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Extending the computational reach of a
superconducting qutrit processor

Check for updates

Noah Goss 1,2,6 , Samuele Ferracin3,6, Akel Hashim 1, Arnaud Carignan-Dugas3,
John Mark Kreikebaum 2,4,5, Ravi K. Naik2, David I. Santiago 1,2 & Irfan Siddiqi1,2,4

Quantum computing with qudits is an emerging approach that exploits a larger, more connected
computational space, providing advantages formany applications, including quantum simulation and
quantumerror correction. Nonetheless, qudits are typically afflictedbymore complex errors and suffer
greater noise sensitivity which renders their scaling difficult. In this work, we introduce techniques to
tailor arbitrary qudit Markovian noise to stochasticWeyl–Heisenberg channels andmitigate noise that
commutes with our Clifford and universal two-qudit gate in generic qudit circuits. We experimentally
demonstrate these methods on a superconducting transmon qutrit processor, and benchmark their
effectiveness for multipartite qutrit entanglement and random circuit sampling, obtaining up to 3×
improvement in our results. To thebest of our knowledge, this constitutes the first-ever errormitigation
experiment performedonqutrits. Ourwork shows that despite the intrinsic complexity ofmanipulating
higher-dimensional quantum systems, noise tailoring and error mitigation can significantly extend the
computational reach of today’s qudit processors.

In the noisy intermediate-scale quantum (NISQ) era1, the ability to effec-
tively couple many quantum two-level systems (qubits) together has led to
experimental demonstrations of certain tasks that challenge the limits of
current classical capabilities2–5. The computational powerof thesenear-term
devices can potentially be further boosted by leveraging the innate multi-
level structure to encode quantum information in the larger and more
connected Hilbert space of d-level systems (qudits)6–11. Coherent control of
higher-level quantum systems has been demonstrated in superconducting
circuits12–18, trapped ions19,20, and in photonic circuits21,22.

The simplest and most immediately experimentally viable member of
the qudit family is the quantum three-level system or qutrit. Qutrits can
yield specific advantages in quantum simulations, where they are a natural
platform for studying spin-1physics23,24 and robust and resource efficient for
simulating high-energy phenomena12,25. Additional applications include
improvements in quantum cryptography26,27, communication28, compactly
synthesizing multi-qubit gates29–34, and improving qubit readout35–37.
Eventually, qutrits are expected to provide significant advantages for
quantum error correction via improved error thresholds38–41, errors tailored
to erasure42,43, enhanced fault tolerance44,45, and compact encodings of both
logical qutrits46 and logical qubits47,48.

While fault tolerance remains the ultimate goal, alternative efforts in
qubit devices to mitigate and extrapolate expectation values beyond the

noise present in the systemhave garnered interest lately due to the lack of an
increase in hardware requirements and overall feasibility49–64. Notably,
recent works have demonstrated that error mitigation protocols can prove
effective for large-scale qubit experiments, allowing an exciting pathway to
high-fidelity results in the near term for problems of interest51–53,57,59,61–66.
Recent investigations have also explored the compatibility of noise tailoring,
error mitigation, and quantum error correction67,68. However, there is a
dearth of similar studies for qudit devices, which are now approaching the
maturity to scale to larger experimental sizes but are afflicted by more
complicated noise processes69. This opens the door to an interesting ques-
tion: can the computational power of contemporary devices be augmented
by enlarging their Hilbert space as qudits, while at the same time retaining
the ability to generate noiseless expectation values in this more complex
noise environment?

In this work, we attempt to answer this question and show that error
mitigation can be utilized to significantly extend the existing resources of a
superconducting qutrit processor. More explicitly, we introduce two tech-
niques for tailoring and mitigating noise in qutrit circuits: randomized
compiling (RC)68,70 and noiseless output extrapolation (NOX)66. We then
explore the performance of these techniques in a variety of multi-qutrit
experiments using fixed frequency transmons. In particular, we study state
tomographyof a three-qutritGreenberger–Horne–Zeilinger (GHZ) state, as
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well as random circuit sampling (RCS) with two and three qutrits. We find
that in all cases, despite the more complex noise environment, our results
benefit greatly from these protocols, achieving up to a 3 times improvement
in fidelity. Our work is the first to experimentally demonstrate that error
mitigation can be effectively implemented on qutrit platforms, and it paves
the way to scaling near-term, large-scale qutrit computations.

