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In quantum information processing, two primary research directions have
emerged: one based on discrete variables (DV) and the other on the structure
of quantum states in a continuous-variable (CV) space. Integrating these two
approaches could unlock new potentials, overcoming their respective limita-
tions. Here, we show that such a DV-CV hybrid approach, applied to super-
conducting Kerr parametric oscillators (KPOs), enables us to entangle a pair of
Schrodinger’s cat states by two methods. The first involves the entanglement-
preserving conversion between Bell states in the Fock-state basis (DV encod-
ing) and those in the cat-state basis (CV encoding). The second method
implements a +/iSWAP gate between two cat states following the procedure for
Fock-state encoding. This simple and fast gate operation completes a universal
quantum gate set in a KPO system. Our work offers powerful applications of
DV-CV hybridization and marks a first step toward developing a multi-qubit
platform based on planar KPO systems.

For nearly three decades, there have been two paradigms in
quantum information processing: one involves discrete variables
(DVs), such as photon number (Fock) states or spin states'™,
whereas the other relies on the structure of quantum states in a
continuous-variable (CV) space, such as Schroédinger’s cat and
Gottesman-Kitaev-Preskill states’. Recently, considerable
efforts have focused on bridging DV and CV quantum information
to overcome the limitations of each paradigm®™. Parametrically
driven Kerr nonlinear resonators, often referred to as Kerr para-
metric oscillators (KPOs)'*™?°, offer a unique testbed for this task,
particularly for exploring emergent quantum properties like
entanglement in interacting quantum systems. This capability is

enabled by simple one-to-one conversion between Fock and cat
states via parametric pump control*~%,

In our previous work?”, we experimentally demonstrated that such
conversion in a superconducting planar KPO preserves the quantum
coherence of the system, with the underlying physics being quantum
tunnelling in phase space***. Furthermore, we showed that single-gate
operations on cat states in a KPO can be implemented similarly to
conventional gate operations on the Fock-state basis® >,

To establish KPO systems as a promising quantum information
platform, the next step would be extending our approach to a multi-
KPO system. Although there have been studies on two interacting
KPOs***, the entanglement between them and its preservation
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during the conversion between Fock and cat states have yet to be
investigated. Additionally, the two-KPO gate operation for cat-state
encoding, which we refer to as the two-cat gate, has not been
demonstrated.

In this work, we introduce two straightforward methods to create
entangled cat states—a valuable resource for fault-tolerant quantum
computation and communication***—by bridging DV and CV
domains. The first method is the entanglement-preserving and deter-
ministic conversion from Fock-state encoding to cat-state encoding.
Such a conversion suggests the possibility of constructing quantum
networks in the cat basis using conventional schemes originally
developed for the Fock basis, thereby reducing experimental

complexity. Thus, our demonstration highlights the potential of
DV-CV hybridization and may lay new groundwork for constructing
quantum networks in the cat basis.

The next method is to implement a v iSWAP gate between two cat
states in a manner almost identical to that for Fock-state encoding*’.
This allows us to create entangled cat states faster than previous
implementations on bosonic modes®*, using only a single square
pulse. Our implementation completes the demonstration of a uni-
versal quantum gate set, alongside the single-cat gate operations from
our previous work®.

For both our methods, we can make analogies to seeds (from the
DV domain) sprouting (in the CV domain) thanks to watering (two-

a b Fock-state encoding
Conversion from Fock to cat Two-cat gate operation
[0k)
Fock 3. Two-photon 777 |08) — | 15)
- states - \\\\\\\\\\ pump ’/’//I’//' |0p) —i|1e)
| Fock | -
ocC
iSWAP D e €
V-
. X
N . [07) +i]15)
S, Two-photon 10) + I1r)
VW pump 1¢)
....... ) ) Cat §
& & " states ’ Cat-state encoding
Bell-Fock [0c)
ISWAP 100}~ 1)
log—ilty T
------- . Bell-Cat ..o o Bell-Cat e
QP Qﬁ QP Qp F=
|0‘>v‘).+”|>.1 ) - 10c)+il1c)
.................................... ¢ ¢
I1c)
C - d
Signal in KPO1 KPO2
2 2 0.9
Transmont | Transmon2 ;.I 2 ;& = %
dri dri - B - B 3 0.0 =
rive rive E 04 (. E 0 :m g
-2 . -2 T -0.9
Readout -2 0 2 -2 0 2
: resonators Re(al) Re(az)
NWF
Cat generation
KPO1 i KPO2
pump pump KPO1 pump 5
A\ Tmm AN\ KPO2 pump
KPO1 drive KPO2 drive Time

Fig. 1| Concept of the experiment. a Seed-sprout analogy for our methods to
create Bell-Cat states. In this analogy, the seeds represent Fock state encoding, the
sprouts represent cat state encoding, water sprinkles represent two-photon
pumps, and gray dotted curves indicate entanglement. b Bloch spheres for Fock
state encoding and cat state encoding. The normalization factor was omitted for
simplicity. ¢ Figure of the chip. The left side is in false colour for clarity. Each KPO is
composed of 10 direct-current superconducting quantum interference devices (DC

SQUIDs) with a shunting capacitor. The two KPOs are capacitively coupled. The
state of each KPO is monitored by the nearby transmon (green) and its readout
resonator (purple). d Simultaneous and independent generation of even cat states
|0¢) from vacuum states |0 ) and the corresponding pulse sequence. The pulse
sequence used to measure the Wigner function is omitted for simplicity (see
Supplementary Fig. 2 for the full pulse sequence). The colour represents the scaled
one-mode Wigner function (1WF), i.e., the number parity.
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photon pumping), asillustrated in Fig. 1a. In this paper, we denote Fock
states |0) and |1} as |O) and |1;), respectively. Correspondingly, the
even and odd cat states are denoted as |0c) and [1¢) as shown in
Fig. 1b. In addition, we refer to the Bell states in the Fock basis as
Bell-Fock states and designate the resulting entangled cat states as
Bell-Cat states.

Results
Setup
The chip used in this work is shown in Fig. 1c. It is the same chip used in
our previous study”. The transition frequencies between the |0) and |1)
states of the KPOs are 2.564 GHz (KPO1) and 2.420 GHz (KPO2). The
self-Kerr coefficient of both KPOs is approximately 2 MHz after
ramping up the pump.

