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Resumo

O controlo quantico é fundamental para o desenvolvimento das tecnologias quanticas
emergentes, incluindo a computac¢do quantica, a dete¢cdo quantica e a comunicagdo quan-
tica. A fragilidade inerente dos sistemas quanticos, caracterizada pela suscetibilidade ao
ruido, decoeréncia e perturbagdes externas, apresenta desafios significativos para o seu
funcionamento fidvel. Esta tese aborda esses desafios ao desenvolver estratégias de con-
trolo robusto avangadas, com foco nos avangos tedricos mas também nas implementagdes
praticas.

A tese comeca por identificar os principais obstdculos no controlo quantico, par-
ticularmente na necessidade de manipulagdo precisa dos estados quanticos. Uma re-
visdo aprofundada dos modelos e metodologias de controlo quéntico, incluindo as pro-
priedades de controlo do sistema e varios métodos de controlo em malha aberta e con-
trolo por realimentagdo, estabelece a base. Em seguida, baseando-se nisto, o Principio
do Maximo (Minimo) de Pontryagin (PMP) é aplicado para formular estratégias de con-
trolo 6timo para sistemas quanticos em operagdes-chave, como transformagdes de estado
quantico, otimizagdo de recursos e maximizacdo da fidelidade.

Outra contribui¢do da tese é a introducdo das Redes Neurais Informadas pela Fisica
(PINNs) como uma ferramenta poderosa para resolver problemas de controlo 6timo
quantico. Em particular, demonstra-se como estas redes neurais facilitam o processo
de obtencdo de estratégias de controlo 6timo para sistemas quénticos fechados e aber-
tos, com aplicagdes na preservacdo da pureza quantica em ambientes dissipativos. Ao
utilizar o método revisitado de Gamkrelidze, em conjunto com a funcdo de saturagdo e
a abordagem de extensdo do sistema, a tese estuda a conservagdo da pureza quantica
em ambientes dissipativos através de um problema de controlo 6timo com restri¢des de
estado e controlo.

Além disso, a tese explora métodos de controlo estocastico, com foco em estratégias
baseadas em Lyapunov e Filtro de Kalman Estendido (EKF) para estabilizar sistemas
quanticos sob dindmicas incertas e ruido de medicédo, particularmente em sistemas gov-
ernados por detegdo homoddina. Esta combinagdo de filtragem estocéstica e controlo as-
segura estabilidade e maior robustez em ambientes quénticos ruidosos.

Uma outra contribuicado é o controlo quantico usado para otimizar a sintese de emaran-
hamento, um recurso fundamental para o avango das tecnologias quanticas. A tese
demonstra a eficicia do Principio do Minimo de Pontryagin na conce¢do de estratégias
6timas de controlo para a geracdo de estados maximamente emaranhados em sistemas
quanticos bipartidos. O algoritmo Chopped Random Basis (CRAB) é também utilizado
para ilustrar o controlo do estado quéantico em sistemas de dois qubits, melhorando a
sintese de estados maximamente emaranhados.

Finalmente, propomos uma abordagem integrada quantica-cldssica que combina a
dindmica computacional quantica com metodologias de computacdo cléssica, adaptadas
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para resolver problemas de controlo baseados no PMP no &mbito do PINN. Ao aproveitar
um circuito quantico dindmico que combina portas Gaussianas e ndo Gaussianas, o es-
tudo apresenta uma abordagem inovadora para otimizar as manipulagdes de estados
quanticos.

Palavras-chave: Controlo quéntico, Controlo baseado em Lyapunov, Principio do
maximo de Pontryagin, Redes neurais informadas pela fisica, Estruturas hibridas quantico-
classicas.



Abstract

Quantum control is a cornerstone of emerging quantum technologies, including quan-
tum computing, quantum sensing, and quantum communication. The inherent fragility
of quantum systems, characterized by susceptibility to noise, decoherence, and environ-
mental disturbances, poses significant challenges to their reliable operation. This thesis
addresses these challenges by developing advanced novel robust control strategies, with
a focus on both theoretical advancements and practical implementations.

The research begins by identifying the primary obstacles in quantum control, partic-
ularly the need for precise manipulation of quantum states. A thorough review of quan-
tum control models and methodologies, including system control properties and various
control methods in open-loop, and feedback control, sets the foundation. Next, build-
ing on this, Pontryagin’s Maximum (Minimum) Principle (PMP) is applied to formulate
optimal control strategies for quantum systems in key operations such as quantum state
transformations, resource optimization and maximizing fidelity.

Another key contribution of the thesis is the introduction of Physics-Informed Neural
Networks (PINNs) as a powerful tool for solving boundary value problems in quantum
optimal control. We demonstrate how these neural networks streamline the process of
achieving optimal control strategies for both closed and open quantum systems, with
applications in conserving quantum purity in dissipative environments. By leveraging
Gamkrelidze’s revisited method together with saturation function and system extension
approach, the thesis studies quantum purity conservation in dissipative environments
through a state and control constrained optimal control problem.

Additionally, the thesis explores stochastic control methods, focusing on Lyapunov-
based strategies and Extended Kalman Filtering (EKF) to stabilize quantum systems un-
der uncertain dynamics and measurement noise, particularly in systems governed by
homodyne detection. This combination of stochastic filtering and control ensures practi-
cal stability and improved robustness in noisy quantum environments.

The research further advances quantum control by optimizing the synthesis of en-
tanglement, a key resource for enhancing quantum technologies. We demonstrate the
efficacy of Pontryagin’s Minimum Principle in designing optimal control strategies for
generating maximally entangled states in bipartite quantum systems. The Chopped Ran-
dom Basis (CRAB) algorithm is also employed to illustrate quantum state control in two-
qubit systems, improving the synthesis of maximally entangled states.

Finally, we propose an integrated quantum-classical approach that merges quantum
computational dynamics with classical computing methodologies tailored to address
control problems based on PMP within PINN framework. By leveraging a dynamic
quantum circuit that combines Gaussian and non-Gaussian gates, the study presents a
novel approach to optimizing quantum state manipulations.
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Keywords: Quantum control, Lyapunov-based control, Pontryagin’s Maximum Princi-
ple, Physics-informed neural networks, Quantum-classical hybrid frameworks.
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“Quantum physics thus reveals a basic oneness of the universe.”

Erwin Schrodinger
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Chapter 1
Introduction

This chapter provides a comprehensive introduction to the key themes and objectives
of the thesis. It begins by outlining the motivation for investigating advanced quantum
control strategies, focusing on the challenges posed by the stochastic nature of quantum
systems and the need for robust control solutions. Following this, the chapter summa-
rizes the main contributions of the research. The structure of the thesis is then presented,
offering a roadmap for the reader to understand how the research progresses from foun-
dational theories to applications in quantum control. This chapter ends with providing a

list of publications.

1.1 Motivation

The field of quantum control sits at the crossroads of quantum mechanics and control
theory, promising significant advancements in technology, particularly in areas such as
quantum computing, quantum sensing, and quantum communication. Quantum sys-
tems, which exploit the principles of superposition and entanglement, offer unprece-
dented capabilities for processing and transmitting information. However, the practical
realization of quantum technologies is hindered by several critical challenges. Quantum
systems are inherently fragile and highly susceptible to noise, decoherence, and environ-
mental disturbances, which degrade their performance and limit their scalability. Figure
1.1 shows a state-of-the-art quantum computer, which represents the forefront of com-
putational technology. The physical hardware itself is complex and sophisticated, high-
lighting the challenges in managing and controlling qubits to perform accurate quantum
computations.

As quantum technologies evolve, the need for precise and robust control becomes
paramount. Quantum systems, especially those intended for computing or sensing, must
be carefully manipulated to maintain coherence and fidelity. Without effective control,
the promise of quantum technologies remains largely theoretical. This thesis is motivated
by the urgent need to develop robust, efficient, and scalable control strategies that can
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Figure 1.1: Quantum computers and accelerated discovery (Source: IBM!).

mitigate the stochastic and unpredictable behavior of quantum systems, ensuring their
stability in practical applications.

1.1.1 Challenges in Quantum Control

At the heart of quantum control is the task of guiding a quantum system from an ini-
tial state to a desired target state, while ensuring that the system remains stable despite
external disturbances. Traditional control methods, which have been highly effective in
classical systems, often fail when applied to quantum systems. Quantum dynamics are
governed by the Schrodinger equation or, in more complex systems, by stochastic master
equations that incorporate both deterministic and random components. These stochastic
effects, which include noise and decoherence, can drastically alter the system’s evolution,
making robust control a complex challenge.

One of the major hurdles in quantum control is managing decoherence, the process by
which a quantum system loses its coherence and begins to behave more classically. This
is particularly problematic in systems that need to maintain delicate quantum properties,
such as superposition and entanglement, over long periods of time. Quantum decoherence,
caused by interactions with the environment, is one of the main obstacles to the devel-
opment of reliable quantum computers and sensors. Effective control strategies must
mitigate these environmental disturbances, ensuring that quantum states are preserved
and that computations or measurements are performed with high fidelity. Figure 1.2 il-

lustrates how environmental disruptions can cause a quantum state to lose coherence

More details at https://newsroom.ibm.com/media-center?1=100&keywords=quantum+
computer.
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Coherence time: How long can a quantum state live?
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Figure 1.2: Representation of decoherence and noise affecting a quantum state (Source:
Scott Amyx>?).

over time. The image visualizes the process of decoherence, showing the gradual degra-
dation of the quantum state due to noise and external disturbances. This underscores the
necessity for advanced control techniques to maintain the coherence of quantum systems.

Moreover, real-world quantum systems are subject to hardware limitations that con-
strain the types of control signals that can be applied. In quantum computing, for ex-
ample, the control pulses used to manipulate qubits must be designed within the band-
width and amplitude constraints of available technology. Developing control protocols
that can suppress noise while remaining within these physical limits is essential for the
advancement of quantum technologies. Figure 1.3 illustrates the generic architecture of
a quantum computer, showcasing the interactions between qubit control systems, classi-
cal computing resources, and the quantum plane. The control and readout layers play a
critical role in stabilizing qubits and ensuring that quantum operations are executed with
high fidelity.

1.1.2 Role of Stochastic Control and Filtering

Quantum systems are particularly challenging to control because they exhibit inherently
stochastic behavior. The presence of random noise and uncertainty in system parame-
ters complicates the task of state estimation and control. This has led to the adoption of
stochastic control techniques, which account for these uncertainties and provide robust
strategies for guiding quantum systems.

In this context, Lyapunov-based control strategies combined with filtering methods, such
as the Extended Kalman Filter (EKF), offer powerful tools for stabilizing quantum systems.
These techniques allow for real-time estimation of the system’s state, even in the presence
of noise, and enable adaptive control policies that can dynamically adjust to fluctuations
in the system’s environment. In this thesis, we develop a Lyapunov-based approach to

2More details at https://scottamyx.com/2017/08/24/quantum—computing-part—-8-decoherence/.
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Figure 1.3: Diagram of the generic stack of elements needed for quantum computing,
showcasing qubit interactions and control systems (Source: (Pauka et al., 2021)).

control the evolution of quantum systems, particularly in the presence of measurement
noise. By incorporating stochastic filtering, we are able to reduce the estimation errors
and improve the robustness of quantum control, ensuring that systems remain stable
despite uncertainties.

Additionally, this work addresses the challenge of unknown system parameters, which
can degrade the performance of control strategies. By using multiple model estima-
tion schemes alongside traditional filters, we demonstrate how control strategies can
be adapted to handle systems with unknown dynamics. This flexibility is critical for
practical applications where system parameters may change over time or be difficult to

measure accur ately.

1.1.3 Hybrid Approaches: Quantum-Classical Control Frameworks

As quantum systems become increasingly complex, there is growing interest in hybrid
control frameworks that combine classical and quantum methodologies. One promising
approach is the integration of Physics-Informed Neural Networks (PINNs) into quantum
control. PINNSs are designed to solve differential equations by embedding the physical
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Figure 1.4: Visualization of a hybrid quantum-classical architecture, illustrating feedback
between classical and quantum systems (Source: IonQ?).

laws governing the system directly into the architecture of a neural network. In this the-
sis, we leverage PINNSs to solve complex optimal control problems in quantum systems,
where traditional numerical techniques struggle with the nonlinearity and high dimen-
sionality of quantum dynamics.

The hybrid quantum-classical framework provides a flexible approach to control, al-
lowing for the optimization of quantum systems with fewer computational resources.
By combining the strengths of quantum and classical computation, this approach can be
used to tackle complex problems such as state estimation and optimal control under noise.
PINNSs, in particular, enable the efficient computation of control strategies that minimize
both time and energy, which are critical resources in quantum systems. Figure 1.4 pro-
vides a visualization of a hybrid quantum-classical architecture. It illustrates how feed-
back between classical and quantum systems is used to update parameters and optimize
performance. This interaction between the two computational paradigms highlights the

potential of hybrid methods in achieving robust control over quantum systems.

1.1.4 Motivation for Optimal Control Strategies

One of the primary motivations for developing optimal control strategies in quantum
systems is the need to combat the detrimental effects of noise and decoherence. Quan-
tum systems are inherently sensitive to their environments, and maintaining coherence is
essential for their functionality. Optimal control provides a framework for devising con-
trol pulses that not only mitigate these adverse effects but also enhance the overall per-
formance of quantum operations. By minimizing the impact of noise through carefully
designed control sequences, we can improve the reliability of quantum computations,
thus making practical quantum technologies feasible.

3More details at https://iong.com/resources/what-is-hybrid-quantum-computing.
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Furthermore, as quantum systems grow increasingly complex, the demand for effi-
cient resource utilization becomes more pressing. Optimal control strategies enable the
efficient allocation of resources—both in terms of energy and time—by identifying con-
trol protocols that achieve desired outcomes with minimal overhead. This is particularly
important in applications such as quantum computing and quantum communication,
where the trade-off between control fidelity and resource consumption is critical for scal-
ability.

Additionally, the exploration of optimal control strategies extends to the integration
of machine learning techniques, which can further enhance the adaptability and effi-
ciency of control systems. By employing algorithms that can learn from data and ad-
just control inputs in real-time, we can create adaptive control frameworks that respond
to changing conditions and uncertainties in quantum systems. This not only improves
the robustness of quantum control but also opens up new avenues for research into self-

optimizing quantum technologies.

1.1.5 Extending Quantum Control to Quantum Sensing and Communication

The need for robust quantum control extends beyond quantum computing and into other
domains, such as quantum sensing and quantum communication. Quantum sensors, which
exploit the unique properties of quantum systems to measure physical quantities with
extreme precision, rely on effective control to maintain their sensitivity. Similarly, quan-
tum communication networks, which aim to transmit quantum information securely
over long distances, depend on control strategies that preserve the coherence of quan-
tum states over time.

This thesis also investigates the application of optimal control strategies for optimiz-
ing entanglement, with potential applications to sensing and communication. For in-
stance, in quantum sensor networks, these control techniques can enhance the perfor-
mance of quantum sensors, improving both their accuracy and resilience to noise. The
work presented here offers insights into how quantum systems might be effectively con-

trolled and stabilized in practical applications.

1.2 Main Contributions

The main contributions of this thesis are rooted in the systematic exploration and en-
hancement of quantum control strategies across multiple dimensions. We establish the
motivation for the research, emphasizing the necessity for robust and optimal control
methods to address the complexities inherent in quantum systems. The main contribu-

tions of this thesis are as follows:
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Provision of a foundational overview of core concepts in quantum control theory,
reviewing various control methods and their applications in advancing quantum
technologies (Dehaghani et al., 2022a).

Formulation of constrained optimal control problems for quantum systems, lever-
aging Pontryagin’s Maximum (Minimum) Principle (PMP) to develop computa-
tional techniques that address state transformations, fidelity maximization, and
energy minimization in two- and three-level quantum systems (Dehaghani and
Pereira, 2022b,a; Dehaghani et al., 2022b; Dehaghani and Aguiar, 2023b; Dehaghani
et al., 2024d).

Application of Physics-Informed Neural Networks (PINNSs) to solve quantum op-
timal control problems (Dehaghani and Aguiar, 2023a; Dehaghani et al., 2023b).

Development of state estimation and control methods for stochastic quantum dy-
namics, proposing Lyapunov-based control strategies and extended Kalman filter-
ing to stabilize qubits in leaky cavities under homodyne detection (Dehaghani et al.,
2024e).

Exploration of control strategies for quantum entanglement synthesis and opti-
mization, including entanglement-driven optimal control methods and the Chopped
Random Basis (CRAB) algorithm with application to quantum communication and

metrology (Dehaghani et al., 2024b,a).

Proposal of a novel hybrid PINN architecture for solving quantum optimal control
problems, integrating quantum and classical computing for effective state control
(Dehaghani et al., 2024c).

Contribution to high-energy physics through a comprehensive analysis of the quan-
tum properties of neutral K-mesons, offering experimental and theoretical insights

into entanglement dynamics and decoherence (Dehaghani et al., 2023a).

Overall, the contributions outlined in this thesis not only advance the theoretical foun-

dations of quantum control but also pave the way for practical applications in various

quantum technologies, offering insights that will inform future research directions.

1.3

Thesis Organization

This thesis is structured to provide a comprehensive exploration of quantum control

strategies, modeling, and applications, while also presenting the novel contributions

made throughout the research. Each chapter builds on fundamental concepts, leading

to advanced methods and their application to real-world quantum systems.
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¢ Chapter 1: Introduction
The introduction provides the motivation behind this research and outlines the
main contributions. It also briefly summarizes the key challenges in quantum con-
trol and the importance of developing robust and optimal control strategies for

quantum systems.

¢ Chapter 2: Quantum Control Modeling, Methods, and Applications
This chapter aims to offer an overview of various quantum control theories, their
applications, and the modeling approaches used in quantum control. This chap-
ter introduces various control methods such as open-loop, closed-loop, including

robust control, from the lens of quantum control.

¢ Chapter 3: Optimal Control of Quantum Systems
This chapter delves into the formulation of optimal control problems for quantum
systems. It covers the application of Pontryagin’s Maximum (or Minimum) Princi-
ple (PMP) to quantum systems and provides computational techniques for solving
these control problems, with examples such as state transformations, fidelity maxi-

mization, and energy minimization in two- and three-level quantum systems.

¢ Chapter 4: Quantum Pontryagin Neural Networks
This chapter demonstrates how Physics-Informed Neural Networks (PINNs) can
streamline the solution of boundary value problems in quantum optimal control
problems, providing energy- and time-optimal strategies across various system
types. This approach is studied for closed systems and extended to open quantum
systems for studying quantum purity conservation in dissipative environments by
leveraging Gamkrelidze’s revisited method for state constraints and also saturation

functions for control limits.

¢ Chapter 5: State Estimation and Control for Stochastic Quantum Dynamics with
Homodyne Measurement
This chapter focuses on the development of estimation and control techniques for
quantum systems under stochastic dynamics. It introduces Lyapunov-based con-
trol strategies and extended Kalman filtering methods for stabilizing qubits in leaky
cavities under homodyne detection.

¢ Chapter 6: Quantum Entanglement Synthesis and Optimization
This chapter studies an optimal control strategy to generate maximally entangled
states in bipartite quantum systems. By leveraging the Pontryagin Principle, the re-
sults showcase the effectiveness of switching control fields in optimizing entangle-
ment. This chapter also offers a thorough exploration of quantum control strategies,
including the Chopped Random Basis (CRAB) algorithm and entanglement-driven
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optimal control methods. These techniques focus on maximizing quantum entan-
glement, which is critical for high-precision applications in quantum computing,

communication, and metrology.

¢ Chapter 7: A Hybrid Quantum-Classical Physics-Informed Neural Network Ar-
chitecture for Solving Quantum Optimal Control Problems
This chapter proposes an integrated quantum-classical approach that merges quan-
tum computational dynamics with classical computing methodologies tailored to
address control problems based on PMP within PINN framework. By leveraging
a dynamic quantum circuit that combines Gaussian and non-Gaussian gates, the
study showcases an innovative approach to optimizing quantum state manipula-

tions.

¢ Chapter 8: Conclusions
The concluding chapter summarizes the key findings of the thesis, highlighting the
contributions to the field of quantum control. It also discusses future research di-
rections and potential advancements in quantum technologies based on the insights
gained from this work.

¢ Appendix: Exploring Strange Entanglement - Experimental and Theoretical Per-
spectives on Neutral Kaon Systems
The Appendix presents a comprehensive analysis of the quantum properties of neu-
tral K-mesons, focusing on their entanglement dynamics and the effects of deco-
herence. This appendix expands upon the core principles explored in the thesis,
offering both experimental and theoretical perspectives to guide future research di-
rections.

1.4 List of Publications
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CESS.2024.3455170.

2. Nahid Binandeh Dehaghani, A. Pedro Aguiar, and Rafal Wisniewski. "Exploring
Strange Entanglement: Experimental and Theoretical Perspectives on Neutral Kaon
Systems." Quantum Entanglement in High Energy Physics, IntechOpen (2023), DOL
10.5772/intechopen.1002527.



Introduction 10

3. Nahid Binandeh Dehaghani, A. Pedro Aguiar, and Rafal Wisniewski. "Quantum
Pontryagin Neural Networks in Gamkrelidze Form Subjected to the Purity of Quan-
tum Channels." IEEE Control Systems Letters LCSS-CDC (2023), DOI: 10.1109/LC-
SYS.2023.3286303.

4. Nahid Binandeh Dehaghani, Fernando Lobo Pereira and A. Pedro Aguiar. "Quan-
tum control modelling, methods, and applications.” Journal of Extensive Reviews
(2022), DOI: 10.21467 / exr.2.1.5037.

5. Nahid Binandeh Dehaghani, and Fernando Lobo Pereira. "Optimal Control of Quan-
tum Systems by Pontryagin Maximum Principle." U.Porto Journal of Engineering
(2022), DOI: 10.24840/2183-6493_008.002_0015.

1.4.2 Conferences

6. Nahid Binandeh Dehaghani, A. Pedro Aguiar, Rafal Wisniewski, and David Q. Liu.
"A Hybrid Quantum-Classical Approach to Complex Optimization Using a Vari-
ational Quantum Classifier." European Quantum Technologies Conference EQTC
(2024).

7. Nahid Binandeh Dehaghani, A. Pedro Aguiar, and Rafal Wisniewski. "A Hybrid
Quantum-Classical Physics-Informed Neural Network Architecture for Solving Quan-
tum Optimal Control Problems." IEEE International Conference on Quantum Com-
puting and Engineering QCE (2024).

8. Nahid Binandeh Dehaghani, A. Pedro Aguiar, and Rafal Wisniewski. "Application
of CRAB Algorithm for Enhanced Entanglement Synthesis." 16th APCA Interna-
tional Conference on Automatic Control and Soft Computing CONTROLO (2024).

9. Nahid Binandeh Dehaghani, and A. Pedro Aguiar. "Quantum State Transfer Op-
timization: Balancing Fidelity and Energy Consumption using Pontryagin Maxi-

mum Principle." 11th IEEE International Conference in Systems and Control ICSC
(2023), DOLI: 10.1109/1CSC58660.2023.10449792.

10. Nahid Binandeh Dehaghani, and A. Pedro Aguiar. "An Application of Pontrya-
gin Neural Networks to Solve Optimal Quantum Control Problems." 9th IEEE In-

ternational Conference on Control, Decision and Information Technologies CoDIT
(2023), DOI: 10.1109/CoDIT58514.2023.10284049.

11. Nahid Binandeh Dehaghani, Fernando Lobo Pereira, and A. Pedro Aguiar. "A
Quantum Optimal Control Problem with State Constrained Preserving Coherence."
61st IEEE Conference on Decision and Control CDC (2022), DOI: 10.1109/CDC51059
.2022.9993086.



1.4 List of Publications 11

12.

13.

14.

Nahid Binandeh Dehaghani, and Fernando Lobo Pereira. "High fidelity quantum
state transfer by Pontryagin maximum principle." IFAC-PapersOnLine (2022), DOLI:
10.1016/j.ifacol.2022.09.026.

1.4.3 Preprints (Submitted for Publication)

Nahid Binandeh Dehaghani, A. Pedro Aguiar, and Rafal Wisniewski. "State-Constrained
Optimal Control for Coherence Preservation in Multi-Level Open Quantum Sys-
tems." DOI: arXiv:2411.10840.

Nahid Binandeh Dehaghani, A. Pedro Aguiar, and Rafal Wisniewski. "Optimizing
Maximally Entangled State Generation via Pontryagin’s Principle"



Chapter 2

Quantum Control Modelling,
Methods, and Applications

This chapter concerns quantum control results and methods that, over the years, have
been used in the various operations involving quantum systems. Most of these meth-
ods have been originally developed outside the context of quantum physics, and, then,
adapted to take into account the specificities of the various quantum physical platforms.
Quantum control consists in designing adequate control signals required to efficiently
manipulate systems conforming the laws of quantum mechanics in order to ensure the
associated desired behaviours and performances. This chapter attempts to provide an
introduction to various quantum control theories and their applications, as well as quan-
tum control modelling. A detailed version of this study has been published in (De-
haghani et al., 2022a).

2.1 An Overview of Quantum Control Theory

Quantum control is about actively manipulating chemical and physical processes on
atomic and molecular scales. With recent advancements in quantum technologies, quan-
tum control has found practical applications in various fields such as quantum optics
(Madronero et al., 2006), cavity quantum electrodynamics (QED) (Miguel-Sanchez et al.,
2013), atomic spin ensembles (Bauch et al., 2018), ion trapping (Alonso et al., 2013),
Bose-Einstein condensates (Amri et al., 2019), and nitrogen vacancy centers (Liu et al.,
2019), among others. These developments highlight the growing importance of under-
standing and controlling quantum systems.

At the heart of quantum mechanics are phenomena like entanglement and coherence,
which are both rooted in the principle of superposition. Entanglement is the curious
phenomenon where the state of one quantum system is tied to another, such that they
cannot be described independently (Gamble, 2019). Coherence, on the other hand, refers
to a quantum system’s ability to exist in a superposition of states, such as a qubit being

12
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both “0” and “1” at the same time. This property is key to the computational power
of quantum systems. However, this delicate quantum behavior is often disrupted by
decoherence, which is caused by interactions with the environment and leads to the loss
of quantum properties (Zyga, 2015).

The goal of quantum control is to guide the evolution of quantum systems, steering
them along specific trajectories or towards particular states, using external control inputs.
Achieving this requires a careful balance between leveraging the natural properties of the
system and counteracting the effects of environmental disturbances, such as noise and
decoherence. Some of the core ideas and methods that form the foundation of quantum
control are pointed out in the following:

Controllability: A fundamental concept in quantum control is Controllability, which
addresses whether a quantum system can be guided from an initial state to a desired
target state using appropriate control signals. This property is central to many quantum
technologies, as it directly links to the feasibility of performing arbitrary transformations,
which are essential for the universality of quantum computing (Ramakrishna and Rabitz,
1996; Albertini and D’Alessandro, 2001).

In practice, achieving controllability is not always straightforward. It requires the de-
velopment of sophisticated actuation strategies capable of precisely manipulating quan-
tum systems. This challenge becomes even greater when dealing with multi-qubit sys-
tems, where interactions between qubits and with the environment introduce noise and
decoherence. These unwanted effects can disrupt the delicate quantum properties that
are crucial for control tasks (Rabitz et al., 2000).

For quantum systems that are controllable, the objective is to design control signals
that steer the system efficiently and robustly, even in the presence of environmental dis-
turbances. Achieving this often involves a combination of theoretical insights and prac-
tical techniques to address the complexities of real-world quantum systems.

Open-Loop Control: Open-loop control is one of the foundational approaches in
quantum control, where control laws are designed prior to the experiment and remain
fixed during system evolution. This method is particularly effective for systems with
well-characterized dynamics and minimal external disturbances. Since the control in-
puts are predetermined, open-loop control relies heavily on accurate modeling of the
quantum system and its environment.

One of the earliest and most widely used strategies in open-loop control is coherent
control. By applying time-dependent potentials, coherent control ensures the mainte-
nance of quantum coherence, which is critical for achieving specific quantum tasks. This
approach has been successfully applied to various problems, such as controlling chemical
reactions (Warren et al., 1993; Gordon et al., 1999).

A significant advancement within open-loop control is the application of optimal con-
trol theory. Optimal control provides a systematic framework for designing control laws

by formulating the quantum control problem as the minimization of a cost functional
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subject to the system’s dynamics. The choice of the cost functional depends on the specific
objectives, which could include minimizing time (Tibbetts et al., 2012), reducing energy
consumption (Dehaghani and Pereira, 2022a), or achieving an optimal unitary transfor-
mation (Palao and Kosloff, 2003). These methods have been widely applied in quantum
technologies to improve performance, such as enhancing the sensitivity of magnetic res-
onance experiments (Untidt et al., 1998).

Optimal control methods often rely on mathematical tools, such as Pontryagin’s Max-
imum Principle and convergent iterative algorithms, to design control laws that satisfy
the desired criteria (Dehaghani and Pereira, 2022b). However, the computational com-
plexity of solving two-point boundary value problems can pose challenges, especially for
systems that require rapid responses or operate in high-dimensional spaces (Cong, 2014).

In addition to optimal control, other strategies like bang-bang control and geometric
control have been employed in open-loop settings. Bang-bang control involves discrete
switching between control inputs and is particularly effective for bounded control prob-
lems, such as population transfer and decoherence suppression (Wu et al., 2007). Geo-
metric control, which utilizes the Bloch sphere representation, has proven valuable for
low-dimensional quantum systems and tasks involving state transformations (Boscain
and Piccoli, 2003). While open-loop control provides a powerful framework for systems
with predictable dynamics, its reliance on pre-designed control laws highlights the need
for more adaptive and feedback-based strategies to address the challenges posed by dy-
namic and noisy environments.

Closed-loop Control: Closed-loop control is a dynamic approach in quantum con-
trol where the system’s evolution is continuously monitored and control inputs are iter-
atively refined based on feedback. This paradigm contrasts with open-loop control by
incorporating real-time measurements, enabling adaptive responses to disturbances and
uncertainties.

One key method in closed-loop control is learning-based control, which employs iter-
ative procedures to optimize performance. In this approach, each iteration uses updated
feedback from the system to refine the control strategy (Rabitz et al., 2000). Several learn-
ing algorithms have been successfully applied in quantum control, including gradient-
based methods like the D-MORPH search algorithm (Zhdanov, 2017), and stochastic op-
timization techniques such as Genetic Algorithms (GA) (Tsubouchi and Momose, 2008),
Differential Evolution (DE) (Storn and Price, 1997), Particle Swarm Optimization (PSO)
(Yang et al., 2004), and Reinforcement Learning (RL) (Sutton and Barto, 2018; Dong et al.,
2008). These methods provide robust frameworks for exploring complex control land-
scapes, often combining global search capabilities with gradient-like rewards.

Adaptive feedback control, another closed-loop strategy, iteratively refines control
inputs based on measurements taken during the process (Judson and Rabitz, 1992). By
closing the loop, the system evaluates the success of applied controls and continuously
adjusts them to converge toward the desired target state (Brif et al., 2010). Such meth-



2.1 An Overview of Quantum Control Theory 15

ods have been effectively used in experiments, and comparative studies of optimization
algorithms like GA, DE, and gradient descent highlight their respective advantages in
quantum control (Sun et al., 2014).

Feedback control methods can be further categorized into measurement-based feed-
back and coherent feedback.

Measurement-Based Feedback: In this approach, observables of the quantum system
are measured, and the resulting classical signals are processed to generate control in-
puts. Techniques such as projective (von Neumann) measurements (Johansen, 2007) and
continuous weak measurements (Korotkov and Averin, 2001) are commonly employed.
Markovian feedback control (Wiseman, 1994), which assumes no time delays and em-
ploys memoryless controllers, has been applied to various physical systems. Bayesian
feedback methods extend this paradigm by incorporating non-Markovian dynamics, en-
abling continuous estimation of dynamical variables and adaptive feedback for state
preparation and error correction (Ruskov and Korotkov, 2002; Ahn et al., 2002). Weak
measurements can also be used in stochastic master equations to gradually influence sys-
tem dynamics, with applications in entanglement generation (Hill and Ralph, 2008) and
single-qubit control (Brariczyk et al., 2007). However, the stochastic nature of measure-
ments and their potential to disturb the quantum system remain significant challenges.

Coherent Feedback: Unlike measurement-based feedback, coherent feedback retains
quantum coherence by employing quantum systems as controllers within the feedback
loop. This method is particularly useful for tasks such as entanglement generation, trans-
formation, and transfer, which require preserving quantum coherence (James et al., 2008;
Nurdin et al., 2009). Noise-reducing controllers, such as H* controllers (James et al., 2008)
and linear quadratic Gaussian (LQG) controllers (Shaiju et al., 2007), have been adapted
for coherent feedback systems. These controllers optimize quadratic cost functionals,
making them well-suited for managing noise in stochastic systems.

Additionally, Lyapunov-based control provides a framework for designing feedback
laws aimed at achieving stability and asymptotic convergence to target states. This method
is effective in driving systems into decoherence-free subspaces and generating entangle-
ment (Wang and Schirmer, 2010; Cong and Meng, 2013). Variable structure control, which
adjusts the controller’s structure based on the state trajectory, offers another closed-loop
approach for qubit state preparation (Dong and Petersen, 2009b, 2011).

From quantum control perspective, closed-loop and feedback control strategies rep-
resent powerful tools for addressing the challenges posed by quantum systems, partic-
ularly in dynamic and noisy environments. These methods enable adaptive and robust
control, making them indispensable for advancing quantum technologies.

Robust Control: Robust control is a crucial aspect of quantum technologies, address-
ing the inevitable disturbances, uncertainties, and noise inherent in quantum systems.

The goal is to design control strategies that ensure reliable performance despite these
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challenges, which are particularly significant in practical implementations of quantum
computing, communication, and sensing.

One of the frameworks for robust control is the synthesis of H* controllers. These
controllers are specifically designed to handle uncertainties in quantum systems, par-
ticularly non-commutative linear stochastic systems, which encompass a wide range of
quantum processes (James et al., 2008). By optimizing a worst-case performance crite-
rion, H® controllers ensure that the system remains stable and functional even under
adverse conditions.

Sliding mode control, another effective robust control technique, is a variable struc-
ture method traditionally used in classical systems. It has been adapted to quantum sys-
tems to address uncertainties in dynamics and environmental interactions. Sliding mode
control has proven effective for quantum systems with nonlinear equations (Chen et al.,
2013), bounded uncertainties in the Hamiltonian (Dong and Petersen, 2009a), two-level
quantum systems (Dong and Petersen, 2012), and robust control of single qubits (Dong
et al., 2013). Its strength lies in its ability to switch between different control structures to
maintain stability, making it particularly useful in feedback-based quantum control.

Risk-sensitive optimal control provides another robust approach, particularly in the
context of linear quadratic Gaussian (LQG) design. In this framework, two types of cost
functions are considered: additive costs in risk-neutral optimal control and multiplicative
costs in risk-sensitive optimal control. The latter is closely connected to robustness, as it
explicitly accounts for uncertainty and disturbances in its formulation (Yamamoto and
Bouten, 2009).

