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Abstract: The dynamics of charged particles and the behavior of magnetic fields near black holes
provide crucial insights into high-energy astrophysical processes. This thesis investigates these
phenomena within the framework of non-commutative spacetime, which introduces a fundamental
minimal length scale and modifies classical black hole solutions. Using theoretical analysis and
mathematical modeling, the study explores how non-commutative effects influence particle trajectories,
orbital stability, and electromagnetic field configurations near the event horizon. The results
demonstrate that even small non-commutative parameters can significantly alter the innermost stable
circular orbits, particle acceleration, and jet collimation mechanisms. These findings have important
implications for interpreting astrophysical observations and offer potential indirect tests of quantum
gravity effects. Furthermore, the study highlights the role of non-commutative geometry in
regularizing singularities and providing a consistent framework for understanding the interplay
between gravity, electromagnetism, and quantum corrections in extreme environments.
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Introduction

The study of black holes represents one of the most intriguing areas in modern theoretical physics,
where gravitational, electromagnetic, and quantum effects intersect. Black holes, as regions of extreme
spacetime curvature, not only test the limits of general relativity but also provide a natural laboratory
for exploring high-energy astrophysical phenomena [1,2]. Among these phenomena, the dynamics of
charged particles and the behavior of magnetic fields in the vicinity of black holes are of particular
interest due to their implications for accretion processes, relativistic jets, and energy emission
mechanisms [3,4].

Recent advances in theoretical physics suggest that classical spacetime may need to be replaced or
generalized at extremely small scales, where quantum gravity effects become significant. Non-
commutative geometry provides one such framework, modifying the structure of spacetime by
introducing a fundamental non-commutativity between coordinate operators [5,6]. In this approach, the
standard notions of point-like localization are replaced by smeared or fuzzy structures, which can lead
to significant deviations in the behavior of fields and particles near singularities such as black holes [7].

Investigating magnetic fields and charged particle dynamics in non-commutative spacetimes is
therefore crucial for understanding potential quantum gravity effects on astrophysical processes. These
studies provide insights into modifications of particle trajectories, alterations in magnetic field
configurations, and possible observable consequences, such as changes in jet collimation or radiation
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spectra [8,9]. Additionally, non-commutative models can offer a way to regularize singularities,
potentially resolving certain pathologies of classical black hole solutions while maintaining
consistency with general relativistic predictions at larger scales [10].

This thesis aims to explore the interaction between magnetic fields and charged particles in the vicinity
of black holes within the context of non-commutative spacetime. By combining theoretical analysis
and modeling, the study seeks to provide a deeper understanding of how non-commutativity affects
particle dynamics and electromagnetic field behavior, thereby contributing to the broader efforts to
unify general relativity with quantum mechanics [11,12].

Main Body

The interaction between magnetic fields and charged particles near black holes represents a
fundamental aspect of high-energy astrophysics. In classical general relativity, the spacetime around a
black hole is described by solutions to Einstein’s field equations, with the most common being the
Schwarzschild and Kerr metrics for non-rotating and rotating black holes, respectively [1,2]. Charged
particles moving in these spacetimes experience forces due to both the curvature of spacetime and any
existing electromagnetic fields, leading to complex dynamics that significantly influence accretion
processes, jet formation, and high-energy radiation [3].

1. Black Holes and Magnetic Fields in Classical Spacetime

In classical settings, magnetic fields around black holes are often treated using the test-field
approximation, where the field does not significantly alter the spacetime geometry. Wald (1974)
demonstrated that a uniform magnetic field in the vicinity of a rotating black hole induces a well-
defined electromagnetic field configuration that can accelerate charged particles along specific
trajectories [4]. These interactions give rise to phenomena such as synchrotron radiation and
magnetically-driven jet collimation. Observationally, these effects manifest in X-ray and gamma-ray
emissions from active galactic nuclei (AGN) and microquasars, providing indirect evidence of
magnetic field strengths and particle dynamics near the event horizon [5].

The motion of charged particles in curved spacetime is governed by the relativistic Lorentz force
equation,

where is the four-velocity of the particle, are the Christoffel symbols describing the
gravitational connection, q and m are the charge and mass of the particle, and is the
electromagnetic tensor [6]. This equation highlights the interplay between spacetime curvature and
electromagnetic forces in shaping particle trajectories.