The Hamiltonian of our system can be described as (see Section 1
of Supplementary Information for the derivation)
~Sajaaa+ "0 (4]

N K, IS
+A,a5a, — 7a§a§a2a2+ Pat )<a a +a2a2) @

H(t)=Aala alal + alal)

+g<&I& e+ g ale ‘).

Here, we are working in units where # = 1; @; and a] are the ladder
operators for the KPOi (i = 1, 2); A= wk; — wpi/2) is the KPO-pump
frequency detuning, where wy; is the transition frequency between the
|0¢) and |1¢) states, and wy; is the frequency of the two-photon pump;
K; is the self-Kerr coefficient; P; is the amplitude of the pump; g is the
coupling constant; and Ap[= (wp; — wp2)/2] is half of the detuning
between the two pumps. The Hamiltonian in Eq. (1) is in the rotating
frame defined by , = Zi(wpi/Z)&,T&,-. See Supplementary Table 1 for
the values of these system parameters.

The cat states are generated adiabatically using the pump pulse
with the profile sinz(nt/ZTramp), where the ramping time Tyamp is 1 us
(see Methods for more details). Throughout this work, for both KPOs,
the P/K ratio is chosen to be 1.0, and the pump detuning [A; and A; in
Eq. (1)] is chosen to be 1.0 MHz. Since the detuning between the two
KPOs (144 MHz) is nearly 20 times larger than the coupling (8 MHz),
the interaction is effectively turned off on the timescale of the mea-
surements; thus, cat states can be generated and measured indepen-
dently and simultaneously as shown in Fig. 1d.

Conversion from Fock to cat

We first prepare all four types of Bell-Fock state, |0z0¢) + [1¢1¢) and
|O¢1g) £ |10 ). Subsequent two-photon pumping to each KPO con-
verts the Bell-Fock state into the same type of Bell-Cat state; for
instance, from |0z0¢) +|1¢1;) to [0cOc) +11c1c) (see Fig. 2c for the
pulse sequence). This approach relies on the fundamental property of
entanglement, namely, that “entanglement is preserved under local
unitary operations”®.

The Bell-Fock state is prepared by activating the interaction
between the KPOs by applying a parametric pulse with either the fre-
quency wg; + Wz OF Wy — W2 to the pump ports’. A parametric pulse
with each frequency induces the transitions between |0¢O¢ ) and [1¢1¢),
and between |O¢1¢) and |1:0¢) based on the three-wave mixing cap-
ability of our KPOs. Using such transitions, we can create states
|0¢OF ) + €% |11 ) and |01 ) +e'%4[1:0¢ ), where the phases ¢ and ¢4
are determined by the phase of the parametric pulse (virtual Z gate).
We refer to this pulse as the Bell-preparation pulse. Rabi oscillations
associated with the Bell-preparation pulse are shown in Fig. 2a.

For the full characterization of such entangled quantum states, we
measured the two-mode Wigner functions (2WFs) (Fig. 2d, e)**
because the one-mode Wigner functions (IWFs) cannot provide
information on entanglement—all Bell states show the same 1WF,
which is identical to that of the fully mixed state (Fig. 2b). The 2WFs of

the target Bell-Fock and Bell-Cat states are shown in Supplemen-
tary Fig. 3.

We observe all essential features in the 2WF of Bell-Cat states
(Fig. 2e). Firstly, in the Re-Re plots with Im(a;) = 0 (i = 1, 2), two red
circles aligned diagonally indicate the correlation between the two
KPOs, similar to the results in ref. 39. The alignment direction of the
red circles represents the sign of the superposition. The colour of the
centre circle, which represents the joint number parity, indicates the
type of Bell state; for instance, |0l)+€'?|10) shows a blue centre
regardless of whether the basis is Fock or cat. Secondly, the inter-
ference pattern in the Im-Im plot with Re(a;) = 0 demonstrates that the
correlation is of quantum nature.

Note that the patterns in Fig. 2d, e illustrate how the 2WFs of
Bell-Fock states evolve to those of Bell-Cat states: As the pump
amplitude increases, the pattern in Fig. 2d elongates along the diag-
onal axis, eventually resembling the Re-Re plots in Fig. 2e. Regarding
the Im-Im plots of Bell-Fock states, those of |01 ) + |10 ) are iden-
tical to the Re-Re plots, whereas the Im-Im plot of |0:0¢) |1:1;)
matches the Re-Re plot of |0¢ O )¥[1¢1¢ ). The Im-Im plots in Fig. 2e can
be interpreted as a compressed version of the plots in Fig. 2d along the
diagonal axis. These 2WF patterns show the profound connection
between quantum correlations in the Bell-Fock and Bell-Cat states.

The fidelity between the target and measured Bell-Fock states is
0.81+ 0.01 (with the error representing the standard deviation); for the
Bell-Cat states, the fidelity is 0.60 + 0.04. This value would be 0.25 for
completely mixed cat states. These fidelities were obtained by recon-
structing the density matrix from the measured one- and two-mode
Wigner functions (see Methods).

The most notable difference between the 2WFs of the measured
and target Bell-Cat states is that the measured states show weaker
contrast in the centre circle of the Re-Re plots with Im(a;) =0 (i=1, 2)
and in the interference pattern of the Im-Im plots with Re(a;) = O
compared to the target states. (The 2WFs for the target states are
shown in Supplementary Fig. 3.) The primary sources of this difference
are thermal excitation and relaxations, such as single-photon loss and
dephasing****. Thermal excitation sets an upper limit on fidelity: if we
start from a thermal state rather than a vacuum state, the fidelity is
inherently limited, even in the absence of relaxations and with perfect
control. In our case, this upper bound is 0.86, which is the fidelity
between the vacuum state and the tensor-product thermal states of
both KPOs.

Approximately 0.13 of the fidelity is lost due to relaxations, based
on simulations of our Bell-Fock state preparation and cat generation
using the Lindblad master equation. For the cat generation process,
dephasing is not considered because low-frequency noise does not
affect the fidelity; the cat states in KPOs are protected by the energy
gap®*. Experimental evidence suggests that the primary source of
relaxation for cat states in a KPO is single-photon loss?***°¢,

Assuming T; = T, = 100 us*”*° and a thermal photon number of
0.01, the fidelity of the Bell-Fock states is approximately 0.96, while the
Bell-Cat state fidelity can reach about 0.93, as simulated by the Lind-
blad master equation. The main source of remaining infidelity arises
from population leakage from the computational subspace due to the
small Kerr coefficient. This issue can be mitigated by using a coun-
terdiabatic or numerically optimized pulse’®****% (In this work, a
counterdiabatic pulse was not used, unlike in our previous work”. See
Methods for more information.)

