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ABSTRACT

The report discusses the dynamics of charged particle motion in a non-uniform magnetic field. Specifically, we examine
the possible trajectories of cosmic rays in Earth's dipole magnetic field. The study demonstrates the potential chaotic
dynamics of cosmic rays using the Lyapunov exponent and Fourier spectrum. Additionally, it presents modeling of Van
Allen belt formation and analyzes the influence of cosmic ray energy on the geometry of these belts. Furthermore, an
analysis was conducted on the impact of the May 10, 2024, magnetic storm on cosmic ray detection on Earth. As is known,
during such storms, the Forbush effect is observed, which manifests as a decrease in the intensity of detected cosmic rays.
Relevant laboratory records are provided, utilizing data from the Thilisi Cosmic Ray Laboratory. The study also
investigates the dependence of the Forbush effect's depth on the magnitude of geomagnetic field disturbances.
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Introduction

A non-uniform magnetic field is a field whose magnetic induction varies from point to point in space. An
example of such field is the Earth’s magnetic field, which in the first approximation can be considered as a
dipole magnetic field. The field lines emerge from northern magnetic pole and enter the southern magnetic
pole. In the case of a uniform magnetic field, the equation of motion can be solved analytically, but for a non-
uniform magnetic field we must use numerical methods. The magnetic field produced by a magnetic dipole is
known from the formula [1] [4]:

B= Lo [3@m-HF-ml (1)
B — magnetic field (T)
m— magnetic dipole moment(for earth: 8.0 * 102 (A*m?))
7— unit vector from dipole moment center to point in space
r — distance from dipole center(m)

Ho— magnetic constant( 1.256 *107¢ N/A?)

Our goal is to investigate the trajectory of a particle moving in non-uniform magnetic field.Using the
Lorenz force, we write the corresponding equation of motion and solve the system of differential equations

using the Runge-Kutta numerical method(ODE-45):
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As charged particles we consider cosmic rays, which allows us to investigate and qualitatively evaluate the
Forbush effect.

Results and disscusion

We obtained various trajectories for the motion of charged particles. The plots show coordinate system scaled
by the Earth’s radius. In this work, we chose alpha particles (He?") to model cosmic rays, since they constitute
approximately 10% of the cosmic-ray flux. Alpha particles have charge g=2e and mass m=4m,,

Additionally, the Lyapunov exponent was calculated for each trajectory to characterize the degree of chaotic
behavior (Fig.1, Fig.2, Fig.3)

Trajectory of a charged particle | vO = [0.1, 0.1, 0.1] | rO = [-4.0, -1.0, -6.0]
Lyapunov exponent: 0.011
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Fig. 1

Trajectory of a charged particle | vO = [2.0, 1.0, 0.0] | rO = [-5.0, -4.0, -2.0]
Lyapunov exponent: 0.786
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86



trajectory of a charged particle | vO = [0.0, 0.3, 0.3] | rO = [0.0, -7.8, -1.5]

Lyapunov exponent: 0.013

Fig.3

Using this model, it is also possible to explain the Forbush effect. The Forbush effect is the reduction in cosmic-
ray intensity observed on Earth during geomagnetic storms, caused by magnetic disturbances generated by

solar eruptions.
contidions (fig.5) and under enhanced field conditions (fig.4). When the magnetic field is doubled, the

In the model, we compare two cases: one with the normal geomagnetic field, and one with an enhanced field
particle’s trajectory changes significantly, it moves away from Earth and can no longer reach the same location.

due to solar disturbances. The modeled particle moves in the Earth’s dipole magnetic field under normal

This demonstrates that a strong magnetic field, such as that occurring during a Forbush event, hinders the

arrival of cosmic rays at Earth- and this is precisely the Forbush effect.

normal magnetic field

Lyapunov exponent: 0.521

enhanced magnetic field(Forbush)
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Fig.4
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We also used data from the Thilisi Cosmic Ray Laboratory [5] to analyze the geomagnetic storm that occured
between may 10-13, 2024. As can be seen in the yellow-highlighted region (fig.6), a sharp decrease in cosmic-
ray intensity is recorded during the geomagnetic storm, which corresponds exactly to the forbush effect.

