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Finding ground states and low-lying excitations of a given Hamiltonian is one of the most
important problems in many fields of physics. As a novel approach, quantum computing on
Noisy Intermediate-Scale Quantum (NISQ) devices offers the prospect to efficiently perform such
computations and may eventually outperform classical computers. However, current quantum
devices still suffer from inherent quantum noise. In this work, we propose an error mitigation
scheme suitable for parametric quantum circuits. This scheme is based on projecting a general
quantum noise channel onto depolarization errors. Our method can efficiently reduce errors in
quantum computations, which we demonstrate by carrying out simulations both on classical and
IBM’s quantum devices. In particular, we test the performance of the method by computing the
mass gap of the transverse-field Ising model using the variational quantum eigensolver algorithm.
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1. Introduction

2. Mitigation of depolarizing noise
In this section, we will provide an introduction to quantum noise and review a recently developed
mitigation technique for depolarizing errors [16]. Suppose we have an 𝑁-qubit quantum system
living in the Hilbert space H with dimension 𝑑 = 2 𝑁 . We define the set of density operators 𝐷 (H )
as non-negative, unit-trace, linear operators on H . With a given density operator 𝜌 ∈ 𝐷 (H ), the
expectation value of an observable O is defined as hOi ≡ Tr(O 𝜌). For the example of calculating
an 𝑛-th eigenvalue 𝐸 𝑛 of a Hamiltonian 𝐻, the density operator is given by 𝜌 = |𝐸 𝑛 ih𝐸 𝑛 |, such that
h𝐻i𝑛 = Tr(𝐻 𝜌) = h𝐸 𝑛 |𝐻|𝐸 𝑛 i = 𝐸 𝑛 .

(1)

If one can prepare the exact density operator |𝐸 𝑛 ih𝐸 𝑛 | using the variational quantum eigensolver
(VQE) algorithm [17], 𝐸 𝑛 can be correctly estimated. However, quantum noise will deform 𝜌 into
a noisy density operator 𝜌 0, such that the noise-contaminated expectation value h𝐻i 0 ≡ Tr(𝐻 𝜌 0)
will be different from 𝐸 𝑛 . To mitigate this problem, we will in the following discuss the origin of
the quantum noise that yields 𝜌 0, starting from a noiseless quantum circuit to prepare 𝜌.
In a quantum computer, one uses a quantum circuit to prepare the final density operator 𝜌
from an initial density operator 𝜌0 , where 𝜌0 is usually taken to be |0ih0| ⊗ 𝑁 with 𝑁 denoting the
number of qubits. Subsequently, one measures 𝜌 in the computational basis {|0i, |1i} ⊗ 𝑁 . We
divide the state preparation circuit into different circuit layers, where each layer consists of a set of
2
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Recent advances in quantum technologies open up a new route to tackle quantum many-body
problems. In particular, simulations on quantum devices are based on the Hamiltonian formulation
and hence have the potential to circumvent the sign problem and allow for simulating real-time
dynamics. Thus, they offer the prospect to study problems that are very hard or even inaccessible
for the conventional Monte Carlo approach. First successful proof-of-principle experiments (see,
e.g., [1–6]) render this approach particularly promising for the future.
Current noisy intermediate-scale quantum (NISQ) devices [7] are still suffering from a considerable amount of quantum noise, which limits the depth of the quantum circuits that can be executed
faithfully. While full quantum error correction is presently still under development, errors can be
partially mitigated using error mitigation schemes (see, e.g., [8–13]). Here, we propose a novel
scheme to mitigate quantum noise, which is inspired by randomized benchmarking (RB) [14] and
randomized compiling (RC) [15]. RB is used to characterize the error rates of quantum channels,
while RC projects arbitrary quantum noise into Pauli channels. In our study, we extend the scope
of RC to further project Pauli channels into depolarizing channels, by utilizing the mathematical
formalism used for RB. This depolarizing projection allows us to perform error mitigation using a
recently developed technique for mitigating depolarizing errors [16]. We test the efficiency of the
proposed depolarizing projection and prove that the required depth of the quantum circuit grows
polynomially with the number of qubits. We also implement our mitigation technique to calculate
the spectrum of the transverse-field Ising Hamiltonian using both classical and quantum devices.
We find that, within statistical errors, both the classical and quantum results converge to the ones
obtained from exact diagonalization of the Hamiltonian.
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simultaneously implemented logical gates. In the ansatz circuit that we use for the VQE, a circuit
layer can either be a layer of single-qubit rotation gates or a layer of (non-overlapping) two-qubit
entangling CNOT gates. Thus, the circuit for preparing a noiseless state can be written as
U𝐿 = 𝑢 𝐿−1 . . . 𝑢 0 =