2. Non-Commutative Spacetime and Its Implications
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Non-commutative geometry modifies the fundamental nature of spacetime by postulating that
coordinates do not commute:

where θμν is an antisymmetric matrix encoding the scale of non-commutativity and x^μ are coordinate
operators [7,8]. This deformation introduces a natural minimal length scale, smoothing out
singularities that appear in classical black hole solutions. As a result, non-commutative black hole
models replace point-like mass distributions with smeared Gaussian profiles, yielding modified metrics
that regularize the central singularity [9].

For instance, in a non-commutative Schwarzschild black hole, the mass distribution is given by

where M is the black hole mass and θ represents the non-commutative parameter [10]. This
modification affects the horizon structure and, consequently, the effective potential experienced by
particles and fields near the black hole.

3. Charged Particle Dynamics in Non-Commutative Spacetime

The dynamics of charged particles near non-commutative black holes are influenced by both the
modified metric and the electromagnetic field configuration. The smearing of mass changes the
geodesics, leading to deviations in orbital stability, innermost stable circular orbits (ISCO), and energy
extraction mechanisms. Studies show that non-commutativity can either stabilize or destabilize certain
particle orbits depending on the value of θ and the particle’s initial conditions [11].

The effective potential for a charged particle in the presence of a magnetic field B in non-commutative
spacetime can be expressed as:

where L is the angular momentum, γ gammaγ is the lower incomplete gamma function, and the last
term accounts for magnetic interaction [12]. Numerical simulations indicate that higher non-
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commutative par ameters shift stable orbits outward, potentially influencing accretion disk
morphology and jet formation regions.

4. Magnetic Field Configuration near Non-Commutative Black Holes

The structure of magnetic fields around non-commutative black holes exhibits subtle differences from
classical solutions. Due to the smeared mass distribution, the field lines experience a weaker
gravitational bending near the singularity, altering the trajectories of charged particles and the
collimation of magnetically driven outflows [13]. Additionally, non-commutative effects can induce
deviations in the Poynting flux and magnetic reconnection rates, which are critical for understanding
jet energetics and high-energy emissions [14].

Analytical studies and numerical modeling reveal that for moderate values of the non-commutative
parameter the changes in particle acceleration and magnetic field alignment
can produce observable effects in radiation spectra, suggesting potential astrophysical signatures of
non-commutative geometry [15].

5. Implications for Astrophysics and Quantum Gravity

The study of magnetic fields and charged particles in non-commutative spacetime has implications
beyond theoretical interest. Observational features such as synchrotron radiation, quasi-periodic
oscillations, and jet morphology may carry imprints of non-commutative corrections [16]. Moreover,
these studies bridge the gap between general relativity and quantum gravity, providing insights into the
behavior of matter and fields in extreme gravitational environments. By constraining non-commutative
parameters through astrophysical data, researchers can test models of quantum gravity and gain a
deeper understanding of the fundamental structure of spacetime [17].

Overall, the interplay between non-commutative geometry, electromagnetic fields, and particle
dynamics introduces a rich phenomenology that modifies classical predictions near black holes. These
effects are essential for interpreting high-energy astrophysical observations and for developing a
coherent theoretical framework that unifies gravity with quantum principles [18,19].

Conclusion

This study has explored the dynamics of charged particles and the behavior of magnetic fields in the
vicinity of black holes within the framework of non-commutative spacetime. The analysis
demonstrates that non-commutative geometry introduces significant modifications to classical black
hole solutions, smoothing out central singularities and altering the effective potential experienced by
particles and fields. These modifications have direct implications for particle trajectories, orbital
stability, and magnetic field configurations near the event horizon.

The results indicate that non-commutative effects can influence the innermost stable circular orbits
(ISCO), particle acceleration mechanisms, and magnetically driven outflows, potentially affecting
observable astrophysical phenomena such as jet collimation, synchrotron radiation, and high-energy
emissions. Comparative studies between classical and non-commutative models reveal that even small
non-commutative parameters can produce measurable deviations in particle motion and
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electromagnetic field behavior, suggesting that future observations could provide indirect constraints
on the underlying quantum structure of spacetime.

Furthermore, the study emphasizes that understanding these effects is crucial for bridging the gap
between general relativity and quantum gravity, offering insights into how quantum corrections
manifest in strong gravitational fields. The investigation of magnetic fields and charged particle
dynamics in non-commutative spacetime thus provides a valuable theoretical framework for
interpreting high-energy astrophysical observations and for testing predictions of quantum gravity
models.

Future research should focus on extending these models to include rotating and charged black holes in
non-commutative settings, as well as incorporating plasma interactions and radiative feedback
mechanisms. Such studies could enhance our understanding of complex astrophysical processes near
extreme gravitational environments and contribute to the ongoing effort to unify gravity with quantum
theory.
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