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Abstract 
Thermodynamic uncertainty relations provide fundamental limits linking 

energetic dissipation with the precision of nonequilibrium processes and have 

become a central framework for understanding the performance of microscopic 

physical systems. Existing formulations predominantly rely on the Markovian 

approximation, whereas realistic quantum technologies frequently operate 

under non-Markovian environments characterized by environmental memory, 

information backflow, and coherence recovery. This study aimed to investigate 

thermodynamic uncertainty relations in driven open quantum systems while 

evaluating how non-Markovian dynamics modify the trade-off between 

precision and dissipation. A mixed-methods sequential explanatory design was 

employed using 16,000 large-scale computational simulations complemented 

by quantum thermodynamic benchmark datasets, experimental implementation 

reports, computational complexity analyses, and expert evaluations. 

Quantitative data were analyzed through generalized linear mixed-effects 

modeling, Monte Carlo uncertainty estimation, multivariate regression, 

sensitivity analysis, and comparative statistical techniques, whereas qualitative 

evidence was interpreted using thematic analysis of theoretical and 

experimental documentation. Findings demonstrated that moderate 

environmental memory enhanced thermodynamic precision, preserved 

quantum coherence, reduced effective entropy production, and improved 

nonequilibrium efficiency without violating generalized thermodynamic 

uncertainty principles. Information backflow emerged as a key mechanism 

linking coherence preservation with optimized precision–dissipation 

performance. Results indicate that thermodynamic uncertainty in realistic 

quantum systems is governed by the integrated interaction among 

environmental memory, coherence dynamics, entropy generation, and 

nonequilibrium driving rather than by memoryless stochastic evolution alone. 

The proposed framework provides a comprehensive theoretical foundation for 

optimizing future quantum thermal devices, quantum sensors, and fault-

tolerant quantum technologies. 
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INTRODUCTION 

Quantum thermodynamics has rapidly evolved into one of the most influential research 

areas connecting statistical mechanics, quantum information theory, condensed matter physics, 

and nonequilibrium dynamics. Advances in quantum technologies have enabled experimental 

manipulation of individual quantum systems operating far from thermodynamic equilibrium, 

including superconducting qubits, trapped ions, quantum dots, nitrogen-vacancy centers, and 

photonic quantum platforms (Cabrera, 2023; Graaff, 2023; Sjunnestrand, 2024). These 

developments have intensified interest in understanding how energy, entropy, coherence, and 

information interact within driven open quantum systems, particularly when environmental 

fluctuations and external driving continuously influence system dynamics. Thermodynamic 

uncertainty relations (TURs) have emerged as a fundamental theoretical framework describing 

universal trade-offs between energetic dissipation and the precision of stochastic processes, 

providing a quantitative basis for evaluating efficiency limits in microscopic physical systems. 

Thermodynamic uncertainty relations were originally established within classical 

stochastic thermodynamics, where they revealed that highly precise nonequilibrium currents 

necessarily require minimum entropy production (Han, 2024; Li, 2023; Villalva, 2022). These 

inequalities have significantly influenced the theoretical understanding of biological molecular 

motors, chemical reaction networks, nanoscale transport, and stochastic heat engines by 

identifying fundamental thermodynamic constraints governing performance. Extension of these 

principles into quantum systems has introduced additional conceptual complexity because 

quantum coherence, entanglement, measurement back-action, and environmental interactions 

substantially modify fluctuation behavior. Driven open quantum systems therefore present a 

considerably richer theoretical landscape in which classical thermodynamic intuitions require 

careful reformulation. 

Growing attention has focused on extending thermodynamic uncertainty relations to 

quantum regimes because emerging quantum technologies increasingly operate under strong 

environmental coupling, coherent control, periodic driving, and finite-time nonequilibrium 

conditions. Numerous theoretical investigations suggest that quantum coherence may either 

enhance or restrict energetic efficiency depending on the underlying system dynamics 

(Eseoglu, 2022; Schober, 2023; Xiao, 2025). Simultaneously, experimental quantum devices 

frequently exhibit pronounced non-Markovian behavior characterized by environmental 

memory effects, temporal correlations, and information backflow that cannot be adequately 

described using conventional Markovian approximations. Understanding how thermodynamic 

uncertainty relations evolve under these realistic conditions therefore represents a critical 

challenge for advancing quantum thermodynamics and future quantum technologies. 

Evaluation of thermodynamic uncertainty relations within driven quantum systems 

remains predominantly based on simplified Markovian descriptions assuming memoryless 

environmental interactions and weak system–reservoir coupling (Lu, 2024; Tian, 2022; X. 

Zhang, 2025). These assumptions facilitate analytical treatment but frequently neglect 

experimentally relevant phenomena including temporal environmental correlations, structured 

reservoirs, strong coupling effects, coherence revival, and information backflow. Quantum 

technologies operating under realistic laboratory conditions often violate these simplifying 

https://research.adra.ac.id/index.php/quantica
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assumptions, creating uncertainty regarding the applicability of existing thermodynamic 

uncertainty bounds. 

Current theoretical developments have demonstrated that quantum coherence and 

nonequilibrium driving substantially influence entropy production and energetic efficiency. 

Existing studies nevertheless provide inconsistent conclusions concerning whether quantum 

coherence relaxes, preserves, or strengthens thermodynamic uncertainty bounds under non-

Markovian evolution (He, 2022; Luo, 2024; Patlewicz, 2024). Several analytical models 

predict enhanced precision through coherent dynamics, whereas others indicate that memory 

effects generate additional thermodynamic costs capable of offsetting quantum advantages. 

Limited integration of these perspectives restricts comprehensive understanding of dissipation–

precision trade-offs within realistic open quantum systems. 

Thermodynamic performance further depends upon multidimensional interactions among 

quantum coherence, system–environment coupling, external driving protocols, entropy 

production, temporal correlations, environmental memory, information flow, and 

nonequilibrium fluctuations (A. Gupta, 2023; Wu, 2023; Yang, 2025). Existing literature 

frequently investigates these physical mechanisms independently rather than examining their 

integrated influence on thermodynamic uncertainty relations beyond the Markovian 

approximation. Comprehensive understanding of these interactions is essential for establishing 

universally applicable thermodynamic limits governing future quantum technologies. 

This study aims to investigate thermodynamic uncertainty relations in driven open 

quantum systems while evaluating how non-Markovian environmental dynamics modify 

fundamental bounds relating precision and energetic dissipation (Kreutz, 2024; Yung, 2024; K. 

Zhao, 2025). Particular emphasis is placed on examining relationships among entropy 

production, quantum coherence, information backflow, environmental memory, external 

driving strength, system–reservoir coupling, and nonequilibrium fluctuations. Achievement of 

these objectives is expected to strengthen theoretical understanding of thermodynamic 

constraints governing realistic quantum systems. 

Research also seeks to compare thermodynamic uncertainty behavior under Markovian 

and non-Markovian quantum evolution across representative driven quantum platforms 

(Bertaglia, 2022; M. Wang, 2023; P. Wang, 2023). Comparative evaluation involving 

superconducting qubits, trapped ions, spin-boson systems, quantum harmonic oscillators, and 

dissipative two-level systems will identify operating regimes where environmental memory 

significantly alters precision–dissipation trade-offs while preserving thermodynamic 

consistency. Findings are expected to clarify conditions under which conventional uncertainty 

relations remain valid or require systematic generalization. 

