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Engineering squeezed thermal reservoirs via passive linear coupling
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Squeezed thermal reservoirs, characterized by thermal noise with anisotropic fluctuations, have profound
implications in quantum thermodynamics and serve as powerful resources for quantum information. However,
their experimental realizations remain challenging. Existing schemes typically rely on injected squeezed light,
time-dependent modulation, or driven nonlinear interactions, which introduce complexity and limit experimental
feasibility. Using only time-independent linear coupling to a lossy mode within a normal thermal environment,
we identify a general and experimentally accessible framework for squeezed-reservoir engineering, applicable
across platforms such as circuit and cavity quantum electrodynamics as well as coupled cavity systems. We
illustrate the framework through two experimentally relevant cases: directional phase coherence extension in
two-level systems like qubits or atoms, and dissipative quadrature squeezing in bosonic modes like photons or
phonons. By eliminating the need for active control or squeezed input, our passive linear-coupling approach pro-
vides a resource-efficient and practical pathway to dissipative squeezing, decoherence suppression, entanglement
stabilization, quantum simulation, and the exploration of unconventional quantum thermodynamics and phase
transitions.
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I. INTRODUCTION

Quantum systems are inherently susceptible to environ-
mental influences, leading to dissipative effects that induce
decoherence and diminish quantum properties. Quantum
reservoir engineering seeks to convert typically undesirable
interactions between the quantum system and its environment
into advantageous resources [1]. This powerful approach has
broad applications, including quantum computation and state
preparation [2,3], entanglement generation [4–6], quantum
memory [7], quantum metrology [8,9], quantum simulation
[10,11], quantum error correction [12,13], quantum battery
[14], and quantum state transfer [15]. Controlled coupling
between the system and the reservoir may include additional
effects such as non-Markovian behavior [16], nonreciprocal
transmission [17], and heat engines with atypical thermody-
namic properties [18,19].

Squeezed thermal reservoirs are particularly unconven-
tional and intriguing [20–22]. Squeezing, a quantum phe-
nomenon originating from anomalous correlations that reduce
fluctuations in one phase-space quadrature while increas-
ing them in the conjugate quadrature [23,24], serves as a
powerful resource in quantum information science [25,26]
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and has profound implications across various fields of physics.
In quantum science and precision measurement, squeezed
light is crucial for achieving precise measurements at the
quantum limit in gravitational wave detection [27,28]. In
condensed matter physics, squeezing can induce phase tran-
sitions and enable the formation of exotic states of matter
[29,30]. In thermodynamics, quantum heat engines utilizing
squeezed reservoirs can surpass classical efficiency limits
[31–34]. Additionally, quantum systems coupled to squeezed
reservoirs can exhibit compelling behaviors, such as ex-
tended atomic lifetimes [35,36] and anomalous resonance
fluorescence [37,38]. Squeezed reservoirs also offer unique
opportunities for generating dissipative squeezing [39–43]
and stabilizing entanglement [44–48].

Despite their extensive applications, squeezed thermal
reservoirs are challenging to realize, as they require anoma-
lous correlations that are fundamentally absent in stan-
dard thermal environments. Typically, proposed schemes
involve generating broadband squeezed light through exter-
nally driven nonlinear interactions [36] or utilizing driven-
dissipative dynamics in platforms like trapped ions [1]
and optomechanical systems [42,49]. Alternatively, squeezed
dissipation can be engineered via time-dependent mod-
ulation of system parameters [48,50]. These approaches
necessitate additional experimental overhead of nonlinear el-
ements and active external drives, which complicates their
implementation.

While few experimental milestones have been achieved
[36,42], the broader realization of squeezed thermal reser-
voirs remains limited by the reliance on active control and
nonlinear resources, which may hinder integration across di-
verse experimental platforms. In this work, we address this
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challenge through a physical mechanism for squeezed reser-
voir engineering based on the interference between distinct
system-bath interaction processes enabled by a passive, linear
coupling framework. In contrast to previous active schemes,
our approach utilizes only static, bilinear interactions ubiqui-
tous in many quantum systems. This resource-efficient design
eliminates the need for active drives or squeezed-light in-
jection, providing a practical and experimentally accessible
pathway to squeezed reservoir realization.

The remainder of this article is organized as follows.
In Sec. II, we introduce a general framework for squeezed
reservoir engineering based on passive bilinear system-bath
coupling. In Sec. III, we quantify the reservoir properties by
establishing the dependence of squeezing parameters on the
underlying physical configurations. To showcase the versa-
tility and experimental relevance of our approach, we apply
this framework to two representative cases: a two-level system
(Sec. IV), representing qubits and atoms in circuit and cavity
quantum electrodynamics, and a bosonic mode (Sec. V), ap-
plicable to coupled photonic and phononic systems. Finally,
we discuss the implications for advancing quantum technol-
ogy in Sec. VI.

II. OVERVIEW OF THE SQUEEZED RESERVOIR
ENGINEERING FRAMEWORK

We begin by outlining the physical mechanism underlying
our squeezed reservoir engineering framework, which arises
from the interference between distinct interaction processes
enabled by passive, time-independent linear interactions. This
passive configuration effectively induces squeezed dissipation
in the target system through coupling to a lossy bosonic mode
embedded in a normal thermal environment, without requir-
ing squeezed input or dynamic modulation. The following
generic model captures the core mechanism of reservoir-
induced squeezing and serves as the foundation for the two
representative examples presented in this work.

We consider the bilinear coupling between a system mode
S and a dissipative bosonic mode B, referred to as the bath
mode, described by the total Hamiltonian

Ĥtot = h̄ωsŝ
†ŝ + h̄ωbb̂†b̂

+ h̄g(ŝe−iϕs + ŝ†eiϕs )(b̂e−iϕb + b̂†eiϕb ), (1)

where ŝ†/ŝ are the creation/annihilation operators of the sys-
tem mode of frequency ωs, b̂†/b̂ are the creation/annihilation
operators of the bath mode of frequency ωb, and g is the
coupling strength between the system and the bath modes. We
assume g to be real and positive without loss of generality by
introducing complex phases ϕs and ϕb for the mode operators.

In the configuration presented in Fig. 1(a), the system mode
interacts only with the bath mode, while the bath mode is
also coupled to a thermal environment. The evolution of the
combined S+B modes is governed by the Lindblad master
equation [51],

˙̂χ = − i

h̄
[Ĥtot, χ̂ ] + (n̄ + 1)κD[b̂](χ̂ ) + n̄κD[b̂†](χ̂ ), (2)

where χ̂ is the total density matrix of the combined S +
B modes, κ is the dissipation rate of the bath mode, and
D[Ĵ](χ̂ ) ≡ Ĵχ̂ Ĵ† − 1

2 Ĵ†Ĵχ̂ − 1
2 χ̂ Ĵ†Ĵ is the Lindblad dissipa-

FIG. 1. Schematics of the squeezed thermal reservoir engineer-
ing method. (a) A quantum system (S) is linearly coupled to a
dissipative bosonic mode (bath mode B) with strength g, which in
turn dissipates into a thermal environment R̂n̄ at rate κ . In the off-
resonant coupling or bad-cavity regime, this setup effectively realizes
a squeezed thermal reservoir R̂sq for S, with an effective dissipation
rate γeff . (b) Diagrammatic representation of the second-order pro-
cesses resulting in the effective squeezed jump operator Ĵeff . Narrow
and wide ladders indicate the energy levels of the system (frequency
ωs) and the bath (frequency ωb), respectively. Solid circles mark
initial states, and dashed circles mark final states after transitions.
Number-conserving (ŝ†b̂) and nonconserving (ŝb̂) transitions inter-
fere, giving rise to the effective squeezed dissipation illustrated in
the right panel.

tor describing the dissipative dynamics associated with a
jump operator Ĵ . The thermal environment is modeled as a
multimode thermal state R̂n̄ with a mean thermal occupation
number n̄ at the bath mode frequency ωb. This gives rise to a
relaxation rate of (n̄ + 1)κ , associated with the jump operator
b̂, and a heating rate of n̄κ , associated with the jump operator
b̂†, for the bath mode.

