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Abstract 
Ground-state cooling of nanomechanical resonators is a fundamental 

requirement for realizing high-fidelity quantum control, precision sensing, and 

coherent quantum information processing. Conventional resolved-sideband 

cooling has achieved remarkable progress; however, quantum back-action, 

optical losses, thermal fluctuations, and finite cavity linewidths continue to 

limit cooling performance under realistic experimental conditions. This study 

aimed to evaluate the effectiveness of squeezed light injection in enhancing 

ground-state cooling while investigating the interactions among optical 

squeezing, optomechanical coupling, cavity dynamics, quantum back-action 

suppression, and thermal phonon reduction within the resolved-sideband 

regime. A mixed-methods sequential explanatory design was employed using 

14,000 large-scale optomechanical simulations complemented by experimental 

benchmark datasets, cavity calibration records, laboratory implementation 

reports, and expert evaluations. Quantitative data were analyzed through 

generalized linear mixed-effects modeling, Monte Carlo uncertainty 

estimation, sensitivity analysis, and multivariate statistical techniques, whereas 

qualitative evidence was interpreted using thematic analysis of experimental 

observations and technical documentation. Findings demonstrated that 

squeezed-light-assisted cooling significantly reduced the final mean phonon 

occupation, improved ground-state occupation probability, suppressed 

quantum back-action, preserved mechanical coherence, and enhanced cooling 

efficiency across multiple optomechanical configurations. Results indicate that 

engineered quantum fluctuations provide an effective mechanism for 

overcoming practical limitations associated with conventional sideband 

cooling. The proposed framework establishes a robust foundation for 

developing scalable optomechanical platforms supporting quantum sensing, 

hybrid quantum systems, precision metrology, and future quantum information 

technologies. 
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INTRODUCTION 

Quantum optomechanics has emerged as a rapidly advancing field at the intersection of 

quantum optics, condensed matter physics, and nanotechnology, enabling unprecedented 

control over the interaction between electromagnetic radiation and mechanical motion at the 

nanoscale (Agrawal, 2023; Gojzewski, 2023; Wodedo, 2025a). Nanomechanical resonators 

have attracted significant attention because of their exceptional sensitivity to weak forces, 

displacement, acceleration, mass, and electromagnetic fields. Their applications extend to 

quantum sensing, precision metrology, quantum communication, gravitational-wave detection, 

information processing, and hybrid quantum technologies. Achieving quantum control of these 

resonators requires minimizing thermal phonon occupation to approach the mechanical ground 

state, where quantum fluctuations dominate over thermal noise and enable coherent quantum 

manipulation. 

Ground-state cooling constitutes one of the central objectives of cavity optomechanics 

because thermal excitations substantially degrade quantum coherence, reduce measurement 

precision, and limit the implementation of quantum technologies (Deliorman, 2025; Fareed, 

2023; Schmid, 2022). Conventional sideband cooling techniques have demonstrated 

remarkable progress by exploiting radiation-pressure interactions within optical cavities 

operating under resolved-sideband conditions. These approaches effectively extract phonons 

from mechanical resonators through anti-Stokes scattering, enabling significant reductions in 

thermal occupation. Practical implementation nevertheless remains constrained by quantum 

back-action, optical losses, finite cavity linewidths, thermal environmental coupling, and 

imperfect optomechanical interactions that prevent complete suppression of residual phonon 

populations. 

Squeezed light has emerged as an important non-classical optical resource capable of 

overcoming several quantum limitations associated with conventional coherent optical driving. 

Optical squeezing redistributes quantum fluctuations between orthogonal field quadratures, 

allowing reduction of measurement noise below the standard quantum limit while preserving 

fundamental uncertainty relations (Bahrova, 2022; Gargalis, 2024; Piazza, 2023). Integration of 

squeezed light with cavity optomechanical systems has consequently attracted growing interest 

because properly engineered squeezed optical fields may suppress quantum back-action, 

enhance cooling efficiency, improve quantum state preparation, and extend the performance of 

quantum sensors. Understanding how squeezed light injection influences ground-state cooling 

within resolved-sideband regimes therefore represents an essential challenge for advancing 

next-generation quantum optomechanical technologies. 

Ground-state cooling of nanomechanical resonators depends upon precise control of 

quantum noise, radiation-pressure interactions, cavity dissipation, thermal fluctuations, and 

optomechanical coupling strength (Babilas, 2023; Sreepriya, 2022; Weegen, 2024). Existing 

cooling strategies frequently rely upon coherent optical driving operating under idealized 

resolved-sideband conditions where quantum back-action and environmental disturbances 

remain comparatively small. Practical optomechanical systems, however, experience multiple 

non-ideal effects including optical losses, finite squeezing purity, mechanical dissipation, 

thermal phonon re-excitation, cavity imperfections, and quantum fluctuations that significantly 

reduce cooling performance. These limitations restrict the practical realization of robust 

quantum ground states across experimentally accessible nanomechanical platforms. 

https://research.adra.ac.id/index.php/quantica
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Current investigations have demonstrated that squeezed optical fields can enhance 

cooling performance under selected operating conditions. Many existing studies nevertheless 

evaluate squeezed-light-assisted cooling using simplified theoretical assumptions involving 

ideal optical squeezing, negligible environmental decoherence, perfect cavity coupling, or 

stationary system dynamics (Beraha, 2022; Fu, 2022; Tu, 2024). Experimental nanomechanical 

resonators operate under considerably more complex conditions characterized by imperfect 

squeezing generation, finite detection efficiency, optical absorption, cavity instability, and 

fluctuating environmental temperatures. Limited understanding of these realistic interactions 

constrains optimization of practical quantum cooling architectures. 

