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Background. Noise presents the most significant obstacle to the practical implementation of quantum compu-
tation. A range of techniques has been proposed for noise suppression at different levels, including dynamical
decoupling [1], quantum error correction (QEC) [2, 3] and mitigation (QEM) [4]. Most error suppression techniques
are developed based on the assumption that the noise process is Markovian, i.e. the errors occurring at different
time slices are independent and can be described as independent quantum channels. Under this assumption, one
can develop QEC and QEM techniques to address the noise channels at a given time slice and simply repeat the
QEC and QEM procedure. However, in practice, since noise is introduced by continuous interaction between the
environment and the quantum computer, it is no surprise that the environment can exhibit memory effects that lead to
quantumly correlated noise at different time slices [5–7]. This type of noise, known as non-Markovian noise, cannot
be effectively suppressed by simply repeating the same QEC and QEM procedures.

Attempts have been made to study the role of non-Markovian noise in hardware noise suppression [1, 8–10],
QEC [11–13] and QEM [14]. In many cases, one relies on constructing explicit models of the system-environment
interaction or restricting to only classical temporal correlations, while in some other cases, the analysis is limited
to only the abstract theoretical level without connecting to explicit practical protocols. The primary challenge in
analysing general non-Markovian noise lies in its complex nature, which requires higher-order quantum operations
for a complete description. These include frameworks such as quantum strategies [15], quantum combs [16, 17],
process tensors [18, 19], or quantum circuit fragments [20, 21]. In contrast, most existing error suppression tech-
niques are designed for noise modelled as quantum channels [22–24], making them unsuitable for direct application
to non-Markovian scenarios [25–28].

In this work, we present a simple yet surprisingly general and effective solution: a mapping between non-
Markovian quantum dynamics and quantum channels, which we call the Choi channel representation. This rep-
resentation facilitates the direct application of error suppression techniques developed for Markovian noise to non-
Markovian scenarios, as demonstrated through several examples. We begin by developing the χ-matrix represen-
tation and Pauli twirling protocol for non-Markovian noise, showing that Pauli twirling can eliminate the quantum
temporal correlation in arbitrary non-Markovian quantum dynamics. Then, using Choi channels, we manage to
construct explicit protocols for performing probabilistic error cancellation and purification-based QEM on general
non-Markovian noise [29–33]. All of these examples have demonstrated the simplicity and effectiveness of using
Choi channels to directly import Markovian noise suppression techniques for tackling non-Markovian noise, thereby
opening up a broad spectrum of new possibilities for addressing non-Markovian noises.
Choi Channel. No quantum system operates in complete isolation. In a quantum computer, repeated interac-
tions with the environment generate temporal quantum correlations, giving rise to non-Markovian noise that poses
significant challenges to reliable information processing. The dynamics of such noise are inherently complex. In
general, a single time slice of such noise cannot be adequately described by a quantum channel or even by more
general linear maps [34–36]. We can model a noisy circuit using Fig. 1(a) where layers of gates, denoted as Ui, are
interlaced by layers of noisy interactions, denoted as Ei. In general, these interactions Ei can be connected through
the environment and thus can be quantumly correlated over time. We will denote the entire non-Markovian quantum
dynamics as E , which can be mapped to a quantum channel CE by shifting the input and output wires of the i-th
time step to the i-th auxiliary register as shown in Fig. 1(b). We will call this the Choi channel of the non-Markovian
quantum dynamics.

For simplicity, let us illustrate this using the example of a non-Markovian noise process E interacting at two
different time steps, before and after the ideal gate layer U , as shown in Fig. 1. Such non-Markovian noise affecting
two points in time can be mathematically represented by a superchannel that maps one channel to another [37].
By applying the Choi channel of the noise CE to the Choi state of the ideal gate layer ρU and performing the
relevant Bell state measurements, we can obtain the output channel representing the noisy gate layer. This approach
closely mirrors the action of a conventional noise channel on some input state, which allows us to extend many
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noise suppression techniques for Markovian noise to the context of non-Markovian noise, as we will demonstrate in
subsequent sections. Our example here can be more formally stated as follows.

Definition 1. Given a superchannel E , its Choi channel is defined as

CE = SWAP(1,2) ○ (E (1) ⊗I (2))[SWAP(1,2)], (1)

where I is the identity superchannel, 1 and 2 denote two quantum registers, and ○ denotes the composition between
channels. The resultant channel of acting E on the input channel U is

E [U](ρ) = Tr2,R {(I(1) ⊗Φ
(2,R)
+ )[(SWAP(1,2) ○ C(1,2)E ) ⊗ I(R)](ρ(1) ⊗ ρ

(2,R)
U
)}, (2)

where ∣Φ+⟩ = ∑i ∣ii⟩ is the unnormalized maximally entangled state, I(R) represents the identity channel acting on
the reference system R, I is the identity matrix, and ρU = U ⊗ I(Φ+) is the unnormalized Choi state of U .
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FIG. 1. Left: (a) Non-Markovian noise caused by interaction with the same environment system at different time steps, where
wires in different colours represent systems from different time steps. (b) Shifting the input and output wires of the same time
step to the same register outputs the Choi channel. A simplified graph representation is shown in the lower panel. The figure
here only shows two circuit layers, which can easily be generalised into an arbitrary number of circuit layers. Right: The
mapping between non-Markovian quantum dynamics and its Choi channel. BSM stands for Bell state measurement.

