
 
 

Delft University of Technology

Document Version
Final published version

Licence
CC BY

Citation (APA)
Koenig, J. D., Barbieri, G., Sani, F. F., Potts, C. A., Kounalakis, M., & Steele, G. A. (2026). Flux-modulated tunable
interaction regimes in two strongly nonlinear oscillators. Physical Review Research, 8(1), Article 013192.
https://doi.org/10.1103/3pf2-8n9b

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.
Unless copyright is transferred by contract or statute, it remains with the copyright holder.
Sharing and reuse
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.
Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.

https://doi.org/10.1103/3pf2-8n9b


PHYSICAL REVIEW RESEARCH 8, 013192 (2026)

Flux-modulated tunable interaction regimes in two strongly nonlinear oscillators

J. D. Koenig ,1 G. Barbieri ,1 F. Fani Sani ,1 C. A. Potts ,1,2 M. Kounalakis ,1,3,* and G. A. Steele 1

1Kavli Institute of Nanoscience, Delft University of Technology, PO Box 5046, 2600 GA Delft, The Netherlands
2Niels Bohr Institute, University of Copenhagen, Blegdamsvej 17, 2100 Copenhagen, Denmark
3Luxembourg Institute of Science and Technology (LIST), 4362 Esch-sur-Alzette, Luxembourg

(Received 10 November 2025; accepted 19 January 2026; published 19 February 2026)

The ability to efficiently simulate a variety of interacting quantum systems on a single device is an overarching
goal for digital and analog quantum simulators. In circuit quantum electrodynamical systems, strongly nonlinear
superconducting oscillators are typically realized using transmon qubits, featuring a wide range of tunable
couplings that are mainly achieved via flux-dependent inductive elements. Such controllability is highly desirable
both for digital quantum information processing and for analog quantum simulations of various physical
phenomena, such as arbitrary spin-spin interactions. Furthermore, broad tunability facilitates the study of
driven-dissipative oscillator dynamics in previously unexplored parameter regimes. In this work, we demonstrate
the ability to selectively activate different dynamical regimes between two strongly nonlinear oscillators using
parametric modulation. In particular, our scheme enables access to regimes that are dominated by photon
hopping, two-mode squeezing, or cross-Kerr interactions. Finally, we observe level repulsion and attraction
between Kerr-nonlinear oscillators in regimes where the nonlinearities exceed the coupling strengths and decay
rates of the system. Our results could be used for realizing purely analog quantum simulators to study arbitrary
spin systems as well as for exploring strongly nonlinear oscillator dynamics in previously unexplored interaction
regimes.

DOI: 10.1103/3pf2-8n9b

I. INTRODUCTION

Quantum information processors based on superconduct-
ing circuits have long relied on the transmon qubit as a robust,
reliable, and high-coherence building block in the journey
toward large-scale digital quantum computation [1–3]. Circuit
quantum electrodynamical (cQED) devices are also of great
interest to the development of analog quantum simulators,
in which devices are custom-built to emulate the behavior
of distinct systems that are otherwise typically challenging
to control or probe directly [4,5]. Such devices may enable
the probing of physics in otherwise inaccessible parameter
regimes due to the high degree of engineerability in su-
perconducting circuits enabled by modern nanofabrication
techniques and materials science [6,7].

Transmon-based cQED systems may be described as col-
lections of coupled Kerr-nonlinear oscillators (KNOs), which
in recent years have been imbued with in situ tunable res-
onance frequencies, couplings, and nonlinearities achievable
by external control [8–11]. Tunable couplers have been suc-
cessfully used to implement high-fidelity two-qubit gates,
achieve exotic coupling regimes, and are useful elements

*Contact author: marios.kounalakis@gmail.com

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

for mitigating undesirable interactions in designs for scal-
able quantum computing architectures [12–22]. While such
developments have contributed significantly to progress in
digital gate-based architectures, there is still underexplored
territory in using such platforms to emulate other interac-
tions and physical systems such as extended Bose-Hubbard,
arbitrary spin-spin, fractional Bloch oscillations, and lattice
gauge theories [23–31]. Systems of coupled KNOs can be en-
gineered to enable a variety of interactions, including intrinsic
longitudinal and radiation-pressure-like couplings [32–34].
By introducing nonlinear coupling elements, many such in-
teractions can be activated when driven or parametrically
modulated [30,35,36]. Moreover, control over all σX σX , σY σY ,
and σZσZ couplings individually would allow for analog simu-
lation of arbitrary XYZ spin-model Hamiltonians and coupled
Ising spins [30,37,38]. Devices with couplers containing more
highly nonlinear elements may also be used to enter into
regimes where strictly nonlinear couplings such as correlated
photon hopping and photon-pair tunneling terms dominate,
allowing for the simulation of more exotic physics [39].

