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Abstract. The process of particle cross-field diffusion in thén Sect. 3 the anisotropic wave distribution is modelled by se-
presence of finite MHD amplitude wave fields is considered ugcting the wave vectors from a finite opening cone directed
ing the Monte Carlo particle simulations. We derive the crosalong the mean magnetic fiel,. In our simulations we use
field diffusion coefficients; and the parallel diffusion coeffi- the fast-mode and the Alén mode turbulence with the flat or
cientx for the flat and the Kolmogorov wave spectra, includinthe Kolmogorov wave spectrum selected from a finite wave-
the waves propagating oblique to the mean magnetic figld vector range. The results and a short discussion are presented in
We note a substantial difference in the cross-field diffusion édections 4 and 5, respectively. We note substantial differences
ficiency between the considered turbulent fields. Much largerthe cross-field diffusion efficiency at the same perturbation
values of<, appear in the presence of fast-mode waves in commplitude, depending on the form of the turbulent field consid-
parison to the Alfén waves and we reproduce the expectedted. We prove the possibility of larger values«af occurring
increase ofs; with the growing power of waves propagatindn the presence of the fast-mode waves in comparison to the
perpendicular tdB,. We interpret these results in terms of thélfv én waves of the same amplitude.

particle drifts in non-uniform magnetic fields.

Key words: magnetohydrodynamics — turbulence — waves 2 Quast-linear cross-field diffusion coefficient

ISM: cosmic rays To date, the analytical derivations ©f in turbulent magnetic
fields have been limited to the quasi-linear approach, valid for
small amplitude field perturbationsB < By. The first con-
siderations by Jokipii (1966, 1967, 1971) applied the Fokker-
Planck equation to describe particle motion in terms of the

Understanding particles motions in perturbed magnetic fielddggnetic-field perturbations’ power spectrum. Jokipii showed
essential for a wide range of problems in astrophysics inclufat scattering at the small-scale magnetic inhomogeneities
ing describing galactic cosmic ray transport and acceleratiorfiéives pitch-angle diffusion, allowing for transverse guiding-
shock waves. In spite of large progress achieved since the f@dtre diffusion across the field lines. For a particle distribution
per by Jokipii (1966) there are a number of issues still poorgbose to isotropy the distribution function averaged over pitch-
understood. In the previous paper (Michalek & Ostrowski 19@ngle satisfies the diffusion equation, with the diffusion tensor
(= MO97)) we presented simulation of particle transport in trxpressible in terms of the correlation function of the irregular
presence of 1-D, 2-D and 3-D finite amplitude turbulence pa{{lagnetic field. If the fluctuating field depends only on the z-
terns composed of Alfen waves propagating parallel to the avcoordinate (= direction of the mean magnetic field), the Fokker-
erage magnetic field. Those simulations were limited to a sonfdanck coefficients for pitch-angle diffusion and for cross-field
what unrealistic flat turbulence spectrum. In the present pagéifusion derived by Jokipii take the form, respectively,

we extend these considerations to the Kolmogorov turbulence

spectrum proposed to be a viable model for interplanetary space<A 2 (1—p?) 7%

(e.g. Jokipii 1971). For these considerations we adopt a simple = £ P..(k= Q“”/;w) , o (2.1)

1. Introduction

o i oludi At ulv Vmic?

model of a turbulent magnetic field including waves propagat-

ing obliquely to the mean field (cf. Miller et al. 1996) to study, 4

the cross-field diffusion coefficient, and the parallel diffusion

coefficients in the presence of finite amplitudé3/B ~ 1) (Az?)  (Ay?)
magnetosonic and AlBn waves. In the next section (Sect. 2) A AL

