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Abstract. Magnetohydrodynamical simulations of turbulent or the heliosphere (Balogh et al., 1995), but in both cases
plasmas have been performed to study the transport of enwve have to limit the numerical resolution, since realistic tur-
ergetic test particles. Several parameters of the underlyindpulent spectra range over 3-10 orders of magnitude. Em-
MHD simulation have been varied to gain insight into the ploying a test-particle approach energetic particle trajectories
main processes governing transport. Here also the distincire simulated. From these trajectories the Fokker-Planck-
effects of wave-particle resonance and field line wanderingcoefficients may then be computed. A major advantage of
shall be studied. this approach is the possibility of using realistic turbulent
spectra, which are anisotropic in the presence of background
magnetic fields (Goldreich and Sridhar, 1995), to determine
transport parameters.

The results presented include the pitch-angle diffusion co-

The transport of energetic particles in turbulent magneticefficient Dy, and the momentum diffusion coefficient,,
fields has been studied in last decades by means of analyticHf" incompressible and compressible plasma. We will iden-
theory. Quasilinear theory (Jokipii, 1966; Schlickeiser, 1989)tify the physical processes contributing to scattering and
has explained many details of the transport phenomenologynalyse the relative importance. Specific applications and
but is limited by simplifying assumptions about the underly- resu_ltlng o_bservable quantities as the mean free path will be
ing turbulence. Extensions like the nonlinear guiding centerPublished in a forthcoming paper.

theory Shalchi et al. (2004) have been used to understand the

perpendicular diffusions coefficient. Second-order quasilin- )

ear theory (Shalchi, 2005; Tautz et al., 2008) has also beeg Numerical method

applied to understand the behaviour of charged particle dif- ) o .
fusion beyond the quasilinear theory. For the evolution of the background magnetic fields the ideal,

isothermal MHD equations have been solved:

1 Introduction

Simulations on the other hand are not limited by simplifi-
cations to ease calculations, but also here the turbulence useg

for the particle transport is usually only implemented through — = —Vs (1)
statistical fluctuations (see Qin et al., 2006). This results in )
an incomplete representation of real turbulence encounteredﬁ —_V <E + <p+B_> 1—BB> +F )
in the interstellar medium and the heliosphere. ot

We will present our approach to the simulation of the 5p sB— Bs
transport parameters: using compressible as well as incom=- = — ( ) ()
pressible MHD, simulations have been performed providing ) p
turbulent fields consistent with MHD theory. This approach _ C_sp(hge)p 4)

may be used for interstellar plasma (Armstrong et al., 1995) B u%

] wheres is the momentum densifyv. The CWENO method
Correspondence td. Spanier (Kurganov and Petrova, 2001) has been used to solve this hy-
BY (fspanier@astro.uni-wuerzburg.de) perbolic problem using the implementation from Kissmann
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Fig. 1. Simulated spectra for different grid sizes
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Fig. 3. Temporal evolution of the running diffusion coefficieny, ,
for different propagation angles. It can be seen that the values con-
verge. Shown are curves for different initial pitch angles.

Lorentz force on the particles is calculated by

F,=qg(E+vxB)
E=—-uxB

using the ideal Ohm’s law. While this is physically correct
it still gives a much too coarse gridding of the forces. Here
cubic splines are used to interpolate the fields. Preliminary
studies have shown that linear spline are not enhancing the
numerical accuracy.

The transport parameters are then derived by following the
particles’ paths and calculating

_ e LAw?)
Dy = i 5=

_ o L@ap?)
Dpp _tll[goé t

Fig. 2. Division of the parameter space for the particles in the pitch- Which are assigned to initiad, p (Fig. 2). In the derivation of

angle momentum phasespace

the transport parameters no assumptions about turbulence ge-
ometry or wave-particle interactions have been made. It has
been argued (Fichtner, 2010) that this definition of especially
the pitch-angle coefficient may be ill-defined due to the finite

and Grauer (2007). The forde describes the external forc- 5)e range ofx. To validate our results we closely moni-

ing of the plasma, we will specify it below.

tored the temporal evolution of the running diffusion coeffi-

In this compressible MHD ansatz two different drivers cients (Fig. 3). Here the increase of the diffusion coefficient
have been used: On large scales energy has been injectéd its convergent value can be seen. A decrease due to the

into the velocity field either as compressiblé X v=0) or
incompressible ¥-v=0) velocity. This corresponds to dif-
ferent physical mechanism of driving: Shocks (de Avillez
and Breitschwerdt, 2007) or streaming particles (Riguelm
and Spitkovsky, 2009). Simulations have been carried ou

finiteness ofux is not seen. Details of the convergence can be
seen in the final result plots.

[S)

t's Physical processes

in high- and low- plasmg environments. The simulations  r, ,,nqerstand the interaction of energetic particles with the
have been carried out on different grid sizes (Fig. 1) to Show ., ;jence, we are trying to divide the interaction into differ-

the effect of the grid size on the transport parameters. Finally,
a 64 grid with periodic boundary conditions has been used.

ent subprocesses. The first cases should prove that the code
is working physically correct, while the extended test cases

With the fluid fields given by the MHD equations the shall give more insight into the actual diffusion process.
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Fig. 4. Acceleration of particles in wave-particle-interaction. In this Fig- 5. Spectrum for driving withk=1, squares denote the driving
setup we expect a gyroresonance &a0d 79. This can be clearly ~ SPectrum, stars undriven modes
detected here.

