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Entangling superconducting qubits via energy-selective local reservoirs
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Engineered dissipation provides a powerful route to controlling and stabilizing quantum states in open
systems. Superconducting circuits are particularly suited to this approach due to their tunable coupling to
dissipative environments. Here, we realize programmable local reservoirs for superconducting qubits through
parametrically driven couplings to readout resonators, creating energy-selective incoherent pump and loss.
Using coupled superconducting qubits, we autonomously stabilize entangled single-excitation states with fidelity
up to 90.8%. We probe the stabilization dynamics under varying initial conditions and bath parameters, and
implement robust classical shadow estimation for accurate and scalable state characterization. Finally, we
numerically study a configuration where the engineered pump and loss share a common dissipative mode,
leading to reservoir-mediated interference and classically correlated steady states. Our results demonstrate a
scalable and hardware-efficient framework for dissipative preparation and control of correlated many-body states
in superconducting circuits.

DOI: 10.1103/mr1g-zqtq

I. INTRODUCTION

Generating and controlling entanglement in engineered
quantum platforms is central to quantum information sci-
ence. Advances in coherent control have enabled increasingly
precise manipulation of quantum states, ranging from high-
fidelity gate operations in digital quantum processors to
analog control of interacting many-body systems through
tailored Hamiltonian dynamics. In superconducting circuits,
strong nonlinearities, flexible circuit design, and high tun-
ability have enabled programmable interactions and coherent
control of increasingly large qubit arrays, leading to major ad-
vances in quantum computing and quantum simulation [1–3].

At the same time, dissipation and decoherence remain
fundamental challenges for controlling complex quantum sys-
tems. Rather than viewing coupling to the environment solely
as a limitation, however, the strong and tunable environ-
ment coupling available in engineered platforms has enabled
engineered dissipation to become a resource for quantum
control [4–6]. By designing suitable couplings between the
system and tailored environments, driven-dissipative dynam-
ics autonomously steer the system toward target quantum
states. This approach is particularly natural in photonic and
superconducting platforms, where finite excitation lifetimes
necessitate continuous replenishment and stabilization.

In superconducting circuits, engineered dissipation has en-
abled autonomous cooling and qubit reset by transferring
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excitations into cold dissipative modes [7–10]. Combined
with coherent driving, dissipative protocols can also stabi-
lize metastable excited states and prepare multilevel states
with tunable effective temperatures [11]. In the many-body
regime, incoherent pumping has further been used to stabi-
lize photonic Mott insulating states through the interplay of
interactions and dissipation [12]. Engineered dissipation can
also generate coherent correlations. Single-qubit superposi-
tion states are prepared using cavity-assisted bath engineering
[13], and universal stabilization has been demonstrated for a
parametrically coupled qubit [14]. Dissipative protocols have
enabled entanglement stabilization of two-qubit Bell states
[15–17], as well as few-qubit states using energy-resolved
pumping [18] or Raman processes [19]. Engineered dissi-
pation has also enabled remote entanglement mediated by
dissipative waveguide interactions [20] and stabilization of
protected bosonic states for autonomous quantum error cor-
rection [21,22]. These approaches have been realized with a
variety of hardware implementations, including dedicated on-
chip dissipative elements such as engineered filters [23,24],
quantum-circuit refrigerators [25], and nonlinear mixing
elements [11].

In many of these experiments, the stabilized coherence
and entanglement structure are predominantly determined by
externally applied coherent drives, parametrically engineered
couplings, or symmetry-selective dissipation. A complemen-
tary perspective is to use local dissipative processes that do
not directly impose spatial or phase coherence, allowing the
stabilized states to emerge from the interacting many-body
spectrum through energy-selective injection and removal of
excitations. Motivated by how particle and thermal reservoirs
stabilize strongly correlated phases in condensed matter sys-
tems, such approaches aim to realize nonequilibrium steady
states analogous to equilibrium phases at finite chemical po-
tential [26–28]. Therefore, developing programmable local
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FIG. 1. Interacting qubit lattice coupled to energy-selective local
reservoirs. Transmon qubits realize a Bose-Hubbard lattice subject
to local incoherent pump and loss processes. Our hardware-efficient
implementation enables these local reservoirs to be dynamically con-
trolled at each lattice site.

reservoirs with controlled spectral selectivity offers a promis-
ing route toward dissipative preparation and stabilization of
correlated many-body states for quantum simulation and the
generation of entangled resource states.

In this work, we implement hardware-efficient, energy-
selective local reservoirs in superconducting circuits by
utilizing the readout resonators of a standard flux-tunable
transmon device as dissipative modes, without requiring
dedicated hardware elements. The reservoir location, center
frequency, and coupling strength can be dynamically pro-
grammed through the applied flux-modulation waveforms.
This is illustrated in Fig. 1, where a one-dimensional qubit
lattice is coupled to local incoherent pump and loss processes
with controlled spectral selectivity. We first discuss the im-
plementation of parametrically engineered local reservoirs in
Sec. II, and then demonstrate stabilization of entangled states
in a coupled two-qubit system using local pumping and loss
in Sec. III. Finally, in Sec. IV we investigate a scenario in
which local pump and loss interact through a shared dissipa-
tive mode, leading to modified steady-state correlations.

II. QUBIT ARRAY WITH PROGRAMMABLE
LOCAL RESERVOIRS

We consider a one-dimensional array of coupled transmon
qubits with programmable local dissipation. In the strongly
interacting limit, the system realizes a Bose-Hubbard model
for microwave photons,

HBH/h̄ =
∑
〈i j〉

Ja†
i a j + U

2

∑
i

ni(ni − 1) +
∑

i

εini.

Here, ai is the bosonic annihilation operator on site i, J is
the nearest-neighbor tunneling rate, ni = a†

i ai is the on-site
occupation, U is the on-site interaction, and εi is the site
energy. Our experiments are performed on a device compris-
ing four frequency-tunable transmons, each with individual
frequency control and readout; a device image and detailed
device parameters are presented in Refs. [29,30]. The qubits
are tuned to a typical frequency of ωq ≈ 2π × 4.5 GHz to
form a degenerate lattice, with J ≈ 2π × 6 MHz and U ≈
2π × −250 MHz. Here, we work in the hard-core limit with
J � |U | and ni � 1, where the system is equivalently de-
scribed by an XY spin model [31–33]. The transmons have
a typical relaxation rate �1 = 1/T1 ≈ 2π × 5 kHz and local
dephasing rate �φ = 1/T ∗

2 ≈ 2π × 60 kHz.