In the off-resonant coupling regime, |ωb − ωs| � g, or
assuming a bad cavity, κ � g, the thermal environment dis-
sipates the system mode through second-order processes via
standard adiabatic elimination of the bath mode [21]. Con-
sider the process shown in Fig. 1(b), where dissipation arises
from coherent excitation of the bath mode followed by its
relaxation into the thermal environment. The system-bath
interaction includes two relevant processes, both accom-
panied by bath mode excitation: the number-conserving
term ŝb̂†, which causes system mode deexcitation, and the
number-nonconserving term ŝ†b̂†, which causes system mode
excitation. The bath mode then resets through relaxation into
its thermal environment, governed by the jump operator b̂.
This overall process gives rise to an effective jump operator
for the system mode, Ĵeff = μŝ + ν ŝ†, representing a super-
position of excitation and deexcitation transitions within the
system mode.

A squeezed relaxation naturally emerges from the
combined effect of the number-conserving and number-
nonconserving processes. Because the two processes involve
different energy differences, �E = h̄(ωb ∓ ωs), they occur at
distinct transition rates and result in unequal jump operator co-
efficients, |μ| �= |ν|. The squeezing effect can be identified by
appropriately normalizing the effective jump operator, which
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then takes the form of a squeezed system operator [20],

Ĵeff = Ŝ†
ξ ŝŜξ ≡ cosh(r)ŝ − eiθ sinh(r)ŝ†, (3)

where ξ = reiθ is the complex squeezing parameter, with
squeezing strength r � 0 and squeezing angle θ ∈ [0, 2π ),
defined throughout this work. This structure indicates that dis-
sipation due to Ĵeff corresponds to relaxation of the squeezed
system mode.

Squeezed heating of the system mode also emerges from
the complementary mechanism, if the environment coupled to
the bath mode is at finite temperature. The heating process
is governed by the adjoint of the relaxation jump operator
Ĵ†

eff = Ŝ†
ξ ŝ†Ŝξ , which can be interpreted as heating of the

squeezed system mode. Including both bath mode relaxation
and heating processes, the resulting dissipative dynamics of
the system is governed by an effective superoperator in the
Lindbladian form:

LD
eff (ρ̂s) = (n̄ + 1)γeffD[Ŝ†

ξ ŝŜξ ](ρ̂s) + n̄γeffD[Ŝ†
ξ ŝ†Ŝξ ](ρ̂s),

(4)

where ρ̂s = TrB(χ̂ ) is the reduced density matrix of the system
mode after tracing out the bath mode.

Substituting the squeezing structure of Ĵeff into the Lind-
blad dissipator, Eq. (4) becomes

LD
eff (ρ̂s) = (N + 1)

γeff

2
(2ŝρ̂sŝ

† − ŝ†ŝρ̂s − ρ̂sŝ
†ŝ)

+ N
γeff

2
(2ŝ†ρ̂sŝ − ŝŝ†ρ̂s − ρ̂sŝŝ†)

− M
γeff

2
(2ŝ†ρ̂sŝ

† − ŝ†ŝ†ρ̂s − ρ̂sŝ
†ŝ†)

− M∗ γeff

2
(2ŝρ̂sŝ − ŝŝρ̂s − ρ̂sŝŝ), (5)

where N = n̄ cosh2(r) + (n̄ + 1) sinh2(r) corresponds to a
modified thermal occupation number and M = (2n̄ +
1) cosh(r) sinh(r)eiθ represents the squeezing-induced two-
excitation correlation terms, absent in normal thermal en-
vironments. These two-excitation correlations cannot be
produced by simply rescaling temperature, modifying cou-
pling strength, or altering the reservoir spectral density of a
normal thermal reservoir.

The effective dissipation is formally equivalent to that of
a system coupled to a broadband squeezed thermal reservoir
[51]. This engineered reservoir is characterized by a mul-
timode squeezed thermal state R̂sq = ⊗

j Ŝ
†
j,ξ R̂n̄ j Ŝ j,ξ , where

R̂n̄ j is the thermal state of a reservoir mode j with mean ther-
mal occupation number n̄ j . In this squeezed thermal reservoir,
fluctuations of the phase-space quadratures are exponentially
suppressed (squeezed) by a factor of e−r along the angle
θ
2 + π

2 from the real axis in phase space, and enhanced (anti-
squeezed) by a factor of er along the conjugate angle θ

2 . Such
quadrature-dependent fluctuations are a characteristic feature
of squeezed reservoirs. They originate from the two-excitation
correlations (M, M∗) absent in normal thermal environments,
giving rise to unconventional system dynamics.

In prior realizations, these two-excitation correlations are
typically generated through driven nonlinear interactions or
active parametric processes that inject externally produced
squeezed noise into the system [36,42]. In contrast, in the

present framework the same effective correlated dissipator
emerges from the interference between number-conserving
and number-nonconserving interaction processes mediated by
a dissipative auxiliary mode. The two-excitation correlations
therefore emerge intrinsically from time-independent bilin-
ear coupling, providing a passive and linear mechanism for
squeezed dissipation without dynamic modulation or nonlin-
ear hardware.

This interference-based mechanism applies broadly to sys-
tems coupling linearly with a dissipative bosonic mode in the
off-resonant or bad-cavity regime. The resulting correlations
underlie the unconventional dynamics observed in squeezed
reservoirs, including extended qubit lifetimes and anomalous
resonance fluorescence [35–38], steady-state entanglement
generation [44–48], thermodynamic advantages in quantum
heat engines [31–34], and dissipative squeezing for sensing
applications [39–43]. As bilinear couplings are ubiquitous in
platforms including circuit and cavity quantum electrodynam-
ics, and coupled photonic or phononic systems, the present
mechanism provides a general and resource-efficient route to
squeezed reservoir engineering.

III. SQUEEZING PARAMETER OF THE ENGINEERED
RESERVOIR

To quantify the engineered squeezing, we extract the
squeezing parameter ξ and the effective dissipation rate γeff

experienced by the system mode, which depend on the mi-
croscopic parameters of the entire system-bath-environment
model (ωs, ωb, g, κ, n̄, ϕs). Specifically, they can be derived
from the second-order transition amplitudes, leading to the
expression
√

γeff Ĵeff = √
γeff [cosh(r)ŝ − eiθ sinh(r)ŝ†]

= eiϕ j

( −g
√

κe−iϕs

ωb − ωs − iκ/2
ŝ + −g

√
κeiϕs

ωb + ωs − iκ/2
ŝ†

)
,

(6)

where eiϕ j , ϕ j = π + ϕs − tan−1[ κ
2(ωb−ωs ) ], is a global phase

that does not affect the Lindblad dissipator. The two terms
following the last equality correspond to number-conserving
and number-nonconserving processes, each broadened by the
dissipation rate κ .

Extracting from the form of the squeezed jump operator
[Eq. (6)], the squeezing parameter ξ = reiθ and the effective
dissipation rate γeff are given by

r = tanh−1

⎛
⎝

√
(ωb − ωs)2 + κ2/4

(ωb + ωs)2 + κ2/4

⎞
⎠,

θ = 2ϕs + π + arg

(
ωb − ωs − iκ/2

ωb + ωs − iκ/2

)
,

γeff = 4g2κωbωs

[(ωb − ωs)2 + κ2/4][(ωb + ωs)2 + κ2/4]
. (7)

The dissipative contribution to the system dynamics is fully
governed by the effective squeezed Lindbladian characterized
by the above parameters. The formal derivation of the ef-
fective master equation that includes Hamiltonian corrections

013319-3



CHENG-LIN LEE AND CHIAO-HSUAN WANG PHYSICAL REVIEW RESEARCH 8, 013319 (2026)

FIG. 2. Squeezing properties of the engineered reservoir.
(a) Squeezing strength r as a function of the dimensionless mode
frequencies ωs/κ and ωb/κ , clearly revealing enhanced squeezing at
larger detunings. (b) Squeezing angle θ as a function of the dimen-
sionless mode frequencies ωs/κ and ωb/κ . Both plots are evaluated
with ϕs = 0, showing how the reservoir squeezing properties depend
on the system-bath frequency configuration.

[52,53], consistent with the second-order transition interfer-
ence picture described above, is provided in Appendix A.

