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Théo Lejeune1, Miha Papič2,3, John Goold4, Felix C Binder4, François Damanet1
and Mattia Moroder4,∗
1 Institut de Physique Nucléaire, Atomique et de Spectroscopie, CESAM, Université de Liège, Liège 4000, Belgium
2 IQM Quantum Computers, Georg-Brauchle-Ring 23-25, 80992 Munich, Germany
3 Department of Physics and Arnold Sommerfeld Center for Theoretical Physics, Ludwig-Maximilians-Universität München,

Theresienstr. 37, 80333 Munich, Germany
4 School of Physics, Trinity College Dublin, College Green, Dublin 2 D02K8N4, Ireland
∗ Author to whom any correspondence should be addressed.

E-mail: moroderm@tcd.ie, theo.lejeune@uliege.be,miha.papic@meetiqm.com, gooldj@tcd.ie, felix.binder@tcd.ie and
fdamanet@uliege.be

Keywords:Mpemba effect, open quantum systems, quantum computing

Abstract
Passive qubit reset is a key primitive for quantum information processing, whereby qubits are ini-
tialized by allowing them to relax to their ground state through natural dissipation, without the
need for active control or feedback. However, passive reset occurs on timescales that are much
longer than those of gate operations and measurements, making it a significant bottleneck for
algorithmic execution. Here, we show that this limitation can be overcome by exploiting the
Mpemba effect, originally indicating the faster cooling of hot systems compared to cooler ones.
Focusing on the regime where coherence times exceed energy relaxation times (T2 > T1), we pro-
pose a simple protocol based on a single entangling two-qubit gate that converts local single-
qubit coherences into fast-decaying global two-qubit coherences. This removes their overlap with
the slowest decaying Liouvillian mode and enables a substantially faster relaxation to the ground
state. For realistic parameters, we find that our protocol can reduce reset times by up to 50% com-
pared to standard passive reset. We analyze the robustness of the protocol under non-Markovian
noise, imperfect coherent control and finite temperature, finding that the accelerated reset persists
across a broad range of realistic error sources. Finally, we present an experimental implementation
of our protocol on an IQM superconducting quantum processor. Our results demonstrate how
Mpemba-like accelerated relaxation can be harnessed as a practical tool for fast and accurate qubit
initialization.

1. Introduction

The ability to efficiently reset a qubit register into a reference state is one of the key building blocks of
any quantum computer [1, 2]. To this aim, a number of qubit reset protocols have been devised and
demonstrated. Broadly speaking, all of these protocols can be divided into two categories, which we
refer to as active and passive reset techniques. Passive techniques rely on the natural relaxation of the
qubit to its ground state due to its coupling to the environment. By waiting for several multiples of the
qubit’s inherent relaxation time, the qubit can be initialized to its ground state with high probability.
This method is straightforward and does not require any additional hardware or control pulses and is
also robust to leakage errors, i.e. errors where the state of the qubit leaves the computational subspace
[3, 4]. On the other hand, active reset techniques involve the use of control pulses or feedback mecha-
nisms to bring the qubit to its ground state [5–12].

For superconducting qubits, one of the leading platforms for scalable quantum computing, both
active and passive reset techniques have been successfully implemented [3–13]. The latter is typically
the preferred choice due to its simplicity and reliability in combination with the limited coherence
time of these systems [14]. On the other hand, common active techniques on this platform involve
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measurement-based feedback [5–7] or using engineered dissipation by coupling the qubit to auxil-
iary dissipative on-chip elements [8–13, 15–18]. While significantly faster compared to passive reset,
measurement-based feedback methods require low-latency electronics to implement fast-feedback loops
and additionally rely on high-fidelity qubit readout, which can be challenging to achieve in practice.
More specifically, current processors have demonstrated median readout fidelities of approximately
99.0%, which is significantly lower compared to both single- and two-qubit gates [19–23]. Engineered
dissipation based methods, on the other hand, can be implemented without the need for measurement
and can also be used in the presence of leakage errors, but require the careful calibration of additional
operations used to transfer the excitations from the qubit to the dissipative element [3, 4, 8–13, 24].

Passive reset therefore remains a simple and robust method; however, some algorithms do not
require all qubits to be measured at the end of each execution, most notably when probing local prop-
erties in the simulation of a larger quantum system [25–27]. In this case, the qubits that are not mea-
sured might retain some quantum coherence, i.e. off-diagonal elements in the density matrix. If the pas-
sive reset timescale is computed based on the energy relaxation time T1 only, the residual coherence in
the qubit state will therefore lead to unwanted correlations between subsequent algorithm executions
if the decay time of these off-diagonal elements T2 is significantly longer than T1. The regime T2 > T1,
which we consider throughout this article, is gaining prominence in superconducting hardware, notably
due to material improvements [28], the use of flux-tunable transmon qubits [29], and the development
of active error suppression techniques, such as dynamical decoupling [30, 31]. Note that the duration
of a passive reset is always significantly longer compared to the execution time of the algorithm itself
and therefore significantly affects the shot execution rate [32]. This is especially relevant in today’s noisy
intermediate-scale quantum era, where error mitigation techniques are required to suppress the noise of
current devices at the cost of an exponential overhead in the number of required shots [20, 33, 34].

Hence, there is a need for the development of more advanced reset techniques to ensure proper qubit
register initialization before each algorithm execution. One promising mechanism that can be exploited
is the Mpemba effect, the counterintuitive phenomenon in which configurations initially further from
equilibrium can relax faster [35–40]. Inspired by this effect, we propose a protocol to accelerate qubit
reset in the more problematic regime when T2 > T1, which is illustrated in figure 1. Our approach uses
a single entangling gate between the target qubit and an incoherent ancilla that converts local single-
qubit coherences into global two-qubit coherences, which decay much faster, thereby enabling a sub-
stantial speedup of passive reset without requiring any knowledge of the initial state. Additionally, we
show that our protocol is robust when the ancilla qubit is not fully incoherent and even when taking
into account a more realistic noise model, including non-Markovian (i.e., memory) effects for the qubit
relaxation dynamics.

This article is organized as follows: First, in section 2, we theoretically analyze the Mpemba-enhanced
passive reset protocol, identifying conditions under which a speedup occurs. We validate our protocol
through numerical simulations on standard qubit models, showing its effectiveness on current quan-
tum hardware. Then, we assess its robustness by incorporating more realistic device error models,
including non-Markovian noise in section 3 and imperfect control operations in section 4. In section 5,
we present an experimental demonstration of the protocol on a superconducting quantum processor.
Finally, in section 6, we conclude by summarizing our main results and discussing their broader implica-
tions for quantum information processing.