we present a short review of quasi-linear results. As described

P _ (1—p®) v _ 00
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At the present time one knows that the cross-field diffusiddiacalone & Jokipii (1994). They demonstrated that if one or
coefficient (2.2) must vanish for the 1-D turbulence model (Giwo ignorable co-ordinates appear in the magnetic field descrip-
acalone & Jokipii 1994; see also discussion below). However taan, the ions are effectively tied to the magnetic lines of force,
these expressions were widely used for discussion of the crasslependent of the turbulent field’s amplitude.
field diffusion process, and as the interpretation of the terms The process leading to particle diffusion perpendicular to
in (2.2) is mostly valid for the 3-D turbulence, we repeat thithe average magnetic field due to field line wandering (or braid-
expression following the original paper. The coefficients (2.1,8)g) has been considered in some forms since the first papers of
describe particle scattering by fluctuations that are resonant Witikipii & Parker in 60th. Achterberg & Ball (1994) discuss the
the particle’s gyromotion in the averaged magnetic fBid In  case with long-wavelength perturbations leading to stochastic
coefficients (2.2) describing cross-field diffusion one can noécursions of magnetic field lines transverseBg Particles
an additional non-resonant tersa P,,.(k = 0). It represents stay in a given patch of field lines for a tintg, travelling a
the tendency of particles to follow the meandering or randodistancel.. = s(t.) along afield line. The distandg. is neces-
walk of magnetic field lines. sary for particle to enter a neighbouring, statistically indepen-
Achatz et al. (1991) re-derived the Fokker-Planck equatiaient, patch of field lines. Application of this model yields the
for charge particle transport in a slab turbulence superimpogegipendicular diffusion coefficient
on a homogeneous magnetic field, involving all phase-space
variables. In contrast to the previous papers they included dis- L,
persive effects of the waves by considering whistler-mode waves KL = Dm (b) ’ (2:5)
in addition to the Alfien waves. They confirmed the previous
results of Jokipii that the diffusion perpendicular to the magthere Dr, is the field lines’ diffusion coefficient. Recently, a
netic field could be solely due to the wandering of field lind§gime of sub-diffusive transport and of compound diffusion
(waves with zero wave vectors). The same result was obtaid@dhe presence of ‘braided’ magnetic field was discussed by
in a different way by Achterberg & Ball (1994), who studieduffy etal. (1995). For times less than the particles undergo
the requirements for efficient electron acceleration in yourfyP-diffusion, which is a combination of diffusion along a fixed
supernova remnants, where the shock is expanding into the g#®ld line, which itself diffuses. The defining characteristic of
genitor's stellar wind with the magnetic field lines forming gub-diffusion is that the mean square cross-field deviation of
tightly-wound spiral. Then the intersection point between trfeParticle is not proportional toas in ordinary diffusion, but
shock and the magnetic field line moves along the mean m&gther to the time with power lower than 3/{ for the most
netic field at a speed exceeding c. To allow the shock wavedten discussed cases). Subsequently, the particle decorrelates
accelerate electrons to GeV energies required to account for@§ undergoes compound diffusion with the ordinary be-
observed radio emission, efficient particle diffusion across th@viour. The compound diffusion combine wandering of field
magnetic field is necessary. In the considered situation relatiVi§es and diffusion of particles along and across the local field.
tic particles can be scattered by resonant low-frequency MHIVIS Problem was discussed by Kirk et al. (1996) for the issue
waves. The waves with a wave-vector component perpendici?h€osmic ray acceleration at perpendicular shock waves (see
to the magnetic field: | , contribute to the s-th resonance wittlS0 Giacalone & Jokipii (1996) for numerical modelling).
a Weighth%Fl(kLv/Q(")), where J,, is the n-th order Bessel
function. Fork v, /Q(°) < 1the dominant contribution COMES3 escription of simulations
from thes = +1 resonances. These resonant waves produce a
stochastic change in particle momentum as well. The net diffiéellowing the approach applied by Michalek & Ostrowski
sion process in particle momentum is accompanied by guidiiP97) and Michalek et al. (1998), in the present paper we
centre shift across the field. In the case of turbulence symnuse numerical Monte Carlo particle simulations. The general
try aroundBy, < k? >=< k:f, >= k? /2, they estimated the procedure is quite simple: test particles are injected at random
diffusion tensor components as: positions into a turbulent magnetized plasma and their trajecto-
ries are followed by integration of particle equations of motion.
For each particle we have the individual set of randomly se-
lected waves allowing particles to move diffusively in space
and momentum. By averaging over a large number of trajec-
ek, 2 tories one derives the diffusion coefficients for turbulent wave
KL~ G <k|> B (24) fields. In the simulations we consider relativistic particles with
velocityv > V4 and use dimensionless units (cf. Appendix A):
wheres ~ 1,/Q), v, is the effective pitch-angle scatteringdB = §B/B, for magnetic field perturbations,/(2, for time
frequency and the Bohm diffusion coefficient = r2Q(®). andk/k,.. for wave vectors.
One may note that the waves with = 0 do not contribute to Below we describe the models of the turbulent MHD fields
particle transport across the magnetic field. applied in the simulations and we also consider two topics used
Vanishing of the cross-field diffusion for turbulence modelsiter in discussion of the particle cross-field diffusion: the diffu-
involving 1- or 2-dimensional perturbation fields was proved ksion of magnetic field lines in a turbulent medium and particle
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guiding centre drifts in the magnetic field perturbed by an indépectral index. In the present simulations we consider the flat
vidual wave. spectrum withy = 1 and the Kolmogorov spectrum with=