Here, we implement such flux-tunable interactions on a
superconducting circuit containing two flux-tunable trans-
mon qubits connected by a fixed capacitive coupling and a
tunable nonlinear inductive coupling. The latter is realized us-
ing a superconducting quantum interference device (SQUID).
By parametrically modulating the external flux threading
the SQUID loop of the coupler, we operate the device
in regimes where the longitudinal (cross-Kerr) coupling is
dominant over a two-mode squeezing interaction and in which
the single-photon exchange interaction (beam splitter) and
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FIG. 1. Device and measurement scheme. (a) Circuit diagram
for the device. On the left and right sides are two flux-tunable
transmon qubits consisting of SQUIDs with gate capacitances to
ground. The tunable coupler in the center consists of a coupling
capacitor and a symmetric SQUID. (b) Optical microscope image
of the device, including transmission line, readout resonators (Ri),
drive lines (Di), flux lines (�i), two transmons (Qi), and the tunable
coupler. (c) Schematic of the experiment. The flux incident on the
coupler SQUID loop is modulated at either the difference or sum
frequency of the two transmons. (d) Optical microscope image of
qubit B.

cross-Kerr strengths are comparable. We observe two-mode
squeezing effects through the use of parametric modulation,
which, together with the single-photon hopping interaction,
are characterized by level attraction and repulsion between
the oscillators. While previous studies have explored such
effects in linear systems [40–42], our system extends level
attraction phenomena in KNOs. Our results pave the way
for the realization of analog quantum simulators, based on
nonlinear oscillators containing parametrically driven tunable
couplers, to study exotic parameter regimes in nonlinear quan-
tum systems.

II. THEORETICAL ANALYSIS

The device comprised of two transmon qubits and a tun-
able coupler is shown in Fig. 1. The coupling between the
two oscillators is solely characterized by the charging and
Josephson energies of the constituent circuit elements. Both
the linear and nonlinear interactions can be tuned via the total
flux threading the coupler SQUID loop. The Josephson energy
of the coupler is written as

EC
J (�dc) = EC

Jmax

∣∣∣∣ cos

(
π

�dc

�0

)∣∣∣∣
√

1 + d2
C tan2

(
π

�dc

�0

)
,

(1)

where EC
Jmax is determined by the inductance of the unbiased

SQUID loop, dC is a measure of the asymmetry of the junc-
tion inductances comprising the SQUID, and �dc is the dc
flux threading the loop [1,43]. Each of the two transmons is
capacitively coupled to its own coplanar waveguide readout
resonator, which is in turn coupled to a common feedline
through which the device is driven and probed. The Josephson

energies of the two qubits are related to their own flux biases
�A and �B in the same form as Eq. (1). In the coupled system,
the ground to excited state transition frequency for transmon i
is given in units where h̄ = 1 as

ωi ≈
√

8Ẽ i
JE i

C − Ei
C, (2)

with Ẽ i
J = Ei

J + EC
J /4 the modified Josephson energy due to

the coupler and Ei
C the charging energy of transmon i.

We obtain a full system Hamiltonian following the proce-
dure outlined in the Supplemental Material [44] and Ref. [10].
We quantize the circuit shown in Fig. 1(a) and retain terms
in the expansions of the energy potentials of the SQUIDs to
fourth order. We can obtain a simplified Hamiltonian given by

H = ωAâ†â + αA

2
â†â†ââ + ωBb̂†b̂ + αB

2
b̂†b̂†b̂b̂

+ J1(â†b̂ + âb̂†) + J2(â†b̂† + âb̂) + V â†âb̂†b̂, (3)

where we have defined

J1,2 := ±
(

ẼA
J ẼB

J EA
C EB

C

4

)1/4
⎛⎜⎝ EC

C√
EA

C EB
C

∓ EC
J

2
√

ẼA
J ẼB

J

⎞⎟⎠
(4)

and

V := −EC
J

8

√
EA

C EB
C

ẼA
J ẼB

J

, (5)

where J1 is the strength of the hopping interaction, J2 is the
squeezing, V is the cross Kerr, αi ≈ −Ei

C the anharmonic-
ity, and we have neglected higher-order terms which are far
off-resonant from the relevant dynamics of the measurements
performed. In systems of coupled Kerr-nonlinear oscillators,
the two-mode squeezing term has been previously shown to
produce nondegenerate parametric oscillations [45,46].

