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ABSTRACT 

Advanced bosonic quantum computing architectures demand nonlocal Gaussian operations such as two-mode squeezing to 
unlock universal control, enable entanglement generation, and implement logical operations across distributed modes. This 
work presents a novel method for generating conditional squeezing using a Rabi-driven qubit dispersively coupled to one or 
two harmonic oscillators. A proof that this enables universal control over bosonic modes is provided, expanding the toolkit 
for continuous-variable quantum information processing. Using modulated Jaynes–Cummings interactions in circuit QED, the 
simulation predicts intra-cavity squeezing of 13dB (single-mode), 4dB (superimposed single-mode), and 12dB (two-mode), with 
the latter two yet to be demonstrated experimentally. These results establish a new paradigm for qubit-conditioned control of 
photonic states, with applications to quantum sensing and continuous-variable computation on readily available systems. 
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 Introduction 

uantum squeezed states and quantum squeezing operations
re widely used for quantum sensing [ 1, 2 ]. They are useful for
mproving the signal-to-noise ratio by amplifying one quadrature
nd squeezing the other. Amplification may overwhelm noise
n an amplification chain [ 3 ], and squeezing can reduce the
uantum uncertainty of an observable [ 4 ]. Quantum squeezed
tates are usually generated by a designated device, such as a
osephson parametric amplifier at microwave frequencies [ 5 ]
r spontaneous parametric down-conversion crystals at optical
avelengths [ 6 ]. As squeezed states are sensitive to photon loss,
t is advantageous to minimize their transportation distance
y generating them inside the observed system. Such intra-
avity single mode squeezing was recently achieved in a circuit
ED setup by using gated conditional displacements [ 7, 8 ] or
y utilizing Kerr non-linearity [ 9 ]. It can be used for sensitive
etection of displacements of the cavity electromagnetic field
r for quantum computation using continuous variable encod-
his is an open access article under the terms of the Creative Commons Attribution-NonCommercial Li
ork is properly cited and is not used for commercial purposes. 
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ing [ 10 ]. For example, squeezing was demonstrated to extend the
lifetime of a cat-state inside a superconducting cavity [ 11 ] and
was proposed to enable generation of Gottesman–Kitaev–Preskill
states [ 12 ]. 

Recent advances in quantum science and technology increas-
ingly demand operations that go beyond single-mode squeezing.
Applications ranging from quantum error correction to quantum
simulation and sensing now call for more complex forms of
control— such as two-mode squeezing, which entangles bosonic
modes [ 13 ], and conditional operations that couple discrete and
continuous-variable degrees of freedom [ 7, 14, 15 ]. These higher-
dimensional squeezing operations promise to unlock sophisti-
cated protocols that enhance the robustness and scalability of
continuous-variable quantum architectures. 

In this letter, we propose a scheme for the generation of continu-
ous single- and two-mode squeezing (TMS) using a Rabi-driven
qubit that is dispersively coupled to two quantum harmonic
cense, which permits use, distribution and reproduction in any medium, provided the original 
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scillators. Our operation is conditional, since the squeezed axis
s conditioned on the state of the qubit. We will show how our
cheme can be realized in a circuit QED setup and present results
f numerical simulations. Our results predict the generation of
ntra-cavity squeezed state with 13 dB of squeezing for single-
ode squeezing and 12 dB of squeezing for two-mode squeezing,
hich is in line with the largest amplitude reported in experiment
o date for single-mode squeezing [ 7, 9 ]. For a superposition of
queezed states, we achieve 4 dB of conditional squeezing in
he simulation. The squeezed amplitude of a superposition of
queezed states is currently limited due to high-order effects of
ur scheme. 

onditional-squeezing could be used for control of a rotation-
ymmetric Bosonic code [ 16 ] with even and odd superpositions
f squeezed states as the computational basis [ 14 ]. We provide
 proof of universal control using this operation together with
ingle qubit rotations and displacements. 

uring the preparation of this manuscript, we learned of an
xperimental implementation of conditional- (or controlled-)
queezing on a trapped ions system [ 17 ] and two recent inde-
endent proposals. The first suggests controlled-squeezing of
 weekly anharmonic oscillator that is dispersively coupled to
 transmon qubit [ 18 ]. In their proposal, a SQUID is required
or a two-photon drive. The second derives conditional single-
ode [ 15 ] and multi-mode [ 13 ] squeezing from an assumed
ultiphoton–qubit interaction. Our study proposes an imple-
entation of conditional single- and two-mode squeezing, on an
vailable circuit QED system without the need for extra hardware.