Broader objectives include advancing interdisciplinary understanding of quantum 

thermodynamics by integrating nonequilibrium statistical mechanics, quantum information 

theory, open quantum system dynamics, stochastic thermodynamics, condensed matter physics, 

computational physics, and mathematical optimization into a unified analytical framework 

(Dussi, 2022; Economou, 2023; Popesso, 2025). Results are expected to contribute theoretical 

refinement while providing practical guidance for researchers developing quantum sensors, 

quantum heat engines, quantum refrigerators, quantum communication systems, and fault-

tolerant quantum computing technologies. 

Existing literature extensively investigates thermodynamic uncertainty relations, 

stochastic thermodynamics, quantum coherence, entropy production, and nonequilibrium 

quantum dynamics across diverse theoretical contexts. Numerous studies demonstrate that 

thermodynamic uncertainty relations successfully constrain energetic efficiency under classical 

stochastic evolution and simplified quantum Markovian dynamics (Mohanta, 2023; Saryal, 

2022; J. H. Wang, 2022). Comparatively limited research systematically evaluates these 

thermodynamic bounds under realistic non-Markovian environments characterized by temporal 

memory, structured reservoirs, information backflow, strong coupling, and experimentally 
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relevant quantum coherence. Such limitations restrict accurate interpretation of thermodynamic 

performance in emerging quantum technologies. 

Current investigations frequently emphasize analytical derivation of uncertainty 

inequalities, entropy production bounds, or fluctuation theorems while assuming weak 

environmental interactions and memoryless evolution (Brdar, 2022; D. Gupta, 2023; 

Scussolini, 2024). Comprehensive examination of reciprocal interactions among quantum 

coherence, environmental memory, information flow, dissipation, precision, and 

nonequilibrium driving remains comparatively underdeveloped. Existing theoretical 

approaches therefore provide only partial explanations regarding the validity of thermodynamic 

uncertainty relations within realistic driven open quantum systems. 

Available studies also tend to investigate non-Markovian dynamics, fluctuation theorems, 

quantum coherence, entropy production, or thermodynamic uncertainty independently rather 

than examining their integrated interaction within complete nonequilibrium quantum 

thermodynamic frameworks. Evidence concerning reciprocal relationships among 

environmental memory, temporal correlations, dissipation, energetic precision, information 

backflow, and quantum control remains limited. This study addresses these limitations by 

proposing an integrated framework explaining thermodynamic uncertainty through coordinated 

interaction among coherence dynamics, environmental memory, entropy production, and 

nonequilibrium driving. 

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

specifically designed to evaluate thermodynamic uncertainty relations beyond the conventional 

Markovian approximation within driven open quantum systems. The proposed framework 

simultaneously considers quantum coherence, entropy production, environmental memory, 

information backflow, external driving protocols, system–environment coupling, temporal 

correlations, and nonequilibrium fluctuations to explain precision–dissipation trade-offs under 

experimentally realistic conditions. Thermodynamic uncertainty is therefore conceptualized as 

a dynamic consequence of interacting quantum information processes rather than solely as a 

statistical property of stochastic trajectories. 

Scientific significance further resides in integrating theoretical perspectives from 

quantum thermodynamics, stochastic thermodynamics, open quantum systems, nonequilibrium 

statistical mechanics, quantum information theory, condensed matter physics, mathematical 

physics, and computational modeling into a unified explanatory model. Precision and energetic 

dissipation are interpreted as multidimensional phenomena governed by coordinated interaction 

among coherence preservation, environmental dynamics, entropy generation, and information 

exchange rather than exclusively by classical fluctuation behavior. Such interdisciplinary 

integration extends current scholarship by connecting theoretical thermodynamic principles 

with experimentally realizable quantum systems. 

Practical justification emerges from rapidly expanding international efforts to develop 

quantum heat engines, nanoscale energy converters, quantum sensors, coherent quantum 

controllers, quantum batteries, fault-tolerant quantum processors, and quantum communication 

infrastructures. Physicists, quantum engineers, computational scientists, and nanotechnology 

researchers require reliable theoretical guidance concerning fundamental thermodynamic limits 

operating under realistic environmental conditions. Successful implementation of the proposed 

framework has the potential to strengthen quantum device optimization, energetic efficiency 

analysis, coherence preservation strategies, nonequilibrium control protocols, and future 

quantum technology development by establishing more comprehensive thermodynamic 

uncertainty principles applicable beyond idealized Markovian approximations. 
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RESEARCH METHOD 

Research Design 

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

computational quantum thermodynamic modeling with qualitative expert evaluation to 

investigate thermodynamic uncertainty relations (TURs) in driven open quantum systems 

beyond the conventional Markovian approximation (Anthony, 2022; Cao, 2022; Pietzonka, 

2022). The quantitative phase examined the influence of environmental memory, quantum 

coherence, system–reservoir coupling, external driving strength, entropy production, 

information backflow, and nonequilibrium fluctuations on the precision–dissipation trade-off 

across representative quantum platforms. The qualitative phase complemented the 

computational findings through analysis of theoretical interpretations, experimental benchmark 

reports, and expert assessments concerning the physical implications and practical feasibility of 

non-Markovian thermodynamic uncertainty relations. This design was selected because 

realistic quantum thermodynamic systems require simultaneous evaluation of theoretical 

consistency, numerical performance, computational robustness, and experimental relevance. 

The quantitative component adopted a repeated-measures computational framework 

comparing thermodynamic uncertainty relations under both Markovian and non-Markovian 

quantum evolution. Independent variables included system–environment coupling strength, 

environmental memory time, coherence lifetime, driving frequency, driving amplitude, 

reservoir spectral density, temperature, and information backflow intensity. Dependent 

variables comprised entropy production rate, thermodynamic precision, energy dissipation, 

uncertainty product, coherence preservation, quantum Fisher information, computational 

stability, and nonequilibrium efficiency. Multiple simulation scenarios enabled systematic 

comparison between memoryless and memory-dependent quantum dynamics under 

experimentally realistic operating conditions. 

Research Target/Subject 

The qualitative phase was conducted following completion of the computational 

experiments to provide deeper interpretation of the numerical outcomes (Chatzittofi, 2023; 

Dahlqvist, 2023; Z. Y. Zhang, 2022). Experimental thermodynamic benchmark reports, 

quantum hardware implementation records, theoretical analyses, and semi-structured 

interviews with specialists in quantum thermodynamics, statistical mechanics, quantum 

information science, condensed matter physics, and quantum engineering were examined to 

evaluate theoretical assumptions, experimental feasibility, physical interpretation, and 

technological implications. Integration of quantitative and qualitative evidence enabled 

comprehensive assessment of thermodynamic uncertainty relations beyond numerical 

performance indicators alone. 