We engineer programmable local reservoirs that incoher-
ently add or remove excitations from the qubit array. These
energy-selective reservoirs are realized through parametric
sideband interactions between the transmons and their readout
resonators, induced by frequency modulation of the tunable
transmons. The modulation amplitude and frequency set the
effective coupling strength gD/S and the detuning δD/S between
the reservoir and the qubit array. We retain the notation S and
D for the pump and loss, respectively, following the source-
drain terminology used when treating microwave excitations
as particles in the interacting transmon lattice.

The Hamiltonian of a single transmon lattice site coupled
to its readout resonator is

H/h̄ = ωq(t )a†a + ωrb†b + g(a† + a)(b† + b)

+ U

2
n(n − 1),

where b is the resonator annihilation operator. The qubit and
resonator are capacitively coupled with strength g and detun-
ing � = ωr − ωq � g. We apply qubit frequency modulation,
ωq(t ) = ω0

q + Amod cos(ωmodt ), using the local flux-bias line.
For ωmod ≈ ωr − ω0

q (red sideband), the modulation in-
duces resonant exchange between the qubit and the lossy
readout resonator. The qubit excitation tunnels to the res-
onator and subsequently decays at a rate equal to the resonator
linewidth κr . Hence, the red-sideband modulation implements
a local, narrow-band loss. In the rotating frame of the qubit
and within the rotating-wave approximation, the effective
Hamiltonian is

HD/h̄ ≈ δDb†b + gD(a†b + ab†) + U

2
n(n − 1),

with effective coupling gD = gJ1( Amod
ωmod

), where J1 is the first-
order Bessel function of the first kind, and detuning δD =
(ωr − ωmod) − ω0

q. We work in the weak-coupling limit gD �
κr , where the reservoir bandwidth is set by the resonator
linewidth, κr ≈ 2π × 1.5 MHz, through its coupling to the
readout transmission line. In this limit, the qubit popula-

tion decays at a detuning-dependent rate �D(δD) = g2
D κr

δ2
D+(κr/2)2 ,

which reduces on resonance to �D(0) = 4g2
D/κr .

For ωmod ≈ ωr + ω0
q (blue sideband), the modulation

generates a coherent two-photon process that creates or an-
nihilates one excitation in the qubit and one in the resonator.
Because the resonator photon is rapidly lost at rate κr , the blue
sideband implements a narrow-band incoherent pump for the
qubit array. The effective Hamiltonian is

HS/h̄ ≈ −δSb†b + gS(a†b† + ab) + U

2
n(n − 1),

with effective coupling gS = gJ1( Amod
ωmod

) and detuning δS =
(ωmod − ωr ) − ω0

q. In the same weak-coupling limit, the in-
coherent pump populates the qubit at the detuning-dependent

rate �S(δS) = g2
S κr

δ2
S+(κr/2)2 . A detailed description of the reservoir

implementation can be found in our previous work [29,30].
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III. TWO-QUBIT BELL-STATE STABILIZATION

We now apply the energy-selective local reservoirs to stabi-
lize entangled two-qubit states, focusing on single-excitation
Bell states |±〉 = (|ge〉 ± |eg〉)/

√
2.

A typical experiment starts with two neighboring qubits far
detuned (detuning � � J) and prepared in a well-controlled
initial state. The qubits are then tuned to resonance via fast
flux control, and the flux modulations are turned on to enable
the driven-dissipative reservoirs. After a variable interaction
time, we turn off the flux modulations, and the two qubits
are rapidly detuned to freeze population exchange. Subse-
quently, the two-qubit state is measured either directly in
the population basis via multiplexed readout or, after apply-
ing single-qubit rotations, in arbitrary measurement bases.
Additional details of the experimental sequences and the cal-
ibration of single-qubit gates and readout are discussed in
Appendixes A and B.

While quantum state tomography (QST) can fully char-
acterize the two-qubit driven-dissipative dynamics through
reconstruction of the density matrix, the exponential cost of
QST measurements makes it impractical to scale to larger
systems. Classical shadow estimation [34] provides an alter-
native approach in which a large number of observables can be
predicted efficiently using relatively few measurements. Su-
perconducting circuit experiments are particularly well suited
for shadow techniques due to the available local control,
high-fidelity readout, and fast experimental cycles. However,
standard shadow estimation is susceptible to systematic errors
arising from noisy or imperfect unitaries and measurements.
Recently, robust shadow estimation has been proposed [35] as
a noise-resilient method for learning quantum state properties.
In it, a calibration step is introduced in which noisy shadow
measurements are performed on a high-fidelity initial state to
learn the effective noise channel and subsequently mitigate
its effects during the shadow estimation procedure. Here, we
implement robust shadow estimation using the experimental
procedures developed in Refs. [36,37] and demonstrate its
efficacy in our two-qubit experiments.

A. State preparation with incoherent pump

For two transmon qubits resonantly coupled with tunneling
J , |±〉 are the single-excitation eigenstates of the system with
eigenenergies ω± = ωq ± J , as shown in Fig. 2(a). When the
energy selectivity of the incoherent pump is much narrower
than the eigenenergy splitting (κr � 2J , as in our experi-
ments), the system can be incoherently pumped from the
ground state |gg〉 into individual eigenstates. Experimentally,
we initialize two neighboring qubits Q1 and Q2 in the ground
state. We then turn on flux modulation on Q1 to enable the
incoherent pump with detuning δS ≈ −J , flux-modulation-
induced coupling gS = 2π × 0.75 MHz, and corresponding
on-resonance pumping rate �S = 4g2

S/κr ≈ 2π × 1.5 MHz.
In Fig. 2(b), we plot the measured fidelity as a function of

pump duration, obtained using robust shadow estimation. The
fidelity between the instantaneous state with density matrix
ρ and a target pure state |ψtar〉 is defined as F (ρ, |ψtar〉) =
〈ψtar|ρ|ψtar〉. We reach a maximum fidelity of approximately
87% with |ψtar〉 = |−〉 at about 1μs, consistent with the

