
Multiscale Perturbative Analysis of Quantum Entanglement Fluctuations 

in Bosonic Josephson Junctions: A Case Study 

Adrian Robinson 

Professor 

University of Heidelberg 

Grabengasse 1, 69117 Heidelberg, Germany 

 

Adrian Thompson 

Associate Professor 

Massachusetts Institute of Technology 

77 Massachusetts Avenue, Cambridge, MA 02139, USA 

 

Thomas Adams 

PhD 

University of Cambridge 

The Old Schools, Trinity Ln, Cambridge CB2 1TN, United Kingdom 

 

Drew Thomas 

Dr. Sc 

Australian National University 

Canberra ACT 2601, Australia 

 

Abstract. In this study, we conduct a perturbative analysis of quantum entanglement fluctuations 

within bosonic Josephson junctions. By employing a multiscale approach, we explore the role of 

quantum entanglement in macroscopic quantum coherence, which is pivotal for next-generation 

quantum technologies. Our findings reveal significant insights into the correlation dynamics of 

entangled states, offering potential pathways for optimizing quantum control mechanisms. The 

results underscore the necessity of integrating advanced computational models to enhance the 

precision of quantum simulations. 
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Introduction 

Quantum entanglement remains a cornerstone of modern quantum physics, underpinning 

the mechanics behind potential breakthroughs in quantum computing and communication. 

With the burgeoning interest in quantum technologies, there is a renewed emphasis on 

understanding the behavior of entangled states, particularly in complex systems such as 

bosonic Josephson junctions. These junctions serve as an ideal platform for examining 



coherent tunneling phenomena and the resultant entanglement dynamics due to their unique 

properties, including non-linear interaction potentials and macroscopic quantum order. 

Despite significant advances, the intrinsic complexity of these systems poses formidable 

challenges in characterizing entanglement fluctuations, which are critical for the stability 

and fidelity of quantum states. Addressing these challenges is essential for the development 

of robust quantum control protocols and for fostering the growth of quantum information 

science. Our study employs a multiscale perturbative methodology, carefully tailored to 

capture the nuanced interplay of physical forces and quantum correlations within these 

junctions. This approach allows us to construct a comprehensive framework for analyzing 

entanglement dynamics across different scales of interaction. We delve into the theoretical 

underpinnings of our methods, detailing the computational models and simulation 

techniques that facilitate our analysis. The paper is structured as follows: we begin with a 

detailed review of current literature on quantum entanglement in bosonic systems, followed 

by a description of our perturbative approach. We then present our findings, highlighting 

the implications for quantum technology applications, and conclude with a discussion on 

future research directions and potential technological impacts. 

This is a preliminary version. To read the full version of the article, please purchase a 

subscription. 
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