2. Accelerating qubit reset in the presence of Markovian dissipation

2.1. The quantumMpemba effect and the Davies map
When a quantum system is weakly coupled to a Markovian (memoryless) bath, its reduced dynamics
obey the Lindblad master equation [41],

dρ̂

dt
= L [ρ̂] =−i

[
Ĥ, ρ̂

]
+
∑
l

(
L̂lρ̂L̂

†
l −

1

2

{
L̂†l L̂l, ρ̂

})
︸ ︷︷ ︸

DL̂l
[ρ̂]

, (1)

where L is the Lindbladian superoperator, ρ̂ is the system density matrix, Ĥ its Hamiltonian, and
the effect of the environment is encoded in the jump operators L̂l, which define the dissipator DL̂l

.
Throughout this article, we will often employ vectorization [42], where density matrices are mapped
to vectors (for instance via column stacking) ρ̂→ |ρ〉〉 and superoperators to operators O→ Ô. In this
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Figure 1. Enhancing qubit reset via coherence delocalization. (a) In the regime T2 > T1, single-qubit coherences decay more
slowly than populations, causing a coherent qubit q1 (blue) to relax to the ground state more slowly than an incoherent qubit q2
(red). (b) Applying an entangling two-qubit gate (e.g., CNOT or CRy(π), see section 2.2) between q1 and an incoherent ancilla
converts local coherences of q1 into global two-qubit coherences, which decay faster under local dissipation, thereby removing
the slow relaxation bottleneck and accelerating the reset of q1.

context, the Lindbladian takes the form

L̂=−iĤ⊗ 1̂+ 1̂⊗ iĤT +
∑
l

(
L̂l ⊗

(
L̂†l

)T

− 1

2
L̂†l L̂l ⊗ 1̂− 1

2
1̂⊗

(
L̂†l L̂l

)T
)
. (2)

The spectral decomposition of the Lindbladian reads L̂=
∑

kλk|rk〉〉〈〈lk|, where |rk〉〉 (|lk〉〉) denotes
the right (left) eigenvector corresponding to the complex eigenvalue λk. The eigenvalues have negative
real parts, come in complex-conjugate pairs, and it is convenient to sort them as λ1 = 0< |Re(λ2)|⩽
|Re(λ3)|⩽ · · · . In the eigenbasis of L̂, the time evolution of the initial state |ρi 〉〉 can be written as [43]

|ρ(t)〉〉= eL̂t|ρi 〉〉= |ρss〉〉+
∑
k=2

eλkt〈〈lk|ρi 〉〉|rk〉〉 , (3)

where the steady state |ρss〉〉 is the right eigenvector |r1〉〉 corresponding to the eigenvalue λ1 = 0.
Equation (3) tells us that for an arbitrary initial state |ρi 〉〉, at late times the dynamics will be dominated
by the slowest-decaying component, i.e., the equilibration speed will be proportional to exp(|Re(λ2)|t).
Instead, for a special initial state |ρ ′

i 〉〉 having zero overlap with the slowest decaying mode |l2〉〉, the
equilibration rate will be dictated by |Re(λ3)|. When such a fast-equilibrating state is initially fur-
ther from the steady state with respect to some (pseudo-)distance function D, the curves defined by
D will cross in time, which is known as a strong Mpemba effect [35]. In addition to its realization in
Lindbladian dynamics [43–55], a protocol has been developed for its unambiguous identification and
classification [56]. Furthermore, the Mpemba effect has been investigated in non-Markovian open quan-
tum systems [57–59] and in the anomalous restoration of symmetries [60–65]. Another recent develop-
ment concerns the discovery of the Pontus–Mpemba effect, which explicitly takes into account the time
needed for preparing the system in the ‘further from equilibrium’ initial state [66]. Moreover, its practi-
cal utility has recently been explored in the context of quantum state preparation [67] and the discharg-
ing of quantum batteries [68].

An important type of Lindbladian is the Davies map [69], which models the thermalization of a
quantum system weakly coupled to a Markovian environment. The dissipator is defined by jump oper-
ators corresponding to the transition elements of the system’s Hamiltonian Ĥ. The associated prefactors
satisfy the detailed balance condition, ensuring that the steady state is a thermal state. Importantly, the
vectorized generator L̂ of the Davies map can be brought into block-diagonal form, consisting of one
smaller block that governs the evolution of the diagonal elements (populations) and a larger block that
describes the dynamics of the off-diagonal elements (quantum coherences). Furthermore, the real eigen-
values of L̂ correspond to populations, whereas complex eigenvalues are associated with coherences. This
separation between population and coherence dynamics provides a natural handle to selectively modify
the relaxation behavior of a qubit by acting on its coherences alone [50].

3
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2.2. Turning local coherences into fast-decaying global coherences
The spectral structure of the Davies map implies that, whenever λ2 is complex, the slowest relaxation
mode is associated with the qubit coherences. In this case, any operation that suppresses these coher-
ences will accelerate relaxation toward the ground state. Importantly, such suppression can be achieved
without requiring any knowledge of the qubit’s state, by coupling the system qubit to an incoherent ancilla.
The central idea is to convert local coherences of a qubit into global coherences shared with an ancilla
qubit. While local coherences decay on a timescale set by the qubit dephasing rate, global two-qubit
coherences decay faster under local dissipation, as they are affected by noise acting on either qubit.

We consider a system qubit q1 prepared in an arbitrary state

ρ̂1 =

(
p01 C
C∗ p11

)
, p01 + p11 = 1, (4)

where C corresponds to local coherences (i.e., only on qubit 1), and an ancilla qubit q2 prepared in an
incoherent state

ρ̂2 = p02 |0〉〈0|+ p12 |1〉〈1| , p02 + p12 = 1. (5)

Interestingly, the following results extend to ancilla qubits with moderate residual coherences, as detailed
in appendix B, which implies the robustness of the protocol with respect to imperfect measurements.
Then we consider a two-qubit unitary of controlled form

Û= |0〉〈0| ⊗ V̂0 + |1〉〈1| ⊗ V̂1, (6)

where V̂0 and V̂1 are single-qubit unitaries acting on q2. Applying Û to the initial product state ρ̂1 ⊗ ρ̂2
yields a joint state ρ̂ ′

12 containing terms of the form

C |0〉〈1| ⊗ V̂0ρ̂2V̂
†
1 + C∗ |1〉〈0| ⊗ V̂1ρ̂2V̂

†
0, (7)

which correspond, in the computational basis, to two-qubit coherences such as |00〉〈11|. When tracing
out the ancilla, the reduced state of q1 takes the form

ρ̂ ′
1 =

(
p01 κC

κ∗C∗ p11

)
, κ= Tr

[
ρ̂2 V̂

†
0V̂1

]
. (8)

Instead, when tracing out the system qubit, the reduced ancilla state becomes

ρ̂ ′
2 = Tr1 [ρ̂

′
12] = p01 V̂0ρ̂2V̂

†
0 + p11 V̂1ρ̂2V̂

†
1. (9)

The terms proportional to the initial coherence C reside in the off-diagonal blocks of ρ̂ ′
12 (with respect

to q1) and therefore vanish under Tr1[·], so C cannot generate local coherence on q2. Furthermore, if
V̂0, V̂1 preserve diagonality, then ρ̂ ′

2 remains incoherent. Thus, the action of the two-qubit gate on q1 is
equivalent to a pure dephasing channel, with local coherences proportional to κ. When κ= 0, all local
coherences of q1 are removed after applying the gate. The condition κ= 0 depends only on the relative
unitary Ŵ= V̂†

0V̂1. Writing Ŵ as

Ŵ= eiϕ
(
cos(θ/2) 1̂+ i sin(θ/2) n̂ · ⃗̂σ

)
, (10)

and expressing the incoherent ancilla as ρ̂2 =
1
2 (1̂+ rẐ) with r= p02 − p12, one finds

κ= eiϕ (cos(θ/2)+ i r sin(θ/2) nz) . (11)

Requiring κ= 0 for arbitrary incoherent ancilla populations implies cos(θ/2) = 0 and nz = 0, so that Ŵ
is proportional (up to phase) to X̂ or Ŷ. In this case, the gate suppresses local coherences of q1 indepen-
dently of the state of the ancilla. If instead the ancilla is balanced (p02 = p12), then any π rotation, includ-
ing Ẑ, suffices.