The final fidelity from the simulation, accounting for all these
error sources, is approximately 0.68, which is reasonably close to our
experimental result. For more details on the simulation, see Section 4A
of Supplementary Information.

Two-cat gate operation
One notable feature of this KPO system is that the same type of para-
metric pulse can be used for two-qubit gate operations in both Fock-
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Fig. 2 | Converting Bell-Fock states to Bell-Cat states. a Rabi oscillations for Bell-
preparation pulse. Regarding Rabi oscillations associated with [0¢1¢) < [10¢) transi-
tions, the colour represents the population of the |0 ) state of KPO2 and zero detuning
corresponds to the frequency wi; — wyo. As for Rabi oscillations associated with

|00 ) < [1¢1;) transitions, the colour represents the population of the |0 state of
KPOLI and zero detuning corresponds to the frequency wy; + @xa — Aac, where Axc is an

AC Stark-like frequency shift whose value is 21 MHz in this measurement. b Measured
one-mode Wigner function (IWF) of Bell-Fock and Bell-Cat states. ¢ Pulse sequences
for Bell-Fock state preparation and Bell-Cat state generation. The amplitude and length
of pulses are not to scale. d, e Measured two-mode Wigner function (2WF) for Bell-Fock
(d) and Bell-Cat (e) states. In Re-Re plots, Im(a;) = Im(a,) = 0, whereas in Im-Im plots,
Re(a;)=Re(a,)=0. The colour represents the joint number parity.

and cat-state encodings®. In this work, a parametric pulse—referred to as
the gate pulse—with a frequency of (wp; — wp2)/2 was employed for the
gate operation. If A; = A, in Eq. (1), the gate pulse frequency matches that
used to prepare the Bell-Fock state. Thus, the schemes for creating Bell-

Fock and Bell-Cat states are quite similar, with one key difference: the
gate pulse at (wp; — @,2)/2 induces not only [0¢1c) < [1c0¢) transitions
butalso [0c0¢) « [1c1¢) transitions, the latter of which are forbidden in
the Fock-state basis but enabled by the presence of the pump.
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Below, we explicitly outline the three-wave mixing processes that
facilitate this gate operation. Each term represents the frequency of a
photon created or annihilated during the process; for example, wp,
corresponds to the pump for KPO2 and (wp; — wp,)/2 to the gate pulse.
The |0c1¢) < [1c0c) transitions:

(i) wpy — “2 + 282, (i) 52 + e Do
The |0:0¢) < |1c1c) transitions:

) Wy + o)pl*z'wpz’
Here, the processes (i) and (ii) occur sequentially.

Based on the three-wave mixing processes described above, parti-
cularly process (ii), the working principle of our two-cat gate operation
can be understood as follows. We begin with the X gate, which can be
implemented using a single-photon drive with the frequency wp;/2 or
wp/2”, as the X gate changes the parity of the state and the cat states
are already shaped by the interplay between the Kerr nonlinearity and
the two-photon pump. In our two-cat gate, the gate pulse enables the
two KPOs to exchange a single photon (for the |0.1¢) < [1:0¢) transi-
tions) or absorb/emit a single photon simultaneously (for the [0:0¢) <
[1c1¢) transitions). Such processes result in two correlated X gates act-
ing on each KPO, implementing the following gate operation Ug:

Wy —W, eey Wy T 0 , W,
Lt (i) 2522 — L+ 2,

1 0 0 i
1101 i 0

U= —— 2

¢ Lhnlo i1 o0 @
i 001

Within the [0c1c) and |1c0¢) subspace, the gate operation remains
identical to the +iSWAP gate. For simplicity, we refer to it as the
ViISWAP gate in this work. (This work does not explore |0.0¢) < [1c1c)
transitions. A complete characterization of the gate operation, including
this aspect, is left for future study.)

Note that Eq. (2) corresponds to the R,, gate in the coherent-state
basis (see Section 6 of the Supplementary Information for the deri-
vation). This has two key implications: Since the R,, gate is part of the
universal gate set, Eq. (2) is as well. Additionally, the R,, gate—and
therefore Eq. (2)—preserves the biased-noise property of KPOs, as
discussed in ref. 33.

We observe the Rabi-like oscillations in the parity of each KPO,
which we call the two-cat Rabi, as a function of the phase and the
detuning of the parametric pulse (Fig. 3a, b). Here, the gate phase ¢ is
the phase relative to the pumps, and the gate detuning A, is the
detuning from (w,; — wy2)/2. For this measurement, we first prepare
|O¢1¢) and convert it to |Oc1c) by applying the pumps. Then, we apply
the gate pulse, in addition to the pumps, as shown in Fig. 3c.

Note that the two KPOs exhibit the same two-cat Rabi oscillations
but with opposite parities. From the simulation, we determined the
gate amplitude to be 2.96 MHz (see Supplementary Fig. 5a and its
caption for details). One-mode Wigner functions show that during the
Rabi oscillations, the state evolves from |0c1c) (no gate) to [1c0¢)
(iSWAP). To determine the intermediate quantum state between these
two points, a 2WF measurement with an additional offset in displace-
ment is required. This is because IWF and the Re-Re (Im-Im) plot in
2WF without an additional displacement along the imaginary (real)
axes cannot distinguish the following three states: |0c1c) +i|1cOc),
which are the states after the +/iSWAP gate, and the mixture of [0¢1¢)
and [1c0¢). The Re-Re plot with an additional offset shows that the
state is |Oc1c) — i[1c0c) (the plot at the bottom of Fig. 3d), confirming
that the two-cat gate operation is the +~/iSWAP gate (see Supplemen-
tary Fig. 3).