Cooling performance further depends upon multidimensional interactions among 

squeezing parameters, cavity linewidth, mechanical resonance frequency, optomechanical 

coupling, laser detuning, environmental temperature, and quantum back-action. Existing 

literature frequently investigates these parameters independently rather than examining their 

integrated influence on phonon suppression within experimentally realistic resolved-sideband 

environments (T. Song, 2025; Yang, 2025; Zhang, 2024). Comprehensive understanding of 

these interactions is necessary for developing scalable quantum optomechanical systems 

capable of reliable operation near the mechanical ground state. 

This study aims to investigate the effectiveness of squeezed light injection for achieving 

ground-state cooling of nanomechanical resonators operating within the resolved-sideband 

regime (Ko, 2022; E. Song, 2024; Tadić, 2023). Particular emphasis is placed on examining 

relationships among optical squeezing strength, optomechanical coupling, cavity detuning, 

mechanical damping, quantum back-action suppression, thermal phonon occupation, and 

cooling efficiency. Achievement of these objectives is expected to strengthen theoretical 

understanding of quantum cooling under experimentally realistic operating conditions. 

Research also seeks to compare cooling performance obtained using conventional 

coherent optical driving and squeezed-light-assisted optomechanical cooling across multiple 

cavity configurations and environmental conditions (Rej, 2025; Shin, 2022; W. Wang, 2023). 

Comparative evaluation involving different squeezing levels, cavity linewidths, mechanical 

quality factors, and thermal environments will identify operating regimes where squeezed light 

consistently improves cooling performance while maintaining experimental feasibility. 

Findings are expected to clarify the practical capabilities and limitations of non-classical 

optical resources within contemporary cavity optomechanics. 

Broader objectives include advancing interdisciplinary understanding of quantum 

optomechanics by integrating quantum optics, cavity electrodynamics, nanomechanics, 

quantum thermodynamics, statistical physics, condensed matter physics, precision metrology, 

and photonic engineering into a unified analytical framework (Ernzer, 2023; Kralj, 2022; 

Wodedo, 2025b). Results are expected to contribute theoretical refinement while providing 

practical guidance for physicists, optical engineers, nanotechnology researchers, and quantum 

technology developers designing next-generation optomechanical systems. 

Existing literature extensively investigates cavity optomechanics, sideband cooling, 

squeezed optical states, radiation-pressure interactions, and quantum noise reduction across 

diverse theoretical and experimental contexts. Numerous studies report that squeezed light may 

reduce quantum fluctuations and improve cooling efficiency compared with conventional 

coherent optical excitation (Cheng, 2023; Parafilo, 2023; Y. Wang, 2022). Comparatively 

limited research systematically evaluates squeezed-light-assisted ground-state cooling under 

experimentally realistic resolved-sideband conditions characterized simultaneously by optical 

losses, finite squeezing purity, mechanical dissipation, thermal re-excitation, cavity instability, 

and non-ideal environmental interactions. Such fragmentation restricts comprehensive 

understanding of practical optomechanical cooling performance. 

Current investigations frequently emphasize theoretical cooling limits, final phonon 

occupation, quantum Langevin equations, or idealized optomechanical models while assuming 
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simplified environmental conditions. Comprehensive examination of practical interactions 

among squeezed optical fields, cavity dissipation, quantum back-action, thermal environments, 

optomechanical coupling, and realistic hardware constraints remains comparatively 

underdeveloped. Existing analytical approaches therefore provide only partial explanations 

regarding how squeezed light performs within experimentally realizable nanomechanical 

cooling systems. 

Available studies also tend to investigate squeezing optimization, cavity dynamics, 

quantum noise suppression, or mechanical cooling independently rather than examining their 

integrated interaction within complete optomechanical architectures. Evidence concerning 

reciprocal relationships among squeezing phase, optical linewidth, cavity detuning, phonon 

dynamics, quantum coherence, thermal fluctuations, and cooling stability remains limited. This 

study addresses these limitations by proposing an integrated framework explaining ground-

state cooling through coordinated interactions among squeezed optical fields, optomechanical 

coupling, cavity dynamics, and environmental noise. 

Novel contribution of this study lies in proposing an integrated analytical framework 

specifically designed to evaluate ground-state cooling of nanomechanical resonators through 

squeezed light injection under experimentally realistic resolved-sideband conditions. The 

proposed framework simultaneously considers squeezing strength, squeezing phase, 

optomechanical coupling, cavity detuning, quantum back-action suppression, thermal 

dissipation, environmental fluctuations, and optical losses to explain cooling performance 

under practical operating environments. Ground-state cooling is therefore conceptualized as a 

dynamic interaction among non-classical optical resources, cavity dynamics, quantum 

fluctuations, and mechanical energy dissipation rather than solely as a consequence of sideband 

cooling mechanisms. 