To illustrate how the engineered squeezing can be tai-
lored through microscopic parameters, we plot the squeezing
strength r and the squeezing angle θ as functions of the
dimensionless mode frequencies ωs/κ and ωb/κ in Fig. 2.
Near resonance, ωs ≈ ωb, number-conserving contributions
dominate, and the reservoir behaves like a normal thermal en-
vironment with minimal squeezing. As the detuning |ωs − ωb|
increases, number-nonconserving contributions become more
prominent, leading to stronger squeezing. This trend is indi-
cated by Fig. 2(a) through the monotonic increase of r with
detuning. The corresponding squeezing angle θ is shown in
Fig. 2(b).

We have established that the dissipative dynamics of a
quantum system, bilinearly coupled to a lossy bosonic mode
in the off-resonant or bad-cavity regime, can effectively em-
ulate those of a system interacting with a squeezed thermal
reservoir, as in Fig. 1(a). The resulting engineered dissipa-
tion provides a general and resource-efficient framework for
realizing squeezed reservoirs using only passive linear interac-
tions. To illustrate the experimental feasibility and versatility
of this method, we now investigate two representative exam-
ples for the system mode: two-level systems, such as qubits or
atoms (quantum Rabi model), and bosonic systems, such as
photons or phonons (bosonic interaction model). Both models
highlight how such engineered dissipation governs quantum
dynamics in physically relevant regimes.

IV. QUBIT DYNAMICS IN AN ENGINEERED
SQUEEZED RESERVOIR

As a representative implementation of our squeezed reser-
voir engineering framework, we consider a qubit, modeled as
a two-level system, bilinearly coupled to a dissipative bosonic
mode. This architecture is widely realized in a variety of quan-
tum platforms, including cavity quantum electrodynamics
(QED) with neutral atoms [54,55], circuit QED with super-
conducting qubits [56,57], and trapped-ion systems [58,59].
A schematic of this setup is shown in Fig. 3(a), where the
lossy cavity mode serves as the engineered squeezed reservoir
for the qubit.

FIG. 3. Qubit dynamics under an engineered squeezed thermal
reservoir. (a) Schematic of the quantum Rabi model implementation
of the squeezed reservoir engineering framework, where a qubit is
coupled to a lossy cavity dissipating into a thermal environment.
This configuration effectively realizes a squeezed thermal reservoir
for the qubit. (b) Simulated qubit dynamics showing the evolution
of 〈σ̂x〉 and 〈σ̂y〉, starting from initial states aligned along the x
and y axes, respectively. Solid lines represent the effective master
equation (10), and circles indicate results from the full model (2);
the dotted line shows decay under a normal thermal reservoir for
comparison. Simulations are performed with parameters relevant to
fluxonium-based circuit QED devices [60–62]: ωq/2π = 100 MHz,
ωb/2π = 1.0 GHz, κ/2π = 600 MHz, g/2π = 176 MHz, and n̄ =
10, yielding a reservoir squeezing parameter ξ ≈ −1.2.

In this setup, the total Hamiltonian is described by the
quantum Rabi model,

ĤRabi = h̄ωq

2
σ̂z + h̄ωbb̂†b̂ + h̄g(σ̂− + σ̂+)(b̂ + b̂†), (8)

where we set s = q, ŝ† = σ̂+, ŝ = σ̂−, and take ϕq = ϕb = 0.
The quantum Rabi model describes the bilinear coupling be-
tween a two-level system and a single bosonic mode [63,64],
and provides a unified framework for modeling light-matter
interaction across these diverse experimental platforms.

In the bad-cavity or off-resonant regime, the lossy cavity
mode can be adiabatically eliminated, yielding an effective
description of the qubit coupled to a squeezed thermal reser-
voir. The resulting qubit Hamiltonian takes the form (see
Appendix B 1)

Ĥq,eff = h̄ωq,eff

2
σ̂z. (9)

The dynamics of the qubit is governed by the effective master
equation

˙̂ρq = − i

h̄
[Ĥq,eff , ρ̂q] + (n̄ + 1)γeffD[σ̂ ξ

−](ρ̂q)

+ n̄γeffD[σ̂ ξ
+](ρ̂q), (10)

where σ̂
ξ
± = cosh(r)σ̂± − e∓iθ sinh(r)σ̂∓ and ρ̂q is the density

matrix of the qubit. This master equation captures the dynam-
ics of a qubit interacting with a squeezed thermal reservoir, as
shown in the lower panel of Fig. 3(a).

It has been theoretically investigated and experimentally
demonstrated that a squeezed thermal reservoir can suppress
phase decay in qubits, leading to extended qubit lifetimes
[35,36]. Consider the case where ωq,eff = 0 and ξ = −r; the
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qubit dynamics in a squeezed thermal reservoir is described
by [21,35]

〈 ˙̂σx〉 = −γeff

2
(2n̄ + 1)e−2r〈σ̂x〉 ≡ −γx〈σ̂x〉,

〈 ˙̂σy〉 = −γeff

2
(2n̄ + 1)e2r〈σ̂y〉 ≡ −γy〈σ̂y〉,

〈 ˙̂σz〉 = −γeff (2n̄ + 1) cosh(2r)〈σ̂z〉 − γeff

≡ −γz〈σ̂z〉 − γeff . (11)

Compared to radiative decay in a normal thermal environ-
ment with a mean thermal occupation number n̄ at rate γeff , the
relaxation rates satisfy 2γx = 2γy = γz = γeff (2n̄ + 1), which
defines the longitudinal lifetime T1 = 1/γz and an isotropic
transverse lifetime T2 = 1/γx = 1/γy = 2T1. In contrast, the
longitudinal relaxation rate γz is enhanced by a factor of
cosh(2r) in the squeezed reservoir, while the transverse relax-
ation rates γx and γy are suppressed and enhanced by factors
of e−2r and e2r , respectively, reflecting the reduction and
amplification of fluctuations in the corresponding reservoir
quadratures.

Due to these asymmetric fluctuations, the transverse co-
herence times become direction dependent: T2x = 1/γx can
exceed 2T1, while T2y = 1/γy is correspondingly reduced.
This departure from the thermal bound T2 � 2T1 constitutes
a distinctive signature of squeezed reservoirs [35] and serves
as a key experimental indicator for verifying squeezed envi-
ronments [36].

This directional coherence enhancement cannot be repro-
duced by anisotropic relaxation into independent thermal
reservoirs along the x, y, and z axes with rates �x, �y, and
�z. In such a scenario, the overall decay rate along the Bloch
sphere direction i takes the form γi = �i + (� j + �k )/2 (for
distinct i, j, k ∈ {x, y, z}), which enforces the constraint γi �
γ j/2. Consequently, the inequality T2 � 2T1 remains satisfied
for any combination of incoherent thermal processes, indi-
cating that T2x > 2T1 requires the correlations intrinsic to the
squeezed dissipator.

To examine the reservoir squeezing effect and its exper-
imental relevance, we simulate the qubit dynamics using
parameters motivated by fluxonium-based circuit QED sys-
tems [60–62], which support strong coupling between low-
frequency qubits and microwave resonators. Details of the
numerical simulations can be found in Appendix B 2. The
simulations reveal a clear anisotropy in qubit lifetimes along
the two transverse directions, as shown in Fig. 3(b), where the
lifetime of 〈σ̂x〉 is significantly extended, while that of 〈σ̂y〉
is shortened, compared to the normal thermal decay. These
results are consistent with the effective dynamics described by
Eq. (11), where the transverse relaxation rate γx is suppressed
while γy is enhanced. This behavior reflects the anisotropic
dissipation characteristic of squeezed reservoir engineering in
our framework.