5/3. Considering the flat spectrum we try to refer to our earlier
simulations (MO97) where we used parallel Afvwaves with

the flat spectrum. On the other hand this kind of turbulence
In the modelling we consider a superposition of 384 plarspectrum is very convenient for numerical simulations due to
MHD waves propagating obliquely to the average magnetic figtte presence of a large number of short waves.

B, = B,é.. The wave propagation angle with respect2g For our flat spectrum case the wave vectors are drawn in
is randomly chosen from a uniform distribution within a cong random way from the respective range2$: < k < 8.0 for
(‘wave-cone’) along the mean field. For a given simulation tw@hort’ waves,0.4 < k < 2.0 for ‘medium’ waves and.08 <
symmetric cones are considered centered alBpgwith the % < 0.4 for ‘long’ waves. The respective wave amplitudes are

opening angleq, directed parallel and anti-parallel to the fieldirawn in a random manner so as to keep constant
direction. The same number of waves is selected from each cone

3.1. The wave field models

in order to model the symmetric wave field. Related to the i-th 384
wave, the magnetic field fluctuation vectadB (*) is given in the [Z((gggi)ﬂ 1/2 _ 5B, (3.7)
form: i=1

B = 6B sin(k® - r — w®) ) (3.1) wheredB is a model parameter, and in each separate wave-

o . _ ~~ vector range analogous sums equ&)/ /3.
The electric field fluctuation related to a particular wave is given |, the case of the Kolmogorov turbulence spectrum. all wave

asdE'Y) = —V© A 6B For the Alfven waves (A) We CON- yectors are drawn in a random manner from the whole range
sider the dispersion relation (0.08 < k < 8.0) but amplitudes{B®) are fitted to the re-

) - spective waves according to the Kolmogorov distribution as to

wy =k Vi ) (3.2) satisfy the formula (3.7). With such turbulence spectrum most

whereV = B,//Ip is the Alfvén velocity in the fieldB,. ©f (e energy is carried by ‘long’ waves.