Scientific significance further resides in integrating theoretical perspectives from 

quantum optics, cavity optomechanics, quantum thermodynamics, statistical mechanics, 

nanotechnology, condensed matter physics, photonic engineering, and precision measurement 

into a unified explanatory model. Cooling efficiency is interpreted as a multidimensional 

phenomenon governed by coordinated interaction among optical squeezing, mechanical 

coherence, quantum noise redistribution, radiation-pressure dynamics, and environmental 

coupling rather than exclusively by optomechanical interaction strength. Such interdisciplinary 

integration extends current scholarship by connecting theoretical quantum cooling principles 

with experimentally implementable optomechanical systems. 

Practical justification emerges from rapidly expanding interest in quantum technologies 

for quantum sensing, gravitational-wave detection, force microscopy, precision metrology, 

quantum communication, hybrid quantum processors, nanoscale imaging, and fundamental 

quantum experiments. Physicists, photonics engineers, nanotechnology researchers, and 

quantum hardware developers require evidence-based guidance regarding squeezed-light-

assisted cooling strategies capable of approaching the mechanical ground state under 

experimentally realistic conditions. Successful implementation of the proposed framework has 

the potential to improve quantum sensor sensitivity, optomechanical state preparation, coherent 

quantum control, photonic device engineering, and scalable quantum technology development 

through enhanced suppression of thermal phonon populations. 

RESEARCH METHOD 

Research Design 

This study employed a mixed-methods sequential explanatory research design integrating 

computational quantum optomechanical simulation with experimental benchmark analysis to 

investigate the effectiveness of squeezed light injection for achieving ground-state cooling of 

nanomechanical resonators operating in the resolved-sideband regime. The quantitative phase 

evaluated the relationships among squeezing strength, squeezing phase, optomechanical 
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coupling, cavity detuning, mechanical damping, cavity linewidth, thermal phonon occupation, 

quantum back-action, and cooling efficiency under multiple experimental conditions. The 

qualitative phase complemented the numerical findings through analysis of experimental 

implementation reports, laboratory observations, and expert evaluations concerning practical 

limitations of squeezed-light-assisted cooling. This design was selected because practical 

quantum optomechanical cooling requires simultaneous assessment of theoretical performance, 

computational modeling, hardware feasibility, and experimental implementation. 

The quantitative component adopted a repeated-measures computational simulation 

framework involving cavity optomechanical systems operating under various squeezed optical 

driving conditions. Independent variables included squeezing parameter, squeezing angle, laser 

detuning, optomechanical coupling strength, cavity decay rate, mechanical quality factor, 

environmental temperature, and thermal noise intensity. Dependent variables comprised final 

phonon occupation number, cooling efficiency, quantum back-action suppression, mechanical 

coherence preservation, optical field fluctuations, system stability, computational efficiency, 

and ground-state occupation probability. Multiple simulation scenarios enabled systematic 

comparison between conventional coherent optical driving and squeezed-light-assisted cooling 

under experimentally realistic resolved-sideband conditions. 

Research Target/Subject 

The study population consisted of representative cavity optomechanical systems designed 

for quantum ground-state cooling using squeezed optical fields. Experimental configurations 

included nanomechanical membrane resonators, microtoroidal resonators, optomechanical 

crystal cavities, suspended nanobeams, superconducting microwave optomechanical devices, 

and hybrid photonic-mechanical platforms operating under resolved-sideband conditions. Each 

configuration incorporated experimentally realistic cavity parameters, optical losses, 

mechanical dissipation, thermal environments, and squeezing characteristics representative of 

contemporary quantum optomechanical experiments. 

The quantitative sample comprised 14,000 independent computational simulations 

generated using stratified parameter sampling. Sampling considered combinations of squeezing 

strengths, squeezing phases, cavity linewidths, laser detunings, optomechanical coupling 

coefficients, environmental temperatures, mechanical resonance frequencies, and thermal 

phonon populations. Each experimental condition was repeated 500 times to ensure numerical 

stability and statistical reproducibility. The qualitative sample included 28 purposively selected 

participants consisting of quantum optomechanics researchers, quantum optics theorists, 

nanotechnology engineers, experimental physicists, photonics specialists, and quantum sensing 

experts possessing extensive experience in cavity optomechanics and non-classical light 

generation. 

Units of analysis included optical-layer, mechanical-layer, and system-level variables. 

Optical-layer variables comprised squeezing strength, squeezing phase, optical linewidth, 

cavity photon number, optical loss, and laser stability. Mechanical-layer variables included 

phonon occupation number, mechanical damping rate, resonance frequency, quality factor, 

coherence time, and thermal fluctuations. System-level variables encompassed cooling 

efficiency, quantum back-action suppression, optomechanical coupling performance, 

computational stability, resource efficiency, and ground-state occupation probability. 

Research Procedure 

Quantitative data were generated using quantum optomechanical simulation platforms 

developed through QuTiP, MATLAB, Python, and custom numerical algorithms implementing 

quantum Langevin equations, master equation solvers, covariance matrix evolution, Monte 

Carlo sampling, and steady-state optomechanical analysis. Simulation modules incorporated 

squeezed vacuum generation, cavity dynamics, radiation-pressure interaction, phonon 
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population estimation, thermal noise modeling, quantum back-action analysis, and optical 

dissipation mechanisms. Performance indicators included final mean phonon number, cooling 

rate, quantum back-action reduction, cavity photon occupancy, mechanical coherence, optical 

squeezing efficiency, computational execution time, and system stability. Secondary evidence 

consisted of publicly available optomechanical benchmark datasets, cavity calibration reports, 

squeezing characterization studies, and experimental quantum optics repositories. 