The /iSWAP gate time, 275 ns, is significantly faster than recent
implementations of similar SWAP gate operations on bosonic
modes**”, This short gate time is possible because the beam-splitter
interaction is inherently built into the Hamiltonian [Eq. (1)], and the KPO
system enables us to adopt schemes for gate operations in Fock-state
encoding. The primary limitations on our gate time are the AC Stark-like

frequency shift induced by the gate pulse above a certain amplitude
threshold, which would introduce unwanted Z-gate operations, and the
small cat size. Additionally, ref. 49 suggested implementing Eq. (2)
using the frequency (wp; + w,2)/2, as we demonstrated in Fig. 2 for the
preparation of Bell-Fock states. We did not pursue this approach
because the amplitude threshold for the AC Stark-like frequency shift is
almost zero at (w,; + wpz)/2. Therefore, suppressing the AC Stark-like
frequency shift at the circuit design level and increasing the cat size will
enable faster gate operations and enhance functionalities.

Similarly to the Bell-Fock state preparation, the sign of the
superposition can be flipped by adding m in the phase of the two-cat
gate pulse. Unlike the conversion from the Bell-Fock to Bell-Cat
states, however, we cannot create a Bell-Cat state with an arbitrary
phase. The reason is that once the pumps are turned on, the pump
phase becomes the reference phase. Consequently, we can no longer
use the virtual Z gate as implied in Fig. 3a. In other words, ¢4 in
|O¢1¢) +€'%[1:0¢) can only take values of (n + 1/2)m, where n is an
integer. Thus, the Bell-Cat state we create in this work using the two-
cat gate is limited to |O¢1¢) +i[1c0c ), which is exactly what is expected
from the +/iSWAP gate.

The gate-detuning dependence of the two-cat Rabi exhibits the
characteristic pattern observed in cat Rabi oscillations for the X gate”.
This suggests that, as pointed out in ref. 29, when mapping the
dynamics of cat states to that of interacting two-level qubits, two tones
with opposite gate detuning are required. In such a two-level qubit
system, the same pattern can be reproduced by modulating the cou-
pling constant with two frequencies, wg and 2(wq; — Wq2) — Wg, Where wg;
is the transition frequency of the two-level qubiti (i =1, 2). In this case,
zero detuning corresponds to wg = Wq — Wq2. For further discussion
and simulation results, see Section 5 of Supplementary Information.

The fidelity of the |0c1¢) *i[1c0c) states is 0.61 + 0.03, which is
almost identical to that achieved by the conversion from Bell-Fock to
Bell-Cat states. This result is not surprising because, although the
pulse length of the +/iSWAP gate on the cat states (275 ns) is less than
half that of the Bell-preparation pulse (730 ns), the contrast of the two-
cat Rabi oscillations attenuates faster than that of the Rabi oscillations
used for the Bell-Fock state preparation (compare Fig. 3b and the left
plot of Fig. 2a). More quantitatively, the decay time of the two-cat Rabi
oscillation is 3 us for both KPOs, whereas that of the Rabi oscillations
used in Bell-Fock state preparation is longer than 10 us. The simulation
using the Lindblad master equation suggests that the photon lifetime
of both KPOs to reproduce the data in Fig. 3b is 10 us (see Supple-
mentary Fig. 5a). This photon lifetime falls within the observed range
(Supplementary Table 1). Thus, the main sources of infidelity in this
case are also thermal excitation and relaxations.

The fidelity of our Bell-Cat states is somewhat lower than that
reported in previous works, which was 0.74°°°", This difference is likely
due to the low thermal population (50.01) in the earlier studies. In fact,
the 0.13 difference in fidelity between our work and previous studies
closely matches the infidelity attributed to thermal excitation, as dis-
cussed in Section “Conversion from Fock to cat” of “Results”. We
expect the performance of our gate operation to be comparable to
that of previous demonstrations.

Overall, our gate operation is faster and significantly simpler,
requiring only a single square pulse to implement the +/iSWAP gate,
while achieving comparable performance. Furthermore, there is con-
siderable potential for improving fidelity by suppressing the thermal
population, enhancing the relaxation times of KPOs, or optimizing the
gate pulse shape.

Lastly, we point out that the same v iSWAP gate operation can be
performed between cat states with different mean photon numbers.
This property may provide significant flexibility when constructing a
KPO-based quantum network, particularly for the scheme developed
in refs. 63,64. The simulation results can be found in Supplemen-
tary Fig. 5c.
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Fig. 3 | Two-cat gate operation. a, b Two-cat Rabi oscillations between |01 ) and
[1c0¢). The colours represent the number parity of each KPO. ¢g and A, represent
the phase and detuning of the gate pulse, respectively. Zero detuning (Ag = 0)
means that the frequency of the gate pulse is equal to (wp; — w,2)/2. One-mode

Wigner functions at times corresponding to no gate (0 ns), ~/iSWAP gate (275 ns),
and iSWAP gate (480 ns) are shown above. ¢ Pulse sequence for the two-cat Rabi.
d Two-mode Wigner functions of the KPO state after the v/iSWAP gate. All Wigner
functions showing the results of the +/iSWAP gate are enclosed in black frames.

Discussion

To summarize, we demonstrate two intuitive methods for entangling
cat states by adopting a DV-CV hybrid approach. This hybridization is
achieved through Hamiltonian engineering, combining moderate Kerr
nonlinearity and two-photon pumping. It enables coherent treatment
of Bell-Fock and Bell-Cat states, facilitating gate operations directly
on the cat basis without the need for ancilla qubits or individual Fock
state control. One consequence is the entanglement-preserving con-
version from Bell-Fock to Bell-Cat states. The other is the fast and
simple ~/iSWAP gate operation on the cat states, thereby completing
the demonstration of a universal quantum gate set. Therefore, our
superconducting planar KPO system is not only a promising quantum
information processing unit but also a potent platform for DV-CV
hybridization.

We suggest several future research directions extending this work.
First, we can construct quantum networks in the cat basis. Note that
our methods are compatible with previously demonstrated quantum
network constructions in the Fock basis® ®. This means we can create

more complex entangled states, such as Greenberger-Horne-Zeilinger
or cluster states, in the cat basis simply by replacing transmon/Xmon
qubits with KPOs and converting the basis from Fock to cat states. This
approach will significantly reduce the complexity of constructing
quantum networks using bosonic modes. We can also create travelling
entangled-cat states by coupling our system to transmission lines®.
Combining Hamiltonian engineering with dissipation engineering may
enable us to create highly coherent cat states®**. Finally, employing
other multiphoton pumps may open new possibilities’**?, such as
exploring condensed matter physics in time crystals®** and autono-
mous quantum error correction®.