Under the rotating wave approximation (RWA) and when
the two transmons are resonant, the single-photon hopping
and cross-Kerr effects are observable with strengths J1 and V ,
while the two-mode squeezing interaction is far off-resonant.
In previous measurements on this device, the single-photon
hopping and cross-Kerr interactions were shown to be highly
tunable dependent on the choice of static coupler flux bias
point with deep access to the regime J1 > V [10].

While the strengths of the linear and cross-Kerr couplings
are ordinarily constrained by the engineered characteristics of
the circuit and choice of flux bias point, by parametrically
modulating the flux threading the SQUID loop of the coupler,
one can access parameter regimes in which either the pho-
ton hopping or two-mode squeezing terms can be selectively
activated. This selective activation enables one to induce—
for even far off-resonant oscillators—linear interactions with
strengths spanning a wide range of ratios J1,2/V .

We consider the case in which the total magnetic flux
threading the coupler contains a static dc component as well
as a periodic ac component, where the total flux is given by

�C (t ) = �dc + �ac cos (ωmt ) (6)
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and ωm is the frequency of the modulation. Provided that
the strength of modulation is small relative to the bias point
[sin (�dc) � sin (�ac)], we can insert Eq. (6) into Eq. (1) and
obtain an expression for the Josephson energy of the coupler
as

EC
J (�C (t )) ≈ EC

Jmax

∣∣∣∣ cos

(
π

�dc

�0

)
− π

�ac

�0
sin

(
π

�dc

�0

)

× cos (ωmt )

∣∣∣∣
√

1 + d2
c tan2

(
π

�dc

�0

)
= EC

J,dc + EC
J,ac(t ), (7)

which is now comprised of a static term EC
J,dc and a

time-dependent term EC
J,ac(t ) due to the modulation.

After rederiving the expressions for the hopping and
two-mode squeezing interactions, it can be found that by
modulating the coupler at the difference or sum frequency
ωm = |ωA ± ωB|, either interaction can be selectively acti-
vated for nonresonant oscillators as the coupling strengths
under modulation are modified to

J1 → [J1,dc + Jac(eiωmt + e−iωmt )]

× (â†b̂ei(ωA−ωB )t + âb̂†e−i(ωA−ωB )t ), (8)

J2 → [J2,dc + Jac(eiωmt + e−iωmt )]

× (â†b̂†ei(ωA+ωB )t + âb̂e−i(ωA+ωB )t ), (9)

where J1,dcJ2,dc are as in Eq. (4), and the strength of the
modulated interaction may be approximated as

Jac ≈ π�ac

4
√

2�0

sin

(
π

�dc

�0

)
EC

Jmax

(
EA

C EB
C

ẼA
J ẼB

J

)1/4

. (10)

After applying the RWA, we may choose to activate either
interaction with strength Jac depending on the frequency of
modulation, while other terms not commensurate with the
modulation become fast-rotating and play a negligible role
in the system dynamics. The full form of Eq. (10) and the
contributions from higher-order interactions are shown in the
Supplemental Material [44].

In order to measure the strength of the couplings under
time-periodic pumping, we modulated the dc current supplied
to the tunable coupler at a frequency ωm. The static component
of the system under modulation can be written as

Ĥdc = ωAâ†â + αA

2
â†â†ââ + ωBb̂†b̂ + αB

2
b̂†b̂†b̂b̂ + V â†âb̂†b̂,

(11)

with additional terms present depending on the frequency at
which the coupler flux is modulated. When modulating at the
red sideband (RSB), we have

ĤRSB = Ĥdc + Ĥ�, (12)

Ĥ� = Jac(â†b̂ + âb̂†), (13)

and when modulating at the blue sideband (BSB), we simi-
larly obtain

ĤBSB = Ĥdc + Ĥ�, (14)

Ĥ� = Jac(â†b̂† + âb̂), (15)

FIG. 2. Single-photon hopping interaction induced by red side-
band flux modulation of the coupler. (a) Change in transmission
while driving transmon B and sweeping the modulation frequency
of the dc signal incident on the tunable coupler through the red
sideband of the two oscillators. The black dashed lines are guides for
the eye. The horizontal dashed line is the first transition frequency
of transmon B, and the diagonal dashed line is (ωA − ωm )/2π .
(b) Eigenfrequencies obtained from fitting to the level repulsion
model (markers) and the normalized expectation value of b̂ obtained
from a numerical quantum master equation simulation of the system.

with additional contributions to the total interaction strengths
from correlated hopping and squeezing terms as discussed in
the Supplemental Material [44].