 Theory 

.1 Single-Mode Squeezing Hamiltonian 

e begin by analyzing a time-modulated coupling between a
ubit and a quantum harmonic oscillator and show that, within
n appropriate approximation, this interaction gives rise to a
onditional squeezing Hamiltonian. Subsequently, we demon-
trate that a standard dispersive Hamiltonian, as commonly
mployed in circuit QED [ 7 ], can be driven to reproduce the same
odulated coupling. 

et us consider a system composed of a qubit and a quantum
armonic oscillator coupled by a time-modulated interaction
escribed by 

𝐻coup = i cos ( 𝛿Ω𝑡 )
(
𝑔 𝜎+ 𝑎 − 𝑔∗ 𝜎− 𝑎

†
)
− sin ( 𝛿Ω𝑡 )

(
𝑔 𝜎+ 𝑎

† + 𝑔∗ 𝜎− 𝑎
)
(1)

n the interaction picture. Here 𝜎+ and 𝜎− are the raising and
owering operators of the qubit, 𝑎† and 𝑎 are the creation and
nnihilation operators of excitations in the harmonic oscillator, 𝑔
s the coupling strength and 𝛿Ω is the modulation frequency. This
oupling contains a Jeynes–Cummings (JC) [ 19 ] term modulated
y cos ( 𝛿Ω𝑡 ) and an anti-JC term that is modulated by sin ( 𝛿Ω𝑡 ) .
e assume that 𝛿Ω ≫ 𝑔, so that we can use the Magnus
xpansion [ 20 ] to expand the Hamiltonian in orders of 𝑔∕𝛿Ω. The
of 7
Magnus expansion up to third order is given by [ 21 ] 

𝐻eff ( 𝑡) =
∑
𝑖 

𝐻
( 𝑖) 

ef f 
( 𝑡) (2)

𝐻
(1) 

ef f 
( 𝑡) = ∫

𝑡 

0 

𝑑𝑡1 𝐻( 𝑡1 ) (3)

𝐻
(2) 

ef f 
( 𝑡) = i 

2 ∫
𝑡 

0 

𝑑 𝑡1 ∫
𝑡1 

0 

𝑑 𝑡2 [ 𝐻 ( 𝑡1 ) , 𝐻 ( 𝑡2 )] (4)

𝐻
(3) 

ef f 
( 𝑡) = −1 

6 ∫
𝑡 

0 

𝑑 𝑡1 ∫
𝑡1 

0 

𝑑 𝑡2 ∫
𝑡2 

0 

𝑑 𝑡3 ( [ 𝐻 ( 𝑡1 ) , [ 𝐻 ( 𝑡2 ) , 𝐻 ( 𝑡3 )]] 

+ [ 𝐻 ( 𝑡3 ) , [ 𝐻 ( 𝑡2 ) , 𝐻 ( 𝑡1 )]]) (5)

The approximated mean Hamiltonian integrated over one period
of 2 𝜋∕𝛿Ω is (for all calculations, see Ref. [ 22 ]) 

𝐻squeezing =
1 

2 𝛿Ω
𝜎𝑧 

(
( 𝑔∗ ) 

2 
𝑎 𝑎 + 𝑔2 𝑎†𝑎†

)
+ 

( ( 𝑔 

𝛿Ω

)2 ) 

(6)

This effective Hamiltonian describes a conditional squeezing
interaction at a rate of 𝑔2 ∕2 𝛿Ω. We will detail how the modulated
coupling of Equation ( 1 ) can be generated on a circuit QED system
to achieve the conditional squeezing interaction of Equation ( 6 ).
This is accomplished by Rabi driving a qubit and applying
sideband tones to a coupled resonator mode. Notably, the same
scheme can be applied to trapped ions by simply employing the
appropriate sideband tones, in line with recent demonstrations
of continuous-variable entanglement between motional modes
using dynamically modulated spin–oscillator interactions [ 17 ]. 

We consider a transmon qubit dispersively coupled to a high-Q
mode of a superconducting resonator. We apply a Rabi drive to the
qubit and four sideband drives to the resonator. Assuming that the
Rabi drive is small compared to the transmon anharmonicity, the
higher levels of the transmon can be ignored and the transmon
is regarded as a qubit. In the frame rotating with the Rabi drive
frequency and with the resonator frequency the Hamiltonian
takes the form [ 22 ] 

𝐻 = 𝐻q + 𝐻drive + 𝐻disp 

𝐻q =
Ω𝑅 

2 
𝜎𝑥 +

Δ𝑞 

2 
𝜎𝑧 

𝐻drive = 𝜖( 𝑡) 𝑎 + 𝜖( 𝑡)∗ 𝑎†

𝐻disp =
𝜒

2 
𝜎𝑧 𝑎

†𝑎 

(7)

where Ω𝑅 is the Rabi frequency, Δ𝑞 is a small detuning frequency,
𝜒 is the dispersive shift, and 𝜖( 𝑡) is the time dependent drive of
the resonator. We choose 𝜖( 𝑡) to describe two pairs of symmetric
sidebands detuned from the resonator frequency by ± Ω𝑅 ± 𝛿Ω as
depicted in Figure 1b and given by 