Thilisi cosmic ray laboratory data- may 2024
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Fig.6

Conclusion

In this work, we modeled the motion of charged particles in the Earth's non-uniform magnetic field and
analyzed the impact of geomagnetic disturbances on their trajectories. Using alpha particles (He*") to represent
cosmic rays, our simulations demonstrated that under normal geomagnetic conditions, charged particles can
reach the Earth, whereas under enhanced magnetic field conditions such as those caused by solar eruptions,
the trajectories are significantly altered, preventing particles from reaching the same locations.

The results clearly illustrate the physical mechanism behind the Forbush effect: strong geomagnetic fields
generated during solar events reduce the flux of cosmic rays arriving at Earth. This modeling is supported by
observational data from the Thilisi Cosmic Ray Laboratory, which recorded a sharp decrease in cosmic-ray
intensity during the geomagnetic storm of May 10-13, 2024.

Overall, this study highlights how numerical simulations of particle motion in the Earth’s magnetosphere can
effectively reproduce observed cosmic-ray modulation events, providing a valuable tool for understanding
space weather effects on the near-Earth environment. The approach also allows for quantitative analysis of
chaotic particle dynamics and can be extended to study other magnetospheric phenomena, such as the
formation and structure of the VVan Allen radiation belts.
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HN3yuyenue 3¢pPpexta @opOymia B reOMArHUTHOM I0JIe 3eMuin

M. AcnamasumBuian, O. Xapumiaanase, A. I'ypuymenus, I'. Takanse

Pe3rome

B pabote paccmaTpuBaeTcsi TuHaAMKKa JBUKEHUS 3apsHKEHHBIX YaCTHIl B HEOAHOPOAHOM MAarHUTHOM 1osie. B
YaCTHOCTH, U3y4YalOTCsl BO3MOXKHBIE TPAEKTOPUM KOCMHUYECKHX JTyueil B TUMOJIBHOM MarHUTHOM TOJ€ 3EMIIH.
B pabote nokasana BO3MOXKHasI XaOTHUYECKasi JUHAMHUKA KOCMHUYECKHX JIydel ¢ UCIOIb30BaHUEM IIOKa3aTels
JlamyHoBa n ananuza ®ypee. Taxke MpeacTaBiIeHo MOAEIMPOBaHKE POpPMUpPOBaHus MMosicoB Ban AunseHa n
oOcykIaercsi  BIMSAHME  OHEPrMM  KOCMHUYECKMX  JIlydyed  Ha  TEOMETPHIO  3TUX  IIOSICOB.
Kpowme toro, mpoBeneH aHanu3 BnusiHUSA MarHuTHOH Oypu 10 mas 2024 rona Ha perucTpafio KOCMHYECKAX
myqeit Ha 3emie. Kak u3BecTHO, B mepuobI Takux Oypb Habmogaetcsa a¢dext DopOya, 3aKIovaronuics B
YMEHBIIEHUN HWHTEHCUBHOCTH KOCMHUYECKHX JIyueH, 3apericTpUpoBaHHbIX Ha 3emie. llpuBeneHsr
COOTBETCTBYIOILIME J1a00OPaTOPHBIE 3aIIMCH, HCTIONbB3YIOMIKE JaHHbIe TOMINCCKOM 1a00paTOPHH KOCMUYECKUX
mydeit. MccnemyeTcs 3aBUCHMOCTH TIyOHHBI ¢ dexta PopOyIra oT BETUMIHHBI BO3MYIIEHHS T€OMarHUTHOTO
HOJIS.

Karouessle cioBa: 3pdext DopOyiiia, HEOJHOPOTHOES MATHUTHOE T10JI€, KOCMHYECKHUE JIydU
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