V. CAVITY DYNAMICS IN AN ENGINEERED
SQUEEZED RESERVOIR

For the second implementation of our squeezed reservoir
engineering framework, we consider a bosonic system mode,
such as a photonic, microwave, or acoustic cavity, bilinearly

FIG. 4. Cavity dynamics under an engineered squeezed thermal
reservoir. (a) Schematic of the cavity implementation of the squeezed
reservoir engineering framework, where a system cavity (blue) is
coupled to a lossy auxiliary cavity mode (red) that dissipates into a
normal thermal environment. This configuration effectively realizes
a squeezed thermal reservoir for the system cavity. (b) Simulated
steady-state Wigner function of the system cavity in the off-resonant
and bad-cavity regime. The elliptical shape in phase space re-
flects quadrature-dependent fluctuations associated with engineered
squeezed dissipation. Simulations are performed with parameters
relevant to coupled microwave cavity systems [65,71]: ωa/2π =
1.12 GHz, ωb/2π = 4.4 GHz, κ/2π = 4.0 GHz, g/2π = 1.2 GHz,
and n̄ = 0, yielding a steady-state squeezing parameter ξa ≈ 1.

coupled to another dissipative bosonic mode. A schematic
of this configuration is shown in Fig. 4(a), where a lossy
cavity mode serves as an engineered squeezed reservoir for
the system cavity mode.

In the bosonic (cavity) implementation, we take the pho-
tonic cavity mode a as the system and a lossy auxiliary
photonic cavity mode b as the bath. Setting s = a, ŝ† = â†,
ŝ = â, and taking ϕa = ϕb = 0, the total Hamiltonian takes
the form

ĤBosonic = h̄ωaâ†â + h̄ωbb̂†b̂ + h̄g(â + â†)(b̂ + b̂†), (12)

which describes a bilinear interaction between two bosonic
modes. We refer to this setting as the bosonic interaction
model. Such interactions are widely implemented across a
variety of quantum platforms, including inductive couplings
(with ϕa = ϕb = 0) or capacitive couplings (with ϕa = ϕb =
π/2) between superconducting resonators [65,66], as well
as electromechanical interactions in piezoelectric devices
[67,68].

In the bad-cavity or off-resonant regime, the bath
mode can be adiabatically eliminated, yielding an effec-
tive quadratic system Hamiltonian with a shifted frequency
ωa,eff and a single-mode squeezing term of strength � (see
Appendix C 1),

Ĥa,eff = h̄ωa,eff â
†â + ih̄

2
(�â†2 − �∗â2). (13)

The dynamics of the system cavity is governed by the effective
master equation

˙̂ρa = − i

h̄
[Ĥa,eff , ρ̂a] + (n̄ + 1)γeffD[Ŝ†

ξ âŜξ ](ρ̂a)

+ n̄γeffD[Ŝ†
ξ â†Ŝξ ](ρ̂a), (14)

where ρ̂a is the density matrix of the system cavity. This
master equation captures the dynamics of a cavity within a

013319-5



CHENG-LIN LEE AND CHIAO-HSUAN WANG PHYSICAL REVIEW RESEARCH 8, 013319 (2026)

squeezed thermal reservoir, as visualized in the lower panel of
Fig. 4(a).

We focus on the regime where |ωa,eff | > |�|, which en-
sures that the quadratic Hamiltonian remains stable and
diagonalizable. In regimes where adiabatic elimination and
Bogoliubov diagonalization no longer apply, one has to resort
to other techniques such as bosonic third quantization [69,70],
which lies beyond the scope of the present work. Follow-
ing the effective master equation (14), the system reaches a
steady state in the form of a squeezed thermal state, Ŝ†

ξa
ρ̂n̄a Ŝξa ,

characterized by a cavity squeezing parameter ξa and a mean
thermal occupation number n̄a, which can be tailored through
the choice of microscopic parameters in the coupled cavity
setup. Details of the technical derivations of the cavity steady
state can be found in Appendix C 2.

To examine the reservoir squeezing effect and its ex-
perimental relevance, we simulate cavity dynamics under
squeezed reservoir engineering using parameters motivated
by coupled microwave cavities [65,71] while operating in
the off-resonant and bad-cavity regime. Details of the nu-
merical simulations can be found in Appendix C 3. The
simulated steady-state Wigner function of the system cavity
[72], shown in Fig. 4(b), exhibits a clear elliptical shape in
phase space. This anisotropic distribution directly reflects the
quadrature-dependent fluctuations induced by the engineered
squeezed dissipation. These numerical simulation results sup-
port the theoretical predictions of squeezed thermal reservoir
engineering in the bosonic case. The capability to stabilize
steady-state squeezing in a cavity opens opportunities for
enhanced quantum sensing and continuous-variable entangle-
ment generation [47,73].

VI. CONCLUSION

We have introduced a general framework for engineering
squeezed thermal reservoirs through passive linear coupling to
a lossy auxiliary mode in a normal thermal environment. The
central mechanism arises from interference between number-
conserving and number-nonconserving interaction processes,
giving rise to correlated dissipative dynamics characteristic
of a squeezed reservoir. The generality of the framework is
illustrated through two representative implementations: di-
rectional suppression of qubit decoherence and steady-state
squeezing of a bosonic cavity mode, both achievable under
experimentally accessible conditions.

Unlike conventional schemes that rely on driven non-
linear processes, externally injected squeezed fields, or
time-dependent modulations, our approach realizes effective
squeezed dissipation using only passive linear interactions
widely available in existing quantum platforms, lowering the
experimental overhead for squeezed reservoir engineering.
Given the ubiquity of bilinear coupling in current quan-
tum platforms, the mechanism developed here provides a
broadly applicable and scalable route to engineered squeezed
environments, with potential applications including dissipa-
tive squeezing, entanglement stabilization, and quantum heat
engines.

The present analysis is formulated within the off-resonant
or bad-cavity regime where adiabatic elimination leads to
an effective Lindblad description. Extensions beyond this

regime, including strong coupling and non-Markovian dy-
namics, remain open directions for future investigation. This
framework can also be extended to incorporate parametric
effects, including those arising from optomechanical inter-
actions or three-wave mixing, offering additional tunability
for engineering open-system dynamics. Future directions in-
clude exploring multimode generalizations and assessing the
robustness of the engineered reservoir in noisy environments.
Together, these avenues broaden the scope of quantum control
and support the development of scalable and resource-efficient
strategies for quantum technologies.
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APPENDIX A: FORMAL DERIVATION
OF THE EFFECTIVE MASTER EQUATION

We here derive the effective system dynamics using a stan-
dard master equation approach. Consider a general bilinear
interaction between a quantum system S and a dissipative
bosonic mode B, with the total Hamiltonian given in Eq. (1).
Coupling the bath mode to a thermal environment yields the
Lindblad master equation for the full S + B setup, given in
Eq. (2).

In the off-resonant coupling regime, |ωb − ωs| � g, or in
the bad-cavity limit, κ � g, we apply the method of adiabatic
elimination [21,52,53], assuming that the bath mode rapidly
equilibrates to a thermal state. This procedure is formally
equivalent to a Schrieffer-Wolff transformation, with the gen-
erator S = b̂†F̂ − F̂ †b̂, where F̂ is a system field operator that
accounts for the interaction with the dissipative mode.

Following the treatment for eliminating lossy bosonic
modes [52,53], the system field operator takes the form

F̂ = − gei(ϕb−ϕs )

ωb − ωs − iκ/2
ŝ − gei(ϕb+ϕs )

ωb + ωs − iκ/2
ŝ†

= ei(ϕb−ϕ j )

√
γeff

κ
Ĵeff . (A1)

This field operator has the same structure as the jump operator
Ĵeff in Eq. (6), up to a proportionality factor. Based on this re-
lation, the effective master equation and Hamiltonian derived
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TABLE I. Simulation parameters and evaluated quantities for Figs. 3 and 5. The qubit frequency ωq is varied to explore the dependence of
the engineered squeezing on the system-bath detuning, while all other parameters are kept fixed. The squeezing strength r, squeezing angle θ ,
effective dissipation rate γ , and effective qubit frequency ωq,eff are calculated from the analytical expressions in Eqs. (7) and (B2).

