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As cosmic rays (CRs) propagate in the Galaxy, they can be affected by magnetic structures that
temporarily trap them and cause their trajectories to display chaotic behavior, therefore modifying
the simple diffusion scenario. When CRs arrive at the Earth, they do so anisotropically. These
chaotic effects can be a fundamental contributor to this anisotropy. Accordingly, this requires a
comprehensive description of chaos in trapping conditions since it is necessary to assess their
repercussions on the CR arrival directions. This study utilizes a new method described in Lopez-
Barquero and Desiati (2021) to characterize chaotic trajectories in bound systems. This method
is based on the Finite-Time Lyapunov Exponent (FTLE), a quantity that determines the levels of
chaos based on the trajectories’ divergence rate. The FTLE is useful since it adapts to trapping
conditions in magnetic structures or even propagating media changes. Here, we explore the effects
that chaos and trapping can have on the TeV CR anisotropy. Concretely, we apply this method
to study the behavior of CRs entering the heliosphere. Specifically, how the distinct heliospheric
structures and CR impinging directions from the ISM can affect chaos levels. The heliosphere
has an intrinsic directionality that affects CRs differently depending on where they enter it. This
feature causes preferential directions from which particles tend to be more chaotic than others.
This eventually translates into changes in the arrival maps which are not uniformly distributed.
Instead, we expect sectors in the map to change separately from others, creating a time variation
that could be detected. Consequently, this result points to the idea that time-variability in the maps
is essential to understanding the CR anisotropy’s overall processes.
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1. Introduction

Cosmic rays of Galactic origin are detected on the Earth with anisotropy in their arrival direc-
tions. This anisotropy (1073 in relative intensity) has been measured by multiple experiments [1, 2];
nonetheless, a complete explanation for it is still eluding us. This work will explore the contributions
that chaotic trajectories of trapped cosmic rays can have on it. Specifically, how coherent structures,
e.g., the heliosphere, can significantly impact how particles propagate and ultimately the directions
that they are detected.

2. Chaotic Trajectories and Coherent Magnetic Structures

In order to assess the chaotic effects on particles’ trajectories and how they are affected by
being temporarily trapped in coherent structures, we develop a new method for characterizing chaos
and construct a toy model that will replicate the trapping conditions in these magnetic structures.

This model is based on the Finite-Time Lyapunov exponent (FTLE):
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where At is the time interval for the calculation and d(t) is the the distance between two particles at
time t. Thus, the FTLE can measure the level of chaos based on the trajectories’ divergence rate.
The usefulness of this quantity is that it can adapt to the temporarily trapped conditions that can
emerge due to the interaction with coherent magnetic structures.

In order to reproduce the trapping conditions in a magnetic field, we created a model that
consists of an axial-symmetric magnetic bottle with magnetic time-perturbations added:
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The specific characteristics of the model used in this work are based on heliospheric conditions.
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The magnetic bottle is based on the mirroring effect that particles experience as they bounce out of
the flanks of the heliosphere. The time perturbations replicate the effects of magnetic field reversals
induced by the 11-year solar cycles.

3. Discussion

Once we propagate particles in this system. we found a correlation between the Finite-time
Lyapunov exponent (FTLE), i.e., the chaotic behavior of the particles, and the escape time from the
system. This correlation is given by a power law:
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One remarkable feature found for these systems is that the same power-law persists even if
perturbations are introduced in the systems, see figure 1.
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Figure 1: The Finite-Time Lyapunov exponent, At g, Vs. the escape time from the system, t,g., for four
different systems. The blue points represent the unperturbed system. The black points correspond to the
profile of the weak-perturbation system. The green ones show the weak perturbation plus electric field,
and the red ones the strong-perturbation system. Note that the power-law remains the same even when
perturbations are introduced.

To derive information that will help us elucidate the observations, the Finite-Time Lyapunov
exponents and escape times are plotted in arrival distribution maps. In these maps, regions with
different chaotic behavior emerge, which can have an impact on the observations. For example, this
can be a source of time-variability in the anisotropy maps.
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