𝐿−1
Ö

𝑢𝑖 ,

(2)

𝑖=0

where 𝑢 𝑖 denotes the different circuit layers and 𝐿 is the total number of circuit layers. The final
density operator 𝜌 can be obtained by
𝑢ˆ 𝑖 (𝜌0 ) =

𝑖=0

𝐿−1
Ö

𝑢 𝑖 𝜌0 𝑢 †𝑖 ,

(3)

𝑖=0

Î 𝐿−1
where Û𝐿 = 𝑖=0
𝑢ˆ 𝑖 denotes the super-operator and 𝑢ˆ 𝑖 transforms 𝜌0 as 𝑢ˆ 𝑖 (𝜌0 ) = 𝑢 𝑖 𝜌0 𝑢 †𝑖 .
Next, we go beyond the noise-free case and consider quantum noise in the state preparation
circuit. Quantum noise linearly maps the set 𝐷 (H ) of density operators to itself, while keeping
the trace of the density operators equal to 1. These maps E are called quantum channels, which
are completely positive, trace-preserving (CPTP) maps and can be expanded in terms of the Kraus
decomposition [18]
E (𝜌) =

𝐾
∑︁

𝐴 𝑘 𝜌 𝐴†𝑘 ,

∀𝜌 ∈ 𝐷 (H ).

(4)

𝑘=1

Here, 𝐴 𝑘 are Kraus operators of dimension 𝑑 × 𝑑, and the trace of E (𝜌) is preserved due to the
Í
†
completeness relation 𝐾
𝑘=1 𝐴 𝑘 𝐴 𝑘 = I. It can be shown that one can always find a decomposition
with 𝐾 = 𝑑 2 , such that the decomposition contains 𝑑 4 − 𝑑 2 degrees of freedom [18]. For example,
for 𝑁 = 2 qubits, there are 𝑑 4 − 𝑑 2 = 24𝑁 − 22𝑁 = 240 free parameters to be determined.
Quantum noise deforms the noiseless circuit layers 𝑢ˆ 𝑖 into noisy circuit layers 𝑢ˆ 𝑖0. Here and
in the following, we denote noisy quantities with a prime symbol ( 0). The noisy layers 𝑢ˆ 𝑖0 can be
decomposed into
𝑢ˆ 𝑖0 (𝜌)

= E𝑖 ◦ 𝑢ˆ 𝑖 (𝜌) =

𝐾
∑︁

†
𝐴𝑖,𝑘 𝑢 𝑖 𝜌𝑢 †𝑖 𝐴𝑖,𝑘
.

(5)

𝑘=1

Thus, the final density operator will be deformed by quantum noise into
𝜌 0 = Û𝐿0 (𝜌0 ) =

𝐿−1
Ö

𝑢ˆ 𝑖0 (𝜌0 ).

(6)

𝑖=0

The resulting noisy expectation value Tr(O 𝜌 0) hence deviates from the noiseless one Tr(O 𝜌). This
deviation is generally determined by all the degrees of freedom of all quantum channels E𝑖 , unless
it is possible to approximate the resulting effect with a simpler channel, as we will demonstrate in
the next section.
To mitigate the effects of quantum noise, one needs to relate the noisy expectation values to
their noiseless counterparts. While this is challenging for generic quantum channels, some specific
quantum channels can be handled more easily. One example is the depolarizing channel
I
𝜌 0 = E𝑟𝐷 (𝜌) = (1 − 𝑟) 𝜌 + 𝑟 ,
𝑑
3
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𝜌 = Û𝐿 (𝜌0 ) =

𝐿−1
Ö
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which transforms the density operator 𝜌 into the maximally mixed state I/𝑑 with some depolarizing
probability 𝑟. Assuming that all quantum channels E𝑖 in Eq. (5) are depolarizing [16], the final
density operator will be of the form given by Eq. (7), with an unknown depolarizing probability 𝑟.
The noiseless expectation value of the observable O can then be obtained from the noisy one using
Tr(O 𝜌) =

Tr(O 𝜌 0)
,
1−𝑟

(8)