This condition is satisfied by a broad class of experimentally relevant two-qubit gates. In particu-
lar, CNOT and controlled-Y rotations naturally realize Ŵ∝ X̂ or Ŷ and therefore suppress local coher-
ences for any incoherent ancilla. Native controlled-phase (CZ) gates, common in superconducting and
neutral-atom platforms, also realize the mechanism when the ancilla populations are balanced, or after
conversion to a CNOT via local single-qubit rotations. More generally, essentially all major quantum
computing platforms provide native entangling gates that are either directly of controlled form or can be
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efficiently compiled into such a form. In the remainder of this work, we focus mainly on the realization
of this mechanism based on a controlled Ry(π) gate acting on an incoherent ancilla

For this choice, Ŵ∝ Ŷ, and the condition κ= 0 is satisfied for any incoherent ancilla state. The gate
therefore acts as a perfect dephasing channel on q1, converting its local coherences into purely global
two-qubit coherences. For instance, considering ρ̂tot = ρ̂1 ⊗ |0〉〈0| (with ρ̂1 defined in equation (4)) we
obtain

Ûcryρ̂totÛ
†
cry =


p0 0 0 C
0 0 0 0
0 0 0 0
C∗ 0 0 p1

 . (12)

The coherences C of such state are referred to as global coherences, since they correspond to the basis
states |00〉〈11| and |11〉〈00| and are thus coherences of an entangled two-qubit state. In section 2.3 we
compute the fast decay rate of these global coherences under local dissipation. Finally, we note that the
requirement of an incoherent ancilla is naturally satisfied in many practical settings. In quantum algo-
rithms where only part of the register is measured [20, 34], the measurement process projects those
qubits onto incoherent states. These post-measurement qubits can therefore be reused as ancillas to sup-
press coherences in the remaining qubits, enabling accelerated passive reset without additional control,
feedback, or hardware overhead.

2.3. Dissipative qubit dynamics
For idling superconducting qubits, the interaction with the environment is typically described by a zero-
temperature Davies map with additional dephasing [30, 70, 71]

L [ρ̂] =−iωq

[
σ̂1z + σ̂2z , ρ̂

]
+Γ1

(
Dσ̂1

−
[ρ̂] +Dσ̂2

−
[ρ̂]
)
+

Γϕ

2

(
Dσ̂1

z
[ρ̂] +Dσ̂2

z
[ρ̂]
)
. (13)

Here, Ô1 = Ô⊗ 1̂ and Ô2 = 1̂⊗ Ô are operators acting on q1 and q2 respectively. The first term
of equation (13) represents the unitary evolution of each qubit, at frequency ωq. The frequency detun-
ing between idling qubits (which is present in real quantum hardware) can be safely neglected here, as
the qubits evolve independently apart from the entangling gate. The second term represents amplitude
damping on both qubits with rate Γ1 = 1/T1 while the third describes pure dephasing with rate Γϕ/2.
Note that both the second and the third term contribute to Markovian dephasing, characterized by the
T2 relaxation time as

Γ2 =
1

T2
=

Γ1

2
+Γϕ , (14)

implying T2 ⩽ 2T1 for positive pure dephasing rates Γϕ > 0. In real superconducting hardware, tempera-
ture is small but finite, typically leading to a residual excited state population of order 1%. We study the
impact of a finite-temperature environment in appendix A, showing that it does not negatively affect the
performance of our protocol.

Before analyzing the time-dependent dynamics of the qubits described by equation (13), it is insight-
ful to see how the state of the system decomposes onto the eigenbasis of the Liouvillian before and after
the application of the C-Ry gate. The Liouvillian eigenvalues obtained from equation (13) are displayed
in figure 2, along with the overlaps of the corresponding left eigenvectors 〈〈lk| with an initial separable
vectorized two-qubit state of the form |ρi 〉〉=

(
|+〉 |+〉

)
⊗
(
|0〉 |0〉

)
, with |+〉= (|0〉+ |1〉)/

√
2, before

[panel (a)] and after [(panel (b)] applying the C-Ry gate (that is, using |ρi 〉〉 and |ρ ′
i 〉〉, respectively).

Note that here |ρi 〉〉 is represented using the Choi-Jamiokowski isomorphism, |ψ〉〈ψ| 7→ |ψ〉 |ψ〉. It can
be seen that the gate application suppresses the overlap of the state with the slowest decaying mode |l2〉〉,
while increasing those with |l5〉〉 and |l7〉〉. Furthermore, the eigenvalues corresponding to the single-
qubit coherences, |0〉〈1| and |1〉〈0|, are λ2 and λ∗2 with real parts associated to a decay rate (Γ1/2)+Γϕ.
The two-qubit coherences |00〉〈11| and |11〉〈00| on the other hand, correspond to λ5 and λ∗5 , repre-
sented by the green overlaps in figure 2, and are associated to a decay rate Γ1 + 2Γϕ, i.e. twice as large

5
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Figure 2. Speeding up qubit reset in the presence of Markovian noise. Panel (a) and (b) show the Liouvillian spectra
from equation (13), along with the overlap ⟨⟨lk|+ 0⟩⟩ between the initial state and the left eigenvectors before and after the
application of the C-Ry gate, respectively. Panel (c) displays the asymptotic Mpemba speedup |Re(λ3)|/|Re(λ2)| as a function
of the T1 and T2 relaxation times. The red crosses represent the T1 and T2 values found in experimental setups. Finally, panel (d)
shows the trace distance to the ground state as a function of time for 1000 initial states, where the state of the system qubit q1 is
sampled from the Haar measure and the ancilla is initialized in the excited state (p12 = 1). Results are shown with (red) and with-
out (blue) application of the C-Ry gate. The inset shows the histogram of achieved speedups for ϵ= 10−3 (see equation (15)).

as the single-qubit ones. Also, since λ3 is real, the corresponding overlap is left untouched, so that |l3〉〉
becomes the slowest decaying mode of the modified initial state.