Figure(s) 3(b) and 5(a) 5(b) 5(c)

ωq/2π (MHz) 100 200 300
ωb/2π (MHz) 1000 1000 1000
κ/2π (MHz) 600 600 600
g/2π (MHz) 176 176 176
n̄ 10 10 10

ωq,eff/2π (MHz) −0.08 −2.68 −10.00
γeff/2π (MHz) 6.35 13.31 21.60
r 1.19 0.85 0.65
θ (deg) 176.82 173.48 169.80

via adiabatic elimination can be compactly expressed in terms
of Ĵeff , with the dissipative part matching the second-order
interference picture established in Sec. III. Specifically, the
effective master equation reads

˙̂ρs = − i

h̄
[Ĥs,eff , ρ̂s] + (n̄ + 1)γeffD[Ĵeff ](ρ̂s)

+ n̄γeffD[Ĵ†
eff ](ρ̂s), (A2)

where the effective Hamiltonian is given by

1

h̄
Ĥs,eff = ωsŝ

†ŝ + g

2

√
γeff

κ
(Ĵ†

effe
iϕ j (ŝe−iϕs + ŝ†eiϕs )

+ (ŝe−iϕs + ŝ†eiϕs )Ĵeff e
−iϕ j )

+ gn̄

2

√
γeff

κ
([Ĵ†

effe
iϕ j , ŝe−iϕs + ŝ†eiϕs ]

+ [ŝe−iϕs + ŝ†eiϕs , Ĵeff e
−iϕ j ]) + n̄ωb. (A3)

This formal derivation yields the effective master equation and
Hamiltonian used throughout the remainder of our analysis.

APPENDIX B: THEORY AND SIMULATION
OF THE QUANTUM RABI MODEL

Here, we derive the effective qubit Hamiltonian under a
squeezed thermal reservoir and present numerical simulations
of the qubit dynamics, including additional results beyond
the main text, to verify the predicted dependence of qubit
dephasing on the system-bath detuning.

1. Effective qubit Hamiltonian

In the qubit implementation, we consider a two-level sys-
tem (qubit) linearly coupled to a bosonic bath mode, described
by the quantum Rabi model. Taking ŝ = σ̂− and ϕs = ϕb = 0,
the effective Hamiltonian for the qubit is obtained by evaluat-
ing Eq. (A3):

1

h̄
Ĥq,eff = ωq

2
σ̂z + g

2

√
γeff

κ
(Ĵ†

eff e
iϕ j + Ĵeff e

−iϕ j )(σ̂− + σ̂+)

+ gn̄

2

√
γeff

κ
[Ĵ†

effe
iϕ j − Ĵeff e

−iϕ j , σ̂− + σ̂+] + n̄ωb

=
(

ωq

2
− γeff (2n̄ + 1)

(
ω2

b − ω2
q − κ2/4

)
4κωb

)
σ̂z

= ωq,eff

2
σ̂z, (B1)

ωq,eff ≡ωq − γeff (2n̄ + 1)
(
ω2

b − ω2
q − κ2/4

)
2κωb

, (B2)

where constant terms have been omitted, as they do not influ-
ence the dynamics of the system. This effective Hamiltonian
indicates a qubit frequency shift induced by the dissipative
bath.

2. Numerical simulation of qubit dynamics

We simulate the qubit dynamics using both the full master
equation (2) and the effective master equation (10), imple-
mented in Python using the mesolve function in the QUTIP

package [74,75]. The qubit is initialized in states aligned along
the x and y axes of the Bloch sphere, with ρ̂0 = 1

2 (1 + σ̂x ) and
ρ̂0 = 1

2 (1 + σ̂y), respectively, and the cavity mode is truncated
at a photon number cutoff of 30. To assess the effect of detun-
ing on squeezing, we vary the qubit frequency ωq while fixing
all other parameters as listed in Table I. These parameters
correspond to typical values in circuit QED experiments using
fluxonium qubits operated in the dispersive regime [60,61].

Figure 5 shows the simulated qubit dynamics under vary-
ing detuning. This chosen parameter configuration realizes a
strongly squeezed reservoir in the far-detuned regime (ωq �
ωb) of panel (a), where the effective squeezing strength is
the highest among the three panels. As the qubit frequency
increases in panels (b) and (c), the system moves closer to
resonance with the bath mode, leading to a gradual reduction
in squeezing strength. These observations are consistent with
the analytical expression for the squeezing parameter [Eq. (7)]
and the numerical results plotted in Fig. 2.

APPENDIX C: THEORY AND SIMULATION
OF THE BOSONIC INTERACTION MODEL

Here, we derive the effective Hamiltonian for the system
cavity under linear coupling to a dissipative mode, obtain its
steady state as a squeezed thermal state, and present numerical
simulations, including additional results beyond the main text,
to verify the predicted steady-state squeezing phenomena.
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FIG. 5. Squeezed qubit dynamics under varying detuning. Simulated evolution of 〈σ̂x〉 and 〈σ̂y〉, starting from initial states aligned along
the x and y axes, under engineered squeezed dissipation for three different qubit frequencies: (a) ωq/2π = 100 MHz, (b) ωq/2π = 200 MHz,
and (c) ωq/2π = 300 MHz. Solid lines represent the effective master equation (10), and circles indicate results from the full model (2); the
dotted line shows decay under a normal thermal reservoir for comparison. Simulation parameters are summarized in Table I. The simulations
reveal suppression of qubit decoherence along the x axis (squeezed direction), with decreasing quadrature anisotropy at smaller detuning.

1. Effective cavity Hamiltonian

In the cavity implementation, we consider two linearly
coupled bosonic (cavity) modes, where one mode acts as
the system mode and the other as a dissipative bath mode,
described by the bosonic interaction model. Taking ŝ = â and
ϕa = ϕb = 0, the effective Hamiltonian of the system cavity
is obtained by evaluating Eq. (A3):

1

h̄
Ĥa,eff =

(
ωa − γeff

(
ω2

b − ω2
a + κ2/4

)
2κωa

)
â†â

− g2

2

(
1

ωb − ωa + iκ/2
+ 1

ωb + ωa − iκ/2

)
â†2

− g2

2

(
1

ωb − ωa − iκ/2
+ 1

ωb + ωa + iκ/2

)
â2

= ωa,eff â
†â + i

2
(�â†2 − �∗â2),

ωa,eff ≡ ωa − γeff
(
ω2

b − ω2
a + κ2/4

)
2κωa

,

� ≡ ig2

(
1

ωb − ωa + iκ/2
+ 1

ωb + ωa − iκ/2

)
, (C1)

where constant terms have been omitted, as they do not
influence the dynamics of the system. Compared to the quan-
tum Rabi model, this effective Hamiltonian is independent
of the mean thermal occupation number n̄. Moreover, the
coherent two-photon terms â2 and â†2 generate additional
unitary squeezing, supplementing the dissipative squeezing
established through engineered loss.

2. Characterization of the cavity steady state

In the regime where |ωa,eff | > |�|, the effective Hamil-
tonian may be diagonalized by the squeezing operator
Ŝξd = exp[ 1

2 (ξ ∗
d â2 − ξd â†2)], where Ŝ†

ξd
âŜξd = â cosh(rd ) −

â†eiθd sinh(rd ). Applying this Bogoliubov diagonalization, the
effective master equation (14) takes the form

˙̂ρa = −i[�Ŝξd â†âŜ†
ξd

, ρ̂a] + (n̄ + 1)γeffD[Ŝ†
ξ âŜξ ](ρ̂a)

+ n̄γeffD[Ŝ†
ξ â†Ŝξ ](ρ̂a), (C2)

where rd = 1
2 tanh−1( |�|

ωa,eff
), θd = arg(i�) = π +

arg( ωb−ωa−iκ/2
ωb+ωa−iκ/2 ), and � =

√
ω2

a,eff − |�|2.

To find the steady state of Eq. (C2), we first apply a
squeezing transformation to the system density operator, ρ̃a =
Ŝξ ρ̂aŜ†

ξ , such that the environmental squeezing is transferred
into the transformed Hamiltonian, and the dissipator becomes
thermal. The transformed master equation becomes

˙̃ρa = − i[�Ŝξ+ξd â†âŜ†
ξ+ξd

, ρ̃a] + (n̄ + 1)γeffD[â](ρ̃a)

+ n̄γeffD[â†](ρ̃a). (C3)

Note that ξ and ξd share the same angle (θ = θd ), the corre-
sponding squeezing operators commute, and the parameters
can be added directly.