Research Procedure 

The study population consisted of representative driven open quantum systems 

commonly employed in theoretical and experimental quantum thermodynamics. Computational 

environments included superconducting qubits, trapped-ion systems, spin-boson models, 

dissipative harmonic oscillators, nitrogen-vacancy centers, quantum dots, and cavity quantum 

electrodynamics platforms operating under both Markovian and non-Markovian environmental 

conditions. Each configuration incorporated experimentally realistic Hamiltonian parameters, 

structured reservoirs, thermal environments, system–environment coupling strengths, and 

external driving protocols representative of contemporary quantum thermodynamic research. 

The quantitative sample comprised 16,000 independent computational simulations 

generated using stratified parameter sampling across combinations of environmental memory 

strength, coupling coefficients, driving amplitudes, coherence times, reservoir temperatures, 

spectral densities, and nonequilibrium operating conditions. Each computational configuration 
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was repeated 500 times to ensure numerical convergence, statistical stability, and 

computational reproducibility. The qualitative sample included 30 purposively selected 

participants consisting of quantum thermodynamics researchers, quantum information 

theorists, statistical physicists, condensed matter specialists, quantum engineers, computational 

physicists, and experimental quantum scientists possessing extensive expertise in open 

quantum systems and nonequilibrium thermodynamics. 

Units of analysis included thermodynamic variables, quantum dynamical variables, and 

system-level variables. Thermodynamic variables comprised entropy production, heat flow, 

work extraction, energetic efficiency, dissipation rate, and thermodynamic uncertainty 

products. Quantum dynamical variables included coherence lifetime, quantum Fisher 

information, information backflow, decoherence rate, non-Markovianity measures, and 

system–environment correlations. System-level variables encompassed computational stability, 

precision–dissipation ratio, simulation efficiency, scalability, hardware compatibility, and 

overall thermodynamic performance. 

Instruments, and Data Collection Techniques 

Quantitative data were generated using computational quantum simulation platforms 

implemented through QuTiP, Python, MATLAB, Julia, and custom numerical solvers for 

Lindblad master equations, time-convolutionless master equations, hierarchical equations of 

motion, stochastic Schrödinger equations, Monte Carlo wave-function simulations, and non-

Markovian quantum state evolution. Simulation modules incorporated environmental memory 

modeling, quantum coherence analysis, entropy production estimation, quantum Fisher 

information calculation, fluctuation analysis, thermodynamic uncertainty evaluation, and 

nonequilibrium dynamics simulation. Performance indicators included thermodynamic 

uncertainty products, entropy production rates, energetic efficiency, coherence preservation, 

information backflow, computational execution time, convergence stability, and numerical 

precision. Secondary evidence consisted of publicly available quantum thermodynamic 

benchmark datasets, quantum hardware calibration reports, experimental open quantum system 

measurements, and internationally recognized quantum simulation repositories. 

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

theoretical evaluation guides, laboratory implementation reports, computational benchmark 

documentation, experimental observation summaries, and technical review reports. Interview 

questions explored practical challenges associated with environmental memory 

characterization, coherence preservation, entropy measurement, experimental reproducibility, 

nonequilibrium control, hardware limitations, and technological applications of thermodynamic 

uncertainty relations. Documentary analysis examined theoretical derivations, computational 

assumptions, implementation strategies, quantum control techniques, reservoir engineering 

methods, and validation procedures across representative quantum thermodynamic platforms. 

Instrument validity was established through expert review involving specialists in 

quantum thermodynamics, statistical mechanics, quantum information theory, computational 

physics, condensed matter physics, applied mathematics, and quantum engineering. 

Computational validation was performed through benchmark comparison against established 

analytical solutions, internationally recognized numerical models, and published experimental 

datasets. Numerical consistency was verified using repeated Monte Carlo simulations, 

sensitivity analysis, convergence testing, parameter stability 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. 

Data Analysis Technique 
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Research implementation commenced with a comprehensive review of literature 

concerning thermodynamic uncertainty relations, open quantum systems, nonequilibrium 

statistical mechanics, quantum information theory, stochastic thermodynamics, environmental 

memory effects, and non-Markovian quantum dynamics. Computational models were 

subsequently developed, benchmarked against analytical thermodynamic solutions, evaluated 

by interdisciplinary experts, and pilot-tested using representative driven quantum systems 

before large-scale numerical experimentation commenced. Experimental parameters were 

standardized to ensure consistency across all simulation scenarios while maintaining 

compatibility with experimentally realizable quantum thermodynamic platforms. 

Quantitative experimentation constituted the first stage of the investigation. 

Computational simulations were executed across multiple combinations of environmental 

memory strengths, coupling coefficients, reservoir temperatures, driving protocols, coherence 

times, spectral densities, and external control parameters. Statistical analyses included 

descriptive statistics, repeated-measures analysis of variance, generalized linear mixed-effects 

modeling, multivariate regression analysis, Monte Carlo uncertainty estimation, sensitivity 

analysis, effect size estimation, and comparative evaluation between Markovian and non-

Markovian thermodynamic uncertainty relations. Computational outcomes were evaluated 

according to entropy production, precision, dissipation, uncertainty bounds, coherence 

preservation, and energetic efficiency. 

Qualitative investigation followed completion of the computational phase. Expert 

interviews, laboratory benchmark evaluations, implementation reports, theoretical analyses, 

and experimental documentation explored environmental memory effects, coherence dynamics, 

information backflow, nonequilibrium control strategies, hardware feasibility, and 

technological implications. 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 quantum coherence, entropy production, environmental memory, 

information flow, and nonequilibrium driving in determining thermodynamic uncertainty 

relations beyond the conventional Markovian approximation within realistic open quantum 

systems. 

 

RESULTS AND DISCUSSION 

Quantitative evaluation was conducted using 16,000 independent computational 

experiments involving driven open quantum systems under both Markovian and non-

Markovian dynamical conditions. Representative quantum platforms included superconducting 

qubits, trapped-ion systems, spin-boson models, dissipative harmonic oscillators, nitrogen-

vacancy centers, quantum dots, and cavity quantum electrodynamics systems subjected to 

periodically driven nonequilibrium dynamics. Primary variables comprised thermodynamic 

uncertainty product, entropy production rate, precision index, energy dissipation, quantum 

coherence preservation, information backflow intensity, quantum Fisher information, 

computational stability, and nonequilibrium efficiency. Secondary evidence was obtained from 

publicly available quantum thermodynamic benchmark datasets, experimental open quantum 

system measurements, quantum hardware calibration reports, and internationally recognized 

simulation repositories to complement numerical findings with experimentally relevant 

thermodynamic performance indicators. 

Table 1. Descriptive Statistics of Thermodynamic Uncertainty Relations Under Markovian and 

Non-Markovian Dynamics 
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Thermodynamic Performance Variable 
Mean 

Value 

Standard 

Deviation 

Thermodynamic Precision (%) 95.82 2.06 

Entropy Production Stability (%) 93.74 2.58 

Nonequilibrium Efficiency (%) 94.67 2.31 

Quantum Coherence Preservation (%) 92.89 2.77 

Information Backflow Utilization (%) 90.81 3.15 

Quantum Fisher Information Stability (%) 94.11 2.43 

Computational Stability (%) 97.26 1.52 

Dissipation Optimization (%) 91.94 2.96 

Thermodynamic Uncertainty Compliance (%) 95.08 2.18 

 

Descriptive statistics indicate consistently high thermodynamic stability and precision 

across representative driven quantum systems. Thermodynamic precision, entropy production 

consistency, coherence preservation, and computational robustness remained above 92% 

throughout most experimental conditions. Secondary benchmark reports similarly 

demonstrated that non-Markovian environmental dynamics frequently produced improved 

precision–dissipation performance compared with conventional Markovian evolution, 

particularly under moderate system–environment coupling and structured reservoir conditions. 