𝜖( 𝑡) = 𝑎̄0 [ (Ω𝑅 − 𝛿Ω) sin ((Ω𝑅 − 𝛿Ω) 𝑡 ) 

− i(Ω𝑅 + 𝛿Ω) cos ((Ω𝑅 + 𝛿Ω) 𝑡 )] (8)
Advanced Quantum Technologies, 2026
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FIGURE 1 Scheme Overview. a A circuit QED system, composed of a Rabi-driven qubit, and a sideband-driven cavity mode (represented by an 
LC circuit). b Frequency representation of the 4 sidebands drive around the resonance frequency of the cavity mode. c A qualitative representation of a 
Wigner function before and after application of the conditional-squeezing operation. 
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here 𝑎̄0 is a complex displacement amplitude. This results
n a periodic displacement of the cavity mode in phase space,
ccording to 

𝑎̄ ( 𝑡) = 𝑎̄0 ( sin ((Ω𝑅 + 𝛿Ω) 𝑡) − i cos ((Ω𝑅 − 𝛿Ω) 𝑡)) (9)

here we assume an initial state of − i𝑎̄0 . This can be achieved by
pplying a separate displacement pulse or shaping the waveform
f the sidebands pulse accordingly. By performing a displacement
ransformation 𝑈( 𝑡) = 𝐷(𝑎̄ ( 𝑡)) = exp (𝑎̄ ( 𝑡) 𝑎† − 𝑎̄ ( 𝑡)∗ 𝑎) , 𝐻drive is
liminated and 𝑎 → 𝑎 − 𝑎̄ ( 𝑡) , such that the interaction becomes 

𝐻′
disp 

=
𝜒

2 
𝜎𝑧 
[
𝑎†𝑎 − 𝑎̄ ( 𝑡) 𝑎† − 𝑎̄ ( 𝑡)∗ 𝑎 

+ |𝑎̄0 |2 ( 1 + sin (2 𝛿Ω𝑡 ) sin (2Ω𝑅 𝑡 )) 
] (10)

e neglect the last term 𝜒𝜎𝑧 |𝑎̄0 |2 sin (2 𝛿Ω𝑡 ) sin (2Ω𝑅 𝑡 )∕2 due to
he rotating wave approximation (RWA), under the assump-
ion that Ω𝑅 ≫ 𝜒|𝑎̄0 |2 , and eliminate the AC Stark shift term|𝑎̄0 |2 𝜎𝑧 ∕2 by setting Δ𝑞 = − 𝜒|𝑎̄0 |2 ∕2 . 
e now go into the Hadamard frame by renaming 𝜎𝑥 ↔ 𝜎𝑧
nd then go into the frame that oscillates at the Rabi frequency
y applying 𝑈( 𝑡) = exp ( i 𝜎𝑧 Ω𝑅 𝑡∕2) . These transformations elimi-
ate 𝐻q , and map 𝜎𝑧 to 𝜎+ 𝑒

iΩR t + 𝜎− 𝑒
−iΩR t . By using the RWA again

o neglect all the terms that oscillate at or faster than Ω𝑅 − 𝛿Ω,
e arrive at the modulated coupling of Equation ( 1 ) [ 22 ]. The
ffective coupling strength is 𝑔 = 𝜒𝑎̄0 ∕2 , leading to a squeezing
ate of 𝜒2 𝑎̄2 0 ∕8 𝛿Ω. 

.2 Two-Mode Squeezing Hamiltonian 

 very similar scheme can be applied to achieve conditional
wo-mode squeezing. The main difference is that now the qubit
dvanced Quantum Technologies, 2026
interacts via JC interaction with the first resonator and via anti-JC
with the second resonator. In the experimental implementation
this means that the two upper sidebands are applied to one mode
and the two lower sidebands are applied to the other mode. First,
we consider the modulated coupling with two modes 

𝐻TMS 
coup = i cos ( 𝛿Ω𝑡 )

(
𝑔 𝜎+ 𝑎 − 𝑔∗ 𝜎− 𝑎

†
)

− sin ( 𝛿Ω𝑡 )
(
𝑔 𝜎+ 𝑏

† + 𝑔∗ 𝜎− 𝑏
) (11)

where 𝑎 and 𝑏 are the annihilation operators of resonators A and
B , respectively. 

Again, we use the Magnus expansion to approximate the mean
Hamiltonian over a time of 2 𝜋∕𝛿Ω [ 22 ]. We obtain the Hamilto-
nian 

𝐻squeezing =
1 

2 𝛿Ω
𝜎𝑧 

(
( 𝑔∗ ) 

2 
𝑎 𝑏 + 𝑔2 𝑎†𝑏†

)
+ 

( ( 𝑔 

𝛿Ω

)2 ) 

(12)

which now describes conditional two-mode squeezing. 