3. Depolarizing projection of quantum channels
In this section, we aim to demonstrate that specific quantum channels can be projected into
depolarizing ones. For simplicity, let us consider an incoherent Pauli channel
∑︁
E 𝑝 (𝜌) =
𝑝 𝑎 𝑃ˆ 𝑎 (𝜌) = (1 − 𝑝)I + 𝑝Λ,
(9)
𝑎 ∈P 𝑁

where P 𝑁 = {𝐼, 𝑋, 𝑌 , 𝑍 } ⊗ 𝑁 is the set of 𝑁-qubit Pauli matrices, 𝑃ˆ 𝑎 is the super-operator of an
Í
element in P 𝑁 , 𝑝 𝑎 is the Pauli error probability, 𝑝 ≡ 𝑎 ∈P 𝑁 /I 𝑝 𝑎 is the total error probability of the
non-trivial Pauli operators, I is the identity that acts trivially on density matrices, and Λ is the full
Pauli channel except I. Note that the incoherent Pauli channel in Eq. (9) is a more general quantum
channel than the depolarizing channel in Eq. (7), because the depolarizing channel can be derived
by setting all Pauli error probabilities 𝑝 𝑎 equal except for the one multiplying the identity.
In the following, we will model arbitrary quantum noise by the Pauli channel in Eq. (9). This
simplification can be justified by randomized compiling [15], which projects arbitrary quantum
noise into its corresponding Pauli channel by dressing gates with a twirling set. Recent experiments
verified that this projection works extremely well [20]. In addition, we assume that the quantum
noise is layer-independent, time-stationary, and Markovian (LTM), similar to the gate-independent,
time-stationary and Markovian noise introduced in [21].
Regarding the definition of LTM noise, a noisy implementation of a circuit layer 𝑢ˆ 0 (𝑡) is
time-stationary if the linear noise map is independent of 𝑡. To make this noisy implementation
layer-independent and Markovian, we can construct 𝑢ˆ 0 = E ◦ 𝑢ˆ such that the CPTP map E has no
dependence on 𝑢ˆ (layer-independent) or other parts of the quantum circuit (Markovian).
Now, let us consider a quantum circuit for preparing a state that is contaminated by LTM noise,
similar to the noiseless circuit in Eq. (2). Such a circuit can be represented by a linear map
Û𝐿0 =

𝐿−1
Ö
𝑖=0

4

E 𝑝 ◦ 𝑢ˆ 𝑖 ,

(10)

PoS(LATTICE2021)603

if we assume that O is traceless, which for instance is the case for the Hamiltonian of the transversefield Ising model (see also Sec. 5). The only unknown parameter 𝑟 in Eq. (8) can be obtained by
measuring purities Tr(𝜌 02 ) using state tomography [18] or randomized measurements [19].
Note that the assumption of having a depolarizing channel after each circuit layer is generally
not fulfilled for real quantum devices. However, we will prove in the next section that for specific
quantum circuits, more general quantum channels can be projected into depolarizing ones.
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where E 𝑝 is defined in Eq. (9). Substituting this definition for E 𝑝 , the linear map can be expanded
similar to the binomial expansion. We find
!
−1
𝑀 −1 𝑖 ∑︁
𝐿
∑︁
1 Ö 𝛼+1
†
0
D𝑖 𝛼 Λ D𝑖 𝛼 ,
(11)
Û𝐿 = 𝑃(0) Û𝐿 +
𝑃(𝑀) Û𝐿 𝐿 
𝑀 =1

𝑀

𝛼=0

𝑖 𝛼 =0

such that the noiseless term in Eq. (11) is given by 𝑃(0) = 𝑃(𝑀 = 0). Note that each product
Î 𝑀 −1 Í𝑖 𝛼+1 −1 †
𝐿
𝛼=0 ( 𝑖 𝛼 =0 D𝑖 𝛼 Λ D𝑖 𝛼 ) with 𝑀 ∈ 1, 2, . . . 𝐿 contains 𝑀 terms; therefore, the expression in
𝐿
Eq. (11) is normalized by a factor of 𝑀
.
Next, we assume that the product of the total Pauli error probability 𝑝 and the number of
the circuit layers 𝐿 is small, 𝑝𝐿  1. In this case, we can approximate Eq. (12) by noting that
𝑃(𝑀 = 1) ∼ 𝑝𝐿  𝑃(𝑀 > 1) ∼ 𝑂 ( 𝑝 2 𝐿 2 ). Using this approximation, we only need to consider
the lowest-order term in Eq. (11) with 𝑀 = 1, which yields
Û𝐿0