Quantum filtering and estimation have also been extended to include robustness
properties, such as guaranteed-cost filters (Shaiju et al., 2007) and risk-sensitive filtering
methods. These approaches enhance the reliability of quantum state estimation, which is
critical for feedback control and error correction.

Quantum ensemble control is another powerful robust control strategy. It involves
managing a continuum of dynamical systems characterized by varying parameters us-
ing a single control signal (Li and Khaneja, 2009). This method is particularly valuable
for systems with inherent parameter uncertainties, where traditional control approaches
may fail.

Sequential convex programming provides a local optimization method that can be
used to ensure error suppression in quantum control tasks (Kosut et al., 2013). By iter-
atively refining the control inputs, this technique achieves robustness against noise and
imperfections in experimental setups.

Dynamical decoupling represents a widely used strategy for robust control, espe-
cially in preserving quantum coherence. By applying a sequence of pulses, this method
mitigates the effects of environmental noise, enabling the system to maintain its desired
quantum properties (Yang et al., 2011). Dynamical decoupling has been successfully in-
tegrated with quantum gates to enhance their fidelity and robustness (West et al., 2010).
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Robust control encompasses a variety of strategies aimed at ensuring the stability and
performance of quantum systems under realistic conditions. These methods are indis-
pensable for advancing quantum technologies, providing the tools needed to overcome
the challenges posed by uncertainties and disturbances.

2.2 Quantum Control Models

The mathematical formulation of quantum mechanics provides a framework for describ-
ing and analyzing the dynamics of quantum systems. For closed quantum systems, the
state is represented by a unit vector |¢) in a complex Hilbert space H, often expressed
using the Dirac notation (Dirac, 1981). A pure quantum state can be written as a wave-
function:

lp) = Cosg 0) + ei(”sing 1),

where 6 € [0, 77] and ¢ € [0,27] are parameters defining the state on the Bloch sphere. The
states |0) and |1) correspond to the classical bit values 0 and 1, respectively (Nielsen and
Chuang, 2002).

For open quantum systems, or quantum ensembles, the description via a unit vector
is insufficient due to interactions with the environment. Instead, these systems are rep-
resented by a density operator p : H — H, which is a Hermitian, positive-semidefinite
operator with unit trace. For example, an ensemble of pure states ‘¢j> with respective

probabilities p; is described by

4

o =2.pil9) (¥

where ) p; =1, and <¢j‘ = ‘¢j>+ represents the adjoint. The density operator allows
j

for a unified description of both pure and mixed quantum states, accommodating the
statistical nature of quantum ensembles.

The modeling of quantum control systems depends on whether the system is open
or closed. For closed systems, bilinear models such as the Schrodinger equation and
quantum Liouville equation are commonly used. These models describe the unitary evo-
lution of the system governed by the Hamiltonian. Open systems, which interact with
their environment, are modeled using Markovian master equations or stochastic master
equations, which incorporate dissipative and stochastic effects.

An alternative approach to quantum system modeling is the Heisenberg picture, where
observables evolve over time rather than the states. This is often formulated using linear
quantum stochastic differential equations, which are particularly useful for describing
quantum systems interacting with dynamic environments or measurement devices.

In the subsections that follow, we provide a detailed review of the most relevant quan-

tum control models, including their mathematical foundations and practical applications.
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2.2.1 Bilinear Models

Bilinear models are fundamental to describing the dynamics of quantum systems in the
mathematical framework of quantum mechanics. These models characterize the evo-
lution of quantum states under the influence of Hamiltonian dynamics and external
controls. For pure states, the Schrodinger equation provides a detailed description of
the unitary evolution of the state vector. For mixed states or statistical ensembles, the
Liouville-von Neumann equation governs the evolution of the density operator, captur-
ing the probabilistic nature of quantum ensembles. Bilinear models also facilitate the in-
clusion of control inputs through interaction Hamiltonians, enabling external influences
such as electromagnetic fields to guide the quantum system.

In the following subsections, we delve into two primary formulations of bilinear mod-
els: the Schrodinger equation for pure states and the Liouville-von Neumann equation
for mixed states. These formulations provide the mathematical foundation for under-

standing and designing control strategies in quantum systems.

2.21.1 Schrodinger Equation

In quantum mechanics, the evolution of a state vector |¢(t)) is governed by the Schrodinger

equation
() = HO[p0),  [9(0) = go), @)

where i is the imaginary unit, H(t) is the time-dependent Hamiltonian operator (Hermi-
tian), and 7 is the reduced Planck constant. The Hamiltonian in this context represents
the total energy operator of the system, distinct from the Pontryagin Hamiltonian used
in optimization.

Control inputs are incorporated through a set of control functions {u(t)} associated
with interaction Hamiltonians { Hy }, leading to a total Hamiltonian

H(t) = Ho+ ) _ux(t)Hy,
k

where Hj is the free (uncontrolled) Hamiltonian, and Hj represents interaction terms.
This allows external control fields to influence the quantum state trajectory.
The evolution of the system can be expressed using the unitary time evolution oper-
ator U(t,ty), which satisfies
9

iUt o) = HOU( ko), Ulto to) = 1, 2.2)

where [ is the identity operator. The time evolution operator transforms the state from

[¢(to)) to [p(t)) as [¢(t)) = U(t,to) [¢(to))-
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For systems with time-independent Hamiltonians, the solution simplifies to
U(t, ty) = e HE=t)/M,

However, for time-dependent Hamiltonians, the solution requires the time-ordered ex-
ponential

U(t,to) = T exp <_;z/ttH(s)ds)’

0

where 7. is the time-ordering operator!.
For an N-dimensional quantum system, the state can be expressed as a superposition

of eigenstates {|¢;)}, forming an orthonormal basis of the Hilbert space H:

N
p(t) = Z;Cj(t) |9i)
=

where c;(t) are the time-dependent coefficients. This expansion leads to the matrix form:

ih%C(t) — H(HC(H), Clty) =Co, 23)

where C(t) is the vector of coefficients. The Schrodinger equation, the unitary evolu-
tion equation, and this matrix representation are equivalent provided the system’s state
can be fully described in terms of the chosen basis and the Hamiltonian dynamics are
appropriately represented (Dirac, 1981).

2.2.1.2 Liouville-von Neumann Equation

For mixed states or quantum statistical ensembles, the density operator p(t) provides a
complete description:

p(t) = Ut to)p(to) U (1, ),

where p(tp) is the initial density operator:
p(to) = Y waltpu) (!,

with probabilities w, > 0 and }_, w, = 1.

Differentiating p(t) yields the Liouville-von Neumann equation

in 2 p(t) = [H(),p(0), 4

IThe time-ordering operator 7 arranges operators so that those with larger time arguments appear to
the left. For example, T[A(t1)A(t2)] = A(t2)A(t1) if #y < tp. It is crucial for defining the time-ordered
Juy AD)d

exponential Te *, where each term in the expansion is ordered such that earlier times are to the right.
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where [A, B] = AB — BA is the commutator. This equation describes the unitary evolution
of the density matrix.
The Liouville-von Neumann equation can also be written using the Liouville super-

operator L:
d
2ot = L(p(t),

where £ acts on p as a linear operator. The solution is given by

o) = Teoxp ([ 265 ) (o),

for time-dependent L, or
p(t) == p(ty),

for time-independent £ (Breuer and Petruccione, 2002). The Liouville-von Neumann
formalism extends the Schrodinger equation to mixed states, making it indispensable for
studying open quantum systems and ensembles.

2.2.2 Master Equations

Open quantum systems interact with their environment, leading to non-unitary evolu-
tion characterized by the exchange of energy and information between the system and its
surroundings. Master equations play a fundamental role in understanding and control-
ling quantum systems under realistic conditions. These equations are particularly vital
for systems subjected to decoherence and dissipation, which are prevalent in quantum
technologies. In this section, we focus on the formalism of master equations, starting
with the Markovian model, which assumes a memoryless environment, and extending

to more general formulations such as the adjoint and stochastic master equations.

2.2.2.1 Markovian Model

An open quantum system & is typically coupled to an external environment B, such that
the Hilbert space of the total system is represented as H = Hs ® Hp, where ® denotes
the tensor product. The total Hamiltonian of the combined system can be expressed as

H(t)=Hs ® Iz + Is ® Hg + H(t),

where Hg and Hp are the system and environment Hamiltonians, respectively, Fj(t)
describes the interaction between S and B, and Is and I are the identity operators on the
respective Hilbert spaces. Observables? associated with S take the form A ® I, where A

is an operator acting on Hs.

2In quantum mechanics, an observable is a physical quantity that can be measured, such as position,
momentum, energy, or spin. Mathematically, observables are represented by Hermitian operators (self-
adjoint operators) acting on a Hilbert space.
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The expectation value of an observable A is given by

(A) =trs{Aps},

where ps(t) = trpp(t) is the reduced density operator of the open system, obtained by
tracing out the environmental degrees of freedom, and try represents the partial trace
over the space X'. The evolution of ps is described by

%ps(t) = —itrg[H(t),p(t)].

By assuming negligible memory effects in the environment, the dynamics of ps can be
formulated as a quantum dynamical semigroup. This approach is based on the dynam-
ical map V() : S(Hs) — S(Hs), a convex linear completely positive trace-preserving
(CPTP) quantum operation describing the state evolution. The map can be represented

as
V(t)os =Y Wap(t)psWag(t),
xp

where W, are operators in Hs satisfying ), 5 Wi 5(t)Wa5( t)=Is.
The generator £ of the semigroup generalizes the Liouville superoperator. The semi-
group is expressed in exponential form as V(t) = exp(Lt), leading to the Markovian

quantum master equation
d
—_— g t
dtps(f) Los(t),

commonly referred to as the Lindblad equation. The standard form of £ for an N-
dimensional Hilbert space Hs is

N2-1
1
; + +
Los = —i[H,ps] + kE aji <PjPSFk — 51k ijps}> ,
k=1
where H is the effective Hamiltonian, F; are orthonormal operators in the Liouville space,
and aj; is a positive semidefinite matrix describing dissipation. The dissipative part is

Commonly written as

N2-1
1
D(ps)= Y m <AIPSA;r - Z{A?Az,ps}> ,
1=1
where 7; are relaxation rates, and A; are Lindblad operators. The master equation is then
given by
d .
s (t) = —i[H,ps ()] + D(ps(t)) (2.5)
This framework is essential for describing Markovian dynamics, where memory effects

are absent. For systems driven by time-dependent fields, the generator £(t) becomes
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explicitly time-dependent, generalizing the Lindblad equation for non-autonomous sys-
tems.

2.2.2.2 Adjoint Model

In the theory of quantum dynamical semigroups, the Heisenberg picture is often pre-
ferred over the Schrodinger picture for describing operator evolution. For a system op-
erator A in the Hilbert space H g, its corresponding operator in the Heisenberg picture,
Apg(t), can be defined through the relation

trs {AV(t,0)ps} = trg { (v*(t,o)A) pg} = trs {Au(t)ps},

where V(t,0) is the dynamical map in the Schrédinger picture, and V*(t,0) is the adjoint
propagator in the Heisenberg picture.
The adjoint propagator V' (#,ty) can be expressed as

t
Vi(t,tg) = T exp ( L’*(s)ds) ,
to

where T_, denotes the chronological time-ordering operator, and L' is the adjoint gener-

ator of the semigroup. The adjoint generator satisfies

trs {AL(Hps} = trs { (,c+(t)A) ps} .

The time evolution of an operator Ag(t) in the Heisenberg picture is then governed
by the adjoint master equation

thHu) = vH,0) {1},

In the special case where the Lindblad generator is time-independent, the adjoint
master equation simplifies to

& An(t) = £ An (1) 2.6)
indicating that the right-hand side of the equation depends only on Ay(t) at the given
time. This simplification makes it particularly useful for studying systems with station-
ary dynamics.

The Heisenberg picture provides a powerful framework for analyzing operator evo-
lution in open quantum systems, particularly in scenarios where the focus is on ob-
servables rather than state vectors or density matrices. This approach complements the
Schrodinger picture and is widely used in fields such as quantum optics and quantum

information theory (Breuer and Petruccione, 2002).
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2.2.2.3 Stochastic Master Equation

In feedback control, a quantum system is continuously monitored to extract real-time in-
formation, which is then used to dynamically adjust the system Hamiltonian to achieve
desired behaviors. The evolution of the quantum state over an infinitesimal time incre-
ment dt can be described by the stochastic Schrodinger equation

Alp) = | (X = (X)) dt+ V(X — (X)) aW| [ (1)), 27)

where X is an observable with expectation value (X) = tr(Xp), « is the measurement
strength parameter, and dW is a Wiener increment representing stochastic noise.

The measurement record is given by

dW
dy(t) =(X)dt + —,
() = (Xpat + T
and captures the information gained from continuous measurement.
Equation (2.7) can also be reformulated in terms of the density operator, yielding the

stochastic master equation
dp = —x[X,[X,p]]dt + V2K (Xp + pX — 2(X) p) dW. (2.8)

This equation describes the conditional evolution of the density matrix p, which incor-
porates information obtained from measurements. Here, all terms must be consistent
with the stochastic calculus rule dW? = dt, and the density matrix evolves as p(t + dt) =
p(t) +dp.

The stochastic master equation depends on the specific measurement process, and
variations of this equation exist for different measurement strategies (Van Handel et al.,
2005; Zhang et al., 2012). Notably, the primary distinction between Markovian and non-
Markovian systems lies in the presence or absence of memory effects in the environment,
which influence the system dynamics.

2.2.24 Linear Quantum Stochastic Differential Equation

In the Heisenberg picture, time-dependent operators are often employed to describe
quantum dynamics. A class of non-commutative linear stochastic systems can be mod-

eled using the following equations:

dx(t) = Ax(t)dt + Bdw(t), x(0) = xo,

(2.9)
dy(t) = Cx(t)dt + Ddw(t),

where A, B, C, and D are real matrices of dimensions R"*", R"*" , R™*" and IR"*"v,

respectively. Here: x(t) = [x1(¢),.. .,xn(t)]T represents the state variables, x( is the initial
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state vector, w(t) represents the input signals and admits the decomposition dw(t) =
B (£)dt +dw(t), Bw(t) is a self-adjoint adapted process, and @(t) is a vector of self-adjoint
quantum noises. The noise components @(t) satisfy

dw(t)dw (t) = Fpdt,

where Fy is a non-negative Hermitian matrix (Attal, 2006).

To ensure physical realizability, additional constraints must be imposed on the ma-
trices A, B, C, and D. These constraints depend on the system under consideration and
the specific structure of the quantum noise processes. Linear quantum stochastic dif-
ferential equations are particularly useful in quantum optics and quantum information,
where they describe the evolution of open quantum systems interacting with classical

and quantum noise sources.

2.3 Concluding Remarks and Discussions

Quantum control focuses on designing efficient methods to manipulate quantum systems
and achieve desired behaviors in accordance with the principles of quantum mechan-
ics. In this chapter, we have reviewed key aspects of quantum control theory, including
quantum system modeling, open- and closed-loop control strategies, and robust control
approaches.

Open-loop control, often straightforward to implement, has demonstrated success in
numerous applications. However, when open-loop methods are insufficient, closed-loop
quantum control (that can provide adaptive solutions by incorporating real-time feed-
back. The effectiveness of closed-loop control has been validated in several experimental
studies. Feedback control, a cornerstone of classical control systems, faces unique chal-
lenges in quantum systems, such as measurement-induced disturbances and time delays.
Despite these hurdles, feedback control has shown promise for enhancing quantum con-
trol strategies. Robust control methods, essential for addressing uncertainties and en-
vironmental disturbances in quantum systems, is also important in practical quantum
technologies.

While progress in quantum control has enabled the manipulation of some quantum
systems, there remains significant room for development. Continued advancements in
this field are essential to extend control capabilities to a broader range of quantum sys-
tems. This progress will require interdisciplinary collaboration among experts in control
engineering, quantum physics, artificial intelligence, computer science, physical chem-
istry, and atomic physics, among others.



Chapter 3

Optimal Control of Quantum
Systems

In this chapter, we explore various approaches to quantum optimal control, focusing on
methods to improve the performance and efficiency of quantum state transformations.
The research begins by reviewing the Pontryagin Minimum (or Maximum) Principle
(PMP), a key tool for deriving necessary conditions for optimality in quantum systems.
By applying PMP to a two-level quantum system, we demonstrate how optimal control
strategies can be formulated and implemented to achieve desired outcomes.

We then extend this framework to address a quantum optimal control problem, where
the goal is to steer a quantum system from an initial state to a target state using Liouville-
Von Neumann dynamics. In this context, we introduce a cost functional that balances the
dual objectives of maximizing fidelity and minimizing energy consumption. A compu-
tational scheme based on PMP is developed to solve this problem, with an application to
the control of a spin particle in a magnetic field, illustrating the efficacy of this approach.

Finally, we consider a more complex scenario involving a multi-level quantum system
under the influence of decoherence. In this case, the objective is to minimize energy while
maintaining quantum coherence within pre-defined bounds. The problem is formulated
as an optimal control problem with state constraints, and the necessary optimality con-
ditions are derived using PMP in Gamkrelidze’s form. These conditions provide a com-
prehensive framework for calculating the optimal control strategy in systems affected by
decoherence.

This combined study highlights the versatility of PMP-based methods in addressing a
wide range of quantum control challenges, from simple two-level systems to more com-
plex, constrained environments, contributing to advancements in quantum state manipu-
lation and optimization. The main contents of this chapter were published in (Dehaghani
and Pereira, 2022b,a; Dehaghani et al., 2022b; Dehaghani and Aguiar, 2023b; Dehaghani
et al., 2024d).

25
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3.1 The Minimum Principle of Pontryagin

Optimal control theory extends the classical calculus of variations to problems subject
to dynamical constraints, often involving closed velocity sets (Liberzon, 2011). A cor-
nerstone of this theory is the PMP (Pontryagin et al., 1964), which provides necessary
conditions for optimality. An optimal control problem in its general form can be stated
as follows: Consider a control system (or dynamical constraint) given by

x = f(x(t),u(t),t), x(0)=xp, te€l0,T] (3.1)

where x(t) = (x1,x2,...,x,) € R" is the state vector and u(t) € U C R is the control sig-
nal, with U being the set of admissible controls, determine a state-control pair trajectory
(x(f),u(t)), such that the dynamical constraint (3.1) is satisfied, while minimizing a given
cost functional 7 : R” x U — R (d’Alessandro, 2021). For a system with state vector x ()
influenced by control function u(t) over the time interval t € [0, T], the cost functional [J

in the Bolza form is expressed as

T
T = ¢(x(T), T) +/0 L(x(b),u(t), t)dt, (3.2)

where ¢ and L are smooth functions. Specifically, ¢ : R” x R — IR represents the terminal
cost, depending only on the final state x(T) and terminal time T, and L : R” x R" x R —
R denotes the running cost, which depends on the entire trajectory x(t), control u(t), and
time ¢.

Assuming that the problem is well-posed (all the regularity conditions for the dynam-
ical constraint and the cost functional holds), let (x*(¢),u*(t)) be an optimal state-control
pair. Hence, the Pontryagin-Hamilton function, involving the time-varying Lagrange
multiplier vector A(t), also denoted by adjoint vector or co-state, is written as

H(x(t),u(t), A1), t) = AT(E) F(x(t),u(t),t) + L(x(t),u(t),t).

The necessary conditions of optimality in the form of a PMP entail that the minimum
condition
H(x* u* A% 1) < H(x,u,At), Yuel

holds and the costate differential equation with its transversality condition, which in this
case involves only the terminal condition, satisfies

AT(8) = —Ho (x*(8),u* (), A(2),1),

A(T) = ¢y (x(T)),

where H, denotes the partial derivative of H with respect to x. In the case of free final



3.2 Schrédinger Dynamics and Control via Pontryagin’s Principle 27

state problems, that is, the final state x(T) is not fixed, there is an additional transversality
condition:

9p(x,T)
oT

3.2 Schrodinger Dynamics and Control via Pontryagin’s Princi-

ple

The state of quantum systems can be described using a pure state vector, a density op-
erator, or the evolution operator. For simplicity, we consider the pure quantum state 1,
whose dynamics are governed by the Schrédinger equation

hjtq; = —iH(u)y, (3.3)

where ¢ = g + iy is a column vector corresponding to |¢) in a given basis, as described
in the Dirac representation (Dirac, 1981). Here, {r and 1 represent real vectors, and the

Hamiltonian is decomposed as
—iH(u) = R(u) +il(u),

where R(u) and I(u) are real-valued n x n matrices. Specifically, R(u) is skew-symmetric,
and I(u) is symmetric. For simplicity, we consider the reduced Planck constant, 7, to be
unitary.

It is important to note that the quantum mechanical Hamiltonian in the Schrodinger
equation is distinct from the Pontryagin-Hamilton function. Using this formulation, the

dynamics can be rewritten as the following real-valued differential equations:
d
g PR = R(u)pr — 1)1,

2 g = 1) + RO,

which can be expressed in matrix form as

x=H(u)x, (3.4)
where .
xi= [phof] (35)
and
- R(u) —I(u)
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The general cost functional described in (3.2) is reformulated using appropriately de-
fined functions ® and L as

~ T~
p:¢uayn+%;uﬂmum¢wt (3.6)

Using Pontryagin’s Minimum Principle, the Pontryagin-Hamilton function is written as

H(A,x,u) = ATH(u)x + L(x,u), (3.7)
and must satisfy the minimum condition
HAx*u*) <H(Axu), Yuel, (3.8)

for all admissible A, x, and u.

The adjoint equation is derived as

Al = - ATH(u) + Ly,
and, since H(u) is skew-symmetric, this can be rewritten in its transposed form as:
A=H(u)A+LL (3.9)

The boundary condition for the adjoint variable is:
MT)=———2 (3.10)

3.2.1 Pontryagin’s Principle in the Control of Spin Systems

By means of the PMP, we can transform an infinite dimensional optimization problem
into a finite dimensional one, which means that the search over a set of functions is re-
placed by the search for a set of parameters in a finite dimensional space. The optimal
control problem for two-level quantum systems has been studied in (D’alessandro and
Dahleh, 2001) and generalized to n-level quantum systems in (Boscain and Charlot, 2004).
Here, we review the problem, and consider a single spin particle

-

1
S = E{Ux,ay,o—z},

with oy, 0y, and 0, being the so-called Pauli matrices. Spin is an intrinsic property of
fundamental particles in quantum mechanics, and a spin-3 shows that the particle has to
be rotated by two full turns before getting to the initial configuration. In nuclear magnetic
resonance (NMR) analysis, a spin-} is typically controlled through interacting with an
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"Q"

X

Figure 3.1: Spin-1 controlled by an electromagnetic field in NMR experiments.

electromagnetic field
B:={B.,B,,B.},

which is supposed to vary in time while being constant in space. Two components of
the field, usually By and By, are considered to vary in time so that they can change the
spin’s direction, and the B, component is considered time invariant, (See Figure 3.1). The
quantum mechanical Hamiltonian is a Hermitian matrix function that is time dependent

through controls uy(f) € R, and thus it can be expressed as
H(u) = Hy + ZHkuk(t) (3.11)
k

in which Hp and Hj, are called drift and control Hamiltonians, respectively. By setting the
components of the magnetic field as controls, and also by scaling the magnetic field and
time, the dynamics of the system indicated in (3.3) is expressed as

L19) = 2 (et + Geant) + 031 (1)) ) (3.12)

in which the matrices 7y, are the multiples of Pauli matrices spanning the Lie algebra

su(2), defined as
(o i\ (o -1\ _ (i 0
Ox = . ; Oy = ; Oz = .
i 0 1 0 0 —i

with the commutator bracket satisfying

02,0%] =20y, [0x,0y] =20, [0y,0;] = 20x.
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Following the same procedure explained in the Section 3.2, we can obtain a Lie alge-
bra isomorphism mapping oy > Hy(u), 0, <> Hy (1), 0> <> H.(u) as follows:

00 0 -1
0 i 0 0 (0 1 - 00 -1 0
Oy = = +1 — H, =

1 0 0 0 10 01 0 O

10 0 O
0 -1 0 O
0 -1 0 -1 (0 0 - 1 0 0 O

oy = = +1 — H, =

1 0 1 0 00 0 0 0 -1
0 0 1 0

qu

|
-~
(a») -~
=
~__

I
N
o o
o O
~___—

+
N
o —_
Il o
—_
~

Nmz

I

o = o O
o O
o O
o O )

Hence, the problem transformation to a real one, and also considering (3.5) and dynamics

(3.4) results in the following dynamics
(Hzuz + Hyux(t) + Hyuy (t)) x. (3.13)

Depending on the problem, we may choose different performance functionals. For in-
stance, we may intend to minimize the energy of the laser electric field in the interval
[0, T] used in controlling the quantum system, i.e., k fOT u?(t)dt for some constant k > 0.
In some cases, it is very important that the control function drives the state of the sys-
tem towards a desired target state at time T. In this case, it is of interest to maximize
the overlap of the desired state |¢p) with the final state [(T)), i.e., (¢*(T)¢y), which is
called fidelity for pure quantum states. Moreover, the cost functional may also be a com-
position of these if it is of interest to choose a trade-off between two distinct goals which,
may, for example, transfer the state of the system to some desired target state, while also
minimizing the energy of the applied control field. In this case, the cost functional will

have the form

T
T (tz,1y) = —Re (9! (T)pf) + k/o (ui(t) + uﬁ(t)) dt. (3.14)



3.2 Schrédinger Dynamics and Control via Pontryagin’s Principle 31

By considering (3.5), we can reformulate the cost (3.14) as

T (ux,uy) = —x"(T)xp + k/OT (u‘,?;(t) - uﬁ(t)) dt. (3.15)

From (3.15), the Pontryagin Hamilton function (3.7) is then expressed as

H= %}LT (Al + Floawe(£) + Byt (£)) x + k(a2 (1) + 13(2)). (3.16)

Now, we can apply the necessary conditions for optimality in the form of the PMP. For
this problem, since the running cost functional is not dependent on x, the adjoint equation
turns out to have the same form as the state equation,

.1

A=3 (Hzuz + Hyux (t) + Hyuy (£)) A (3.17)

To obtain the form of the optimal controls, PMP implies that u* = argmin# (¢, x*,u,A),

SO
oM 1 1.
oH 1 s - 1 g
50, =0 = A= 2k () =0 =y = ATy (3.19)

We can replace u, and u, obtained from (3.18) and (3.19) in both state and costate equa-
tions, and then, solve the obtained two-point boundary value problem. However, when
the controls are differentiable functions, we can also take the derivatives of the controls,
and then, by means of state and costate equations and also the commutation relations,

try to obtain the form of optimal controls. By differentiating the controls, we have

. 1 ~

Uy = i (ATHquy — uzuy> , (3.20)
. 1 T
iy = 7 (—A H,xu, + uzux) . (3.21)

Obviously, from (3.20) and (3.21), we can write

Uy = Qlly, Uy = —Qly (3.22)
where ¢ = ﬁ (/\TI:IZx — uz), so we can conclude the form of controls are sinusoidal func-
tions

uy(t) = Mcos(wt +17), uy(t) = Msin(wt + ) (3.23)

for which we can obtain the optimal values of M, w, and <y by substituting the controls
and solving the differential equations. These two controls form the controlling compo-
nents of the electromagnetic field used in NMR experiments.
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3.2.2 Existence of the Optimal Control

Since we rely on the necessary optimality conditions, it is essential also to address the
problem of existence of the optimal control. There are already some standard results,
well explained in (Fleming and Rishel, 2012, Chapter III), that are applicable to the case
considered in our work. According to (Fleming and Rishel, 2012), the existence theorem
guarantee the existence of an optimal control in the Lebesgue Integrable (LI) set if a con-
trol steering a given initial state to a desired target state exists. The control functions
ui(t) in (3.4) are supposed to be LI as well. We also will suppose in this chapter that the
optimal controls are in the set LI, according to the above-mentioned theorem. In order
to guarantee the existence of a control, one needs to address the question of controllabil-
ity. The controllability concerns the possibility of steering the system from one state to
another for every pair of states.

The complex sphere SN~ C H, representing the pure quantum states, is a homoge-
neous space of the Lie group U (N) = {U € GL(N,C)|UU" = U'U = I}, and its proper
subgroup SU (N) = U (N) /U (1). The Lie algebras of U(N) and SU(N) are

u(N)={ae CNXN’A* -4}

and
su(N)={Acu(N)|Tr(A)=0},

respectively. The Schrodinger equation stated in (3.3) can be lifted to the Lie group
SU (N) to obtain the Schrodinger equation for the unitary propagator as

.d 4
z%u(t) = <Ho - k:Zluk (t)Hk> u), u)=I (3.24)
where U € SU(N), and | (t)) = U(t) |po). Equation (3.24) is a right invariant control
system on the compact Lie group su (1), so

Lie{iHy,...,iH;} =su(n) (3.25)

where Lie{-} denotes the Lie algebra generated by the set of matrices inside the curly
braces. Note that the condition (3.25) represents a necessary and sufficient condition for
the controllability of the system indicated in (3.24) (Boothby and Wilson, 1979). The con-
trollability of a right invariant system results in the controllability of bilinear systems
(Sachkov, 1997). Therefore, if the evolution operator of the system satisfies a control-
lable equation, then the bilinear system described by the certain quantum-mechanical
Hamiltonian H (u(t)) is controllable as well, so it is possible to design controls to steer
the bilinear system from one state to another state in the state-space. Consequently, the
system indicated in (3.3) is controllable provided that (3.25) holds, which is the case for



3.3 From Schrédinger to Liouville-von Neumann equation 33
the indicated two-level quantum systems. For more details, see (D’ Alessandro, 2000).

3.3 From Schrédinger to Liouville-von Neumann equation

In non-relativistic quantum mechanics, the time evolution of a quantum system can
be described either by the Schrodinger equation or the Liouville-von Neumann equa-
tion, and both formulations provide equivalent predictions for physical observables (De-
haghani et al., 2022a). Every state vector |y; (t)) at time t can be obtained by |¢; (t)) =

t
U(t) |1 (0)) in which U(t) is the solution of (3.24) expressed as U (t) = exp (—i [ H(s)ds
0

called Dyson’s series in the physics context and is similar to a Volterra series in control
theory (Altafini and Ticozzi, 2012). Hence, the outer product | ()) (1 ()| results in

|7 (8)) Wy (B)] = UL(#) [ (0)) (; (O) [ U (¢)

and the same for any convex sum of |; (t)) (; (t)|. More precisely, let p; be the frac-

tion of population of an ensemble { p;,|; (t)) }, so the corresponding quantum density

operator is expressed as

e=Ypile) (il pi=0, Lpi=1 (3.26)
] J

which belongs to the set of Hermitian, semi definite, and positive matrices with trace

equal to one on the system’s Hilbert space IH. Hence, we can rewrite (3.26) as

p()=U(t)p(0)U" (t) (3.27)

The infinitesimal version of (3.27) is the quantum Liouville-von Neumann equation, (Berman
and Kosloff, 1991), expressed by

o) =—i[H(u(t)),p(t)], p(0)=po (3.28)

3.4 Quantum Optimal Control with Bounded Input Constraints

In this section, we address a bounded-input optimal control problem pertaining to the
transformation of quantum states. Our objective is to steer a quantum system from an
initial state to a desired target state while adhering to the principles of the Liouville-

von Neumann equation. To achieve this, we introduce a cost functional that balances



Optimal Control of Quantum Systems 34

the dual goals of fidelity! maximization and energy consumption minimization. We de-
rive optimality conditions in the form of Pontryagin’s Minimum Principle (PMP) for the
matrix-valued dynamics associated with this problem. Subsequently, we present a time-
discretized computational scheme designed to solve the optimal control problem. This
computational scheme is rooted in an indirect method grounded in the PMP. To illustrate
the practicality and applicability of our methodology, we consider the case of a spin-2
particle subjected to interaction with a magnetic field.

In optimal control of quantum state transfer problems, a possible cost to be minimized
involves a trade-off between maximizing fidelity to signify a security level for quantum
state transformation and minimizing the energy of the control field. Motivated by this
consideration, we propose the following bounded-control optimal control problem (P;):

( T
min ]:—.F(p(T),U)+17/uT(t)u(t)dt , te[0,T], nelo],
0

subject to:

Dynamics: p(t) = —i[H (u(t)),0(t)], ae.t€][0,T], p(t)eC™",
Initial Condition: p(0) = po,

Control Constraint: u(t) € U := {u(t) € Q C R?*},

where the coefficient 7 > 0 signifies the importance of energy minimization. The density
operator p(t) € C"*" represents the quantum state variable, evolving according to the
Liouville-von Neumann equation (3.28), and pp denotes the initial quantum state. The
set of admissible controls () is defined as

Q= {u= () (1)) : ()] < ttmas |ty (1) < ttmas }

where 1may is a given positive parameter.

In (P;), the fidelity functional is defined using the well-established Uhlmann-Jozsa
criterion, which captures the maximal transition probability between the purification of
a pair of density matrices. For the final quantum state p(T) and the target state o, fidelity

Fp(T),0) = <Tr¢mam>

Given the formulation of the optimal control problem, we will now proceed in the next

is given by

2
. (3.29)

section to derive the necessary conditions for optimality.

In quantum mechanics, fidelity is a measure of the closeness or similarity between two quantum states.
Fidelity values range from 0 to 1, where 0 indicates that the states are orthogonal (completely different), and
1 indicates that the states are identical.
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3.4.1 Necessary Conditions of Optimality for the Matrix-Valued Dynamics

The Pontryagin-Hamilton function H is defined for almost all ¢ € [0, T] by introducing
the matrix-valued time-varying multiplier A, designated as the costate or adjoint vari-
able of the system (Dehaghani and Pereira, 2022a). Thus, the Pontryagin-Hamiltonian is
expressed as

H(p,u,A) =Te (AT (p,u)) + L{u(t),

where L(u(t)) represents the running cost.

According to Pontryagin’s Minimum Principle, for the optimal state trajectory p*(t)
and the corresponding adjoint variable A(t), the optimal control u*(t) minimizes the
Pontryagin-Hamiltonian function A for almost all ¢ € [0,T] and all admissible control

values u € (), that s,

H (o™ (8),u”(£), A(t)) < H (p(t),u(t), At)).
The adjoint equation is derived as

OH (p* (), u*(t), A(t))
dp

~AT(t) = =i [H(w (1), A*(1)], (3.30)
where H*(t) denotes the quantum mechanical Hamiltonian evaluated at each time along

the optimal control u*. Equation (3.30) has the formal solution
AT (E) = el T G)s At (7)1 [T (5)ds,

The boundary condition at the final time for the adjoint variable is determined by

—9F(p(T),0)

ANT) = (1)

(3.31)

3.4.2 Bounded-Control Iterative Adjoint-State Shooting Algorithm

In this section, we solve the bounded-control optimal control problem defined in (P;) us-
ing an indirect method based on Pontryagin’s Minimum Principle (PMP). The proposed
algorithm discretizes the time interval [0,T] into N subintervals, such that t; = kWT for
k=0,...,N — 1. The iteration counter is denoted by j = 0,1,.... Hence, the jth iteration of
a function f at time t; is represented as f,i

To solve the optimal control problem, both the system dynamics and the adjoint equa-
tion are approximated using a first-order Euler method. The algorithm iteratively refines
the control and state trajectories to satisfy the optimality conditions derived from PMP.