While our demonstration focuses on superchannels, representing the sequential composition of two successive
quantum processes, our framework is broadly applicable and readily extends to address non-Markovian noise arising
from the composition of arbitrary finite quantum processes.
Mitigating non-Markovian noise. If we know the exact form of the error channel E , we can try to apply its
inverse to mitigate the damage caused by the noise. However, such an inverse channel is often not completely
positive and trace-preserving and thus cannot be implemented physically. Probabilistic error cancellation is a way to
virtually implement the inverse map E−1 through linear combination of physically implementable operations {Ai}
with post-processing [29, 30], as shown in Fig. 2Left(a).

Using the Choi channel representation of the non-Markovian noise E , we can straightforwardly obtain its inverse
map C−1E . It can be decomposed into basis operations generated using Z-basis measurement, S gate and Hadamard
as outlined in [30], which means that these basis operators can be written as tenor products of local basis in each
register, denoted using {Ai} and {Bj}:

C−1E = ∑
ij

αijAi ⊗Bj . (3)

With such a tensor representation, we can directly translate this inverse Choi channel back into the circuit picture to
implement the inverse superchannel:

E −1 ○ E [U ] = ∑
i,j

αijBj ○ E [U ○ Ai ] (4)
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FIG. 2. Left: Probabilistic error cancellation for (a) noise channel; (b) Choi channel; (c) non-Markovian noise. Right:
Virtual purification in the level of (a) noise channel; (b) noise Choi channel; (c) non-Markovian noise. Here, ρm represents the
maximally mixed state and D is the completely depolarising channel.

which is shown in Fig. 2Left(b) and (c).
Given the challenges associated with characterising non-Markovian noise, one may want to turn to QEM tech-

niques that do not require detailed knowledge of the noise model and the target problem. Virtual channel purifi-
cation [33] is one such technique, relying only on the assumption that the dominant component of the target noise
channel is the identity channel. The circuit for implementing virtual channel purification is shown in Fig. 2Right(a),
where we conjugate two copies of the target noise channel with two CSWAP gates. One copy of the noise channel
acts on a maximally mixed input state, which can be prepared by random initialisation on the ancillary register. The
output post-processed based on the control qubit Pauli-X measurement result can suppress the noise rate from p to
p2 on the main register. By extending virtual channel purification to using M copies of noisy channels, the noise
rate can be suppressed from p to pM , which is exponential with M .

We can directly apply virtual channel purification to the Choi channel of the non-Markovian noise as shown in
Fig. 2Right(b) with each blue line expanded into two registers represented by the green and red lines and initialized
as a larger maximally mixed state. When translating back into the circuit picture, we have CSWAPs conjugating
each error layer of the non-Markovian noise, with a single control qubit connecting all four CSWAP. Part of the
maximally mixed state in the Choi channel picture is replaced by a completely depolarising channel in the circuit
picture (implemented by applying random Pauli gates). The post-processing performed in this case is exactly the
same as Markovian noise. Let us use Pauli-diagonal non-Markovian noise (which can be obtained using Pauli
twirling as discussed in the arXiv version) as an example to illustrate the effect of the virtual channel purification.

Theorem 1. Given a Pauli-diagonal superchannel E [U] = ∑i,j pijGi ○ U ○ Gj , performing the circuit shown in
Fig. 2Right(c) and taking the difference between the ∣+⟩ and ∣−⟩ measurement results of the control qubit, one
virtually obtains the purified superchannel of

Evp[U] = ∑
i,j

p2ij

P2
Gi ○ U ○ Gj , (5)

on the main register, where P2 = ∑i,j p
2
ij . If post-selecting on the ∣+⟩ measurement results of the control qubit, one

can physically obtain the purified channel

Ep[U] = ∑
i,j

pij + p2ij
1 + P2

Gi ○ U ○ Gj . (6)

Without loss of generality, let us suppose G0○(⋅)○G0 is the noiseless component that we wish to boost. According
to this theorem, if the noiseless component is the principal component, i.e., p00 ≥ pij for i, j ≠ 0, then it will be
amplified after both purification processes. Also note even though we have assumed the two copies of the non-
Markovian noise to be the same in the above analysis, our protocol for non-Markovian noise purification will still
work as long as the principal components in these two non-Markovian noise processes are similar, as also proven for
the channel case in Ref. [33].
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