To quantify the relative reduction of relaxation time towards the steady state, we define the
speedup as

S(ϵ) =
t(ϵ, ρ̂i)

t(ϵ, ρ̂ ′
i )
, (15)

where t(ϵ, ρ̂) =min
{
t
∣∣D(eLtρ̂, ρ̂ss

)
< ϵ
}
is the time needed, starting with an initial state ρ̂, to reach the

steady state ρ̂ss up to some distance ϵ, where D(Â, B̂) = Tr[(Â− B̂)†(Â− B̂)]1/2/2 is the usual trace dis-
tance between any operators Â and B̂. Since at long times we have that D

(
eLtρ̂, ρ̂ss

)
≈ 〈〈lj|ρi 〉〉eRe(λj)t

with j indexing the slowest decaying mode, equation (15) yields [72]

S(ϵ)≈ Re(λ3)

Re(λ2)

ln(ϵ)− ln(〈〈l2|ρi 〉〉)
ln(ϵ)− ln(〈〈l3|ρ ′

i 〉〉)
. (16)

The latter tends, for ϵ� 1, to the asymptotic speedup

S(ϵ→ 0) =
Re(λ3)

Re(λ2)
, (17)

which we represent in figure 2(c). Note that equation (16) holds with equality at late times, when the
dynamics of |ρi 〉〉 and |ρi′〉〉 are dominated by the slowest and second-slowest Lindblad modes, |l2〉〉
and |l3〉〉, respectively. Consequently, in the joint limit t→∞ and ϵ→ 0, the asymptotic expression
in equation (17) becomes exact.
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Furthermore, we have

Re(λ2) =−Γ1

2
−Γϕ and Re(λ3) =−Γ1 . (18)

Then, equation (14) and Γ1 = 1/T1 together with equation (18) imply that S(ϵ→ 0) = T2/T1. Also, this
relation holds as long as T2 ⩾ T1: once populations decay slower than coherences, applying the con-
trolled Y rotation will not speed up the thermal relaxation, as shown in panel (c) of figure 2. Indeed, in
such case the spectrum of the Liouvillian becomes such that the real parts of λ2 and λ3 of equation (18)
are interchanged.

The approach presented here applies to arbitrary coherent states, with the achieved speedup depend-
ing on the initial state of q1 and on the ratio T2/T1. To demonstrate this, we apply it to random pure
states, i.e., randomly sampled on the surface of the Bloch sphere using the uniform Haar measure [73].
The trace distances to the ground state of such states with and without application of a C-Ry gate, as a
function of time, are displayed in panel (d) of figure 2 in red and blue, respectively. The panel’s inset
shows a histogram of the achieved speedups distribution, with a median speedup around 1.4. This fol-
lows from equation (16), which yields a speedup of T2/T1 (here set to 1.5) multiplied by a finite ϵ cor-
rection at short times.

We stress that while the analysis above was carried out with ρ̂2 = |1〉〈1|, the effectiveness of the pro-
tocol does not rely on the specific choice of such a rank-deficient state. As discussed in section 2.2, the
only requirement is that q2 is prepared in an arbitrary incoherent state, such that the application of
an entangling gate removes the local coherences of q1 (and hence its overlap with the slowest-decaying
Liouvillian modes). Importantly, the rank of the initial state and its overlap with Liouvillian eigenmodes
are independent notions, and generic full-rank states may still have vanishing overlap with specific decay
modes. We address this issue explicitly in appendix B, where we show that the protocol remains effective
for arbitrary incoherent ancilla states.

3. The effects of non-Markovianity

One physically motivated way to model non-Markovian noise for idling transmon qubits is to assume
that each qubit is strongly coupled to a single two-level system defect (TLS), while the TLS itself inter-
acts with a Markovian environment [30, 70, 71, 74–76]. Note that non-Markovianity can also be mod-
eled using a Lindblad master equation with time-dependent rates that are occasionally negative, as was
done, in the context of the Mpemba effect, in [77]. Although a transmon typically couples to many
defect TLSs, only those that lie close to resonance with the qubit contribute appreciably to its dynam-
ics, and in many situations, a single near-resonant TLS dominates the dissipative behavior over the rel-
evant timescales [71]. In this description, the combined qubit-TLS system evolves under the Markovian
Liouvillian

Lemb [ρ̂] =

− i
[
Ĥ, ρ̂

]
+Γ1

(
Dσ̂1

−
[ρ̂] +Dσ̂2

−
[ρ̂]
)
+

Γϕ

2

(
Dσ̂1

z
[ρ̂] +Dσ̂2

z
[ρ̂]
)
+κ

(
D

σ̂
TLS1
−

[ρ̂] +D
σ̂
TLS2
−

[ρ̂]
)
,

(19)

where Ĥ= ωq(σ̂
1
z + σ̂2z)+ωt(σ̂

TLS1
z + σ̂TLS2z )+ νzx(σ̂

1
z ⊗ σ̂TLS1x + σ̂2z ⊗ σ̂TLS2x ). Each qubit therefore under-

goes amplitude and phase damping as in the Markovian case (see equation (13)), while interacting with
a TLS of frequency ωt. In the standard tunneling model, TLSs can be described using a double-well
potential with an energy difference. In such model, a charge displacement between the two wells creates
an electric dipole. The interaction with a qubit is modeled as a transverse-longitudinal one, and repre-
sents the coupling between the electric dipole of the TLS and the oscillating electric fields in capacitive
circuit components and tunnel junction barriers with strength νzx. The TLSs relaxation to their ground
state at rate κ can be mainly explained by the emission of acoustic phonons or photonic loss [78, 79].
A sketch illustration of this model is displayed in figure 3. It captures the behavior of a flux-tunable
qubit coupled to a magnetic impurity, which is believed to be one of the main contributors to the pure
dephasing in such circuits [78–80]. Tracing out the TLSs yields reduced qubit dynamics that become
non-Markovian whenever 4ν2zx > κ2/16, as signaled by the appearance of damped purity oscillations
[71, 74, 75]. In appendix C we derive an effective Redfield generator Lred for describing such dynamics.
The resulting master equation for the physical qubit density matrix ρ̂s reads
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Figure 3.Markovian (a) and non-Markovian (b) descriptions of the system considered in section 3, where a flux-tunable trans-
mon qubit of frequency ωq is coupled, with strength νzx, to a single TLS of frequency ωt. Both are subject to amplitude damping
with rates Γ1 and κ, respectively. Additionally, the qubit is subject to dephasing with a rate Γϕ/2. (a) Markovian description of
the combined qubit-TLS system described by the Liouvillian Lemb (equation (19)). (b) Non-Markovian description of the qubit,
where the damped TLS acts as a non-Markovian bath with finite memory time 1/κ. The reduced dynamics of the qubit obtained
after tracing out the TLS is well described by the Redfield Liouvillian Lred (equation (20)).

dρ̂s
dt

= Lred [ρ̂s] =− iωq [σ̂z, ρ̂s] +Γ1Dσ̂− [ρ̂s]

+

(
Γϕ

2
+

ν2zx
κ2

4 + 4ω2
t

[
−κe−κt + e

−κ
2 t (κcos(2ωtt)+ 4ωt sin(2ωtt))

])
Dσ̂z [ρ̂s]

(20)

which displays a time-dependent phase damping rate, thus yielding eigenvalues that oscillate in time.
Indeed, panel (a) of figure 4 displays the trajectories of the eigenvalues of the reduced Liouvillian Lred

over time (green lines) – along with their values at long times (green dots) – and the spectrum of the
full Markovian embedding Liouvillian Lemb (orange dots), while the lower plots display Re(λ2) as a
function of time. We used parameter values taken from [75] that have been shown to fit well transmon
qubit experimental data. The spectrum of Lred perfectly corresponds to a subset of the full description,
whether the qubit frequency is small (left) or large (right), displaying the wide validity regime of the
effective reduced model.