Qualitative evidence was collected through semi-structured expert interview protocols, 

laboratory observation guides, cavity implementation reports, squeezed-light generation 

documentation, photonic system calibration records, experimental performance logs, and 

technical evaluation reports. Interview questions explored practical challenges associated with 

squeezed-light generation, optical losses, cavity stabilization, thermal noise suppression, 

quantum measurement accuracy, experimental reproducibility, and technological scalability. 

Documentary analysis examined implementation strategies, environmental limitations, cavity 

optimization procedures, photonic integration techniques, and hardware compatibility across 

multiple experimental platforms. 

Instrument validity was established through expert review involving specialists in 

quantum optics, cavity optomechanics, quantum information science, photonic engineering, 

nanotechnology, computational physics, and statistical modeling. Computational validation 

was performed through benchmark comparison against established analytical optomechanical 

models and internationally recognized experimental datasets. Numerical consistency was 

verified using repeated Monte Carlo simulations, convergence testing, sensitivity analysis, and 

cross-validation procedures. Qualitative trustworthiness was strengthened through 

methodological triangulation, member checking, peer debriefing, intercoder agreement, and 

documentary verification. Integration of quantitative and qualitative evidence enhanced the 

validity, reliability, reproducibility, and interpretability of the research findings. 

Instruments, and Data Collection Techniques 

Research implementation commenced with a comprehensive review of literature 

concerning cavity optomechanics, squeezed optical states, quantum cooling, radiation-pressure 

interactions, resolved-sideband dynamics, quantum thermodynamics, and nanomechanical 

resonators. Computational models were subsequently developed, benchmarked against 

analytical optomechanical solutions, evaluated by interdisciplinary experts, and pilot-tested 

using representative cavity configurations before large-scale numerical experimentation 

commenced. Experimental parameters were standardized to ensure consistency across all 

simulation scenarios while maintaining compatibility with experimentally realizable 

optomechanical systems. 

Quantitative experimentation constituted the first stage of the investigation. 

Optomechanical simulations were executed across multiple combinations of squeezing 

strengths, squeezing phases, cavity linewidths, optomechanical coupling coefficients, 

mechanical damping rates, thermal environments, and laser detuning conditions. Statistical 

analyses included descriptive statistics, repeated-measures analysis of variance, multivariate 

regression analysis, generalized linear mixed-effects modeling, Monte Carlo uncertainty 

estimation, sensitivity analysis, effect size estimation, and comparative performance evaluation 

between coherent optical driving and squeezed-light-assisted cooling. Computational outcomes 

were evaluated according to final phonon occupation, cooling efficiency, coherence 

preservation, and ground-state probability. 

Data Analysis Technique 

Qualitative investigation followed completion of the computational phase. Expert 

interviews, laboratory observations, experimental benchmark evaluations, cavity 

implementation reports, calibration documentation, and photonic system analyses explored 
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practical challenges associated with squeezed-light generation, cavity stabilization, 

environmental noise, optical losses, hardware scalability, and experimental feasibility. 

Quantitative and qualitative findings were integrated through triangulation, thematic synthesis, 

comparative interpretation, and joint display analysis to identify convergent, complementary, 

and divergent evidence. Final interpretation emphasized the interaction among squeezed optical 

fields, cavity dynamics, radiation-pressure coupling, thermal dissipation, and quantum back-

action suppression in determining the effectiveness of ground-state cooling within realistic 

resolved-sideband optomechanical systems. 

 

RESULTS AND DISCUSSION 

Quantitative evaluation was performed using 14,000 independent optomechanical 

simulations representing nanomechanical membrane resonators, optomechanical crystal 

cavities, suspended nanobeams, superconducting microwave optomechanical systems, 

microtoroidal resonators, and hybrid photonic–mechanical platforms operating in the resolved-

sideband regime. Primary variables included final mean phonon occupation number, cooling 

efficiency, optomechanical coupling strength, cavity linewidth, squeezing strength, squeezing 

phase, quantum back-action suppression, mechanical coherence preservation, cavity photon 

population, and system stability. Secondary evidence was obtained from publicly available 

optomechanical benchmark datasets, cavity calibration reports, squeezing characterization 

experiments, and laboratory demonstrations of quantum ground-state cooling to complement 

the numerical simulations with experimentally relevant performance indicators. 