III. RESULTS

In Fig. 2, we set ωA/2π = 6.472 GHz, ωB/2π =
4.713 GHz, and �dc = 0.349�0, and performed two-tone
spectroscopy on transmon B while sweeping ωm/2π through
(ωA − ωB)/2π . As the modulation frequency approached the
red sideband of the oscillators, we observed an avoided
crossing from which we extracted a single-photon hopping
interaction strength of Jac/2π = 7.462 MHz and a cross-Kerr
strength of V/2π = −6.543 MHz from a fit of the data. Fit pa-
rameters were found given our observed oscillator frequencies
and interaction strengths from an analytical level repulsion
model and by comparison to numerical quantum master equa-
tion simulations of the system. The magnitude of the observed
splitting reflects the strength of the exchange interaction be-
tween the two oscillators at the resonance condition met under
parametric modulation.

Similarly, in Fig. 3 we set ωA/2π = 6.704 GHz, ωB/2π =
5.573 GHz, and �dc = 0.215�0, and performed two-tone
spectroscopy on transmon A while sweeping ωm/2π through
the cross-Kerr shifted sum frequency (ωA + ωB + V )/2π . As
the pump frequency crossed the blue sideband, we observed
features associated with the phenomenon of level attraction
occurring between the two oscillators. Again, from an an-
alytical model and numerical simulations, we extracted a
two-mode squeezing strength of Jac/2π = 1.131 MHz and a
cross-Kerr strength of V/2π = −9.158 MHz with an addi-
tional cross-Kerr shifted transition visible below the frequency
of the primary oscillator response. The cross-Kerr coupling
yields both a small peak in transmission below the primary
transition feature due to thermal population of the oscillator
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FIG. 3. Two-mode squeezing interaction induced by blue side-
band flux modulation of the coupler. (a) Change in transmission
while driving transmon A and sweeping the modulation frequency
of the dc bias incident on the tunable coupler through the blue side-
band of the two oscillators. (b) The dashed lines are (ωm − ωB)/2π

and the same shifted vertically by V/2π . The dotted lines are the
eigenfrequencies of the system determined from fits of the data to
the analytical level attraction model. The underlying spectrum is
the normalized expectation value of â obtained from a numerical
simulation of a quantum master equation for the system.

mode, as well as the shifted level attraction feature visible as
a decrease in transmission.

In the level attraction region where frequency degeneracy
of the eigenmodes is theoretically predicted, we observed the
primary resonance feature disappear. In this same region, we
observed the emergence of a dip in the transmission spectrum
related to a loss of excited-state population in transmon A.

This absorption feature is shifted from the primary resonance
by V/2π . It is associated with the microwave drive bringing
the oscillator to its ground state from the excited state popu-
lated by the parametric modulation.

When modulating the flux through the coupler, the strength
of the single-photon hopping and two-mode squeezing inter-
actions is to first order linearly dependent on the amplitude
of the modulation signal and thus can be tuned to lower or
higher interaction strengths relative to the cross-Kerr for a
wide range of static biases. The dependence of the interaction
strengths on bias point and modulation amplitude is shown
in Fig. 4(a), where the green region indicates the range of
theoretically achievable cross-Kerr values depending on the
flux bias points of the transmons and coupler. In contrast, the
gray region shows the viable values of Jac/2π for a range of
modulation strengths.

While we demonstrated the ability to enter into this cross-
Kerr dominant coupling regime, we also observed two-mode
squeezing interactions, which are typically far off-resonant
and fast-rotating in the frame of the oscillators. This entan-
gling interaction generates coupled signal and idler modes and
has been used to perform two-qubit gate (bswap) operations
in the truncated qubit subspace [14,45–47]. Activating this
term enables the tuning of XX-YY interactions between the
oscillators, broadening the array of systems such devices can
effectively simulate. The modulated strength is tunable over a
wide range, enabling the possibility for simulation of arbitrary
XYZ spin-model Hamiltonians when coupled with the con-
trollability demonstrated by the XX+YY and ZZ interactions
[30].