The steps of the proposed algorithm are described in Algorithm 3.1.
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Algorithm 3.1 Iterative Adjoint-State Shooting Algorithm with Bounded Control.

10:

11:

12:
13:
14:
15:

16:

17:
18:
19:
20:

21:
22:
23:
24:
25:

26:

27:
28:
29:
30:

31:

32:
33:

34:
35:
36:

37:

38:
39:
40:

R N A

Step 1 - Initialization:

Initialize the values of u ; and uy fork=0,...,N—1,andsetj=1.
k
Step 2 - Computation of the State Tra]ectory

fork = OtoN—ldo
Z TH]
Compute U] = el=0
Obtain pk = U,]{p{) U,]:
end for
Step 3 - Computation of the Adjoint Trajectory:

Compute A]N using p]N computed in Step 2.
forkzOtoN—ldo

Y1 gy

Compute V] —ex ¥

Jt_ it aityi
Obtain N, =V AV,
end for

Step 4 - Computation of the Pontryagin Hamilton Function:
fork=0to N —1do

Let ) (1)) = Tr(A] Fl (ol u ))—i—L]

end for
Step 5 - Computation of the Control Function:
fork=0to N —1do

Compute temporary control values u jandu ; that mainimize the map
temp,xk temp,yk

(tx,uy) — Hi(ux,uy)
end for
Step 6 - Apply the Control Constraints:
fork=0to N —1do

uy = m1r1(|utemp |, max) -&gn(utemp,x{(

j |/ Umax) - sign(u

u ; =min(|u i
Yy temp,y; temp,y;
end for
Step 7 - Stopping Test:
For a determined tolerance error € > 0, check if:
maxi—o,..,N-1{[u; —u [} <€
k k
maxi—o, ,N-1{[uj —u 1|} <e
Yi Yy
if convergence criteria met then
Let Uy (1) = U and Uy () = uy; fork=0,...,N — 1, and exit the algorithm.
k

else
Update temporary control values:
u j—l +4(u j —uxj—l)
k

u ji=
temp,x;

utempy{( ;(14—(5(11]—11!/{(_1)

Check the control constraints according to Step 6.

Increment j: j = j + 1, and go to Step 2.

end if
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Figure 3.2: (a) Convergence plot of residuals shows the algorithm converges after 114
iterations. (b) Evolution of diagonal elements of the State trajectory at final iteration over
the discretized time. (c) State transition probability.
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3.4.3 Numerical Implementation

Consider the quantum state transfer problem given the initial state pp = (}}) and the
desired target state ¢ = (§9). By means of implementing the algorithm explained in the
previous section, we solve the quantum state transfer problem P; to drive the given initial
quantum state to a desired set while simultaneously minimizing the required control
energy with the factor #7 = 0.01. In this simulation, the control is constrained to uy,u, €
[—1,1], and the algorithm has been considered to evolve in t € [0,1] to accomplish the
desired fidelity. The control signal in z direction is considered constant as u, = 0.001, and
in x and y directions is initialized by ux{( =0and uy;( =0fork=0,...,N — 1. By setting the
time-slicing N = 20, the learning coefficient § = 0.1, and the stopping threshold ¢ = 1073,
the algorithm converges after 114 iterations. The residual graph showing the convergence
of the algorithm is displayed in Fig. 3.2(a). In Fig. 3.2(b), the evolution of the diagonal
elements of the density matrix during the time in the last iteration is presented. As seen, a
smooth evolution targeting the desired state is obtained at the final iteration. The density
matrix has unit trace and is Hermitian during its evolution over the time. The resulted
final state is  (T) = (0,085 PO 500157

The fidelity evolution, as depicted in Fig. 3.2(c), reveals a rapid ascent, surpassing
99.8 percent within a mere 44 iterations. Impressively, the optimization persists, consis-
tently pushing the fidelity beyond the 99.9 percent mark. This sustained upward trend
serves as compelling evidence for the algorithm’s proficiency in efficiently optimizing
the combined fidelity and control power aspects of the system dynamics. The achieved
high fidelity values underscore the algorithm’s efficacy in striking a harmonious balance
between precision and resource optimization in steering the quantum system toward the

specified target state

3.5 State-Constrained Optimal Control for Coherence Preserva-

tion in Multi-Level Open Quantum Systems

In this section, we focus on the problem of preserving the coherence of a multi-level quan-
tum system subjected to Markovian decoherence in a minimum energy optimal control
problem. We explore the dynamics of the system’s density matrix, which governs both
the population of states and the off-diagonal coherence elements. Using the Lindblad
formalism, we model the non-unitary evolution of a multi-level quantum system and
investigate how control fields can be applied to counteract decoherence.

The main contributions of this part are twofold: (1) we develop a minimum energy
optimal control strategy while preserving coherence, and (2) we implement state con-
straints to ensure the system’s coherence remains within specified bounds throughout
the evolution. By applying Pontryagin’s Minimum Principle in Gamkrelidze form, we
derive the necessary conditions for the optimal control, taking into account both the
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Hamiltonian evolution and the dissipative effects of the environment. Numerical sim-
ulations, given for a qutrit system with three energy levels, demonstrate the feasibility of
this approach in maintaining coherence, providing insight into the control mechanisms

necessary to mitigate decoherence in realistic quantum systems.

3.5.1 Density Matrix Dynamics and Coherence in Multi-Level Systems

The state of an N-level quantum system is represented by a density matrix p of size N X

N, where N is the number of quantum levels. The general form of the density matrix p is

P11 P12 --- PIN

P21 P22 ... P2N
p g

PON1 PN2 --- PNN

The set of density operators for an N-level quantum system, denoted by D C CN*N, is
the set of all matrices p that satisfy

D= {pECNXN:p:er,pZO,Tr(p):1}.

These properties ensure that p represents a valid quantum state, whether pure or mixed,
and allow for the evolution of the system while maintaining the correct physical con-
straints.

The diagonal elements p;; represent the populations of the system in the correspond-
ing states, while the off-diagonal elements pj; for j # k represent the coherence between
states j and k. These off-diagonal elements are crucial for describing quantum coherence,
as they reflect the superpositions between different quantum states. When these elements
are non-zero, the system exhibits quantum coherence. If they vanish, the system becomes
a classical mixture of states. Therefore, preserving or manipulating these coherences is
essential in quantum control.

The time evolution of the density matrix p for an open quantum system is governed
by the Lindblad master equation, which takes into account both the coherent dynamics
of the system (described by the Hamiltonian H) and the dissipative processes (described
by the Lindblad operators £), which represent the interaction of the system with its en-
vironment.

In this case, the total Hamiltonian H consists of the free Hamiltonian Hy that describes
the intrinsic energy levels and interactions within the system, and a term that depends
explicitly on the input signal u(#), such that

H(t) = Hy + Hc<t) (3.32)
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where He = H.(t)u(t) represents the time-dependent control Hamiltonian.
The general form of the Lindblad master equation is given by

) i

p=—7[H(t),p] + L(p). (3.33)
Here, 11 represents the reduced Planck constant, which governs the relation between en-
ergy and frequency in quantum mechanics. The first term describes the unitary evolution
due to the total Hamiltonian H(t), where [H(t),p] is the commutator of H(f) and p. The
second term, £(p), accounts for the non-unitary evolution resulting from the interaction

of the system with its environment, leading to decoherence and dissipation. The Lind-
blad operator L(p) for a multi-level system can be written as

L(p) = ;')’k (LkaZ - % {LiLk,p}) , (3.34)

where 7 are the decay rates associated with different decoherence channels, and L; are
the Lindblad operators that describe the specific interactions between the system and the
environment. These dissipative effects typically degrade the coherence in the system by
causing the off-diagonal elements of the density matrix to decay over time. Lindblad
superoperators can be categorized as either unital or non-unital. A superoperator L is
considered unital if it satisfies £(I) = 0, implying that the identity operator (representing
a completely mixed state) remains unchanged under its action. This condition holds true
if and only if all Lindblad operators L; are Hermitian, as demonstrated by the relation
L(I) = YLk, L] (Rooney, 2012).

3.5.1.1 Quantum Coherence in Multi-Level Systems

Quantum coherence in multi-level systems is a generalization of the superposition con-
cept from two-level systems (qubits) to systems with N energy levels. In these systems,
coherence is distributed across multiple off-diagonal elements of the density matrix, rep-
resenting superpositions between different quantum states.

To further analyze the coherence between specific pairs of states, we define operators
that capture the real and imaginary parts of the coherence. For two states |j) and |k),
these operators are described as

53¢ = 1) ¢kl + k) (i,
o = —ilj) (k| + dlk) (.

The operator 5]1%6 describes the real part of the coherence, which captures the population
coherence between the two states, while (5]1}(“ captures the imaginary part, which encodes
the phase coherence. Both components are essential for understanding quantum inter-

ference and superposition phenomena in multi-level systems.
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The expectation values of these operators with respect to the density matrix p provide

the real and imaginary contributions to the coherence:
(85 e = Tr(p2jc),
(G = Tr (03}
A global measure of coherence for an N-level system can be constructed by summing

the contributions from the real and imaginary parts of the coherence between all pairs of
states. The coherence function C(p) is defined as (Cong, 2014)

\/ Z 5Re (<5}i">p)2- (3.35)

This function provides a comprehensive measure of the system’s coherence by consider-
ing both the real and imaginary parts of the coherence for every pair of states (j, k). It cap-
tures the overall coherence present in the system and serves as an indicator of how well
quantum superpositions are maintained as the system evolves according to the Lindblad

equation.

3.5.2 Optimal Control Problem Statement

This section outlines the formulation of the quantum optimal control problem. The
methodology proposed here for designing an optimal quantum controller hinges on sev-
eral key factors: the selection of the cost functional, the formulation of the Pontryagin-
Hamiltonian, and the computational approach used to solve the optimality conditions
defined by Pontryagin’s Minimum Principle (PMP). In quantum control, achieving min-
imal energy expenditure while preserving system coherence presents a significant chal-
lenge. To address this, we focus on an energy minimization approach that incorporates
state constraints specifically aimed at maintaining quantum coherence within the control
problem. Specifically, we consider the following cost function:
ty
J= [ u®(t)dt,
to

which represents the total energy of the control field over the (fixed) time interval [to, ¢].
This cost functional is a standard choice in quantum and molecular control problems.
Here, the control signal u(t) : [to, tf] — U := {u € L : u(t) € Q C R} is assumed to be

bounded and measurable. The optimal control problem with state constraints denoted
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as (P), is formulated as follows:

( t
min/ ! u(t)dt,
u(-) Jto

subject to

i

(P)sP="% [H,p] + L(p), foralmostevery t € [to,t]

p(to) = po € CV*N

u(t) €U for almost every t € [to,t(]
a < C*(p) < B, forallte [to,tf]

The inequality constraint & < C?(p(t)) < B introduces state constraints that enforce
the preservation of quantum coherence during the evolution of the system, where C2(p)
represents a coherence-related measure of the quantum state p defined in (3.35).

In this setting, all sets are assumed to be Lebesgue measurable, and all functions are
assumed to be Lebesgue measurable and integrable. The objective is to determine an
optimal pair (p*,u*) that minimizes the cost functional | while satisfying the dynamic
equations, and state constraints.

Before presenting the optimality conditions we first analyze the feasibility of the op-
timal control problem (P), that is, if there is a solution u*(t) that solves (P). The following
result holds.

Proposition 3.1 Let the initial condition po be such that C>(po) € [, B]. Consider also that the
time-evolution of

® =~ L (el el + 0o (107, 1 (36
j<

is bounded away from zero for every t € [to,t¢] and Q) is sufficiently large. Then, there exists a
nonempty set of admissible input signals U([to, tf]) such that

U([to tf)) = {u [to,tf] = U : CX(p(t)) € [, B, ¥t € [to,tf]}
and in particular an optimal u*[to,t¢]) € U([to,ty]).

Proof: The proof follows by showing that it is always possible to pick an input signal u(t)
that makes C?(p) increase/decrease in time when the coherence is at the lower /upper
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bound. To show this, we start to compute the evolution of C2(p), which gives

2 2
™ (BCat(p)) _ Tr(aca ép)p)

T (@sﬁe@% + ST o) (—i[H, o] + £(0)) )
j<

- zgw}‘m (Tr(—i[éﬁf,H]p) +Tr (5]%%(;))))
j<
(3} (T (—iloky, Hlp ) + T (8 L(p))

=2 ;{<5}};>p (Tr(—i[aﬁe,ﬂo]p) + T (—iu(t) 5, Ho)
i<

n <5ﬁf£(p))> (o), (T (il Holp)
+ Tr ()8}, Help) + Te (S £(p)) )

From which one concludes that Tr (%) = ®u + A, where

A= zz<5j1;e>pTr(—i[(s};e,Ho]p + (s;}fc(p))
j<k

+ (3 T (—ilolf", Holo + 0L (p) )

Thus, the result follows since ® and A are bounded and @ is bounded away from zero by

assumption. U

Remark 3.1 The assumption of |®| being bounded away from zero depends on control Hamilto-
nian Hc. In particular, from (3.36) one can immediately conclude that at least one of the coherence

operators must not commute with H,.

3.5.3 Pontryagin’s Minimum Principle in Gamkrelidze Form

Let the pair (p,u) be a feasible process, that is, u(t) and p(t) satisfy for a.e. t € [to,t/] the
Lindblad dynamics with the stated initial condition, the state and the input constraints.
The pair (p*,u*) is termed as optimal and therefore solves (P) if the value of the cost
function | is the minimum possible over the set of all feasible processes. In order to deal
with the indicated problem, we indicate two Lagrangian multipliers: 7t and u, where
7 : [to,tr] = CN*N is the time-varying Lagrange multiplier matrix, whose elements are
called the costates of the system, and y is a time varying scalar Lagrange multiplier en-

forcing the coherence constraint. To satisfy the coherence state constraints on C(p), we

C2(p) —
C(p) = (w _(’22 (P[j) (3.37)

define C(p) as the following
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such that {C(p) <0,Vt € [to,t f] }. We will now derive the necessary optimality condi-
tions.

Proposition 3.2 Consider the optimal control problem (P). Let u*(t) be an optimal control and
p* () be the corresponding state trajectory. Then, there exists a multiplier 7t that, together with
U, satisfies the necessary conditions according to Gamkrelidze form of PMP. Based on the given

setup, we express the extended Pontryagin Hamiltonian function as follows:

+
H(p, mt,u,pu) = (<n+7,¢2< sRey 5 >5JIZ1)>

j<k (3.38)
Specifically, we have the condition
H(p™, 7w, u”,t) < Hp, 7w, 1,t),

forall t € [to, t¢], and for all feasible controls u € Q). Moreover, the control u(t) must satisfy

j<k

j t
aai: _hl ((” + 1L () oft + (ol >*5}k’”>> [Hc,p*]) +2u(t)=0  (3.39)

The adjoint equation is derived as follows:

0

. H
=50 =x() +r L (o)
Y j<k

+ + +
+ S (O™ ) g + () (BT + (S (O5T) ),

(3.40)

and its final condition implies that 7t(ts) = Onxn. The function x for a generic variable ¢ is
defined as

x(9) = 210 HO+ L) + Lo(g), (341)

with Lo($) = ;n(LzsbLk — LypL}).

Proof: We follow the necessary optimality conditions of the PMP in the form of Gamkre-
lidze for state-constrained optimal control problems, as studied in (Arutyunov et al.,
2011). We extend these arguments to the quantum context for matrix-valued dynamics.

To this end, the extended Pontryagin Hamiltonian is defined as:

7ﬂ@mw%ﬂ:ﬁ(ﬁﬁ+(() )+uo
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) 9C(p)
where yT% = (1 p2) ( aanz(p)) , simplifying to

= 200 = 12) X (195,05 + (0
j<k

From this, we define y = 2(pt1 — p2). Thus, the Pontryagin Hamiltonian is formulated
as shown in equation (3.38), from which the necessary conditions according to the PMP
are derived. In the following, we show the derivation of the adjoint equation (3.40).
Due to the complexity of computation, we break H into four main terms, such that H =
Hi + Ho + Hz + Ha, where

Hi= —%Tr(n*([H,p])) = —% (Tr(n+Hp) - Tr(n*pH))
Ho=Te (' L(p)) = ;yk(Tr(n*Lka,t) - %Tr(n*L;Lkp) - %Tr(n*pL,th))
o= T ((2{@%5&8* + <6};“>p5}?*><—;[H,p1>>

j<

W Z 5Re (Tr <5ﬁf Hp) —Tr ((5]1-§<e+pH>) + <5]I-,r<“>p(Tr (5]1-{(’“+Hp> —Tr (5]1-11{“+pH>)

Hy=puTr <Z (<5],I;e> p0%" - (gtm) >

i<k
1
= u Z P pz'yk <T1‘ (dﬁe'l'LkaZ) — ETI §]I.§(e+L1thP)
]<k
ETr <5ﬁe+pL;Lk)) +u ZI:( Z'Yk (TI‘ (5]1]r<n+Lka,t>
j<

—%Tr(é LkLkp) Tr(5 pL,th>>

Now, we compute %—7; by computing the derivative of all the above four terms.

_! nle]

i _ 1 n'H— Hr') = h[

' h (
87—[2

1 1
=Y m(Lin'Ly — En*L,’:Lk — EL,thn* + L' L — L L) = £(7Y) + Lo(h)
k
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aH?) _ Z‘H Z(SRe (5Re p) — Tr (5]I§(e+pH>)
5};}(% (5};} Hp) Ty ((5};{“%1{)) + (08 (0% H — Hoke")
(Ol H - o) = ZF 25ﬁeTr( 65", H]p)
+ T ([0, Hlp ) + (3fe)plofe”, H] + (35 Lo H]
My . . Lo (ske
5 = 5R Z'yk<Tr<5R Lkak> 5 ((sR L;Lkp)

(5Re oLIL)) +p chlmZyk (T (e LipL})
) -

_ 7T (5Im LiLep Tr(é},? kaLk>) + yz (55,

R CONN LGB RILCEEY)

+py (o pzfyk( r(Lioh L) — %Tr(5}1?+L{Lk>

j<k
- %Tr(LZLké},I{“ p))
=n( e ({2l e) + (£} "))

- Z:&},Ij‘ (Te(£5)p) +Tr( Lo} )p) )
+L0k) )o (L") + £o(a5e"))
Z (O (L) + Lo(e™) ))

By summing the four derivatives, we compute the adjoint equation

L MM My 9Ms | M

do  9p + ap op op
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= —%[n*,H] + L) + Lo(nh)

Z ( ]k ,H]p>
+Vz ik (Tr( jkeJr)P) "‘szs]l}ceTr(ﬁowﬁceJr)P)
IVZ ]k JH] + Z ( e+)+£0(5§e+>>

j<k

25}?%( R Hlp) + 1 L (( o)
o Te (Lo(a ) — ””Z ol H

j<k

+ Y (o, (Lo >+£o<csjk ))

j<k

which simplifies to

= i[n+,H] + E(TIT) + Lo(n")

h
€+ e+
+y2<(5 —7(5 , ]+/:(5]1§ )+ Lo(65))p
j<k
+5]I'k <_ﬁ[5]k / ]+‘C(5]I'k )+LO(‘5]I'1< )

+ 05 (08" 203 + ool )
+ (0 (5 0 1+ £ + catelph) )

By defining the function (3.41), the adjoint equation (3.40) is proved. In addition, the
transversality condition, which applies at the final time t7, imposes that
9]

—=— = 0nxN-

= "5

g

Proposition 3.3 Let the quadruple (p*, 7%, u*, u*) be an optimal trajectory of problem (P) for
the case where the state constraints are not active. Then, this quadruple is a local minimizer of the
extended Pontryagin Hamiltonian (3.38).

Proof: This follows from the fact that the second derivative of the extended Pontryagin

Hamiltonian with respect to the control u is 2% =2 > 0. O

au

Proposition 3.4 Consider problem (P) where the state constraints are active for some period of
time T € [to,t¢] and let p(t), t € T be the corresponding density matrix for each C*(p) = « (or
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C2(p) = B for the upper bound case). Then, as long as the control Hamiltonian H, does not
commute with p, there exists a feasible boundary control u(t) for t € T given by

(= 4Hopl + £(p))

u(t) = . (3.42)
7 [He, 0]
Proof: By imposing I' = Tr (FT%;P)F)) equal to zero, we compute the control u that keeps
the lower bound of state constraint, which is
T =20 (85085 + 6lotr) (= £ H(D,p] + £(p))
= jk 0% j i B
From this it follows (3.42). U

Algorithm 3.2 provides a step-by-step method for solving the state-constrained quan-
tum optimal control problem with coherence preservation. It initializes control variables
and multipliers, computes state and adjoint trajectories through numerical methods, up-
dates Lagrange multipliers to enforce state constraints, calculates the Pontryagin Hamil-
tonian, and iteratively updates control functions. The algorithm concludes with a con-
vergence check to ensure optimal control, state trajectory, and multiplier conditions are
met before termination.

Remark 3.2 (Control Constraints) In addition to the state constraints handled by the pre-
sented algorithm, control constraints can also be efficiently addressed by applying the method
of saturation functions, as described in (Graichen et al., 2010). This method transforms the con-
trol constraints into smooth functions that approximate the behavior of the original constraints,
ensuring that the control variables remain within their prescribed limits without imposing hard
bounds. The approach involves dynamically extending the system by incorporating these satura-
tion functions into the Pontryagin Hamiltonian, thus reformulating the original problem as an
unconstrained optimization problem. This strategy can be seamlessly integrated into the current
algorithm, ensuring that both state and control constraints are respected during the optimization
process, while maintaining numerical stability and preventing constraint violations.

3.5.4 Application of the Algorithm to a Qutrit System

We now apply the developed algorithm to the specific case of a qutrit, a three-level quan-
tum system, subjected to Markovian decoherence. The qutrit consists of three quantum

oo Po1 P02
states, |0), |1), and |2), and is described by a density matrix p € C**3: p= | p19 p11 P12

020 P21 P22
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Algorithm 3.2 Solving the State-Constrained Quantum Optimal Control Problem with
Coherence Preservation.

_
= O

—_
»

13:
14:
15:
16:

17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:

28:
29:
30:

31:

32
33

34:

35:

O XN @

: Step 1 - Initialization
: Set number of time steps N and initialize the iteration counter j = 0.
: form=0,...,N—1do

Initialize control i,,. 4

Initialize multiplier .
end for
Set initial state pg at time f;.
Set the adjoint variable 7t at final time ¢ according to the transversality condition.
Set convergence tolerance ¢, and learning rates 7;, .
Step 2 - Computation of the state trajectory
: form=0,...,N—1do

Update the state p}, by solving the Lindblad master equation numerically using a time-
stepping method

i

P = = (Hh,phel + L(oh)

end for
Step 3 - Computation of the adjoint trajectory
form=N—1to0do )
Update the adjoint variable 77}, by solving the adjoint equation numerically using the cho-
sen time-stepping method

b = () + o ) (08 (X)) 1 + S (x(EM) )
j<k " "

end for
Step 4 - Update of Lagrange multipliers for state constraint
form=20,...,.N—1do '
Compute the coherence function C2 (o))
if C?(p),) <P then
Set lujl,m : :ujl,mfl
else if Cz(p{n) >« then
Set VJZ,m : MJZ,mfl
else if C2 (p{n) = p then ‘ '
Update p} , = p1y ,, 1 + 1i(C* (o) = C*(0)1))
else if C2 (p{n) =a then ‘ '
Update 1 ,, = #,, 1 = 11a(C*(om) = C*(p), 1))
end if
Update the combined Lagrange multiplier:

=214}, = 1)
end for
: Step 5 - Computation of the Pontryagin Hamilton function

: form=0,...,N—1do '
Compute the Pontryagin Hamiltonian function #}, as:

+
H, = Tr ( (nfﬂ Y (<5Jl}{e,p;1>5]§€e " <5},§n,p{n>5},§“)>
j<k

(—;[Hin,pfn] + ﬁ(ﬁ%))) iy

end for
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36: Step 6 - Update the control function
37: form=0,...,N—1do '
38: Update the control values uhy ! using convex combination, where {7 4+ (> =1

1 ] ] Rey = sR Im\ slm\\t
! = Gz Tr (b — e L (60 2 + 6, )
{HC{an]m} ) + Cottly
39: end for
40: Step 7 - Stopping Test
41: Define tolerance values: ¢, and ¢, (small positive numbers).

42: form=20,..., N—1do
43: Check the convergence criteria for the state trajectory:

1
o — ol < €
44: Check the convergence criteria for the adjoint variable:

|7r£n+1 — nln| <éex

45: Check the convergence criteria for the control:
|u]mJrl — )| < ey
46: Check the convergence criteria for the Lagrange multipliers:

1 .
i — il <&y

47: end for - ) - ) ™ ) 1 )

48: if max{|oh " — Ol |70 = 7l [ = i, [ — |} < e

49: Stop

50: else if increment j = j 4- 1 and go to Step 2.
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The basis states for the qutrit system are represented as follows:

1 0
0)=({of, W=|1], [2=]0
0 0 1

The off-diagonal elements pg1, po2, and p12 represent the coherence between the different
pairs of states. In this qutrit system, the coherence between states |0) and |1) can be

captured by the following operators:

8ot = 10) (1] +[1)(0],
s = =i (|0)(1] = [1)¢0]).

Similarly, the coherence between states |0) and |2), and between |1) and |2), is described
by their respective real and imaginary coherence operators &5, 83, and 655, &3, The
total coherence between states |0) and |1) is then computed using the coherence function

Clo) = 1/ ((65),)* + ((alm))™.

The loss of coherence between the two states can be due to decoherence, often caused by
interaction with the environment. However, by applying a control field, it is possible to
drive the transitions between these states and counteract this decay process.

In the context of this qutrit, we assume the system has energy levels associated with
the states |0), |1), and |2), with corresponding energies Ey, E;, and E. The drift Hamilto-
nian describes the free evolution of the system without external control fields and can be

written as follows:

(10){0] = [1)(11),

P22 50y 2] - 0y (o) + 25 (2) 2] - [yl +
where each term represent the population differences between the corresponding energy
levels in the system. Thus, the drift Hamiltonian Hy captures the natural dynamics of
the system, reflecting the energy differences between the three states. We assume that
the transition dipole moments for the linearly polarized field are real. Hence, the control
field, in the dipole approximation, can be described by a time-dependent envelope of the
field u(t), driving frequency wy, and initial phase ¢, hence, the corresponding control

Hamiltonian is given by
He = u(t) (el‘¢d|o><1| + e’i¢d|1>(0|) cos(wqt)

This control u(t) is designed to influence the system’s coherence and dynamics, allowing

precise control over the quantum states.
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In the context of our qutrit system, the Lindblad operators describe the decay pro-
cesses from the excited state |2) to the two lower states |0) and |1), with respective decay
rates 9 and 1. These transitions are modeled by the Lindblad operator, which intro-
duces the dissipative effects into the system’s dynamics.

The Lindblad operators L for the qutrit system are defined as

Lo=10)(2[, Li=[1){2|, Ls=10) (0] —[1)(1].

The operator Ly represents the transition from the excited state |2) to the ground state |0),
while L represents the transition from |2) to |1). Additionally, dephasing between the
states |0) and |1) is introduced via a dephasing operator L3. Thus, the full Lindblad term
that governs the system’s evolution under decoherence is given by

£(o) =510 (210} 2lp12) 0] ~ 12)(2lp — pI2)(2]) + 3
(211 (2]ol2) (1] ~ [2){2lo — pI2) 21) + zra2(l0)0] ~ Ay G4)
p(10)0] — [1)411) — (10) (0] = [1) (1)) — p ([0) (0] — 1) (1])?)

This formulation reflects the combined effects of energy dissipation and coherence loss

due to interactions with the environment.
Proposition 3.5 The indicated Lindbladian L(p) in (3.43) is non-unital.

Proof: To confirm that the Lindbladian £ is non-unital, we must show that £(I), when
acting on the identity matrix I for a qutrit system, yields a non-zero result . By ap-
plying the Lindblad operators to I and evaluating this expression, one obtains £(I) =
diag(yo, 70 + v1, —270 — 1). Since L(I) # 0, this confirms that the Lindbladian is non-
unital, reflecting that the system’s evolution includes irreversible processes. O]

3.5.4.1 Numerical Simulation

In this section, we describe the numerical simulation of a qutrit subjected to Marko-
vian decoherence and dephasing. The decay rates 7 and <y; are set to 0.1 and 0.001
for the transitions from state |2) to states |0) and |1), respectively. The dephasing rate
between states |0) and |1), 7,, is set to 0.005. The energy levels are set to Eg =1, E; =
1.5, and E; = 2. The system’s evolution is computed over a time span of 20 a.u. (ar-
bitrary units), and the density matrix is updated at 1000 time points to numerically
solve the Lindblad equation. In our numerical simulation, we consider initial state py =
021 0.195-0.195i 0 , . . . L
(0.195460.1951' 078 0 ) First, we consider the system evolution without application
of any external control field. This allows analyzing the effects of decay and dephasing
captured by the Lindblad operators under the natural dynamics of the system. The co-

herence between states |0) and |1) is computed. The simulation results, as shown in
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Figure 3.3: (a) Coherence between states |0) and |1); (b) Evolution of off-diagonal density
matrix elements over time (with no action of control).

Fig. 3.3(a), indicate that the coherence decays over time. This behavior aligns with the-
oretical expectations for a system subject to Markovian decoherence, where coherence is
gradually lost due to interactions with the environment. The evolution of the key density
matrix elements, the real and imaginary parts of the off-diagonals, po; and p1o, is plotted
in Fig. 3.3(b). The real and imaginary components of the coherence between states |0)
and |1), represented by Re(pp1) and Im(pg1), show oscillations that gradually dampen,
reflecting the loss of coherence due to dephasing. We now consider including the control
Hamiltonian with parameters set to control amplitude u = 0.1, the phase ¢; = 71/2, and
the driving frequency w; = 0.1. As illustrated in Fig. 3.4, the coherence between states
shows an oscillatory decay over time, indicating that while the control field momentar-
ily preserves coherence, it cannot completely counteract the effects of decoherence and
dephasing. The density matrix elements also exhibit oscillations, reflecting the influence
of the control field on the population redistribution among the qutrit states. The behav-
ior highlights the transient effect of the control field in partially mitigating the loss of

coherence.

— Relpo1)
Im(po1)
— Im(p10)

Fopulation

Time (a.u.) Time (a.u.)

Figure 3.4: (a) Coherence between states |0) and |1) (b) Evolution of density matrix ele-
ments over time (with constant control parameters, with dephasing).
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Figure 3.5: (a) Evolution of the real and imaginary components of the density matrix
element pp; under the optimized control strategy. (b) Coherence measured between states
|0) and |1) over time. (c) Population dynamics for the adjoint variables 7o, 71, 7T12, and
10 during the control process. (d) Control amplitude evolution over time illustrating the
modulation applied to influence the system’s state.

Iteration

Figure 3.6: Convergence plot showing the evolution of the convergence value as a func-
tion of iterations. The plot illustrates how the convergence value decreases progressively.

Finally, we demonstrate the results obtained from solving the state constrained opti-
mal control problem for preserving quantum coherence. The initial coherence is C(pg) =
0.551, and the lower and upper bounds were set to a = 0.550 and B = 0.553, respectively.
To provide a comprehensive view of the quantum system’s behavior under optimal con-
trol, Fig. 3.5 includes four subplots. Subplot (a) displays the temporal evolution of the
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real and imaginary parts of the off-diagonal density matrix element py;. The controlled
oscillations indicate active modulation aimed at preserving coherence despite environ-
mental interactions. Subplot (b) shows the coherence between the states |0) and |1) over
time. The flat behavior of the coherence in this subplot suggests that the applied control
manages to maintain a consistent coherence level across the time span. In subplot (c), the
dynamics of the adjoint variables 7too, 7791, 7712, and 711o are presented. These represent
the real components associated with the system’s costate evolution. The behavior of these
variables provides insight into how the optimization process adjusts the state trajectory
to meet the control objectives. Lastly, subplot (d) captures the control amplitude’s time-
dependent modulation, which directly impacts the system’s evolution. The variations
in control illustrate the adaptive strategy employed to counteract the dissipative and de-
phasing effects, thereby aiding in the coherence preservation. This analysis demonstrates
the effectiveness of the control strategy in mitigating coherence loss and guiding the sys-
tem’s dynamics toward desired outcomes. Fig. 3.6 presents the convergence plot, which
depicts the progression of the convergence value over multiple iterations. The decreasing
trend observed in the plot demonstrates the effectiveness of the control or optimization
strategy being applied, as the convergence value approaches zero or stabilizes, indicat-
ing that the system is nearing an optimal or steady state. This behavior is consistent with
expectations in optimization scenarios where iterative adjustments progressively refine

the solution.

3.6 Concluding Remarks and Discussions

In this chapter, we delved into various aspects of quantum optimal control, focusing
on the application of Pontryagin’s Minimum Principle to formulate and solve control
problems for quantum systems. We explored the utility of PMP in deriving optimality
conditions for both two-level and three-level quantum systems, considering real-world
constraints like energy consumption and decoherence effects. By leveraging this frame-
work, we demonstrated the feasibility of achieving high-fidelity quantum state transfers
while simultaneously managing energy efficiency, especially in scenarios such as spin-%2
particle control and decoherence-constrained systems.

The work presented underscores the flexibility and power of PMP-based methods in
quantum control, showing how these techniques can effectively address different control
problems, ranging from simple, unconstrained systems to more complex, constrained
environments. This breadth of applicability highlights the relevance of PMP in advancing
the field of quantum control, where precision, efficiency, and adaptability are crucial.

The work presented here opens multiple avenues for future research in quantum
optimal control. One promising direction is extending the PMP framework to address

non-Markovian dynamics, which are more representative of practical quantum systems
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interacting with complex environments. Another valuable extension could be the in-
corporation of machine learning techniques to enhance the computational efficiency of
solving optimal control problems, particularly in high-dimensional quantum systems.



Chapter 4

Quantum Pontryagin Neural
Networks

In this chapter, we investigate a minimum time-energy optimal control problem (OCP)
for dissipative quantum systems interacting with the environment, whose dynamics is
governed by the Lindblad equation, and is subjected to preserve the state purity in a
quantum state transition process. We consider the purity of quantum channels as state
constraints, such that the purity is preserved within some bounds. The technique to deal
with this problem leans upon the revisited method of Gamkrelidze’s version of Pontrya-
gin’s Minimum Principle (PMP) (Arutyunov et al., 2011). We address the constrained
control restriction through the technique of saturation functions and system extensions
by extending (Graichen et al., 2010) to the quantum context, and show its compatibility
with the Gamkrelidze version of PMP. We derive the necessary optimality PMP condi-
tions, and show that they are also sufficient conditions for (local) optimality. We then
solve the resulted Boundary Value Problem (BVP) via a recently developed neural net-
work approach known as Pontryagin Neural Networks (PoNNs) derived from the The-
ory of Functional Connection (TFC) (Johnston, 2021). In particular, we exploit the PONNs
method for the Gamkrelidze version of PMP by introducing an additional multiplier
and extra optimality conditions. We also apply the technique of saturation functions
presented in (D’ambrosio et al., 2021)-(Johnston et al., 2020) to PoNNSs, by showing its
compatibility with Gamkrelidze version of PMP. The main results of this chapter were
published in (Dehaghani and Aguiar, 2023a; Dehaghani et al., 2023b).