� �

FIG. 2. Two-qubit dissipative stabilization. (a) For two reso-
nantly coupled qubits, a narrow-band incoherent pump selectively
prepares a single-excitation eigenstate, as illustrated in the energy-
level diagram. Solid arrows indicate transitions resonant with the
pump for preparing |−〉, and dotted arrows indicate unwanted off-
resonant transitions. (b) Measured fidelity to |−〉 as a function of
pump duration, starting from initial state |gg〉. (c) Measured eigen-
state populations, showing leakage into |ee〉 at longer times. Dashed
lines in panels (b) and (c) are numerical simulations using experi-
mentally measured system parameters. Each experiment is typically
averaged over 90 000 single-shot measurements. Fidelities and state
populations are extracted using robust shadow estimation, with sta-
tistical error bars smaller than the marker size. See Appendixes B and
G for details of the state characterization and uncertainty estimation.

timescale set by the engineered pump rate, τ = 2π/�S. At
longer pump times, the fidelity gradually decreases due to
unwanted excitation by the pump and decoherence processes.
Because the bath has a finite linewidth κr , it also induces off-
resonant transitions. In the present case, the dominant leakage
process is pumping from |−〉 to |ee〉, which is detuned by 2J
from the pump resonance. In the weak-coupling limit, this

occurs at the off-resonant rate �S(δS = 2J ) = g2
S κr

(2J )2+(κr/2)2 ≈
2π × 6 kHz. Once populated, the |ee〉 state relaxes at the
intrinsic qubit decay rate �1 into the single-excitation man-
ifold and eventually toward |gg〉. This competition between
off-resonant incoherent pumping and intrinsic decay results
in a finite incoherent population in |ee〉 over time. This is
observed in Fig. 2(c), where we plot the eigenstate popula-
tions extracted from density matrices obtained via quantum
state tomography. The incoherent pump can also induce the
transition from |gg〉 to |ee〉 via a two-photon process with
intermediate-state detuning J , but this process is much slower
in our experiments. For all data presented, we observe good
agreement between experiments and numerical simulations.
The detailed numerical model is presented in Appendix D.

B. Stabilization with pump and loss

We now add the energy-selective loss and show that it
continuously removes leakage population and stabilizes the
desired state, here |−〉. The loss reservoir is applied at
detuning δD ≈ +J with sideband coupling rate gD = 2π ×
0.58 MHz on Q2, concurrent with the incoherent pump ap-
plied on Q1, as illustrated in Fig. 3(a). In Fig. 3(b), we
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(a)

(b) (c)

(d)

�

FIG. 3. Stabilization with pump and loss. (a) Adding a narrow-
band loss on the second qubit selectively removes leakage population
and stabilizes the target state. (b) Measured stabilization dynamics
from different initial Fock states, showing convergence to a steady
state with 90.8% fidelity to |−〉 within 2μs. Inset: Close-up of
the short-time dynamics. Dashed lines are numerical simulations
using experimentally measured parameters. Statistical error bars are
smaller than the marker size. (c) Representative stabilized density
matrix measured at t = 2.8μs. (d) Fidelity vs pump and loss de-
tunings at a stabilization duration of 3μs, measured experimentally
(left) and compared with numerical simulation (right). The bath cou-
pling rates are fixed at gS = gD = 2π × 0.73 MHz. The triangular
marker indicates the detunings used in panels (b) and (c).

show the resulting stabilization dynamics toward |−〉. After
approximately 2μs, the system reaches its steady state with a
fidelity of F = 90.8% to |−〉. A representative density matrix
measured at t = 2.8μs is shown in Fig. 3(c). To show that
the stabilization is robust to the initial state, we measure the
stabilization dynamics starting from different two-site initial
states {|gg〉, |ge〉, |eg〉, |ee〉} and observe convergence to the
target state, with the steady-state fidelity maintained for more
than 10μs. In Appendix I, we further characterize the entan-
glement of the stabilized state using the measured concurrence
[38], which reaches a steady-state value of C ≈ 0.82.

The fidelity of the dissipatively stabilized |−〉 state is rel-
atively insensitive to small changes in the pump and loss
detunings, provided they remain small or comparable to the
bath bandwidth. In Fig. 3(d), we show the fidelity as a function
of the pump and loss detunings, δS and δD, at a stabilization
duration of 3μs. The stabilization duration is chosen to be
sufficiently long to reach the steady state near the optimal
detunings. The experimental data are in good agreement with

(a)

(b)
�

�

FIG. 4. Comparison of quantum state tomography, standard clas-
sical shadow, and robust shadow estimation. (a) Fidelity to the |−〉
state for the stabilization experiment in Fig. 3, starting from the
initial state |gg〉. Robust shadow estimation agrees closely with quan-
tum state tomography, while standard classical shadow estimation
exhibits systematic deviations. (b) State purity as a function of sta-
bilization duration. See Appendix G for details on data analysis and
error estimation.

numerical modeling, where the offset in optimal detuning
is attributed to a small miscalibration of flux-modulation-
induced ac-Stark shifts on the qubits. Similarly, the measured
optimal fidelity remains relatively insensitive to changes in
bath coupling rates; see discussion below on the sources of
infidelity.

In Fig. 4, we compare the results obtained from stabiliz-
ing the two-qubit system starting from the |gg〉 state, using
three different characterization methods: quantum state to-
mography, standard classical shadow, and robust shadow. The
quantum state tomography data are reconstructed after careful
calibration of all systematic errors of our single-qubit rota-
tions and readout. Standard classical shadow, which assumes
perfect unitary and measurement, shows significant deviations
in fidelity and purity during the dynamics. In contrast, robust
shadow estimation mitigates these errors and gives results
consistent with quantum state tomography. This demonstrates
the effectiveness of robust shadow estimation for efficient and
flexible state characterization in future experiments involv-
ing larger qubit arrays. In Appendix F, we summarize the

033175-4



ENTANGLING SUPERCONDUCTING QUBITS VIA … PHYSICAL REVIEW RESEARCH 8, 033175 (2026)

experimental and analysis protocols for robust shadow es-
timation, along with an uncertainty analysis based on our
measurement parameters.

The same stabilization scheme can stabilize the |+〉
state by reversing the pump and loss detunings δS/D. In
Appendix H, we show additional data for stabilizing |+〉
with a fidelity of approximately 88.5%. The slightly lower
steady-state fidelity for the |+〉 state, compared to that of |−〉
(F = 90.8%), is due to the higher intrinsic relaxation rate of
|+〉, with a lifetime of 19μs compared to 50μs for |−〉. In
the absence of sideband interactions, transmon relaxation at
the lattice frequencies is partially limited by intrinsic Purcell
decay through the resonators. The |+〉 (|−〉) state therefore
exhibits an enhanced (suppressed) decay rate due to construc-
tive (destructive) interference of emission from the two qubits
into the common readout transmission line.