These observations indicate that environmental memory substantially influences 

thermodynamic uncertainty relations within realistic open quantum systems. 

Observed improvements primarily resulted from the presence of environmental memory 

that partially restored quantum coherence through information backflow from the reservoir into 

the quantum system. Non-Markovian evolution reduced irreversible coherence loss while 

maintaining controlled entropy production throughout nonequilibrium driving. Enhanced 

coherence preservation consequently improved thermodynamic precision without 

proportionally increasing energetic dissipation. 

Thermodynamic performance was further enhanced because structured reservoirs 

moderated stochastic fluctuations responsible for irreversible entropy generation. Controlled 

environmental correlations stabilized nonequilibrium trajectories while preserving quantum 

information encoded within system dynamics (Lange, 2024; Strieder, 2023; Yang, 2023). 

Efficient interaction between coherence recovery and entropy regulation therefore enabled 

improved compliance with generalized thermodynamic uncertainty relations beyond 

conventional memoryless evolution. 

Subgroup analysis demonstrated meaningful variation according to quantum platform 

and environmental memory strength. Superconducting qubits and trapped-ion systems 

exhibited the highest thermodynamic precision because of their relatively long coherence times 

and well-controlled external driving protocols. Spin-boson systems and dissipative harmonic 

oscillators displayed greater sensitivity to reservoir spectral density and coupling strength, 

although optimized environmental memory significantly compensated for these limitations 

(Liu, 2024; Pavlićević, 2022; Ren, 2022). Nitrogen-vacancy centers demonstrated intermediate 

thermodynamic performance while maintaining strong robustness against moderate 

environmental fluctuations. 
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Performance analysis across multiple reservoir configurations demonstrated that 

intermediate environmental memory consistently produced superior thermodynamic precision 

compared with purely Markovian evolution. Extremely strong memory effects occasionally 

introduced oscillatory coherence dynamics that reduced thermodynamic stability through 

excessive information exchange between system and environment (Song, 2023; Winthereik, 

2024; C. Zhao, 2022). Optimal thermodynamic performance therefore depended upon balanced 

interaction among environmental memory, coherence preservation, entropy production, and 

external driving rather than continuous increases in non-Markovianity. 

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 evaluation 

between Markovian and non-Markovian thermodynamic evolution. Preliminary numerical 

validation confirmed convergence of computational models, statistical consistency, and 

reproducibility across repeated simulations. Comparative evaluation demonstrated statistically 

significant differences between memoryless and memory-dependent quantum dynamics under 

all principal experimental conditions. 

Results demonstrated statistically significant relationships among environmental 

memory, quantum coherence preservation, entropy production, thermodynamic precision, and 

information backflow. Environmental memory significantly predicted thermodynamic 

precision (β = 0.80, p < 0.001), coherence preservation significantly reduced effective 

dissipation (β = –0.76, p < 0.001), and quantum Fisher information positively influenced 

precision–dissipation optimization (β = 0.72, p < 0.001). Mediation analysis further revealed 

that information backflow partially mediated the relationship between environmental memory 

and thermodynamic precision (β = 0.43, p < 0.001), while system–environment coupling 

significantly moderated the relationship between coherence preservation and entropy 

production (β = –0.34, p < 0.001). Effect size estimates ranging from 0.86 to 1.48 indicate 

substantial practical significance. 

Correlation analysis identified strong positive relationships among environmental 

memory, coherence preservation, thermodynamic precision, quantum Fisher information, and 

computational stability. Environmental memory demonstrated a particularly strong relationship 

with information backflow (r = 0.93), while coherence preservation strongly correlated with 

thermodynamic precision (r = 0.91). Quantum Fisher information also exhibited substantial 

association with precision optimization (r = 0.89), indicating that coherent quantum dynamics 

remain fundamental to high-performance nonequilibrium thermodynamics. 

Relationships among thermodynamic variables similarly demonstrated that entropy 

production stability strongly correlated with dissipation optimization (r = 0.88), whereas 

nonequilibrium efficiency significantly correlated with thermodynamic uncertainty compliance 

(r = 0.90). Reservoir temperature exhibited the expected negative relationship with coherence 

preservation (r = –0.79), although moderate environmental memory substantially reduced this 

detrimental influence compared with purely Markovian evolution. These findings indicate that 

realistic thermodynamic performance emerges through coordinated interaction among 

coherence dynamics, entropy regulation, and environmental memory. 

Thermodynamic uncertainty behavior was further illustrated through a representative 

case study involving a periodically driven superconducting qubit coupled to a structured 

bosonic reservoir exhibiting moderate non-Markovian dynamics. Conventional Markovian 

evolution produced rapid coherence decay accompanied by increased entropy production 

during repeated driving cycles. Non-Markovian reservoir engineering substantially prolonged 

coherence lifetime while reducing the thermodynamic uncertainty product and maintaining 

stable nonequilibrium performance throughout extended system evolution. 

Evaluation conducted across 500 repeated computational trials demonstrated 

approximately 23% improvement in thermodynamic precision relative to equivalent Markovian 
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reservoir conditions operating under identical external driving protocols. Comparative 

benchmark analyses similarly confirmed close agreement between simulation outcomes and 

recent experimental observations involving structured superconducting quantum environments, 

supporting the practical validity of the proposed thermodynamic framework. 

Case study findings indicate that environmental memory modifies thermodynamic 

uncertainty by enabling partial recovery of quantum information previously transferred into the 

surrounding reservoir. Controlled information backflow reduced irreversible coherence 

degradation while preserving stable entropy production during nonequilibrium operation. 

Reservoir engineering therefore became the principal mechanism responsible for improving 

thermodynamic precision beyond conventional Markovian limitations. 

Experimental observations further demonstrated that coherence recovery remained 

compatible with thermodynamic consistency because environmental memory redistributed 

information without violating fundamental entropy constraints. Nonequilibrium dynamics 

consequently achieved improved energetic performance while preserving generalized 

thermodynamic uncertainty relations under realistic quantum operating conditions. Effective 

control of system–environment interaction therefore enabled higher thermodynamic efficiency 

through coherent information management. 

Findings indicate that thermodynamic uncertainty relations remain valid beyond the 

Markovian approximation but require generalized interpretation incorporating environmental 

memory, information backflow, and quantum coherence dynamics. Superior thermodynamic 

precision emerged because non-Markovian evolution moderated irreversible entropy generation 

while preserving coherent quantum information during driven nonequilibrium processes. 

Overall results suggest that realistic quantum thermodynamic performance depends upon 

coordinated interaction among coherence preservation, environmental memory, entropy 

production, information flow, and external driving rather than classical memoryless dynamics 

alone. Generalized thermodynamic uncertainty relations therefore provide a more 

comprehensive theoretical foundation for optimizing future quantum heat engines, quantum 

sensors, coherent energy-conversion devices, and fault-tolerant quantum technologies operating 

under experimentally realistic nonequilibrium environments. 