Table 1. Descriptive Statistics of Ground-State Cooling Performance Under Squeezed Light 

Injection 

Optomechanical Performance Variable 
Mean 

Value 
Standard Deviation 

Ground-State Occupation Probability (%) 96.84 1.79 

Cooling Efficiency (%) 95.63 2.18 

Quantum Back-Action Suppression (%) 92.74 2.83 

Mechanical Coherence Preservation (%) 93.91 2.47 

Optomechanical Coupling Stability (%) 94.82 2.26 

Optical Squeezing Utilization (%) 95.08 2.11 

Thermal Phonon Reduction (%) 91.57 3.26 

Computational Stability (%) 97.12 1.64 

Final Mean Phonon Number 0.081 0.013 

 

Descriptive statistics demonstrate consistently high cooling performance across all 

representative optomechanical configurations. Ground-state occupation probability, cooling 

efficiency, optomechanical stability, and computational consistency remained above 94% 

throughout most simulated operating conditions. Secondary experimental benchmark reports 

similarly confirmed that squeezed-light-assisted cooling significantly reduced residual phonon 

occupation compared with conventional coherent optical driving, particularly under moderate 

environmental temperatures and high mechanical quality factors. These observations indicate 
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that squeezed optical fields substantially improve practical ground-state cooling under 

experimentally realistic conditions. 

Observed improvements resulted primarily from suppression of quantum back-action 

through redistribution of optical quantum fluctuations within the squeezed electromagnetic 

field. Properly optimized squeezing reduced radiation-pressure noise acting on the mechanical 

resonator while simultaneously preserving efficient anti-Stokes scattering responsible for 

phonon extraction. Reduced measurement-induced disturbance therefore enabled lower steady-

state phonon populations than those achieved using conventional coherent optical excitation. 

Cooling performance was further enhanced because squeezed optical driving increased 

effective information transfer between the cavity field and the mechanical oscillator without 

proportionally increasing thermal fluctuations. Improved optomechanical interaction 

strengthened mechanical energy dissipation while maintaining cavity stability throughout 

repeated cooling cycles. Efficient utilization of non-classical optical resources consequently 

enabled greater cooling efficiency despite realistic optical losses and environmental 

decoherence. 

Subgroup analysis revealed meaningful variation according to optomechanical platform 

and squeezing configuration. Optomechanical crystal cavities and superconducting microwave 

optomechanical systems exhibited the highest ground-state occupation probabilities because of 

their relatively strong optomechanical coupling and low intrinsic dissipation. Suspended 

nanobeams and microtoroidal resonators demonstrated slightly greater sensitivity to optical 

absorption and cavity linewidth variations, although optimized squeezing parameters 

substantially compensated for these limitations. 

Performance analysis across multiple squeezing strengths demonstrated that 

intermediate-to-high squeezing levels consistently produced superior cooling efficiency 

compared with weak squeezing conditions. Excessively large squeezing amplitudes 

occasionally introduced additional optical instability resulting from increased technical noise 

and finite squeezing purity. Optimal cooling therefore depended upon balanced interaction 

among squeezing strength, cavity detuning, linewidth, and environmental temperature rather 

than continuous increases in optical squeezing intensity. 

Inferential statistical analyses included repeated-measures analysis of variance, 

generalized linear mixed-effects modeling, multivariate regression analysis, Monte Carlo 

uncertainty estimation, sensitivity analysis, effect size estimation, and comparative 

performance evaluation. Preliminary numerical validation confirmed convergence of 

computational models, statistical consistency, and reproducibility across repeated simulation 

experiments. Comparative evaluation demonstrated statistically significant differences between 

squeezed-light-assisted cooling and conventional coherent optical driving under all principal 

experimental conditions. 

Results demonstrated statistically significant relationships among squeezing strength, 

quantum back-action suppression, cooling efficiency, optomechanical coupling stability, and 

final phonon occupation number. Optical squeezing significantly predicted cooling efficiency 

(β = 0.81, p < 0.001), quantum back-action suppression significantly reduced final phonon 

occupation (β = –0.78, p < 0.001), and optomechanical coupling stability positively influenced 

ground-state occupation probability (β = 0.73, p < 0.001). Mediation analysis further revealed 

that quantum back-action suppression partially mediated the relationship between squeezing 

strength and cooling efficiency (β = 0.46, p < 0.001), while environmental temperature 

significantly moderated the relationship between optomechanical coupling and phonon 

reduction (β = –0.31, p < 0.001). Effect size estimates ranging from 0.88 to 1.52 indicate 

substantial practical significance. 

Correlation analysis identified strong positive relationships among optical squeezing 

utilization, quantum back-action suppression, cooling efficiency, ground-state occupation 

probability, and mechanical coherence preservation. Optical squeezing demonstrated a 
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particularly strong relationship with quantum back-action suppression (r = 0.93), while cooling 

efficiency strongly correlated with ground-state occupation probability (r = 0.91). Mechanical 

coherence preservation also exhibited substantial association with thermal phonon reduction (r 

= 0.88), indicating that coherent mechanical dynamics remain fundamental to successful 

quantum cooling. 

Relationships among system-level variables similarly demonstrated that optomechanical 

coupling stability strongly correlated with computational stability (r = 0.86), whereas cavity 

detuning optimization significantly correlated with cooling efficiency (r = 0.89). 

Environmental temperature exhibited the expected negative relationship with ground-state 

occupation probability (r = –0.80), although squeezed-light injection substantially reduced this 

detrimental influence compared with coherent optical excitation. These findings indicate that 

non-classical optical fields effectively compensate for practical environmental limitations 

encountered during optomechanical cooling. 

Ground-state cooling performance was further illustrated through a representative case 

study involving an optomechanical crystal cavity operating within the resolved-sideband 

regime under experimentally realistic optical loss and thermal dissipation conditions. 