C. Sources of stabilization infidelity

We now discuss the main mechanisms that limit the ob-
served steady-state fidelity to |−〉, supported by numerical
simulations. The dominant source of infidelity is thermal pop-
ulation in the engineered reservoirs. We measure an average
thermal population of 2.5% in the readout resonators. For the
loss reservoir, the finite effective temperature of the resonator
can resonantly drive thermal excitations into the qubit array,
resulting in unwanted heating. Numerical simulations indicate
that the measured resonator thermal population contributes
approximately 5.5% infidelity to stabilization of |−〉.

A second limitation arises from intrinsic lattice relaxation,
which competes directly with the engineered stabilization
dynamics. We independently measure T |+〉

1 ≈ 19μs, T |−〉
1 ≈

50μs, and T |ee〉
1 ≈ 12μs. The longer lifetime of |−〉 compared

to |+〉 is attributed to interference between the two qubits’
Purcell decay channels through the readout resonators. For
the symmetric wavefunction |+〉, the emitted amplitudes from
the two qubits interfere constructively in the common readout
transmission line, leading to enhanced decay. In addition, we
perform a Ramsey experiment between the |±〉 states and
measure a dephasing time of 13μs, indicating that decoher-
ence in this manifold primarily arises from relaxation toward
|gg〉. Pure dephasing within the single-excitation manifold is
strongly suppressed by the large resonant tunneling J [39].
Numerical simulations attribute approximately 2.4% infidelity
in |−〉 stabilization to intrinsic decoherence under our experi-
mental conditions. The shorter (longer) lifetime of |+〉 (|−〉) is
also consistent with the lower (higher) observed stabilization
fidelity for |+〉 (|−〉).

Finally, the finite linewidth of the reservoirs leads to
off-resonant driving of unwanted transitions. This produces
incoherent mixtures whose populations are determined by
the relative strengths of the frequency-dependent pump and
loss rates [11]. In the present case, this results in a residual
incoherent population in |+〉 that scales as (κr/2J )2 ≈ 1.6%.
Although this contribution can be reduced by improving spec-
tral selectivity, doing so must be balanced against the need
for sufficiently fast pumping and loss rates, which set the
overall preparation and stabilization timescales. Recently, it
has been demonstrated that the trade-off between dissipative

preparation time and fidelity can be circumvented via dark-
state engineering utilizing multilevel interactions [17].

The observed infidelity is well accounted for by the three
error channels discussed above and analyzed in detail in
Appendix E, all of which can be substantially suppressed
using established experimental techniques. Improved thermal-
ization and filtering of the cryogenic microwave environment
[40–42] can reduce the resonator thermal population to below
0.1% [10], at which level our numerical simulations predict
an improved steady-state fidelity of approximately 96%; the
fidelity is insensitive to the residual qubit thermal population.
Intrinsic decoherence, comprising single-qubit decay and two-
qubit collective decay, currently contributes an infidelity of
2.4%; this contribution can be reduced through state-of-the-art
transmon design and fabrication [43,44], together with on-
chip filtering to suppress Purcell decay through the readout
circuitry [45]. The off-resonant sideband transitions can be
mitigated by improving the spectral selectivity of the drives.
Simulations indicate that reducing the ratio to κr/J ≈ 1/8,
while keeping gD/S ∼ κr to maintain efficient stabilization,
yields fidelities exceeding 99%.

IV. INTERFERENCE EFFECTS IN A SHARED RESERVOIR

Finally, we explore a scenario in which the incoherent
pump and loss are implemented using a single dissipative
mode, i.e., the flux modulations used to engineer the two
reservoirs are applied simultaneously to the same qubit.

When both reservoirs are applied through a shared
lossy mode, the sideband transitions can coherently inter-
fere through common intermediate states. In the two-qubit
case, the red and blue sidebands combine to induce an
effective Raman-like two-photon process connecting |gg〉 and
|ee〉 through the single-excitation manifold. This process gen-
erates coherence within the even-parity manifold, while the
original dissipative stabilization processes maintain coherence
in the odd-parity manifold. For reservoir detunings that sta-
bilize the antisymmetric state |−〉 in the regular two-mode
implementation (δS/D ≈ ∓J), balanced pump and loss rates
applied through the same dissipative mode lead to a steady
state approximately described by

ρX = 1

2
|−〉〈−| + 1

2
|
+〉〈
+|, |
+〉 = |gg〉 + |ee〉√

2
.

In the computational basis, this state is

ρX = 1

4

⎛
⎜⎜⎜⎜⎝

1 0 0 1

0 1 −1 0

0 −1 1 0

1 0 0 1

⎞
⎟⎟⎟⎟⎠,

which has nonzero elements in an X-shaped pattern. Despite
being an equal mixture of two maximally entangled Bell
states, ρX is separable. It admits the decomposition

ρX = 1
2 |+y,−y〉〈+y,−y| + 1

2 |−y,+y〉〈−y,+y|,

where |±y〉 = (|g〉 ± i|e〉)/
√

2. The steady state therefore ex-
hibits perfect classical correlations in the transverse basis,
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�

�

FIG. 5. Interference effects from incoherent pump and loss implemented through a shared dissipative mode. Results are obtained from
numerical simulation. (a) Steady-state fidelity to |−〉 vs pump and loss detunings δS and δD applied simultaneously to the same qubit. (b), (c)
Eigenstate population dynamics and steady-state density matrix for mismatched detunings (configuration 1), showing stabilization of |−〉. (d),
(e) For matched detunings (configuration 2), a Raman-like process stabilizes the separable X state ρX with coherences in both the even- and
odd-parity manifolds.

despite containing no entanglement, with

〈Y1Y2〉 = −1, 〈X1X2〉 = 〈Z1Z2〉 = 0.

When the pump and loss detunings are mismatched (|δS| �=
|δD|), the two-photon Raman process connecting |gg〉 and |ee〉
becomes off-resonant and the even-parity coherence is sup-
pressed. In this regime, the shared dissipative mode recovers
the same dissipative stabilization of the |−〉 state obtained in
the standard implementation using separate pump and loss
reservoirs.