Methods

Cat state generation

As mentioned in the main text, the ramping time of the pump for cat-
state generation is 1 us. This ramping time is much longer than that in
our previous work (300 ns)* because the counterdiabatic pulse did
not work. We believe that the reason is the reduction in Kerr coefficient
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from about 3 MHz to 2 MHz after ramping up the pump (see Supple-
mentary Table 1), whereas the Kerr coefficient in ref. 29 increases
slightly from 2.86 MHz to 3.13 MHz.

During the ramping, we change the pump frequency, i.e., chirp the
pump pulse, for two reasons: One is to compensate for unwanted AC
Stark-like frequency shifts in 2wy; and 2wy,, which are approximately
— 10 MHz at the target pump amplitude®. The other reason is that the
pump detuning must start from zero and then approach the target
value adiabatically to create high-fidelity cat states.

Wigner-function measurements
The one-mode Wigner function of the KPO is given by*

W@ = 21D @by, )

w(h)ere D a;)= exp aa —a;a;) is the displacement operator,
[T =exp ma,‘a is the photon-number parity operator, and p? is the
density matrix of KPOi(i = 1, 2). Similarly, the two-mode Wigner

function is given by*

Wy, ay)= % Tr[D' (@b (@)p@Dapba™] @)

4
F

(alraz) (&)

where p" is the density matrix of the two-KPO system and

A" =a"n% is the joint parity of the two KPOs. This operator can

be measured by the joint probabilities of the transmons being in their
ground/excited state Py (Jj, k € {g, e})>:

~(12)
(n (al:az))zpee+ng_Peg_Pge- (6)

In the experiment, this was accomplished by fitting the single-shot
readout data (Fig. 4a) with a two-dimensional Gaussian function for all
pixels of the Wigner function plots.

The two-mode Wigner functions of the target and simulated
states in Supplementary Information are obtained using the
Cahill-Glauber formula®°:

W, )= o Tr o Tia) T(ay)| @

®

4 NN
" Z Z [Tt T@imy
m;}=

0
X <{m,~}|p“2’|{n,-}>,

where T is the complex Fourier transform of the displacement
operator, and N; is the dimension of the Hilbert space of KPOi. For m; >

n;,
- _ny! PPN
(ni|T(ai)|mi)—Um7[_!(—1) (2ay) )

X L9)(4]a; %) exp(—2la; %),

where 6;= m; — n; and Lﬁff)(x) are the associated Laguerre polynomials.
For m; < n;, we can use the following property:
(| T(@pm;) =

(my|T(a})In;). (10)

Density-matrix reconstruction

A two-mode Wigner function is a four-dimensional function. Since our
signal-to-noise ratio is marginal, as shown in Fig. 4a, collecting such a
large data set—13 x 13 x 13 x 13 pixels, for example—is impractical.
Instead, we measured 10 two-dimensional plots, each of which has
17 x 17 pixelsinthe range - 1.6 <a;<1.6 (i=1,2). Among these 10 plots,
half are Re-Re plots with imaginary offset displacements and the other
half are Im-Im plots with real offset displacements. For Re-Re plots,
the imaginary offset displacements are given as follows (Fig. 4b):
{(Im(ay), Im(a»))} ={(0, 0), (0, +0.82), (-1.10, +1.07), (-1.35,-1.32), (+1.35,-
-0.82)}. The same values are used for the real offset displacements
for Im-Im plots. In addition to the 10 plots from the two-mode
Wigner function, one-mode Wigner functions of both KPOs were
measured, resulting in a total of 12 plots used for density matrix
reconstruction.

We found that, with the data set simulated from the target
Bell-Cat states, the reconstruction fidelity is > 0.99. We also checked
the reconstruction fidelity of non-ideal data sets. For example, we
prepared low-quality Bell-Cat states by simulating the Lindblad mater
equation with 7; = 10 us for both KPOs after 2 us waiting; the resulting
fidelity between this state and the initial state was 0.57, which is similar
to our results. The reconstruction fidelity from 2WFs of these low-
quality states is still >0.98.

For Bell-Fock states, the dimensions of the Hilbert space were
set to 3 x 3. For Bell-Cat states, the dimensions of the Hilbert space
were set to 8 x 8 because, for the ideal Bell-Cat states with P/K=1and
1 MHz of pump detuning, the occupation probability at | >8) is less
than 10

The algorithm for reconstruction followed the idea from
refs. 91,92, which use gradient descent to reconstruct a density matrix
with a projection step. A loss function between the measured data and
that obtained from an estimated density matrix is minimized to obtain
the reconstructed density matrix starting from a random initialization.
We simplified the method to directly apply gradient descent (Adam®)
on a matrix 7, that is projected to construct an estimate of the physical
density matrix using the Cholesky decomposition. At each gradient-
descent step, the loss function is minimized followed by a projection
step where the matrix T is converted to a lower triangular matrix with
real-valued diagonal elements by discarding the upper-triangular part
and making the diagonal real. This step allows us to obtain a density

Tr T 5 that is guaranteed to be physical. The Python
libraries used were QuTiP***°, NumPy®, and JAX”".

matrix p=
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Data availability
All data are available in the main text or in the supplementary
information.

References

1.

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Vandersypen, L. M. K. & Chuang, I. L. NMR techniques for quantum
control and computation. Rev. Mod. Phys. 76, 1037 (2005).

Krantz, P. et al. A quantum engineer’s guide to superconducting
qubits. Appl. Phys. Rev. 6, 021318 (2019).

Kwon, S., Tomonaga, A., Bhai, G. L., Devitt, S. J. & Tsai, J.-S. Gate-
based superconducting quantum computing. J. Appl. Phys. 129,
041102 (2021).

Burkard, G., Ladd, T. D., Pan, A., Nichol, J. M. & Petta, J. R. Semi-
conductor spin qubits. Rev. Mod. Phys. 95, 025003 (2023).
Braunstein, S. L. & van Loock, P. Quantum information with con-
tinuous variables. Rev. Mod. Phys. 77, 513 (2005).

Joshi, A., Noh, K. & Gao, Y. Y. Quantum information processing
with bosonic qubits in circuit QED. Quantum Sci. Technol. 6,
033001 (2021).