Results
Computing, twirling, and mitigating with qutrits
Computing. With qutrits, information is encoded in the three energy
levels that correspond to the computational basis states ∣0i, ∣1i, and ∣2i.
As for qubits, gates are unitary operators relative to the computational
basis. An important set of qutrit gates is the Weyl operators, which are a
generalization of the of the qubit Pauli group in a higher dimensional
Hilbert space. The action of the Weyl gates is specified by the operators
Wp,q = ω−pq/2ZpXq, where X and Z are defined by their action on the basis
state ∣ni asX∣ni ¼ ∣n� 1i and Z∣ni ¼ ωn∣ni andω = e2iπ/3. Like the Pauli
gates for qubit systems, theWeyl operators form a unitary 1-design71 and
are normalized by the qutrit Clifford group. That is, by definition72, given
a gate G, we have that a product of local Weyl gates�iWpi ;qi

conjugated
by G remains a product of Weyl gates, e.g.,

Gð�iWpi ;qi
ÞG�1 ¼ �iWp0i ;q

0
i
; ð1Þ

if and only if G is part of the qutrit Clifford group.
Natural generalizations of two-qubit gates can also be constructed. For

example, the two-qutrit analog of the controlled-Z (CZ) gate is defined as,

CZ ¼
Xn¼2

n¼0

∣ni nh ∣� Zn: ð2Þ

BothCZand its inverseCZ† areClifford anduniversal (whencombinedwith
arbitrary SU(3) rotations) entangling gates that can be performed on our
system14. Critically, the natural adoption of twirling andmitigationmethods
that have been developed for qubits is only possible through the ability to
implement two-qutrit Clifford gates (see Fig. 1).

Twirling. Being a unitary 1-design, Weyl operators can be used to twirl
noise68,71,73,74—that is, to transform arbitrary Markovian noise processes

into stochastic channels of the form

WðρÞ ¼
X4n
�p;�q

probðW�p;�qÞW�p;�q ρW
y
�p;�q; ð3Þ

where ρ is an n-qutrit state, W�p;�q ¼ �n
i¼1Wqki ;pki

is a tensor product of
one-qutrit Weyl operators, and probðW�p;�qÞ is the probability that a Weyl
errorW�p;�q occurs. Twirling noise processes can significantly improve the
performance of noisy devices68. Indeed, while coherent errors can
accumulate quadratically in the number of noisy gates, stochastic
channels accumulate linearly and dramatically lower worst-case error
rates75.

In our experiments, we twirl the noise using the RC protocol from ref.
70 generalized to qutrits. To illustrate this procedure, let us consider a
“target” circuit of the type in Fig. 2a, i.e., a circuit that alternates between
cycles of single-qutrit gates (represented by Completely Positive Trace-
Preserving, or CPTP,mapsU j) and cycles ofmulti-qutrit gates (represented
by CPTP mapsHj), implementing the operation

C ¼ Umþ1HmUm � � �H1U1: ð4Þ

Expressing a noisy implementation of U j (respectively Hj) as DjU j
(respectively F jHj), a noisy implementation of this circuit performs the
operation

eC ¼ Dmþ1Umþ1EmHmUm � � � E1H1U1; ð5Þ

where E j ¼ F jHjDjH�1
j is the combined noise ofU j andHj. Analogous to

the original protocol, to perform RC, we recompile randomly chosenWeyl
gates and their inverses into the cycles of one-qubit gates (Fig. 2b, c).
Implementing the circuitN > 1 timeswith different choices of randomWeyl
gates and averaging over the various implementations is equivalent to
implementing a circuit

eCRC ¼ Umþ1WmHmUm � � �W1H1U1 ð6Þ

afflicted by stochastic noise processes W j of the type in Eq. (3), up to
statistical fluctuations that decrease exponentially with N. Specifically,
denoting by eC1; . . . ;eCN the N circuits with random Weyl operators,
Hoeffding’s inequality76 ensures that for every state ρ, observable O, and