Unlike the Markovian case, here the spectral ratio obtained from Lred defines a time-dependent
speedup that reads

Sred (t) = |Re(λ3 (t)) |/|Re(λ2 (t)) |=
|2Γ1

(
κ2 + 16ω2

t

)
|

| − (Γ1 + 2Γϕ)(κ2 + 16ω2
t )+ 16ν2zxe

−κt/2
(
κ
(
e−κt/2 − cos(2ωtt)

)
− 4ωt sin(2ωtt)

)
|
.

(21)

For long times, this tends to

Sred =
|2Γ1|

| − (Γ1 + 2Γϕ) |
=

T2

T1
, (22)

which corresponds to the Markovian case (equation (17)). On the other hand, the full Markovian
embedding obtained from Lemb yields a speedup

Semb ≈
|2Γ1|

|κ
3ν4

zx

8ω6
t
− κν2

zx(κ
2+16ν2

zx)

32ω4
t

+
κν2

zx

2ω2
t
− (Γ1 + 2Γϕ +κ) |

, (23)

after performing a fourth-order series expansion in the small parameters ξ1 = κ/ωt and ξ2 = νzx/ωt. In
the regime ξ1, ξ2 → 0, equation (23) becomes

Semb ≈
|2Γ1|

| − (Γ1 + 2Γϕ +κ) |
=

T2/T1

1+κT2/2
. (24)

This correction term in κ is due to the qubit-TLS coupling acting as dephasing on the qubit, thus
decreasing its effective coherence time.

8
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Figure 4. (a) Spectra of the full Markovian embedding (equation (19)) (orange points) and of the reduced Liouvillian
(equation (20)) as a function of time (green lines) and for long times (green points). The lower plots show the time evolution
of Re(λ2) as a function of time, with ωq = 3.105 Hz (left plot) and 3.1010 Hz (right plot), while κ/νzx = 0.05. (b) Trace distance
to the ground state of 1000 two-qubit states as a function of time, where the system qubit q1 is sampled from the Haar measure
and the ancilla and the TLSs are initialized in their ground state. Results are shown with (red) and without (blue) application of
the C-Ry gate. The inset shows the histogram of achieved speedups for ϵ= 10−3. While κ/νzx is set to 0.05, ωq and ωt are set to
small values to explicitly display the non-Markovian behavior (i.e., the oscillations), even though the speedups achieved are very
similar for larger frequencies. We perform exponential fits following the curves’ peaks, such that the speedup corresponds to the
relative reduction of the time it takes the whole curve to cross the horizontal line defined by ϵ.

Importantly, these simplified expressions are obtained in the long-time limit, while for the reset pro-
tocols considered here transient dynamics play a central role. To demonstrate the applicability of our
approach to arbitrary coherent states, we apply it, similarly to the Markovian case, to random pure
states for the qubit q1, while the ancilla qubit q2 and the TLSs (one for each physical qubit) are initial-
ized in their ground state. The trace distances to the ground state of the two-qubit state, i.e., the partial
trace over the two TLSs, with and without application of a C-Ry gate, as a function of time, are dis-
played in panel (b) of figure 4 in blue and orange, respectively. The panel’s inset shows the achieved
speedup distribution, with a median speedup around 1.3. This follows from equation (24), which yields
a speedup of 1.39 (T2/T1 = 1.5), multiplied by a finite ϵ correction at short times. Finally, we com-
pare the Markovian embedding and Redfield approach by analyzing the two-qubit state coherence and
purity as a function of time, for different values of ωq. The results are displayed in figure 5, showing
an excellent fit of the Redfield curves in both parameter regimes. In conclusion, even though equations
(22) and (24) show that the reduced model Lred does not perfectly predict the speedup, it accurately

9
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Figure 5. Comparison of the dynamics of the two-qubit state coherence (panel (a)) and purity (panel (b)), obtained from the
Markovian embedding of equation (19) (blue curves) and the reduced Redfield model of equation (20) (orange curves). Both are
evaluated for ωq = 105 Hz (solid line) and ωq = 107 Hz (dashed line), while κ/νzx = 0.05.

reproduces the evolution of observables. Moreover, it allows for the identification of the qubit-associated
eigenvalues in the Markovian embedding Liouvillian spectrum, which are essential for the speedup Semb

computation.

4. Robustness under imperfect control

Any practical implementation of our protocol must account for the fact that quantum gates are never
executed perfectly. Since the entangling C-Ry operation is responsible for suppressing the control qubit’s
coherences, coherent control errors in this gate can directly affect the achievable speedup.

We model imperfect control as systematic under- or over-rotations of the target qubit. Such miscali-
brations may occur both in the intended y rotation and through spurious rotations around the x axis,
leaving residual coherences that limit the effectiveness of the protocol. It is therefore important to quan-
tify how sensitive the accelerated reset is to these two types of coherent errors. To this end, we compare
the relaxation time achieved with an imperfectly implemented C-Ry gate to that obtained under ideal
control. We define a measure for the robustness of the reset speedup against coherent control imperfec-
tions as

R(ϵ) =
t(ϵ, ρ̂ex)

t(ϵ, ρ̂err)
, (25)

where ρ̂ex and ρ̂err are the two-qubit states obtained after the exact and imperfect gate applications,
respectively. The protocol effectively accelerates qubits reset when no errors occur in the gate, as shown
by the yellow areas in the lower corners of figure 6. However, this speedup also occurs, with a similar
scale, for rotation errors of π along the x and y axis, in which case the total y-rotation angle is 2π, thus
equivalent to applying the identity, and the C-Rx gate acts as a dephasing channel on the control qubit.
Interestingly, figure 6 also shows that the robustness of the protocol is very similar for the Markovian
model (see equation (13), panel (a)) and the non-Markovian one (see equation (19), panel (b)), with
the latter one being slightly smaller, as shown in panel (c).

5. Experimental implementation

In this section, we experimentally demonstrate the suppression of local single-qubit coherences by redis-
tributing them into global two-qubit coherences via the application of an entangling gate. The experi-
ment is performed on the IQM Garnet superconducting quantum processor, accessed via cloud services
[21]. While our theoretical analysis focused on a controlled-Ry gate, here we employ a CNOT gate,
which produces the same delocalization of coherences and therefore realizes the same Mpemba-enhanced
reset mechanism (see section 2.2).