𝐿−1
1 ∑︁ †
= (1 − 𝑝𝐿) Û𝐿 + 𝑝𝐿 Û𝐿
D Λ D𝑖0 + 𝑂 ( 𝑝 2 𝐿 2 ).
𝐿 𝑖 =0 𝑖0

(13)

0

Finally, we assume that the set of circuit layer products {D𝑖0 } with 𝑖0 = 0, . . . 𝐿 − 1 is random and
that 𝐿 is large enough so that {D𝑖0 } is a unitary 2-design [22]. Thus, the second term in Eq. (13)
reduces to
𝐿−1
1 ∑︁ †
I
D𝑖0 Λ D𝑖0 (𝜌0 ) = 𝑞𝜌0 + (1 − 𝑞) ≡ 𝜌 𝑑 ,
𝐿 𝑖 =0
𝑑

(14)

0

where 𝑞 = −(𝑑 2 − 1) −1 depends on the dimension 𝑑 = 2 𝑁 of the Hilbert space. Note that the typical
cardinality of a unitary 2-design, such as the Clifford group, is exponentially large with respect to
the number 𝑁 of qubits. Thus, the required number of circuit layers may limit the efficiency of
this twirling effect. However, we will prove in the next section that the number of circuit layers
required to estimate the expectation value of some observable O to a fixed precision has no explicit
dependence on the number of qubits. In contrast, the required number of circuit layers will only be
proportional to the norm squared of the observable under consideration.
Using Eqs. (13) and (14), we obtain our final expression for the noise-contaminated prepared
state,
𝜌 0 = Û𝐿0 (𝜌0 ) = [1 − 𝑝𝐿(1 − 𝑞)] 𝜌 + 𝑝𝐿 (1 − 𝑞)

I
+ 𝑂 ( 𝑝 2 𝐿 2 ),
𝑑

(15)

where 𝜌 = Û𝐿 (𝜌0 ) is the noiseless pure state. Thus, we have projected the Pauli channel in Eq. (9)
into the depolarizing channel in Eq. (7), up to errors of order 𝑂 ( 𝑝 2 𝐿 2 ). This implies that we can
mitigate arbitrary quantum noise and estimate the true expectation value of observables with the
error mitigation technique discussed in the previous section, in particular Eq. (8).
5
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where D𝑖 𝛼 ≡ 𝑢ˆ 𝑖 𝛼 . . . 𝑢ˆ 0 is the product of the circuit layers, and we defined 𝐿 ≡ 𝑖 𝑀 . The error
probabilities 𝑃(𝑀) follow the binomial distribution
 
𝐿 𝑀
𝑃(𝑀) =
𝑝 (1 − 𝑝) 𝐿−𝑀 ,
(12)
𝑀
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4. Numerical verification and error estimation

This theoretical expectation needs to be compared with numerical results, which can be obtained
using the following steps. First, we prepare a sequence of unitary matrices sampled from the circular
unitary ensemble. Second, we insert one Pauli operator behind one randomly chosen unitary matrix
and apply this combined operator to the initial state |0i ⊗ 𝑁 . Third, we calculate the resulting density
matrix 𝜌. Fourth, we repeat the second and third step 𝑇 times and calculate the entropy of the
Í
averaged density matrix 𝑆( 𝜌/𝑇) with exact diagonalization.
In Fig. 1, we show the numerical results for the entropy as a function of the number of layers,
where we used 𝑁 = 1 qubit (left panel) and 𝑁 = 3 qubits (right panel). We plot results for three
different Pauli channels, with Λ = 𝑋 (blue points), Λ = 𝑌 (orange points), and Λ = 𝑍 (green points).
For all of these channels, we observe that our results for 1 − 𝑆/𝑁, which measures the distance of
the averaged density matrix to the maximally mixed state, converges to the theoretical value (red
line) as predicted in Eq. (16).

Figure 1: Numerical results for 1 − 𝑆/𝑁, where 𝑆 is the entropy and 𝑁 is the number of qubits, as a function
of the number of layers 𝐿. We plot results for three Pauli channels, with Λ = 𝑋 (blue points), Λ = 𝑌 (orange
points), Λ = 𝑍 (green points), as well as the theoretical prediction (red line) from Eq. (16) for 𝑁 = 1 (left
panel) and 𝑁 = 3 (right panel) qubits. The entropies converge to the predicted value with increasing 𝐿.
For each data point, we generate a sequence of random unitaries according to the Haar measure and then
randomly apply a single-qubit Pauli operator (𝑋, 𝑌 , or 𝑍) to the first qubit after one of the unitaries.