The steady-state solution of Eq. (C3) in the transformed
frame takes the form of a squeezed thermal state, ρ̃a,ss =
Ŝξt ρ̂n̄a Ŝ†

ξt
, with

rt = 1

2
tanh−1

⎛
⎝

√√√√ sinh2[2(r + rd )]

cosh2[2(r + rd )] + γ 2
eff

4�2

⎞
⎠,

θt = θ + tan−1

(
γeff

2� cosh[2(r + rd )]

)
, (C4)

and ρ̂n̄a = 1
n̄a+1 ( n̄a

n̄a+1 )â†â represents a thermal state with a
mean thermal occupation number n̄a given by

n̄a = 1
2 [(2n̄ + 1) cosh(2rt ) − 1]. (C5)

Applying the inverse squeezing transformation Ŝ†
ξ returns

the system to the original frame, where the steady state of the
system cavity becomes

ρ̂a,ss = 1

n̄a + 1
Ŝ†

ξ Ŝξt

(
n̄a

n̄a + 1

)â†â

Ŝ†
ξt
Ŝξ . (C6)

Combining the effects of both squeezing operations, we obtain
the steady state of Eq. (14) as a squeezed thermal state,

ρ̂a,ss = Ŝ†
ξa
ρ̂n̄a Ŝξa , ξa = raeiθa , (C7)
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TABLE II. Simulation parameters and evaluated quantities for Figs. 4 and 6. The system cavity frequency ωa is varied to examine how the
steady-state squeezing depends on detuning, while all other parameters are kept fixed. The effective cavity frequency ωa,eff and Hamiltonian
squeezing strength � are calculated from Eq. (C1). The resulting squeezing strength ra, squeezing angle θa, and mean thermal occupation
number n̄a of the system cavity steady state are calculated from Eqs. (C5) and (C8).

Figure(s) 4(b) and 6(a) 6(b) 6(c)

ωa/2π (GHz) 1.12 1.20 1.30
ωb/2π (GHz) 4.4 4.4 4.4
g/2π (GHz) 1.2 1.2 1.2
κ/2π (GHz) 4.0 4.0 4.0
n̄ 0 0 0

ωa,eff/2π (GHz) 0.57 0.65 0.75
�/2π (GHz) 0.11 + 0.55i 0.12 + 0.55i 0.13 + 0.55i
ra 1.03 0.64 0.49
θa (deg) 359.98 359.88 359.72
n̄a 8.85 3.50 2.23

where

ra = tanh−1

∣∣∣∣ tanh(r) − ei(θt −θ ) tanh(rt )

1 − ei(θt −θ ) tanh(r) tanh(rt )

∣∣∣∣,
θa = π + θ

+ tan−1
(

sin(θ−θt ) sinh(2rt )
sinh(2r) cosh(2rt )−cos(θ−θt ) cosh(2r) sinh(2rt )

)
. (C8)

These expressions fully characterize the steady-state squeez-
ing properties of the system cavity, controlled by the
microscopic parameters of the coupled cavity-cavity setup.

3. Numerical simulation of cavity steady state

We simulate the cavity dynamics under an engineered
squeezed reservoir by solving for the steady state of the ef-
fective master equation (14) using the steady-state function

in the QUTIP package [74,75]. To examine the dependence of
steady-state squeezing on detuning, we vary the system cavity
frequency as listed in Table II, while keeping all other param-
eters fixed. The chosen parameters correspond to the strong
coupling and bad-cavity regime between superconducting mi-
crowave resonators [65,71], and the cavity mode is truncated
at a photon number cutoff of 200.

Figure 6 shows the simulated steady-state Wigner func-
tions of the system cavity for three different values of ωa.
In panel (a), the reservoir is strongly squeezed, resulting in a
pronounced elliptical distribution in phase space. As detun-
ing decreases in panels (b) and (c), the squeezing strength
decreases, and the Wigner function becomes increasingly
circular. These simulations confirm the controllability of
steady-state squeezing via system parameters in our reservoir
engineering framework.

FIG. 6. Steady-state Wigner functions of the system cavity under engineered squeezed dissipation. Simulated Wigner functions are shown
for three different cavity frequencies: (a) ωa/2π = 1.12 GHz, (b) ωa/2π = 1.20 GHz, and (c) ωa/2π = 1.30 GHz. All panels share a common
color normalization for direct visual comparison. Simulated parameters are summarized in Table II. The elliptical shapes in phase space reflect
quadrature-dependent fluctuations associated with engineered squeezed dissipation.

[1] J. F. Poyatos, J. I. Cirac, and P. Zoller, Quantum reservoir
engineering with laser cooled trapped ions, Phys. Rev. Lett. 77,
4728 (1996).

[2] F. Verstraete, M. M. Wolf, and J. I. Cirac, Quantum computation
and quantum-state engineering driven by dissipation, Nat. Phys.
5, 633 (2009).

[3] A. R. R. Carvalho, P. Milman, R. L. de Matos Filho, and L.
Davidovich, Decoherence, pointer engineering, and quantum
state protection, Phys. Rev. Lett. 86, 4988 (2001).

[4] H. Krauter, C. A. Muschik, K. Jensen, W. Wasilewski,
J. M. Petersen, J. I. Cirac, and E. S. Polzik, Entangle-
ment generated by dissipation and steady state entanglement
of two macroscopic objects, Phys. Rev. Lett. 107, 080503
(2011).

[5] Y. Lin, J. P. Gaebler, F. Reiter, T. R. Tan, R. Bowler, A. S.
Sørensen, D. Leibfried, and D. J. Wineland, Dissipative pro-
duction of a maximally entangled steady state of two quantum
bits, Nature (London) 504, 415 (2013).

013319-9

https://doi.org/10.1103/PhysRevLett.77.4728
https://doi.org/10.1038/nphys1342
https://doi.org/10.1103/PhysRevLett.86.4988
https://doi.org/10.1103/PhysRevLett.107.080503
https://doi.org/10.1038/nature12801


CHENG-LIN LEE AND CHIAO-HSUAN WANG PHYSICAL REVIEW RESEARCH 8, 013319 (2026)

[6] S. Shankar, M. Hatridge, Z. Leghtas, K. M. Sliwa, A. Narla,
U. Vool, S. M. Girvin, L. Frunzio, M. Mirrahimi, and M. H.
Devoret, Autonomously stabilized entanglement between two
superconducting quantum bits, Nature (London) 504, 419
(2013).

[7] F. Pastawski, L. Clemente, and J. I. Cirac, Quantum memo-
ries based on engineered dissipation, Phys. Rev. A 83, 012304
(2011).

[8] G. Goldstein, P. Cappellaro, J. R. Maze, J. S. Hodges, L. Jiang,
A. S. Sørensen, and M. D. Lukin, Environment-assisted preci-
sion measurement, Phys. Rev. Lett. 106, 140502 (2011).

[9] F. Reiter, A. S. Sørensen, P. Zoller, and C. A. Muschik, Dis-
sipative quantum error correction and application to quantum
sensing with trapped ions, Nat. Commun. 8, 1822 (2017).

[10] E. Kapit, M. Hafezi, and S. H. Simon, Induced self-stabilization
in fractional quantum Hall states of light, Phys. Rev. X 4,
031039 (2014).

[11] C. H. Wang, M. J. Gullans, J. V. Porto, W. D. Phillips, and J. M.
Taylor, Theory of Bose condensation of light via laser cooling
of atoms, Phys. Rev. A 99, 031801(R) (2019).

[12] S. Puri, A. Grimm, P. Campagne-Ibarcq, A. Eickbusch, K.
Noh, G. Roberts, L. Jiang, M. Mirrahimi, M. H. Devoret, and
S. M. Girvin, Stabilized cat in a driven nonlinear cavity: A
fault-tolerant error syndrome detector, Phys. Rev. X 9, 041009
(2019).

[13] J. M. Gertler, B. Baker, J. Li, S. Shirol, J. Koch, and C. Wang,
Protecting a bosonic qubit with autonomous quantum error
correction, Nature (London) 590, 243 (2021).

[14] F. Barra, Dissipative charging of a quantum battery, Phys. Rev.
Lett. 122, 210601 (2019).

[15] C. Wang and J. M. Gertler, Autonomous quantum state transfer
by dissipation engineering, Phys. Rev. Res. 1, 033198 (2019).