We now consider a system composed of a transmon qubit
dispersively coupled to two resonators or two modes of the same
superconducting cavity. The driven system is described by 

𝐻TMS = 𝐻TMS 
q + 𝐻TMS 

drive 
+ 𝐻TMS 

disp 

𝐻TMS 
q =

Ω𝑅 

2 
𝜎𝑥 +

Δ𝑞 

2 
𝜎𝑧 

𝐻TMS 
drive 

= 𝜖A ( 𝑡) 𝑎 + 𝜖A ( 𝑡)
∗ 𝑎† + 𝜖B ( 𝑡) 𝑏 + 𝜖B ( 𝑡)

∗ 𝑏†

𝐻TMS 
disp 

=
𝜒A 

2 
𝜎𝑧 𝑎

†𝑎 +
𝜒B 

2 
𝜎𝑧 𝑏

†𝑏, 

(13)
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he drives are now separated such that the lower sidebands are
pplied to the first mode and the upper sidebands are applied to
he seconds mode. 

his is given by 

𝜖𝑎,𝑏 ( 𝑡) = i
𝜒

𝜒𝑎,𝑏 

𝑎̄0 
[
(Ω𝑅 − 𝛿Ω) 𝑒± i(Ω𝑅 − 𝛿Ω) 𝑡 

− (Ω𝑅 + 𝛿Ω) 𝑒± i(Ω𝑅 + 𝛿Ω) 𝑡 
] (14)

uch that each mode is periodically displaced by 

𝑎̄ ( 𝑡) = − i𝑎̄0 
𝜒

𝜒A 

i 𝑒iΩ𝑅 𝑡 cos ( 𝛿Ω𝑡 ) 

𝑏̄ ( 𝑡) = i𝑎̄0 
𝜒

𝜒B 

i 𝑒− iΩ𝑅 𝑡 sin ( 𝛿Ω𝑡 ) 

(15)

here we assume that at time zero mode 𝑎 is in coherent state
 i𝑎̄0 and mode 𝑏 is in the vacuum state. This ensures that both
odes are in the vacuum state in the displaced frame. To set
ode 𝑎 in the right state we may start the drive on mode 𝑎
 quarter period before applying the other drives, or apply a
isplacement pulse. We perform a displacement transformation
n each mode, that is defined by 𝑈( 𝑡) = 𝐷A (𝑎̄ ( 𝑡)) 𝐷B (𝑏̄ ( 𝑡)) . This
liminates 𝐻TMS 

drive 
and takes 𝑎 → 𝑎 − 𝑎̄ ( 𝑡) and 𝑏 → 𝑏 − 𝑏̄ ( 𝑡) . We

btain the Hamiltonian 

𝐻′TMS 
disp 

= 1 

2 
𝜎𝑧 
[
𝜒A 𝑎

†𝑎 − 𝜒A ̄𝑎 ( 𝑡) 𝑎
† − 𝜒A ̄𝑎 ( 𝑡)

∗ 𝑎 

+ 𝜒B 𝑏
†𝑏 − 𝜒B ̄𝑏 ( 𝑡) 𝑏

† − 𝜒B ̄𝑏 ( 𝑡)
∗ 𝑏 

+ |𝑎̄0 |2 𝜒2 (1∕ 𝜒A − 1∕ 𝜒B ) cos ( 2 𝛿Ω𝑡) ∕2 

+ |𝑎̄0 |2 𝜒2 (1∕ 𝜒A + 1∕ 𝜒B )∕2
]

(16)

e eliminate the AC Stark shift term by setting Δ𝑞 =
 |𝑎̄0 |2 𝜒2 (1∕ 𝜒A + 1∕ 𝜒B )∕2 , but, unlike the single mode case,
e are left with another time dependent term that comes from
he difference in coupling strengths 𝜒A − 𝜒B . This term will soon
e eliminated by the RWA after the following transformation.
e go to the Hadamard frame and the frame rotating at the Rabi
requency, and neglect all the terms that oscillate at or faster than
𝑅 − 𝛿Ω, to reach the modulated coupling of Equation ( 11 ) [ 22 ]. 

.3 Squeezing Limitations 

e wish to quantify the maximum squeezing amplitude before
ur approximations break down and further squeezing is
mpeded. We will give a rough estimate for the maximum photon
umber that can be stored in the generated squeezed state. 

he RWA that was used to approximate the full driven Hamil-
onian of Equation ( 10 ) to get the modulated coupling of
quation ( 1 ), can only be applied under several assumptions.
ome of the assumptions regard dynamic values that depend on
he state of the system at any given time. Mainly, the number
f photons in the resonator. We demand that Ω𝑅 ≫ 𝜒𝑛∕2 and
𝑅 ≫ 𝜒|𝑎̄0 |√𝑛 ∕2 , where 𝑛 is the photon number. Therefore, our
queezed state is limited in size by roughly 𝑛 ≤ 2Ω𝑅 ∕𝜒 and 𝑛 ≤
2Ω𝑅 ∕𝜒|𝑎̄0 |)2 , before high order terms come into effect. As the

of 7
Rabi frequency Ω𝑅 must be smaller than the anharmonicity of
the transmon to prevent population of higher excited states, we
must limit 𝜒 and 𝜒𝑎̄0 . Naively, it seems one can minimize 𝜒while
keeping 𝜒𝑎̄0 constant by increasing the sideband amplitudes
𝑎̄0 . However, experimental restriction limit the sideband drive
amplitudes to about 400 MHz [ 7 ], so that 𝑎̄0 is limited to about
400MHz ⋅ 2 𝜋∕Ω𝑅 . 