6
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In our derivation in the previous section, the key assumption is the unitary 2-design that yields
Eq. (14). In the following, we will numerically verify this equation and investigate the rate of
convergence to the unitary 2-design depending on the number 𝐿 of circuit layers. In particular, we
will examine the generated density matrix, assuming LTM quantum noise.
Let us consider the density matrix 𝜌 𝑑 given by Eq. (14) and compute its von-Neumann entropy


𝑑−1
𝑑
.
(16)
log
𝑆(𝜌 𝑑 ) ≡ −Tr(𝜌 𝑑 log 𝜌 𝑑 ) = log(𝑑 + 1) +
𝑑+1
𝑑
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From our numerical experiments, we see that the number of layers required for complete
convergence to the unitary 2-design can in principle be very large. This is expected because the
cardinality of a typical unitary 2-design, such as the Clifford group, on 𝑁-qubit systems scales as
2
𝑂 (4 𝑁 ). However, similar to the scalability of the RB protocol [14], this will not be a practical
obstacle if our aim is to estimate the expectation value of an observable and mitigate the error
according to the depolarizing projection. Suppose our desired confidence level is 1 − 𝛿, where 𝛿 is
some constant, e.g., 𝛿 = 0.05. Following [14], the number of circuit layers required to reach this
confidence level is given by
ln( 2𝛿 )||𝐻|| 2∞
2𝜖 2

(17)

,

where 𝜖 denotes the accuracy of the estimate and ||𝐻|| ∞ is the operator-norm (Schatten-∞ norm)
of a given Hamiltonian. ||𝐻|| ∞ is typically 𝑂 (poly(𝑁)) for most quantum many-body problems,
which proves the scalability of controlling the error in the Hamiltonian expectation value estimation.

5. Experimental results with VQE
The VQE algorithm [17] is a hybrid quantum-classical algorithm for finding the low-lying
eigenstates of a Hamiltonian using a variational approach, where the computing-intensive cost
function is evaluated on the quantum device. The VQE approach is an ideal platform to test our
mitigation scheme, as the circuit layers of the VQE ansatz are sufficiently random to enable the
projection of quantum noise to the depolarizing channel (see Sec. 3). In the following, we use the
VQE algorithm to estimate the ground-state energy of the transverse-field Ising model
𝐻=𝑥

𝑁
−1
∑︁

𝑋𝑖 𝑋𝑖+1 −

𝑖=0

𝑁
−1
∑︁

𝑍𝑖 .

(18)

𝑖=0

Here, 𝑥 is the coupling strength between nearest-neighbour spinors, and we use periodic boundary
conditions, i.e., 𝑋 𝑁 = 𝑋0 . To approximate the ground state |𝜓i of the Hamiltonian in Eq. (18),
we use the parametric VQE ansatz |𝜓(𝜽)i prepared with the quantum circuit depicted in Fig. 2.
The rotation parameters 𝜽 = (𝜃 1 , 𝜃 2 , . . . ) are optimized using a variational approach to make the
expectation value 𝐸 (𝜽) ≡ h𝜓(𝜽)|𝐻|𝜓(𝜽)i as small as possible.
Even for a sufficiently expressive ansatz circuit, the VQE approach has two main sources
of error. On the one hand, the minimization of the variational parameters is not guaranteed to
converge to the global minimum 𝜽 0 of the cost function. Thus, the resulting state |𝜓(𝜽)i might
not correspond to the exact ground state of the Hamiltonian. On the other hand, even if the global
minimum is found during the optimization process, the quantum noise during the execution of the
circuit will in general yield an energy expectation value 𝐸 0 = h𝜓(𝜽 0 )|𝐻|𝜓(𝜽 0 )i that deviates from
the exact ground state energy. Since our mitigation scheme is concerned with the errors caused by
the inherent noise of the quantum device, we ensure that the parameter set we obtain is sufficiently
close to the global minimum. To this end, we also compute the exact state vector |𝜓(𝜽)i for each
parameter set along the minimization procedure, and check the overlap of with the true ground
state computed with exact diagonalization, |h𝜓(𝜽)|𝜓i|. We run the optimization until the resulting
7
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𝐿=
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Figure 2: VQE circuit ansatz used in our experiments. The blue and green 𝑅 𝑋 and 𝑅 𝑍 boxes denote
parametric rotation gates, the red two-qubit connections are CNOT gates, the black boxes are the final
measurements, and the dashed blue lines correspond to different layers of the quantum circuit.