The wave magnetic field polarization is defined by the formuLa | In the discussion below we will consider four cases for tur-
ulence:

0By = 6Ba(k,wa) (k x &) kT _ (3.3) | Alfv én waves WiFh the flat spectrum - AF,
ii. Alfv én waves with the Kolmogorov spectrum - AK,
In considered here low-plasma the fast-mode magnetosonigi. Magnetosonic-M waves with the flat spectrum - MF,
(M) waves propagate with the Alén velocity and the respectiveiv. Magnetosonic-M waves with the Kolmogorov spectrum -
relations are: MK.
Thus for a given simulation we use one of the above models
wi = k°V} (3.4) characterized by parametetsand§B. Here we have to note
that the assumption of a superposition of Afvwaves when
0B ~ 1 can be questionable due to non-linear effects. We use
6By = 6Bk, war) (k x (kx é,)) k™! kll . (3.5) this simplification due to lack in the literature of the more real-
istic in a wide wave-vector range models.
In the simulations we adopfy, = 10~3c. One should be aware
of the fact that the considered turbulence model is unrealistic . . e -
at larged B and the present results can not be considered as %‘n% Magnetic field line diffusion coefficient

exact ones. In particular, in the presence of a finite amplitufig|iowing MO97 we derived the magnetic field diffusion coef-

turbulence the magnetic field pressure is larger than the MeRRents, D,,,, for all considered field models. Examples of such
field pressure and the wave phase velocities can be greater §&fations are presented in Fig. 1, whétg versusi B is given

theVa(B,) assumed here. for waves with the Kolmogorov spectrum, for three opening an-
glesa = 45°, 60°, 90°. As expected]D,,, increases with B,
3.2. Spectrum of the turbulence however, the particular behaviour of this relation depends on the

field model considered. For Alén wavesD,,, grows uniformly

In the simulations we consider power-law turbulence spect{gn a, but this is not the case at largéB when fast-mode
where the irregular magnetic field in the wave-vector rang@es are present. For these waves With> 0.6 D2=457,60°
(Fmin, kmaz) 2N be written as is about two times larger than2="". Simulated values ab,,

for the flat spectrum (not presented in the figure) show the same
(3.6) features, but for large amplitudé® > 0.6 the magnetic field

lines’ diffusion coefficients are about two times smaller than
where the wave vectdr,,;,, = 0.08 (k.4 = 8.0) corresponds with the respective models of the Kolmogorov turbulence. For
to the considered longest (shortest) wavelengthyasithe wave  all turbulence model®,,, have to vanish whea — 0°. In fact

5B(k) = 6B (kman) (i) s

kmin
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Fig. 1. Simulated values of magnetic field diffusion coefficiént,
versuséB for a = 45°,60° (dotted line) and0° (solid line) are
presented at the upper panel variation/af, for the magnetosonic
turbulence and at the bottom panel for the &lfwturbulence.
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particle gyromotion, perpendicular to the magnetic field causes
its drift directed perpendicular to boffi, andB, with velocity

d__ € F, xB
e B2

Such drifts move the particles across the magnetic field lines.
In the presence of MHD waves the drifts can arise due to in-
troduced curvature and perpendicular gradient of the magnetic
field. These drifts induce local fluxes of particles moving per-
pendicular to the average magnetic field. Averaging over these
fluxes in a turbulent magnetic field leads to particle diffusion
across the average magnetic field. For Aliwvaves the gradi-
entdriftis caused by the variation of the magnetic field, being the
second-order i B. For magnetosonic waves containing com-
pressive components such drifts are associated with the first-
order in B field variations. To evaluate the role of drifts in the
simulations we derived thi®rmal drift velocity perpendicular
to the average magnetic field;? , in the presence of a single
long (longer tham;) or short (shorter than,) wave propagat-
ing at some angle with respect to the mean magnetic field. We
consider both drifts arising due to the curvature and the perpen-
dicular gradient of the magnetic field. Tharf = w¢ + w9,
where the component due to the field gradient is

(3.8)

o _ g%
w) = ﬁ(VLB X Bo) s (310)

and the component due to the field curvature

il
QB3

In this discussion we consider the isotropic distribution of parti-
cle velocity vectors with? = v2 + vﬁ = 2. The drift velocity

fluctuates in the wave magnetic field but the averagev? | >

of its absolute value provides information about efficiency of
drifts in generating the cross-field particle transport. Variations
of < |w? | > versus the wave propagation angler the Alfvén

and the magnetosonic wave are shown at Fig. 2. In the upper
panel the results are presented for the short wave {0k,..,)

and in the bottom panel for the long wave € 0.1%,..s). We
observe a much more rapid increaseofw? | > with ¢ for the
magnetosonic wave than for the At wave. Due to larger gra-
dients, for a short wave |w? | > is about twenty times larger

w§ = [Bx (BV)B] . (3.11)