4.1 The Lindbladian Dynamics Equation

The general mathematical tool to describe our knowledge of the state of an n-level quan-
tum system is through the density operator p, which is a Hermitian positive semi-definite

57
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operator of trace one acting on the Hilbert space IH of the system. In quantum me-
chanics, the evolution of density operator through the Lindblad (or Gorini-Kossakowski-
Sudarshan-Lindblad) master equation represents the most extensive generator of Marko-
vian dynamics which takes the form,

p=—i[Hp]+) 7 [LkaZ - % {Lsz,p}} (4.1)
k

in which the first term represents the unitary evolution of the quantum system, where H

is a Hermitian operator called the quantum-mechanical Hamiltonian defined as

m

H =diag(Ey,Ey, -+, En) + Y _u(t)H
I=1
where the diagonal term implies that the basis corresponds to the eigenvectors, and E;
represents a real number concerning the energy level. The control 4;(¢) € R demonstrates
a set of external functions coupled to the quantum system via time independent interac-
tion Hamiltonians H;. The second term of (4.1) represents the dissipative part of the state
evolution, where L; indicates the sequence of arbitrary Lindblad operators, and x > 0
is the damping rate. Master equations can be bothersome due to the commutation term
and the Poisson bracket. Since convex combination gives the preservation of the trace
and positive definiteness, it is possible to create a Hilbert space of density operators via
defining a scalar product. The next result provides a linear space of density operators,
called Fock-Liouville space, by which we present a solution of the master equation via
vectorization such that the resulting Liouvillian superoperator is governed by a linear

system.

Proposition 4.1 Consider the Lindbladian dynamical system (4.1). There exists a linear isomor-
phism, coordinate transformation, such that the transformed system is linear in the states and
real.

Proof: We show the results by providing a coordinate transformation given by the fol-
lowing composition of 3 linear isomorphisms (whose notation is defined in the sequel):
)L:p— Lp,

i) |-)): = lo)) .

iii)*: v 0= [Re(v) Im(v)}

and finally £ = (*) o |- }) o Lo|-)) ' o (*) 1. To obtain i, we apply the Choi-Jamiolkowski
isomorphism for vectorization, through the mapping |- )) : |7) (j| — |j) ® |i), to (4.1) ob-
taining the Liouville superoperator acting on the Hilbert space of density operator as

0))=Lle)),
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where

. . 1 1 T
L’:—z(I®H—HT®I) +Y 1 [Lk®Lk— 71®LZLk—7(L{Lk) ®1]
P 2 2
in which I is the identity matrix. To show ii, note that, for an arbitrary density operator
p = Ypijli) (j|, its vectorized form is given by [p)) = Y p;;|j) ®|i). Finally to get iii, we
i,j ij

implement the system state and superoperator as

o [Re(p))] , (Re(£) ~Im(2)
o) = 0 b= Im(L) Re(L)

so that we obtain

We consider (4.2) as the system dynamics in the rest of this chapter.

4.2 Optimal Control Formulation

This section describes the problem formulation. To this end, we have first to describe the

state constraint that arises from the concept of quantum purity.

4.2.1 Quantum purity

Quantum purity is a fundamental property of a quantum state. For pure states, the pu-
rity P =1, while P < 1 shows that the quantum state is mixed. In dissipative quantum
systems, a state may be initialized as pure, i.e., p = |¢) (|, and then due to the inter-
action with the environment and through a channel x is decohered and mapped to a
mixed state. A quantum channel x over the space H represents a completely positive
trace-preserving quantum map, i.e., x € CPTP(IH). Hence, the purity of the channel y is
considered as just the purity of the state p. Therefore, one can write

P(p) = tr (x(p)?) = tr (%) = (vec (p*))fvec (p)

which leads to P(p) = ({§"|p)). Preservation or maximization of the purity of a state
transmitted through a quantum channel, i.e., a dissipative quantum system, is an im-
portant objective in quantum information processing. To do so, several decoherence-
reduction techniques, such as quantum error correcting codes, and decoherence-free sub-
spaces have been developed. In this work, following the study in (Cong, 2014, Chapter
12) that imposes an equality state constraint, we use a less restricted form by keeping the
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quantum purity above some predefined level, i.e., 2Py < P(p) < Py with 0 < & < 1, where
Py = P(pp) is the purity of the initial state.

4.2.2 Problem Formulation

Quantum operations such as quantum state transition need to be done in the shortest
possible time. However, due to the inverse relation between control time and amplitude,
a fast operation may cause a very large control amplitude, which is practically impossi-
ble. The methods to design the quantum optimal controller vary according to the choice
of the cost functional, the construction of the Pontryagin-Hamiltonian function, and the
computation scheme to solve the PMP optimality conditions. We deal with a time-energy
minimization state constrained OCP (P) with bounded control aiming to transfer the ini-
tial state | §(to))) = po to a desired target state |§(ts))) = ps. The problem casts as the
following;:

min{]:th+17/ttfu2(t) dt}

u,tf

subject to

6(1))) =LIp)) ae. t € [to,tf]

)\ 16(t0))) = po € R¥
u(t)eU:={u€ls:u(t) e QCR}
Q) = [Umin, Umax] a.e. t € [to,tf]
h(|p(t)))) <O0forallt e [to,ty]

where I' and 7 in the performance index ] are positive coefficients, and ¢ shows the free
final time to be optimized. The second term of | is a common choice for the cost func-
tional in molecular control, which measures the energy of the control field in the interval
[to,tf]. The control is represented as a measurable bounded function. The inequality
h(]p(t)))) <0 defines the state constraints for the density operator - see the specific ex-
ample in (4.5). In this setup, we assume that all the sets are Lebesque measurable and the
functions are Lebesgue measurable and Lebesgue integrable. The goal is to obtain a pair
(p*,u*) which is optimal in the sense that the value of cost functional is the minimum

over the set of all feasible solutions.

Remark 4.1 It is important to assert the existence of a solution to problem (P) in the class of
measurable controls. Following the Filippov’s theorem, (Filippov, 1959), since the right-hand side
of the dynamical system is linear with respect to the control, and the set of control values is convex
and compact, then one can conclude that there exists a feasible control process to this problem.
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4.3 Pontryagin’s Minimum Principle in Gamkrelidze Form with

Saturation Functions

To deal with the indicated problem, one can identify two Lagrangian multipliers: y, and

A, where

e y is bounded variation, non-increasing j : [fo, f] — RR?, such that p(t) is constant
on the time interval in which the state constraint is inactive.

* |A)): [to,tf] = R*" is the time-varying Lagrange multiplier vector, whose elements
are called the costates of the system.

We handle control constraints with saturation functions, (Graichen et al., 2010), such
that the indicated inequality-constraint for control is transformed into a new equality-
constraint. To do so, we define a new unconstrained control variable v(t), and substitute
the control constraint with a smooth and monotonically increasing saturation function
¢ : R — (Umin, Umax) such that

Umax — Umin ¢

with s=———
1+ exp(sv) Umax — Umin

¢ (V) = Umax —

in which ¢ > 0 is a constant parameter, useful for modifying the slope of ¢(v) at v = 0.
The advantage of using a saturation function is that it is defined within the range of (),
and asymptotically approaches the saturation limits for v — F-co. The next steps are the
following;:

* We add a regularization term to the cost functional ] via a regularization parameter
«, and define the new cost functional as [ = | + « ftgf Vz(t)dt, and solve the OCP
successively by decreasing ax. We use the result that if 1,1 and 1 are the optimal
control inputs for ay1 < ag, then with kh_)rg) ar =0, J(ug,ax) converges to a non-
increasing optimal cost, (Graichen et al., 2010), i.e., by bringing « closer to 0, we
approach to the original problem.

* We consider an additional optimality condition for the new control variable by min-
imizing the Pontryagin-Hamilton function with respect to v. Moreover, we need to

consider the constraint equation

u(t) —¢p(v)=0 4.3)
for the boundary value problem.

* We introduce a multiplier B : [fo, ¢ f] — R to take the equality constraint into ac-
count.

In this new setup, we will now obtain the optimality conditions. To this end, we first con-

struct the Pontryagin Hamiltonian 7 defined for all t € [to, /] by (see detail derivation
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in the proof of Proposition below).

Hp, A, 6,0,8,8) = ([A () +26(t) [(1))) " L1p(1))

| (4.4)
+ o (t) + av?(8) + B(t) (u(t) — ¢ (v))

where 6 (1) = [1 -1] u(t).

Proposition 4.2 Consider the OCP (P1) that is given by (P), but with cost function ], and the
additional constraint (4.3). Let u*(t) be an optimal control and p*(t) the corresponding state
trajectory response. Then, there exist the multiplier A*(t) that together with 6,p : [to, tf] = R
satisfy the PMP necessary conditions. More precisely,

H(p* A", u*,v,u,u,B,t) < H(p,Au,v,u,a,pB,t)

forall t € [to,t¢], and all feasible controls u € Q. Moreover,

T~ (1A%) +28 7)) £u ) + 2" + =0

oH B op(v)
a—v—mxv B 5 =0

The remaining first-order necessary conditions for the state and costate variables are given as

10%)) = 3TA)) =LI|*)), 16" (t0))) =po

V(1)) = Ay =0

A*>>T:a_|2/>}§ =LT|A%)) +46L | p*)),

In addition, the transversality condition imposes that

H(t;) +T=0

Proof: Following similar arguments as in (Arutyunov et al., 2011) for the indicated set of

conditions, the extended Hamilton-Pontryagin function is

Ho, A uv, o, Bt) = (1A (1) + 1" (HVh(15(1))))"
+7 o 2

(
Llp(1)))
where the state constraint & (| §(t)))) and multiplier y(t) are

RPN = () <0 10 = (1) 45)
Therefore, the gradient is given by

Voh (|6(6)))) = (VaPlx()) ~VePlx(o)] )T
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where V;P[x(p)] =2|p(t))). Then, the Pontryagin Hamiltonian forms as written in (4.4)

from which the necessary conditions according to the PMP have been indicated. O
Proposition 4.3 Let p*(t), u*(t), A*(t) be an optimal trajectory of (P1). Then, p*(t), u*(t),
A*(t) is a local minimizer of the Pontryagin Hamiltonian (4.4) as long as « satisfies the condition

x> ge (4.6)

PPW) | o 1 fis
where € = maxyer | — 7 | is a finite bound.

Proof: A similar case of obtaining the second-order sufficient condition for local optimal-
ity is indicated in (Aronna, 2011), however, in our case since we have two control vari-
ables 7 = (u,v), the second derivative of our Pontryagin Hamiltonian is a 2 x 2 matrix
rather than a scalar. Accordingly, if the Pontryagin Hamiltonian has a positive definite
Hessian with respect to i, then it is guaranteed that u*(t) is the local minimizer of the
Hessian, i.e., the generalized Legendre-Clebsch condition guarantees that over a singu-

lar arc, the Pontryagin Hamiltonian is minimized. In this case, the Hessian is given by

2y 2
Haa = | o 5, P ?;ﬁ) > 0. Clearly, it is positive definite since # is positive, 37‘5 is bounded
and « satisfies (4.6). 0

4.4 Physics-Informed Neural Networks Based on the Theory of

Functional Connections

In this section, we exploit the newly developed Pontryagin PINN method derived from
the theory of functional connection, (Johnston, 2021; D’ambrosio et al., 2021). We give a
short overview on how physics-informed neural networks derived from TFC can be used

to solve BVPs. Consider a generic differential equation

F(ty(t),7()=0, y(t) =y, ke@U{1,2,...} 4.7)

where F: R x R"” x R" — R" is a given map, and y(f) € R" is the state variable that
has known values at instant of time t;. Note that here we utilize a unified process to
resolve problems involving initial, boundary, or multiple values, so k € @ refers to the
boundary-free functions. The goal is to obtain the (approximated) solution §(-) of (4.7)
along time. Algorithm 4.1 describes the main steps of the application of TFC method.
The first step is to apply a morph transformation (change of time) so that the problem
can be written in the domain of the activation functions to be used in the next steps.
Next, we impose the solution to be on the form of (4.8), where g (-) : R — R" indicates a
user-specified function, and () is the so-called switching function. The free function g (-),
as developed in (Huang et al., 2006) based on the theory of extreme learning machine
(ELM), is modeled by a single hidden layer feedforward neural network (4.10), where
the summation is over all L hidden neurons, and o (-) is the activation function. In (4.10),
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Algorithm 4.1 Modelling and training the PONN (main steps)

1: Morphing transformation
1
T:To—l-c(f—to)<—>t:to+E(T—T0), c>0

2: Derive the approximated formulations for y(t)

k
g(r) =g(7) + ;Qk(’r) (%) — g(w)) (4.8)

3: Obtain a new equation as a function of the independent variable 7, g (7), and its derivative

F(7,9(7),9(7)) = F(7,8(7),8(1)) =0 (4.9)

4: Formulate g (7) through a single layer neural network
L
(1) =} G (wr+b)=e' (1)§ (4.10)
I=1

in which o7 (1) = ¢7(1) ® L;xn, where ¢7(7) = [0 (wiT +b1),...,0(wr T +br)], and & =
UEC([gl, = '/CL] )

5: Compute the deriyatives of ¢ (1) as ¢(t) = co’ T(T)C where 0’ = %—(TT) and obtain (4.9) in terms
of unknowns, so F(t,§) =0.

6: Discretize T into N points, and express the obtained set of differential equations as loss func-
tions at each pointas ILT (&) = [F (1,&),...,F (tn,&)] and obtain the unknown &, by comput-
ing the solution of L = 0.

¢, wy and b; denote the output weight, input weight, and bias of the /th hidden node,,
respectively. These parameters correspond to the learning factors to be updated in the
training phase. We then obtain a new set of equations F(t,§), solved via the augmented
loss function IL. Now, let proceed with the solution of optimality conditions obtained for

(P1). We approximate the state and costate as

160 (1,8) = (05 (7) — Q1 (7) 05 (10) — D ()05 (7)) ' &a
+ O (1) po + M2 (7) oy
A (T,82) = (02 (1) — D (1) 01 (7)) '6a + Qo (T) Ay

where the switching functions are described by O (1) =1 + ZAAT? - iAT? and () (1) =

_2AT® | 3AT?
ATfS + Asz
derivatives of the above expressions, we obtain

with AT=7 — 19 and Arf =Tr — T, (Johnston et al., 2020). By taking the

1) (2.8) = ¢(7)(2) ~ 0} (1) () ~ O (1) 05 (7)) 'G5
+ Q) (1) po + Qb (1) py
) (T,82) = (@) (T) — Qs (1)on (7)) & + Qb (T) Af



4.5 Simulation Results 65

Regarding the control variables, the following functional approximation are introduced

u (T,g) :0-15 (T) Cus V(Trg) = 0—1]; (T) Gv

We also expand the equality constraint multiplier B (7,{) = Ug (t)8p- In addition, the

state constraint multipliers are

m(t8) =0y, ()8, m2(1,8) =0y, (1)),

In line with the ELM algorithm, (Huang et al., 2006), for the free final time problems, the
vector of PONNs’ parameters to be learned is constructed as § = [& &1 &u &v $p Sy iy C]T.

Now, we express the set of loss functions to be minimized as

IL,, =Px(p)] = Po, Ly, =&Py— Plx(p)]

leading to an augmented form of the loss function as
T
L= []Lﬁ Ly L, L, Ly, Ly L, ]L,Q} (4.11)

Equation (4.11) can be solved by a numerical minimization scheme, and the PoONN’s
parameter will be learnt during the procedure. The iterative least-square method has
proved to be an efficient scheme for such problem, (D’ambrosio et al., 2021). Through
this method, the estimation of { is adjusted and refined to improve accuracy and con-
vergence towards the desired outcome at k + 1th iteration, such that {;,; = {; + AZj,

where AJ, = — (]I €)' k)) 71]]({ ¢)TIL(Z;), in which J is the Jacobian matrix, compil-
ing the partial derivatives of the loss function with respect to each unknown parame-
ter, and, therefore provides a complete representation of the sensitivity of the losses to
changes in the unknowns. The iterative procedure continues to be repeated until the
convergence criteria is satisfied, meaning that for a predefined tolerance & > 0, we reach
to Ly [L(g;)] <&

4.5 Simulation Results

In the following, we show the feasibility of our results in a numerical study. Let consider
a quantum system consisting of a two-level atom and a vacuum environment. The dissi-
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pation is captured via the decay of the atom through a photon emission, which is a result
of the atom - environment interaction. The environment in this case is the surrounding
vacuum state. Therefore, the system dynamics must be expressed through the master
equation (4.1), in which the term H(u(t)) describes the total atom-vacuum quantum-

mechanical Hamiltonian as
H(u(t)) = E[1) (1] +u(¢) (|0) (1] + [1) (0]) (4.12)

where u(t) is the driving control coherently switching between the two states. We work
with the implemented dynamics in (4.2). For this problem, the damping rate v is the
atom-vacuum coupling, and the Liouvillian superoperator in the Fock-Liouvillian space

is

0 iu —iu
r— iu —iE-=% 0 —iu
—iu 0 —iE-% iu |’
0 —iu iu —y

which is mapped to the extended superoperator £. The parameters are considered as the
following: N =40, L =30,7=0.1,T =0.01,y=09,2a =099, a = 107°, E = 1. Moreover,
we use the Chebyshev orthogonal polynomials as the basis for TFC implementation. Re-
garding the constraints for the components of the control u(t), they have been set as
Umin = —1 and Uy, = +1. The results are obtained after 48 iterations. For all results, the
state is initiated as pj1 = 1, with no coherence between different states. First, we neglect
the dissipation part, so the solution reduces to the resolution of the Liouville-von Neu-
mann equation, see Fig. 4.1(a). As the next case, we consider the dissipation while there
is no coherent driving. The population of the excited state experiences an exponential
decay, see Fig. 4.1(b). Afterward, it becomes feasible to compute the behavior of a dissi-
pative quantum system that undergoes both coherent driving and decay. In such cases,
oscillations and decay co-occur as both behaviors exist simultaneously, see Fig. 4.1(c). In
the following, we plot the state evolution under the action of optimal control. We initiate
by the pure state p;; = 1 and target to poo = 1, while following the constraints on purity
preservation. The population evolution is shown in Fig. 4.1(d). According to the data
depicted in the graph, there is a clear trend of exponential decay in the population of the
initial state, while there is a corresponding upward trend in the population of the target
as time passes. In order to check the security level of reaching the target, we have to cal-
culate the transition probability known as the quantum fidelity, referring to the degree of
similarity between two quantum states, typically the system state p(t) and target ¢. We

study fidelity in terms of state purity computed by F (p,¢) = l(f(r é)p;f() (3)2), (Indrajith et al.,
2022). Since our target ¢ is a pure state, i.e., ¢ = ) (|, fidelity can simply be assessed

as F (p,¢) = %. Fig. 4.2 shows the effects of purity preservation on fidelity.

Remark 4.2 Recently, the theory of functional connections has been extended to n-dimensions,
as described in (Mortari and Leake, 2019). Therefore, a natural question is whether the proposed



4.6 Concluding Remarks and Discussions 67

(@) (b)
1.0 1 1.0 1
0.8 - 0.8 -
C
2 0.6 0.6 -
©
20.4 0.4 1
[e)
o
0.2 - 0.2 -

o
Ul
—_~
o
N
=
o
=
Ul

T T T T

0.0 0.5 1.0 1.5 2.0
time[s] time[s]

Figure 4.1: Population evolution under quantum dynamics. The blue and red lines rep-
resent the evolution of pgp and p11, respectively. (a) Coherent driving with no decay. (b)
Decay with no coherent driving. (c) Coherent driving and decay. (d) Optimal coherent
driving and decay.

method using PONNs is scalable enough to be applied to systems with any number of levels. From
this work, we can observe that for an n-level system, the dimension of the Liouville superoperator L
in (4.2) is 2n? x 2n?, which also leads to an increase in the dimension of the augmented loss vector
IL in (4.11), and therefore an overall increase in computational complexity. On the other hand,
as pointed out in (Mortari and Furfaro, 2021), TFC approach presents a low condition number,
and typically is numerically robust, as indeed we could attest from our numerical computations,
that revealed good robustness to poor initialization and insensitivity to small changes in the input
data. Therefore, the proposed strategy can perform well in practical applications, where there may

be noise or other sources of uncertainty in the system.

4.6 Concluding Remarks and Discussions

In this chapter, we proposed a framework for preserving quantum purity during a quan-
tum state transition problem. Specifically, we aim to minimize both the time and energy
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Figure 4.2: State transition probability quantified by purity.

required for the transition, while adhering to the Lindblad master equation, which gov-
erns the system dynamics. To achieve this goal, we employed a combination of two tech-
niques, namely the Gamkrelidze revisited method and the concept of saturation func-
tions and system extensions. The resulting boundary value problem is then solved using
Pontryagin neural networks, which are well-suited for this type of problem formulation.
Our approach allows us to preserve the purity of the quantum state during the transition
while minimizing the resources required. Furthermore, we analyze the effects of state
constraints on the evolution of quantum fidelity, providing a numerical example for a
two-level system. As future work, we intend to extend our approach to higher-order
dimensional systems, which could yield valuable insights and applications in various
fields, including quantum computing and quantum communication. Our results have

important implications for the practical implementation of quantum state transitions.



Chapter 5

State Estimation and Control for
Stochastic Quantum Dynamics with
Homodyne Measurement:
Stabilizing Qubits under Uncertainty

This chapter introduces a Lyapunov-based control strategy alongside two filtering meth-
ods for controlling and estimating the evolution of coherence vector elements from se-
quential homodyne measurements. The methods include traditional quantum filtering
and a novel extended Kalman filter, which explicitly addresses the dynamics of a stochas-
tic master equation with correlated noise, thereby ensuring the quantum properties of the
estimated state variable by design. We also explore scenarios where the system’s Hamil-
tonian is unknown, demonstrating that both filters exhibit reduced performance with
increased estimation errors. To address this, we propose a multiple model estimation
scheme applicable to either filter. The estimated density operator is then controlled using
the proposed switching-based Lyapunov scheme, which guarantees noise-to-state prac-
tical stability in probability. We demonstrate the effectiveness of our approach in stabiliz-
ing a qubit coupled to a leaky cavity under homodyne detection, even with uncertainty
in the resonance frequency. This work was published in (Dehaghani et al., 2024e).

5.1 Stochastic Quantum Control and Estimation

Stochastic quantum dynamics encompass the complex interactions between quantum
systems and classical control mechanisms. This section delves into the mathematical
frameworks and problem statements essential for controlling and estimating the states of

such quantum systems.

69
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Figure 5.1: Illustration of the proposed configuration: A qubit coupled to a leaky cavity is con-
tinuously monitored via homodyne detection. The emitted radiation from the qubit is combined
with a local oscillator laser at a beam splitter. The transformations of the field operators through
the beam splitter are denoted by C;(t) and C,(t), which are then detected by photodetectors Dq
and Dy, respectively. The difference of the two produced signals I.1 and I., generates the result-
ing signal J(t). This signal is sent to a quantum observer, which estimates the quantum state p(t).
The estimated state is then transmitted to a controller. The controller adjusts the driving field
Q(t) through the control Hamiltonian to the qubit, aiming to generate and stabilize the qubit into
a desired target set.

5.1.1 Quantum Stochastic Evolution

The stochastic quantum dynamics can be accurately described by well-structured stochas-
tic differential equations known as Stochastic Master Equations (SME). These equations
define the relationships between the classical control input Q(t), tuned by the controller,
and the classical output J(t) corresponding to instantaneous value of the observed mea-
surements. For such a setup, as indicated in Fig. 5.1, the diffusive quantum stochastic
master equation, interpreted in the context of It6 calculus, is expressed as (Rouchon, 2022)

dp(t) = —i[Hy + Q(t)H.,p (t)]dt + TDcy|p (t)dt
+ MD [cw]p (t)dt + /pMH [cw] p (1) dW (1), (5.1)

where the quantum density operator p € H,. The unitary aspects of the dynamics (5.1) is
characterized by the quantum mechanical system Hamiltonian composed of drift H; and
control H, terms. The dissipative part of the dynamics is described through arbitrary

Lindblad operators ¢; and c,,, corresponding to decoherence and measurement chan-
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nels. The superoperators D [c] p corresponding to dissipation, and H [c]p corresponding

to measurement for a generic operator c are defined as follows

Dc]p = cpct — %(c*cp +pcte),
Hclo = cp+ pct — <c + c+>p.

The coefficient I' > 0 indicates the decay rate, M > 0 is the interaction strength corre-
sponding to the measurement process, and 7 € [0,1] indicates the detector efficiency with
7 =1 implying perfect detection and # = 0 lack of information about the quantum state.
The differential AW (t) denotes an infinitesimal Wiener increment satisfying It6’s lemma
with E[dW(t)] = 0, E[dW?(t)] = dt. The same Wiener process is shared by the outcome

of classical measurement homodyne current

J(5) = V1M (ew + cly) + (1), (52)

where ¢(t) =dW(t)/dt, follows Gaussian white noise properties with E[¢(¢)E(¢')] = d(t —
t.

5.1.2 Problem Statement

This subsection outlines the primary two research objectives pursued in this chapter.

Problem 5.1 Given the quantum system presented in (5.1)-(5.2), develop a set of estimators to
directly estimate the evolution of the density operator p(t) from the continuous sequence of ho-
modyne current measurements. In addition, consider that the drift Hamiltonian Hy contains

unknown constant parameters.

Prior to expressing the second problem, we introduce the following stability defi-
nition pertinent to the stochastic quantum system problem at hand, drawing upon the
frameworks in (Ito and Nishimura, 2015; Deng et al., 2001).

Definition 5.1 (Noise-to-State Practically Stable in Probability): Let x be a closed and invariant

set under the dynamics governed by the stochastic differential equation in It0 form

do(t) = f(p)dt +g(p)o()dW(t),

where p € Hy, o (t) is the intensity of noise at time t, and W(t) denotes a 1-dimensional standard
Wiener process. The set x is noise-to-state practically stable (NSpS) in probability if, for every
e > 0, there exists a function B € KL, a function -y € K, and a non-negative real number b > 0,
ensuring that for every initial density operator p(0) € H,, the following holds with probability at
least 1 — ¢, for every t > 0

IP{d(P(t)rX) < B(d(p(0),x),t) +y(sup (1)) + b} >1—¢ (53)

T€(0,¢]



State Estimation and Control for Stochastic Quantum Dynamics with Homodyne
Measurement: Stabilizing Qubits under Uncertainty 72

If b =0, x is noise-to-state stable (NSS) in probability.

Remark 5.1 Note that NSpS implies that the set x is asymptotically practically stable in prob-
ability, that is, condition (5.3) holds without the term 'y(supTe[O,t] 02(t)), (but maybe with a
different b) since o (t) is bounded. Moreover, in that case, if B(r,t) = cre=* for some ¢ > 0 and
A > 0, the set x is said to be practically exponentially stable in probability.

Definition 5.1 is introduced to measure the resilience of a quantum system’s stability
in the face of noise. It ensures that, probabilistically, the system’s state stays within a
practical vicinity of the invariant set x, notwithstanding the influence of quantum noise.
The extent of this vicinity is contingent upon the intensity of the noise, as characterized
by the variance of the Wiener process W(t).

We can now proceed with the second problem. To this end, let x s be a desired target
state characterized by all the elements pr € H,, that commutes with the drift Hamiltonian
Hy, that is, [of, Hy] = 0. This commutation condition ensures that the target states ps
remain invariant under the evolution governed by H;. Then, the goal is the following.

Problem 5.2 Using the solutions to Problem 5.1 to estimate the system’s state p(t), design a
controller that commands the signal Q)(t) with the aim of steering p(t) from an arbitrary initial
state po € H,, towards a stationary point within the predetermined target set x . Moreover, the

controller should guarantee that x y is NSpS with respect to the estimation error variance.

5.2 Estimation Techniques in Stochastic Quantum Dynamics

This section introduces and elaborates on three estimation techniques: Quantum Filter
Estimator, Quantum Extended Kalman Filter Estimator, and finally a Multiple-Model
Adaptive Estimator to address the uncertainty on the drift Hamiltonian Hy. In the fol-
lowing, we leverage the fact that a general mixed state of a qubit can be expressed as a
linear combination of the Pauli matrices, which, along with the identity matrix, form a

basis for the 2 x 2 self-adjoint matrices, i.e.,

3
p(t) = %IJF ;kzlxk(f)(fk, (5.4)

where the real-valued functions x;(t) = (0y) are the coordinates of a point within the unit
ball and are taken to be components of the so-called coherence vector x(t) = [x1,x2,x3]" €
R3. By rewriting (5.1) one attains the following stochastic system dynamics for x(t) in Ito
form

dx(t) = £(x,Q(t))dt + g(x)dW(t), (5.5)
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where f(x,Q) = [f1(x,Q), f2(x,Q), f3(x,Q)]T and g(x) = [g1(x),g2(x),g3(x)]", whose ele-
ments for k =1,2,3 are

fi(x, Q) = —iTe{[Hy + O(t)He, p(t)]0k } + Tr{(TDlcq] + MDlcw]) p(t)0r},
gc(x) = VIMTe{H [cu]p(t)oi},

with p(t) substituted by (5.4). Accordingly, by rewriting the output equation (5.2), one
attains
dy(t) = h(x(t))dt +dV(t), 5.6)

where the term dV(t) = dW(t) + dZ(t) includes an additional infinitesimal Wiener in-
crement with E[dZ(t)] = 0, E[dZ2(t)] = ¢2dt corresponding to the measurement noise
associated with the spectrum analyzer, and the term h(x(t)) is given as

2

h(x) = @ <Tr{cm + c;} + éxk(t)Tr{(cm + CL)W}) )

5.2.1 Quantum Filter Estimator

The Quantum Filter Estimator is a fundamental tool in the estimation of quantum states.
It provides a systematic approach to updating the state of a quantum system based on
continuous measurement results. This estimator relies on the principles of quantum mea-
surement theory and stochastic calculus to produce an estimate of the quantum state in
real-time. In particular, since the quantum stochastic dynamics (5.1) is inherently a filter-
ing equation, one can use it to predict the estimated state Xor(t) following the approach
in (Bouten et al., 2007), but in our case adapted for the coherence vector dynamics in (5.5),

which results in

dxqr(t) = £(Xgr (), Q(t)) dt + g(Xor(t)) (dy(t) — h(Xgr)dt). (5.7)

Here, Xor () represents the estimated state vector of quantum filtering equation at time f,
f(t,Xor(t)) is the drift term, and g(Xgr(t)) is the diffusion term influenced by the Wiener
increment dW (t), that in (5.7) is replaced by the innovation term dy(t) — h(Xor )dt.

5.2.2 Quantum Kalman Filter estimator

The Quantum Kalman Filter Estimator extends the classical Kalman filter to the quantum
domain. It is particularly useful for systems where the noise and disturbances can be
modeled as Gaussian processes. By leveraging the properties of the Kalman filter, this
estimator offers a robust and efficient means of tracking the evolution of quantum states
under noisy conditions, yielding high-quality estimates in the presence of measurement
and process noise while also providing the associated confidence or uncertainty levels. It
is however important to stress that in this setup one have first to deal with the following
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points: (i) the stochastic system dynamics for the coherence vector in (5.5) is nonlinear;
(ii) the noise in the output equation (5.6) is correlated with process noise in (5.5) by noting
that dV includes dW; and (iii) the coherence vector space for a qubit is a ball with radius
1, known as the Bloch ball, thereby satisfying |x||> < 1. To address (i), we apply an
Extended Kalman Filter (EKF) based approach by linearizing the non-linear functions
around the current estimate using a first-order Taylor expansion. For (ii), we make use
of a de-correlating approach, see (Simon, 2006), but tailored for our case, such that the
new transformed equivalent system satisfies the property of uncorrelated process and
measurement noises, and therefore one can then make use of the standard EKF equations.
To address (iii), we integrate the structural properties of a valid quantum state into the
observer equations by constraining the state estimate Xxr(f) at the update equation to
always belong to the Bloch ball. To this end, we define the following operator acting on

the coherence vector x and a real vector a € R? as
x @ a = Proj(x+a), (5.8)

where the operator Proj(x) = 1/ max{1, ||x| } x projects x onto the closed ball. The oper-
ator (5.8) is pivotal within our proposed filtering algorithm, ensuring that the state and
consequently the estimate of the density matrix adheres to the necessary properties of a
density operator, and maintains the physical relevance of our estimated states.

With the established setup, we proceed to construct a quantum Kalman filter estima-
tor. In this framework, we treat the measurement noise dW(t) and the noise of spectrum
analyzer dZ(t) uncorrelated, that is E[dW (t)dZ(t)] = 0. Then, its correlation with pro-
cess noise is given by E[dW (t) dV (t)] = dt since we have been considered E[dW?(t)] = dt.
Note also that the variance E[dV?(t)] is defined as E[dV?(t)] = o2dt, with ¢ = (1 + 02).
Now, we establish the following result.

Proposition 5.1 Consider the stochastic differential equation (SDE)
dx = £(x,Q,dy)dt + g(x)dW(t), (5.9)

where

f(x,Q),dy)dt = £(x,Q)dt — 7g(X)h(X)dt + og(X)dy,

0=1/(1+02), and AW = dW — ¢dV. Then, the process and measurement noises associated
with the system formed by (5.9) and (5.6) are uncorrelated, that is, E[dWdV] = 0. Moreover,
(5.9) is equivalent to (5.5) in the sense that if both SDEs start with the same initial condition and

all the exogenous signals have the same trajectory, then x(t) = x(t), for every t > t.

Proof: To show uncorrelated noises, we compute

E[dW(t)dV (t)] = E[dW(t)dV(t)] — GE[dV?*(t)] = 0.
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To show the equivalence of both SDEs, we first start to note using (5.6) that the term
ag(x) <dy — h(x)dt — dV) is zero. If we now add this null term to the right-hand-side of
(5.5), and replace the variable x by X, we obtain precisely (5.9). 0

We can now propose our state estimator that continuously updates its state estimate
Xkr(t) as new measurements are acquired through the propagation and update steps for
the state and covariance matrix. In the propagation step, the current estimate of the state
is propagated through the deterministic system dynamics

dip(t) = £(Xxr (1), Q(t),y(t)) dt, (5.10)

producing an a priori state estimate X, (t). Similarly, an a priori estimation of the pre-

diction error covariance matrix P33 is computed as
dP~ (t) = (A(t)P(t) + P(t) AT (t) + G(t)o3 ()G (t))dt (5.11)

for which the initial guess P(0) = Py encodes the confidence in the estimate of the initial
condition Xxr(0), and 02 =1+ 7.
Note that in (5.11), to evaluate the propagation of P, we need to compute the ma-

trices A(t) = af(g),(()) and G(t) = aga—(xx). It turns out that only the term g(x) introduces a

nonlinear term (in fact quadratic) in x. All the other ones are linear with x, and therefore
the linearizations for these terms are not approximations. This is not surprising since
the Lindblad equation can be transformed into an inhomogeneous linear vector equation
using the coherence vector formulation (Alicki and Lendi, 2007).