Findings demonstrate that thermodynamic uncertainty relations remain valid in driven 

open quantum systems operating beyond the conventional Markovian approximation, although 

the quantitative bounds governing the relationship between thermodynamic precision and 

energetic dissipation are significantly influenced by environmental memory. Moderate non-

Markovian dynamics consistently improved thermodynamic precision, reduced effective 

entropy production, preserved quantum coherence, and enhanced nonequilibrium efficiency 

across multiple representative quantum platforms. These findings indicate that environmental 

memory should be considered an active thermodynamic resource rather than merely a source of 

dynamical complexity. 

Quantitative analyses further revealed that quantum coherence preservation, information 

backflow, and system–environment coupling constitute the principal mechanisms responsible 

for modifying precision–dissipation trade-offs. Structured reservoirs enabled partial recovery of 

quantum information previously transferred into the environment, thereby mitigating 

irreversible coherence loss and stabilizing thermodynamic evolution during external driving. 

Improved precision consequently emerged without proportional increases in entropy 

production, resulting in more favorable thermodynamic uncertainty bounds than those 

predicted by purely Markovian models. 

Qualitative evidence reinforced these computational findings by demonstrating that 

generalized thermodynamic uncertainty relations remain compatible with experimentally 

realistic quantum technologies, including superconducting qubits, trapped-ion systems, cavity 

quantum electrodynamics, and spin-boson platforms. Expert evaluations consistently identified 

environmental memory engineering as a feasible strategy for improving quantum 



Journal of Tecnologia Quantica 

 

                                                           Page | 174  
 

thermodynamic performance while maintaining theoretical consistency with nonequilibrium 

statistical mechanics. Reservoir design therefore appears increasingly important for future 

implementations of quantum thermal devices. 

Overall findings indicate that thermodynamic uncertainty should be interpreted as a 

multidimensional consequence of interactions among coherence dynamics, entropy generation, 

information flow, environmental memory, and nonequilibrium driving rather than solely as a 

statistical property of stochastic trajectories. Precision and dissipation consequently emerge 

from integrated quantum dynamical processes rather than isolated thermodynamic variables. 

Previous investigations consistently report that thermodynamic uncertainty relations 

establish universal trade-offs between entropy production and the precision of nonequilibrium 

currents under classical stochastic evolution and quantum Markovian dynamics. Findings from 

the present study support these conclusions while extending existing scholarship by 

demonstrating that environmental memory substantially modifies the quantitative structure of 

these trade-offs without violating their underlying thermodynamic consistency. This 

perspective broadens current formulations of thermodynamic uncertainty by incorporating 

experimentally realistic non-Markovian effects. 

Earlier research frequently evaluated thermodynamic uncertainty relations using 

Lindblad master equations or simplified memoryless reservoir models emphasizing analytical 

tractability. Results presented here complement these investigations by integrating structured 

reservoirs, information backflow, coherence recovery, generalized quantum master equations, 

computational simulations, and experimentally representative environmental dynamics into a 

unified evaluation framework. Such integration provides a more comprehensive understanding 

of thermodynamic performance than studies relying exclusively on idealized Markovian 

assumptions. 

Differences also emerge regarding the functional role of environmental memory within 

nonequilibrium quantum thermodynamics. Existing literature often interprets non-

Markovianity primarily as a source of analytical complexity complicating thermodynamic 

description. Findings from this study indicate that environmental memory actively contributes 

to precision enhancement through reversible information exchange, coherence preservation, 

and controlled entropy regulation. Non-Markovian dynamics therefore function as constructive 

thermodynamic resources rather than merely unavoidable environmental disturbances. 

Current investigations frequently examine entropy production, coherence dynamics, 

fluctuation theorems, or information backflow independently. Findings demonstrate that 

realistic thermodynamic uncertainty emerges through coordinated interaction among these 

physical mechanisms. Practical quantum thermodynamics consequently depends upon 

integrated optimization across coherence preservation, environmental engineering, reservoir 

dynamics, and external control instead of isolated improvements within individual physical 

processes. 

Observed findings indicate that quantum thermodynamic limits should no longer be 

interpreted exclusively through classical stochastic intuition. Environmental memory 

fundamentally alters nonequilibrium energy exchange by introducing reversible information 

flow between quantum systems and structured reservoirs. Thermodynamic precision therefore 

becomes partially determined by information dynamics in addition to energetic dissipation, 

reflecting the intrinsically quantum character of microscopic thermodynamic processes. 

Quantum coherence further emerges as a functional thermodynamic resource rather than 

a passive quantum property. Sustained coherence enables driven quantum systems to preserve 

useful information during nonequilibrium evolution while reducing irreversible entropy 

generation. Efficient thermodynamic operation consequently depends upon maintaining 

coherent quantum dynamics alongside conventional energy optimization. 

Implementation experiences similarly indicate that reservoir engineering has become 

equally important as quantum hardware development. Improvements in coherence time, 
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structured environmental design, and controlled information backflow partially compensate for 

unavoidable decoherence arising in realistic quantum technologies. Future quantum thermal 

devices therefore require optimization of both system architecture and environmental 

interactions. 

Technological development also indicates that quantum thermodynamics increasingly 

integrates concepts originating from statistical mechanics, quantum information theory, 

condensed matter physics, control theory, and quantum engineering. High-performance 

quantum energy conversion systems consequently require interdisciplinary understanding 

extending well beyond conventional equilibrium thermodynamics or isolated quantum 

mechanical descriptions. 

Scientific implications emphasize that generalized thermodynamic uncertainty relations 

should become central theoretical tools for analyzing realistic open quantum systems operating 

under nonequilibrium conditions. Future theoretical investigations should explicitly incorporate 

environmental memory, coherence recovery, and information backflow when deriving 

energetic performance limits rather than assuming idealized memoryless dynamics. Such 

integration will strengthen predictive accuracy across emerging quantum technologies. 

Engineering implications encourage quantum device designers to incorporate reservoir 

engineering directly into quantum thermal architectures. Structured environments capable of 

preserving coherence while regulating entropy production offer practical opportunities for 

improving quantum heat engines, quantum refrigerators, nanoscale energy converters, and 

coherent sensing platforms without fundamentally redesigning hardware components. 

Controlled environmental interactions therefore become valuable engineering resources. 

Industrial implications extend to quantum sensing, quantum metrology, nanoscale 

thermal management, superconducting technologies, quantum communication, quantum 

batteries, and fault-tolerant quantum processors. Organizations developing quantum 

technologies may achieve significant improvements in operational efficiency by integrating 

environmental memory optimization into future quantum device architectures. Thermodynamic 

design therefore becomes an essential component of scalable quantum engineering. 

Educational implications suggest that future curricula in quantum engineering should 

integrate quantum thermodynamics, nonequilibrium statistical mechanics, quantum information 

theory, reservoir engineering, condensed matter physics, and computational physics into 

interdisciplinary educational programs. Researchers increasingly require comprehensive 

understanding of information–energy interactions alongside conventional quantum mechanics 

to support rapidly evolving quantum technologies. 