Fig. 2. Variation of the< |w? | > versus a wave propagation angle fothan in the presence of a long wave. If one considers separately
the Alfvén (A) and the magnetosonic (M) wave. The results for a lorie drifts due to the curvature and the magnetic field gradient
wave (: = 0.1) are presented with dashed lines, and the ones fofgot presented in the figure) one finds that in the presented ex-

short wave § = 10) with solid lines.

our simulations forx = 0° yielding D,,, = 0 provide a good
accuracy check for the computations.

3.4. Particles drifts

ample< |w%| > is about ten times larger than |w¢| >.

4. Derivation of the diffusion coefficients

The simulated cross-field diffusion coefficients for different
wave-cone opening angles and for different turbulence ampli-
tudes are presented in Fig. 3. For the flat spectrum turbulence
a systematic increase sf. with amplitude occurs and the rate

Any force F', acting on a gyrating particle, the one which i®f this increase roughly scales &?. The value of< at any
constant on the time and space scales large compared withgiven 6 B is a factor~ 10 larger for the fast-mode waves in
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comparison to the Alfén waves (cf. Section 5). It grows sub+,(By + 0B) < r4(Bj) and particles can interact resonantly
stantially with increasing wave cone openiagi.e. with in- with shorter waves. In the case of the Kolmogorov spectrum,
creasing power of waves perpendicular to the mean magnétie power of such waves is smaller and the importance of reso-
field. For the Kolmogorov spectrum a dependence obnthe nance interactions decreases. At the same time, the long waves
perturbation amplitude is flatter, the values of the cross-field dénable uncorrelated long distance drifts leading to a net grow
fusion coefficient at smali B are larger and there is a smalleof x with turbulence amplitude (decorrelation length for drifts
difference between the fast-mode and the Atfwaves. at short waves is much shorter and makes the net effect smaller
The simulated parallel diffusion coefficientg for different  even with the formally larger drift speeds). Such effects are ex-
wave cone opening angles and wave amplitudes are preseiegied to be responsible for the slightly flatter curves for the
in Fig. 4. One may note that; depends only weakly on thefast-mode waves in Fig. 3.
considered wave model if the turbulence spectrum is flat. In this In Fig. 5 variations of the products; - x| versus the pertur-
case the main parameter influencing the value dé the wave bation amplituded B for various wave cone openings are pre-
amplitude. However, one may note a small (in the logarithméented. The results for the flat and the Kolmogorov turbulence
scale) departure from the general trend for magnetosonic waspsctra are significantly different. In the former cage  is
with intermediate opening angles (our casencf 40°) pro- slowly varying within the considered waves’ amplitudes. At the
viding more effective scattering and smallgr. As in MO97, same time, in the presence of the Kolmogorov specteyn: |
for the flat spectrum turbulence one can reasonably fit the de&creases significantly with increasiag for all models. We
by the quasi-linear relation|; o (6B)~2 (in the ‘worst’ pre- fitted these data with power law relations with respeci o
sented case for magnetosonic waves with 40° one obtains Thenx - scales fromx 6B~ for the steepest curve (mag-
k) o (6B)~24). netosonic waves with = 40°) to o« § B~ for the flattest one
The situation is more complicated for the Kolmogorov spe¢Alfv én waves with = 90°). Thus the sometimes applied in
trum. Thens depends both on the wave amplitude and tHbe literature scallings, x| ~ k% (eg. Drury 1983) may be
turbulence model. For Alfen wavess | decreases in a mono-wrong even at the quantitative level.
tonic way with bothé B and «. For magnetosonic waves an
exceptional behaviour occurs again for the intermedialték 5. Summary and discussion
model (seex = 40°). These data are not fitted well with the™
quasi-linear relation, as approximatety o §B~29 except We modelled particle transportin the presence of obliquegkifv
for magnetosonic waves with = 40°, wherex o 6B~3?. and magnetosonic waves with finite amplitudes. The diffusion
One should note that far = 0° the parallel diffusion is about transport of energetic particles is mediated by resonant scat-
fourteen times larger for the Kolmogorov turbulence than feering of energetic particles, drifts in turbulent magnetic fields
the flat turbulence spectrum. and diffusion of magnetic field lines. Under the considered con-
The characteristic features seen in Figs. 3 and 4 can be qulitions, the main factors causing the cross-field diffusion are
itatively explained with the use of simple physical argumengmrticle drifts requiring the ‘n=0’ resonance and the cyclotron
involving results of Sects. 3.3,4. Comparison of Figs. 1 arfth=1") resonant scattering. We suspect that the magnetic field
3 shows much larger increases of respeciiyg thanx . It line diffusion will become important at smallé. In accord
proves that in the range 6B considered herg, is in a sub- withthe analytical derivations of Giacalone & Jokipii (1994) our
stantial degree controlled by the cross-field drifts and the resimulations confirm vanishing ef, in the 1-dimensional tur-
nance cyclotron scattering, and not by the field line diffusiobulent fields, the case occurring in the simulationsdos 0).
Let us stress that the substantial cross-field shifts accomp#syexpecteds, increases with the turbulence amplitude but
wave particle interaction involving the so called ‘transit timéor the Kolmogorov turbulence this effect is less pronounced as
damping resonance’, where for the effective cross-field drift ttempared to the flat spectrum. We also note the possibility of
particle velocityv and the wave phase velocity, along the larger values of:; occurring — up to ten times larger with the