Next, the update step integrates the most recent measurement by updating the pre-

diction equations (5.10) and (5.11) to obtain the a posteriori estimates

Xkr(t) = Xp(t) @ K(t) (dy (t) — h(x(t))dt),
P~ (t) — P~ (t)C'o, 2CP~(¢).

i~
~—~

~~
~—

I

Here, the Kalman gain is computed as K(t) = P(t)C*

Vi

Ck = Tr{ (cm + CL)O’k}, k =1,2,3. By estimating the components of the Bloch vector,

(7;2, where C = {cl,cz,%}, with

we can then reconstruct an estimate for the density matrix as follows:

\ 1., 13,
p(t) = 51 + 5 Y Rixe () ok (5.12)
k=1

We can now state the following result.

Proposition 5.2 Consider the proposed extended Kalman-based filter with initial condition pg €
H,, which implies an adequate initial condition Xxr(0). Then, the state estimate p(t) leaves in
H, for every t > 0.
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Proof: In the propagation step, the coherence vector Xxr(t) is the solution of the differ-
ential equation (5.10), which from Proposition 5.1 is equivalent to the deterministic part
of (5.5). In the measurement step, we make use of the operator (5.8), which guarantees
that ||xkr(t)]|> < 1, which in turn implies positive semi-definiteness of p(¢), and norm
preservation since Tr{{ + Y Xxr(t)ox } = 1 using the fact that Tr(cy) = 0. O

5.2.3 Multiple-model adaptive estimator

This section presents a class of Multiple Model Adaptive Estimators (MMAESs) designed
to address the challenges of quantum systems with parametric model varying dynamics
or uncertainties, more precisely, in the quantum-mechanical Hamiltonian. The MMAE
operates with a finite number N of selected models from the original (potentially infinite)
set of system models and consists of two main components: i) a dynamic generator for
N weighting signals p,(t), £ =1,...,N, and ii) a bank of N estimators, each designed
based on one of the selected models. In our case, the estimators are precisely either
the Quantum estimator or the Extended Kalman filter presented in previous subsections
designed to a specific value of H;. The state estimate is produced by a weighted sum of

the local state estimates X,(t), i.e.,

N
x(t) =Y pel(t)Re(t).
=1

By employing a set of parallel filters, each corresponding to a different model of the
system’s dynamics, the MMAE adapts to the most likely model based on measurement
data. This provides a flexible and accurate estimation method capable of handling sud-
den changes in the system’s behavior or parameters.

The evolution of each dynamic weight p,(t) is set to be piecewise constant, updating

its value at instants of time ¢ = t;, according to following equation, (Hassani et al., 2009):

ﬁgefwl:‘(tk)
Y pi(te) e

pe(tis1) = ayPe(te), (5.13)
In (5.13), B¢ is a positive weighting constant value and w(t) is a scalar continuous func-
tion called an error measuring function that maps the measurable signals of the quantum
system and the states of the ¢ local estimator to a nonnegative real value. This error
measuring function evaluates the discrepancy between the observed measurements and
the predicted state from the £/ model. An example is wy(tx) = |ly¢(tx) — h(x(t)]|> Tt
can be proved (using similar arguments as in (Hassani et al., 2009)) that due to the partic-
ular structure of equation (5.13), the weights p,(t) are positive, bounded, and the overall
sum YN py(t) is always one for all t > 0, independently of the error measuring function
wy(t). In this chapter, we implemented the MMAE method for both Quantum Filter (QF)
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and Quantum Extended Kalman Filter (KF). The obtained results are presented in Section
54.

5.3 Lyapunov-based state feedback control

This section addresses Problem 2. Drawing inspiration from the concepts presented in
(d”Alessandro, 2021), we begin by considering a state ps € xy, and select a matrix IT =
I — ps. This selection leads us to define the Lyapunov function as

V(p) = Tr{IIp}. (5.14)

It is important to note that IT is Hermitian, ensuring that it possesses real eigenvalues.
Furthermore, I1 is positive semi-definite, which guarantees that the Lyapunov function
V(p) is non-negative for all states p, i.e., V(p(t)) > 0. Additionally, a significant charac-
teristic of ITis its commutativity with the final state p¢, that is, [of, IT] = 0.

Remark 5.2 Stationary points of the Lyapunov function V (p) are identified as states p that com-
mute with pf, see (d"Alessandro, 2021), i.e., [p,pf] = 0. Given the definition of I1 =1 — pf, this
commutation property implies [p,11] = 0.

We initially derive a controller to minimize V(p), assuming access to the actual state
p(t)-

Theorem 5.1 Consider the quantum system (5.1) and let xf = {p € H : [p,I1] = 0} be the
desired stationary set. Consider the feedback control law

Yo _
—1s., ort € [tk_l,tk),k—l,3,5,...
an={ " 4 (5.15)

0, otherwise

where Yo =T Tr{IID [c;] p} + MTr{IID [c\] p} + a Tr{IIp}, witha € R, and Y1 = Tr{I1[H,,p]}.
In the above, we set the control value to switch at event times{to,t1,...} when Y crosses an ¢ >0
value and the period of time between the last switching and current is larger than some dwell time,

that is, ty is defined as

te = mtin{t >t 1+ 01:Y1<e} forkodd,
te = mtin{t >t 1+ D2:Y1 >¢} forkeven,

for some appropriate dwell times A1, Ay € RT. Then, the resulting closed-loop system exhibits
the property that the set x y is practically exponentially stable in probability.

Proof: Given that p 7 is selected to commute with I1, it follows that p ¥ becomes a station-
ary point of the Lyapunov function V(p), as discussed in (d’Alessandro, 2021). Further-
more, according to Remark 5.2, the set X is identified as a stationary set. To investigate
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its stability, we consider the infinitesimal generator of p(t) applied to V(p). This analysis
involves the diffusion process described in (5.1) and leverages the It6 formula, resulting

L(V(p)) = Te { 11" ( = i[Hap(5)] + TDledo(t)
+ MDleulp(t) — i[He,p(1] (1)) }

+ %Tr{Z(p)HVZT(p)}

where L(V(p)) is the quantum Markov generator for the Lyapunov function V, and
Z(p) = /nMH[cu]p(t). Note that the last term is zero because the Hessian matrix Hy
of V(p) is null. Considering the commutation relation [p¢, Hs] = 0 and the definition
IT=1— pf, we deduce [I1, Hy] = 0 since [I — pf, Hy] = —[of, Hs] = 0. By employing the
trace property Tr{ A[B,C]} = Tr{C[A, B} }, it follows that Tr{I1[Hy,p|} = Tr{p[I1, Hs] } = 0.
Thus, we obtain

L(V(p)) = —iQ(t) Tr(I1[H,, p(£)]) + T Tr(ITD[cqlp(t))
+ MTr(II1D]cy)p(1)). (5.16)

At this point, our objective is to identify a control function Q)(t) that satisfies L(V (p)) <
—aV(p), ensuring that V(t) = V(p(t)) is a supermartingale and decreases exponentially
with a rate « > 0. Among the potential solutions, we opt for the one that minimizes the
control effort O?(t) pointwise in time. Hence, we seek Q)(t) that solves the optimization
problem:

minimize O?(t)
Q(t)

subjectto  —iQ(#)Y1 + Yo <0.

The solution to this optimization problem is precisely the control law presented in (5.15).
Caution is advised when Y, approaches zero to prevent computational inaccuracies and
excessive control signal magnitudes. As a preventive measure, the control strategy switches
Q(t) to zero once Y; < ¢&. To avoid Zeno behavior, characterized by an infinite number
of switches within a finite time, we enforce a minimum dwell time between switching,
te— te1 > A.

Taking now into account the results and reasoning presented in (Aguiar et al., 2007)
for switching systems with stable and unstable modes, and acknowledging that L(V)
remains bounded when () = 0, the practical stability in probability of the set x is conclu-
sively established by noticing that L(V) < —#(V') + o, for some class K function 1 and
constant 179 > 0. O]

We now adapt the proposed controller for the case that we do not have direct access
to the state p(t). By applying the methodology from the previous section, we compute an
estimated state §(t) and use it in place of p(t). The next result shows that we still recover
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Figure 5.2: Comparative evolution of quantum state populations. This figure illustrates the
population dynamics of a quantum system under three different scenarios: (a) Non-dissipative
dynamics; (b) Dissipative dynamics with the Lindblad equation; and (c) Stochastic dynamics
over 100 realizations. In each subplot, the populations pgo(t), p11(f), and the real part of the
off-diagonal pg; (t) (or p1o(t)) are plotted in time. The non-dissipative dynamics exhibit periodic
oscillations, the dissipative dynamics show damped oscillations leading to steady-state popula-
tions, and the stochastic dynamics reveal ensemble-averaged behaviors with individual realiza-
tions contributing to the shaded regions.

practically stability in probability and moreover that the set x s is NSpS with respect to

the estimation error.
Theorem 5.2 Consider the same conditions of Theorem 1, but now replacing (5.15) by

—i%o fortelt i t), k=1,35,...
ot =< N f | (5.17)
0, otherwise

where Yo =T Te{IID [c4] p} + MTe{IID [c;] p} +a Tr{T1p}, witha € RY, and Y1 = Tr{T1[H, 0]}
with p denoting the output estimate of the quantum observer. Let &>(t) be the incremental
variance associated to the noisy estimation error Tr{p} = Tr{p — p}, which is considered to be
bounded. Then, the set x  is NSpS with respect to &2 (t).

Proof: From (5.16), it follows that L(V (p)) satisfies
L(V(p)) = —iY1Q(t) + Yo — iY1Q(t) + Yo, (5.18)

where Yo = Yo — Yo and Y; = Y; — V3. Using Proposition 5.2, we deduce that p is
bounded. Consequently, ¥, is also bounded. Additionally, since Y, >efork=1,3,5,...,
the control signal ) is bounded as well. This implies that Yy and Y; can be bounded by
class K functions of &>.

Applying now the same reasoning as in the previous proof, we can conclude from
(5.18) that the generator L(V) for V(p) > 11 (52) satisfies

L(V) < =3(V) + 10,

for some class K function 7, a positive definite function #;, and a constant 779 > 0. There-

fore, by invoking the results from (Deng et al., 2001), the desired conclusions follow. [
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5.4 Application to Qubits in Leaky Cavities

The methodology presented here for the illustrated example is applicable to any two-
level atom experiencing classical influences such as driving, damping, and detuning. Our
examination specifically focuses on a qubit interacting with a leaky cavity in a rotating
frame. The drift Hamiltonian, H; = %03, incorporates the effective detuning, wa = wg +
Awpr — wo, which represents the adjusted frequency discrepancy of the qubit. Here, wr
denotes the frequency gap between the excited |e) and ground |g) states, wy signifies the
oscillation frequency of the driving field, and Awg refers to the frequency shift. The Pauli
operator 03 = |g) (g| — |e) (e| serves as the inversion operator for the qubit. The control
Hamiltonian, Hc = —Q)(t)oy, where Q(t) is the Rabi frequency, is directly proportional to
the transition dipole moment and the amplitude of the driving electromagnetic field. For
the annihilation and creation field operators, we utilize the Pauli lowering and raising
operators, a = ¢_ and a' = o, respectively. The initial density operator is chosen as
oo =[5 _09'55i] corresponding to the Bloch vector xo = [0,1,0]T. The parameters used in
simulations are defined as follows: The decay rate (T') is set to 10 s!, representing the
rate at which the system loses energy to its environment. The Rabi frequency (wg) is
5T rad/s, characterizing the frequency of oscillation for a two-level system driven by a
resonant electromagnetic field. The interaction strength (M) used in the Lindblad term
is set to 157!, representing the strength of certain dissipative processes. The detection
efficiency (1) is set to 0.8, indicating that 80% of the signals are correctly detected. The
time step for numerical integration (dt) is set to 0.001 seconds to improve accuracy, and
the total simulation time (T) is set to 1.0 second, defining the duration over which the
simulation is run. For now, we consider the amplitude of the driving field ((2), which
represents the strength of the external field, as 3I' rad /s. We later change this value with
the one obtained from control method.

Figure 5.2 shows our analysis of three distinct scenarios. The first scenario depicts
the evolution without dissipation or noise, highlighting the ideal oscillatory behavior
resulting from the coherent superposition of quantum states. The second scenario il-
lustrates the dissipative dynamics governed by the Lindblad Equation, modeling how
environmental impacts cause the decay of these oscillations. The third scenario intro-
duces stochastic dynamics, where random environmental disturbances are represented
by stochastic noise. In this scenario, the stochastic evolution is shown across 100 realiza-
tions, with the mean values highlighted to provide a clear understanding of the system’s
overall behavior.

Figure 5.3 illustrates a comparative analysis of the quantum filter estimator and the
quantum extended Kalman filter estimator for the elements of the coherence vectors.
Both filters are initialized with %9 = [1,0,0]7, corresponding to the density matrix gy =
[9292]. The analysis reveals that both filters closely track the true state across all three
variables, with minor deviations primarily during the initial transient phase. The Kalman
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Figure 5.3: Comparative analysis of true state, quantum filter, and quantum extended Kalman
filter in the x-representation. The plots show the population dynamics over time for three different
state variables in the coherence vector representation: (a) x1; (b) x2; and (c) x3. The blue solid lines
represent the true state (x1,x2,x3), the green dashed lines represent the estimates obtained from
the quantum filter (£1gr, £20r, £30r), and the red dashed lines represent the estimates from the
Kalman filter (£1xr, 2ok, £3KF)-

Population

Figure 5.4: Comparison of true density matrix elements with quantum and quantum extended
Kalman filter estimates. The plots display the evolution of the real parts of the density matrix
elements over time, comparing the true values (solid blue lines) with the estimates obtained from
the quantum filter (dashed green lines) and the Kalman filter (dashed red lines).

filter estimates (red dashed lines) demonstrate faster convergence to the true state com-
pared to the quantum filter estimates (green dashed lines), particularly noticeable in the
initial peaks. Despite these differences in the transient phase, both filters achieve nearly
identical accuracy in steady-state estimation. The slight deviations observed in the quan-
tum filter during the early phase indicate a higher sensitivity to initial conditions and
noise, which gradually corrects over time. Overall, both filters effectively estimate the
quantum state’s dynamics, offering valuable insights into the system’s behavior.

Figure 5.4 shows the reconstruction of the density matrix §(t) from the elements of
the coherence vector X. This process involves transforming the state space representation
back into the density matrix form, ensuring that the estimates are consistent with the
physical properties of the quantum state. The figure demonstrates that both the quantum
filter and the quantum extended Kalman filter estimates converge to the true values for
all elements. Notably, the Kalman filter exhibits faster convergence. In the steady-state
region, both filters provide estimates that closely match the true values, indicating their
robustness for long-term state estimation. Although minor discrepancies are observed
during the transient phase, these are corrected over time, with both filters showing high
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Figure 5.5: Fidelity comparison over time between true and estimated density matrices. The plot
shows the fidelity values between the true density matrix and the estimates obtained from the
Kalman filter and the quantum filter over time.

fidelity in tracking the true state of the system. This analysis highlights the robustness
and accuracy of both the quantum and Kalman filters in estimating the state of a quantum
system.

Figure 5.5 shows the fidelity between the true density operator and the estimated
state, computed using F(p,p) = (Tr (\/\/pp/P) )2 for both the quantum filter and Kalman
filter. This measure quantifies the proximity of the estimated density matrix to the true
density matrix, with values ranging from 0 (completely different) to 1 (identical). The
tigure illustrates that both filters achieve high fidelity with the true state, particularly in
the steady state, indicating accurate tracking of the quantum state. While there are slight
discrepancies initially, both filters converge to high fidelity values, demonstrating their
effectiveness in quantum state estimation. The transient region displays fluctuations, re-
flecting the filters” adaptation to the initial state dynamics. The Kalman filter exhibits
slightly faster convergence compared to the quantum filter, which is particularly impor-
tant for real-time applications. It is important to emphasize that the Kalman filter offers
the significant advantage of allowing the tuning of its gains (specifically, the covariances
Q and R) to enhance performance. In contrast, the Quantum filter lacks this flexibility.

Figure 5.6 delves deeper into the analysis of the proposed Kalman filtering by show-
ing the trace of the error covariance matrix P. The trace of P can be seen (in an ideal
scenario) as an indicator of the Kalman filter’s performance, as it quantifies the evolution
of uncertainty in the state estimates, demonstrating the filter’s effectiveness in reducing
this uncertainty over time. As depicted in the figure, the trace of P is initially high, re-
flecting significant uncertainty in the initial state estimates, which is typical at the start
of the filtering process when the initial state is often based on a rough estimate. As the
Kalman filter processes measurements, the trace of P decreases, indicating that the filter
effectively reduces uncertainty in the state estimates by incorporating new measurement
information. This reduction is evident from the rapid decline in the trace of P during the

initial phase of filtering. Eventually, the trace of P reaches a steady-state value, signifying
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Figure 5.6: Evolution of the trace of the error covariance matrix P over time. The plot shows the
trace of the error covariance matrix P as a function of time in the Kalman filtering process. The
trace of P is a scalar measure of the total estimation error variance across all state variables.

that the filter has minimized the uncertainty in the state estimates. The steady-state value
of the trace of P is influenced by process noise and measurement noise.

Figure 5.7 shows the time evolution of the quantum state populations x;, xp, and
x3 under multiple model implementations for both quantum and Kalman filtering ap-
proaches. Each row corresponds to a specific wg multiplier (0.8, 0.9, 1.0, 1.1, 1.2), and
each column represents a state variable. When wr, is set to the nominal value (1.0), both
QF and KF estimates converge to the true states, demonstrating accuracy and robustness.
However, for other wr values, discrepancies between the true states and filter estimates
become noticeable, highlighting the system’s sensitivity to variations in wg. These re-
sults underscore the robustness of the MMAE approach, where dynamic weights adjust
the contributions of each model based on the observed data. The adaptive nature of the
MMAE ensures that the most probable model predominantly influences the state estima-
tion, effectively handling uncertainties in wg. This adaptability is crucial for maintaining
accurate state estimates in quantum systems with variable dynamics, providing a reliable
framework for practical quantum state monitoring and control applications.

Figure 5.8 demonstrates the dynamic adaptation of model weights in the MMAE
framework. Each weight p; corresponds to a model with a different wg multiplier. Ini-
tially, all weights are set equally, reflecting no prior knowledge about which model is
most accurate. As the estimation process progresses, the weights dynamically adjust
based on the error measures between the observed measurements and the predicted
states from each model. This adjustment is governed by a dynamic recursion equation,
enabling the MMAE to identify and emphasize the most likely model over time. The
results show that the weight p3, corresponding to the nominal wg, gradually becomes
dominant as the most probable model. This is evidenced by its increase and stabilization
at a higher value compared to the other weights, which decrease as the system identi-
fies them as less probable. The convergence of p3 demonstrates the effectiveness of the
MMAE in correctly identifying the model that best represents the true system dynamics.
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Figure 5.7: Time evolution of quantum state populations with multiple models of wg. This figure
illustrates the dynamic behavior of the quantum state populations x1, x, and x3 under varying
wr values, with true states shown in blue, quantum filter estimates in green, and Kalman filter
estimates in orange. Each row corresponds to a different wgr multiplier: 0.8 (Population 1), 0.9
(Population 2), 1 (Population 3), 1.1 (Population 4), and 1.2 (Population 5). Columns represent the
state variables x;, xo, and x3 respectively. The plots highlight the performance of the QF and KF
in tracking the true quantum state across different wr scenarios.

The variations and eventual stabilization of the weights illustrate the MMAE's capabil-
ity to adapt to the true system parameters, ensuring robust state estimation even under
model uncertainties. This dynamic adaptation is crucial for accurately tracking the quan-
tum state in systems where parameters may not be precisely known or may vary over

time.
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Figure 5.8: Dynamic evolution of model weights p; in the MMAE framework. This figure illus-
trates the time evolution of the dynamic weights p1, p2, p3, p4, and ps associated with different
models in the MMAE. The weights are represented to show their adaptation over time as the
MMAE converges to the most probable model.
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Figure 5.9: Control signal, controlled state evolution, and fidelity over 100 stochastic realizations.
The first subplot displays the control signal Q)(t) applied over time for 100 realizations (light blue
lines) with the mean control signal. The second subplot illustrates the controlled time evolution of
the elements of the density operator, depicting how the state evolves towards the target set. The
third subplot presents the fidelity with respect to the target state, demonstrating that the target
state is achieved with high accuracy.

Figure 5.9 presents our results regarding the dynamic control of the studied quantum
system under stochastic influences, with the goal of steering the system towards a spec-
ified target set. All simulations are conducted over 100 realizations to account for the
effects of noise and randomness. The first subplot displays the control signal Q)(t) over
time for each of the 100 realizations, shown in light blue, with the mean control signal
highlighted. This control signal is dynamically adjusted using feedback from the sys-
tem’s state to steer the system towards the desired target state, employing our Lyapunov
switching approach. The variability in the control signals across realizations reflects the
system’s adaptive response to stochastic disturbances. The second subplot shows the
evolution of the density matrix elements over time, with the control signal Q)(t) used to
achieve controlled evolution. This plot illustrates the convergence of the state popula-
tions’ trajectory towards the desired target under the applied control signal. The third
subplot focuses on the fidelity of the system’s state relative to the target, computed as
F(p,pf) = <Tr (W) )2 for pf € xs. This plot confirms that the control strategy
effectively drives the system towards the target state, as evidenced by the high fidelity

values over time.
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5.5 Concluding Remarks and Discussions

This chapter has presented a comprehensive approach to state estimation and control for
stochastic quantum dynamics, with a particular focus on qubits subjected to homodyne
measurements. The proposed methodology integrated Lyapunov-based control strate-
gies with two advanced filtering techniques: the traditional quantum filtering method
and a novel extended Kalman filter (EKF). These methods have been designed to esti-
mate the coherence vector’s evolution in a quantum system under continuous homodyne
measurements, addressing the challenges posed by correlated noise and uncertainties in
the system’s Hamiltonian.

A contribution of this work is the introduction of a multiple model estimation scheme,
which enhances the robustness of the state estimation process, especially in the face of
unknown or variable system parameters, such as the drift Hamiltonian. This multiple
model framework allows the system to adapt dynamically, switching between models
based on observed data, which is critical for systems with uncertainties in key param-
eters. The effectiveness of this estimation scheme was demonstrated through simula-
tions, where it maintained accurate state estimation even when the system’s resonance
frequency was uncertain.

In terms of control, the chapter explored a switching-based Lyapunov approach that
ensures noise-to-state practical stability (NSpS) in probability. This method successfully
controlled the qubit’s evolution, driving it towards a desired target state while compen-
sating for uncertainties and stochastic disturbances. The results illustrated the practical
viability of this control strategy in stabilizing qubits in a leaky cavity under homodyne
detection.

The comparative analysis of the quantum filter and the EKF revealed that while both
methods are effective, the Kalman filter offers superior performance due to its ability to
handle correlated noise and its flexibility in tuning gains. The Kalman filter’s advantage
in convergence speed and steady-state accuracy makes it particularly suitable for real-
time quantum control applications.

Looking forward, several directions for future research emerge from this work. First,
while this study has focused on qubits, the proposed methodologies can be extended
to more complex quantum systems, such as multi-qubit systems or higher-dimensional
quantum systems. As the system’s dimensionality increases, more sophisticated estima-
tion and control techniques will be required to manage the larger state spaces and more
intricate dynamics. Real-time implementation is another important area for future devel-
opment. Quantum control requires prompt decision-making, and future efforts should
focus on developing efficient computational algorithms and leveraging hardware acceler-
ation techniques to ensure these methods can be used in real-time quantum information

processing systems.
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Additionally, while the current methods address stochastic disturbances, further re-
search could explore enhancing these techniques to handle adversarial disturbances in
quantum systems. Developing robust control methods such as He-filtering could im-
prove the resilience of quantum systems against external perturbations, leading to more
reliable control outcomes. There is also potential for hybrid classical-quantum control
systems, where quantum systems interact with classical controllers. Extending the cur-
rent framework to account for such interactions could yield more robust control designs,
especially in noisy intermediate-scale quantum (NISQ) technologies.

Lastly, these techniques hold promise for applications in quantum metrology and
quantum computing, where precise control over quantum states is crucial. Future re-
search could focus on tailoring these methods for specific applications in quantum error
correction, quantum sensors, and quantum communication protocols.

In conclusion, integrating Lyapunov-based control with advanced filtering methods
provides a promising framework for stabilizing and controlling quantum systems under
uncertainty. The methods developed here provide a strong foundation for future ad-
vancements in quantum control, particularly in real-time applications and more complex

quantum systems.



Chapter 6

Quantum Entanglement Synthesis
and Optimization

This chapter studies an optimal control strategy to generate maximally entangled states
in bipartite quantum systems. Leveraging the Pontryagin Principle, we derive time-
dependent control fields that maximize the entanglement measure, specifically concur-
rence, within minimal time while adhering to input constraints. Our formulation ad-
dresses the Liouville-von Neumann dynamics of the reduced density matrix under uni-
tary evolution. The strategy is numerically validated through simulations, demonstrat-
ing its ability to drive the system from an initial perturbed separable state to a maximally
entangled target state. The results showcase the effectiveness of switching control fields
in optimizing entanglement, with potential applications in quantum technologies, in-
cluding communication, computation, and sensing. We also study entanglement synthe-
sis using the Chopped Random Basis (CRAB) algorithm. The CRAB algorithm is utilized
to drive the evolution of quantum states, transitioning them from approximately separa-
ble states to maximally entangled states. This is achieved by optimizing control pulses,
which are designed using a tailored Hamiltonian. Together, these techniques showcase
quantum control methods that address challenges in quantum computing, communica-
tion, and metrology. The main results of this chapter were published in (Dehaghani et al.,
2024a,b).

6.1 Entanglement Monotones and Measures

In this subsection, we introduce fundamental concepts from entanglement theory, focus-
ing on entanglement monotones and measures.

Entanglement measures must satisfy specific criteria to accurately reflect the entan-
glement properties of quantum states. For a bipartite entanglement measure E(p), the fol-
lowing postulates are generally accepted as defining characteristics Donald et al. (2002);
Vedral and Plenio (1998); Vidal (2000); Horodecki (2001):

88
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1. Quantification of Entanglement: A measure E(p) quantifies the intensity of entan-
glement of a state p by mapping system density matrices to positive real numbers,
ie,p— E(p) € RT.

2. Zero for Separable States: The measure E(p) = 0 if and only if p is separable, indi-
cating the absence of quantum entanglement.

3. Monotonicity under LOCC: The measure E(p) does not increase on average under
Local Operations and Classical Communication (LOCC) operations. For any LOCC
operation A, it holds that E(Ap) < E(p), reflecting the principle that entanglement

cannot be increased through local actions and classical communication alone.

4. Agreement with Entropy of Entanglement for Pure States: For pure states p =
|) (|, the measure converges to the entropy of entanglement, aligning the en-

tanglement measure with the von Neumann entropy for pure bipartite systems.

Any function E(p) satisfying the first three conditions is considered an entanglement
monotone, while functions that meet conditions 1, 2, and 4 are recognized as entangle-
ment measures. Some authors further define entanglement measures by imposing addi-
tional criteria, such as convexity, additivity, and continuity, as detailed in Donald et al.
(2002); Vedral and Plenio (1998).

Key entanglement measures include the entropy of entanglement, Renyi entropy,
entanglement of formation, Negativity, and Concurrence. Given the importance and
widespread use of concurrence as an entanglement monotone, our work will primarily
focus on analyzing quantum entanglement through the lens of concurrence, as it provides

a practical and insightful tool for quantifying entanglement.

6.1.1 Analysis of Quantum Entanglement Using Concurrence

For a bipartite quantum system described by a pure state |¢) in the Hilbert space Hy ®
Hgp, the state can be expressed in the computational basis {|ij) } as Zhao et al. (2011),

ds dp

[y =YY wijli)ali)s 6.1)

i=1j=1
where a;; € C are complex coefficients and satisfy the normalization condition

da dp

YN faif=1. (6.2)

i=1j=1

The concurrence C(p) provides a compact way to quantify the entanglement of the state
|¢). For separable states, the concurrence is zero. Conversely, for maximally entangled
states, the maximum concurrence value achieves its maximum value of 1. This corre-

sponds to maximally entangled states such as the Bell states. The degree of entanglement
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is quantified as
Clo) = /2(1—Tr(p%)), (6.3)

where p4 is the reduced density matrix of subsystem A, obtained by tracing out the
degrees of freedom of subsystem B, that is,

pa = Trp(|¥)(P]). (6.4)

To analyze the structure of |¢), we use the Schmidt decomposition, which expresses the
pure state as Lee et al. (2022); Nielsen (1999)

) = i VA ) 4 @ |or) s, (6.5)
P

where /Ay are the Schmidt coefficients, with Ay > 0 and Y;_;Ax =1, |ux)a and |vg)p
are orthonormal basis sets for H4 and Hp, respectively, and 7 is the Schmidt rank. The
Schmidt decomposition highlights the shared entanglement structure between the two
subsystems. Using the Schmidt decomposition, the reduced density matrices of subsys-
tems A and B can be written in their spectral decompositions

;
pa=Trp(pag) =) (]IA ® <U;§\> PAB (HA ® \UE>) (6.6)
k=1
where 1 4 is the identity matrix in H 4. These reduced density matrices encapsulate the bi-
partite system’s entanglement, with their eigenvalues and eigenvectors derived directly
from the Schmidt decomposition.

6.2 Optimal Control Based on Quantum Entanglement Measures

This section explores the application of optimal control strategies to maximize the utility
of entangled states.

6.2.1 Optimal Control Problem Statement

Consider a bipartite quantum system composed of two interacting particles. The ob-
jective is to manipulate the system’s state to achieve a high degree of entanglement.
To achieve this, we apply Pontryagin’s Minimum Principle (PMP) to compute time-
dependent external control fields that guide the system’s time evolution toward desired
states exhibiting maximum entanglement.

We propose a cost function designed to facilitate the generation of entangled states us-
ing the concurrence measure, aiming to achieve this within the minimum possible time.
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The optimal control problem is formulated as follows:

min] = —C(p(tf)) +Tts

oats

subject to:

pa(t) = F(o(t),u(t)), (dynamics)
p(to) = po € Hy, (initial condition)
u(t)yeU:={uecLl:||uly < tUmax} (control constraint)
tr € (to, ) (final time constraint)

where I’ is a positive coefficient that balances the minimization of the time required and
the concurrence. The final time t¢ is treated as free and optimized. The control fields ()
are modeled as time-dependent bounded measurable functions.

The time evolution of the density operator p(f) is modeled using the Liouville-von

Neumann equation
o(t) = —ilHo + He(t) p(1)],  He(t) = ) wi(t)Hy 6.7)

where Hj represents the system’s intrinsic Hamiltonian, Hj, is the fixed control Hamil-
tonian, and u(t) is the time-dependent scalar control input. Note that the dynamics in
the optimal control formulation is considered for the reduced density matrix p4 with the

action of the partial trace:
F(o(t),u(t)) = Trgp,

where the partial trace operation Trg(-) is performed over subsystem B, leaving the re-
duced density matrix p4(t) of subsystem A. In this framework, the control field u(t) is
optimized to guide p 4 (t) toward a state that maximizes the quantum property of interest,
concurrence, while adhering to the system constraints and dynamics.

The existence of an optimal solution to this control problem is guaranteed by the
application of PMP, under the regularity conditions (smoothness of dynamics, control-
lability, compactness of the control space and the continuity of the cost functional). The
objective is to determine the pair (p*,u*) that is optimal in the sense that the value of the
cost functional is minimized over the set of all feasible solutions, achieving the desired

entanglement in minimum time.

6.2.2 Necessary Optimality Conditions in the Form of Pontryagin’s Minimum
Principle

In this subsection, we explore the solution to the proposed optimal control problem,
which focuses on minimizing the time required to achieve high degrees of entangle-
ment in a bipartite quantum system. This problem is subject to bounded control inputs
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and aims to maximize the concurrence. The solution involves determining the optimal
state trajectory p*, the optimal control u*, and the corresponding Lagrange multiplier
7t*. These components are derived using PMP, which provides the necessary optimality

conditions.

Proposition 6.2.1 According to Pontryagin’s Minimum Principle, the optimal control law u*,
corresponding to the proposed optimal control problem, exhibits a bang-bang nature, where the
control u*(t) alternates between its extreme values.

Proof: To determine p*, u*, and 77*, the Pontryagin Hamiltonian function H is defined as

H(p(t)u(t), () =Te (' ()4 ), £ liosty] 68

According to Pontryagin’s Minimum Principle, the optimal control #*(¢) must minimize
the Hamiltonian H at every time ¢. To obtain the optimal control law, we further analyze

the Pontryagin Hamiltonian as

Hp(t),u(t), (1)) =Tr (7 ()pa) = —iTe (7" () Te([H,p)))

where H = Hp + Hc. Since the quantum mechanical Hamiltonian H and the density
matrix p are both Hermitian, one concludes that ([H,p])t = —[H,p]. This means that

the commutator [H,p] results is a skew-Hermitian matrix, so, its diagonal elements are
purely imaginary. Hence, its diagonal and offdiagonals elements satisfy ([H, p]);; = —([H, p])};
and ([H,p])jx = —([H,p] )]’-‘k, respectively. In addition, according to trace properties, Tr([H, p]) =
Tr(Hp) — Tr(pH) = 0, which means that the trace of Trg([H,p]) is also zero. Hence, we
obtain the following form for f € C and « € IM,

v P
Trp([H, ):( )
s([H,p] o a

so the Pontryagin Hamiltonian can be written as

w2 77 (5, )
T2 —B* —u

T2
= —i(ma — " + 7B — o)
= — i((mn = 7)a + (1B — (71128)"))
since 711,711 € R and (71,8 — (715,B)*) also gives a pure imaginary number, the Pon-

tryagin Hamiltonian results in a real number. Now, we need to consider minimizing the

Pontryagin Hamiltonian since the optimal control is determined by

u*(t) = argminH (p(t),u(t),m(t)),
u(t)eld
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for all t € [to,tf], subject to u(t) € U, the admissible set of controls. The minimization
depends on the control-dependent term in H, i.e., Tr (7' (t) Trg([He,p()])). Thus, the
optimal control law u*(t) is determined by the sign of Tr Y (7t (t) Trp([Hy, p(t)])), and is
given as

. Ugmax,  if —iTe(m" (8) Trp([He p(1)])) <0,
(t) = (6.9)
—Ukmax, Otherwise.