Another limitation on the photon number of the squeezed state
comes from the estimation of the conditional squeezing Hamilto-
nian using the Magnus expansion (Equations ( 6 ) and ( 12 )). For the
approximation to hold, the interaction strength 𝜒𝑎̄0 

√
𝑛 ∕2 must

be smaller than the detuning 𝛿Ω. This roughly sets the limit on
the photon number as 𝑛 ≤ (2 𝛿Ω∕𝜒𝑎̄0 )

2 . When these limits are
reached we must consider the next order term in 𝑎̄0 𝜒∕𝛿Ω [ 22 ],
that is given by 

𝐻2 =
i 𝜒3 

8 𝛿Ω2 
𝜎− 

(
𝑎̄3 0 
(
𝑎†
)3 

+ 𝑎̄0 |𝑎̄0 |2 (𝑎 + 𝑎†𝑎2 
))

+H . C (17)

3 Results and Discussion 

We simulated the full dynamics in the displaced frame, as
captured by 𝐻q + 𝐻′

disp 
for single-mode squeezing (Equation ( 10 ))

and 𝐻q + 𝐻′TMS 
disp 

for two-mode squeezing (Equation ( 16 )) (the
simulations code is available at [ 22 ]). This allowed us to keep
the Hilbert space of the resonator small relative to the undis-
placed frame, without applying any approximations. We also
simulated the modulated coupling of Equation ( 1 ) for single-
mode squeezing and Equation ( 11 ) for two-mode squeezing. In
addition, we simulated the conditional squeezing Hamiltonian
of Equation ( 6 ) for single-mode squeezing and Equation ( 12 ) for
two-mode squeezing. 

The simulation results should be reproducible in an experiment
on current systems comprising a long-lived harmonic oscillator
dispersively coupled to a qubit. One may measure the Wigner
characteristic function of a single mode [ 7 ], or the joint–Wigner
characteristic function of two modes [ 23 ]. 

3.1 Preparation of Single-Mode Squeezed 

Vacuum 

Figure 2a shows a 2D sweep of the maximum squeezing over
𝛿Ω and 𝑔 under the full evolution of the driven system. We
set 𝜒∕2 𝜋 = − 50 kHz, which is usual for a memory mode in
circuit QED [ 7, 24 ], and Ω𝑅 ∕2 𝜋 = 40 MHz, which can be realized
experimentally [ 25 ]. Figure 2c shows the time evolution of the
squeezed state and the state of the qubit, for the optimal squeezing
parameters of 𝑔∕2 𝜋 = 0 . 16 MHz and 𝛿Ω∕2 𝜋 = 1 . 6 MHz found
in Figure 2a . The maximum achieved squeezing is about 13.5
dB, slightly lower than the highest demonstrated intra-cavity
squeezing in circuit QED [ 9 ]. However, our setup does not require
Kerr nonlinearity, which leads to state distortion [ 7 ]. The highest
demonstrated intra-cavity squeezing in a negligibly weak Kerr
nonlinearity setup was 11.1 dB [ 7 ]. As we did not consider the
effects of decoherence, achieving the simulated result in an exper-
iment would be challenging, but not impossible. The squeezing
was generated after about 20 𝜇𝑠, shorter than the lifetimes of
Advanced Quantum Technologies, 2026
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FIGURE 2 Single mode squeezing. a Maximum squeezing as function of 𝛿Ω and 𝑔 = 𝑎̄0 𝜒∕2 . 𝑔 is varied by sweeping over 𝑎̄0 while keeping 𝜒
constant. Every point is the maximum squeezing over a simulation of 20 𝜇𝑠. The Optimal squeezing parameters were used for b, c and d. b Wigner 
functions for different points in time. c Time evolution of squeezing (top) and expectation value along the 𝑍 axis of the effective Rabi driven qubit 
(bottom). The evolution of the three cases, full driven system (blue line), the modulated coupling of Equation ( 1 ) (red line) and the approximated 
squeezing of Equation ( 6 ) (dashed black line), match until approximations cease to hold at high photon numbers. When that happens, the qubit begins 
rotating and the squeezed axis changes, limiting the squeezing amplitude. 
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FIGURE 3 Conditional single-mode squeezing. The squeezing of 
the 𝑋 (blue) or 𝑌 (red) quadratures post-selected on the qubit state 
being |𝑔⟩ or |𝑒⟩, respectively. The black solid line represents the approx- 
imated conditional squeezing of Equation ( 6 ) and the black dashed 
line represents the dynamics of the same Hamiltonian but with the 
added higher order terms from Equation ( 17 ). The inset shows the fast 
oscillations between squeezing and anti-squeezing of the two quadratures 
conditioned on the state of the qubit. The oscillations are anti-phase 
locked, making it so both quadratures are never squeezed together, except 
for small squeezing amplitudes. 
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urrent state-of-the-art transmon-cavity setups by an order of
agnitude [ 26 ]. Furthermore, the Rabi drive in this squeezing
cheme provides dynamic decoupling of the qubit from low fre-
uency noise sources and therefore increases the dephasing time.