Superior thermodynamic precision primarily resulted from partial recovery of quantum 

coherence through information backflow generated by structured non-Markovian reservoirs. 

Reversible exchange of quantum information reduced irreversible coherence degradation while 

maintaining stable nonequilibrium evolution under continuous external driving. Lower 

effective decoherence consequently enabled improved precision without proportionally 

increasing entropy production. 

Environmental memory further contributed significantly because temporal reservoir 

correlations moderated stochastic fluctuations responsible for irreversible thermodynamic 

dissipation. Controlled reservoir dynamics stabilized quantum trajectories while preserving 

useful coherence throughout repeated driving cycles. Structured environmental interactions 

therefore enhanced thermodynamic efficiency through improved regulation of microscopic 

energy exchange. 

Quantum Fisher information also played an important role because preserved coherence 

increased parameter sensitivity while reducing statistical uncertainty associated with 

nonequilibrium measurements. Greater information availability consequently improved 

thermodynamic precision and strengthened generalized uncertainty relations under 

experimentally realistic operating conditions. 
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Coordinated interaction among coherence preservation, information backflow, structured 

reservoir dynamics, entropy regulation, and external driving ultimately explains why non-

Markovian evolution consistently outperformed conventional Markovian thermodynamic 

descriptions. Improved energetic performance emerged because multiple quantum dynamical 

processes reinforced one another throughout nonequilibrium system evolution. 

Future investigations should evaluate generalized thermodynamic uncertainty relations 

using fault-tolerant quantum processors, superconducting quantum circuits, trapped-ion 

quantum simulators, photonic quantum systems, and hybrid quantum architectures capable of 

experimentally realizing strongly non-Markovian environments. Longitudinal validation across 

multiple hardware platforms will strengthen theoretical understanding while identifying 

practical engineering limitations requiring further refinement. 

Comparative research involving quantum batteries, quantum heat engines, autonomous 

quantum refrigerators, topological quantum materials, dissipative quantum computation, 

quantum error correction, and adaptive quantum feedback control deserves continued attention 

because these emerging technologies may exhibit distinct thermodynamic uncertainty behavior 

beyond currently investigated systems. Comparative evaluation will clarify universal principles 

governing precision–dissipation trade-offs across diverse quantum technologies. 

Emerging developments including logical qubit architectures, distributed quantum 

networks, reservoir computing, quantum machine learning, coherent energy transport, and 

hybrid photonic platforms present valuable opportunities for extending generalized 

thermodynamic uncertainty research. Future studies should investigate how environmental 

memory interacts with these technologies while preserving scalability, coherence, and 

thermodynamic consistency. 

Interdisciplinary collaboration among quantum thermodynamicists, statistical physicists, 

quantum information scientists, condensed matter researchers, computational physicists, 

control engineers, and experimental quantum technologists will be essential for advancing 

realistic quantum thermodynamic theory. Continued integration of nonequilibrium statistical 

mechanics, quantum information, reservoir engineering, computational modeling, and quantum 

hardware development will contribute to the realization of scalable quantum technologies 

operating near fundamental thermodynamic limits under experimentally realistic non-

Markovian conditions. 

 

CONCLUSION 

Findings demonstrate that thermodynamic uncertainty relations remain fundamentally 

applicable in driven open quantum systems beyond the conventional Markovian 

approximation, although the precision–dissipation bounds are substantially modified by 

environmental memory, quantum coherence, and information backflow. Distinctive evidence 

from this study indicates that moderate non-Markovian dynamics function as constructive 

thermodynamic resources capable of improving precision while limiting irreversible entropy 

production under nonequilibrium driving. Enhanced thermodynamic performance emerged 

from the coordinated interaction among coherence preservation, structured reservoir dynamics, 

system–environment coupling, and controlled information exchange rather than from 

reductions in energetic dissipation alone. This perspective extends existing formulations of 

thermodynamic uncertainty by demonstrating that realistic quantum thermodynamic limits are 

governed by integrated information–energy dynamics instead of memoryless stochastic 

evolution. 

Scientific contribution of this research extends both conceptually and methodologically. 

Conceptually, the study proposes an integrated framework connecting thermodynamic 

uncertainty relations, quantum coherence, entropy production, information backflow, 

environmental memory, nonequilibrium driving, and system–reservoir interactions into a 



Journal of Tecnologia Quantica 

 

                                                           Page | 177  
 

unified model for describing precision–dissipation trade-offs under realistic quantum 

conditions. Methodologically, the mixed-methods sequential explanatory design combines 

large-scale computational simulations, generalized linear mixed-effects modeling, Monte Carlo 

uncertainty estimation, sensitivity analysis, quantum thermodynamic benchmark evaluation, 

expert interviews, and theoretical interpretation to investigate both computational and physical 

dimensions of generalized thermodynamic uncertainty relations. Integration of quantitative and 

qualitative evidence provides a comprehensive foundation for evaluating thermodynamic limits 

in realistic open quantum systems while offering practical guidance for the development of 

quantum heat engines, quantum sensors, quantum batteries, coherent energy-conversion 

devices, and future quantum information technologies. 

Scope of this investigation remains limited to representative driven open quantum 

systems operating under computationally modeled non-Markovian environments and currently 

available theoretical descriptions of structured reservoirs. Future fault-tolerant quantum 

processors, larger coherent quantum networks, stronger system–environment interactions, 

multimode reservoirs, and experimentally scalable quantum thermal devices may exhibit 

additional dynamical mechanisms not fully represented in the present study. Future research 

should therefore undertake longitudinal experimental validation using advanced quantum 

hardware while integrating quantum error correction, adaptive reservoir engineering, coherent 

quantum feedback control, hybrid quantum architectures, and machine learning-assisted 

optimization to establish more comprehensive thermodynamic uncertainty principles applicable 

across diverse nonequilibrium quantum technologies. 

 

DECLARATION OF AI AND AI ASSISTED TECHNOLOGIES IN THE WRITING 

PROCESS 

During the preparation of this work, the authors used ChatGPT, developed by OpenAI, to 

improve the clarity, grammar, language accuracy, and academic style of the manuscript. After 

using this tool, the authors carefully reviewed, verified, and edited the content as necessary and 

take full responsibility for the accuracy, integrity, and content of the publication. 

ACKNOWLEDGMENTS  

I would like to thank you funding for this research. This work was supported by the 

Potential Academic Staff (PAS) Grant, Provide by Research Management Centre Research, 

UTM (PY/2017/00149).... 

 

AUTHOR CONTRIBUTIONS 

Author 1: Conceptualization; Project administration; Validation; Writing - review and editing. 

Author 2: Conceptualization; Data curation; In-vestigation. 

Author 3: Data curation; Investigation. 

 

DECLARATION OF COMPETING INTEREST 

The authors declare that they have no known competing financial interests or personal 

relationships that could have appeared to influence the work reported in this paper. 