[16] B. H. Liu, L. Li, Y. F. Huang, C. F. Li, G. C. Guo, E. M. Laine,
H. P. Breuer, and J. Piilo, Experimental control of the transition
from Markovian to non-Markovian dynamics of open quantum
systems, Nat. Phys. 7, 931 (2011).

[17] A. Metelmann and A. A. Clerk, Nonreciprocal photon transmis-
sion and amplification via reservoir engineering, Phys. Rev. X
5, 021025 (2015).

[18] O. Abah and E. Lutz, Efficiency of heat engines coupled to
nonequilibrium reservoirs, Europhys. Lett. 106, 20001 (2014).

[19] R. J. de Assis, T. M. de Mendonça, C. J. Villas-Boas, A. M. de
Souza, R. S. Sarthour, I. S. Oliveira, and N. G. de Almeida,
Efficiency of a quantum Otto heat engine operating under a
reservoir at effective negative temperatures, Phys. Rev. Lett.
122, 240602 (2019).

[20] C. W. Gardiner and M. J. Collett, Input and output in damped
quantum systems: Quantum stochastic differential equations
and the master equation, Phys. Rev. A 31, 3761 (1985).

[21] C. W. Gardiner and P. Zoller, Quantum Noise: A Handbook of
Markovian and Non-Markovian Quantum Stochastic Methods
with Applications to Quantum Optics (Springer, Berlin, 2004).

[22] G. Manzano, Squeezed thermal reservoir as a generalized equi-
librium reservoir, Phys. Rev. E 98, 042123 (2018).

[23] R. Loudon and P. L. Knight, Squeezed light, J. Mod. Opt. 34,
709 (1987).

[24] M. Kitagawa and M. Ueda, Squeezed spin states, Phys. Rev. A
47, 5138 (1993).

[25] L. S. Braunstein and P. van Loock, Quantum information with
continuous variables, Rev. Mod. Phys. 77, 513 (2005).

[26] L. S. Madsen, F. Laudenbach, M. F. Askarani, F. Rortais, T.
Vincent, J. F. Bulmer, F. M. Miatto, L. Neuhaus, L. G. Helt,
M. J. Collins, A. E. Lita, T. Gerrits, S. W. Nam, V. D. Vaidya,
M. Menotti, I. Dhand, Z. Vernon, N. Quesada, and J. Lavoie,
Quantum computational advantage with a programmable pho-
tonic processor, Nature (London) 606, 75 (2022).

[27] R. S. Bondurant and J. H. Shapiro, Squeezed states in phase-
sensing interferometers, Phys. Rev. D 30, 2548 (1984).

[28] W. Jia, et al. (LIGO Scientific Collaboration), Squeezing the
quantum noise of a gravitational-wave detector below the stan-
dard quantum limit, Science 385, 1318 (2024).

[29] V. Peano, M. Houde, C. Brendel, F. Marquardt, and A. A.
Clerk, Topological phase transitions and chiral inelastic trans-
port induced by the squeezing of light, Nat. Commun. 7, 10779
(2016).

[30] C. J. Zhu, L. L. Ping, Y. P. Yang, and G. S. Agarwal, Squeezed
light induced symmetry breaking superradiant phase transition,
Phys. Rev. Lett. 124, 073602 (2020).

[31] X. L. Huang, T. Wang, and X. X. Yi, Effects of reservoir squeez-
ing on quantum systems and work extraction, Phys. Rev. E 86,
051105 (2012).

[32] J. Roßnagel, O. Abah, F. Schmidt-Kaler, K. Singer, and E. Lutz,
Nanoscale heat engine beyond the Carnot limit, Phys. Rev. Lett.
112, 030602 (2014).

[33] G. Manzano, F. Galve, R. Zambrini, and J. M. R. Parrondo,
Entropy production and thermodynamic power of the squeezed
thermal reservoir, Phys. Rev. E 93, 052120 (2016).

[34] J. Klaers, S. Faelt, A. Imamoglu, and E. Togan, Squeezed
thermal reservoirs as a resource for a nanomechanical engine
beyond the Carnot limit, Phys. Rev. X 7, 031044 (2017).

[35] C. W. Gardiner, Inhibition of atomic phase decays by squeezed
light: A direct effect of squeezing, Phys. Rev. Lett. 56, 1917
(1986).

[36] K. W. Murch, S. J. Weber, K. M. Beck, E. Ginossar, and I.
Siddiqi, Reduction of the radiative decay of atomic coherence
in squeezed vacuum, Nature (London) 499, 62 (2013).

[37] S. Swain, Anomalous resonance fluorescence spectra in a
squeezed vacuum, Phys. Rev. Lett. 73, 1493 (1994).

[38] D. M. Toyli, A. W. Eddins, S. Boutin, S. Puri, D. Hover, V.
Bolkhovsky, W. D. Oliver, A. Blais, and I. Siddiqi, Resonance
fluorescence from an artificial atom in squeezed vacuum, Phys.
Rev. X 6, 031004 (2016).

[39] A. S. Parkins, E. Solano, and J. I. Cirac, Unconditional two-
mode squeezing of separated atomic ensembles, Phys. Rev.
Lett. 96, 053602 (2006).

[40] D. Porras and J. J. García-Ripoll, Shaping an itinerant quantum
field into a multimode squeezed vacuum by dissipation, Phys.
Rev. Lett. 108, 043602 (2012).

[41] A. Kronwald, F. Marquardt, and A. A. Clerk, Dissipative op-
tomechanical squeezing of light, New J. Phys. 16, 063058
(2014).

[42] E. E. Wollman, C. U. Lei, A. J. Weinstein, J. Suh, A. Kronwald,
F. Marquardt, A. A. Clerk, and K. C. Schwab, Quantum squeez-
ing of motion in a mechanical resonator, Science 349, 952
(2015).

[43] S. Y. Bai and J. H. An, Generating stable spin squeezing by
squeezed-reservoir engineering, Phys. Rev. Lett. 127, 083602
(2021).

[44] B. Kraus and J. I. Cirac, Discrete entanglement distribution with
squeezed light, Phys. Rev. Lett. 92, 013602 (2004).

013319-10

https://doi.org/10.1038/nature12802
https://doi.org/10.1103/PhysRevA.83.012304
https://doi.org/10.1103/PhysRevLett.106.140502
https://doi.org/10.1038/s41467-017-01895-5
https://doi.org/10.1103/PhysRevX.4.031039
https://doi.org/10.1103/PhysRevA.99.031801
https://doi.org/10.1103/PhysRevX.9.041009
https://doi.org/10.1038/s41586-021-03257-0
https://doi.org/10.1103/PhysRevLett.122.210601
https://doi.org/10.1103/PhysRevResearch.1.033198
https://doi.org/10.1038/nphys2085
https://doi.org/10.1103/PhysRevX.5.021025
https://doi.org/10.1209/0295-5075/106/20001
https://doi.org/10.1103/PhysRevLett.122.240602
https://doi.org/10.1103/PhysRevA.31.3761
https://doi.org/10.1103/PhysRevE.98.042123
https://doi.org/10.1080/09500348714550721
https://doi.org/10.1103/PhysRevA.47.5138
https://doi.org/10.1103/RevModPhys.77.513
https://doi.org/10.1038/s41586-022-04725-x
https://doi.org/10.1103/PhysRevD.30.2548
https://doi.org/10.1126/science.ado8069
https://doi.org/10.1038/ncomms10779
https://doi.org/10.1103/PhysRevLett.124.073602
https://doi.org/10.1103/PhysRevE.86.051105
https://doi.org/10.1103/PhysRevLett.112.030602
https://doi.org/10.1103/PhysRevE.93.052120
https://doi.org/10.1103/PhysRevX.7.031044
https://doi.org/10.1103/PhysRevLett.56.1917
https://doi.org/10.1038/nature12264
https://doi.org/10.1103/PhysRevLett.73.1493
https://doi.org/10.1103/PhysRevX.6.031004
https://doi.org/10.1103/PhysRevLett.96.053602
https://doi.org/10.1103/PhysRevLett.108.043602
https://doi.org/10.1088/1367-2630/16/6/063058
https://doi.org/10.1126/science.aac5138
https://doi.org/10.1103/PhysRevLett.127.083602
https://doi.org/10.1103/PhysRevLett.92.013602


ENGINEERING SQUEEZED THERMAL RESERVOIRS VIA … PHYSICAL REVIEW RESEARCH 8, 013319 (2026)

[45] S. Banerjee, V. Ravishankar, and R. Srikanth, Dynamics of
entanglement in two-qubit open system interacting with a
squeezed thermal bath via dissipative interaction, Ann. Phys.
(NY) 325, 816 (2010).