.2 Preparation of Superposition of Squeezed 

tates 

e simulated evolution of the fully driven system with the
ptimal parameters from Figure 2a when the qubit is initialized
n |+ ⟩ = ( |𝑔⟩ + |𝑒⟩) ∕√2 . The idea here is to show the conditional
ature of the operation. Specifically, to generate entanglement
etween the qubit and the oscillator such that we will end up with
 state of the form 

|𝜓entangled ⟩ = CS ( 𝜉) |+ , 0 ⟩ = 1 √
2 
( |𝑒, 𝜉⟩ + |𝑔, − 𝜉⟩) (18)

here the conditional squeezing operation is defined by 𝐶𝑆( 𝜉) =
( 𝜎𝑧 𝜉) = |𝑒⟩ ⟨𝑒|⊗ 𝑆( 𝜉) + |𝑔⟩ ⟨𝑔|⊗ 𝑆( − 𝜉) , with 𝑆( 𝜉) the standard
queezing operator. Figure 3 shows that the state of the composite
ystem does become entangled and the squeezing direction is
learly conditioned on the state of the qubit. However, the higher
rder effects, captured in Equation ( 17 ), quickly interfere with
he conditional squeezing, thus limiting the amplitude of the
uperposition of entangled squeezed states to about 4 dB . 

.3 Preparation of Two-Mode Squeezed Vacuum 

e simulated the dynamics of a two-mode squeezed
acuum evolving under our continuous squeezing scheme
ith the qubit initialized in |𝑔⟩ (See Figure 4 ). We clearly
bserved the characteristic simultaneous squeezing of the
dvanced Quantum Technologies, 2026
𝑋+ = 𝑋𝑎 + 𝑋𝑏 =
(
𝑎† + 𝑎 + 𝑏† + 𝑏

)
∕2 and 𝑃+ = 𝑃𝑎 + 𝑃𝑏 =

i
(
𝑎† − 𝑎 + 𝑏† − 𝑏

)
∕2 quadratures. 

4 Universal Control Using Controlled-Squeezing 

Universal control of a system is the promise that repeated
applications of Hamiltonians from a given set can generate all
5 of 7
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FIGURE 4 Generation of two mode squeezed vacuum. a The time 
evolution of the squeezing amplitude of the sum and difference of 
quadratures of the two modes. b A 2D cut of the joint–Wigner function 
of the two-mode squeezed state for the maximal squeezed state with 
12 . 1 dB of squeezing, achieved after about 33 μs . The dashed black circles 
represent the variance of the squeezed state (small) and the variance of a 
vacuum state (large). 
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nitary operations from within the Hilbert space of said system
 27 ]. To learn what operations can be effectively generated by
epeatedly applying controllable Hamiltonians, one needs to
xplore the span of operators created by commutations-relations
nd linear combinations of existing operators [ 27 ]. Universal
ontrol of the quantum harmonic oscillator cannot be achieved
ith only displacement and squeezing operations [ 28 ], but here
e show that with the addition of our suggested controlled-
queezing operation, full control can be achieved, allowing the
reation of all Bosonic states. 

he commutator of conditional-squeezing ( 𝑝2 − 𝑞2 ) 𝜎𝑧 and
nconditional-squeezing 𝑝2 is a new conditional-squeezing
perator 

[(
𝑝2 − 𝑞2 

)
𝜎𝑧 , 𝑝

2 
]
= 2 𝜎𝑧 − 2 𝑖𝑝𝑞𝜎𝑧 . Combining this

ith basic qubit operators and scaling, yields the Hamiltonian
𝑞𝜎𝑧 . Interestingly, commuting this with simple displacement
perators results in effective controlled-displacement [ 7 ],
 23 ] operators [ 𝑝𝑞 𝜎𝑧 , 𝑞] = − 𝑖𝑞𝜎𝑧 and [ 𝑝 𝑞𝜎𝑧 , 𝑝] = 𝑖𝑝𝜎𝑧 . By
otating the qubit before and after controlled-operations,
e effectively change the qubit’s axis through which the
peration is determined: 

