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Abstract: A key problem of cosmic ray astrophysics is the explanatiomeasured parallel and perpen-
dicular mean free paths in the heliosphere. Previous appezaused quasilinear theory in combination
with simple turbulence models to reproduce heliospheriseokations. Because of recent progress in
transport and turbulence theory we present linear and meatidiffusion coefficients within an improved
dynamical turbulence model to demonstrate that the obdenean free paths can indeed be reproduced
theoretically.

I ntroduction vals which can easily be distinguished: for sm
wavenumber we find a flat spectrum which can
Transport of charged cosmic rays in the interplan- approximated by a constant (energy-range), for
etary space was discussed by many authors [1, 2]termediate wavenumbers we find a kolmogort
and remains an interesting and important field of like behaviour & k£~°/3, inertial-range), and fol
astrophysical research. One theoretical challengelarge wavenumbers a steep behaviour can be ¢
is the understanding of observed mean free paths(~ k~*, dissipation-range). Also the turbulent
of the cosmic particles which experience scattering geometry can be obtained from measureme
parallel and perpendicular to the magnetic field of According to Bieber et al. [2], a composite mod
the sunB,. which consists of a superposition of a slab moi

In this article we compare different theoretical re- (* || Bo) and & 2D modelX L Bo) should be
sults for parallel diffusion with the Palmer consen- &Ppropriate. Bieber et al. [2] suggested that;
sus [3] and pickup ion observations [4, 5]. Theo- slab and80% 2D should be realistic. More difficul
retical results for perpendicular diffusion are com- [0 SPecify is the time-dependence. By introdt
pared with the Palmer consensus, Jovian electronsi"d the dynamical correlation functidi(k, t), the

[6], and Ulysses measurements of Galactic protons correlation tensor can be written ﬁm(k t) =
[7]. P, (K)L(k, t). Prominent models foF (k, ¢) are

If a diffusion coefficient is calculated theoretically, the magnetostatic model'(k, ¢) = 1), the plasma
the turbulence properties have to be specified by wave model [ (k. t) = ™!, w =plasma wave dis-
specifying the correlation tensorle(k,t) =< persion relagon) and dynamical turbulence mc
§By(K,1)dBz (K,0) > which is determined by the ~ €ls (€.9. I'(k,t) = e~*/7, 7 =correlation time-
wave spectrum (wavenumber dependencE,gf), scale). Furthermore, the turbulence parame

the turbulence geometry (oiientation &f rela-
tive to the background field3), and the time-
dependence dle(k t). To specify the wavespec-

have to be specified. As shown in Table 1, t
most parameters can be obtained from obse!
tions. In the following we discuss different prev

trum, we can use observations [8]. Such a mea- OUS approaches which were proposed to reproc
sured spectrum can be divided into three inter- heliospheric observations of the mean free path
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| Parameter | Symbol/Value
IR spectral index 2v =5/3
DR spectral index p=3
Alfvén speed va = 33.5 km/s
Mean field By =4.12nT
Turbulence strength | §B/By =1

Slab fraction

2D fraction

Slab bendover scale
Slab DR wavenumbe
2D bendover scale
2D DR wavenumber

6B§lab = 02 M 5B2
B3, =0.8.6B2

lsta = 0.030 AU

Estap = 3-10° (AU) ™!
lop = 0.1 - ls1ap

two different dynamical turbulence models.
the damping model of dynamical turbulence t
dynamical correlation function isI'(k,t) =
exp (—awy | k| t) and in the random sweepin
modell'(k,t) = exp (—(avkt)?). In both mod-
els a parameterr was introduced to adjust th
strength of dynamical effects.

2) In agreement with observations, they replac
the slab model by a0% slab /80% 2D composite
model.

k2p = 3-10° (AU) !

3) They assumed that the 2D contribution to p
Table 1: The turbulence parameters used for our allel scattering can be neglected. A justificati
calculations. These values should be appropri- for this assumption was given some years later
ate for 1 AU heliocentric distance. IR stands for Shalchi & Schlickeiser [10].

inertial-range and DR for dissipation-range. 4) They used a realistic wave spectrum w
energy-, inertial- and dissipation-range in agre
ment with observations.

