. Under this simplified noise model, the probability A € [0,1] appearing in Eq. (201) can be related
to the probability of a random error happening per step of evolution. With N, the number of noisy quantum
operations (typically 2-qubit gates) involved in the circuit simulating such evolution, and denoting as Ay the
probability of error per gate, the probability A satisfies

(1—2) = (1—Xg)"e. (202)
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Let pas := T'ar[p(0)] be the state obtained under noiseless evolution starting with the maximally mixed state
p(0) = I/2™. As M increases, py converges towards og, and we assume such convergence to be captured in

trace distance by:
lpar — o5l < Bem M, (203)

where both the convergence rate a and prefactor B can depend on the system size n. We highlight that the
convergence rate a depends implicitly on the choice of evolution step 0t, through the definition of pp;. Denoting
this dependence explicitly, we have a(adt) = aa(dt) for any a > 0. For now, we assume that 0t is fixed and
drop it in our notations. Let us denote M*(¢) the smallest number of steps such that ||pa+ — osll1 < e. From
Eq. (203) it is obtained as:
In(B
M (e) = B/ (204)
!
Finally, let 5y, = I'a[p(0)] be the state obtained after M steps of noisy evolution starting again from p(0)

and let us define po. to be the steady state of the noisy evolution such that r M[Poo] = Poo-

E.2 Convergence of the noisy states towards the target Gibbs state

Our aim is to understand how the noise affects the convergence of the noisy dynamics. In particular, we want
to bound the distance ||pas — 0|, between the noisy state and the target Gibbs state. To do so, we can relate
the states prepared through noisy and noiseless evolutions. For instance, after one step of noisy evolution, we
get:

:=e%t4 Ay -
po —— p1 —> p1 = Apo + (1 — X)p1.

Iterating such step, we get that after M steps of noisy evolution, the resulting state has the form

prr = (1 =X par + A1 =) para 4+ A1 = A)p1 + Ao

M-1
=1 =Npar +A D (1= 2)"pm. (205)

m=0

Making use of Eq. (203) and the triangle inequality, we obtain an upper bound for |5y — 0|1 at arbitrary M:

M—1
17ar = o5l < Bar = (1= MM llpar = oplly + X Y (1= 2" llpm — o5l
m=0
r M—1
=B|1-M)Me ML A" (1- A)meam]
I =0 (206)
Y 1—udt . _
=B |uy + A with ug == (1 — A)e™® € [0,1)
L 1 — U
[ A A A
=B |y (1- h 1).
_uO ( 1—u0)+1—u0} Werel_uoe[O, )

Let us now comment on the convergence displayed in Eq. (206). Given that 0 < ug < 1, the bound on the
distance decreases monotonically towards the value
~ A

B, =B , 2
T (207)

that corresponds to a bound on the distance ||po — 0g||; between noiseless and noisy steady states. Note that
this bound also holds for the case of general stochastic noise channels, as shown in App. E.3. Such distance
depends both on the error rate A and the convergence rate o. As would be expected the smaller the errors are,
the closer the fixed state of the noisy dynamics is compared to the Gibbs state. For A = 0, they coincide.

Additionally, we see in Eq. (206) that at fixed noise level p, the term B, decreases as the decay rate «
increases. Further inspection reveals features of the mixing time of the noisy dynamics. In particular, we see
that the distance between s and jo, decays as ul!, that adopts a scaling e~® analogous to Eq. (203) but now
with a convergence rate

& =a+ N;C where C=—1In(1-X;)>0. (208)

Notably, this convergence rate is always larger than the noiseless one. That is, while the noise is detrimental in
that it perturbs the steady state of the dynamical evolution, reaching the noisy steady state is never slowed.
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E.3 Generalization of the convergence analysis to probabilistic noise models

While presented for a global depolarization noise model, the convergence analysis of App. E.2 can readily be
ported to more general models. Let us consider the setup of App. E.1, but now with stochastic noise of the
form
MIXT =1 =X+ NUXUf (209)
1

where each of the U; is unitary and with A; € [0,1] together with A = >, \; < 1. Such a model can be
understood as the probabilistic application of a unitary U; (or the identity) occurring with a probability A; (or
1 — X). This encompasses global or local depolarization, any Pauli noise model and many more.