Figure 5(a) shows the numerically simulated steady-state
fidelity to |−〉 as a function of the pump and loss detunings
applied to the same qubit. High fidelity to |−〉 is observed
over a broad range of detunings except near δS ≈ δD, where
the fidelity decreases to approximately 50%. Representative
eigenstate population dynamics and steady states for mis-
matched and matched detunings are shown in Figs. 5(b)–5(e),
including stabilization of the expected X state in Figs. 5(d)
and 5(e). Stabilizing the X state relies on coherent inter-
ference between the red- and blue-sideband processes and
therefore requires a stable, calibrated phase relation between
the corresponding flux-modulation pulses. Although unavail-
able in our present control setup, this phase coherence can
be implemented in future experiments using phase-coherent
microwave generation.

This example illustrates a distinct regime of dissipative
control in which interference between engineered pump and
loss stabilizes basis-selective coherence and strong transverse
correlations without generating entanglement. More broadly,
it provides a controlled setting to probe the boundary be-
tween classical and quantum correlations in open systems, and

suggests a route toward engineering correlated but separable
states in larger many-body architectures.

V. OUTLOOK

Our hardware-efficient implementation of local dissipative
reservoirs provides a scalable route to stabilizing many-body
states in superconducting lattices. Because incoherent pump
and loss are implemented using standard readout resonators
with flux-modulated coupling, the reservoirs can be dynami-
cally activated at arbitrary lattice sites with minimal hardware
overhead and integrated with coherent control, opening routes
to tailoring correlations and entanglement in interacting quan-
tum systems [46,47].

A central question in larger systems is which classes
of many-body phases can be efficiently stabilized
through local dissipative reservoirs [48,49]. Narrow-band,
eigenstate-selective reservoirs, as demonstrated here, are
well suited to few-body systems where the level spacing
exceeds the reservoir bandwidth. In larger lattices, the
many-body level spacing decreases with system size, intrinsic
decoherence becomes an increasingly broadband decay
channel, and stabilization from arbitrary initial states requires
reservoirs that connect many eigenstates simultaneously.
These considerations naturally point toward engineered
pump and loss reservoirs with tailored broadband spectra
that act as an effective chemical potential for interacting
photons, enabling dissipative preparation of correlated
ground-state-like phases [27,28,50,51]. Efficient pumping
and cooling further depend on the spatial structure of the
reservoir coupling [52,53]. Controlled spectral overlap
between the reservoirs can also impose effective detailed
balance, stabilizing thermal many-body ensembles with a
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tunable effective temperature, relevant to finite-temperature
quantum simulation and quantum Gibbs-sampling
algorithms [11,54].

Beyond steady-state preparation, engineered reservoirs en-
able controlled studies of nonequilibrium quantum dynamics
and dissipative many-body phases [55,56]. Their microscopic
dynamics provide insight into information propagation and
thermalization in driven quantum systems, including the role
of initial conditions in phenomena such as quantum Mpemba
effects [57]. These directions further connect to emerging
efforts in quantum thermodynamics with superconducting
circuits [58–60].
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APPENDIX A: EXPERIMENTAL SEQUENCE

A typical experiment consists of state initialization, driven-
dissipative evolution under the engineered reservoirs, and final
state measurement.

At the start of each sequence, all qubits are tuned to the
same idle frequency using DC flux biases. Fast flux pulses
are applied throughout the experiment to dynamically de-
tune the qubit frequencies for initialization and readout. In
thermal equilibrium, each qubit has an excited-state pop-
ulation of approximately 5%. To suppress errors in state
preparation and readout calibration arising from residual qubit
thermal population, we perform a measurement-based herald-
ing step at the beginning of each experimental sequence.
The qubits are first detuned by approximately 80 MHz and
measured in the computational basis. The measurement out-
comes are then used to postselect the true ground state
|gg〉, reducing the residual excited-state population to be-
low approximately 0.8%. After heralding, we wait 1.4μs for
residual readout photons to decay before proceeding with the
experiment.

For experiments requiring product-state initialization, such
as Fig. 3(b) and readout calibration, the qubits are detuned and
individually addressed with resonant single-qubit pulses ap-
plied through the readout transmission line. The single-qubit
gates have a typical duration of 40 ns and Gaussian envelopes
with σ = 8 ns. After initialization, the qubits are rapidly tuned
back to a degenerate frequency, and flux modulation is applied
through the individual flux-bias lines to activate the engi-
neered incoherent pump and/or loss for a variable evolution
time.

At the end of the reservoir-coupled evolution, the flux
modulation is turned off, and the qubits are rapidly moved
to their readout frequencies, where neighboring qubits are
detuned by at least 400 MHz to suppress residual inter-
actions during measurement. Measurements in bases other
than the computational basis are implemented by sequentially
applying single-qubit rotations before readout. The qubit
states are measured using frequency-multiplexed dispersive
readout with a typical pulse duration of 1.7μs. After readout,
flux-balancing pulses are applied to each flux line to cancel
the net accumulated current during the sequence and reduce
slow qubit-frequency drifts.

The experiment is repeated with a cycle period of 300μs,
allowing the qubits and resonators to relax back to thermal
equilibrium between experiments. Each experiment presented
in the paper is typically repeated 90 000 times, acquired as 9
independent runs of 10 000 shots each.

APPENDIX B: READOUT CHARACTERIZATION

To improve readout fidelity, we implement a shelving read-
out scheme [62]. All experiments in the paper are performed
in the two-level limit, with negligible population outside
the transmon states |g〉 and |e〉. Before readout, a resonant
πef pulse transfers any population in |e〉 to | f 〉. Shelving
the excited-state population suppresses readout errors arising
from qubit relaxation during the measurement pulse.

To calibrate the readout discriminator, we initialize the
system in all computational basis states and record the
corresponding single-shot multiplexed I/Q signals. A lin-
ear support vector machine (SVM) is then trained for state
discrimination. The calibration states are prepared using
sequential π pulses in the readout configuration, with neigh-
boring qubits far detuned to suppress drive crosstalk. The
combined contribution of pulse errors and T1 decay during
the sequential preparation results in a state-preparation error
of approximately 0.6% for two-qubit Fock states. Using the
shelving protocol, we achieve average single-qubit |g〉-|e〉 as-
signment fidelity of 98.4%.

For direct population measurements and quantum state
tomography, readout-error mitigation is performed using the
measured assignment probability matrix. Ensemble-averaged
outcome probabilities obtained from the SVM are multiplied
by the inverse assignment matrix to reconstruct the under-
lying Fock-state populations. For both standard and robust
classical shadow estimation, the SVM-predicted single-shot
bit strings are used directly. In the robust shadow estima-
tion, readout-error mitigation is incorporated directly into the
shadow reconstruction procedure.