mean field should be approximately equal: flat spectrum and up to five times with the Kolmogorov spec-
trum — in the presence of the compressive fast-mode waves in
v =V , (4.1) comparison to the Alfgn waves of the same amplitude. This

difference can be partly explained as a result of more effective
whereV| = V4 for the Alfvén waves and’| = Va(k/k ) for drifts with magnetosonic waves. For the Kolmogorov spectrum,
the magnetosonic fast-mode ones. Pgr= 10~3 andv = 0.99 which prefers long waves, this increase is somewhat less sig-
considered in our simulations a noted difference between nificant. From Eq. 2.4 one obtains an analytic approximation
for the Alfvén and the fast-mode waves is expected to occuras « < k; >2/< ky >2. In our simulations the last factor
a result of satisfying the resonance condition (4.1) in a wider 0.13 for models witha = 40° and~ 1 for a = 90° what
range ofv), when the oblique fast-mode waves are presegivess | o—goo/kLa=4a00 = 7. Itis consistent with models pre-
Another difference arises from the fact that the linear compresented in Fig. 4 for our ‘small’ wave amplitudes. As velocities of
sive terms occur only in the fast-mode waves. It enables tthee considered waves are very smalkf 0.001¢) any induced
gradient drifts to be revealed by these waves at smaller pelectric fields do not influence the derived cross-diffusion in a
turbation amplitudes. Also, the ‘effective’ particle gyroradiuaoticeable way.
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Fig. 3. Variation of the cross-field diffusion coefficiert, versus the perturbation amplitud® and the wave propagation anisotropy (angle
«) for the flat spectrum and the Kolmogorov spectrum. Results for theeAlfurbulence (thin lines) and the fast-mode turbulence (thick lines

with indicated simulation points) are superimposed at the same panels.