This control law explicitly incorporates the partial trace Trp, which accounts for the dy-
namics of the reduced subsystem A by tracing out the influence of subsystem B. The lin-
ear dependence of H on u(t), specifically through the term —iu (¢) Tr (7" (t) Tep ([H, p(1)])),
ensures that the optimal solution lies on the boundaries of the admissible control set,
leading to a bang-bang nature of u*(¢). This bang-bang control strategy, as described in
(6.9), drives the system efficiently toward the desired entangled state while satisfying the
constraints of the control problem. 0

Proposition 6.2.2 Under PMP, the evolution of the adjoint variable 7t(t) is governed by the
adjoint equation
7i(t) = —7t'ply,
9PA

where p'y = 30, Tepresents the functional derivative of the time evolution operator p o with respect

to the state p 5. At the final time t ¢, the adjoint variable satisfies the terminal condition
204(t
() V204 (tf)

) = . (6.10)
V1= Te(oaltr)?)

Proof: Under PMP, the adjoint variable 77(t) evolves according to the adjoint equation

() = _a;Z(lt) - _aiA Tr(7" (£)pa(t) = —ﬂ*agzit),

where the Hamiltonian depends on p 4 () implicitly through p 4 (t).
The terminal condition for 7(t) follows from PMP and the specific structure of the

problem. At the final time #(, the adjoint variable must satisfy

oJ :_ac(p):_\/E 1
da 9pa 2,/1-Tr(p?)

mi(te) = (=204),

which leads to (6.10) for the final time. O

Remark 6.1 The explicit expression for the functional derivative of p o with respect to p o depends
on the form of p and the correlation term between the two systems A and B. To analyze this, we
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first implement the time derivative of p using the Schmidt decomposition as

pa =Trg(—i[Ho + He,p]) = —iTrs([Ho + He, p])

r (6.11)
=11 (14 ® (of]) o + Hep) (14 @ o))
We now consider the derivative of p o with respect to p a, referred to as p', so
. L o[Ho + H,,
os =iy (1ae (of)) [apfﬂ (14 ® lof) (6.12)
k=1

Given the total density matrix p = pa @ pp + Pcor, Where peor represents the correlation term.

We analyze two cases:

- Case 1: pcor = 0 (No Correlations Between A and B)

If there are no correlations, the total density matrix p is separable:

P =04 0B

In this case, the derivative of p with respect to p 4 is straightforward. Since pp is indepen-
dent of p o, we have
dp
— =1 .
904 B ® PB

Substituting this into the functional derivative of p s, we obtain
P = —i Z (HA ® (vg |> [Ho + He,1p @ pB] (HA ® |Uk>>
k=1
Here, the commutator simplifies because of the separability of p.

- Case 2: pcor 7 0 (Presence of Correlations)

When correlations exist, the total density matrix p includes the correlation term pcor, and
the derivative becomes more complicated. Specifically, the functional derivative of p with

respect to p 4 is given by

The second term aa Do accounts for the interdependence between subsystems A and B through
their correlations. Substituting this into the expression for p's, we have

_ aPcor
A _—zI;(JIAea vk|> [H0+HC,]IB @pp+ 0

(]IA@ \v,lf>>
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Here, the correlation term pcor introduces additional complexity, and its specific form deter-
mines the nature of the functional derivative.

Proposition 6.2.3 Given the cost functional | and the Pontryagin Hamiltonian H(t), for the
Pontryagin Hamiltonian associated with the optimization problem, at the final time t ¢, the follow-
ing transversality condition holds:

H(tp) = &pfl T (6.13)

2,/1- Tr(p})

Proof: From the transversality condition of the final time one has

9] _ 9(=Clp(ts)) +Tty)

We need to compute
IC(p(tr)) _ 9C(p) Fpalty) _  V2pa oa
oty dalty) Ot 5 1 Tr(p)
In addition — B;thf = —TI, so by summing the two terms one obtains (6.13). O

6.3 Numerical Validation of Optimal Entanglement Control

In this section, we numerically validate the entanglement control strategy developed in
the preceding section. We begin by introducing the system Hamiltonian. In the proposed
example, we consider that the internal Hamiltonian Hy (in the absence of external fields)
is given as

Hy =0, ®0,.

The control Hamiltonian H,(t), driven by time-dependent control fields u(t), consists

of a linear combination of coupling Hamiltonians Hy, where k = 1,2,3, constructed from

Pauli matrices as
Hi=0®0y+0,®0,

H2:0'x®0'z+0'z®0'xz
Hz =0y ®0; + 0, ®0y.

Here, the Pauli matrices are defined as

01 0 —i 1 0
Oy = , Oy = , Oy = .
1 0 i 0 0 -1
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We consider a general two-qubit superposition state expressed as
|l[](t)> = 0600‘00> + g1 ’01) + £K10|10> + DC11|11>,
where a;; are complex coefficients. The corresponding density matrix is given by

- i
l@oo|*  @ooy;  @ooxjy @oody;
2
a1y e |®  amajy aoaq;

2
a0y X10&y |@10|” a10a7;

2
gy anay anajy  fan]®

To quantify entanglement, we compute the partial trace over subsystem B, resulting in
the reduced density matrix:

Trs(o) w0 |2 + ao1|* ooty + o1},
B — .
awa&) -+ 06110é81 ‘0610|2 + ’0611 ‘2

We focus on driving the system toward Bell states, which represent maximally entangled
two-qubit states. The Bell states are defined as

@) = —5(100) + [11)),
©7) = 5(00) ~ [11),
¥ = (o) + 10)),
¥7) = —=(01) - [10)).

S5

2

These states exhibit specific entanglement patterns and serve as benchmarks for evaluat-
ing the effectiveness of our control strategy. To investigate the dynamics of entanglement
generation, we initialize the system in a perturbed separable state to avoid critical points

where the entanglement gradient vanishes. The initial state takes the form
Po = (1 - e)Psep + 6(5{7/

where psep represents a separable state, 5p introduces a small entangled component, and
0 < € < 1 controls the perturbation magnitude. This setup ensures the system starts close
to separable while still enabling smooth optimization dynamics. By applying the control
fields uy(t), we numerically optimize the state evolution to achieve a maximally entan-
gled target state. For instance, we considered a perturbed separable state by expressing
psep = 00)(00] and 5p = |*) (@],
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Figure 6.1: Control field amplitudes u1, up, and u3 as a function of time.

Figure 6.1 illustrates the evolution of the control fields u;, u», and uz over time. No-
tably, the control field u; exhibits switching behavior, transitioning between —1 and 1 at
specific times. This behavior is interpreted as a bang-bang control strategy. The observed
switching aligns with the principles of the PMP, where the control input is driven to its
extremal values to maximize system performance. The abrupt transitions (e.g., around
t = 0.5) correspond to changes in the system’s switching function, which determines the
optimal control direction. The fields u; and 13 remain constant at the lower bound.

Figure 6.2 illustrates the evolution of concurrence over time under the influence of
optimal switching control fields: The figure demonstrates the effectiveness of optimal
control in generating entanglement in a quantum system. Key observations include: At
the beginning (¢ < 0.3), the concurrence increases steadily as the control fields drive the
system from a separable state toward an entangled state. After t = 0.6, the concurrence
approaches its maximum value of 1, representing a maximally entangled state. The rapid
transitions in the control fields, as seen in the previous figure, optimize the state evolution
to maximize entanglement efficiently. Such behavior is essential for quantum technolo-
gies, including quantum communication and quantum computing, where high levels of

entanglement are crucial.

6.4 Application of CRAB Algorithm for Enhanced Entanglement
Synthesis

This section explores the application of the Chopped Random Basis (CRAB) algorithm,
integrated within the Quantum Toolbox in Python (QuTiP), to control and manipulate en-
tanglement dynamics in a two-qubit quantum system. The primary focus is on enabling
the transition from a perturbed separable state to a maximally entangled state via the
strategic design of control pulses. By employing a tailored Hamiltonian, we optimize the
pulses to meet a predefined fidelity error target, thus assessing the algorithm’s efficacy in
achieving precise quantum state transformations.
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Figure 6.2: Evolution of concurrence as a function of time using optimal switching con-
trol fields. The switching behavior in the control fields ensures a rapid increase in con-
currence, reaching its maximum value of 1, indicative of maximal entanglement.

With the ability to model the trajectory of a quantum state under the influence of an
external field, it naturally prompts us to explore the converse scenario: Given known
initial and target states, can we determine the precise light pulse necessary for this tran-
sition? A light pulse is a brief, controlled burst of light energy characterized by its short
duration and specific spectral properties, serving as a critical tool in quantum manip-
ulations (Paschotta, 2008). These pulses can be finely tuned to interact with quantum
states in a manner that drives the system from its current state to a desired configuration
with minimal collateral effects. The capacity to utilize light pulses enables precise control
over quantum transitions, crucial for applications ranging from quantum computing to
high-resolution spectroscopy.

In QOC context, consider a quantum mechanical Hamiltonian H(u(t)), dependent
on one or multiple time-dependent driving fields u(t), acting on a Hilbert space H =
CN. The Hamiltonian is composed of two components: the drift Hamiltonian H; and
the time-dependent control Hamiltonian H.(u(t)). The control Hamiltonian is given by
H(u(t)) = Y11 Hju(t), where each H; denotes an interaction Hamiltonian linked to the
control field u;(t). These interaction Hamiltonians H; specify the manner in which the
system interacts with the external control fields (). Given a fixed final time T, an initial
state |(t =0)) = |¢), and a Hermitian operator O, the objective is to find the function
u(t) that optimizes the expectation value (wflé\gbf) in the final state [¢(t = T)) = |¢y).
Typically, the operator O is chosen as the projection operator onto a designated target
state |¢hy), i.e., O = |1;) (¢4]. Consequently, the optimal control objective centers around
maximizing the fidelity, F(|¢)) = [(¢¢|ta) ‘2
Flgr)) = 1= [(9slga)

However, the choice of the control objective is not unique, and can be defined in a

or equivalently minimizing the infidelity

variety of ways. For all choices, the control objective can be implicitly expressed as a
function of the control pulse, since the state of the system itself depends on u(t). In this
chapter, we consider J(u) = F(|ys)). This mapping of the control objective as a function
of the control pulse is referred to as the control landscape (Wu et al., 2012). The challenge
in control theory is to find the control pulse u(t) that minimizes J(u). Furthermore, J(u)
might include a term dependent only on u(t), such as the power of the driving field
1 fOTu(t)Zdt, quantifying the energy used by the pulse over time T. For now, we only
consider the case where achieving the minimum infidelity is the figure of merit.

In the illustrative scenario for the case that the system’s evolution is governed by the
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time-dependent Schrodinger equation, the optimization problem can be formulated as
follows:

min { () =1 — | ()}

subject to

ih%ﬁ’(t)) = H(u(t))[¥(t)) ae. t € [0,T]
[(t=0)) = lyo) € A

In the remainder of this chapter, we set 7 = 1 for simplicity. Problem (P) focuses on

identifying the optimal control field u(t) via an optimization algorithm, with the aim of
minimizing the cost function J(u). Without specific constraints, u(t) is typically selected
from function spaces such as L, — the space of square-integrable functions, or L, —
the space of measurable essentially bounded functions. Consequently, this may involve
searching through an infinite-dimensional space (see (Boscain et al., 2020)).

6.4.1 CRAB Algorithm in Quantum Optimal Control

The chopped random basis quantum optimization (Caneva et al., 2011) has represented
an advancement in the field of QOC. The CRAB algorithm has demonstrated its effec-
tiveness in various applications, such as qubit manipulation (Scheuer et al., 2014), due
to its efficiency and versatility. This section explores the mathematical underpinnings of
CRAB and discusses its application in optimizing pulse parameters. In order to delve
into the mathematical formulation of CRAB, let consider a quantum system subjected
to a control field u(t) over a fixed time period T. The fundamental principle of CRAB
algorithm for minimizing J(u(t)) is to approximate the control function, u(t), essential
for steering the dynamics of a quantum system, using a truncated and randomized basis.
The functional form of a control pulse u(t) is expressed as a sum over a finite number,
N, of basis functions ¢;(¢):

N,
u(t) = }_:{Ciﬁbi(f)/

where each ¢;(t) is a basis function and c; are the coefficients to be optimized. This for-
mulation reduces the problem to a lower-dimensional subspace, where the task is to find
the optimal set of coefficients c;. Optimization is conducted within this subspace using
various direct search algorithms like the Nelder-Mead simplex (Nelder and Mead, 1965),
Powell’s method (Powell, 1964), particle swarm optimization (Fan et al., 2004), Monte
Carlo techniques (Metropolis et al., 1953), or evolutionary strategies like covariance ma-
trix adaptation evolution strategy (Hansen et al., 2003). Alternatively, the optimization
may involve gradient calculations that adapt the coefficients based on the derivative of
the parametrization, which leads to the so called GOAT (Machnes et al., 2018) or GROUP
(Serensen et al., 2018) algorithms. In this discussion, we concentrate on the Nelder-Mead
simplex method, a well-established direct search optimization technique. This method
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uniquely relies on repeated evaluations of the cost function at various points within the
search space, without the need for additional derivative information.

If starting from an approximate initial guess u8“***(t) that does not fit the basis well,
the control function can be adjusted as

u(t) = ushess (¢ (1 + %ciqx(t)) . (6.14)
i=1

Limiting the optimization to just N. dimensions may introduce constraints that poten-
tially trap the algorithm in suboptimal local minima, known as “false traps”. As a first
step to weaken this constraint, the basis functions can be randomized. This can further
be mitigated by iteratively introducing new random basis functions, utilizing the optimal
solution from the previous optimization as the initial guess for the subsequent iteration.
The basis are often chosen as trigonometric functions modified by a shaping function to
fix the pulse values at the start and end times:

() = ushess (t) (1 + A % (ai sin(w;t) + 5icos(wit)>) (6.15)
i=1

in which A(t) is a time dependent function with the boundary conditions A(0) = A(T) =
0, assuring the pulse shape being smooth. The frequencies w; are selected randomly
around the principal harmonics within some specified range [0, wyax|. Different choices
of basis functions are possible, including possibly generalized Chebyshev polynomials
with randomly chosen orders, All admissible basis functions together span a subspace
() C Ly, the space of admissible controls. Each selection of random basis functions thus
defines a unique N.-dimensional subspace of (), enabling the exploration of different sec-
tions of the potentially infinite dimensional space of admissible controls. This approach
underlies the algorithm’s robustness, allowing it to explore and optimize within a poten-
tially infinite-dimensional control space.

For the control expression defined in (6.15), the algorithm aims to optimize the coef-
ficients « and B until a minimum of | is achieved. In other words, the control function
uRAB(¢) is fixed by choosing the optimization parameters &, B, and w, where the dimen-
sion of each vector is N, therefore, the cost function can be expressed solely as a function
of control parameters, i.e., [ := ] CRAB(&, B,w). In order to find optimal control parame-
ters, the system dynamics is integrated multiple times with various control parameters
during every iteration of Nelder-Mead optimization. Pseudo-code of CRAB-based opti-
mal control is given in Algorithm 1.

6.4.2 Application of CRAB Algorithm in Entanglement Synthesis

We consider a theoretical model, depicted in Fig.6.3, which comprises two qubits, each

located within a separate cavity. These cavities are interconnected through a closed-loop
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Figure 6.3: The system consists of two qubits, each positioned in an individual cavity. These
cavities are linked by a closed-loop optical fiber network. A coherent input field u(t) is applied
to Qubit 1, with the outputs from each cavity being routed back into the other.

Table 6.1: Entanglement synthesis studied under CRAB optimization.

No. | Initial State and Deviation | Target State | Number of iterations | Final fidelity error
1 | (1+€)[Boo) +|Bor) = 100) [Boo) 587 9.69 x10°°
2 | [Boo) + (14 €)[Bo1) ~ [00) Bor) 480 9.85 x 108
3 | (1+¢€)|pio) +[Bu) ~[01) [B1o) 508 9.47 x107°
4 | |B1o) — (1 +e)[fn) ~[10) |B11) 562 8.61 x 10~°

optical fiber network. One of the qubits receives a coherent input field u(t), and the
outputs from each cavity are directed into the other. By neglecting the radiation field, we
select the internal Hamiltonian as

H;=2]o, ® 0, (6.16)

where ], the spin-spin coupling constant, varies with the frequency of the applied ra-
diation field, and is set to | = 0.5 in our calculations. In this model, the radiation field
is mathematically eliminated to simplify the dynamics, focusing solely on the internal
spin-spin interactions between the qubits. This elimination reduces computational com-
plexity and isolates the effects of controlled entanglement mechanisms, allowing for a
direct analysis of how the spin coupling constant |, adjusted by the frequency of the
previously applied radiation field, influences the system. The control Hamiltonian H, =
Y2 Hyuy(t) is generated by a local laser, with each coupling Hamiltonian Hj being a
combination of the Pauli matrices 0y, 0,, and ¢; and modulated by control functions uy (1).
Specifically, we define:

H :U—x®0'y+az®0'21
H2 :UX®UZ +02®0’x, (6.17)
We now address the challenge of solving problem (P) using Algorithm 6.1, where the

objective is to transition an initial state, specifically a perturbed separable state, into a
maximally entangled state. This process is explored within the framework of two-qubit
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Algorithm 6.1 Chopped Random Basis Optimization with Nelder-Mead

Require: F.rr: minimum desired infidelity, j: iteration count, jmax: maximum iteration

count, d: dimension of simplex

Ensure: Optimised control amplitudes for minimum infidelity

1:

N N N NN PR R s s = e e e
S S ral Sl S N A L~ S S ol =

25:
26:
27:
28:

Initialize Fourier base frequencies and amplitudes to form an initial simplex in R?
with vertices uq,uy, ..., Uug.1.
Set the iteration count j = 0.
while j < jnax do
Sort vertices such that J(u1) < J(up) <... < J(tg41)-
if J(u1) < E,,, then
break
end if
Compute centroid u of first d ordered points via ug = %Zflzl uj.
Reflect: u, = uy + a(ug — z,1) where a > 0.
if J(u1) < J(ur) <J(ug) then
Replace 1,1 with u,.
else if J(u,) < J(up) then
Expand: u, = ug + y(u, — up) where y > 1.
if J(u.) < J(u,) then
Replace 1,41 with u,.
else
Replace 1,1 with u,.
end if
else
Contract: u, = ug + B(up — ug,1) where 0 < g < 1.
if J(uc) <J(ug11) then
Replace 1,41 with u,.
else
Shrink the simplex: Fori =2 tod + 1, set u; = uy + d(u; — u1) where 0 <
o<1
end if
end if
j<j+1
end while
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quantum states. For the basic two-qubit inputs—|00), |01), |10), and |11)—the quantum

state |ip(t)) at any time ¢ is expressed in the computational basis as follows:
[$()) = co0|00) + co1|01) + c10/10) + c1111), (6.18)

where the coefficients ¢;; indicate the probability amplitude of each basis in the quantum
state. The targets of our transformation are the four Bell states, i.e., from a known initial
state we target a predefined maximally entangled state. The Bell states represent the

simplest and most profound forms of quantum entanglement, expressed as

Boo) = %(\om + 1), 1Bow) = éuom ),
Bio) = ——(/01) + [10)), Bu) = ——(lo1) — [10)).

S5
S

2 2

Each of these Bell states encapsulates a key aspect of entanglement and serves as an
ideal target state for demonstrating the efficacy of quantum state manipulation through
Algorithm 6.1. We consider four different cases declared in Table 6.1, where € = 0.1
in our computations. In all cases, to compute the system’s evolution, the control am-
plitudes are assumed to be constant within designated piecewise time-slots. Conse-
quently, the evolution within each time-slot is determined using the unitary evolution
U(ty) = exp(—iH(tx)At). By aggregating these calculations across all time-slots, we ap-
proximate the system’s evolution from the initial state ¢ at t = 0 to U(T) at the final
evolution time, t = T. The number of time-slots (f;) and the total evolution time must
be selected to ensure that the duration of each time-slot (At) is sufficiently small relative
to the system’s dynamics. To this end, we considered the number of time slots 7n;, = 200
and T = 20 in our simulations. In addition the maximum elapsed time is set to 120 sec-
onds and the maximum iteration is consider 1000, and the fidelity error targetis 10~7. All
the results shown in Table 6.1 are obtained through the termination of the algorithm due
to goal being achieved. To show an illustration of the optimization process, we present
a comparison between the initial control amplitudes, which have been generated ran-
domly, and optimized control amplitudes for the three distinct control fields over a time
period of 20 seconds in Fig. 6.4. Each subplot corresponds to one of the control fields
used in the CRAB optimization process, aiming to transfer the perturbed separable state
to the desired maximally entangled Bell state. During all our optimization procedures,
the control pulses are optimized through the CRAB algorithm, employing the Nelder-
Mead simplex method, aiming to minimize the fidelity error. This is done by adjusting
the control amplitudes u(t), whose effectiveness is assessed quantitatively by the cost
function J(u), which indeed indicates the infidelity. The infidelity criterion yields a value
between 1 and 0, where 1 denotes no overlap, and 0 indicates perfect alignment (the
system is precisely in the target state). In Fig. 6.5, we present two scenarios: Fig. 6.4 illus-
trates the cost evolution without optimal control amplitudes, which exhibits considerable
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Figure 6.4: Initial and optimized control fields for quantum state transfer from a perturbed sep-
arable state |ip) ~ |00) to the target Bell state |Boo)-
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Figure 6.5: The graphs compare the infidelity of quantum states over time between controlled
and uncontrolled evolutions. The controlled evolution shows a more stable and lower infidelity,
indicating effective management of quantum state deviations, while the uncontrolled evolution
demonstrates higher and increasing infidelity, reflecting the system’s vulnerability.

infidelity, and Fig. 6.4 depicts a decline in infidelity, indicating that the target state is suc-
cessfully achieved In our computational study, we solve the time-dependent Schrodinger
equation considering our time-dependent control amplitudes derived from the optimiza-
tion process. This plot illustrates how the infidelity between the evolving state |(t)) and
the desired target state |¢;) varies over time, providing a visual and quantitative assess-
ment of the control strategy’s performance. An infidelity curve reaching 0 indicates a
successful control strategy that effectively steers the state towards the target configura-
tion, thereby validating the efficacy of the optimized control pulses. The infidelity evo-
lution plot serves as a crucial diagnostic tool in quantum control experiments, helping
to confirm the theoretical and computational approaches to steering quantum states and
guiding further experimental and theoretical investigations in quantum dynamics and

control.

6.5 Concluding Remarks and Discussions

In this chapter, we investigated entanglement generation and optimization. By using
the Pontryagin Minimum Principle, we formulated an optimal control problem focused

on maximizing the entanglement measure within the shortest possible timeframe under
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input constraints. We derived optimality conditions for a matrix-valued dynamic control
system of a closed quantum system governed by the Liouville-von Neumann equation.

Additionally, we explored the Chopped Random Basis (CRAB) algorithm in the con-
text of quantum entanglement synthesis, particularly for two-qubit systems. The algo-
rithm effectively optimized control pulses to transition quantum systems from separable
to maximally entangled states. This demonstrated its potential for advanced quantum
computing and information processing tasks. By leveraging the CRAB algorithm, we
minimized infidelity across different entanglement generation scenarios, showcasing the
flexibility and robustness of this approach.

The combination of the Pontryagin Minimum Principle and the CRAB algorithm pro-
vides complementary perspectives for addressing quantum optimal control problems.
While PMP offers a rigorous analytical framework to derive necessary optimality condi-
tions and guide control strategies systematically, the CRAB algorithm leverages numer-
ical optimization to explore a broader control landscape, particularly when analytical
solutions are infeasible.

To conclude, this chapter presented control methods for quantum state manipulation,
emphasizing their role in driving future progress in quantum technologies. The work
lays a foundation for further research while offering practical insights into the develop-
ment of optimized quantum control protocols essential for realizing the full potential of

quantum systems.



Chapter 7

A Hybrid Quantum-Classical
Physics-Informed Neural Network
Architecture for Solving Quantum
Optimal Control Problems

This chapter proposes an integrated quantum-classical approach that merges quantum
computational dynamics with classical computing methodologies tailored to address
control problems based on Pontryagin’s minimum principle within a Physics-Informed
Neural Network (PINN) framework. By leveraging a dynamic quantum circuit that com-
bines Gaussian and non-Gaussian gates, the study showcases an innovative approach to
optimizing quantum state manipulations. The proposed hybrid model effectively ap-
plies machine learning techniques to solve optimal control problems. This is illustrated
through the design and implementation of a hybrid PINN structure to solve a quantum
state transition problem in a two and three-level system, highlighting its potential across
various quantum computing applications. The main contents of this chapter were pub-
lished in (Dehaghani et al., 2024c).

7.1 Hybrid Quantum-Classical Optimization

The indicated QPINN architecture is built upon a hybrid quantum-classical model, where
a surrogate neural network developed in the continuous variable quantum framework
approximates the solutions to the differential equations governing the system dynam-
ics. Our QPINN model, depicted in Fig. 7.1 merges QNN, implemented in a continuous
variable quantum framework, with the theory of functional connections. The core of our
implementation involves defining the quantum circuits and the optimization algorithm
necessary for training the QPINNSs. In this section, we first delve into the implemen-
tation of the exploited quantum circuit and continuous variable model. In the second
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Figure 7.1: An integrated quantum-classical approach to solve differential equations.
Here, the subscript i indicates a particular differential equation from a finite set forming
the system of differential equations, j is the index of unknown functions of time which are
the solutions to the system, and L indicates the number of quantum neural network in the
quantum processor. The circuit output, symbolized as 6;(t), informs the formulation of
solution y;(t), subject to initial and terminal conditions, ensuring boundary conditions
adherence and enabling the substitution of the solution into the differential equation
framework. This is followed by the computation of a loss function that quantifies the
error in satisfying the differential equation, which an optimizer then minimizes to derive
the approximated solution. The optimizer updates both the output weights 5]1. and the
gate parameters. The optimizer effectively links the quantum computation outputs with
the classical optimization objectives.
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subsection, we explain the implementation of our hybrid approach based on the theory

of functional connections.

7.1.1 Quantum Circuit implementation

The continuous variable quantum computing framework is centered around the concept
of the qumode, which serves as the fundamental unit of information. In this frame-
work, the qumode |¢) is represented through the basis expansion of quantum states,
as |) = [¢(x)]x)dx where the states represent the eigenstates of the £—quadrature,
%|x) = x|x), with x € R is the eigenvalue. The continuous variable quantum comput-
ing model presents an alternative to the widely recognized qubit-based approach. In the
qubit framework, quantum information is represented using discrete states, as exempli-
fied by a qubit |¢) which can be expressed as a linear combination of the basis states |0)
and [1): [¢) = ¢0]|0) + ¢1|1). Conversely, continuous variable quantum computing uti-
lizes the concept of qumodes, where states are defined across a continuum of possible
values, rather than discrete coefficients. This approach employs a continuous spectrum
of coefficients, reflecting a continuous eigenvalue spectrum. This framework is partic-
ularly suited to scenarios involving continuous quantum operators, aligning seamlessly

with the principles of continuous variable quantum computing. Here, we consider each
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qumode i associated with a pair of non-commuting position £; and momentum p; oper-
ators. These operators constitute the phase space and are good instances of continuous
quantum variables, defined as £ = [*_x|x) (x|dx and p = [°._p|p) (p|dp with |x) and
|p) being orthogonal vectors. The non commuting nature of these operators leads to the
Heisenberg uncertainty principle for the simultaneous measurements of £ and p.

Similar to the established qubit-based approach, continuous variable quantum com-
puting can be described through the use of basic gates, which may be implemented as
optical devices. A continuous variable quantum program typically involves a sequence
of gates affecting one or several qumodes. Essential to the development of continuous
variable quantum neural networks are the following four basic Gaussian gates (Killoran
etal., 2019)

* Displacement Gate This gate translates the state within the phase space by a com-
plex number «, effectively modifying both the position and momentum coordinates
by a’s real and imaginary components, respectively. Symbolically, the transforma-

tion is represented as a shift in the phase space variables.

X

p

X+ &Re

p+‘xlm

D-gate:
D(a)

e Rotation Gate R(¢): This gate rotates the state in phase space around the origin
by an angle ¢, where ¢ spans the interval [0,277]. The action of this gate can be
represented by a rotation matrix that multiplies the phase space vector, leading to

a new configuration defined by the rotated coordinates.
x R-gate: cos(¢) sin(@)| [x
H R(¢) [—sin(fp) cos (4’)] H
e Squeezing Gate S(r): By applying the squeezing gate, the quantum state experi-
ences a scaling transformation that alters the variances of the position and momen-
tum. The scaling factor r, a real number, either compresses or expands the state in

the phase space, resulting in a ‘squeezed’ state that has reduced uncertainty in one

variable while increasing it in the conjugate variable, in accordance with Heisen-
berg’s uncertainty principle.

x S-gate: e 0] |x
p S(r) 0 | |p

e Beam-Splitter Gate BS(0): Acting on two qumodes, the beam-splitter gate mixes

their states, analogous to the interference effects observed in classical optics. It is
mathematically described by a transformation that combines rotation-like effects
on the two qumodes’ phase space coordinates, parameterized by an angle 6 in the
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range [0,277]. The output state is a hybridization of the input states, with the mixing

determined by 6.
X1 cos(f) —sin(H) 0 0 X1
X2 sin(f)  cos(P) 0 0 X2
BS(0) _
12} 0 0 cos(f) —sin(0)| |p1
P2 0 0 sin(f)  cos(6) P2

A crucial composite gate, the interferometer, can be constructed using a sequence of
beam-splitter and rotation gates. When only one qumode is involved, the function of
the interferometer simplifies to that of a rotation gate. These Gaussian gates together fa-
cilitate the creation of an affine transformation as implemented in (Killoran et al., 2019;
Markidis, 2022), which plays a pivotal role in enabling the computational processes of
neural networks.

Beyond the four primary Gaussian gates outlined earlier, we use a non-Gaussian gate,
Kerr gate, introducing a type of non-linearity akin to that of activation functions in classi-
cal neural networks. Notably, the integration of non-Gaussian gates with Gaussian gates
in a sequence significantly enhances the capabilities of continuous variable quantum cir-
cuits. This combination achieves universality, ensuring that any continuous variable state

can be generated with at most polynomial computational overhead.

* Kerr Gate K(«): This gate applies a nonlinear phase shift proportional to the square
of the photon number, introducing significant nonlinearity into quantum circuits.
The transformation enacted by the Kerr gate K(x) on a photon number state |n)
can be expressed as |n) — exp (ikn?)|n), where x € R serves as the gate parameter,
and is the strength of the nonlinearity. This transformation is crucial for tasks that
Gaussian gates alone cannot perform, such as specific types of quantum state en-

tanglement and enhanced quantum computation processes.

[1m)] KK%EE expixn?) )

Having defined the basic five continuous variable quantum gates, we now delve
into the circuit structure of a quantum neural network unit as depicted in Fig. 7.2.
The quantum neural network unit comprise a sequence consisting of a first interferome-
ter, local squeeze gates, a second interferometer, local displacements, and non-Gaussian
Kerr gates. The interferometers are general N-port linear optical elements containing
beamsplitter BS(6) and rotation R(¢) gates. The outcome obtained from the combina-
tion of the first interferometer U(6;,¢1), local squeeze gates @Y ;S (r;) and @Y, S (r;),
a second interferometer U(6,, ;) effectively multiplies the phase space vector by the
neural network weights w, which are determined by the parameters of the interferom-

eters and squeezing gates. Similar to classical neural networks, the displacement gate
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Figure 7.2: Schematic depiction of a quantum neural network unit utilizing continuous
variable quantum gates. The architecture integrates unitary transformations U(6;,¢;),
consisting of beam-splitter BS(#) and rotation R(¢) gates, along with squeezing oper-
ations S(r;) and followed by displacement D(«;) gates to implement affine transforma-
tions, analogous to the neural network’s weights and biases. This setup portrays the flow
from input through quantum processing stages, resulting in a non-linearly transformed
output introduced by the Kerr gates K(x;), thereby drawing a parallel with classical neu-
ral network operations.

®N D (a;) serves to add a bias term b. The sequence of these Gaussian transformations,
ie, ®N, D (a;) oU(02,¢2) 0 NS (r;) o U (61, 1) is enough for parametrization of all pos-
sible unitary affine transformation on N qumodes. Ultimately, a Kerr gate introduces
non-linearity, analogous to the activation function ¢ used in classical neural networks,
therefore, for an input 7 one attains |7) — |o (wT + b)).

By arranging multiple quantum neural units in sequence, a quantum neural network
can be constructed, as illustrated in Fig. 7.3. For a single qumode, control of each gate
involves seven gate parameters (¢, ¢, 7, 8, and x), where ¢, 6, and « are real values,
and « and r can be either real or complex numbers. Quantum circuit parameters are
categorized into passive and active types. Parameters such as the beam-splitter angles
and all gate phases fall into the passive category, whereas parameters for displacement,
squeezing, and the magnitude of the Kerr effect are considered active. The objective of
training quantum neural networks is to optimize these parameters («, ¢, r, 6, and x) across
various qumodes and units to minimize the hybrid physics-informed neural network loss

function.

7.1.2 Implementation of a Hybrid Approach Based on the Theory of Func-
tional Connections

In this section, we combine the illustrated QNN (see Fig. 7.3) with the theory of functional
connection, (Johnston, 2021; D’ambrosio et al., 2021; Johnston et al., 2020; Dehaghani
et al., 2023b; Dehaghani and Aguiar, 2023a) to obtain a hybrid physics-informed neu-
ral networks. This theory can be used to solve boundary value problems. Consider a
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Figure 7.3: The input 7 is encoded by means of a displacement gate on the vacuum. Then,
the approximator network, illustrated by a parametrized quantum circuit consisting of
several connected quantum neural network units, whose output 6(f) is obtained by ap-
plying measurement.

generic system composed by n differential equations

Fi(ty(t),y(t) =0, yi(ty) =y, ke@U{1,2,...} (7.1)

where y(t) = vec (y1(t),...,yn(t)), with y;(t) € R",j =1,...n is the state variable that
has known values at instant of time #, and F; : R x RN x RN — R¥ is a given map that
characterizes the i € {1,...,n} ODE, with N = n; + ... + n,. Note that here we utilize
a unified process to resolve problems involving initial, boundary, or multiple values, so
k € @ refers to the boundary-free functions. As an example, suppose that we would like
to solve a BVP with two (n = 2) ODEs, where the first one (j = 1) starts at t = t; with some
initial condition yy,1, and the second one (j = 2) at t =t with a final condition y . Then,
y(t) = vec(y1(t),y2(t)), and y1(to) = yo1, and ya(tf) = yyn.