Phase calibration for single-qubit rotations. When the
qubits are moved from the degenerate frequencies to the de-
tuned readout configurations, each qubit accumulates a fixed
dynamical phase that must be calibrated to implement the
correct single-qubit rotations. We determine this phase φ by
preparing a state with a known relative phase between the
qubits.

For the two-qubit experiments, this is achieved by co-
herently driving a resonant π pulse on the symmetric |+〉
state [29]. Quantum state tomography is then performed with-
out compensating for the dynamical phase. The accumulated
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FIG. 6. Calibration of qubit and resonator thermal populations. (a) Qubit thermal population measured via |e〉-| f 〉 Rabi oscillations. Rabi
oscillations on the |e〉-| f 〉 transition are recorded with a preceding |g〉-|e〉 π pulse (Signal, blue) and without it (Reference, green). The
reference oscillation, arising only from the residual thermal population in |e〉, is smaller by a factor of ∼18, corresponding to an equilibrium
excited-state population of approximately 5%. (b) Resonator thermal population measured via resonant sideband swaps. The qubit is initialized
in |e〉 and undergoes damped vacuum-Rabi-like oscillations with its readout resonator under a strong, resonant red-sideband interaction (gD ≈
2π × 1.14 MHz). Red points: measured qubit population; solid line: master-equation simulation with the resonator thermal population nr

th and
the effective sideband rate as fit parameters, yielding nr

th ≈ 2.4%. Inset: Close-up of the first population minimum; the residual qubit population
(red dashed line) lies above the zero-temperature expectation (black dashed line), reflecting the finite resonator thermal occupation.

phase φ is extracted either from the reconstructed density
matrix or by maximizing the correlator 〈σ x

1 σ x
2 + σ

y
1 σ

y
2 〉. For

the detunings used in this work, the accumulated dynami-
cal phase is typically ∼2.3 rad and remains stable across
experiments.

APPENDIX C: CALIBRATION OF QUBIT
AND RESONATOR THERMAL POPULATIONS

Here, we describe the calibration procedure for the thermal
populations of the qubits and the readout resonators.

Qubit thermal population. In thermal equilibrium, each
transmon retains a residual excited-state population of approx-
imately 5%, which affects both the stabilization experiments
and the calibration of the readout reference signals. We cali-
brate this residual population using the |e〉-| f 〉 Rabi technique
of Ref. [63], in which the amplitudes of Rabi oscillations on
the |e〉-| f 〉 transition, measured with and without a preceding
|g〉-|e〉 π pulse [see Fig. 6(a)], are compared to extract the
equilibrium excited-state population. The calibrated thermal
population is then used to correct the readout reference sig-
nals: Because the nominally prepared basis states contain
finite thermal populations, they correspond to known mixtures
of bare Fock states rather than pure states. We therefore ap-
ply a linear transformation, constructed from the calibrated
thermal populations, that converts populations measured with
respect to the prepared basis states into populations in the bare
Fock basis.

Resonator thermal population. We measure the resonator
thermal population by swapping resonator excitations onto
the qubit using a strong, resonant sideband interaction, with
a swap time shorter than the resonator ringdown time 1/κr .
For the incoherent loss, we initialize the qubit in its first
excited state and record its population under the resonant
red-sideband interaction as a function of the interaction
time [Fig. 6(b)]. The measured dynamics are fit to master-
equation simulations performed in QuTiP, with the resonator

thermal population and the effective sideband rate as the fit
parameters. For the incoherent pump, the same procedure is
performed starting from the qubit in its thermal-equilibrium
ground state and applying a strong resonant blue-sideband
interaction. From these measurements, we extract a thermal
population of 2.4%–3% for the readout resonators.

APPENDIX D: NUMERICAL MODELING

For the numerical simulations, the dynamics of the qubit
lattice coupled to energy-selective incoherent pump and loss
reservoirs are modeled using a Lindblad master equation:

dρ

dt
= − i

h̄
[H, ρ] +

∑
m

D[Lm]ρ,

where each incoherent process is described by a Lindblad
jump operator Lm:

D[Lm]ρ = LmρL†
m − 1

2 {L†
mLm, ρ}. (D1)

The Hamiltonian H includes both the Bose-Hubbard lattice
realized by the transmon array and the effective resonator-
lattice coupling induced by the sideband flux modulation
described in the main text. As a concrete two-qubit example,
we consider Q1 coupled to an incoherent pump reservoir via
a blue-sideband interaction with resonator R1 and Q2 coupled
to an incoherent loss reservoir via a red-sideband interaction
with resonator R2. Truncating the qubits to two levels and
applying the rotating-wave approximation gives the effective
Hamiltonian

H/h̄ = J (a†
1a2 + a1a†

2)︸ ︷︷ ︸
qubit lattice

+ δSb†
1b1 + gS(a†

1b†
1 + a1b1)︸ ︷︷ ︸

pump reservoir

− δDb†
2b2 + gD(a†

2b2 + a2b†
2)︸ ︷︷ ︸

loss reservoir

. (D2)

The Lindblad model includes resonator decay (with
linewidth κri ) as the source of dissipation generating the
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�

FIG. 7. Numerical analysis of stabilization imperfections. (a) Steady-state fidelity F as a function of the resonator and qubit thermal
populations, nq

th and nr
th. White dashed lines are contours of constant fidelity; the red triangle marks the parameters calibrated in our experiment.

The nearly vertical contours indicate that the fidelity is limited predominantly by the resonator thermal population. (b) Steady-state fidelity as
a function of the bath linewidth κr/J and the sideband rate g/J . The red triangle marks the experimental operating point. (c) Fidelity dynamics
F under successively added infidelity sources: finite bath linewidth only (blue), with resonator thermal population (green), and with lattice
decay with qubit thermal population for the target states |−〉 (orange) and |+〉 (red).

effective incoherent reservoirs, qubit relaxation including both
intrinsic single-qubit decay (�1) and the experimentally mea-
sured collective Purcell decay rates �+/−, and finite thermal
populations in both the qubits (nq

th) and resonators (nr
th),

although the qubit thermal population does not affect the
stabilized steady state. Due to the strong coherent interaction
J , we observe no significant pure dephasing within the |±〉
manifold and therefore neglect pure dephasing in the numer-
ical model. The full set of jump operators Lm included in the
model is as follows:

(1) Pump-reservoir dissipation and thermal excitation:√
κr1 (1 + nr

th ) b1,
√

κr1 nr
th b†

1.
(2) Loss-reservoir dissipation and thermal excitation:√

κr2 (1 + nr
th ) b2,

√
κr2 nr

th b†
2.