As before, let us denote as p(0) the initial state, as ppr = T'ar[p(0)] the state obtained after M steps of
ideal evolution, and as s = T'pr[p(0)] the state obtained after M steps of noisy evolution. We define Xm,0 =
(1/N)> )\lUlF[,bm_l]UlT, which is a valid state ensuring that one step one noisy evolution yields

(Ax 0 D)lpm1] = (1 = NT[pm1] + Ao, (210)

and further define xm x = I'k[Xm,0], which is also a state. With these notations, the state obtained after M
steps of noisy evolution, akin to Eq. (205) for the global depolarization case, can now be written as

Py = (1 — )\)MPM +A(1 - )\)M71X1,M—1 +o A = N)xamr—1,1 + Axaro
M1 (211)
=1 =)Mo+ 2D (1= NNk
K=0

Assuming that the convergence dynamics of Eq. (203) holds for any initial state X, o (rather than the single
p(0) = I/2™ that was needed in the previous case), such that

X, — 0ll1 < Be X, (212)

we recover exactly the same results as before in terms of bounds for the trace distance between the target Gibbs
state compared to the state prepared along noisy evolution, as per Eq. (206), or compared to the steady state
of the noisy dynamics, as per Eq. (207).

E.4 Scaling study

Our aim is to study the impact of the errors due to noise as the system sizes increase. For that, we wish to
evaluate the bounds of Eq. (207) for different n. This requires specifying values for the convergence rates «,
the prefactors B, and the probabilities of error A. For the two first quantities, we will resort to data obtained
through the numerical simulations for fixed initial states and small system sizes that are then extrapolated to
larger ones.

In Fig. 21 (left panel), we show the fits of « and B for the numerical simulations performed for n =3,...,8
qubits for the Hamiltonian’s configuration CH given in Tab. 1, for the initial state p(0) = I/2", and for 8 =
(2J)~1. We recall that this configuration corresponds to the chaotic regime. As can be seen the dynamics of
Eq. (203) closely matches the numerical data. Then in Fig. 21 (right panel) we report geometric fits for these
two quantities as a function of n. In both cases, albeit performed on a small number of data points, we see
reasonably good fits, in particular for a.. For the probability of error A, we resort to Eq. (202) and take a number
of gates per unit of time (dt = 1) scaling linearly in n, namely N, = 50n. With these, and fixing the value of
the probability of error p, per noisy gate, we can evaluate Eq. (207) for arbitrary n. These are the data points
used for Fig. 6 in the main text (solid lines).

E.5 Comparison to generic noise bounds

We wish to compare Eq. (34) to bounds obtained for generic noise models. In the following, we first port the
bounds of Ref. [32] (Lemma II.1) to the discrete settings considered here and then evaluate those for the here
considered noise models. N

Let us denote as A and as A = Ay o A a step of noiseless and noisy dissipative evolution, respectively.
Accordingly, let po, and po be their steady states that satisfy A[poo] = poo and A[pec] = Poo- The mixing time
of the noiseless dynamics in the discrete case is characterized by the number of steps My« (€) ensuring that for
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any state p we have || AMmix()[p] — po||1 < e. For now let us drop the dependency in e. To bound ||fe — pooll1
we proceed as follow

150 = pocllt = | AM*[poc] = poc|l,
< | AN (o] — AM= (g ]|, 4 [ AM = [pse] — pool], (213)
< | (AN — AMm) 5]+,

where we made use of the triangle inequality and of the definition of M,;x. We further bound

||J2IMxnix _ AMmix < HAO (szixfl _ AMmixfl

|1—>1 -

S HAVMmix_l _ A]V[mix—
< Myl A= Al

||1_>1 + ||(./Z* A) o ;(Mmixflnl_}l
+ HA_AHl—)l (214)

il
1—1

To get the second line, we used the triangle inequality first, and then sub-multiplicativity of the induced norm
|-Il,_,; together with ||AH1H1 <1 and ||A]11 <1 as both A and A are quantum channels. The third line
follows through recursion. Overall we get:

17se = poollt < Muix(e) || A — Al|_,, +e. (215)

Due to the repeated use of the triangle inequality in Eq. (214), each evolution step incurs a contribution
H/T—AH 11 to the resulting bound. This may significantly over-estimate the effect of the noise, as it corresponds
to a worst-case scenario where each step incurs the maximum deviation possible and noise contributions between
the steps never average out. However, it allows us to deal with arbitrary discrepancies between A and A. This
is in contrast to the bounds obtained in Eq. (206), where part of the deviations induced by the noise, especially
the ones occurring early on, are mitigated during the evolution.