[
( 𝑝2 − 𝑞2 ) 𝜎𝑧 , 𝜎𝑥 

]
= 𝑖( 𝑝2 − 𝑞2 ) 𝜎𝑦 and

 

𝑞𝜎𝑧 , 𝜎𝑥 ] = 𝑖𝑞𝜎𝑦 . 

hile 𝑞 and 𝑝 operators to the 2nd power cannot provide
igher polynomials by themselves [ 28 ], the conditioned-operators
an. For example: 

[
𝑞 𝜎𝑥 , 𝑞 𝜎𝑦 

]
= 𝑖𝑞2 𝜎𝑧 and 

[
𝑞2 𝜎𝑥 , 𝑞𝜎𝑦 

]
= 𝑖𝑞3 𝜎𝑧 .

n the same way, richer polynomials can be generated like
𝑞3 𝜎𝑥 , 𝑝𝜎𝑦 

]
= 𝑖 𝑞3 𝑝𝜎𝑧 + 𝑖 𝑝𝑞3 𝜎𝑧 . Operators that act only on the

armonic-oscillator can be achieved, as is evident by deriving
of 7
commutation-relations between two controlled-operations. For
example 

[
𝑞3 𝑝 𝜎𝑧 , 𝑝 𝜎𝑧 

]
= 3 𝑖𝑞2 𝑝. 

5 Conclusion 

We have presented a novel scheme for the continuous intra-cavity
generation of both single- and two-mode squeezed states using
a Rabi-driven qubit dispersively coupled to quantum harmonic
oscillators. By engineering a modulated Jaynes–Cummings inter-
action through Rabi and sideband drives, our approach enables
conditional squeezing, in which the squeezed quadrature is
directly linked to the qubit state. 

While our simulations predict significant squeezing levels–up
to 13 dB for single-mode and 12 dB for two-mode squeezing—
the amplitude of the squeezed superposition remains limited
by higher-order effects. This highlights a couple of promising
directions for future research: (i) alter the scheme to mitigate
high-order corrections and enhance the effective squeezing, (ii)
extending the method to multi-mode systems for more complex
quantum state engineering. In summary, our work lays a strong
foundation for exploring conditional squeezing as a versatile tool
in advanced quantum architectures. 

Acknowledgements 

This research was partially funded by the Israeli Science Foundation
(ISF), the Binational Science Foundation (BSF), and the Hellen Diller
Quantum Center at Technion Israel Institute of Technology. 

Conflicts of Interest 

The authors declare no conflicts of interest. 

Data Availability Statement 

The data that support the findings of this study are openly available
in [QubitSqueezing] at [ https://github.com/eliyablum/qubitSqueezing ],
reference number [18]. 

References 

1 . X. Pan, T. Krisnanda, A. Duina, et al., “Realization of versatile and
effective quantum metrology using a single bosonic mode,”PRX Quantum
6 (2025): 010304. 

2 . H. Zheng, M. Silveri, R. T. Brierley, S. M. Girvin, and K. W. Lehnert,
“Accelerating dark- matter axion searches with quantum measurement
technology,” (2016), arXiv:1607.02529. 

3 . P. Krantz, M. Kjaergaard, F. Yan, T. P. Orlando, S. Gustavsson, and W. D.
Oliver, “A quantum engineer’s guide to superconducting qubits” Applied
Physics Reviews 6, no. 2 (2019): 021318. 

4 . J. Aasi, J. Abadie, B. P. Abbott, et al., “Enhanced sensitivity of the
ligo gravitational wave detector by using squeezed states of light,” Nature
Photonics 7, no. 8 (2013): 613. 

5 . L. Zhong, E. P. Menzel, R. Di Candia, et al., “Squeezing with a flux-
driven josephson parametric amplifier,” New Journal of Physics 15, no. 12
(2013): 125013. 

6 . R. E. Slusher, L. W. Hollberg, B. Yurke, J. C. Mertz, and J. F. Valley,
“Observation of squeezed states generated by four-wave mixing in an
optical cavity,” Physical Review Letters 55, no. 22 (1985): 2409. 
Advanced Quantum Technologies, 2026

tive C
om

m
ons L

icense

https://github.com/eliyablum/qubitSqueezing


7  

o  

1

8  

p  

L

9  

w  

9

1  

p  

P

1  

i  

X

1  

g  

1

1  

c

1  

s

1  

q  

1  

w  

(

1  

T  

o  

2

1  

P
P

1  

s
P

2  

a  

n

2  

s

2  

c

2  

G  

X

2  

0

2  

W  

n

2  

c

2  

R

2  

o

A

 25119044, 2026, 3, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/qute.202500490 by T

echnion-Israel Institution O
f, W

iley O
nline L

ibrary on [20/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the a
 . A. Eickbusch, V. Sivak, A. Z. Ding, et al., “Fast universal control of an
scillator with weak dispersive coupling to a qubit,”Nature Physics 18, no.
2 (2022): 1464. 