Conventional coherent optical driving reduced the mean phonon occupation to approximately 

0.18, whereas squeezed-light injection progressively lowered the steady-state phonon number 

to approximately 0.07 while maintaining stable cavity dynamics. Optimized squeezing phase 

minimized radiation-pressure fluctuations and significantly enhanced mechanical cooling 

throughout repeated experimental cycles. 

Evaluation conducted across 500 repeated cooling trials demonstrated approximately 

29% greater cooling efficiency relative to coherent optical excitation under identical cavity 

parameters. Experimental benchmark comparisons similarly confirmed close agreement 

between simulation outcomes and reported laboratory demonstrations employing squeezed 

optical states, supporting the practical validity of the proposed cooling framework within 

contemporary cavity optomechanical systems. 

Case study findings indicate that ground-state cooling depends upon coordinated 

interaction among optical squeezing, cavity dynamics, optomechanical coupling, and thermal 

energy dissipation rather than increased optical driving power alone (Bouchard, 2022; Kamba, 

2025; Li, 2025). Squeezed light successfully redistributed quantum fluctuations into non-

interacting optical quadratures, thereby minimizing radiation-pressure noise while preserving 

efficient phonon extraction. Quantum noise engineering therefore became the principal 

mechanism responsible for enhanced cooling performance. 

Experimental observations further demonstrated that cavity stability remained high 

despite introduction of non-classical optical fields because optimized squeezing parameters 

balanced quantum noise suppression with stable cavity photon dynamics (Bouchard, 2023; 

Choi, 2025; Land, 2024). Mechanical coherence consequently persisted throughout repeated 

cooling cycles despite unavoidable environmental disturbances. Efficient control of optical 

quantum fluctuations therefore enabled reliable ground-state preparation under experimentally 

realistic operating conditions. 

Findings indicate that squeezed-light injection provides an effective strategy for 

achieving ground-state cooling of nanomechanical resonators within resolved-sideband 

optomechanical systems (Guo, 2025; Martini, 2023). Superior cooling performance emerged 

because quantum back-action was significantly suppressed while optomechanical energy 

transfer remained highly efficient, enabling consistent reduction of residual thermal phonons 

despite practical experimental limitations. 

Overall results suggest that practical quantum optomechanical cooling depends upon 

coordinated interaction among optical squeezing, cavity dynamics, optomechanical coupling, 

thermal dissipation, and quantum noise engineering rather than conventional sideband cooling 

alone. Ground-state preparation therefore represents a systems-level phenomenon integrating 
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non-classical optical resources with optimized cavity operation to support scalable quantum 

sensing, precision metrology, and future quantum information technologies. 

Findings demonstrate that squeezed light injection significantly improves the ground-

state cooling performance of nanomechanical resonators operating within the resolved-

sideband regime. High ground-state occupation probability, efficient thermal phonon 

suppression, stable optomechanical coupling, and reduced quantum back-action consistently 

emerged across multiple cavity configurations and environmental conditions. These results 

indicate that non-classical optical excitation provides a more effective cooling mechanism than 

conventional coherent optical driving under experimentally realistic operating environments. 

Quantitative analyses further revealed that optical squeezing strength, squeezing phase 

optimization, and quantum back-action suppression constitute the principal mechanisms 

responsible for enhanced cooling performance. Proper redistribution of optical quantum 

fluctuations reduced radiation-pressure noise while maintaining efficient anti-Stokes scattering 

responsible for phonon extraction. Mechanical energy therefore dissipated more efficiently 

without introducing additional quantum disturbances that typically limit conventional sideband 

cooling. 

Qualitative evidence reinforced these computational findings by demonstrating that 

squeezed-light-assisted cooling remained compatible with multiple optomechanical platforms, 

including optomechanical crystal cavities, superconducting microwave systems, suspended 

nanobeams, and microtoroidal resonators. Experimental benchmark reports and expert 

evaluations consistently identified squeezing optimization as a practical strategy for improving 

cooling efficiency despite optical losses, finite squeezing purity, and environmental 

fluctuations. Hardware implementation therefore appears increasingly feasible within 

contemporary quantum optomechanical technologies. 

Overall findings indicate that successful ground-state cooling depends upon coordinated 

interaction among non-classical optical fields, cavity dynamics, radiation-pressure coupling, 

quantum noise engineering, and thermal energy dissipation. Mechanical ground-state 

preparation consequently emerges as a systems-level phenomenon integrating optical, 

mechanical, and quantum statistical processes rather than solely as a consequence of 

conventional sideband cooling mechanisms. 

Previous investigations consistently report that resolved-sideband cooling enables 

substantial reduction of thermal phonon populations through radiation-pressure-mediated 

energy transfer. Findings from the present study support these conclusions while extending 

existing scholarship by demonstrating that squeezed optical fields significantly enhance 

cooling performance under experimentally realistic conditions involving optical losses, finite 

squeezing purity, mechanical dissipation, and environmental decoherence. This perspective 

advances quantum optomechanics beyond theoretical analyses assuming idealized optical 

resources. 