Fig. 1 | Schematic of errormitigation in qutrit circuits. aAn arbitrary qutrit circuit
is b randomly compiled intomany logically equivalent copies, effectively twirling the
noise of the multi-qutrit gate cycles into stochastic channels. c The noise present in
the multi-qutrit gates in the circuit is amplified by insertions of the identity. d The
readout assignment errors are efficiently characterized bymeasuring the single qutrit

confusion matrices. e Via classical post-processing, noiseless expectation values are
achieved from the combination of RC, NOX, and RCAL. f A false-colored micro-
graph of the system of three capacitively coupled, fixed-frequency transmon qutrits
used in the experiment.
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positive number ϵ < 1, we have

prob jEðOjeCRCÞ � 1
N

PN
k¼1

EðOjeCkÞj < ϵ
� �

≥ 1� exp �2ϵ2N
� �

;

ð7Þ

where EðOjCÞ ¼ Tr OC ρ
� �� �

is the expectation value of O at the end of a
circuit C. Importantly, the r.h.s. of the above inequality does not depend on
the dimension of the Hilbert space. Hence, achieving the desired approx-
imation level requires implementing the same number of circuits for qutrits
as for qubits (Fig. 2d).

Mitigating. While implementing RC alone leads to significant perfor-
mance gains, employing it in tandem with other error-mitigation pro-
tocols leads to even larger gains. In our experiments, we utilize RC in
combination with NOX, a protocol designed tomitigate stochastic errors
that commute with cycles of gates. In its simplest version, NOX requires
implementing the target circuit eCRC alongside several copies of it. Each
copy implements the same computation as eCRC, but the noise of one of its
cycles is amplified in a controlled way. Specifically, the jth copy imple-
ments the operation

eCðjÞRC :¼ Umþ1WmHmUm � � � W j

� 	αjHjU j � � �W1H1U1; ð8Þ

where αj > 1 is an integer specified by the user. By combining the outputs of
the target circuit and those of the various copies, NOX returns the quantity

ENOXðOÞ ¼ EðOjeCRCÞ �Xm
j¼1

EðOjeCRCÞ � EðOjeCðjÞRCÞ
αj � 1

: ð9Þ

ENOX(O) is an estimator of the correct result, EðOjCÞ, and its bias is quad-
ratically smaller than that of EðOjeCÞ66.

In order to perform noise amplification, in our experiments we utilize
Unitary Folding (UF)54. That is, given a noisy cycle WH and a number α
such thatHαþ1 ¼ H, we replaceWHwith ðWHÞαþ1. In the instancewhere
the error channel W commutes with the cycle H, i.e., WH ¼ HW, UF
leads to ðWHÞαþ1 ¼ Wαþ1H, which provides the desired noise amplifi-
cation. In the more general situation, UF leaves a remainder term:

ðWHÞαþ1 ¼ Wαþ1HþRH: ð10Þ

In Methods section “Error amplification via unitary folding (UF)”, we
briefly argue why the termRHmay have little impact on mitigated results
in realistic scenarios. This argument is reflected in our results since we
observe significant improvements when resorting to UF amplification
despite its possible imperfections. That being said, we acknowledge that
more sophisticated techniques can be used to amplify noise when
WH 6� HW; some methods rely on learning the errors by using cycle-
based noise reconstruction techniques66,77, and some others rely on pulsed-
based inverse evolution78. We leave the utilization of those methods for
future work.