To reconstruct the effective qubit dynamics, we perform three characterization experiments:

10
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Figure 6. Robustness of the C-Ry-based reset protocol under imperfect control. The robustness measure R(ϵ) equation (25) is
shown as a function of systematic rotation errors δθy in the intended conditional y rotation and spurious rotations δθx about
the x axis. Panel (a) considers the Markovian model equation (13), panel (b) corresponds to the non-Markovian model equation
(19) and panel (c) shows the difference between the two. In both panels, R(ϵ) = 1 indicates the relaxation time obtained with an
ideal C-Ry gate, while deviations quantify the impact of coherent control imperfections. The robustness has been averaged over
50 Haar random states for ρ̂1, while we fixed ρ̂2 = |0⟩⟨0|.

Figure 7. Decay time measurements from IQM Garnet, illustrating the rapid suppression of local qubit coherences via an entan-
gling gate. Assuming near-ideal single-qubit gate and measurement fidelity, the excited-state probability corresponds to ρ11(∆t)
for the T1 measurement (black) and to 1

2
(1− 2|ρ01(∆t)|) for both T2 measurements (red and blue). In the latter case, the value

1/2 corresponds to an incoherent state. Each data point is obtained from 1024 shots, and all measurements are performed
sequentially to minimize temporal drifts.

1. T1 measurement: a π pulse is applied to the qubit, followed by a waiting time ∆t, after which the
excited-state population is measured as a function of ∆t.

2. T2 measurement with dynamical decoupling: a π/2 pulse is applied, followed by a waiting time ∆t, a
−π/2 pulse, and a measurement of the excited-state population as a function of ∆t.

3. T2+CNOT measurement with dynamical decoupling: identical to the protocol in point 2, except that
a CNOT gate is applied during the waiting period, as described in section 2.2. The CNOT is imple-
mented using a native CZ gate and additional single-qubit rotations.

Dynamical decoupling is employed to suppress low-frequency noise contributions to pure dephasing,
allowing us to access the regime T2 > T1 [30, 31]. For all three experiments, we fit exponential decay
curves and neglect the duration of the single-qubit pulses (on the order of 10 ns) [21]. The T1 measure-
ment determines the decay of the diagonal elements of the density matrix, while the latter two measure-
ments probe the decay of the off-diagonal elements.

The results in figure 7 show that the application of the CNOT gate strongly suppresses the local
coherence of the target qubit on a timescale much shorter than both the intrinsic T1 and T2 decay times.
As discussed in section 2.2, this arises because the CNOT gate converts local q1 coherences into global
two-qubit coherences, which decay at an enhanced rate under dissipation.
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Taken together, these measurements allow us to reconstruct the evolution of an arbitrary initial qubit
state under Markovian T1 and T2 dynamics, both with and without the Mpemba-enhanced reset proto-
col, according to

ρ̂(t) =

(
ρ00 (0)+ ρ11 (0)

(
1− e−t/T1

)
ρ01 (0) e−t/T2

ρ∗01 (0) e
−t/T2 ρ11 (0) e−t/T1

)
. (26)

In the present experiment, this yields the asymptotic speedup limϵ→0 S(ϵ) = T2/T1 ≈ 1.47.

6. Conclusion and outlook

In this work, we have demonstrated how the quantum Mpemba effect can be harnessed to accelerate
passive qubit reset. By exploiting the fact that states with vanishing overlap with the slowest decaying
Liouvillian mode thermalize exceptionally fast, we showed that it is possible to substantially reduce reset
times without resorting to measurement, feedback, or engineered dissipation. Our protocol relies on a
single entangling operation between the target qubit and a neighboring post-measurement qubit, making
it conceptually simple and compatible with existing superconducting-qubit architectures. We focused on
the experimentally relevant regime T2 > T1, where long-lived coherences dominate the late-time relax-
ation dynamics and demonstrated that passive reset can be accelerated by delocalizing single-qubit coher-
ences: A single entangling gate (e.g., CNOT or CRY(π)) between a qubit in an arbitrary state and an
incoherent ancilla converts local coherences into fast-decaying global two-qubit coherences, thereby elim-
inating the overlap with the slowest-decaying Liouvillian mode and yielding a speedup of approximately
T2/T1. In quantum algorithms where only part of the register is measured [20, 34], the resulting inco-
herent qubits provide a readily available resource to accelerate the reset of the remaining qubits.

Beyond the idealized Markovian setting, we extensively analyzed the robustness of the protocol
under more realistic conditions. We showed that the accelerated reset persists in the presence of non-
Markovian noise induced by coupling to environmental two-level systems, as well as at finite temper-
ature. Furthermore, we quantified the impact of imperfect coherent control and demonstrated that
the protocol remains effective over a broad range of systematic gate errors. These conclusions are rein-
forced by our experimental results obtained on a superconducting quantum processor. Taken together,
these indicate that Mpemba-enhanced passive reset is remarkably resilient to experimentally relevant
imperfections.

Looking ahead, several interesting directions emerge from our work. A natural extension would be
to explore whether similar ideas can be applied in the opposite regime T1 > T2. While a straightforward
generalization is not possible without partial information about the qubit’s state, identifying scenarios in
which such knowledge is available (or can be inferred) could open new possibilities for accelerated reset.
Furthermore, from a thermodynamic perspective, qubit reset can be viewed as an information-erasure
process in the sense of Landauer [81–83], suggesting interesting future directions for connecting acceler-
ated relaxation to thermodynamic costs. More broadly, our results highlight how nonequilibrium relax-
ation phenomena, such as the Mpemba effect, can be repurposed as practical tools in quantum informa-
tion processing. We expect that similar strategies could be employed in other contexts where fast equi-
libration or state preparation is required, including dissipative quantum state engineering [84–88] and
algorithmic cooling protocols [89–92]. Exploring these connections further is an exciting direction for
future work.
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Appendix A. The impact of finite temperature

In this appendix, we investigate the impact of finite temperature in the Markovian model equation (13)
considered in the main text. For two non-interacting qubits of identical frequency ω, the finite-
temperature Davies master equation with additional pure local dephasing reads

L [ρ̂] =−i
[
Ĥ, ρ̂

]
+

2∑
i=1

(
Γ↓Dσ̂i

−
[ρ̂] +Γ↑Dσ̂i

+
[ρ̂] +

Γϕ

2
Dσ̂i

z
[ρ̂]

)
. (27)

The excitation and relaxation rates satisfy the detailed-balance condition Γ↑/Γ↓ = e−βω , with β =
(kBT)−1. For a bosonic thermal bath, one has Γ↓ = γ

(
n̄(ω)+ 1

)
and Γ↑ = γ n̄(ω), where n̄(ω) = (eβω −

1)−1. Note that we have assumed the pure dephasing noise to be temperature-independent. The longitu-
dinal relaxation time T1 is given by

1

T1
= Γ↓ +Γ↑ = γ (2n̄(ω)+ 1) , (28)

and the steady-state excited-state population reads pe,ss = Γ↑/(Γ↓ +Γ↑) = (1+ eβω)−1. The transverse
coherence decay time T2 is

1

T2
=

Γ↓ +Γ↑

2
+Γϕ =

1

2T1
+Γϕ. (29)

Crucially, the Lindbladian equation (27) retains the same block-diagonal structure as equation (13),
with one block governing the evolution of the qubit’s populations and another governing the evolution
of their coherences. Consequently, in the regime T2 > T1, the application of an entangling gate (such as
CRy(π) or CNOT) accelerates the qubit reset also at finite temperature. Moreover, in analogy to equation
(18), we have that the asymptotic speedup at finite temperature is given by

S(ϵ→ 0) =
T2

T1
=

2(2n̄(ω)+ 1)

(2n̄(ω)+ 1)+ 2Γϕ/γ
⩽ 2 . (30)

Note that T2/T1 increases upon increasing the temperature and that the bound is saturated at any tem-
perature for Γϕ = 0.