(3) Single-qubit relaxation and thermal excitation:√
�1(1 + nq

th ) an,

√
�1nq

th a†
n, n = 1, 2.

(4) Collective decay and thermal excitation:√
�±(1 + nq

th ) |gg〉〈±|,
√

�±nq
th |±〉〈gg|,√

�±(1 + nq
th ) |±〉〈ee|,

√
�±nq

th |ee〉〈±|.
Parameters used for the simulation results shown in Figs. 2

and 3 are all independently measured: J = 2π × 6.0 MHz.
Coupling to the incoherent pump reservoir gS = 2π ×
0.75 MHz, and coupling to the loss reservoir gD = 2π ×
0.58 MHz. Resonator linewidth κri = 2π × 1.5 MHz. Intrin-
sic single-qubit decay �1 = 2π × 4.0 kHz, and measured
collective Purcell decay rates �+/− = 2π × 8.4/3.2 kHz for
the |±〉 states [64]. Qubit thermal populations nq

th = 5.0% and
resonator thermal populations nr

th = 2.5%.

APPENDIX E: ANALYSIS OF INFIDELITY SOURCES

To identify the dominant error mechanisms, we numeri-
cally simulate the steady-state fidelity as a function of the
system imperfections. Figure 7(a) shows the fidelity versus the
thermal populations of the resonator and qubit. The contours
of constant fidelity are nearly vertical, indicating that the fi-
delity is far more sensitive to the resonator thermal population
than to that of the qubit; at our calibrated operating point
(red triangle, the parameters in Appendix D), the thermal

occupation of the resonator is the leading contribution to infi-
delity. Figure 7(b) shows the fidelity, computed in the absence
of resonator thermal population and the two-qubit decay, in
the plane of bath linewidth κr/J and the pump sideband rate
g/J . The map reveals the trade-off between spectral selectivity
and stabilization rate: Fidelities exceeding 99% are attainable
by modestly reducing κr/J while keeping g ∼ κr to maximize
the stabilization efficiency, consistent with the discussion in
the main text. Finally, Fig. 7(c) evaluates the fidelity dynamics
at the calibrated parameters of the present experiment, corre-
sponding to the red triangles in Figs. 7(a) and 7(b). Adding the
infidelity sources one at a time decomposes the total infidelity
into contributions from the finite bath linewidth, the thermal
population, and the lattice decay of the target states |±〉.

APPENDIX F: CLASSICAL SHADOW ESTIMATION

Classical shadow estimation provides an efficient and scal-
able method for estimating expectation values 〈O〉 = Tr(Ôρ)
of observables Ô for an unknown N-qubit quantum state ρ.
Here, we summarize the standard classical shadow estimation
[34] and the robust shadow estimation that mitigates system-
atic errors arising from imperfect gates and measurements
[35]. For the latter, we follow the modified implementation
developed in Refs. [36,37].

Standard shadow estimation.
Step 1: Apply random local unitaries. For an un-

known quantum state ρ, we apply a random local Clifford
unitary Ui = Ui,0 ⊗ Ui,1 ⊗ · · · ⊗ Ui,N−1, where each single-
qubit operation is chosen from Ui,n ∈ {Xπ/2,Yπ/2, Id} (n =
0, . . . , N − 1). The resulting state UiρU †

i is then measured
in the computational basis {|�b〉 = |b0, b1, . . . , bN−1〉, bn ∈
{g, e}}.

Step 2: Construct classical snapshots. For the ith experi-
mental shot (NS shots in total, with NS = NU NM), the classical
shadow snapshot is reconstructed as

ρi =
N−1⊗
n=0

(3U †
i,n|bn〉〈bn|Ui,n − I). (F1)
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Averaging over random Clifford unitaries {Ui} with mea-
surement outcomes sampled according to the conditional
probability P(�b|Ui ), the expected value of the reconstructed
snapshot satisfies EUi,�b[ρi] = ρ, thereby enabling reconstruc-
tion of the original quantum state.

Step 3: Estimate observables using the median-of-means
estimator. The snapshots {ρi} are divided into K groups. For
each group,

Ō(k) = 1

NS/K

kNS/K∑
i=(k−1)NS/K+1

Tr(Ôρi ), k = 1, . . . , K, (F2)

and the estimator for 〈O〉 is obtained from the median over the
groups:

〈O〉 = median{Ō(1), Ō(2), . . . , Ō(K )}. (F3)

Classical shadows can also estimate nonlinear functions of
the density matrix, such as the purity Tr(ρ2). For each group,

Tr(ρ2)(k) = 1

NS/K (NS/K − 1)

∑
i �= j

Tr(ρiρ j ), (F4)

where i, j ∈ {(k − 1)NS/K + 1, . . . , kNS/K} and k =
1, . . . , K . The final purity estimate is then

Tr(ρ2) = median{Tr(ρ2)(1), Tr(ρ2)(2), . . . , Tr(ρ2)(K )}. (F5)

Robust shadow estimation. Here, the effective noise chan-
nel �n for each qubit n, arising from gate and measurement
errors, is first characterized using a calibration experiment and
then compensated through classical postprocessing.

Compared to the standard shadow estimation, the recon-
struction of the snapshots is modified to be

ρi =
N−1⊗
n=0

(αnU
†
i,n|bn〉〈bn|Ui,n − βnI), (F6)

where αn = 3
2Gn−1 and βn = 2−Gn

2Gn−1 , with Gn =
1
2 〈bn|�n(|bn〉〈bn|)|bn〉 representing the average survival
probability of the two computational basis states under the
noise channel �n for qubit n.

The calibration experiment begins from the high-fidelity
ground state |�g〉 = |g〉⊗N . Random local Clifford operations
Ui ∈ {Xπ/2,Yπ/2, Id}⊗N are applied, followed by measurement
in the computational basis to obtain the conditional probabili-
ties P(�b|Ui ). We then compute

Cn = 1

NU

∑
i

∑
bn=g,e

P(bn|Ui ) |〈bn|Ui,n|g〉|2, (F7)

where P(bn|Ui ) is the marginal probability of measuring out-
come bn ∈ {g, e} for qubit n after applying Ui.