In addition to RC andNOX,we employ readout calibration (RCAL) to
mitigate measurement noise79. RCAL requires implementing three simple
circuits (thefirstwith aW0,0 gate oneveryqutrit, the secondwith aW0,1 gate,
and the third one with a W0,2 gate) to estimate the probabilities of state-
dependent readout errors—i.e., the probabilities that anoutput s∈ {0, 1, 2} is
incorrectly reported as s0≠s. It then uses this information to efficiently
suppress readout errors by inverting confusion matrices.

Experiment
We test our ability to effectively twirl and extrapolate noiseless results in two
sets of multi-qutrit experiments. In the first experiment, we use state
tomography to reconstruct a three-qutrit GHZ state. In the second
experiment, we perform random circuit sampling (RCS) for two and three
qutrits at a variety of depths. In both experiments, we find significant
improvements in our results via the combination of RC and NOX.

Fig. 2 | Randomized compiling (RC) for qudit circuits. a The input circuit, which
alternates cycles of one- and multi-qudit gates. b Random Weyl gates (W�pj ;�qj

) and
their inverses (W 0

�pj ;�qj
¼ Wy

�pj ;�qj
HjW�pj ;�qj

) are added before and after every cycle of
multi-qudit gates Hj. c Before executing the circuit, the extra gates are recompiled
into the native one-qudit gates. In thisway, the returned circuit has the same depth as
the input one. d Numerical study of the fraction of coherent errors under RC
randomizations in randomly generated two-qudit Pauli TransferMatrices (PTM) in

d∈ {2, 3, 5}. The formula used to quantify the fraction of coherent errors is derived in
the “Methods”. All PTMs are chosen to initially have 70% of their errors be coherent.
As can be seen, the coherent errors decrease exponentially with N, confirming the
validity of Eq. (7). Furthermore, the fraction of coherent errors per depth does not
depend on d. This demonstrates that for an equal suppression of coherent errors, RC
does not require additional twirls in higher dimensions. The inset PTMs visualize the
suppression of off-diagonal terms as a function of N.
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Our experimental device consists of fixed-frequency transmons, with
fixed coupling mediated by coplanar waveguide resonators. Single-qutrit
gates are performed via Rabi oscillations and virtual Z gates in two-level
subspaces of the qutrit, and two-qutrit gates are performed via a tunable
cross-Kerr entangling interaction. More information on how we perform
single and two-qutrit gates can be found in refs. 12,13 and ref. 14, respec-
tively and additional device characterization is available in Supplementary
Note 1.

Multipartite qutrit entanglement. Experimental demonstrations of
multipartite entanglement have been instrumental in demonstrating that
local realism can be violated by quantum mechanics80. So far, studies of
multipartite entanglement have mostly focused on coupled qubits, and
experimental demonstrations of multipartite qutrit entanglement have
only been performed in a few cases12,81. In this work, we generate a
maximally entangled state on a D = 27 dimensional Hilbert space using
only three transmon qutrits. Specifically, we realize the qutrit GHZ
state ∣ΨiGHZ ¼ 1ffiffi

3
p ð∣000i þ ∣111i þ ∣222iÞ.

To characterize this highly-entangled state, we perform tomo-
graphy on the full three-qutrit Hilbert space82, requiring a total of 729
circuits. We measure an informationally-complete set of projections to
experimentally reconstruct the density matrix for ρ ¼ ∣Ψi Ψh ∣GHZ,
finding a state fidelity ofF ¼ Tr ð ffiffiffi

σ
p

ρ
ffiffiffi
σ

p Þ ¼ 0:818, where σ is the ideal
density matrix. Even in the unmitigated case, our work represents, to the
best of our knowledge, the highest fidelity exploration of multipartite
qutrit entanglement to date.