Appendix B. Robustness of the protocol with respect to different ancilla states

In this appendix, we analyze how the achievable reset speedups depend on the initial state of the ancilla
qubit. Throughout, we focus on the Markovian model introduced in section 2. As discussed in the main
text, the controlled Ry(π) gate acts as an ideal dephasing channel on the system qubit q1 only when the
ancilla qubit q2 is initially in an incoherent state, i.e., diagonal in the computational basis. In panel (d)
of figure 2, we presented the distribution of speedups obtained for Haar-random initial states of q1 when
the ancilla is initialized in the excited state |1〉. Here, we consider the complementary case where the
ancilla is initialized in the ground state |0〉. Figure 8 shows the trace distance to the ground state as a
function of time for this choice of ancilla initialization, together with the corresponding histogram of
speedups. We find a median speedup of ≈1.4, which is close to the results obtained for an ancilla pre-
pared in |1〉.

To gain further insight into the distribution of speedups, we next vary the ground-state population
p02 of the ancilla qubit from 0 to 1 in steps of 0.2, while keeping the ancilla state diagonal. The result-
ing speedup distributions, obtained from 1000 Haar-random initial states of q1, are shown in panel (a)
of figure 9. We observe that the mean of the distribution remains approximately constant across all val-
ues of p02. In contrast, the width of the distribution increases monotonically as the initial ancilla excited
state population approaches zero. This broadening reflects an increased sensitivity of the speedup to the
specific initial state of q1, even though the average performance of the protocol remains unchanged.

Finally, and most importantly, we examine the impact of coherences in the ancilla state. To this end,
we fix the ancilla populations to p02 = p12 = 1/2 and vary the coherence C= |〈0|ρ̂2|1〉| from C= 0 up to
its maximal allowed value C= 1/2. The corresponding speedup distributions are shown in panel (b)
of figure 9. As the magnitude of the ancilla coherence increases, the weight of the speedup distribu-
tion progressively shifts towards S= 1, corresponding to no speedup. For small to moderate coherences
(C⩽ 0.2), a pronounced peak around S≈ 1.35 remains visible, indicating that the protocol still yields a
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Figure 8. Trace distance to the ground state as a function of time (main plot) and corresponding speedup histogram for ϵ=
10−3 (inset), obtained using the same parameters as in panel (d) of figure 2, but with the ancilla qubit initialized in the ground
state |0⟩ rather than in the excited state |1⟩.

Figure 9. Normalized speedup distributions P(S(ϵ)) over 1000q1 random Haar states, as a function of (a) the ancilla qubit’s
excited state population (incoherent states) and (b) the ancilla’s coherences, with a ground state population fixed to 0.5.

substantial speedup for a significant fraction of initial states. For larger coherences, however, the distri-
bution becomes increasingly concentrated near unit speedup. This behavior reflects the fact that resid-
ual coherences in the ancilla prevent the C-Ry(π) gate from fully suppressing the system qubit’s overlap
with the slowest-decaying Liouvillian mode. As a consequence, the effectiveness of the protocol becomes
strongly dependent on the state of q1.

Overall, these results demonstrate that the protocol is robust against moderate imperfections in the
ancilla preparation, but that large ancilla coherences progressively reduce both the magnitude and the
reliability of the achievable speedup.

Appendix C. Deriving the non-Markovian effective model

In this appendix, we derive the effective master equation considered in section 3. It describes the
temporal evolution of a single qubit (the system S) subject to amplitude damping at a rate Γ1 and
phase damping at a rate Γϕ/2, coupled with a strength νzx to a two-level system (TLS) (the bath B),
itself subject to amplitude damping at a rate κ. Since the two qubits q1 and q2 evolve independently
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(equation (19)), for simplicity here we consider only the dynamics of a single qubit coupled to one TLS

L [ρ̂] =−i
[
Ĥ, ρ̂

]
+Γ1Dσ̂

q
−
[ρ̂] +

Γϕ

2
Dσ̂

q
z
[ρ̂] +κDσ̂TLS

−
[ρ̂] , (31)

where Ĥ= Ĥq
0 + ĤTLS

0 + ĤI = ωqσ̂
q
z +ωtσ̂

TLS
z + νzx(σ̂

q
z ⊗ σ̂TLSx ). In the interaction picture with respect to

ĤI, the time evolution of the state of the system is described by

d

dt
ρ̂s (t) =−

ˆ t

0
dsTrB

[
ĤI (t) ,

[
ĤI (s) , ρ̂(s)

]]
. (32)

Here ĤI(t) = νzx(σ̂
q
z(t)⊗ σ̂TLSx (t)) where Ô(t) = eiĤItÔe−iĤIt denotes an operator Ô in the interaction pic-

ture. The time evolution of the operators σ̂qz and σ̂TLSx = σ̂TLS+ + σ̂TLS− can be obtained from the solutions
of the following adjoint master equation for the qubit or the TLS

˙̂σTLS+ = i
[
ĤTLS

0 , σ̂TLS+

]
+κD†

σ̂TLS
−

[
σ̂TLS+

]
=−

(
2iωt +

κ

2

)
σ̂TLS+ ,

˙̂σTLS− =
(
2iωt −

κ

2

)
σ̂TLS− ,

˙̂σqz = i
[
Ĥq

0, σ̂
q
z

]
+

Γϕ

2
D†

σ̂
q
z
[σ̂qz ] = 0 ,

(33)

where we neglected the intrinsic damping with a rate Γ1 of the qubit system. This is justified if we
assume that the intrinsic relaxation dynamics of the qubit is slower than the one provided by its inter-
action with the TLS. This yields

σ̂TLS+ (t) = e−(2iωt+
κ
2 )tσ̂TLS+ (0) ,

σ̂TLS− (t) = e(2iωt−κ
2 )tσ̂TLS− (0) ,

σ̂qz (t) = σ̂qz (0) .

