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Abstract

How high-energy cosmic rays are accelerated, and at which sources they do this is a fundamental unanswered question in astrophysics. One possible expla-
nation is given by the theory of Diffusive Shock Acceleration (DSA). In this context we investigate the pitch-angle diffusion of cosmic rays in astrophysical
plasmas, using a novel code to examine turbulence levels beyond those accessible to analytic theories (6 B/ By = 1). We achieve this by numerically solving the
Newton-Lorentz equation for population of test-particles against a background field and population of turbulent Alfvén waves. Comparing our results with
the predictions from quasilinear theory, we see that they agree within the weak turbulence range (6 B/ By < 0.3), and that diffusion is suppressed above this
level. Furthermore we demonstrate the time dependence of the pitch-angle distribution. Finally we quantify the limitations to the popular Bohm diffusion
approximation and also show that significant current anisotropies occur in jet outflows. These results are significant in view of the high levels of magnetic
turbulence expected to exist in jets.

UCC

Colaiste na hOllscoile Corcaigh, Eire
University College Cork, Ireland

Background
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Particle trajectories in pi-space.

» This form for Dy, is valid for low turbulence
levels where QLT (green line) applies, as
shown by our simulation (blue):

» Hence we have systems which don’t obey the
assumptions of Jokipii’s quasilinear theory
(QLT) and are difficult to simulate directly.

Example particle motion.

Results

Model Result: Anisotropies Result: Deviation from QLT/Bohm
> Relativistic Newton-Lorentz motion: » We measure the reversal time fey » Observed diffusion (dots) is suppressed
%= 9 5x (BOE+ 6_)3] - the time taken for p (gyrotime- relative to analytic prediction at higher
rm averaged) to change sign. turbulence. Bohm diffusion (dashed red)
» Turbulence represented by ~ 103 slab Alfvén + PIC simulations indicate that gives Dy, ~ 6B/ By whereas QLT (solid green)
waves of random phase v and polarisation (p . particles can be accelerated to gives Dﬂ/—‘ ~ (63/30)2 As is demonstrated QLT
5B = > etk=z (singx + cos ) G(k) kAlnk o high energies after = 10 shock is approximately valid for §B/By < 0.3, and
kz crossings (2 Lev). We find that Bohm for 0.3 S 0B/ By 5 0.5.
» For the spectrum G(k) we use the Shalchi & the particle distribution can oy
Weinhorst generalised form. This remain anisotropic over
encompasses an inertial range, turnover scale hundred/thousands of times ey oo
(= 1g), and a kinetic range e.g. Kolmogorov/ depending on turbulence 5 xi0t
Goldreich-Sridhar: parameters.
The injected distribution is not 1ot
isotropic in the fluid frame, and 601 305 o0 oo 1 T
there is insufficient time to » The distribution of the measured Dy, around
isotropise before reaching high their mean follows a broken power law.
3 energy, hence the assumption of " perta008
g " SBR(k) o (—U classic DSA that the distribution "
Z (t+6ear) . becomes isotropic after each

kem’f:i”fé%’;"””"“' * crossing is invalid here. o
» By the Sturm-Louiville theorem

the distribution should reach a 1

constant in p steady state. This R S T

rs after ~ 1/ (D .

occurs afte /< Hﬂ)p

0 i
Wavenumber

Summary

In accelerators of high energy cosmic rays strong turbulence is expected.
This lies beyond the scope of QLT/Bohm diffusion. We give the valid regions for these approximations.

Our results show anisotropic distributions after ~ 104y, enough time for acceleration to occur.
With our improved model we can now simulate the whole acceleration region at intermediate turbulence.
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