Next,weperform the same experiment usingRCandNOX, requiring a
total of 43,740 (729 × 20 × 3) circuits, where we use 20 logically-equivalent
compilations of the bare circuit and for eachof the identity insertions for the
two different two-qutrit gate cycles. We find a mitigated state fidelity of
F ¼ 0:951, resulting in a greater than 3x reduction in infidelity compared
to the unmitigated case. The circuits and the experimentally reconstructed
density matrices can be found in Fig. 3. Finally, we purify the reconstructed
state measured with RC (no NOX)83 by numerically finding the nearest
density matrix that is idempotent (ρ2 = ρ)84, which improved the state
fidelity from 0.912 to 0.998 (see Supplementary Note 4). These results
demonstrate the power of RC to tailor coherent errors to purely stochastic

channels. A summary of the results of all the state tomography experiments
and mitigation strategies can be found in Table 1.

Qutrit random circuit sampling. RCS with qubits has recently garnered
significant interest due to its role in demonstrating quantum advantage2,4,
and it has been speculated that RCS may also have pragmatic use
cases85,86. In this work, we extend the task of RCS to qutrits and study the
two and three-qutrit experiments at a number of depths. Notably,
leveraging qutrits for RCS, in principle, could allow one to probe the
regime of quantum supremacy with significantly fewer qutrits (~35) than
qubits (~55).

In both the two and three-qutrit RCS experiments, Haar-random
single qutrit gates are interleaved with CZ† gates (hard cycles). We study 20
separate RCS instances for each circuit depth. In Fig. 4, the bare RCS results
are compared to the mitigated results measured using RC (20 randomiza-
tions) andNOX. To quantify circuit performance, we calculate the variation
distance from the ideal trit string distributions, defined as

VD :¼ 1
2

X
�s

jpidð�sÞ � pexpð�sÞj ð11Þ

where �s 2 ð0; 1; 2Þ�n and pid and pexp are the ideal and experimentally
measured trit string distributions, respectively. The best results for the

Fig. 3 | Experimentally reconstructed qutrit GHZ density matrices. a The circuit
diagram for experimentally reconstrucing the densitymatrix of a 3-qutrit GHZ state.
The state can be efficiently generated with two-qutrit CZ† gates (yellow) and single
qutrit Hadamard gates (H). b An example circuit diagram with RC+NOX,
includingWeyl twirling (purple), where the identity insertion (green) is placed after

the CZ† (yellow) between q0 and q1. An example of a twirled decomposition of the
identity (green) is provided to the right. c The experimentally reconstructed density
matrix (plotting ∣ρ∣) of the 3-qutrit GHZ state with only readout assignment errors
corrected. The ideal density matrix is shown with a black outline. d The density
matrix generated by the noiseless expectation values produced by RC+NOX.

Table 1 | A summary of the results of the three-qutrit state
tomography experiment employing the various mitigation
strategies outlined in the text

Mitigation strategy State fidelity

Bare 0.818

RC+NOX 0.951

Bare+ Purified 0.912

RC+ Purified 0.998

RC+NOX+ Purified 0.995

We note that the reported state fidelity for each experiment employs RCAL.
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mitigated case were found with 3 insertions of the identity (see Sup-
plementary Note 3). Notably, when employing RC+NOX in both the
two and three-qutrit RCS experiments, the variation distances at depth 6
were comparable to the unmitigated case at depth 2, and at all depths,
we found at least a 30% fractional improvement in our results
with RC+NOX.

Discussion
We introduced generalized versions of two powerful methods for tailoring
and mitigating noise in contemporary qudit systems: randomized compil-
ing and noiseless output extrapolation. We tested the efficacy of these
methods at generating noiseless expectation values on a system of three
coupled transmon qutrits. Specifically, we explored the experimentally