(34)

Expanding equation (32) yields four terms

dρ̂s
dt

=−
ˆ t

0
dsTrB

[
ĤI (t)ĤI (s) ρ̂(s)− ĤI (t) ρ̂(s)ĤI (s)− ĤI (s) ρ̂(s)ĤI (t)+ ρ̂(s)ĤI (s)ĤI (t)

]
. (35)

We can then perform the Born approximation ρ̂(s)≈ ρ̂s(t)⊗ |0〉〈0| which makes it possible to make
appear the bath correlation function

TrB
(
σ̂TLS− (t) σ̂TLS+ (s) |0〉〈0|

)
= 〈σ̂TLS− (t) σ̂TLS+ (s)〉= e−

κ
2 (t+s)e2iωt(t−s). (36)

Inserting this into equation (35) yields the Redfield master equation (20) of the main text, i.e.,

dρ̂s
dt

= Lred [ρ̂s] =−i
[
ωqσ̂z, ρ̂s

]
+

(
Γϕ

2
+

ν2zx
κ2

4 + 4ω2
t

[
−κe−κt + e

−κ
2 t (κcos(2ωtt)+ 4ωt sin(2ωtt))

])
Dσ̂z [ρ̂s] +Γ1Dσ̂− [ρ̂s] .

(37)

Solving this system of coupled differential equations yields

ρ̂s (t) =

(
ρ00 (0)+ ρ11 (0)

(
1− e−Γ1t

)
Λρ01 (0)

Λ∗ρ10 (0) e−Γ1tρ11 (0)

)
, (38)

where

Λ(t) = exp

(
−
16(1+ e−tκ)ν2zx + t(−4iδ+Γ1 + 2Γϕ + 4iωt)

(
κ2 + 16ω2

t

)
− 32e−

tκ
2 ν2zx cos(2tωt)

2(κ2 + 16ω2
t )

)
, (39)

and δ = |ωq −ωt| is the detuning between the qubit and the TLS. From this, one can obtain an analyti-
cal expression of the trace distance to the steady state

D(ρ̂s (t) , |0〉〈0|) =
√
|Λ(t)ρ01 (0) |2 + e−2Γ1tρ211 (0). (40)
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Miha Papič  0000-0001-8695-0872
John Goold  0000-0001-6702-1736
Felix C Binder  0000-0003-4483-5643
François Damanet  0000-0003-1699-0195
Mattia Moroder  0000-0002-1046-9991

References

[1] DiVincenzo D P 2000 The physical implementation of quantum computation Fortschr. Phys.: Prog. Phys. 48 771–83
[2] Nielsen M A and Chuang I L 2000 Quantum Computation and Quantum Information (Cambridge University Press)

(available at: https://www.cambridge.org/highereducation/books/quantum-computation-and-quantum-information/
01E10196D0A682A6AEFFEA52D53BE9AE)

[3] Marques J F et al 2023 All-microwave leakage reduction units for quantum error correction with superconducting transmon
qubits Phys. Rev. Lett. 130 250602

[4] Lacroix N et al 2025 Fast flux-activated leakage reduction for superconducting quantum circuits Phys. Rev. Lett. 134 120601
[5] Ristè D, van Leeuwen J G, Ku H-S, Lehnert K W and DiCarlo L 2012 Initialization by measurement of a superconducting quan-

tum bit circuit Phys. Rev. Lett. 109 050507
[6] Johnson J E, Macklin C, Slichter D H, Vijay R, Weingarten E B, Clarke J and Siddiqi I 2012 Heralded state preparation in a super-

conducting qubit Phys. Rev. Lett. 109 050506
[7] Govia L C G and Wilhelm F K 2015 Unitary-feedback-improved qubit initialization in the dispersive regime Phys. Rev. Appl.

4 054001
[8] Valenzuela S O, Oliver W D, Berns D M, Berggren K K, Levitov L S and Orlando T P 2006 Microwave-induced cooling of a super-

conducting qubit Science 314 1589–92
[9] Grajcar M, van der Ploeg S HW, Izmalkov A, Il’ichev E, Meyer H-G, Fedorov A, Shnirman A and Schön G 2008 Sisyphus cooling

and amplification by a superconducting qubit Nat. Phys. 4 612–6
[10] Geerlings K, Leghtas Z, Pop I M, Shankar S, Frunzio L, Schoelkopf R J, Mirrahimi M and Devoret M H 2013 Demonstrating a

driven reset protocol for a superconducting qubit Phys. Rev. Lett. 110 120501
[11] Jin X Y et al 2015 Thermal and residual excited-state population in a 3D transmon qubit Phys. Rev. Lett. 114 240501
[12] Tan K Y, Partanen M, Lake R E, Govenius J, Masuda S and Möttönen M 2017 Quantum circuit refrigerator Nat. Commun. 8 15189
[13] Reed M D, Johnson B R, Houck A A, DiCarlo L, Chow J M, Schuster D I, Frunzio L and Schoelkopf R J 2010 Fast reset and sup-

pressing spontaneous emission of a superconducting qubit Appl. Phys. Lett. 96 203110
[14] IBM Quantum 2025 Qubit initialization and passive reset on IBM quantum backends (available at: https://quantum.cloud.ibm.

com/docs/guides/repetition-rate-execution) (Accessed 22 December 2025)
[15] Egger D, Werninghaus M, Ganzhorn M, Salis G, Fuhrer A, Müller P and Filipp S 2018 Pulsed reset protocol for fixed-frequency

superconducting qubits Phys. Rev. Appl. 10 044030
[16] Magnard P et al 2018 Fast and unconditional all-microwave reset of a superconducting qubit Phys. Rev. Lett. 121 060502
[17] Zhou Y et al 2021 Rapid and unconditional parametric reset protocol for tunable superconducting qubits Nat. Commun. 12 5924
[18] Han L-C et al 2023 Active reset of superconducting qubits using the electronics based on RF switches AIP Adv. 13 095206
[19] Arute F et al 2019 Quantum supremacy using a programmable superconducting processor Nature 574 505–10
[20] Kim Y et al 2023 Evidence for the utility of quantum computing before fault tolerance Nature 618 500–5
[21] Abdurakhimov L et al 2024 Technology and performance benchmarks of IQM’s 20-qubit quantum computer (arXiv: 2408.12433)
[22] Acharya R et al 2024 Quantum error correction below the surface code threshold Nature 638 920–6
[23] He T et al 2025 Experimental quantum error correction below the surface code threshold via all-microwave leakage suppression

Phys. Rev. Lett. 135 260601
[24] Aamir M A, Suria P J, Guzmán J A M, Castillo-Moreno C, Epstein J M, Halpern N Y and Gasparinetti S 2025 Thermally driven

quantum refrigerator autonomously resets a superconducting qubit Nat. Phys. 21 318–23
[25] Georgescu I M, Ashhab S and Nori F 2014 Quantum simulation Rev. Mod. Phys. 86 153–85
[26] Fedorov D A, Peng B, Govind N and Alexeev Y 2021 VQE method: a short survey and recent developments (arXiv: 2103.08505)
[27] Miessen A, Ollitrault P J, Tacchino F and Tavernelli I 2023 Quantum algorithms for quantum dynamics Nat. Comput. Sci. 3 25–37
[28] Bland M P et al 2025 Millisecond lifetimes and coherence times in 2D transmon qubits Nature 647 343–8
[29] Yan F et al 2016 The flux qubit revisited to enhance coherence and reproducibility Nat. Commun. 7 12964
[30] Papič M, Auer A and de Vega I 2023 Fast estimation of physical error contributions of quantum gates arXiv:2305.08916
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