Let us assume a bounded channel distance || A — A||;_,; < C. The constant C' has to be computed for a given
noise model. With this we obtain the following bound on the distance between noisy and noiseless state:

||ﬁoo - UBH1 < CMmiX(G) +e (216)

Substituting the expression M*(e) for Mpyix(€) from Eq. (204), and minimizing the bound over the choice of e

we obtain
B._ = min {B, g(ln (%) + 1)} (217)

as a bound for ||goc — 0|1, with the minimum achieved for ¢’ = min{C/a, B}.
Let us specialize to the stochastic noise channel (209). From the definition we see that

[(A= X, = A = STAOY U],  AYIL+ DAY I < 201X, (218)
l l

where we have introduced Y = A[X], used Tr[Y] < ||Y]|; < ||X]|; together with the unitary invariance of the
trace norm. Overall, we get that || A — Al|11 < 2A. Thus, for this model can set C = 2\, which yields

B = min{B, %(1 (l;f\l) n 1)} (219)

for the distance ||poc — opl|1-

Let us compare the bound (207), explicitly taking into account damping of early time errors through the
dissipative Lindblad channel, to Eq. (219). In particular, the latter will always be tighter for values of B large
enough (at fixed A and «). However for small enough B, where the bounds are informative, the former may be
significantly tighter. This is what is seen in our numerics: The bounds (207) and (219) (both for the case of a
global depolarizing channel) are reported as solid and dotted lines, respectively, in Fig. 6 (right panel) in the
main text. Values used for their evaluations were discussed in Sec. E.4. As can be seen, for this setting, the
bound (219) significantly overestimate the impact of the noise.
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Figure 21: (Left panel) From the numerical data of App. (D) for the setup CH (see details in Tab. 1), we plot the trace distance
of the prepared state along the Lindblad evolution, compared to the target Gibbs state (solid lines). For each of the system
sizes probed (colors in legend), we fit the parameters o and B from Eq. (203) and display the resulting fit (dashed lines).
(Right panel) Values of the parameters obtained for « (upper panel) and B (lower panel) are plotted and fitted as a function
of n.

E.6 Comparison to unitary circuits

We wish to compare deviations induced by noise for the Lindbladian protocols to deviations that would occur
in a unitary circuit. We note the limits of such a comparison, as preparation of Gibbs states would require
some amount of non-unitarity in the dynamics in the first place. Nonetheless, for the sake of comparison, we
will consider unitary circuits that are assumed to have the same complexity (i.e., the same number of noisy
gates) and to produce the same outputs as our protocols. Recall that in the noiseless case, the number of steps
Myix(€) required to prepare a state o that differs by € in trace distance from oz was provided in Eq. (204).
Given that each evolution step requires Ny noisy gates, this incurs a total of Nyt = Mmix(€)Ng noisy gates.
Upon the global depolarization model (201), and for a unitary circuit having Ny gates, the state o prepared
by the noiseless circuit would become & = Aot 1/2™ + (1 — Atot)oe With

(1= Aiot) = (1 — Ag)Mmix(INg, (220)

Compared to the Gibbs state og, this state would deviate in trace distance by

I
)\tot<27 - U,B) + (1 = Mot)(oe — 03)

||6'€ — UBHl = ’ S AtotB + (1 — )\tot)e- (221)
1

In contrast to the noisy Lindblad dynamics. 206, as we increase the number of steps M« (€) we see competitive
effects between a decrease of the convergence accuracy € and an increase of the errors due to the noise. To be
conservative in our study, we minimize the right-hand side of Eq. (221) over ¢, or equivalently Myix(€), to make
this bound as tight as possible. Results of the bounds obtained through this minimization for different system
sizes are reported as dashed lines in Fig. 6 (right panel) in the main text. When compared to Eq. (207), we see
a noticeable increase in the distances of the prepared state towards the targeted one for the unitary case. That
is, we probed the added resilience of the Lindblad dynamics compared to unitary circuits.

F Details on algorithmic errors in the quantum circuit simulation

We analyze the circuit error dependence on the main algorithmic parameters, evolution step 6t, and OFT
discretization step At for our randomized single-ancilla Lindblad simulation protocol discussed in the main
text. As discussed in Sec. 7.1, we use the mixed-field Ising model (30), set 3 = (2J)~!, fix the integration
domain of the OFT to JT = 1.6, and simulate the circuit evolution up to a time point Jt = 500. The
circuit error is quantified by the distance [|pSI® — osll; between the target Gibbs state g and the steady
state of the circuit p&r°. We compute €;; := ||pr¢(t;, At;) — opll1 for various evolution steps §t; and OFT
discretization steps At; in the range 1072 < J&t < 10' and 0.06 < JAt < 2. More precisely, we consider

(&)
Jot; = 1()455> and JAt; = 104’A with {61(.6)}1-:17__,10 and {EE,A)}J-:LWBO evenly discretizing the intervals [—2, 1]
and [log,(0.06, log,2], respectively.