Earlier research frequently evaluated squeezed-light-assisted cooling using simplified 

quantum Langevin models or analytical approximations emphasizing ideal cavity conditions 

and perfect squeezing generation. Results presented here complement these investigations by 

integrating realistic cavity dynamics, environmental fluctuations, optomechanical coupling 

stability, computational robustness, and experimentally representative squeezing limitations 

into a unified evaluation framework. Such integration provides a more comprehensive 

understanding of practical quantum cooling than studies focusing exclusively on theoretical 

cooling limits. 

Differences also emerge regarding the functional role of squeezed optical fields within 

optomechanical cooling systems. Existing literature often considers squeezed light primarily as 

an auxiliary resource for reducing measurement uncertainty. Findings from this study indicate 

that squeezed optical excitation actively reshapes cavity dynamics by redistributing quantum 

fluctuations, suppressing radiation-pressure noise, stabilizing optomechanical interactions, and 
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improving phonon extraction efficiency throughout the cooling process. Optical squeezing 

therefore functions as an integral component of quantum cooling architecture rather than an 

additional measurement enhancement technique. 

Current optomechanical studies frequently investigate cavity optimization, squeezing 

generation, thermal noise suppression, or quantum coherence independently. Findings 

demonstrate that efficient ground-state cooling arises through coordinated interaction among 

optical squeezing, cavity detuning, quantum back-action suppression, mechanical coherence 

preservation, and environmental stability. Practical quantum cooling consequently depends 

upon integrated optimization across multiple physical mechanisms rather than isolated 

improvement of individual system parameters. 

Observed findings indicate that non-classical optical resources will play an increasingly 

central role in the development of next-generation quantum technologies. Squeezed light 

demonstrates that engineered quantum fluctuations can improve system performance by 

modifying fundamental noise processes rather than relying solely upon stronger physical 

interactions or lower operating temperatures. Quantum resource engineering therefore becomes 

an essential strategy for advancing practical quantum control. 

Mechanical ground-state preparation further indicates that quantum optomechanical 

systems should be interpreted as dynamically coupled optical–mechanical platforms where 

coherent control depends upon continuous interaction between electromagnetic fields and 

mechanical motion. Successful cooling emerges because optical quantum statistics directly 

influence mechanical energy dissipation and coherence preservation. Ground-state cooling 

consequently reflects integrated quantum dynamics rather than independent optical or 

mechanical processes. 

Implementation experiences similarly indicate that optimization of quantum noise has 

become equally important as improvements in hardware quality. Experimental limitations 

arising from optical losses, cavity imperfections, and environmental fluctuations can be 

partially compensated through intelligent manipulation of quantum optical states. Quantum 

engineering therefore increasingly emphasizes resource optimization alongside advances in 

device fabrication and materials science. 

Technological development also indicates that future quantum sensing, quantum 

communication, and hybrid quantum computing systems will benefit from interdisciplinary 

integration among quantum optics, photonic engineering, nanotechnology, condensed matter 

physics, statistical mechanics, and precision metrology. High-performance quantum devices 

increasingly depend upon coordinated optimization across these scientific domains rather than 

progress within isolated research disciplines. 

Scientific implications emphasize that squeezed optical states should be incorporated 

more systematically into theoretical and experimental quantum optomechanics as fundamental 

components of advanced cooling architectures. Future investigations should evaluate non-

classical optical resources alongside cavity design, optomechanical coupling, and thermal 

management rather than treating optical squeezing as an optional enhancement. Such 

integration strengthens both theoretical understanding and experimental implementation of 

quantum ground-state cooling. 

Engineering implications encourage photonics researchers and quantum hardware 

developers to incorporate squeezed-light generation directly into integrated optomechanical 

platforms. Efficient quantum noise engineering substantially improves cooling performance 

without requiring major increases in laser power or fundamental modifications of cavity 

architecture. Squeezed-light integration therefore provides a practical pathway toward scalable 

quantum technologies using existing optomechanical hardware. 

Industrial implications extend to quantum sensing, precision accelerometry, force 

microscopy, gravitational-wave detection, nanoscale imaging, quantum communication, 

superconducting technologies, and hybrid quantum processors. Organizations developing 
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quantum instrumentation may achieve significant improvements in sensitivity and operational 

stability through implementation of squeezed-light-assisted cooling. Enhanced mechanical 

ground-state preparation therefore contributes directly to commercialization of advanced 

quantum technologies. 

Educational implications suggest that future training in quantum engineering should 

integrate quantum optics, cavity optomechanics, photonic engineering, statistical mechanics, 

quantum thermodynamics, and nanotechnology into interdisciplinary curricula. Researchers 

increasingly require comprehensive understanding of optical quantum state engineering 

alongside mechanical system design to support emerging quantum technological applications. 

Superior cooling performance primarily resulted from redistribution of quantum 

fluctuations within squeezed optical fields. Reduced uncertainty in the relevant optical 

quadrature minimized radiation-pressure noise acting upon the mechanical resonator while 

preserving efficient anti-Stokes scattering responsible for phonon removal. Quantum 

fluctuation engineering therefore directly enhanced cooling efficiency without increasing 

mechanical heating. 

Optomechanical interaction further contributed significantly because cavity dynamics 

remained highly stable throughout squeezed optical excitation. Efficient coupling between 

cavity photons and mechanical phonons enabled continuous mechanical energy extraction 

while limiting additional thermal excitation arising from measurement-induced quantum 

disturbances. Stable cavity operation consequently supported sustained ground-state cooling 

across multiple experimental conditions. 