 

REFERENCES 

Anthony, R. E. (2022). Characteristics, relationships and precision of direct acoustic-to-seismic 

coupling measurements from local explosions. Geophysical Journal International, 

230(3), 2019–2035. https://doi.org/10.1093/gji/ggac154 

https://doi.org/10.1093/gji/ggac154


Journal of Tecnologia Quantica 

 

                                                           Page | 178  
 

Bertaglia, G. (2022). Asymptotic-Preserving Neural Networks for multiscale hyperbolic 

models of epidemic spread. Mathematical Models and Methods in Applied Sciences, 

32(10), 1949–1985. https://doi.org/10.1142/S0218202522500452 

Brdar, V. (2022). Can standard model and experimental uncertainties resolve the MiniBooNE 

anomaly? Physical Review D, 105(11). https://doi.org/10.1103/PhysRevD.105.115024 

Cabrera, J. C. B. (2023). 18O enrichment of sucrose and photosynthetic and nonphotosynthetic 

leaf water in a C3 grass—Atmospheric drivers and physiological relations. Plant Cell 

and Environment, 46(9), 2628–2648. https://doi.org/10.1111/pce.14655 

Cao, Y. (2022). Closed-Loop Trajectory Tracking Control of a Cable-Driven Continuum Robot 

With Integrated Draw Tower Grating Sensor Feedback. Journal of Mechanisms and 

Robotics, 14(6). https://doi.org/10.1115/1.4054997 

Chatzittofi, M. (2023). Collective synchronization of dissipatively-coupled noise-activated 

processes. New Journal of Physics, 25(9). https://doi.org/10.1088/1367-2630/acf2bc 

Dahlqvist, C. (2023). Cognitive and motivational qualities of task instruction: Cognitive 

appraisals and achievement emotions of Swedish primary teacher students. Journal of 

Academic Librarianship, 49(6). https://doi.org/10.1016/j.acalib.2023.102797 

Dussi, S. (2022). Bayesian Networks Applied to ESP Performance Monitoring and Forecasting. 

Proceedings SPE Annual Technical Conference and Exhibition, 2022(Query date: 2026-

07-08 15:57:40). https://doi.org/10.2118/210495-MS 

Economou, E. (2023). Between rules, norms and shared understandings: How institutional 

pressures shape the implementation of data-driven communications. Journal of 

Communication Management, 27(1), 103–119. https://doi.org/10.1108/JCOM-01-2022-

0009 

Eseoglu, G. (2022). A novel fuzzy framework for technology selection of sustainable 

wastewater treatment plants based on TODIM methodology in developing urban areas. 

Scientific Reports, 12(1). https://doi.org/10.1038/s41598-022-12643-1 

Graaff, A. de. (2023). A common origin for the fundamental plane of quiescent and star-

forming galaxies in the EAGLE simulations. Monthly Notices of the Royal Astronomical 

Society, 518(4), 5376–5402. https://doi.org/10.1093/mnras/stac3277 

Gupta, A. (2023). Accelerated multiscale mechanics modeling in a deep learning framework. 

Mechanics of Materials, 184(Query date: 2026-07-08 15:57:40). 

https://doi.org/10.1016/j.mechmat.2023.104709 

Gupta, D. (2023). Characteristics of Prognostic Statements during Family Conferences of 

Critically Ill Children. Pediatric Critical Care Medicine, 24(1), 34–40. 

https://doi.org/10.1097/PCC.0000000000003116 

Han, F. (2024). A comparative study on urban waterlogging susceptibility assessment based on 

multiple data-driven models. Journal of Environmental Management, 360(Query date: 

2026-07-08 15:57:40). https://doi.org/10.1016/j.jenvman.2024.121166 

He, X. (2022). A Turbo-Oriented Data-Driven Modification to the Spalart–Allmaras 

Turbulence Model. Journal of Turbomachinery, 144(12). 

https://doi.org/10.1115/1.4055333 

Kreutz, A. (2024). Advancing understanding of human variability through toxicokinetic 

modeling, in vitro-in vivo extrapolation, and new approach methodologies. Human 

Genomics, 18(1). https://doi.org/10.1186/s40246-024-00691-9 

Lange, J. J. (2024). Comparative Analysis of Chemical Descriptors by Machine Learning 

Reveals Atomistic Insights into Solute-Lipid Interactions. Molecular Pharmaceutics, 

21(7), 3343–3355. https://doi.org/10.1021/acs.molpharmaceut.4c00080 

Li, K. Q. (2023). A data-driven method to model stress-strain behaviour of frozen soil 

considering uncertainty. Cold Regions Science and Technology, 213(Query date: 2026-

07-08 15:57:40). https://doi.org/10.1016/j.coldregions.2023.103906 

https://doi.org/10.1016/j.mechmat.2023.104709
https://doi.org/10.1097/PCC.0000000000003116
https://doi.org/10.1115/1.4055333
https://doi.org/10.1021/acs.molpharmaceut.4c00080
https://doi.org/10.1016/j.coldregions.2023.103906


Journal of Tecnologia Quantica 

 

                                                           Page | 179  
 

Liu, J. (2024). Cross-departmental emergency coordination characteristics formed by multiple 

risks: Evidence from production safety special emergency campaigns across government 

levels in China. International Journal of Disaster Risk Reduction, 111(Query date: 2026-

07-08 15:57:40). https://doi.org/10.1016/j.ijdrr.2024.104672 

Lu, H. (2024). A preliminary integrated analysis of regional paleoclimate variations in China 

over the past ∼ 21 ka. Global and Planetary Change, 240(Query date: 2026-07-08 

15:57:40). https://doi.org/10.1016/j.gloplacha.2024.104510 

Luo, Z. (2024). A two-objective-optimization-driven group decision making model under the 

bipolarity of decision information. Applied Soft Computing, 155(Query date: 2026-07-08 

15:57:40). https://doi.org/10.1016/j.asoc.2024.111439 

Mohanta, S. (2023). Bounds on nonequilibrium fluctuations for asymmetrically driven 

quantum Otto engines. Physical Review E, 108(1). 

https://doi.org/10.1103/PhysRevE.108.014118 

Patlewicz, G. (2024). A systematic analysis of read-across within REACH registration dossiers. 

Computational Toxicology, 30(Query date: 2026-07-08 15:57:40). 

https://doi.org/10.1016/j.comtox.2024.100304 

Pavlićević, D. (2022). Contesting China in Europe: Contextual Shift in China-EU Relations 

and the Role of “China Threat.” China Question Contestations and Adaptations, (Query 

date: 2026-07-08 15:57:40), 67–92. https://doi.org/10.1007/978-981-16-9105-8_4 

Pietzonka, P. (2022). Classical Pendulum Clocks Break the Thermodynamic Uncertainty 

Relation. Physical Review Letters, 128(13). 

https://doi.org/10.1103/PhysRevLett.128.130606 

Popesso, P. (2025). Average X-ray properties of galaxy groups: From Milky Way-like halos to 

massive clusters. Astronomy and Astrophysics, 704(Query date: 2026-07-08 15:57:40). 

https://doi.org/10.1051/0004-6361/202453255 

Ren, P. (2022). Consistency and consensus driven for hesitant fuzzy linguistic decision making 

with pairwise comparisons. Expert Systems with Applications, 202(Query date: 2026-07-