Eriksson, A. M. et al. Universal control of a bosonic mode via drive-
activated native cubic interactions. Nat. Commun. 15, 2512 (2024).
Andersen, U. L., Neergaard-Nielsen, J. S., van Loock, P. & Furusawa,
A. Hybrid discrete- and continuous-variable quantum information.
Nat. Phys. 11, 713-719 (2015).

Jeong, H. et al. Generation of hybrid entanglement of light. Nat.
Photon. 8, 564-569 (2014).

Morin, O. et al. Remote creation of hybrid entanglement between
particle-like and wave-like optical qubits. Nat. Photon. 8, 570-574
(2014).

Ulanov, A.E., Sychev, D., Pushkina, A. A., Fedorov, I. A. & Lvovsky,
A. |. Quantum Teleportation Between Discrete and Continuous
Encodings of an Optical Qubit. Phys. Rev. Lett. 118, 160501
(2017).

Sychey, D. V. et al. Entanglement and teleportation between
polarization and wave-like encodings of an optical qubit. Nat.
Commun. 9, 3672 (2018).

Gan, H. C. J., Maslennikov, G., Tseng, K.-W., Nguyen, C. & Matsu-
kevich, D. Hybrid Quantum Computing with Conditional Beam
Splitter Gate in Trapped lon System. Phys. Rev. Lett. 124,

170502 (2020).

Darras, T. et al. A quantum-bit encoding converter. Nat. Photon. 17,
165-170 (2023).

Macridin, A., Li, A. C. Y. & Spentzouris, P. Qumode transfer between
continuous- and discrete-variable devices. Phys. Rev. A 109,
032419 (2024).

Dykman, M., in Fluctuating Nonlinear Oscillators: From Nano-
mechanics to Quantum Superconducting Circuits (ed Dykman, M.)
(Oxford University Press, 2012).

Goto, H. Quantum computation based on quantum adiabatic
bifurcations of Kerr-nonlinear parametric oscillators. J. Phys. Soc.
Jpn. 88, 061015 (2019).

Wustmann, W. & Shumeiko, V. Parametric effects in circuit quantum
electrodynamics. Low Temp. Phys. 45, 848-869 (2019).

Yamaiji, T. et al. Spectroscopic observation of the crossover from a
classical Duffing oscillator to a Kerr parametric oscillator. Phys. Rev.
A 105, 023519 (2022).

Yamaguchi, A. et al. Spectroscopy of flux-driven Kerr parametric
oscillators by reflection coefficient measurement. New. J. Phys. 26,
043019 (2024).

Cochrane, P. T., Milburn, G. J. & Munro, W. J. Macroscopically dis-
tinct quantum-superposition states as a bosonic code for amplitude
damping. Phys. Rev. A 59, 2631-2634 (1999).

Goto, H. Bifurcation-based adiabatic quantum computation with a
nonlinear oscillator network. Sci. Rep. 6, 21686 (2016).

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

44,

45,

46.

47.

48.

Minganti, F., Bartolo, N., Lolli, J., Casteels, W. & Ciuti, C. Exact results
for Schrédinger cats in driven-dissipative systems and their feed-
back control. Sci. Rep. 6, 26987 (2016).

Puri, S., Boutin, S. & Blais, A. Engineering the quantum states of light
in a Kerr-nonlinear resonator by two-photon driving. npj Quantum
Inf. 3,18 (2017).

Zhang, Y. & Dykman, M. |. Preparing quasienergy states on demand:
A parametric oscillator. Phys. Rev. A 95, 053841 (2017).

Wang, Z. et al. Quantum dynamics of a few-photon parametric
oscillator. Phys. Rev. X 9, 021049 (2019).

Masuda, S., Ishikawa, T., Matsuzaki, Y. & Kawabata, S. Controls of a
superconducting quantum parametron under a strong pump field.
Sci. Rep. 1, 11459 (2021).

Xue, J.-J., Yu, K.-H., Liu, W.-X., Wang, X. & Li, H.-R. Fast generation of
cat states in Kerr nonlinear resonators via optimal adiabatic control.
New J. Phys. 24, 053015 (2022).

lyama, D. et al. Observation and manipulation of quantum inter-
ference in a superconducting Kerr parametric oscillator. Nat.
Commun. 15, 86 (2024).

Marthaler, M. & Dykman, M. I. Quantum interference in the classi-
cally forbidden region: A parametric oscillator. Phys. Rev. A 76,
010102(R) (2007).

Venkatraman, J., Cortinas, R. G., Frattini, N. E., Xiao, X. & Devoret, M.
H. A driven Kerr oscillator with two-fold degeneracies for qubit
protection. Proc. Natl Acad. Sci. USA 121, 2311241121 (2024).
Goto, H. Universal quantum computation with a nonlinear oscillator
network. Phys. Rev. A 93, 050301(R) (2016).

Puri, S. et al. Bias-preserving gates with stabilized cat qubits. Sci.
Adv. 6, eaay5901 (2020).

Grimm, A. et al. Stabilization and operation of a Kerr-cat qubit.
Nature 584, 205 (2020).

Kanao, T., Masuda, S., Kawabata, S. & Goto, H. Quantum gate for
Kerr-nonlinear parametric oscillator using effective excited states.
Phys. Rev. Appl. 18, 014019 (2022).

Xu, Q., Iverson, J. K., Brandéo, F. G. S. L. & Jiang, L. Engineering fast
bias-preserving gates on stabilized cat qubits. Phys. Rev. Res. 4,
013082 (2022).

Masuda, S. et al. Fast tunable coupling scheme of Kerr parametric
oscillators based on shortcuts to adiabaticity. Phys. Rev. Appl.18,
034076 (2022).

Hajr, A. et al. High-coherence Kerr-Cat qubit in 2D architecture.
Phys. Rev. X 14, 041049 (2024).

Yamaiji, T. et al. Correlated oscillations in kerr parametric oscillators
with tunable effective coupling. Phys. Rev. Appl. 20, 014057 (2023).
Margiani, G. et al. Deterministic and stochastic sampling of two cou-
pled Kerr parametric oscillators. Phys. Rev. Res. 5, L012029 (2023).
Alvarez, P. et al. Biased Ising Model Using Two Coupled Kerr Parametric
Oscillators with External Force. Phys. Rev. Lett. 132, 207401 (2024).
Dell’Anno, F., De Siena, S. & Illuminati, F. Multiphoton quantum optics
and quantum state engineering. Phys. Rep. 428, 53-168 (2006).
Sanders, B. C. Review of entangled coherent states. J. Phys. A: Math.
Theor. 45, 244002 (2012).