As demonstrated in several previous articles
10, 11], a combination of QLT and the dampit
model of dynamical turbulence is able to repr
duce the observed parallel mean free paths. H

The standard quasilinear approach

An early treatment of particle transport employed
the standard quasilinear theory (SQLT, [1]) where
a simpliﬂe_d turbulence model was combined with ever, there are several problems assoziated \
the quasilinear approa_lch. This turbulence model the Bieber et al. [2] approach. First, the for
assumes magnetostatic sl_ab turbulence and awav (E,1) = exp(—ava | k| ) and the paramete
spectrum .W'thOUt dissipation-range. To examine « cannot be derived theoretically. Furthermo
th'elr validity, Fhe SQLT—re;uIts can be compared plasma wave effects are neglected in the dat
with test particle S|mulqt|ons [9]. Whe.reas the ing and random sweeping model. The most
results _for pa_rallel diffusion can be conflrmed by rious problem is that the observed perpendict
these simulations, the results for perpendicular dif- mean free paths cannot be reproduced by com

fusion cannot be confirmed. Thus, QLT is not ap- ing QLT with such dynamical turbulence mode
propriate for perpendicular transport. Palmer [3] [12]

compared the predictions of SQLT for the parallel
mean free path with heliospheric observations and
noted two major problems:

1) the observed parallel mean free paths are typi-

cally much larger than the predicted SQLT results Tg solve these problems we recently propose
(magnitude problem); new turbulence model, which we call the "Nol
2) the observed parallel mean free paths are gener-jinear Anisotropic Dynamical Turbulence mode
ally constant with a rigidity independent mean free (NADT-model, [13]). In this model we still as
path for 0.5 to 5000 MV, but SQLT predicts that gyme composite geometry and the wavespect
the mean free path should increase with increasing ;sed in Bieber et al. [2], but we assumed differe
rigidity (flatness problem). forms of the slab and the 2D dynamical corre
tion functions: Py, (k, t) = Pl (k) (ky , 1)+
P2D(EYP2P (k. t). For the functiond ' (k, t)
andI'2? (K, t) we use

The NADT-modé€

Theturbulence model of Bieber et al. 94

Because of the disagreement between SQLT and
the observed parallel mean free paths, Bieber et al.
[2] proposed an improved turbulence model:

1) They replaced the magnetostatic model by

Fslab(k,”’t) —
FzD(k‘l,t) =

e_t/Tslab . eiwt,

e—t/TzD

1)
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Figure 1: The parallel mean free patf) versus
R = Ry /lsiap (Rr, =Larmor-radius/y,, =slab
bendover scale) obtained within the NADT-model.
Shown are QLT results for electrons (solid line)

and protons (dashed line) in comparison with the

A (AU)
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Figure 2: The perpendicular mean free path

versusk = Ry, /lgap Obtained within the NADT-
model. Shown are the NLGC-results for electra
(solid line) and protons (dashed line) in compi
ison with the Palmer consensus ([3], horizon

Palmer consensus ([3], box), Ulysses observationsline), Jovian electrons ([6], square) and Ulyss

([4], dot) and AMPTE spacecraft observations ([5],
vertical line).

(for details see section 2.2 of [13]) with the disper-
sion relation of shear Alfvén waves= vk, the
slab correlation time-scale

0B
\/§U_A 2D 2
lap By @)

and the 2D correlation time-scale

-1
Tslab —

71_

va 0B
TzD—‘/_ A 0Baop

lap By
1 for ki lop <1
) { (kilap)®/® for kilyp >1 3)

The NADT-model is defined through Eqgs. (1) -
(3). Another problem is the invalidity of QLT

measurements of Galactic protons ([7], dots).

our calculations we used the parameters illustra
in Table 1.

According to Figs. 1 and 2, a combination of tl
NADT-model, QLT and NLGC-theory can explai
the observed parallel and perpendicular mean 1
paths in the heliosphere (for a detailed discuss
see [13]). Fig. 3 shows the ratio of perpendicu
and parallel mean free paths as a function of
magnetic rigidity.

Conclusion and future wor k

As demonstrated, the NADT-model in combinatis
with QLT for parallel diffusion and NLGC-theory

for perpendicular transport. By using test-particle
simulations, it can be demonstrated that perpendic-
ular scattering behaves diffusively for the slab/2D
composite model [9]. Within QLT, however, we
find superdiffusive transport [12]. So far only two
theories are able to achieve agreement with the
simulations: the NLGC-theory of Matthaeus et al. , - i
[14] and the weakly nonlinear theory (WNLT) of thg turbulence parameters considered in the si
Shalchi et al. [15]. Although the WNLT has Ia_ltlons, QLT could be recov_ered for parallel d|ff!
some advantages (e.g. one theory for parallel andsmnfor other parameter regimes and for dynami
perpendicular diffusion) we employ the NLGC- turbulence.

approach because this theory is more tractable. For

for perpendicular diffusion can reproduce the t
liospheric observations (see Figs. 1 and 2). In
cent articles (e.g. [15]), however, it was demc
strated that nonlinear effects are in general &
important if the parallel mean free path is calc
lated. Although the nonlinear effects are strong
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Figure 3: The ratioA /)| versus the magnetic
rigidity in Megavolt units obtained within the
NADT-model.
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