The goal is to obtain the (approximated) solution (-) of (7.1) along time. For sim-
plicity of presentation and in order to avoid cumbersome notation, at this point, we will
consider only one ODE. The first step is to apply a morph transformation (change of time)
so that the problem can be written in the domain of the activation functions to be used in
the next steps. More precisely, we make the time transformation T = 19 + ¢(t — to), with
¢ > 0. Next, we impose the solution to be of the form

k
(1) =0(1) + Y (1) (y(w) — 0(w)), (7.2)
n=1

where 6(-) : R — RY indicates a free function, and the scalar function Q(7) is the so-
called switching function. These switching functions are described in (Johnston et al.,

3 2 3 2
2020) and for k = 1,2 take the form Q3 (1) =1+ ZAAT/Z - 3AA7;2 and () (1) = —ZAT; + iﬁ;z

with AT =7 — 79 and Aty = 77 — 7.
In this chapter, we propose to model the free function 6(7) as a combination of the
QNN depicted in Fig. 7.3, where the architecture of each QNN unit is designed by a
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quantum circuit as illustrated in Fig. 7.2. By considering L qumodes, the outputs of the
QNN are linearly weighted in accordance with (See Fig. 7.1)

L
0(t) =) Gio(t) =0 ()¢, (7.3)
=1

where 7 (1) = ¢7(7) ® L,xy, and the weight & = vec(¢y,...,&1) is a given parameter.
Now, substituting (7.3) and (7.2) into (7.1), we then obtain a new set of equations

F(7,9(1),9(1)) = F(7,6(7),0(1)) =0,

where 6(7) = co’ ()& with o/ (1) = d‘zl(;). Thus, F;(+) can be expressed in terms of pa-
rameters @ = (6,¢,7,a,A) and ¢, that is,

E(1;0,8) = 0. (7.4)

The next step consists in defining a loss function to be minimized by updating the pa-
rameters in (7.4). At this point, we can identify three options to solve (7.4):

1. Only ¢ is updated.
2. Only O is updated.

3. Both parameters { and © are updated.

Option 1) has the advantage of not needing to change the default parameters of the
QNN circuit and making the training fast. In this case, a simple approach is to dis-
cretize T into N points, and express the obtained set of differential equations as loss
functions at each point as &! (&) = [F; (10,8),...,F (tw,&)] and obtain the unknown ¢,
by computing the solution of the augmented loss function & = [&],...,E]] associated
to the overall system composed by n differential equations. This can be solved by a
numerical minimization scheme, such as for example the iterative least-square method.

Through this method, we obtain the iterative procedure {;_; = {; + Al;, where AZ; =

_ (H(gk)T]] (4 k)) _1]]@' k)TlL(C ¢), in which J is the Jacobian matrix, compiling the partial
derivatives of the loss function with respect to each unknown parameter (which here is
just ¢ and therefore simple to obtain). The iterative procedure continues to be repeated
until the convergence criteria is satisfied, meaning that for a predefined tolerance & > 0,
we reach to L, [E({})] < &.

Option 2) addresses the case of only updating the QNN parameters . Let i) be
the output state of the circuit given input D(7)|0). Then, in this case, the goal is to train
the QNN to produce output states whose expectation value for the quadrature operator
, that is, (|t|p+) is such that F;(7,;®) is zero for each sample time ;. A simple ap-
proach is to use as loss function the mean square error of the obtained values F;(7;;®)

and employ a minimizer (usually based on stochastic gradient descent) to update ©.
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Option 3) makes use of the complete set of parameters. To update them, one needs to
minimize the loss function, using a backpropagation algorithm which may need the com-
putation of the gradients with respect to the parameters that could be analytical derived
or numerically estimated through finite differences. Another approach is to implement
an alternating gradient descent scheme by updating ® and ¢ in an alternating manner.

In summary, the implementation in Fig. 7.1 illustrates the proposed integrated quantum-
classical approach to solve differential equations. In the next section, we use the de-
scribed approach to solve optimal control problems using the indirect method that re-
sults in solving the related boundary value problem, which consists of a set of differential
equations derived from the necessary optimality conditions of the Pontryagin Minimum
Principle.

7.2 Quantum Optimal Control

The design of optimal controllers using the indirect approach is influenced by several
factors, including the selection of the cost functional, the formulation of the Pontryagin-
Hamiltonian function, and the computational methods used to solve the Pontryagin Min-
imum Principle (PMP) optimality conditions. In this section, we provide an example for
a quantum optimal control problem. We model the system as an open quantum sys-
tem, meaning it interacts with its environment. This interaction results in dynamics that
are non-unitary yet retain trace-preserving and completely positive properties across all
initial conditions. We proceed to outline the optimal control problem by considering a
control constrained time-energy minimization problem. To this end, we consider a quan-
tum state transition from the initial state p; to a desired target state pr, governed by the
Lindblad master equation.

7.2.1 System Description

Our study takes into account an open quantum system controlled by a time dependent
modulation to illustrate the use of physics-informed quantum neural networks for a
quantum optimal control problem. We describe open quantum systems by the most gen-
eral form of Markovian master equations, i.e., the Lindblad form. The Lindblad master
equation for system’s density operator p can be written as (Dehaghani et al., 2022a)

i

pz—g[H(u(t»,leDi (LipL?—;{L?Li,p}), (7.5)

where [a,b] = ab — ba is the commutator, and {a,b} = ab + ba is the anticommutator of
a and b. H(u(t)) indicates the system Hamiltonian comprising the drift H; and control
interaction He Hamiltonians, i.e., H(u(t)) = H; + H.u(t), where u(t) is the control input.
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The L; symbols denote a group of jump operators that outline the dissipative compo-
nent of the dynamic processes. The configuration of these jump operators elucidates the
environmental impact on the system, which requires accurate determination from the
microscopic models that describe the dynamics between the system and its surrounding
environment. Moreover, the ; > 0 represent a series of non-negative values referred to
as damping rates. Corresponding to the dynamics (7.5), we now represent it in terms of
the superoperator £(«,u(t)) as following

p=L(au(t))p(t),

where p is the state vector, expressed in terms of the elements of density operator p.. =

{elo(t)]e), pgg = (glp(t) Ig>,andpge=<g|p(t)\€>a5ﬁ(t)T=(ng pee Re(pge) Im(pg€)>

and « encapsulates the system parameters, i.e., coupling strengths and decay rates.

7.2.2 Optimal Control Problems (Indirect Method)

We deal with a constrained optimal control problem, where the control u(t) belongs to
an interval [p~,u"]. To this end, we first define a new unconstrained control variable
v(t). The approach entails replacing the constraint y with a smooth and monotonically
increasing saturation function defined within the range u € [y, u "], such that u = ¢(v),

where
Ap

for some constant c > 0 (Graichen et al., 2010). Optimal control problems typically revolve

p(v)=u" ;o Ap=pt -

around a cost function | , which in its most general form can be expressed as the sum of
a terminal cost and the integral over time from f to t; of the running cost. Since we
introduced a new control variable, we need to also consider an additional term in the

cost function. Hence, for our problem, we define the cost function as the following

ty ty
]:rtf+;7/ u? (t) dt-l-s/ V2 (t) dt,
to to
where I' and 7 are positive coefficients, with ¢; representing the free final time to be
optimized. The second term of ], frequently used in molecular control cost functions,
quantifies the energy of the control signal over the interval [t, (], and the last term is a

regularization term defined through a regularization parameter ¢ > 0.

Remark 7.1 A low € value suggests the new unconstrained control problem approximates the
original constrained one. However, as € approaches zero, the control variable v may rise to infinity,
presenting numerical challenges. Therefore, caution is advised in selecting € to ensure stability
and accuracy in the control outcomes. For more on €’s impact on control parameters, see (Antony,
2018).

~
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The goal is to minimize the cost function | subject to the dynamics g = L (&, u(t))p ().
When using the Pontryagin Minimum Principle (PMP) within the indirect method (Ross,
2009), the Pontryagin Hamiltonian H for the new unconstrained optimal control problem
for all t € [to,ts] is formulated by indicating the adjoint variables (costates) A(t) of the
system. Hence,

H(p, A u,v,e,8,t) = muu? () +ev?(£) + AT (5 L(a,u(t))p(t)

(7.6)
+ B(t) (u(t) — ¢ (v))

where B(t) is an additional multiplier defined for consideration of equality constraint
raised from control constraints. Having defined (7.6), the optimal control law can be
derived from the first-order optimality conditions of the PMP, where one obtains

O T (02 (@, u()p() + 200(0) + B(1) =0 )

Note that (7.7) may result in a transcendental equation, which typically does not yield a
closed-form solution for the control. Since a new unconstrained control has been intro-
duced, an additional equation must be incorporated into the optimality condition for the
control, which is

M —2er—p( 22— 78)

Subsequently, the first-order necessary conditions for the state and costate variables are

derived as follows

5= _ Lu)p(t), #lt) =pi
. a/\a’H . (7.9)
A= =55 = L@ uA )

In addition the following transversality conditions are also applicable for our problem:

9]

_ 9] _ 9 _
dps

oty

0, H(tf) = —T. (7.10)

Atr) = As

Equations in (7.9), together with the transversality conditions (7.10) applied to the Pon-
tryagin Hamiltonian, and the equality constraint

u(t) —¢(v) =0 (7.11)

constitute a boundary value problem, which we will solve by the techniques explained
in the preceding sections.
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7.2.3 Application of the integrated quantum-classical approach

In accordance with the theory of functional connections in (7.2), see also Fig. 7.1, we

approximate the state p and costate A variables as

0 (1) =65(1) — N (1)05(10) — Q2 (7)05(7) + Q1 (T)p;
+ Mo (7)py
A1) = 0x(T) — Mo (T)0r(T7) + D2 (T)Af

By taking the derivatives of the above equation, one obtains

(1) = 65(1) — Q1 (1)05(10) — D) (7)0p(¢) + Q1 (1)
+ 5 (7)p¢
A(T) = 0, (1) — D (T)0A(T5) + D) (1) As

In addition, for the control variables and also for the equality constraint multiplier, we

consider the functional approximation as a free function only, i.e.,

u(t) =0u(7), v(1)=0u(7), B(7)=0p(7)

Now, we are in the position to define an augmented loss function to be minimized. Note
that the setup indicated in Fig. 7.1 is for minimization of only one loss function. To solve
the problem for an augmented loss function, we consider an augmented network that

minimizes all elements of the augmented loss simultaneously which are indicated as

p=p
Er=A+ L (a,u(1))A (1)
2, = AT (1) 2 (a,u(1)p(x) + 27u(1) + B(7)
B, =2ev— B(7) 99 )

leading to an augmented form of the loss function as

[11
x

_
v S

[11
>
[11
<
[11

L= |5

which will be minimized during the procedure.
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7.3 Simulations and Results

We consider an open two-level quantum system (a qubit) controlled by a time dependent
modulation as a principle example to illustrate the use of physics-informed quantum
neural networks for a quantum optimal control problem. In this regard, quantum transi-
tions can be written in terms of the operators o,, = |a) (b| where |a), |b) = |e),|g) being |e)
and |g) the excited and ground state, respectively. Consider the quantum system Hamil-
tonian with a phase damping control u(f) where the drift term is defined through the

system parameters wy and w, as
Hj = wy (0eg + 0ge) + w2 (0ee — 0gg)

and the interaction control Hamiltonian is H. = o,,. We consider two jump operators,
i.e., for absorption L1 = 0,¢ with decay rate ., and emission L, = 0g, with decay rate .
Hence, the dynamics in terms of the superoperator £(«,u(t)) is given by (Norambuena
et al., 2024)

“Teg Vge 0 —2wy
Yeg T Vge 0 2wy
=0 0 Sl g ) [V
Wy —wy 2w, u(t) M

We consider the parameters as follows: 7., = 0.1, 7¢e = 0.3, wx =1, w, = 2. In Fig. 7.4,
we have shown different state transitions processes. The time-dependent behavior of the
ground state population and the excited state population is depicted for three different
initial state configurations transitioning towards their respective target states. The plots
succinctly capture the essence of quantum state transitions, ranging from complete pop-
ulation transfer to the achievement of a balanced superposition, showcasing the intricate
nature of quantum dynamics.

To show the scalability of our method, we also demonstrate quantum state transi-
tion for a three-level system. Three-level quantum systems, also known as qutrits in the
context of quantum computing, are deemed to be significant in various areas of quan-
tum research due to their potential to represent more complex states than two-level sys-
tems and their applications in quantum information processing, quantum simulations,
and precise control in quantum optics and spectroscopy (Petiziol et al., 2020; Dehaghani
et al., 2022a; Sugny and Kontz, 2008; D" Alessandro and Isik, 2024). The Hamiltonian for

the three-level system under study is given by

u,(t u
H=5(722+A1(733+< pz( )(713+ 5

t
5 )(723 + h.c.> ,

where the parameters are defined as follows: 6=0.1 is the two-photon detuning, A; is
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Figure 7.4: The plots illustrate the time evolution of populations in a two-level quantum
system from different initial states to specific target states, highlighting the dynamics of
the ground and excited state probabilities over time. Each plot shows a distinct trajectory
of population transfer, reflecting various quantum processes such as relaxation and pop-
ulation inversion.
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Figure 7.5: The figure displays the evolution of state populations in a three-level quan-
tum system across three distinct scenarios. Each plot tracks the probabilities of the system
over time, beginning from different initial mixed states and converging towards prede-
termined target states. The dynamics reveal transitions such as population inversion,
decay to the ground state, and equilibration to a specific superposition, demonstrating
the versatile control achievable in quantum state engineering.

the one-photon detuning, calculated as A; = wy — wp — ws, where wy is the transition
frequency between the ground state and the first excited state, u,(t) and u,(t) are the
Rabi frequencies for the pump and Stokes fields, respectively. and ¢;; are the transition
operators between the states i and j. calculated as before. The dynamics of the system are
influenced by the interaction terms o3 and 023, which couple the ground state to the two
excited states via the external fields characterized by their respective Rabi frequencies.
These interactions are crucial for the control schemes aimed at achieving state transi-
tions or implementing quantum gates within this three-level system. The results can be
seen in Fig. 7.5. The depicted figure provides a compelling visualization of the tempo-
ral dynamics of state populations within a three-level quantum system under controlled

transitions. For each subplot, we initiate the system in a distinct mixed state, observing
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its evolution towards a designated target state. These evolutions underscore the nuanced
manipulation of quantum states, which is vital for applications in quantum computing,

communication, and sensing.

7.4 Concluding Remarks and Discussions

The hybrid quantum-classical approach proposed in this chapter represents an advance-
ment in the application of quantum computing to solve quantum optimal control prob-
lems. By integrating continuous-variable quantum circuits with classical machine learn-
ing techniques, we offer a novel framework that leverages both quantum computational
power and classical optimization tools. This approach enables us to address complex con-
trol challenges, particularly those grounded in Pontryagin’s Minimum Principle, within
a Physics-Informed Neural Network (PINN) architecture.

The use of hybrid Physics-Informed Quantum Neural Networks (QPINNs) demon-
strates the potential for improving the efficiency and scalability of quantum control sys-
tems. Our work highlights the versatility of this approach across various applications,
from simple two-level quantum systems to more complex three-level systems. The re-
sults obtained from the simulations validate the effectiveness of the QPINN model and
illustrate its applicability to open quantum systems, which are relevant in fields such as
quantum computing, quantum optics, and quantum information processing.

Looking forward, several areas can be explored to extend and refine the presented
work. One direction is the extension of this framework to higher-dimensional quantum
systems. While the current framework successfully handles two- and three-level systems,
applying it to more complex quantum systems with higher-dimensional Hilbert spaces
would be crucial for practical quantum computing and quantum communication proto-
cols. Another area for future work is the improvement of quantum circuit efficiency. De-
signing more refined quantum gate arrangements or incorporating advanced quantum
algorithms could enhance the model’s performance, especially in real-time applications.

Additionally, there is significant potential in exploring alternative quantum control
strategies. While this work focused on Pontryagin’s Minimum Principle, integrating
other methods, such as reinforcement learning and stochastic control, could expand the
framework’s robustness in dealing with uncertainties in quantum systems. Another im-
portant direction is scalability and hardware implementation. Transitioning from theoret-
ical models to practical, hardware-based implementations on quantum processors, such
as those provided by IBM Quantum, will be essential to validate the model’s practical
viability.

Finally, managing noise and decoherence in quantum systems remains a critical chal-
lenge for real-world applications. As quantum systems are inherently sensitive to en-

vironmental noise, incorporating noise models into the simulations or designing noise-



A Hybrid Quantum-Classical Physics-Informed Neural Network Architecture for
Solving Quantum Optimal Control Problems 120

resilient quantum circuits could enhance the robustness and reliability of the hybrid ap-
proach.

In conclusion, this chapter outlines an approach to addressing quantum optimal con-
trol problems through a hybrid quantum-classical framework. By integrating quantum
computing with classical optimization techniques, we propose a model that may help
meet some of the demands of emerging quantum technologies. This approach offers a
potential pathway for improving the efficiency of solving certain control problems and
provides a basis for future exploration. As quantum technologies continue to develop,
this methodology could contribute to further advancements in quantum control solu-

tions.



Chapter 8
Conclusions

This chapter summarizes the contributions and findings of this thesis, which aimed to
contribute to the field of quantum control. By applying classical control principles along-
side quantum-classical hybrid approaches, this work has explored challenges in control-
ling quantum systems. The results indicate the potential effectiveness of these techniques
in supporting quantum technologies, particularly in quantum computation, communica-

tion, and sensing.

8.1 Summary of Contributions

This thesis has explored quantum control strategies, focusing on both theoretical founda-
tions and practical applications. The main contributions include developments in quan-
tum control through the use of classical control theory methods, such as the Pontryagin
Minimum Principle (PMP), and hybrid quantum-classical approaches. Each chapter has
contributed to a broader understanding of the complexities of quantum systems and the
control strategies needed for their manipulation.

The thesis began by examining classical control methods, such as open-loop and feed-
back control, and their limitations when applied to quantum systems. As quantum sys-
tems operate under fundamentally different physical laws, these classical methods were
modified and enhanced to address the unique challenges posed by quantum dynamics.
By combining quantum filtering techniques, optimal control strategies, and state estima-
tion methods, this research has demonstrated novel approaches to the control of quantum
systems, even in the presence of noise and uncertainties.

A significant portion of this work focused on applying the PMP to quantum control
problems, particularly in two-level and three-level quantum systems. This methodol-
ogy was shown to be effective in managing quantum state transformations, maximiz-
ing fidelity, and minimizing energy consumption. Furthermore, this thesis introduced

Lyapunov-based control strategies combined with extended Kalman filtering techniques,
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addressing the issue of stabilizing quantum systems subjected to stochastic dynamics and
measurement noise.

Another contribution of this work is the integration of machine learning techniques,
particularly Physics-Informed Neural Networks (PINNs), within quantum control. By
combining classical and quantum computation, this hybrid approach shows potential
for solving complex control problems more efficiently, especially in systems where tradi-
tional control strategies may be limited. The application of PINNs to quantum systems
represents a novel contribution to quantum computing and control theory.

Lastly, the exploration of entanglement synthesis using the Chopped Random Basis
(CRAB) algorithm presented practical applications in enhancing quantum information
processes. This algorithm’s ability to efficiently manage transitions between separable
and maximally entangled states demonstrates its potential utility in the development of

quantum computing technologies and quantum communication networks.

8.2 Impact on the Field of Quantum Control

The contributions presented in this thesis address important aspects of quantum control.
By developing robust and optimal control methods for quantum systems, this work tack-
les a key challenge in the field: the fragility and instability of quantum states in real-world
environments. Quantum systems, while offering vast potential for computation and in-
formation processing, are highly sensitive to external influences, and effective control is
essential to ensuring their reliability and scalability.

The application of classical control methods, such as PMP, to quantum systems opens
new pathways for further exploration of optimal control strategies in quantum mechan-
ics. These methods, when adapted for quantum dynamics, provide powerful tools for
managing quantum state transitions, fidelity maximization, and resource optimization.
As quantum technologies continue to evolve, these control strategies will play a crucial
role in bridging the gap between theoretical quantum models and practical implementa-
tions.

Moreover, the introduction of hybrid quantum-classical methods, particularly the use
of PINNS, highlights the potential of integrating machine learning techniques into quan-
tum control. This approach not only enhances the accuracy and efficiency of control
strategies but also opens up new avenues for solving complex quantum control prob-
lems that may be infeasible using purely classical or quantum techniques alone.

In addition to the theoretical advancements, the numerical demonstrations in this re-
search, including various algorithms, highlight the practical impact of quantum control
systems. Efficient control and manipulation of quantum states are essential for advanc-
ing quantum communication protocols, computing, and the development of quantum

networks.
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8.3 Limitations of the Work

Despite the advancements made in this thesis, several limitations should be acknowl-
edged. First, while the control strategies presented have been tested in simulation and
through theoretical analysis, real-world quantum systems are often subject to additional
complexities that may not be fully captured in the models used. Factors such as hard-
ware limitations, unforeseen environmental interactions, and measurement inaccuracies
may affect the applicability and performance of the proposed control methods.

Furthermore, while the hybrid quantum-classical approaches introduced in this work
have demonstrated promising results, they remain computationally intensive. Current
quantum hardware, especially noisy intermediate-scale quantum (NISQ) devices, may
not yet be capable of fully realizing the potential of these methods. As quantum comput-
ing hardware continues to advance, the practical implementation of these strategies will
require further refinement and adaptation.

Another limitation lies in the scalability of the proposed control methods. While ef-
fective for small-scale quantum systems, such as two-level or three-level systems, the
extension of these control techniques to larger quantum systems, particularly those with
a higher number of qubits, presents a significant challenge. Future research will need to
focus on developing control strategies that can scale efficiently with system size while

maintaining robustness and reliability.

8.4 Future Directions

Building on the contributions of this thesis, several future research directions emerge:

* Real-World Implementation: To fully validate the effectiveness of the control strate-
gies presented in this thesis, future research should focus on applying these meth-
ods to real-world quantum systems. Collaborations with experimental quantum
laboratories would provide valuable insights into the practical challenges and op-
portunities associated with implementing these control methods on physical quan-

tum devices.

¢ Scaling to Larger Quantum Systems: One of the most pressing challenges in quan-
tum control is the scalability of control methods. As quantum systems grow in size,
so do the complexity and the difficulty of maintaining control over them. Future
work should explore how the methods developed here can be extended to larger
systems, particularly in the context of quantum computing platforms with many

qubits.

¢ Improving Quantum-Classical Hybrid Methods: The hybrid quantum-classical meth-
ods presented in this thesis, particularly the use of PINNs, have shown significant
potential. However, further research is needed to refine these methods, improve
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their computational efficiency, and adapt them to more complex quantum systems.
As quantum hardware improves, so too will the opportunities for leveraging hy-
brid methods for real-time quantum control.

* Robust Control under Uncertainty: While this thesis addresses control under cer-
tain types of noise and uncertainty, future research could delve deeper into devel-
oping control methods that are highly resilient to a broader range of uncertainties.
This is particularly important for quantum systems operating in uncontrolled en-
vironments, such as those encountered in quantum communication and sensing

applications.

¢ Quantum Machine Learning for Control: The integration of machine learning tech-
niques, such as PINNs, within quantum control is still in its early stages. Future
research could explore the potential of other machine learning models, such as re-
inforcement learning and deep learning, to further enhance quantum control strate-
gies, especially in dynamic environments where real-time adaptation is critical.

¢ Control in High-Energy Physics: The control of quantum phenomena in high-energy
physics, particularly in systems like neutral kaons, represents a promising direction
for future research. Developing methods to manipulate entanglement and mitigate
decoherence in these systems could enable precise tests of fundamental physics,
and offer insights into new physics beyond the Standard Model. The integration
of control strategies with experimental advancements could also pave the way for
leveraging high-energy particle systems in quantum information science, bridging
the gap between foundational physics and emerging quantum technologies. For a
detailed explanation refer to Appendix A.

8.5 Final Remarks

This thesis has explored the rapidly evolving field of quantum control, contributing to its
theoretical and practical dimensions. By blending classical control theory with innovative
quantum-classical hybrid approaches, it has advanced the state of the art in controlling
quantum systems under various constraints and challenges.

The findings underscore the transformative potential of robust and optimal control
strategies in mitigating the fragility and instability inherent in quantum systems. From
theoretical advancements, such as the application of Pontryagin’s Maximum Principle to
quantum dynamics, to practical contributions like the development of hybrid methods,
this work has laid a foundation for future exploration.

While acknowledging the limitations of the proposed methods, such as their com-
putational intensity and scalability challenges, this thesis provides a roadmap for future
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research. The proposed directions—ranging from real-world implementation and scala-
bility to the enhancement of hybrid quantum-classical methods and exploration of novel
machine learning techniques—highlight the immense scope for further innovation.
Ultimately, the contributions of this research enhance our understanding of quantum
control and provide practical tools for advancing quantum technologies. As the field
continues to evolve, the insights and methodologies developed here will serve as a foun-
dation for the realization of reliable, scalable, and efficient quantum systems, supporting
progress in computation, communication, and sensing. This work is a basement to the
interdependence between theoretical innovation and practical application in driving the

progress of quantum science and technology.



Appendix A

Exploring Strange Entanglement:
Experimental and Theoretical
Perspectives on Neutral Kaon
Systems

This chapter provides an in-depth analysis of the properties and phenomena associated
with neutral K-mesons. Kaons are quantum systems illustrating strange behaviours. We
begin by examining the significance of strangeness and charge parity violation in un-
derstanding these particles. The concept of strangeness oscillations is then introduced,
explaining oscillations between K® and K states. The regeneration of K is investigated,
uncovering the underlying mechanisms involved. The discussion moves on to quasi-
spin space, exploring its bases and their implications. The entangled states of kaon pairs
(KO,KO) are considered, with a focus on maximally entangled neutral kaons and non-
maximally entangled states. Decoherence effects on entangled kaons are examined, uti-
lizing the density matrix description to capture the dynamics. A dedicated decoherence
parameter is introduced to quantify the impact of decoherence. Furthermore, the chapter
investigates the loss of entanglement through measures such as Von Neumann entangle-
ment entropy, entanglement of formation, and concurrence. These measures provide in-
sights into quantifying and characterizing entanglement in the context of neutral kaons.
Through this comprehensive exploration of properties, phenomena, and entanglement
dynamics, this chapter aims to pointing out recent works on neutral kaons, contributing
to advancements in particle physics. This chapter has been published as a chapter of the
book “Quantum Entanglement in High Energy Physics”, see (Dehaghani et al., 2023a).
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A.1 Introduction

Quantum entanglement, being among the most counterintuitive and subtle foundational
elements of quantum mechanics, pertains to the correlations observed between distant
components of certain composite systems. This intriguing phenomenon was brought to
light by the pioneering work of Einstein, Podolsky and Rosen (EPR) in (Einstein et al.,
1935) and Schrodinger in (Schrodinger, 1935), who uncovered a “spooky” characteristic
of quantum machinery, better featured as nonlocality in the correlations of an EPR pair.
Well-known and valuable tools for exploring this nonlocality are obtained by means of
subsequent development of initial Bell inequalities, (Bell, 1987), and their subsequently
reformulated variations, (Clauser and Horne, 1974; Wigner, 1997). Experimental tests
have consistently demonstrated the violation of Bell inequalities (Aspect et al., 1982; Tittel
et al.,, 1998), indicating the failure of local realistic theories and affirming the nonlocal
nature of the universe.

Consequently, there is considerable interest in exploring the EPR-Bell correlations
of measurements in various branches of physics, including particle physics. As a re-
sult, several pioneering researchers in particle physics have proposed investigating EPR-
entangled massive particles, such as neutral kaons, (Feynman, 1999; Lee, 1981; Okun,
2013). They referred to the unique characteristics of individual neutral kaon states, which
exhibit various rare phenomena such as strangeness oscillation, small mass splitting,
different lifetimes between the physical states, violations of two primary symmetries:
charge parity (CP) and time reversal (T), regeneration when traversing a slab of material,
and most notably, strange entanglement. Neutral kaons exhibit a unique form of entan-
glement known as strange entanglement, referring to the specific entanglement between
two neutral kaons, (Bernabeu and Di Domenico, 2022).

Numerous studies have been conducted to test quantum mechanics in the neutral
kaon systems and search for CPT violation through neutral-meson oscillations. Notably,
a significant focus on CP, T, and CPT violation in the neutral kaon system was first con-
ducted at CERN in the CPLEAR experiment, (Apostolakis et al., 1998). Additional con-
tributions came from experiments such as NA48 and NA62, (Bizzeti, 2023), which played
key roles in discovering direct CP violation, yielding crucial experimental results. More-
over, experiments like KLOE, (Aloisio et al., 2002), conducted at the DAPNE collider, and
its successor KLOE-2, (Gauzzi P, 2019), at the Frascati National Laboratory, achieved en-
hanced precision in investigating CPT violations and conducting quantum decoherence
tests. The LHCb experiment, located at CERN’s Large Hadron Collider (LHC), (Col-
laboration, 2015), and KOTO, performed at the Japan Proton Accelerator Research Com-
plex (J-PARC), (Yamanaka and Collaboration, 2012), were amongst the other experiments
which significantly contributed to our understanding of strange entanglement in neutral
kaon system, providing valuable insights into the properties and behavior of entangled

kaon states.
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The investigation of the evolution of an entangled kaon system subjected to decoher-
ence is a crucial aspect. This analysis is carried out by studying the system’s behavior
over time using the so-called master equation. As time progresses, the level of decoher-
ence in the initially entangled kaon system increases, leading to a loss in the system’s
entanglement. This reduction in entanglement can be accurately assessed as in the field
of quantum information, where the degree of entanglement in a state is quantified us-
ing specific measures, such as entropy of entanglement, concurrence, and entanglement
of formation. These measures are widely employed for quantifying quantum entangle-
ment. The unique characteristics of strange entanglement exhibited by neutral kaons,
distinct from any other system, enable the exploration of novel phenomena. Consider-
ing the high importance of strange entanglement, a significant portion of the chapter is
dedicated to exploring the stability of the entangled quantum system and examining the
potential occurrence of decoherence due to interactions with its surrounding environ-
ment. We aim to understand the extent of these effects and their impact on entanglement
by focusing on the correlation between decoherence and the loss of entanglement.

The structure of the chapter is as follows: In Section II, we review the strange be-
haviour of neutral kaons through several phenomena, i.e., strangeness and CP violation,
strangeness oscillation, and regeneration. Section III introduces the bases in quasi-spin
formalism, including the strangeness basis, free-space basis, and inside-matter basis. In
Section IV, entangled states of kaon pairs are studied in two main subsections, i.e., maxi-
mally and non-maximally entangled states. In the next section, the effects of decoherence
on entangled kaons are studied. Density matrix description of entangled kaon system
is introduced and its evolution is studied through the Gorini-Kossakowski-Sudarshan-
Lindblad equation. In section VI, the decline in entanglement is quantitatively measured,
and explicit evidence of the loss of entanglement is provided. The chapter ends with con-

clusion and an overview on prospective research challenges.

A.1.1 Notation

The ket symbol is used to denote a column vector in a Hilbert space, indicating the quan-

tum state of the particle, i.e., |[K?) represents the state vector of a neutral kaon particle.
The bra vector is used to describe the dual space or the bra state in quantum mechanics.
In the case of a neutral kaon, (K| represents the bra vector corresponding to the quan-
tum state of the neutral kaon particle. We use the superscript t to show the conjugate
transpose of a matrix (or vector). The symbol ® indicates the tensor product, and @ the
direct sum. For A and B being operators, we use the notation [A,B] = AB — BA, and
{A,B} = AB + BA. The expression A(t = t;;t,) represents the state (or probability) A at
a specific time, where the time f is equal to t;, and t, represents a specific reference time.

For a generic function f(t), its derivative with respect to time is denoted by f(t). For
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a composite system consisting of subsystem A and subsystem B, the partial trace over
subsystem B is denoted as trp. The imaginary unit is shown by i = v/ —1.

A.2 Properties of the Neutral Kaons

Kaons are the lightest strange mesons whose quark content is understood as u3, sii,
ds for the charged kaons K*(494MeV /c?) and K~ (494MeV /c?), and the neutral kaon
K°(498MeV /c?), respectively, (Martin and Shaw, 2016). Neutral K-mesons exhibit fasci-
nating quantum phenomena that showcase their peculiar and intriguing behavior. In the

following, we study notable instances that exemplify this strangeness.

A.2.1 Strangness and Charge Parity Violation

The neutral kaon and its antiparticle K°(498 MeV /c?) = sd are distinguished by a quan-
tum number S, known as strangeness, such that S |K) = +|K?), and S |K") = — |K?).
Kaons are pseudoscalar particles with a total spin of 0 and parity P = —1 (J¥ = 07).
They exhibit charge conjugation symmetry (C), which corresponds to the transformation

KY = K°. Hence, for the joint transformation, one can write
CPIK) = —|R%),  CPIR?) = |K®)

From a theoretical point of view, in order to obtain the CP eigenstates, one can implement
the superposition of K® and K° as

1 ~ 1 _
K))=—(|K°) = |K%), |K})=—(|K")+]|K"))-
K= () k), )= L () + )
where CP |K{) = +|KY}),CP|K3) = — |KJ). The state K; principally decays to two pi-

ons while K, primarily decays to three pions, which occurs around 600 times slower in
comparison to the decay of K; into two pions. The reason why this decay occurs so
slowly is due to the fact that the mass of K; is a bit greater than the total masses of
the three pions. Strangness is not conserved in weak interactions, moreover, such in-
teractions are CP violating. The observation of these two modes of decay led to the
establishment of the existence of two weak eigenstates of the neutral kaons, called K;,
(K-long, T) and Ks (K-short, ). The weak eigenstates are slightly different in mass,
Am =m(Kp) —m(Ks) = 3.49 x 10~12MeV, however, they differ considerably in their life-
times and decay modes. The state K, (Kg) is a combination of K; (K;) with a small portion

of K; (K3), expressed as

1 1

—————(p|K%) —q|K")) Kp) = ———= (p|K°) +4|K°))
\/IP!2+Iqlz(p‘ -l VIpl*+ gl : 4

[Ks) =
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where p =1+ € and g = 1 — €, with € being the complex CP violating parameter that
is the same for K| and Kg, i.e.,, €, = €s = €. According to the CPT Theorem, (Gross,
2012), since CP symmetry is violated, time reversal (T) symmetry must also be violated
to maintain the overall CPT symmetry. The decay of K|, (long-lived neutral kaon) is dom-
inantly governed by CP violation, similar to the decay of K. The primary decay mode
of K, is the three-pion decay, represented as K; — 37, with a lifetime of approximately
7, = 5.17 x 108 seconds. Similarly, Ks (short-lived neutral kaon) predominantly decays
via the strong interaction, similar to the decay of K;. The main decay mode of Ks is the
two-pion decay, denoted as Ks — 271, with a lifetime of approximately s = 8.954 x 10!
seconds. It is important to note that while the dominant decay mode of K}, is K — 37,
there is also a small amount of CP-violating decay observed, specifically K; — 27, (Grif-
fiths, 2020).