Prospects for bichromatic flux pumps are also promising,
where phase differences between simultaneously applied red

FIG. 4. Interaction strengths and distinct response parameter regimes. (a) The calculated interaction strengths as the dc flux bias point of the
coupler is changed. The gradient of curves in green shows the possible values of the cross-Kerr interaction for the range of �A,B ∈ [0.0, 0.5�0]
at each value of �dc. The gradient of curves in gray shows the values of single-photon hopping or two-mode squeezing interactions for a range
of modulation strengths between �ac = �dc/100 and �ac = �dc/10. The diamond (V/2π ) and cross (Jac/2π ) markers indicate the extracted
interaction strengths from Figs. 2 (red) and 3 (blue). (b), (c) The photon number expectation value for one mode of a system of two coupled
Kerr-nonlinear oscillators subject to a drive-induced two-mode squeezing interaction where the strength of the interaction J2, detuning of the
drive from the sum frequency resonance condition δ, and nonlinearity α are varied relative to the loss rates of the oscillators κ . (d), (e) The
second-order correlation function of one of the oscillators as in panels (b) and (c).
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and blue sideband pumps would allow for pure XX or YY
interactions [30]. Such driven coupler schemes have been
previously investigated in the context of Floquet engineering,
in which tunable and selectively activatable interactions are
integral to the proposed analog quantum simulation of Ki-
taev honeycomb models [30]. The nonstoquastic terms that
a parametrically modulated tunable coupler can contribute to
the system are also of great interest with respect to the study
of possible quantum advantage over classical approaches in
annealing protocols [24,48,49].

These parametric interactions additionally provide insight
into the dual phenomena of level repulsion and attraction. The
red and blue sideband results illustrate the ability to transition
between coherent (real) coupling and dissipative (imaginary)
coupling simply with an applied modulation pump. Such
couplings have long been the focus of study in magnonic,
Bose-Einstein condensate, and optomechanical systems, typ-
ically operating in regimes where the nonlinearities of the
oscillators are small [40–42,50–56].

In the case of level attraction, a system of coupled linear
oscillators exhibits a region of parametric instability with two
exceptional points indicating the transition of the system to
one with complex eigenfrequencies with opposite-sign imag-
inary components. In this situation, one eigenmode grows
exponentially and becomes unstable while the other decays
exponentially. Such a situation arises only when the dissipa-
tion rates of the two oscillator modes are commensurate and
the coupling exceeds the oscillator decay rates [40]. For our
two oscillators, the linewidths are each on the order of a few
megahertz for the flux points investigated, and the coupling
strength can be tuned to less than or greater than the dissi-
pation rates for typical transmon coherence times given the
choice of modulation amplitude.

The same interaction was also previously observed be-
tween two coupled weakly nonlinear modes of a SQUID-
terminated coplanar waveguide resonator subject to flux
modulation [45]. Nondegenerate parametric oscillations were
observed when the system was driven beyond the paramet-
ric instability threshold for a range of sufficient detunings
and modulation strengths. In these systems, the self-Kerr and
cross-Kerr couplings of the modes were often smaller than the
decay rates, with large photon number states generable when
driven above threshold [45,46,57,58]. Upon the application
of an additional drive, such parametric oscillators can also
become injection-locked to the drive [59].

The main distinctions between the behavior outlined above
and what we observe in Fig. 3 are that the oscillators measured
are strongly nonlinear and that we do not observe a region of
parametric instability due to the low strength of the two-mode
squeezing interaction relative to the self-Kerr-nonlinearities
of the oscillators. Further, our oscillators are additionally
cross-Kerr coupled, which yields a frequency shift of the
spectroscopic features. In order to investigate these distinc-
tions and better understand the contributions of the self-Kerr
and cross-Kerr terms to the phenomenon of level attraction
between strongly nonlinear oscillators, we numerically simu-
lated the system for a variety of parameters.

In Figs. 4(b)–4(e), we show for one mode the photon
number expectation values 〈a†a〉 and second-order correlation
function g(2) in a system of two Kerr-nonlinear oscillators as

in Eq. (14), where the correlated squeezing terms are set to
zero, determined from quantum master equation simulations
[60]. We set V = −2κ and vary the strength of the two-mode
squeezing term J2 and detuning of the modulation frequency
from the sum frequency resonance condition δ for the case of
weakly nonlinear oscillators α = 0.1κ and strongly nonlinear
oscillators α = 75κ . For the weakly nonlinear system, as the
strength of the two-mode squeezing interaction increases, the
parametric response region, which provides an increased pho-
ton number, shifts to large, negative detunings. Additionally,
a sudden peak in g(2) bounds the parametric response region
from below, which is a known marker of a phase transition in
KNOs [61].