Accepted in {Yuantum 2025-08-20, click title to verify. Published under CC-BY 4.0. 56



100 5 100 5
E E Az + Ay
- Az + A
e —_— Ay + Ay
[ ] —
= 10~ Jeesce® ® e o o ° ° ) ° 10— 4 !
5 E ] /
| /'
e eegw—t—g——t——t—=_0" O 0 ——————————T TN
58
= 1072 4 1072 5
E L] Jét = 0.01 ]
:__________—-———'.' = Jét = 0.10 .
1 .... o ® ° Jst = 1.00 il S Bl el %St Gl Bl Bk B el Bl ek Bk e Bl ek e
° e J&t=10.00
1073 T T T T T T 10—3 T T T T T T
0.10 0.15 0.20 0.25 0.30 0.35 0.10 0.15 0.20 0.25 0.30 0.35
OFT discretization step JAt OFT discretization step JAt

Figure 22: Operator Fourier transform discretization error dependence of the randomized single-ancilla protocol for n = 5
qubits. The left plot shows the same data as Fig. 7, on a limited domain JAt < 0.37. The right plot decomposes the total
error (37) (solid curve), for two values Jét = 0.01 and J§¢ = 1, into individual terms as described below Eq. (223) (shown as
dotted, dashed and dashed-dotted curves, respectively).

F.1 Error fit

To test the applicability of our theoretical bound (36), we fit the function (37) to the data. As we are mainly
interested in the logarithmic dependency of the error on 0t and A¢, we minimize the following loss function

. 2
(atljpta O‘gpta O‘gpta O‘Zpt) = argmin Z }loglofm,az,ag,% (6t At;) — 1Ogloeij| : (222)

Q1,02,03,004 s
’ ,J

Note that, since the logarithm is strictly monotonically increasing, closeness of 1og;( fa,,as 05,04 (6%, At;) and
log,g€i; also implies that fa, asas,0.(0ti, At;) and €;; are close. Introducing the logarithm gives a stronger
relative weight to the regime where dt and At are small, in which the values of fo, oy as,04(0t;, At;) and €;; are
orders of magnitude smaller than for large 6t and At. An alternative would be to consider a relative error loss
function, which results in a very similar fit. Note that the bound on the discretization error (the fourth term in
Eq. (37)) is only valid for small At, satisfying 27r% —28||H|| — 1 > 0, which corresponds to JAt < 0.37 for our
parameter choice. When approaching this limit, the error bound diverges. Hence, we limit the domain of the
fit and take into account only 6¢; and At; with Jét; < 0.3 and JAt; < 0.37 for this. With these restrictions,
we obtain optimal parameters a5* = 2.6 x 1073, a3”" = 1.8 x 1072, ag?" = 4.1 x 1074, aJ** = 1.5 x 10~* from
Eq. (222).

F.2 OFT discretization error decomposition

In Fig. 22 we take a closer look at the individual error terms in Eq. (37). We focus on the error dependence on
the OFT discretization step At. The left plot shows the same data as in the right plot of Fig. 7, where we limit
the domain to JAt < 0.37. The right plot decomposes the fit (solid lines in the left plot) into its individual
terms

falsa27a3,a4 (6t7 At) =A + A+ Az + A4>
At?

2
Ar=o1, Ax=o000t, As=osT—-, As= 044\/B|BH|e*§(2“%*25HHH*1) .

(223)

We consider the cases Jdt = 0.01 and 1 (blue and red lines) as examples and plot A; + Ay (dotted), A; + A
(dashed) and Ay + A4 (dashed-dotted line) in the right panel. For each curve we include the shift due to the
constant term A; to make the individual curves comparable to the total error shown as solid curves. For small
Jot = 0.01, the error due to the Trotterization, randomization and dilation, quantified by As (blue dotted),
is negligibly small. Therefore, the shape of the blue curve is controlled by the discretization error A4 (blue
dotted-dashed) and the polynomial At dependence of Aj (blue dashed), which is the dominant contribution
for JAt < 0.25. The term As comes from the coherent evolution under the system Hamiltonian for time step
At to compute the discretized OFT (25) [cf. discussion below Eq. (36)]. This weak polynomial decrease of the
error for JAt < 0.25 is clearly visible in the dark blue data points in the left plot (although with a slightly
larger slope as predicted by the fit). The other exemplary case is for larger Jét = 1, shown in red. In this case,
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the Trotter error Az (red dotted) is larger than Az (red dashed), such that for JAt < 0.25 the error becomes
independent from At. This behavior is clearly shown by the red data points in the left plot. For larger At, the
discretization error A4 becomes the dominant contribution.
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