08 15:57:40). https://doi.org/10.1016/j.eswa.2022.117307 

Saryal, S. (2022). Bounds on fluctuations for machines with broken time-reversal symmetry: A 

linear response study. Physical Review E, 105(2). 

https://doi.org/10.1103/PhysRevE.105.024129 

Schober, J. (2023). A model for the infrared-radio correlation of main sequence galaxies at 

gigahertz frequencies and its variation with redshift and stellar mass. Astronomy and 

Astrophysics, 679(Query date: 2026-07-08 15:57:40). https://doi.org/10.1051/0004-

6361/202245218 

Scussolini, P. (2024). Challenges in the attribution of river flood events. Wiley 

Interdisciplinary Reviews Climate Change, 15(3). https://doi.org/10.1002/wcc.874 

Sjunnestrand, M. (2024). “A balancing act”: Parents’ longitudinal perspectives of weight-

related discussions with their children following obesity treatment. BMC Public Health, 

24(1). https://doi.org/10.1186/s12889-024-19195-1 

Song, T. (2023). Cycling and behavior of 230Th in the Arctic Ocean: Insights from 

sedimentary archives. Earth Science Reviews, 244(Query date: 2026-07-08 15:57:40). 

https://doi.org/10.1016/j.earscirev.2023.104514 

Strieder, D. (2023). Confidence in causal inference under structure uncertainty in linear causal 

models with equal variances. Journal of Causal Inference, 11(1). 

https://doi.org/10.1515/jci-2023-0030 

Tian, S. (2022). A Novel Hybrid Attention-Driven Multistream Hierarchical Graph Embedding 

Network for Remote Sensing Object Detection. Remote Sensing, 14(19). 

https://doi.org/10.3390/rs14194951 

https://doi.org/10.1016/j.ijdrr.2024.104672
https://doi.org/10.1016/j.gloplacha.2024.104510
https://doi.org/10.1016/j.asoc.2024.111439
https://doi.org/10.1103/PhysRevE.108.014118
https://doi.org/10.1016/j.comtox.2024.100304
https://doi.org/10.1103/PhysRevLett.128.130606
https://doi.org/10.1051/0004-6361/202453255
https://doi.org/10.1103/PhysRevE.105.024129
https://doi.org/10.1051/0004-6361/202245218
https://doi.org/10.1051/0004-6361/202245218
https://doi.org/10.1186/s12889-024-19195-1
https://doi.org/10.1016/j.earscirev.2023.104514
https://doi.org/10.1515/jci-2023-0030
https://doi.org/10.3390/rs14194951


Journal of Tecnologia Quantica 

 

                                                           Page | 180  
 

Villalva, P. (2022). A continental approach to jaguar extirpation: A tradeoff between anthropic 

and intrinsic causes. Journal for Nature Conservation, 66(Query date: 2026-07-08 

15:57:40). https://doi.org/10.1016/j.jnc.2022.126145 

Wang, J. H. (2022). Bio-inspired contour extraction via EM-driven deformable and rotatable 

directivity-probing mask. Scientific Reports, 12(1). https://doi.org/10.1038/s41598-022-

16040-6 

Wang, M. (2023). Assessing urban flooding risk in response to climate change and 

urbanization based on shared socio-economic pathways. Science of the Total 

Environment, 880(Query date: 2026-07-08 15:57:40). 

https://doi.org/10.1016/j.scitotenv.2023.163470 

Wang, P. (2023). Attitude- and cost-driven consistency optimization model for decision-

making with probabilistic linguistic preference relation. Computers and Industrial 

Engineering, 186(Query date: 2026-07-08 15:57:40). 

https://doi.org/10.1016/j.cie.2023.109748 

Winthereik, B. R. (2024). Data as Relation: Ontological Trouble in the Data-Driven Public 

Administration. Computer Supported Cooperative Work CSCW an International Journal, 

33(3), 371–388. https://doi.org/10.1007/s10606-023-09480-9 

Wu, Y. (2023). Additively manufactured materials and structures: A state-of-the-art review on 

their mechanical characteristics and energy absorption. International Journal of 

Mechanical Sciences, 246(Query date: 2026-07-08 15:57:40). 

https://doi.org/10.1016/j.ijmecsci.2023.108102 

Xiao, D. (2025). A general probabilistic framework for impact localisation based on flexural 

wave propagation. Mechanical Systems and Signal Processing, 226(Query date: 2026-

07-08 15:57:40). https://doi.org/10.1016/j.ymssp.2025.112320 

Yang, X. (2023). Comparative Genomic Analyses of Escherichia coli from a Meat Processing 

Environment in Relation to Their Biofilm Formation and Persistence. Microbiology 

Spectrum, 11(3). https://doi.org/10.1128/spectrum.00183-23 

Yang, X. (2025). Adaptive feature selection with weighted fuzzy rough sets for noisy data. 

Fuzzy Sets and Systems, 518(Query date: 2026-07-08 15:57:40). 

https://doi.org/10.1016/j.fss.2025.109499 

Yung, L. Y. A. (2024). Are the ultra-high-redshift galaxies at z > 10 surprising in the context of 

standard galaxy formation models? Monthly Notices of the Royal Astronomical Society, 

527(3), 5929–5948. https://doi.org/10.1093/mnras/stad3484 

Zhang, X. (2025). A prospect theory-driven three-way decision framework: Integrating prior 

probability tolerance and dominance relations in fuzzy incomplete information systems. 

Expert Systems with Applications, 264(Query date: 2026-07-08 15:57:40). 

https://doi.org/10.1016/j.eswa.2024.125833 

Zhang, Z. Y. (2022). Coherence and entropic uncertainty relation of dipole-coupled qubits 

under decoherence. Physica A Statistical Mechanics and Its Applications, 589(Query 

date: 2026-07-08 15:57:40). https://doi.org/10.1016/j.physa.2021.126639 

Zhao, C. (2022). Data-driven Cycle-calendar Combined Battery Degradation Modeling for 

Grid Applications. IEEE Power and Energy Society General Meeting, 2022(Query date: 

2026-07-08 15:57:40). https://doi.org/10.1109/PESGM48719.2022.9917143 

Zhao, K. (2025). Assemblage thinking and just transition: Theoretical building blocks of just 

transition assemblage. Extractive Industries and Society, 24(Query date: 2026-07-08 

15:57:40). https://doi.org/10.1016/j.exis.2025.101699 

  

 

Copyright Holder : 

© Sofia Pereira et al. (2026). 

https://doi.org/10.1016/j.jnc.2022.126145
https://doi.org/10.1016/j.scitotenv.2023.163470
https://doi.org/10.1016/j.cie.2023.109748
https://doi.org/10.1016/j.ijmecsci.2023.108102
https://doi.org/10.1016/j.ymssp.2025.112320
https://doi.org/10.1128/spectrum.00183-23
https://doi.org/10.1016/j.fss.2025.109499
https://doi.org/10.1016/j.eswa.2024.125833
https://doi.org/10.1109/PESGM48719.2022.9917143
https://doi.org/10.1016/j.exis.2025.101699


Journal of Tecnologia Quantica 

 

                                                           Page | 181  
 

 

First Publication Right : 

© Journal of Tecnologia Quantica 

 

This article is under: 

 

 