Fig. 4 | Random circuit sampling with qutrits.
a The circuits for two-qutrit random circuit sam-
pling. CZ† (yellow) hard cycles are interleaved with
Haar random SU(3) gates, Rij (red). b Violin plots
showing the distribution of the variation distances
for the 20 RCS instances with (green) and without
(red) RC+NOX at depths m ∈ {1, 2, 3, 6}, with
mean values marked by crosses. c Circuits for three-
qutrit RCS. d Results for three-qutrit RCS at
m∈ {2, 4, 6}.
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reconstructed density matrix of a 3-qutrit GHZ state and the problem of
multi-qutrit random circuit sampling. We found that despite the more
complex noise environment, added noise sensitivity, and more difficult
control requirements, our protocols proved to be a powerful tool for sig-
nificantly improving our results for all of the aforementioned experiments.
Specifically, we effectively tailored coherent errors to stochastic errors on
both gate and spectator qutrits via the first demonstration of randomized
compiling for qudit dimension d ≥ 3, and extrapolated beyond the noise in
our system via the first demonstration of noiseless output extrapolation
in d ≥ 3.

As higher-dimensional quantumdevices begin tomature and compete
with qubit systems, the ability to perform longer-depth algorithms without
significant errors will be critical to convincing the community of their fea-
sibility and scalability. To this end, ourworkopens the door to exploremany
of the advantages leveraged by qudit devices in both quantum algorithms
and gate based quantum simulation in the near term on contemporary
devices.

Methods
Calculating the proportion of coherent errors in qudit PTMs
In Fig. 2d, we show the numerical results of twirling away (using qudit RC)
off-diagonal elements (or coherent errors) in qudit PTMs. Here, we briefly
commentonhowone calculates theproportionof coherent errors present in
a qudit PTM, following ref. 87.

Consider a quantum error channel with PTM denoted as E. The
process fidelity is defined as the normalized trace of the (d2 × d2) PTM:

FðEÞ :¼ tr E=d2 ð12Þ

Let’s define the decoherent process fidelity of E as

Fdecoh: ðEÞ :¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tr EyE=d2

q
¼ kEkF=d: ð13Þ

In ref. 87, it is shown that as long as the error channel is reasonably close to
the identity, that is if FðEÞ > 1=2 and Fdecoh: ðEÞ>1=

ffiffiffi
2

p
, the error channel

has a well-defined coherent-decoherent polar decomposition:

E ¼ UD; ð14Þ

where U is a coherent (i.e., unitary) error process and D is a purely deco-
herent process. The precise definition of a decoherent channel is elaborated
and justified in ref. 87.

In realistic physical scenarios, the process fidelity can be expressed as a
simple product:

FðEÞ ¼ FðUÞFðDÞ þ h:o:; ð15Þ

where the higher order term (h. o.) is of second order in the infidelity,
O ð1� FðEÞÞ2� �

. For reference, Eq. (15) does not hold in pathological cases
where a significant part of the error process originates from specially crafted
high-body interactions (e.g., Hamiltonian/Lindbladian terms that are made
of tensor products of a large number of subsystems). A discussion of these
pathological cases is included in ref. 87.

Notice that by combining eq. (13) and eq. (14), we get:

Fdecoh: ðEÞ ¼ Fdecoh: ðUDÞ
¼kUDkF=d
¼kDkF=d
¼ Fdecoh: ðDÞ
¼ FðDÞ þ O ð1� FðDÞÞ2� �

ð16Þ

where the last line comes from the fact that non-pathological decoherent
errors obey (87)

trDyD=d2 ¼ trD=d2
� �2 þ O ð1� FðDÞÞ2� �

: ð17Þ

The above is essentially a corollary from the fact that decoherent errors build
up according to a multiplicative decay.

By substituting eq. (16) in Eq. (15), we get, up to second order in the
infidelity,

FðEÞ ¼ FðUÞFdecoh: ðEÞ; ð18Þ

or in terms of infidelity (up to second order in the infidelity)

1� FðEÞ|fflfflfflfflffl{zfflfflfflfflffl}
Tot: infid:

¼ 1� FðUÞ|fflfflfflfflffl{zfflfflfflfflffl}
Coh: infid:

þ 1� Fdecoh: ðEÞ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
Decoh: infid:

: ð19Þ

As such, the contribution of coherence to the process of infidelity is
given by (up to the second order in the infidelity):

1� FðUÞ ¼ Fdecoh: ðEÞ � FðEÞ: ð20Þ

The relative coherent contribution to the infidelity is therefore obtained via

Fdecoh: ðEÞ � FðEÞ
1� FðEÞ ¼ tr E=d2 � d k EkF=d

1� tr E=d2 : ð21Þ

The above is the formula used in Fig. 2d to quantify the effect of twirling on
the error channel.