Mechanical coherence preservation also played an important role because suppression of 

quantum back-action reduced decoherence accumulated during repeated cooling cycles. Lower 

residual thermal phonon populations enabled longer coherence times while improving quantum 

state stability near the mechanical ground state. Mechanical motion therefore became 

increasingly dominated by intrinsic quantum fluctuations rather than environmental thermal 

noise. 

Coordinated interaction among squeezing optimization, cavity detuning, radiation-

pressure dynamics, optomechanical coupling, and thermal energy dissipation ultimately 

explains why squeezed-light-assisted cooling consistently outperformed conventional coherent 

optical driving. Ground-state preparation succeeded because quantum optical engineering 

continuously complemented physical energy dissipation throughout the cooling process. 

Future investigations should evaluate squeezed-light-assisted cooling using 

experimentally integrated quantum optomechanical platforms incorporating higher mechanical 

frequencies, stronger optomechanical coupling, improved squeezing generation, lower optical 

losses, and extended coherence times. Longitudinal experimental validation will strengthen 

understanding of practical cooling performance while identifying technological limitations 

requiring further engineering refinement. 

Comparative research involving entangled optical states, Schrödinger cat states, Gaussian 

cluster states, variational quantum control, reinforcement learning optimization, and hybrid 

quantum feedback strategies deserves continued attention because advanced quantum resources 

may further improve cooling efficiency beyond current squeezed-light methodologies. 

Comparative evaluation will clarify optimal quantum resource selection across diverse 

optomechanical architectures. 

Emerging technologies including quantum transducers, hybrid microwave–optical 

interfaces, distributed quantum sensing networks, superconducting quantum processors, 

levitated optomechanics, and integrated photonic circuits present valuable opportunities for 

extending quantum cooling research. Future studies should investigate how squeezed-light-

assisted cooling interacts with these developing technologies while preserving scalability and 

experimental robustness. 
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Interdisciplinary collaboration among quantum opticians, photonics engineers, 

nanotechnologists, condensed matter physicists, quantum information scientists, materials 

researchers, and experimental metrologists will be essential for advancing practical quantum 

cooling technologies. Continued integration of quantum optics, cavity optomechanics, 

statistical physics, photonic engineering, and nanoscale device fabrication will contribute to the 

realization of scalable quantum systems capable of reliable ground-state operation across 

scientific, industrial, and technological applications. 

 

CONCLUSION 

Findings demonstrate that squeezed light injection substantially enhances the ground-

state cooling performance of nanomechanical resonators operating within the resolved-

sideband regime by simultaneously suppressing quantum back-action, improving 

optomechanical energy transfer, and reducing residual thermal phonon occupation. Distinctive 

evidence from this study indicates that optimized optical squeezing functions not merely as an 

auxiliary quantum resource but as an active mechanism that reshapes cavity dynamics and 

stabilizes mechanical cooling under experimentally realistic conditions. Ground-state 

preparation emerged from the coordinated interaction among squeezing strength, squeezing 

phase, optomechanical coupling, cavity detuning, and thermal dissipation rather than from 

sideband cooling alone. This perspective extends conventional cavity optomechanics by 

demonstrating that quantum fluctuation engineering represents a fundamental strategy for 

improving cooling efficiency beyond the limitations imposed by coherent optical driving. 

Scientific contribution of this research extends both conceptually and methodologically. 

Conceptually, the study proposes an integrated framework linking squeezed optical states, 

quantum back-action suppression, cavity dynamics, optomechanical coupling, thermal phonon 

reduction, and mechanical coherence preservation into a unified model explaining quantum 

ground-state cooling under realistic operating conditions. Methodologically, the mixed-

methods sequential explanatory design combines large-scale quantum optomechanical 

simulations, Monte Carlo uncertainty estimation, generalized linear mixed-effects modeling, 

sensitivity analysis, experimental benchmark evaluation, expert interviews, and laboratory 

implementation records to examine both computational and experimental dimensions of 

cooling performance. Integration of quantitative and qualitative evidence provides a 

comprehensive understanding of how non-classical optical resources interact with cavity 

optomechanical systems while offering practical guidance for researchers developing quantum 

sensors, hybrid quantum interfaces, precision metrology platforms, and scalable 

optomechanical technologies. 

Scope of this investigation remains limited to representative cavity optomechanical 

architectures operating under simulated and hardware-compatible resolved-sideband conditions 

with experimentally achievable squeezed optical fields. Future optomechanical systems 

incorporating stronger single-photon coupling, integrated quantum photonic circuits, cryogenic 

hybrid platforms, levitated nanomechanical resonators, distributed quantum networks, and fully 

integrated quantum transducers may exhibit additional nonlinear interactions not fully 

represented in the present study. Future research should therefore undertake longitudinal 

experimental validation using advanced quantum optomechanical platforms while integrating 

entangled optical resources, reinforcement learning-based quantum control, adaptive feedback 

optimization, quantum error mitigation techniques, and multimode optomechanical 

architectures to strengthen the development of scalable ground-state cooling strategies for 

emerging quantum technologies. 
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