[46] Y. D. Wang and A. A. Clerk, Reservoir-engineered entangle-
ment in optomechanical systems, Phys. Rev. Lett. 110, 253601
(2013).

[47] S. Zippilli, J. Li, and D. Vitali, Steady-state nested entangle-
ment structures in harmonic chains with single-site squeezing
manipulation, Phys. Rev. A 92, 032319 (2015).

[48] L. C. G. Govia, A. Lingenfelter, and A. A. Clerk, Stabilizing
two-qubit entanglement by mimicking a squeezed environment,
Phys. Rev. Res. 4, 023010 (2022).

[49] A. Kronwald, F. Marquardt, and A. A. Clerk, Arbitrarily large
steady-state bosonic squeezing via dissipation, Phys. Rev. A 88,
063833 (2013).

[50] E. Shahmoon and G. Kurizki, Engineering a thermal squeezed
reservoir by energy-level modulation, Phys. Rev. A 87, 013841
(2013).

[51] H.-P. Breuer and F. Petruccione, The Theory of Open Quantum
Systems (Oxford University Press, New York, 2002).

[52] S. B. Jäger, T. Schmit, G. Morigi, M. J. Holland, and R.
Betzholz, Lindblad master equations for quantum systems cou-
pled to dissipative bosonic modes, Phys. Rev. Lett. 129, 063601
(2022).

[53] S. B. Jäger and R. Betzholz, Effective description of cooling and
thermal shifts in quantum systems coupled to bosonic modes,
Phys. Rev. A 108, 013110 (2023).

[54] S. Haroche and D. Kleppner, Cavity quantum electrodynamics,
Phys. Today 42(1), 24 (1989).

[55] J. M. Raimond, M. Brune, and S. Haroche, Colloquium: Ma-
nipulating quantum entanglement with atoms and photons in a
cavity, Rev. Mod. Phys. 73, 565 (2001).

[56] A. Blais, A. L. Grimsmo, S. M. Girvin, and A. Wallraff, Circuit
quantum electrodynamics, Rev. Mod. Phys. 93, 025005 (2021).

[57] A. Wallraff, D. I. Schuster, A. Blais, L. Frunzio, R. S. Huang,
J. Majer, S. Kumar, S. M. Girvin, and R. J. Schoelkopf, Strong
coupling of a single photon to a superconducting qubit using
circuit quantum electrodynamics, Nature (London) 431, 162
(2004).

[58] D. Leibfried, R. Blatt, C. Monroe, and D. Wineland, Quantum
dynamics of single trapped ions, Rev. Mod. Phys. 75, 281
(2003).

[59] D. Lv, S. An, Z. Liu, J. N. Zhang, J. S. Pedernales, L. Lamata,
E. Solano, and K. Kim, Quantum simulation of the quantum
Rabi model in a trapped ion, Phys. Rev. X 8, 021027 (2018).

[60] V. E. Manucharyan, J. Koch, L. I. Glazman, and M. H. Devoret,
Fluxonium: Single Cooper-pair circuit free of charge offsets,
Science 326, 113 (2009).

[61] L. B. Nguyen, Y. H. Lin, A. Somoroff, R. Mencia, N. Grabon,
and V. E. Manucharyan, High-coherence fluxonium qubit, Phys.
Rev. X 9, 041041 (2019).

[62] L. B. Nguyen, G. Koolstra, Y. Kim, A. Morvan, T. Chistolini,
S. Singh, K. N. Nesterov, C. Jünger, L. Chen, Z. Pedramrazi,
B. K. Mitchell, J. M. Kreikebaum, S. Puri, D. I. Santiago, and I.
Siddiqi, Blueprint for a high-performance fluxonium quantum
processor, PRX Quantum 3, 037001 (2022).

[63] I. I. Rabi, On the process of space quantization, Phys. Rev. 49,
324 (1936).

[64] I. I. Rabi, Space quantization in a gyrating magnetic field, Phys.
Rev. 51, 652 (1937).

[65] P. Krantz, M. Kjaergaard, F. Yan, T. P. Orlando, S. Gustavsson,
and W. D. Oliver, A quantum engineer’s guide to superconduct-
ing qubits, Appl. Phys. Rev. 6, 021318 (2019).

[66] S. E. Rasmussen, K. S. Christensen, S. P. Pedersen, L. B.
Kristensen, T. Bækkegaard, N. J. S. Loft, and N. T. Zinner,
Superconducting circuit companion—An introduction with
worked examples, PRX Quantum 2, 040204 (2021).

[67] E. Zeuthen, A. Schliesser, J. M. Taylor, and A. S. Sørensen,
Electrooptomechanical equivalent circuits for quantum trans-
duction, Phys. Rev. Appl. 10, 044036 (2018).

[68] T. Blésin, H. Tian, S. A. Bhave, and T. J. Kippenberg,
Quantum coherent microwave-optical transduction using high-
overtone bulk acoustic resonances, Phys. Rev. A 104, 052601
(2021).

[69] T. Prosen, Third quantization: A general method to solve master
equations for quadratic open Fermi systems, New J. Phys. 10,
043026 (2008).

[70] A. McDonald and A. A. Clerk, Third quantization of open
quantum systems: Dissipative symmetries and connections to
phase-space and Keldysh field-theory formulations, Phys. Rev.
Res. 5, 033107 (2023).

[71] T. Miyanaga, A. Tomonaga, H. Ito, H. Mukai, and J. S. Tsai,
Ultrastrong tunable coupler between superconducting LC res-
onators, Phys. Rev. Appl. 16, 064041 (2021).

[72] K. E. Cahill and R. J. Glauber, Density operators and quasiprob-
ability distributions, Phys. Rev. 177, 1882 (1969).

[73] J. Angeletti, S. Zippilli, and D. Vitali, Dissipative stabilization
of entangled qubit pairs in quantum arrays with a single lo-
calized dissipative channel, Quantum Sci. Technol. 8, 035020
(2023).

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

[75] J. R. Johansson, P. D. Nation, and F. Nori, QuTiP 2: A Python
framework for the dynamics of open quantum systems, Comput.
Phys. Commun. 184, 1234 (2013).

013319-11

https://doi.org/10.1016/j.aop.2010.01.003
https://doi.org/10.1103/PhysRevLett.110.253601
https://doi.org/10.1103/PhysRevA.92.032319
https://doi.org/10.1103/PhysRevResearch.4.023010
https://doi.org/10.1103/PhysRevA.88.063833
https://doi.org/10.1103/PhysRevA.87.013841
https://doi.org/10.1103/PhysRevLett.129.063601
https://doi.org/10.1103/PhysRevA.108.013110
https://doi.org/10.1063/1.881201
https://doi.org/10.1103/RevModPhys.73.565
https://doi.org/10.1103/RevModPhys.93.025005
https://doi.org/10.1038/nature02851
https://doi.org/10.1103/RevModPhys.75.281
https://doi.org/10.1103/PhysRevX.8.021027
https://doi.org/10.1126/science.1175552
https://doi.org/10.1103/PhysRevX.9.041041
https://doi.org/10.1103/PRXQuantum.3.037001
https://doi.org/10.1103/PhysRev.49.324
https://doi.org/10.1103/PhysRev.51.652
https://doi.org/10.1063/1.5089550
https://doi.org/10.1103/PRXQuantum.2.040204
https://doi.org/10.1103/PhysRevApplied.10.044036
https://doi.org/10.1103/PhysRevA.104.052601
https://doi.org/10.1088/1367-2630/10/4/043026
https://doi.org/10.1103/PhysRevResearch.5.033107
https://doi.org/10.1103/PhysRevApplied.16.064041
https://doi.org/10.1103/PhysRev.177.1882
https://doi.org/10.1088/2058-9565/acd4e3
https://doi.org/10.1016/j.cpc.2012.02.021
https://doi.org/10.1016/j.cpc.2012.11.019