Error amplification via unitary folding (UF)
Noise amplification through unitary folding (UF) is performed by repeating
a desired noisy cycleWH54.When the error channelW commutes with the
cycleH, we get ðWHÞαþ1 ¼ Wαþ1H. In the more general situation where
WH≠HW, we instead get a remainder term

ðWHÞαþ1 ¼ Wαþ1HþRH: ð22Þ

In this section, we briefly argue why one may expect the remainderRH to
be of little impact in some instances.

Given a cyclicity c representing the smallest positive integer such that
Hc ¼ I, we can express the error channelW as

W ¼ e
Pc�1

k¼0
Lk ; ð23Þ

where the dissipator terms {L0, L1,⋯ , Lc−1} obey:

LkH ¼ ωkHLk; ð24Þ

where ω = e2iπ/c. In our experiments, the cycleH is a tensor product of CZ†

gates and has a cyclicity of c = 3. This yields W ¼ eL0þL1þL2 with LkH ¼
ωkHLk where ω = e2iπ/3. In this case, UF yields:

ðWHÞαþ1 ¼ eL0þL1þL2H� �αþ1

¼ Qk¼α

k¼0
eH

kðL0þL1þL2ÞH�k

� �
H

¼ Qk¼α

k¼0
eL0þωkL1þω2kL2

� �
H

� eðαþ1ÞL0þL1þL2H;

ð25Þ

where in the last line we truncated the second-order terms from the BCH
expansion88 for simplicity. The purpose behind the derivation of Eq. (25) is
to show that, up to a second-order approximation, only the dissipator term
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L0 that commutes with the cycle H gets properly amplified by UF. One
reason that makes UF an effective error amplification strategy despite this
limitation is that L0 is often a dominating source of error compared to the
other dissipators. Indeed, following thederivationof 78, given anoisy process
WH obtained from integrating a Lindbladian,

WH ¼
Z T

0
�iHðtÞ þ LðtÞ dt; ð26Þ

where H(t) and L(t) correspond to the super-operator versions of the ideal
and noisy dynamics, respectively, we can approximateW as

W � H exp
Z T

0
dt UyðtÞLðtÞUðtÞ

� �
H�1; ð27Þ

whereUðtÞ is the ideal evolution at time t. This approximation corresponds
to the truncation of theMagnus expansion to first order. The integral in Eq.
(27) is close to a twirl operation, and has the effect of partially suppressing
the matrix components that do not commute with W. To see this more
clearly, let’s assume that H(t) and L(t) are time-independent and let’s
perform column-vectorization on the integral in Eq. (27):

vec
Z T

0
dt UyðtÞLUðtÞ

� �
¼

Z T

0
dt UðtÞT � UyðtÞ

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Partial twirl operator:

vec Lð Þ ð28Þ

where we used the identity vec(ABC) =CT ⊗ Avec(B). We denote the
operator acting on vec(L) as a “partial twirl”; a full twirl would involve the
self-inverting evolution from0 to τwhereUð0Þ ¼ UðτÞ. It is straightforward
to show that the full twirl projects vec(L) unto the subspace of operators that
commute with UðtÞ ¼ expðiHtÞ for any time t. The partial twirl operator
insteaddampens the components ofL that donot commutewith theunitary
evolution evolution.

Data availability
All data are available from the corresponding author upon reasonable
request.

Code availability
All front-end code and jupyter notebooks used for analysis are available
upon request. The mitigation routines and circuit compilation were per-
formed using True-Q, a proprietary software package.
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