N
[
O

3.1 Analytical test case

the convection and gyration of energetic particles in uniform %
magnetic field or in the absence of magnetic fields. This has O, 5
been performed to check the limit of stability and it could be S
shown that with the given algorithm the analytical behaviour 3216_20 [
could be reproduced. ()
For all test cases a box size of1@m has been used. This g
is motivated by length scales inferred from the interstellar 9 ‘ ‘
medium. The box is cubic not preferring 2D or slab-like tur- 0.0001 0.001
. . . . wavenumber (1/km)
bulence. We refrained from using box anisotropies as used
in Maron and Goldreich (2001), since those might affect the
transport parameters strongly.

1e-25 -

Fig. 6. Spectrum for driving withk =1 andk=2, squares denote the
driving spectrum, stars undriven modes

3.2 Gyroresonance test case

er(kzl' which can be represented as a delta-function for the
| external forceF in Fourier space) and has been evolving.
The spectrum can be seen in Fig. 5. Energetic particles are
put into the simulation isotropically and uniformly. The test
fase has been performed with two different super-&iife,
subrelativistic particle species @and 71° ms™1).

A more sophisticated test case is the interaction of an en
getic particle with one single wave. While there is no ful
analytical solution for this problem, we can still look for res-
onances in the change of momentum. In Fig. 4 one &ifv

wave has been assumed and a population of energetic par
cles with identical momentum and isotropic distribution with
respect to the background magnetic field. Using the resox

. .4 Higher order wave test case
nance condition

For the second test case energy has been injected on the two
largest scalesk=1 and 2) and has been evolving. The spec-

In the specific test case one expects that gyroresonancdg!m can be seen in Fig. 6. The rest of the setup is similar to
would be expected for the particle propagation angles 70 the first test case.

and 79, which is clearly detected. So the code is able to

cope this important test case.

kjyu—ow=nQ; n=...—-10,1,... (5)

3.3 Fundamental wave test case

For the first test case energy (with compressible or incom-
pressible modes) has been injected only on the largest scale
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Fig. 7. Pitch angle diffusion coefficient for slow particles, com- Fig. 9. Pitch angle diffusion coefficient for slow particles, incom-

pressible driving, driving =1 and 2
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Fig. 8. Pitch angle diffusion coefficient for fast particles, compress- Fig. 10. Pitch angle diffusion coefficient for fast particles, incom-
ible driving, drivingk =1 and 2 pressible driving, driving =1 and 2

4 Results tering is similar, the scattering through the gyroresonances is
strongly suppressed for compressible driving. This suggests
that the resonances are essentially with fast magnetosonic
modes and Alfén modes which are not strongly excited in
the compressible case. Additionally the width of the scatter-
For the higher order wave test case we have performed siming throughu =0 between slow and fast particles may be ex-
ulations for both drivers (compressible and incompressible)plained by present wave damping, which should be stronger
and both particle speeds. The resulting pitch angle diffusiorfor slow particles (Shalchi et al., 2008).
coefficients are shown in Figs. 7 — 10.

One obvious result is, that for the case of slow particles the4.2 Comparison of driving range width
pitch angle diffusion coefficient evolves from a more or less
clear double hump structure (which represents the QLT resultVe also compared the effect of changing the driving range
for resonant scattering, but might be also a feature of the gyfrom the higher order to the fundamental wave test case.
ration itself) to a strong scattering througk=0. For fast par-  Here only incompressible modes have been used. The slow
ticles the initial running diffusion coefficients look similar, particle test case is shown in Fig. 11 (to be compared with
but evolve to a structure in which the gyroresonances of theFig. 9). Fast particles are shown in Fig. 12 (to be compared
particles can be identified. Also for the fast particles a clearwith Fig. 10).
difference between compressible and incompressible driving For the slow particles the differences are the amplitude,
is visible. While in both cases the amplitude of fhe0 scat-  which is of course higher when more energy is pumped into

4.1 Comparison of compressible and incompressible
driving
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Fig. 11. Pitch angle diffusion coefficient for slow particles, incom- Fig. 13. Momentum diffusion coefficient for slow particles, com-
pressible driving, driving =1 and 2
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Fig. 12. Pitch angle diffusion coefficient for fast particles, incom- Fig. 14. Momentum diffusion coefficient for fast particles, com-
pressible driving, driving=1 pressible driving, driving =1 and 2

the system (i.e. test case 2) also there the peak is broadenetiore pronounced in the incompressible driving case. The
For the fast particles not only the amplitude of the centraloverall scattering is also stronger for fast particles, where the
peak is decreased in the fundamental wave case, but also thecrease is in approximately given by Shalchi and Schlick-
gyroresonance is almost vanished. This may be explaine@iser (2004, Eq. 85) for particle energies well below the rest
by the fact that the fast particles resonate closely . energy.
Additionally the resonance broadening, which is present in
our thermal plasma, is less pronounced for faster particles.

5 Conclusions

4.3 Momentum diffusion
We have shown simulations of the transport of charged parti-

Additionally for higher order wave case the momentum dif- cles in MHD plasmas without any assumptions on the under-
fusion coefficientD,,, has been calculated. Again compress- lying physics. Simple test cases have proven that our code is
ible or incompressible modes have been used for driving forable to track particles, while extended test cases could give
slow and fast particles. Results are shown in Figs. 13 — 16. insight into wave-particle interaction in more complex situa-
The comparison of momentum diffusion coefficients tions. It should be however noted that this is not yet a fully
proves the result from the pitch angle diffusion coefficient: evolved turbulent spectrum.
Slow particles show a strong scattering:at 0, which is ap- The main advantage of this method over previously used
proximately the same for compressible and incompressiblenethods (Qin et al., 2006; Giacalone and Jokipii, 1999;
driving. The fast particles show gyroresonances which areMichatek and Ostrowsky, 1996; Tautz, 2010) is of course the

www.astrophys-space-sci-trans.net/7/21/2011/ Astrophys. Space Sci. Trans., 7, 21-27, 2011
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