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Abstract

The spatia transpot of chaged particles in a mixture of a finite amplitude magnetosomi and Alf vénic tur-

bulene is considerd using the Monte Carlo particle simulations We show tha dependene of the mean
free path on particles rigidity is not modified significanty from the pure Alf vénic turbulence case We note
substantibmean free path difference for the considerd magnett field models dependig on the form of the
considerd turbulence spectrum.

1 Introduction:

Obsevatiors of sola enegetic particle event confirm tha enagetic particle transpot in the heliosphere
mug be considerd as adiffusive process Understandig the mechanim by which particles are scatterd in
cosmc plasna continues to be one of the mog importart problens of moden cosmic-rg physics The main
physica proces underlyirg diffusive propagatio is assumd to be pitch-ange scatteriig by magnett fluc-
tuatiors imposel on the large-scaé magnett field. This interaction is usualy describé by the quasi-linear
theoy (QLT)(e.g Jokipi 1966 Schlikeise 1989) Fitting cosmic-rg obsevatiors to diffusion models,
especialf determinatio of representate values of the scatterig mean free pah in sola enegetic particle
events is one of the mod severe tess a of tha theor. In 198 Palme compare the predictiors of QLT with
obsewatiors and noted two maja discrepanciesFirst, the obseved mean free patls are typically an orde of
magnituek larger than the theoretich mean free paths Secondy, the obsevatiors in the enegy rang from
0.5 to 5000 MeV are broady consistehwith awed dependeneof the mean free pah on rigidity, while the
theoly predics the strorg decreas of the mean free pah with decreasig particle rigidity. To resole both
thes discrepancie Schlikeise and Miller (1998) have calculatel the quasilinea transpot for cosmc rays
resonant} interactirg with a mixture of isotropic magnetosormi and slab Alf ven waves They found tha the
particles are essentiall accelerate by transt time dampirg due to interactiors with magnetosomi waves (see
also Michalek et al. 1999) but the pitch-ange scatterimg is mainly produce by gyroresonane interaction.
Therr analytica consideratia showed tha in asud specifc modé of turbulence the mean free pah of chaged
particles isindependenon rigidity. In the preseh pape we presen preliminay resuls of Monte Carlo simu-
lations of the mean free pah for chaged particles interactirg with afinite amplituce turbulence beirng either
the pure Alf ven waves or a mixture of isotropic fagd mode waves and slab Alf veén waves.

2 Numerical modelling

Let us conside an infinite region of tenuows plasna with a uniform mean magnett field along z-axis It
is perturbel with the describé below propagatig MHD waves Teg particles are injectad into this turbulent
magnetizd plasna ard ther trajectories are followed by integrating particle equatiors of motion in spae and
momentum By averagirg over alarge numbe of trajectories one delives the spatid diffusion codficient along
the mean magnett field x| and the respedtve mean free paths\ = 3 /v. In the simulatiors we usualy used
200 particles with the sane initial velocity v;,; in an individud run.

2.1 Wave field models The turbulene is represents as a superpositia of pure Alf vén waves or a
mixture of isotropt fag mode ard Alf vén waves In the simulations for any individud particle a separag set
of wave field parametesis selected As aresut all average taken over particles include also averagirg over
multiple magnett field realizations Generaly, in the modelling we conside a superpositia of 768 plane
MHD waves In the cae of a mixture of MHD waves we involve in the simulatiors the sanme numbe of
isotropicly distributed magnetosomi waves and Alf véen waves paralld to the mean magnett field. Relatal to
thei-th wave, the magnet field fluctuation vectors B is given in the form:



§BY = §BW sin(k® . 7 — wt + &) . (1)

The wave parameters - the wave vedtothe wave amplitudé B, and the phasé- are drawn in a random
manner from the Kolmogorow (k) « k~°/3, wave spectrum. Waves vectors are expressed in units of the
respective ‘resonance’ wave vector for an injected particles with momeptenp,, k. = 27/r,(< B >

, Do) In the mean magnetic fiekd B >=< /B2 + §B? MHD. The wave amplitudes are drawn in a random
manner so as to keep constant the models paramBter

768
1> (6B#)?)'? = 6B, (2)

=1

The dispersion relations for the Alw wavesw?’ = kjV%, and the magnetosonic wavesy, = k°V7%,

waves provide the respectiveparameters for a given wave mode. The sigawa$ defined by selecting the

wave velocityV at, randomly, &V, but it is subject to a constraint that a number of waves moving in any
direction is the same. In the simulations we adBpt= 0.0005¢c. We consider two types of wave spectra.

First, a ‘broad spectrum’, where wave vectors are drown in a random manner from a broad wave vector range
k € (kmin = 0.1K7 10.0k™%%), wherek™ " andk™%* are, respectively, the minimum and the maximum
resonantwave vector for the discussed particle velocity range. In the simulations we considered particle veloc-
ities ranging from nonrelativistie;,; = 0.05¢ up to relativisticv;,; = 0.98c ones. For comparison we derived
mean free paths for the ‘narrow spectra’, with wave vectors selected in a random manner from a narrow band
near the resonant wave vector for a given initial particle velo@itg (kyi, = 0.1k7in, ke = 10.0k0in).
Herekir is the resonant wave vector for particles with the initial veloeity . In the discussion below we
consider four different turbulence fields:

- Alfv’'en waves with the broad spectrum,

- Alfv’'en waves with the narrow spectrum,

- Mixture of isotropic magnetosonic and slab Adivivaves with the broad spectrum,

- Mixture of isotropic magnetosonic and slab Adfvivaves with the narrow spectrum,

3 Results of simulations and discussion

The derived mean free paths versus the patrticle velocities for the considered MHD turbulence models are
presented in Fig. 1. In the figure one may observe that the simulated mean free paths slightly increase with
increasing velocities for non-relativistic energies and for the relativistic particles a clear grow with energy is
seen. That general trend does not depend on the turbulence model. However, for the MHD waves with narrow
spectra the simulated mean free path values for the pureeriivaves are about five times larger than the
ones for a mixture magnetosonic and Afvivaves. The presence of compressive magnetic field components
due to magnetosonic waves allows charged particles for interaction through the non-gyroresonance interaction
called transit-time damping. It results in an effective pitch-angle scattering of partigies at= V4 /v. The
mean free path is determined then by gyroresonance interaction with thenAlfaves at pitch angles less
thane (see Schlickeiser and Miller 1998). For MHD waves with broad spectra there are a few waves capable
of resonantly interact with particles and the contribution of the transit-time damping and gyroresonance inter-
action to the mean free path becomes neglible. In such situation the nonresonant processes which does not
distinguish the MHD wave modes will efficiently scatter particles.
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Figure 1. The simulated values of the mean free paths versus particle velocities for a mixture of magnetosonic
and Alfvén waves (dashed line) and for pure Adfvivaves (solid line): a.9 B = 0.3, b.) 6B = 0.7). The
results for the narrow spectra are presented in left panels, and the ones for the broad spectra in right panels
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