overlap is larger than 0.99, such that the systematic error due to the final parameters deviating from
the global minimum is negligible.
Figure 3 shows results obtained from classically simulating a noisy quantum device and
applying our mitigation technique for different values of the coupling strength (left panel) and
different circuit depths (right panel). The purities Tr(𝜌 02 ) were evaluated using quantum state
tomography [18]. We see that after the mitigation, our results for the variational energy converge
to the true ground-state energy extracted from exact diagonalization within statistical errors. In
Fig. 3a, we observe that for decreasing values of the coupling 𝑥, the mitigated results converge
better to the true ground-state energy. This is because the accuracy 𝜖 is proportional to the norm
||𝐻|| ∞ of the Hamiltonian 𝐻, see Eq. (17), and ||𝐻|| ∞ becomes smaller for smaller 𝑥. In Fig. 3b, we
see that the variational energy converges better to the true ground-state energy when using deeper
circuits. This is because the square of the accuracy 𝜖 is proportional to 𝐿 −1 , see Eq. (17).
We finally carry out experiments on real quantum hardware with 𝑁 = 2 qubits. In Fig. 4, we
plot the VQE descent curves using the ibmq_athens (left panel) and the ibmq_santiago (right panel)
quantum devices. We see that our mitigation scheme works well even on real quantum hardware
with both coherent and incoherent noise. This suggests that the levels of coherent noise on these
quantum devices are relatively small compared to those of the incoherent noise.

6. Conclusion and outlook
In this work, we presented a new method to mitigate incoherent noise in parametric quantum
circuits, by projecting the quantum noise channel onto a depolarizing noise channel. This projection
is based on the assumption that the layered parametric ansatz circuits, which are widely used in
variational quantum algorithms, are sufficiently close to unitary 2-designs, such that the Pauli
noise is projected onto a depolarizing channel. We corroborated this assumption by carrying out
proof-of-principle numerical experiments, and we examined the scalability of the method. We
also demonstrated the performance of the mitigation protocol on quantum hardware, focusing on
small-scale problems, for which we observe rapid convergence to the exact results.
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Figure 3: Numerical results for the ground-state energy 𝐸 0 as a function of the coupling strength 𝑥 of the
Hamiltonian in Eq. (18) (left panel, a) and as a function of the circuit depth of the VQE ansatz for 𝑥 = −1
(right panel, b). The number of qubits is (a) 𝑁 = 2 and (b) 𝑁 = 4 respectively. We plot results for five
different kinds of quantum noise, including the Pauli channels with Λ = 𝑋 (blue points), Λ = 𝑌 (orange
points), Λ = 𝑍 (green points) after a single-qubit gate, the depolarizing channel (brown points) after a CNOT
gate, and the full noise model (purple points) simulated for the ibmq_santiago device. The triangles (points
with error bar) represent the raw (mitigated) data. For better visibility, data points for the same parameter set
are offset horizontally. The red solid line corresponds to the results obtained from exact diagonalization.

Figure 4: Experimental results for the variational energy 𝐸 (𝜽) of the Hamiltonian in Eq. (18) with 𝑥 = −1,
obtained with running the VQE algorithm with 100 iterations on the IBM quantum devices ibmq_athens
(left panel) and ibmq_santiago (right panel). We plot the raw experimental data (dashed brown line), the
mitigated data (solid brown line), and the results obtained from exact diagonalization (solid red line). The
mitigated data is obtained by multiplying the raw data by a factor of (1 − 𝑟) −1 , see Eq. (8), where 𝑟 is derived
by measuring the purity Tr(𝜌 02 ) of the state 𝜌 0 at the last step of the VQE iteration using quantum state
tomography. The red solid line corresponds to the results obtained from exact diagonalization of Eq. (18).

In future work, we will investigate which of the underlying assumptions of our mitigation
scheme could be relaxed, in order to generalize the method. For example, the LTM noise assumption
could be relaxed by implementing a perturbative expansion of Λ in Eq. (9), as used in most RB
protocols. Moreover, the requirement on the total error rate 𝑝𝐿  1 could also be relaxed by
taking into account higher-order contributions in Eq. (13) and expressing them in a form similar to
Eq. (14). Finally, the exponential overhead of evaluating the purity Tr(𝜌 02 ) could be circumvented
by measuring the error rate 𝑝 in Eq. (15) using RB protocols.
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