Walschaers, M. Non-Gaussian quantum states and where to find
them. PRX Quantum 2, 030204 (2021).

Wang, C. et al. A Schrodinger cat living in two boxes. Science 352,
1087-1091 (2016).

Albert, V. V. et al. Pair-cat codes: autonomous error-correction with
low-order nonlinearity. Quantum Sci. Technol. 4, 035007 (2019).
Zhou, Z.-Y., Gneiting, C., You, J. Q. & Nori, F. Generating and
detecting entangled cat states in dissipatively coupled degenerate
optical parametric oscillators. Phys. Rev. A 104, 013715 (2021).
Gertler, J. M., van Geldern, S., Shirol, S., Jiang, L. & Wang, C.
Experimental realization and characterization of stabilized pair-
coherent states. PRX Quantum 4, 020319 (2023).

Nature Communications | (2025)16:1309


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56503-8

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

Chono, H., Kanao, T. & Goto, H. Two-qubit gate using conditional
driving for highly detuned Kerr nonlinear parametric oscillators.
Phys. Rev. Res. 4, 043054 (2022).

Gao, Y. Y. et al. Entanglement of bosonic modes through an engi-
neered exchange interaction. Nature 566, 509 (2019).

Chapman, B. J. et al. High-on-off-ratio beam-splitter interaction for
gates on bosonically encoded qubits. PRX Quantum 4, 020355
(2023).

Plenio, M. B. & Virmani, S. S. An Introduction to Entanglement Theory
in Quantum Information and Coherence (ed Andersson, E. &
Ohberg, P.) (Springer Cham, 2014); https://doi.org/10.1007/978-3-
319-04063-9_8.

Kim, M. S. & Lee, J. Test of quantum nonlocality for cavity fields.
Phys. Rev. A 61, 042102 (2000).

Zhao, X. L., Shi, Z. C., Qin, M. &Yi, X. X. Optical Schrodinger cat
states in one mode and two coupled modes subject to environ-
ments. Phys. Rev. A 96, 013824 (2017).

Puri, S. et al. Stabilized cat in a driven nonlinear cavity: a fault-
tolerant error syndrome detector. Phys. Rev. X 9, 041009 (2019).
Frattini, N. E. et al. Observation of pairwise level degeneracies and
the quantum regime of the Arrhenius law in a double-well para-
metric oscillator. Phys. Rev. X 14, 031040 (2024).

Place, A. P. M. et al. New material platform for superconducting
transmon qubits with coherence times exceeding 0.3 milliseconds.
Nat. Commun. 12, 1779 (2021).

Wang, C. et al. Towards practical quantum computers: transmon
qubit with a lifetime approaching 0.5 milliseconds. npj Quantum inf.
8, 3 (2022).

Kono, S. et al. Mechanically induced correlated errors on super-
conducting qubits with relaxation times exceeding 0.4 ms. Nat.
Commun. 15, 3950 (2024).

Biznarova, J. et al. Mitigation of Interfacial Dielectric Loss in
Aluminum-on-silicon Superconducting Qubits. npj Quantum Inf.
10, 78 (2024).

Motzoi, F., Gambetta, J. M., Rebentrost, P. & Wilhelm, F. K. Simple
pulses for elimination of leakage in weakly nonlinear qubits. Phys.
Rev. Lett. 103, 110501 (2009).

Goto, H., Lin, Z., Yamamoto, T. & Nakamura, Y. On-demand gen-
eration of traveling cat states using a parametric oscillator. Phys.
Rev. A 99, 023838 (2019).

Zhong, Y. et al. Deterministic multi-qubit entanglement in a quan-
tum network. Nature 590, 571-575 (2021).

Qiu, J. et al. Deterministic Quantum Teleportation between Distant
Superconducting Chips Preprint at https://arxiv.org/abs/2302.
08756 (2023).

Kurpiers, P. et al. Deterministic quantum state transfer and remote
entanglement using microwave photons. Nature 558, 264-267 (2018).
Gautier, R., Sarlette, A. & Mirrahimi, M. Combined dissipative and
hamiltonian confinement of cat qubits. PRX Quantum 3, 020339
(2022).

Gravina, L., Minganti, F. & Savona, V. Critical Schrodinger cat qubit.
PRX Quantum 4, 020337 (2023).

Marquet, A. et al. Autoparametric resonance extending the bit-flip
time of a cat qubit up to 0.3 s. Phys. Rev. X 14, 021019 (2024).
Réglade, U. et al. Quantum control of a cat qubit with bit-flip times
exceeding ten seconds. Nature 629, 778-783 (2024).

Svensson, |.-M. et al. Period-tripling subharmonic oscillations in a
driven superconducting resonator. Phys. Rev. B 96, 174503 (2017).
Svensson, |.-M., Bengtsson, A., Bylander, J., Shumeiko, V. & Delsing,
P. Period multiplication in a parametrically driven superconducting
resonator. Appl. Phys. Lett. 113, 022602 (2018).

Chang, C. W. S. et al. Observation of three-photon spontaneous
parametric down-conversion in a superconducting parametric
cavity. Phys. Rev. X 10, 011011 (2020).

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

Zhang, Y., Gosner, J., Girvin, S. M., Ankerhold, J. & Dykman, M. I.
Time-translation-symmetry breaking in a driven oscillator: From the
quantum coherent to the incoherent regime. Phys. Rev. A 96,
052124 (2017).

Zhang, Y. & Dykman, M. I. Nonlocal random walk over Floquet
states of a dissipative nonlinear oscillator. Phys. Rev. E 100,
052148 (2019).

Tadokoro, Y., Tanaka, H. & Dykman, M. I. Noise-induced switching
from a symmetry-protected shallow metastable state. Sci. Rep. 10,
10413 (2020).

Gosner, J., Kubala, B. & Ankerhold, J. Relaxation dynamics and
dissipative phase transition in quantum oscillators with period tri-
pling. Phys. Rev. B 101, 054501 (2020).

Lang, B. & Armour, A. D. Multi-photon resonances in Josephson
junction-cavity circuits. New J. Phys. 23, 033021 (2021).