A.2.2 Strangeness oscillation

The two kaons K° and K transfer to common states, and subsequently they mix, meaning
that they oscillate between K° and K° before they decay. Consider the time dependent

Schrodinger equation for the state vector |¢ (t)) as

il (t)) = Hly (1))

where 7 is the plank constant, and H is the non-Hermitian effective mass Hamiltonian
describing the decay characteristics and strangeness oscillations of kaons, defined as

H=M-— %r (A1)

whose eigenstates are Ks and K;. The matrices M, related to mass, and I', a decay-matrix,

are 2 x 2 Hermitian expressed as

M11 M12 1—‘11 I‘12
M = * , I'= % ’
Mi, Mn I, T

(T +Ts)
, with Tj = 7!, j=S,L. The

(I —Ts)

HIKs (1)) = (1ms - 5Ts ) K (1)

My = = (mp, + mg) ' =

and
(mp, —msg) Iy =

in which
Mip =

NI —= N[ =
NSNS

eigenvalues of H satisfy . The system evolves ex-

HIKL (1) = (e~ 50 ) 1K (1)

ponentially; i.e., the solutions to the Hamiltonian are obtained as

Ks (1)) = e Gms+FNKg(t=0)),  |Kp () =e GmtPH R (£=0))  (A2)
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Subsequently, one can find the solution for K% and K° as

00 = 3 (¢ Umer ) e G oy L (ol 2y 1)) oy

RO (1)) = 2 (e (ims= ) = (hmrd)t) oy 4 L (g (ims=3)e = (hmrd)t) | go

K1) =5 K%)+5 K")
q

Suppose an experiment in which a beam of pure K° is produced at t = t;, where t; is the
initial time, via strong interaction. The probability of observing a K” in the beam at a
subsequent time ¢ is determined by

(RO (1)f = (<7 )y e“"“%)’) (<7> X <7>>

4

= i <e‘r5t 4o it 4 26_%(FS+FL) cos <t (mLh_ ms) > )

where the third term shows interference, which is the reason for an oscillation in the K°
beam, (Martin and Shaw, 2016). By following the same procedure, one can compute the
probability of observing K” particles in a beam at a later time, given that the beam initially
consists of K? particles. Therefore,

2
‘<K0 ’KO (t)>’2 _ i’|Z||2 <€r5t + eert _ 26—§(r5+rL) cos <t(mLh WIS)))

The K° beam oscillates with frequency f = W, with (mp — mg)ts = 0.47. The prob-
ability of finding a K® or K from an initially pure K° beam is shown in Figure A.1. The
plank constant 7 is considered as a unit for convenience. The oscillation becomes appar-
ent when considering times on the order of a few g, before all Ks mesons have decayed
and only K; mesons remain in the beam. Therefore, in a beam initially consisting of
only K° mesons at t = 0, the presence of the K° is observed at a distance from the pro-
duction source through its equal probability of being found in the K; meson. A similar
phenomenon occurs when starting with a KO beam, (Bertlmann, 2006).

Over time, the composition of the beam undergoes variations in strangeness due to
the different nature of K° and K° particles. This intriguing phenomenon is commonly re-
ferred to as strangeness oscillations, reflecting the oscillating strangeness content within
the beam. In a broader context, this fascinating occurrence is known as flavor oscillations.

A.2.3 Regeneration of Kg

A beam of K-meson decays in flight after a few centimeters, so the short-lived kaon state
Ks disappears, and only a pure beam of long-lived K] is left. By shooting the K} beam into
a block of matter, which is usually regarded as a composition of protons and neutrons for

all practical purposes, then the K’ and K° components of the beam interact dissimilarly
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Figure A.1: Probability of finding a K° or KU state in an initially produced K° beam over
time

with matter, which also causes the loss of quantum coherence between them. The K’
particle engages in quasi-elastic scattering interactions with nucleons, while K° has the
ability to produce hyperons. Since the emerging beam contains various different linear
combinations of K° and K, i.e., a mixture of K; and Kg, the Ks would eventually be

regenerated in the beam, (Pais and Piccioni, 1955).

A.3 Bases in quasi-spin space

The “quasi-spin" picture for kaons, initially proposed by Lee and Wu, (Lee and Wu,
1966), and later developed by Lipkin, (Lipkin, 1968), offers notable advantages when
compared to spin-; particles or photons with vertical (V)/horizontal (H) polarization.
The strangeness eigenstates K’ and K° are regarded as members of a quasi-spin doublet,

1 0
where K* = 0 (or V polarized photon) and K° = , (or H polarized photon) are

considered as the quasi-spin states up |f}), and down |{})_, respectively. All operators
acting in the quasi-spin space can be expressed by Pauli matrices, i.e., 0y, 0y, 0;. The

strangeness operator S is identified by o3, i.e.,
0:|[K%) = +|K"),  oz|K?) =—|K?),

the CP operator with —oy, and the CP violation is relative to ;.. This formalism is suitable
for all two-level quantum systems. In this regard, the Hamiltonian in Eq. (A.1) can be
implemented as

H = «I + B (sinfo, 4 cosfo,)

where a = 1 (mp +mg— 4 (T, +Ts)), B =% (my —ms— L (I, —Ts)), and the phase 0

corresponds to the CP parameter € such that e = %fi
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Overall, in the quasi-spin formalism, we may work with one of the following bases,
(Bramon et al., 2007):

e Strangeness basis {K%,K}: This basis is well-suited for examining electromagnetic
and strong interaction processes that conserve strangeness, including the forma-
tion of K’KY systems from non-strange initial states, for instance e*e™ — ¢(1020) —
KK or pp — K°K?, and the detection of neutral kaons through strong kaon-nucleon
interactions. This is an orthonormal basis, i.e., (K°|K") = 0.

 Free-space basis: {Kgs,K;}: In the quasi—spin space, the weak interaction eigen-
states are similar to the CP eigenstates |K;) and |K;). However, the Ks, Ki ba-
sis provides a useful framework for analyzing the propagation of particles in free
space while the CP basis is particularly suited for studying weak kaon decays. This
basis is quasi—orthonormal with (Kg|Ks) = (Kp|Ky) =1, and (Ks|KL) = (K |Kg) =

e+e* o
T+le)* =

* Inside-matter basis: {K, K] }: The behavior of neutral kaons as they travel through
a homogeneous medium of nucleonic matter, serving as both a regenerator and
an absorber is determined by the medium Hamiltonian, which includes an extra

strong interaction term as

2V fO 0

Hmedium = - =
mg 0 f()

where v indicates the nucleonic density of the homogeneous medium, my is the
mean value of Kg | mass, fop and fo show the forward scattering amplitudes for KO
and K, respectively. The |K';) and |K’s) are the eigenstates of H,;eg;,, expressed as

1

\K;>=1|2<u<°>+rpm°>>, )=

o ‘2 (1K) = r(p) 1 &%)

1+ |r(p)

where the dimensionless regenerator parameter p, the auxiliary parameter p and its

. —~—1 .
inverse (p)  are introduced as

_ fo—fo

_TVTKmL—mS—%(FL—FS)
p=1/1+402+20, (p) "' =1/1+40%—2p
1—€

and r = 17¢. This basis is also quasi—orthonormal.

/ / / 1\ * 1- 2 _*/_
<KS|KL>:<KL|KS> = |rl (p ,0) >
V1+IroP 1+ /5]
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Two limiting cases exist:

1. For a very low density medium: |K's) — |Ks) and |K'r) — |Kp)

2. For extremely high density media: [K'1) — |K°) and |K's) — |K?)

A.4 Entangled states of kaon pairs

In general terms, we classify a state as entangled when it cannot be expressed as a convex
combination of product states, otherwise it is separable, (Brufs, 2002). Quantum entan-
glement, as a central feature of quantum mechanic, is a phenomenon where two or more
particles can become correlated in such a way that the properties of one particle are imme-
diately affected by the properties of the other particle, regardless of the distance between
them. In quantum information, entanglement is regarded as a resource. Hence, one is
interested in maximally entangled quantum states. To this end, we investigate the entan-
gled states of kaon pairs in two main class, i.e., maximally and non-maximally entangled

states.

A.4.1 Maximally entangled neutral kaons

The spin-singlet states, initially proposed by Bohm, are the most commonly studied and
simplest form of bipartite states. These states involve a pair of spin-1/2 particles. In
analogy to the standard Bohm state, we consider entangled states of K°K?, (Bramon
et al., 2004; Bertlmann, 2006). In both cases of ®—resonance decays and s—wave pro-
ton—-antiproton annihilation, the process begins at time t = 0 with an initial state de-
noted as |¢(0)) with global spin, charge conjugation and parity J”C = 1~~ expressed as
P (t=0))= \% (|K?), ® |K%) —|K?), ® |KP),), which can further be written in free-space

basis as )
gy o Lt
[p(t=0)) = 2—e [[Ks); @ [KL), — [KL); @ [Ks),] (A.3)

The neutral kaons separate and can be observed both to the left (/) and right (r) of the
source. The weak interactions, which violate CP symmetry, come into play only in Eq.
(A.3). It is worth noting that this state is both antisymmetric and maximally entangled in
the two observable bases. Consequently, any measurements performed will consistently
yield left-right anticorrelated outcomes. After production, the left-moving and right-
moving kaons undergo evolution as described by Eq. (A.2) for respective proper times ¢,
and t,. This formal evolution results in the formation of the “two-times” state. Therefore,

1 _ iAm
(1)) = e T2 (Ks) @ K, — AN KL, 8 Ks), ) (Ad)
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where At =t —t,, Am = m —mg, AT =T, —I's, and € — 0. Equivalently, Eq. (A.4) can
be written in strangeness basis

1 ) _ _
(b)) = 2\756 (Tst+T1t)/2 ((1 B e(zAm+AF/2)At) (‘K0>z ® ‘K0>r o ‘K0>l ® ’Ko>r)

(1 AT () R~ (R, 2 [K0),)

Typically, it is common to examine two-kaon states at a unique time, i.e, t =t, =t;. In
this scenario, we have the following equation

() = e T2 (KT, 0K, - [KY), @ [K"),)
(A.5)

1
—(Ts+Ip)t/2 Ke), @ |K — |K ® |K
= e
\@ (| 5>l | L>r | L>l | 5>r)

exhibiting similar maximal entanglement and anti-correlations over time.

A.4.2 Non-maximally entangled states

In addition to the previously discussed maximally entangled state of kaons, there is inter-
est in exploring other non-maximally entangled states for testing the local realism versus
Quantum Mechanics theories. To prepare these states, we begin with the initial state de-
scribed in Eq. (A.3). A thin and homogeneous regenerator is positioned along the right
beam, as close as possible to the source of the two-kaon state. If the regenerator is placed
in close proximity to this origin and the proper time (At) required for the right-moving
neutral kaon to pass through the regenerator is sufficiently short, i.e. much smaller than
Ts, weak decays can be neglected, and the resulting state after traversing the thin regen-
erator is obtained as

[ (At)) = \1@ (IKs) ® |Kr) = [Kp) @ [Ks) + 17 (|Ks) @ |Ks) — |Kp) @ [K1)))  (A6)

The regeneration effects is designated by 7 = ip (Am — éAF) At. One may note the dif-
ference of Egs. (A.5) and (A.6) at t = 0 made by the terms linear in #. To intensify that
difference, let the state Eq. (A.6) propagate in free space up to a proper time 7 < T < 717,

SO
e—(FLT;+I’5T,)/2

9(T)) = (IKs) ©[Kp) — [Kp) @ [Ks)

V2 (A7)
—7 (ef(zAquAl"/Z)T |KL> ® |KL> _ e(lAm+AF/2)T‘KS> ® ’KS>)>

Equation (A.7) shows that the |K;) ® |K1) component has exhibited remarkable resilience
against weak decays compared to the accompanying terms |Ks) ® |Kr) and |Kp) ® |Ks),
resulting in its significant enhancement. Conversely, the |Ks) ® |Ks) component has ex-

perienced substantial suppression and can therefore be disregarded provided that T >>
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Figure A.2: The overall system can be divided into two components: the system of inter-
est, referred to as the “system", and the surrounding “environment".

Ts. By normalizing Eq. (A.7) to the surviving pairs, one obtains

1

|P) = - -
V2+ R + |R|

(IKs) ®|Kp) — |KL) ® |Ks) + R |[Kp) ® |K) + Rs [Ks) @ [Ks))

in which Ry = —re~ (iAm+AL/2)T Ro — yelidm+AI/2)T The state ®, which is non-maximally
entangled, encompasses all pairs of kaons wherein both the left and right partners persist
until the common proper time T. Due to the specific normalization of ®, kaon pairs ex-
hibiting decay of one or both members prior to time T need to be identified and excluded.
This exclusion occurs before any measurement utilized in a Bell-type test, rendering this
approach a “pre-selection" procedure rather than a “post-selection” one, thereby avoid-
ing any conflicts between local realism and quantum mechanics. Upon the establishment
of the state |®), it becomes essential to examine alternative joint measurements on each
corresponding pair of kaons when conducting a Bell-type test.

A.5 Decoherence effects on entangled kaons

Exploring the factors that could potentially lead to decoherence of entangled kaons is of
high importance, (Syahbana et al., 2022; Bertlmann et al., 2003; Bertlmann, 2006; Di Domenico
et al., 2009, 2022). Besides, the decoherence allows us to gather insights into the quality

of the entangled state. In the subsequent analysis, we explore potential decoherence ef-
fects that may arise from interactions between the quantum “system" and its surrounding
“environment" as shown in Figure A.2. Decoherence effects are mainly divided into two
groups: standard and nonstandard, (Bertlmann, 2006). Examples of “standard" decoher-
ence effects can be found in various sources, including:

¢ Strong interaction scatterings of kaons with nucleons
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¢ Weak interaction decays
* Noise from the experimental setup

Nonstandard decoherence effects are due to the fundamental modifications of quan-

tum mechanics, such as:
¢ Influence of quantum gravity (C, 2004; Kiefer, 2007; Gambini et al., 2007)

* Quantum fluctuations in the space-time structure at Planck mass scale (Sivaram,
2007)

¢ Dynamical state-reduction theories (Pearle, 1989)

A.5.1 Density matrix description of entangled kaon system

We will now delve into the decoherence model within the Hilbert space # = C?, which
represents a two-dimensional complex vector space. Our analysis will specifically focus
on the usual effective mass Hamiltonian, as denoted by Eq. (A.1). Here, it is supposed
that CP invariance is not violated as in the case of CPLEAR experiment, (Apostolakis
et al., 1998), whose data are not sensitive to the impacts of CP violation. Therefore, p =

g = 1 meaning that
KY) =[Ks), |KD)=IKi), (Ks|Kp)=0

We can effectively track the evolution of the density operator p by employing the so-
called Gorini-Kossakowski-Sudarshan-Lindblad equation representing the dynamics of
a subsystem within a Markovian system as the entire system expressed as, (Dehaghani
et al., 2022a),

o(t) = Lo(t) =i (Hp(H) —p () H') + 1 (L,p (1)~ 2 L0 <t>}) (A8)

j

D(p)

in which £ is the Liouville superoperator, and L; is the Lindblad (or jump) operator. The
effect of decoherence is added by the dissipation term D (p), for which we consider the

following ansatz, (Bertlmann et al., 2003),

D(P):%Z[P]' [Prp]] with By =[Kj) (K

]

, j=S,L (A.9)

where A > 0 is the decoherence parameter. Equation (A.9) shows an especial case of
dissipation where L; = \/XPj. Therefore, for the elements of density operator p(t) =
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Z pu

Z]_

ils we attain

pss(t) = pss(0)e T+
prL(t) = prL(0)e
pLS(t) :PLS(O)E (i(mp—mg)—T—A)t

—I'rt

where I = 3 (I's 4+ T'1).
Consider the maximally entangled state Eq. (A.5) at initial time t = 0 as

[97) = —=(|ex) — lea)) (A.10)

S

where |e1) = |Ks); ® |Kr), and |e2) = |KL); ® |Ks),. The total system Hamiltonian is then
described by a tensor product of the one-particle Hilbert spacesas H = H; ® I, + I; ® H,
with I and r denoting the direction of the moving particles. The state in Eq. (A.10) is a
Bell state, (Nielsen and Chuang, 2010; Kurgalin and Borzunov, 2021; Zaman et al., 2018),

and is equivalently expressed by the density operator

—_

p(0) =5 (lex) {er| + le2) {e2] — ler) (ea| —[e2) {ex]) (A11)

In this case, the projectors are P; = |e1) (e1| and P> = |ep) (e2|, which project to the eigen-
states of two-particle Hamiltonian. Therefore, the element wise time evolution obtained

from Eq. (A.8) with the ansatz Eq. (A.9) is expressed as

pij () = —2Tp;; (t) fori=j:pi(t) = pij(0)e "
Pij (t)=—(2r+A) Oij (t) fori#j: Pij (t) = Pij (0)e” @r+A)t

From Eq. (A.11), we already know p11(0) = p22(0) = 1 and p12(0) = p21(0) = —1. Asa
result, we acquire the time-varying density operator as the following:

p(t)= 3¢ (e} (el +1e) (o] — e (e} (el + ) ea))  (A12)

From Eq. (A.8), it follows that p(t) = e“*p(0). This means that the initial state p(0) is trans-
formed to p(t) by the completely positive and trace preserving (CPTP) map V(t) = e**
generated by the superoperator £, (Breuer and Petruccione, 2002; Manzano, 2020). Note
that while V(t) should satisfy trace-preserving characteristics, the non-Hermitian nature
of the system Hamiltonian results in a deviation from the property of trace preservation.
Specifically, we observe that tr(p(0)) = 1 but tr(p(t)) = e 2!, in other words, tr(p(t)) # 0.
The issue arising from the non-Hermitian Hamiltonian in this particular system has been
addressed in previous studies, (Caban et al., 2005; Bertlmann et al., 2006). By introducing

certain modifications to the Hilbert space and the dynamical equation, one can effectively
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work with this Hamiltonian. Therefore, the Hilbert space H of the system is extended by
adding the Hilbert space H which corresponds to the decay states resulting from the
dissipation, so Hit = H @ Ho. By using the effective mass Hamiltonian defined in Eq.
(A.1), the dynamical equation is then expressed as

p)=—iMp ) - {3ro(} (A13)

Let define B: H — Ho, and T = BB, then we obtain tr(¢) = —tr(B'Bp(t)) # 0. By adding
Bp(t)B to Eq. (A.13), such that ¢ (t) = —i [M,p (t)] — {iT,p(t)} + Bp(t)B, then tr(p(t)) =
0, meaning that the trace of p(t) is preserved.

A.5.1.1 Purity

Decoherence arises exclusively from the influence of the factor e~*f

on the off-diagonal
elements. Hence, for t = 0, the density operator corresponds to a pure state, however, for
t>0and A # 0, the state p(t) does not exihibit a pure state anymore. As time elapses and
environmental factors come into play, the quantum effects, characterized by coherences,
gradually fade away, giving rise to the phenomenon of decoherence.

In quantum mechanics and particularly in the field of quantum information theory,
the purity of a quantum state described by the density operator is defined as P(t) =
tr(0?(t)). The purity expresses a measure on quantum states, and provides information
regarding the degree of mixture in a given state. Here, the purity of p(t) is, (Syahbana
et al., 2022),

P(t) = %e_‘m (1 + e_Z)‘t>

that is, for t =0, P(t) =1, and for t > 0, P(t) < 1. We can conclude that the evolution
of p(t) transfers a pure state to a mixed state, which is due to the occurrence of deco-
herence phenomenon. In addition, the purity of a normalized quantum state satisfies

1
5 < P(t) <1 for a state defined upon a 2 dimensional Hilbert space. However, in this

case the value of P(t) can be less than 3. It happens when one of the conditions of density
operator is not satisfied for t > 0, i.e., tr(p(t)) # 1.

A.5.2 Decoherence parameter associated to entangled kaon system

In the CPLEAR experiment, as described in (Apostolakis et al., 1998), entangled kaons are
generated. Subsequently, the strangeness content (S) of the right-moving and left-moving
particles is measured at time t = t, and t = t;, respectively. Consider a specific scenario
where the detection reveals that a K° is observed at the right side at time ¢t = t,, while a KO
is detected at the left side at time t = t;, where t, < t;. We indicate two operators St and
S, torepresent the measurement of strangeness at the right and left side, respectively (see
Figure A.3). After the measurement is occurred at the right side, the density operator of
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KO K @ « KO
left \/ right

t=t 6>t t=t

Sr = 1K%K°; SF=1L&IK')K I,

Figure A.3: We consider a case that K and K are detected at the right side at t = t, and
left side at t = t;, respectively, where t; > t,. The operators S} and S, correspond to
strangeness measurement at right and left sides.

the left moving particle turns out to be
pi(t=trty) =tr, (S p(t)) (A.14)
From here, the probability of this case becomes, (Syahbana et al., 2022),
P (R%t;K0t,) = tr (S; pi (titr)) = tr (tre (S 01 (1)) (A.15)

In the following, we obtain P (KO, t ;Ko,tr). For the other cases, the same procedure can
be employed. In order to determine Eq. (A.15), one can use |Kg) and |K}) as the basis,
and write Eq. (A.14) as

1 _ _
o1t = tty) = 5o~ ([Ks) (Ksl, + KoL) (el — e (Ks) (Ko + [Ke) (Ks)) - (A16)
Suppose the density operator related to a left moving particle is expressed as

o1 (1) =pss (tt:) |Ks) (Ks|; + psi () [Ks) (KL,

(A.17)
+ pLs (ttr) [KL) (Ks|; + pre (£t) [KL) (Ks];

which is supposed to evade decoherence for the time interval t > t,. Therefore, it evolves
according to gy (tt,) = —i (Hp; (t;t,) — pi (t;t,) H). Hence, the following equation is ob-
tained

o1 (t;tr) = —Tspss (£tr) |Ks) (Ks|; + (iAm —T) psp (£ ) [Ks) (Ki |,
— (idm +T)prs () [K) (Ks|; — Trowr (8t) [Ke) (KLl
Let assume that CZ-]- with i,j = S, L is constant, so
pss (t;ty) = Csse ™!, prp(t;t,) = Crre 't

psL (ttr) = CSLe(iAm*F)f, o1s (Ety) = CLSef(iAerl")t

From our knowledge of Egs. (A.16) and (A.17), the values of C;; and subsequently p;; (t;t)
can be obtained. Finally, by replacing t = t;, we attain P (K, ;K% t,).



A.5 Decoherence effects on entangled kaons 141

Explicitly, by assuming that At = t; — t,, we have the following results

P (K% ;KO t,) = P (R, ;KO t,)

1 (A.18)
= gefzrt, (e’rsAt 4o TLAt 4 Dp=Mr g (AmAt) e’mt)
P (K% 1K t,) = P (R, ;RO ;)
1 (A.19)

= gefzrt, (e’rsAt 4o TLAt _ 2p=Mr g (AmAt) e’mt)

Let consider At =0, i.e., t; = t, = t, then from Eq. (A.18), one obtains
_ _ 1
P (K% ;K% t,) = P (R, ;K% 1) = 1e—m(1 —e M

which is in contradiction to the pure quantum mechanical EPR-correlations. The asym-
metry of probabilities is the captivating factor of interest, as it directly responds to the
interference term and can be quantified by means of experimental measurements. In the
realm of pure quantum mechanics, where a system does not experience decoherence, we
encounter this phenomenon by AM expressed as

P (K% ;K% t,) + P (K t;K,t,) — P (K% t;K%,t,) — P (KO, t;K0, )
P(K9,t;KO,t,) + P (KO, t;KO,t,) + P (KO, t;KO,t,) + P (KO,t;KO,t,)
_ cos(AmAt)

~ cosh (3ATAt)

AQM (tl/ tr) =

(A.20)
in which AT =T —I's. In the decoherence model of entangled kaon system, since it is
not known which particle will first be detected, ¢, in Eqs. (A.18) and (A.19) needs to be
replaced by T = min(t,,t;). By inserting Egs. (A.18) and (A.19), we obtain

AN (b, ty) = A9M (t, 1) e (A.21)

~AT is dependent on the time

which indicates that the decoherence effect represented by e
of the first detected kaon.

The decoherence model in Eq. (A.21) can be introduced in a phenomenological way,
where the decoherence parameter A corresponds to an effective decoherence parameter ¢
as {(t,t,) =1 —e~". Apparently, the value of { = 0 represents pure quantum mechanics,
and { = 1 corresponds to complete decoherence or spontaneous factorization of the wave
function (Schrodinger-Furry hypothesis). By means of standard least squares method,
(Barlow, 1993; Bevan, 2013), { = 0.13 4= 0.865 is obtained in (Syahbana et al., 2022), which
is in agreement with the results obtained from the effective variance method, where { =
0.13f8:%g, (Bertlmann et al., 1999; Wiseman and Cavalcanti, 2017), correspondent to A =
(1.841%%) x 107 2MeV. The value of both parameters are compatible with quantum
mechanics, i.e,, { =0 and A = 0 and far away from the total decoherence, ie., { =1
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or A = co. It indicates that the interaction between the system and its environment has
negligible influence on the system. As a result, the quantum properties related to the
entanglement of the strangeness are preserved without significant alteration.

A.6 Loss of entanglement

As time progresses, the degree of decoherence in the initially fully entangled K°K° system
increases, leading to a decrease in the system’s entanglement. This loss of entanglement,
defined as the disparity between an entanglement value and its maximum unity, can be
precisely measured, (Bertlmann, 2006; Hiesmayr, 2002). In the realm of quantum infor-
mation, the quantification of entanglement in a state is assessed by employing specific
measures designed for quantifying entanglement. In this context, entropy plays a pivotal
role. The entropy serves as a measure of the level of uncertainty or lack of knowledge as-
sociated with a quantum state. If the quantum state is pure, maximum information about
the system is provided, however, mixed states only offer partial information. The entropy
quantifies the extent to which maximal information is absent. In the following, we focus
on the three most important and wildly-used entanglement measures: Von Neumann en-
tanglement entropy, Entanglement of formation, and concurrence. When the interest is
focused on the effect of decoherence, one needs to compensate for the decay up to time
t to attain a proper density operator for the kaon system. Therefore, we divide the state

Eq. (A.12) with its trace, i.e., pn(t) = trﬁgz)).

A.6.1 Von Neumann entanglement entropy

Von Neumann's entropy of the quantum state pn(#) is expressed as

S(pn(t)) = —tr(on(t)logapn(t))

where d is the dimension of the Hilbert space, i.e., for the Hilbert space of a qubit d = 2,
hence 0 < S(pn(t)) < 1. For t = 0, the entropy is zero, meaning that the state is pure
and also maximally entangled. However, as t — oo, the entropy approaches to one, i.e.,
the system become mixed. The Von Neumann entropy is a good criteria of entangle-
ment, specifically for pure quantum states, (Varizi, 2017; Bertlmann et al., 2003; Bertl-
mann, 2006).

The bipartite von Neumann entanglement entropy can be defined as the von Neu-
mann entropy of any of its reduced states. This definition holds true because both re-
duced states have the same value, as can be demonstrated through the Schmidt decom-
position of the state with respect to the bipartition. Consequently, the outcome remains
unchanged regardless of the specific reduced state chosen. Generally, two subsystems
are maximally entangled when their reduced density operators are maximally mixed.

In our case, the left- (subsystem ) and right- (subsystem r) propagating kaons are our
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subsystems. Therefore, the reduced density operators are defined as

pn (t) =tre(pn (1), pi(t) =tri (on (1)

The von Neumann entropy of pk; () (or o}, ()) provides the uncertainty in the subsystem
I (or r) before measuring the subsystem r (or ). In the case of kaon system, we have

S(ohy (£)) = S(ok () =1 vt =0

which are independent of decoherence parameter A, meaning that the correlation stored
in the entire system is lost to the environment and not to the subsystems.

A.6.2 Entanglement of formation

Entanglement entropy is also known as the entanglement of formation for pure states.

It is possible to express any density matrix as a collection of pure states forming an en-

semble p; = |¢;) (;|, with each pure state having a corresponding probability p;, that is

p = L pipi- For mixed states, entanglement of formation can be generalized by defining
1

a quantity minimized over all the ensemble realizations of the mixed state. For the kaon
system, we have

Ef(p) =min)_p;$ (Pf)

The entanglement of formation can be simplified to Ef(p) > £ (f (0)) by introducing the
lower bound of Ef ((p)), given by

NI —

N =H (3 +\FOU-F0)) for fio)>
E(f(p))=0 for  f(p) <

N[ =

where f (p) = max (e|p|e), known as the fully entangled fraction of p, is the maximum
over all completely entangled states |¢), and

H(x) = —xlogx — (1 — x)logx(1 — x).

For our model, the lower bound expressed for Ef (p) is saturated, i.e., Ef(0) = £ (f (0))-
Therefore, one can calculate the entanglement of formation simply by computing £ (f (p)),
(Bertlmann, 2006).

The fully entangled fraction of pn () is f(on(t)) = 5(1 4+ e~*) > 0. Therefore, the

entanglement of formation for the K°K? is assessed in terms of E £(A) as

1+\/1—e*2M1 14+ V1 —e2M 1—\/1—6*2M10g 1—V1—e2M
- 082 - 2
2 2 2 2

Ef(A) =
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From which one can obtain the entanglement loss Lg(t) as

Le(t) =1 E(on (1))
A

1
~ b= (1) = 1448 (1)

(A.22)

approximated for small values of A. Equation (A.22) shows that the entanglement loss
equals the weighted amount of decoherence.

A.6.3 Concurrence

Wootters and Hill, in their research publications (Wootters, 1998; Hill and Wootters, 1997;
Wootters, 2001), discovered a relation between entanglement of formation and a mea-
sure known as concurrence. This connection allows the expression of entanglement of

formation for a general mixed state p of two qubits in terms of the concurrence as

Erlo) =€ (o) =H 5+ 3y/1-C ()

with 0 < C(p) < 1. As The function £ (C(p)) is monotonically increasing from 0 to 1 as
C(p) goes from 0 to 1.

The concurrence C(p) in defined as C(p) = max{0,A1 — Ay — A3 — A4} with A;’s repre-
senting the square roots of the eigenvalues, in decreasing order, of R = pp matrix where

p is the spin-flipped state of p defined as

p=(0y @0y)p"(0y ®0y)

The complex conjugate of p, i.e., p* is taken in the basis {|M}), |[{4), ), [U1) }. In our
model, since py () is not variant under spin flip, hence R = p%,, and the concurrence is

Clon(t)) = max{0,e M} =e M
Hence, Lc(t) is computed as
Le()=1—Clon (1) =1—e M =¢(t) (A.23)

The value of Lc(t) is precisely equivalent to decoherence &(t), describing the factoriza-
tion of the initial spin singlet state to the state |Ks), ® |[Kp.), or |Ks); ® |Kr),. In both cases,
Egs. (A.22) and (A.23), show that the loss of entanglement is equivalent to decoherence,
and increases linearly with time, (Bertlmann et al., 2003). In Figure A.4, we show the
loss of information by the von Neumann entropy S(A) in comparison with the loss of
entanglement of formation Lg(t) depending on the normalized time 7 of the propagat-
ing K°K? system for the experimental mean value A = 1.84 x 10~ 2MeV, and the upper
bound A = 4.34 x 107 2MeV of the decoherence parameter. The rate of increase in the
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loss of entanglement of formation is slower as time progresses, indicating the amount of
resources required to create a specific entangled state. In the overall state, the level of
entanglement decreases until separability is achieved, which occurs exponentially fast as
time approaches infinity. In the CPLEAR experiment, where the propagation of one kaon
for 2 cm corresponds to the propagation time T = 0.55, until an absorber measures it, the
loss of entanglement is approximately 0.18 and 0.38 for the mean value and upper bound

of A, respectively.

074 —— A=1.84x10712 Mev 05 | — A=184x1071 Mev
A=4.34 x10712 Mev A=4.34 x10-12 Mev

0.6 +
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Figure A.4: The time dependence of von Neumann entropy and the loss of entanglement

of formation for two values of A. The time f is normalized versus Tg, i.e. T = ?ts

A.7 Concluding Remarks and Discussions

This chapter has provided a comprehensive analysis of the properties and phenomena as-
sociated with neutral K-mesons, highlighting their intriguing and often puzzling behav-
iors. We began by emphasizing the significance of strangeness and charge parity viola-
tion in the understanding of these particles. Next, the concept of strangeness oscillations,
exemplified by the oscillations between K and K states, was introduced and thoroughly
explored. We delved into the regeneration of K5 and unraveled the underlying mecha-
nisms that govern these oscillations, shedding light on the intricate dynamics involved.
Next, we examined the quasi-spin space and its bases, unraveling their implications and
providing insights into the entangled states of kaon pairs, particularly focusing on both
maximally and non-maximally entangled neutral kaons. This exploration has broadened
our understanding of the entanglement properties exhibited by these particles. Further-
more, we dedicated significant attention to the study of decoherence effects on entangled
kaons. Through the use of density matrix formalism, we captured the dynamic nature
of decoherence and introduced a dedicated parameter to quantify its impact. Measures
such as Von Neumann entanglement entropy, entanglement of formation, and concur-

rence were employed to explore the loss of entanglement, providing valuable tools for
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characterizing and quantifying entanglement in the context of neutral kaons. However,
several intriguing questions for future research remain open.

The study of kaon entanglement and decoherence raises a host of intriguing open
questions that drive ongoing research and exploration. How do environmental interac-
tions, such as scattering or absorption, impact the entanglement and coherence properties
of neutral kaons? Can we develop methods to quantify and control these effects? Addi-
tionally, investigating entanglement dynamics in multipartite kaon systems, involving
more than two neutral kaons, presents an exciting avenue of research. How does mul-
tipartite entanglement and its degradation relate to the underlying interactions and dy-
namics? Developing novel experimental techniques and theoretical models to explore
these phenomena could shed light on the intricate nature of entanglement in kaon sys-
tems.

Furthermore, the generation and manipulation of entangled kaon states offer intrigu-
ing possibilities. Can we create specific entanglement patterns or preserve entanglement
over extended timescales? Understanding and enhancing entanglement in kaon systems
could have implications for quantum information processing and communication. The
role of entanglement in comprehending and quantifying CP violation in kaon systems
is another crucial aspect. How does entanglement contribute to our understanding of
the underlying mechanisms driving CP violation? Exploring connections between the
entanglement properties of neutral kaons and other areas of physics, such as quantum
information theory, quantum field theory, or quantum gravity, holds promise for uncov-
ering fundamental principles and phenomena.

Additionally, the presence of decoherence poses significant challenges. How does
decoherence affect the entanglement properties of neutral kaons? Can we develop tech-
niques to mitigate or minimize its detrimental effects and preserve entanglement over
longer durations? Exploring the entanglement and coherence properties of neutral kaons
within non-standard models beyond the Standard Model of particle physics could pro-
vide insights into new physics and phenomena. Moreover, extending the study of entan-
glement and decoherence to other meson systems or particles with similar characteristics
is a compelling direction. How do the entanglement properties differ or align between
different types of particles? Finally, experimental methodologies and theoretical frame-
works for directly observing or measuring entanglement in kaon systems, as well as ex-
ploring the implications of entanglement for quantum computing and communication,
open up exciting possibilities for practical applications in quantum technologies.

These open questions highlight the ongoing exploration and research endeavors, pre-

senting intriguing avenues for further investigation and potential breakthroughs.
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