In contrast, for strongly nonlinear oscillators, such as
transmon qubits, for J2 < α and in a region centered about
the cross-Kerr shifted sum frequency resonance condition,
the photon number expectation and second-order correla-
tion function remain below one. In this case, the two-mode
squeezing interaction acts effectively on the qubit subspace
alone, generating an XX-YY interaction. The large self-
Kerr-nonlinearities of the oscillators prevent the system from
reaching a parametric instability as in the case of the linear
and weakly nonlinear two-mode squeezed systems, instead
generating a low photon number entangled state.

IV. SUMMARY—OUTLOOK

In summary, we have demonstrated the operation of
a transmon-based circuit containing a flux-tunable coupler
enabling access into different coupling regimes, including
cross-Kerr couplings (V ), between two nonlinear oscillators.
By parametrically modulating the inductance of the coupler
SQUID loop with an applied time-dependent magnetic field,
we can selectively activate either a single-photon hopping
coupling (J1) or two-mode squeezing coupling (J2) between
two transmon qubits. The coupling strengths can be tuned by
choosing different dc flux bias points and modulation ampli-
tude. In combination with previously reported measurements
of strong resonant single-photon hopping interactions on this
device [10], this scheme gives access to parameter regimes
where J1,2 > V , J1,2 ≈ V , and J1,2 < V .

This tunability allows for the simulation of various sys-
tems, including Ising ZZ, Bose-Hubbard, and Heisenberg
XXZ models [4,5,25,30]. The ability to tune into and out
of these regimes is of particular interest for analog quantum
simulations, where such superconducting devices can be made
to emulate a variety of physical systems with solely in situ
control and a broad range of coupling strengths achievable. A
minimal configuration for useful analog quantum simulations
in a two-dimensional grid would require at least four intercon-
nected KNOs. This could realize a honeycomb cell prototype
emulating the Kitaev model [30] or the frustrated Ising model
[25]. Furthermore, a closed-loop plaquette of interconnected
KNOs would give rise to ring-exchange interactions for a min-
imal quantum simulation of lattice gauge theories [27]. While
useful quantum simulations can be performed in a system
of N = 4, surpassing classical computers in simulating these
problems would require scaling to N > 50, which is feasible
with state-of-the-art devices [3]. In addition, as reported in
Ref. [10], this tunable coupler does not limit the transmon
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coherence, which, together with recent modular tunable cou-
pling realizations [62], holds great promise for scaling up to
larger lattices.

Moreover, our circuit model predicts that further mea-
surements using modulated couplers operating in different
conditions may be used to activate more regimes, such
as photon-pair tunneling, correlated photon hopping, and
photon-pressure interactions. Using asymmetric nonlinear
elements would also enable the simulation of more exotic in-
teractions and simultaneously enable tuning of several device
parameters, such as self-Kerr terms, which can be tuned from
negative to positive values [39,63]. The broad selectivity of
system parameters in tunably coupled nonlinear oscillators is
of particular interest due to the ability to investigate instability
regimes, applications to parametric amplification, driven-
dissipative interactions, as well as exploring non-Hermitian
Hamiltonians [5,64,65]. Exquisite control over these inter-
actions would enable direct investigation of coherent and
dissipative couplings between nonlinear oscillators and bring
predicted applications in topological energy transfer, quantum
sensing, and nonreciprocal photon transmission closer to ex-
perimental realization [53,54,56,66,67].

Finally, under tunable blue sideband modulation, we have
observed level attraction between the two nonlinear os-
cillators. Interestingly, the behavior of the system differs
from previously established theoretical descriptions and ex-
perimental observations of linear systems exhibiting level
attraction [40–42]. Using an extension of existing methods
and numerical simulations, we were able to determine that
the cross-Kerr coupling yields an additional shifted spectro-
scopic feature of level attraction and that signatures of level
attraction can be observed in the absence of parametric in-
stability in the case of strongly Kerr-nonlinear oscillators.

The dual phenomena of level repulsion and level attraction
have been previously investigated in a broad array of plat-
forms ranging from Bose-Einstein condensates to magnonic
and optomechanical systems operating in various parameter
regimes characterized by the resonance frequencies, cou-
pling strengths, and decay rates of the constituent oscillators
[40–42,50–55,68–71]. Furthermore, dissipative couplings and
two-mode squeezing interactions giving rise to level attraction
are particularly useful for enabling quantum-limited non-
degenerate parametric amplification as well as performing
two-qubit gate operations [14,45,68].
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