Flat spectrum Kolmogorov spectrum
10 *F 0° 3
E — — — - 40°
—————————— 90°
10 %% 3
e}
710 %k 3
<
10 3
1¢
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

0B 0B

Fig. 4. Variation of the parallel diffusion coefficienty versus the perturbation amplitud& and the wave propagation anisotropy (ang)dor
the flat spectrum and the Kolmogorov spectrum. Results for thecAlturbulence (thin lines) and the fast-mode turbulence (thick lines with

indicated simulation points) are superimposed at the same panels.
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points) are superimposed at the same panels.
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The main parameter influencing the value«gfis the form ¢, — a turbulence correlation time
of the spectrum. At small wave amplitudes in the Kolmogorov = ¢?>p/< — a particle velocity vector
spectrum a decreased number of waves resonantly scattefing- the Alfven velocity in the fieldB,
particles in pitch angle leads to substangiat a factor of 10 v —a velocity along3,
— largers | (less effective scattering) in comparison to the flat— a wave-cone opening angle
spectrum turbulence, but the presence of oblique waves cane= (1 — v?/c?)~1/2 — a particle Lorentz factor
crease this difference at larger amplitudes. For comparison et — a maximum considered wave length
us refer to the analytic evaluation by Schlickeiser (1989), who — a transverse (cross-field) diffusion coefficient
provided a relatiomﬁzoo x (2/¢* — 6q + 8)(Amaa/74)?" " k| —a parallel diffusion coefficient
depending on the wave spectral indeyJsing this formula for w —a wave frequency
our simulations we can show that fgr=5/3 KZ‘O‘:O should be Q = eB/ymc
about thirteen times larger in comparison toghe 1. Atlarge Q(©) = eB, /ymc
amplitude®) B ~ 1 the observed difference is preserved for th@, = eB, /mc
Alfv én waves, but for the fast-mode waves with intermediatep — a mass density of particles
the respective scattering efficiency may increase substantially
thus decreasing the difference. We also note that the flat spec-
trum data Cfin be reasonably f|t_ted with the quasi-linear remt'ﬁ%ferences
k| ~ (6B)~2 (cf. MO97). At Fig. 4 we see that for the Kol-
mogorov turbulence spectrusy is smaller about ten times for Achatz U., Steinecker J., Schlickeiser R., 1991, A&A, 250, 260
isotropic wave distributionc{ = 90°) than fora = 0°. Achterberg A., Ball L., 1994, A&A, 284,687
Consideration of MHD waves propagation oblique to th%‘&t%’/ FL)'*OK,EK igééesggngag}’ gi;gy 5605*72995' A&A, 302, L21
mean magnetic fiel .g. Tademaru 1 Lee &RV197 . o T :
shecil/vs thzzgt sitcch v(\iac\j/e((se gre igﬁje; ltjo Sf?eitiviepﬂ)cegsgg dG'sa}P alone J, ‘]Ok!p!! JR., 1994, ApJL, 430 L137
. . . jacalone J., Jokipii J.R., 1996, JGR, 101, 11095
pating Fhe|r energy. Therefore the effect considered here of t ipii J.R., 1966, ApJ, 146, 480
cross-field diffusion enhancement due to fast-mode waves GgRipji J.R., 1967, ApJ, 149, 495
occur only in a volume with the turbulence generation forcgykipii J.R., Parker E.N., ApJ, 1970, 160, 735
acting. For example, in the vicinity of the strong shock, or igokipii J.R., 1971, Rev. Geophys. Space Phys. 27, 9
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Appendix A: summary of notation

B = B + 6B — a magnetic induction vector

B, — aregular component of the background magnetic field
0B — a turbulent component of the magnetic field

c —the light velocity

D,,,— a pitch angle diffusion coefficient

D,,, —a magnetic field lines’ diffusion coefficient

E - an electric field vector

e — a particle charge

¢’ (k) —a magnetic field energy density for given wavgs °
k —a wave vector

kres = 27 /1

k) — a wave vector component alorfity

k), —a wave vector component perpendiculaBip

L. —aturbulence correlation distance

m — a particle mass

p — a particle momentum vector

P, (k) — a power spectrum @B

q — a spectral index for waves

rqy —a particle gyro-radius
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