The average survival probability for each qubit is then

Gn = 3Cn − 1, (F8)

from which the coefficients {αn, βn} are determined [37]. The
robust shadow snapshots in Eq. (F6) are then used in place of
the standard snapshots in Eq. (F1), while observables are esti-
mated using the same median-of-means procedure described
above.

�

FIG. 8. Stabilization of the |+〉 state. (a) Illustration for the pump
and loss detuning. (b) Dynamics of the fidelity to the target state,
when the initial state is |gg〉. The dashed line is the numerical sim-
ulation. Inset: Reconstructed density matrix of the stabilized steady
state at t = 2.5μs.

APPENDIX G: DATA AND UNCERTAINTY ESTIMATION

For readout calibration, we run 90 000 single-shot experi-
ments for each computational basis state. After postselection
on the heralding measurement result to effectively eliminate
the thermal population, we retain about 50% of the shots to
train the SVM discriminator and obtain the readout assign-
ment probability matrix. The statistical error in the assignment
matrix is below 0.1%.

For the stabilization experiments, each sequence is re-
peated 90 000 times, acquired as 9 independent runs of 10 000
shots each. This same dataset is used for the robust shadow
estimation (Figs. 2–4 and 8), standard shadow estimation
(Fig. 4), and quantum state tomography (Fig. 4). For robust
shadow, the calibration data are also 90 000 shots.

For the classical shadow analysis, the fidelity and eigen-
state populations are extracted by estimating the expectation
values of projectors onto the states |gg〉, |ψ+〉, |ψ−〉, and |ee〉,
where the single-excitation eigenstates |ψ±〉 = 1√

2
(|ge〉 ±

e−iφ |eg〉) include the calibrated dynamical phase φ (see
Appendix B). The corresponding populations are given by
Pi = 〈ψi|ρ|ψi〉, which also yields the fidelity to the target
state. The density matrix is reconstructed by directly esti-
mating the expectation values of the full set of two-qubit
Pauli observables [I, X,Y, Z]⊗2 using the shadow estimation
procedure. The median-of-means estimator is performed by
splitting all shadow snapshots into K = 100 equally sized
groups, calculating the expectation values for each group, and
then taking the median of these values.

The error bars for the robust shadow estimation shown in
the figures are obtained from bootstrap resampling of the mea-
sured shadow snapshots [65]. For each dataset, snapshots are
resampled with replacement from the measured data, and the
observable is reestimated for up to 400 bootstrap realizations.
The quoted uncertainty corresponds to the standard devia-
tion of the resulting bootstrap distribution. This procedure is
performed independently for each of the nine experimental
datasets, and the final uncertainty is obtained from the stan-
dard error of the mean across the independently bootstrapped
datasets. The same procedure is used for the standard shadow
analysis.
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�

FIG. 9. Entanglement of the stabilized states. Concurrence C(t )
as a function of stabilization duration for the stabilization of |−〉
(blue) and |+〉 (red), starting from the initial state |gg〉. Dashed lines
show numerical simulations using experimental parameters.

The average statistical error bars for the robust shadow
estimates are 0.37% for the state populations and fidelities,
and 1.9% for the purity. The larger uncertainty for the purity
arises because it depends on higher-order combinations of
Pauli correlators. For the standard shadow analysis, the av-
erage statistical error bars are 0.18% for the state populations
and fidelities, and 0.76% for the purity. The statistical uncer-
tainty of the robust shadow estimator is slightly larger than
that of the standard shadow estimator because the calibration
procedure introduces additional fluctuations associated with
the independently measured calibration dataset. In contrast,
for the standard shadow analysis, systematic errors arising
from finite readout fidelity and imperfect single-qubit rota-
tions dominate over the statistical uncertainty.

For the QST analysis in Fig. 4, the expectation values of
the two-qubit Pauli observables are measured directly, with
readout-error mitigation performed using the measured read-
out assignment probability matrix. The density matrix is then
reconstructed using maximum-likelihood estimation (MLE),
which enforces a physical density matrix satisfying positivity
and unit trace [66].

The QST error bars represent the standard error of the mean
estimated from the MLE-reconstructed density matrices of
nine independent datasets, with an average value of 0.14%.

The resulting statistical uncertainties are smaller than those
obtained from the shadow estimation with comparable mea-
surement statistics. This reduction arises because the MLE
procedure constrains the reconstructed density matrix to re-
main within the physical state space, suppressing fluctuations
of the reconstructed matrix elements at the cost of potentially
introducing reconstruction bias.

APPENDIX H: STABILIZATION OF |+〉 STATE

In the main text, we present data demonstrating the stabi-
lization of the |−〉 state. In Fig. 8, we show the stabilization
of the |+〉 state by switching the source and drain detunings
to (δS, δD) = 2π × (5.83, 6.23) MHz. The sideband coupling
rates are gS = gD = 2π × 0.73 MHz. We achieve a stabiliza-
tion fidelity of 88.5% for the |+〉 state.

APPENDIX I: CONCURRENCE OF THE STABILIZED
STATES

To directly quantify the entanglement of the dissipatively
stabilized states, we compute the concurrence [38] from the
density matrices reconstructed via robust shadow estimation.
For a two-qubit state ρ, the concurrence is defined as C(ρ) =
max(0, λ1 − λ2 − λ3 − λ4), where λi are the square roots
of the eigenvalues, in decreasing order, of the matrix ρρ̃,
with ρ̃ = (σy ⊗ σy)ρ∗(σy ⊗ σy) and the complex conjugate
taken in the computational basis. The density matrices are
reconstructed from the full set of two-qubit Pauli observ-
ables estimated with the robust shadow procedure described
in Appendix F. We note that, unlike the fidelity and purity,
the concurrence is a nonlinear function of the density matrix
and is therefore computed from the reconstructed state rather
than estimated directly from the shadow snapshots. Figure 9
shows the concurrence as a function of stabilization duration
for the stabilization of both the |−〉 and |+〉 states, starting
from the initial state |gg〉. The concurrence builds up on the
stabilization timescale, in agreement with numerical simula-
tions, and reaches steady-state values of C ≈ 0.82 and 0.79
for the |−〉 and |+〉 states, respectively, directly certifying the
entanglement generated by the engineered local reservoirs.
These values are consistent with the concurrence lower bound
C � 2F − 1, which gives the minimum concurrence compat-
ible with the measured Bell-state fidelity of the stabilized
state.
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