Arndt, L. & Hassler, F. Period tripling due to parametric down-
conversion in circuit QED. Phys. Rev. Lett. 128, 187701 (2022).
Minganti, F., Savona, V. & Biella, A. Dissipative phase transitions in n-
photon driven quantum nonlinear resonators. Quantum 7, 1170 (2023).
lachello, F., Cortinas, R. G., Pérez-Bernal, F. & Santos, L. F. Sym-
metries of the squeeze-driven Kerr oscillator. J. Phys. A: Math. Theor.
56, 495305 (2023).

Guo, L. & Peano, V. Engineering arbitrary hamiltonians in phase
space. Phys. Rev. Lett. 132, 023602 (2024).

Labay-Mora, A., Zambrini, R. & Giorgi, G. L. Quantum memories for
squeezed and coherent superpositions in a driven-dissipative non-
linear oscillator. Phys. Rev. A 109, 032407 (2024).

Guo, L., Marthaler, M. & Schon, G. Phase space crystals: a new way
to create a quasienergy band structure. Phys. Rev. Lett. 111,
205303 (2013).

Guo, L. & Liang, P. Condensed matter physics in time crystals. New
J. Phys. 22, 075003 (2020).

Sacha, K.Time Crystals (Springer, 2020).

Kwon, S., Watabe, S. & Tsai, J.-S. Autonomous quantum error cor-
rection in a four-photon Kerr parametric oscillator. npj Quantum Inf.
8, 40 (2022).

Royer, A. Wigner function as the expectation value of a parity
operator. Phys. Rev. A 15, 449-450 (1977).

Cahill, K. E. & Glauber, R. J. Ordered expansions in boson amplitude
operators. Phys. Rev. 177, 1857 (1969).

Cahill, K. E. & Glauber, R. J. Density operators and quasiprobability
distributions. Phys. Rev. 177, 1882 (1969).

Miranowicz, A. et al. Quantifying Nonclassicality of Vacuum-one-
photon Superpositions Via Potentials for Bell Nonlocality, Quantum
Steering, and Entanglement, Preprint at https://arxiv.org/abs/2309.
12930 (2023).

Ahmed, S., Sanchez Mufoz, C., Nori, F. & Kockum, A. F. Quantum
state tomography with conditional generative adversarial networks.
Phys. Rev. Lett. 127, 140502 (2021).

Ahmed, S., Sdnchez Mufoz, C., Nori, F. & Kockum, A. F. Classifica-
tion and reconstruction of optical quantum states with deep neural
networks. Phys. Rev. Res. 3, 033278 (2021).

Kingma, D. P. & Ba, J. Adam: A Method for Stochastic Optimization
Preprint at https://arxiv.org/abs/1412.6980 (2014).

Johansson, J. R., Nation, P. D. & Nori, F. QuTiP: An open-source
Python framework for the dynamics of open quantum systems.
Comput. Phys. Commun. 183, 1760-1772 (2012).

Johansson, J. R., Nation, P. D. & Nori, F. QuTiP 2: a Python framework
for the dynamics of open quantum systems. Comput. Phys. Comm.
184, 1234-1240 (2013).

Harris, C. R. et al. Array programming with NumPy. Nature 85,
357-362 (2020).

Bradbury, J. et al. JAX: Composable Transformations of Python
+NumPy Programs http://github.com/google/jax (2018).

Nature Communications | (2025)16:1309


https://doi.org/10.1007/978-3-319-04063-9_8
https://doi.org/10.1007/978-3-319-04063-9_8
https://arxiv.org/abs/2302.08756
https://arxiv.org/abs/2302.08756
https://arxiv.org/abs/2309.12930
https://arxiv.org/abs/2309.12930
https://arxiv.org/abs/1412.6980
http://github.com/google/jax
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56503-8

Acknowledgements

The authors thank Adam Miranowicz, Tsuyoshi Yamamoto, Shiro Saito,
Atsushi Noguchi, Shotaro Shirai, and Yoshiki Sunada for their interest in
this project and helpful discussion. We also thank Kazumasa Makise of
the National Astronomical Observatory of Japan for providing niobium
films and the MIT Lincoln Laboratory for providing a Josephson
travelling-wave parametric amplifier. This work was primarily supported
by the Japan Science and Technology Agency (Moonshot R&D,
JPMJMS2067; CREST, JPMJCR1676) and the New Energy and Industrial
Technology Development Organization (NEDO, JPNP16007). These
funds were secured by JST. SA and AFK acknowledge support from the
Knut and Alice Wallenberg Foundation through the Wallenberg Centre
for Quantum Technology (WACQT). AFK is also supported by the
Swedish Research Council (grant number 2019-03696), the Swedish
Foundation for Strategic Research (grant numbers FFL21-0279 and
FUS21-0063), and the Horizon Europe programme HORIZON-CL4-2022-
QUANTUM-01-SGA via the project 101113946 OpenSuperQPlus100.

Author contributions

S.K. and J.S.T. conceived the project. S.K., D.H., T.N., H.M., and J.S.T.
designed the details of the experiment. D.H., T.N., and S.K. performed
the measurements and data analysis. T.N. and S.K. performed the
simulations with contributions from S.F. S.W. provided theoretical
support. D.H. and D.I. wrote the software for the measurements. S.A.
wrote the code for the density-matrix reconstruction with contribu-
tions from A.F.K. and S.K. H.M. managed the hardware. S.K. and T.K.
designed the chip. T.K. fabricated the chip. S.K. wrote the original draft
with contributions from D.H. and T.N. All authors contributed to the
review and editing of the paper. S.K., F.Y., and J.S.T. supervised the
project.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-56503-8.

Correspondence and requests for materials should be addressed to
Sangil Kwon.

Peer review information Nature Communications thanks Guo Zheng
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if you modified the licensed
material. You do not have permission under this licence to share adapted
material derived from this article or parts of it. The images or other third
party material in this article are included in the article’s Creative
Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons
licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

Nature Communications | (2025)16:1309

10


https://doi.org/10.1038/s41467-025-56503-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/naturecommunications

	Entangling Schrödinger’s cat states by bridging discrete- and continuous-variable encoding
	Results
	Setup
	Conversion from Fock to cat
	Two-cat gate operation

	Discussion
	Methods
	Cat state generation
	Wigner-function measurements
	Density-matrix reconstruction

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