 . J. Hastrup, K. Park, R. Filip, and U. L. Andersen, “Unconditional
reparation of squeezed vacuum from rabi interactions,” Physical Review
etters 126, no. 15 (2021): 153602. 

 . Y. Cai, X. Deng, L. Zhang, et al., “Quantum squeezing amplification
ith a weak kerr nonlinear oscillator,”Nature Communications 17 (2025):
70. 

0 . A. Copetudo, C. Y. Fontaine, F. Valadares, and Y. Y. Gao, “Shaping
hotons: Quantum information processing with bosonic cqed,” Applied
hysics Letters 124, no. 8 (2024): 080502. 

1 . X. Pan, J. Schwinger, N.-N. Huang, et al., “Protecting the quantum
nter- ference of cat states by phase-space compression,” Physical Review
 13 (2023): 021004. 

2 . J. Hastrup and U. L. Andersen, “Protocol for generating optical
ottesman-kitaev-preskill states with cavity qed,” Physical Review Letters
28, no. 17 (2022): 170503. 

3 . M. Ayyash, Multimode qubit-conditional operations via generalized
ross-resonance. (2025), arXiv:2503.15941. 

4 . M. K. Hope, J. Lidal, and F. Massel, “Preparation of conditionally-
queezed states in qubit-oscillator systems,” (2025), arXiv:2504.01664. 

5 . M. Ayyash, X. Xu, S. Ashhab, and M. Mariantoni, “Driven multiphoton
ubit- resonator interactions,” Physical Review A 110, no. 5 (2024): 053711.

6 . A. L. Grimsmo, J. Combes, and B. Q. Baragiola, “Quantum computing
ith rotation- symmetric bosonic codes,” Physical Review X 10, no. 1
2020): 011058. 

7 . M. J. Millican, V. G. Matsos, C. H. Valahu, T. Navickas, L. J. Bond, and
. R. Tan, “Engineering continuous-variable entanglement in mechanical
scillators with optimal control,” Physical Review Letters 135 (2025):
33604. 

8 . N. F. Del Grosso, R. G. Cortiñas, P. I. Villar, F. C. Lombardo, and J.
. Paz, “Controlled-squeeze gate in superconducting quantum circuits,”
hysical Review A 111, no. 4 (2025): 042606. 

9 . E. T. Jaynes and F. W. Cummings, “Comparison of quantum and
emiclassical radiation theories with application to the beam maser,”
roceedings of the IEEE 51, no. 1 (1963): 89. 

0 . W. Magnus, “On the exponential solution of differential equations for
 linear operator,” Communications on Pure and Applied Mathematics 7,
o. 4 (1954): 649. 

1 . S. Blanes, F. Casas, J. A. Oteo, and J. Ros, “The magnus expansion and
ome of its applications,” Physics Reports 470, no. 5 (2009): 151. 

2 . E. Blumenthal, qubitSqueezing, GitHub repository, https://github.
om/eliyablum/qubitSqueezing . 

3 . A. A. Diringer, E. Blumenthal, A. Grinberg, L. Jiang, and S. Hacohen-
ourgy, “Fast multioscillator control with a single qubit,” Physical Review
 14, no. (1) (2024): 011055. 

4 . O. Malul, B. Guttel, U. Goldblatt, et al., PRX Quantum 4, no. 3 (2023):
30336. 

5 . S. Hacohen-Gourgy, L. S. Martin, E. Flurin, V. V. Ramasesh, K. B.
haley, and I. Siddiqi, “Quantum dynamics of simultaneously measured
on-commuting observables,” Nature 538, no. 7626 (2016): 491. 

6 . V. V. Sivak, A. Eickbusch, B. Royer, et al., “Real-time quantum error
orrection beyond break-even,” Nature 616, no. 7955 (2023): 50. 

7 . S. Lloyd, “Almost any quantum logic gate is universal,” Physical
eview Letters 75, no. 2 (1995): 346. 

8 . S. Lloyd and S. L. Braunstein, “Quantum computation over continu-
us variables,” Physical Review Letters 82, no. (8) (1999): 1784. 
dvanced Quantum Technologies, 2026 7 of 7

pplicable C
reative C

om
m

ons L
icense

https://github.com/eliyablum/qubitSqueezing

	Single- and Two-Mode Squeezing by Modulated Coupling to a Rabi Driven Qubit
	1 | Introduction
	2 | Theory
	2.1 | Single-Mode Squeezing Hamiltonian
	2.2 | Two-Mode Squeezing Hamiltonian
	2.3 | Squeezing Limitations

	3 | Results and Discussion
	3.1 | Preparation of Single-Mode Squeezed Vacuum
	3.2 | Preparation of Superposition of Squeezed States
	3.3 | Preparation of Two-Mode Squeezed Vacuum

	4 | Universal Control Using Controlled-Squeezing
	5 | Conclusion
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References


