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Abstract: Based on numerical solutions of the focused transport equation we study the question whether
pitch angle diffusion coefficients calculated from various suggested models for wave-particle interactions
and different assumptions about the nature of magnetic fluctuations in thesolar wind can lead to mea-
surable differences in observables such as the rigidity dependence ofthe mean free path and the angular
distributions of solar particles.

Introduction

Modeling of solar particle propagation offers the
possibility to derive transport coefficients and to
test the validity of different theories for the in-
teraction of energetic charged particles with mag-
netic field fluctuations. Significant progress has
been achieved in recent years towards a better un-
derstanding of the transport parallel to the aver-
age magnetic field which remedied some deficien-
cies of the classical quasi-linear theory of particle
scattering (standard QLT, [5]). New approaches
such as a dynamical quasi-linear theory (DQLT,
[1, 2]) which take into account the dissipation
range, decorrelation and damping effects as well
as the three-dimensional geometry of the turbu-
lence have shown to give better explanations for
various aspects of the observations. Recent mod-
els for the diffusion of particles perpendicular to
the magnetic field appear to require a non-linear
treatment (e.g., [7]) which, when applied to par-
allel transport, gives results different than those
obtained from DQLT. This again raises questions
about particle transport which had been thought
to be settled. In the present work we investigate
whether different functional forms of pitch angle
diffusion coefficients can lead to measurable dif-
ferences in observable features of solar particle
events, and whether we can use this information
to discriminate between competing theories of par-
ticle scattering.

Interplanetary Transport

Methods to model solar particle propagation in the
solar wind have been extensively described in the
literature (for details see e.g., [2] and references
therein). In this study we consider numerical solu-
tions of the equation for focused transport:
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Heref(s, µ, t) is the particle’s phase space density
(proportional to the observed particle flux),s is the
distance along the magnetic field line,µ = cos θ
the particle pitch angle cosine,t the time,L(z) the
focusing length, andDµµ(µ) the pitch angle scat-
tering coefficient. The injection of particles close
to the sun is given byq(s, µ, t). Here we restrict
ourselves to particles with sufficiently high ener-
gies so that the effects of convection and adiabatic
losses can be neglected.

For practicle purposes often a product ansatz for
the scattering coefficient of the form

Dr

µµ
(r,R, µ) ≡ Dµµ/ cos2 ψ(r)

= κ0(r,R) ·
{

|µ|q−1 +H
}

(1 − µ2) (2)

is made, which partially resembles the result of
standard QLT and additionally introduces a pa-
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Figure 1: Pitch angle scattering coefficients calcu-
lated with DQLT from a model turbulence spec-
trum (details see text).

rameterH to phenomenologically describe an en-
hancement of scattering throughµ = 0 by non-
resonant and non-linear effects. Information about
the dependence of the scattering on radial distance
r from the Sun and particle rigidityR is absorbed
in κ0(r,R), ψ is the angle between the radial di-
rection and the magnetic field, andq denotes the
spectral index in the inertial range of the magnetic
turbulence spectrum. The mean free pathλ‖ which
relates the pitch angle scattering rate to the spatial
diffusion parallel to the ambient magnetic field is
given by

λ‖ =
3v

8

+1
∫

−1

dµ
(1 − µ2)2

Dµµ(µ)
(3)

and for the radial mean free path we obtainλr =
λ‖ cos2ψ. The mean free path is often used as
a convenient parameter to characterize the vary-
ing degrees of scattering from one solar particle
event to another, even when it adopts values close
to or larger than the observers’s distance from the
Sun and the transport process can not be consid-
ered spatial diffusion. It has been noted though
(e.g., [6]) that for weak scattering diffusion coef-
ficients with differentµ-dependences, all formally
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Figure 2: Mean free paths obtained from particle
observations and predictions from DQLT (adopted
from [3]).

resulting in the same value ofλ‖, can lead to quite
different solutions of Equation 1 for the time his-
tories of the average intensity. Conversely, differ-
ent values ofλ‖ can be obtained in modeling par-
ticle events with different assumptions about the
µ-dependences ofDµµ.

Numerical methods and results

Figure 1 shows scattering coefficients for 108 keV
electrons and 2 MeV protons which were calcu-
lated from DQLT for the model turbulence spec-
trum of [1] assuming a decorrelation parameter
a=1 and spectral indices of 5/3 and 3 in the in-
ertial and dissipation range, respectively. The in-
clusion of dissipation range and dynamical effects
lead to deviations in theµ-dependence ofDµµ with
respect to standard QLT results which are distinc-
tively different for electrons and protons at en-
ergies below a few MeV: at smallµ the scatter-
ing of protons is enhanced noticeably whereas it
is strongly suppressed for electrons. As a result,
mean free paths calculated with Equation 3 be-
come somewhat smaller for MeV protons but dras-
tically larger for low energy electrons. This is ex-
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Figure 3: Comparison of time-intensity and
anisotropy profiles for 2 MeV protons predicted
from two different methods to solve Eq. 1.

actly the rigidity dependence ofλ which is ob-
served in many solar particle events (cf., Fig. 2).

We like to point out that despite the good agree-
ment between predictions from DQLT (together
with the assumption that the fluctuations consist of
a 10-20% slab and a 80-90% 2D component, where
the latter does not contribute significantly to the
scattering) and observations a major inconsistency
has not been considered so far: whereas the the-
oretical mean free paths have been obtained with
the exact scattering coefficients calculated from
DQLT, only simplified forms ofDµµ as given in
Equation 3 have been employed in numerical solu-
tions of the transport equation used in the modeling
of solar particle events.

To address the above problem we present here for
the first time, to our knowledge, solutions of the
focused transport equation which are based on the
full DQLT scattering coefficient. To take into ac-
count the large dynamic range in theµ-dependence
of Dµµ a Monte Carlo (MC) simulation based on
the method of stochastic differential equations [4]
was used. The green dots in Figure 3 show the re-
sults for 2 MeV protons and a constantλr = 0.3
AU. For comparison, also the results of a solution
based on a finite differences scheme (FD) and for
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Figure 4: Comparison of 2 MeV proton pitch angle
distributions predicted from two different methods
to solve Eq. 1.

a scattering coefficient of the form of Equation 2
for H = 0.05 are shown (solid line). Because of
the similarity of the scattering coefficients in this
case the intensity and anisotropy profiles as well as
the pitch angle distribution at the maximum inten-
sity (Fig. 4) are almost indistinguishable. A com-
parison of the two numerical approaches for 107
keV electrons and a constantλr = 0.5 AU is shown
in Figures 5 and 6. Because of the strongly re-
duced (cf., Fig. 1) scattering below|µ| = 0.1 (and a
consequential enhanced scattering at large positive
and negativeµ to match the chosenλ according to
Eq. 3) the electrons arrive later in the MC simula-
tion and show a sharper peak. For the same reason
the electron pitch angle distribution at the maxi-
mum intensity exhibits a much stronger gradient
aroundµ = 0 in the MC simulation than in the FD
solution.

Discussion

Observed pitch angle distributions of∼ 100 keV
electrons typically are similar to the shape of the
FD solution shown in Figure 6 and have little re-
semblance to the result of the MC simulation. Our
preliminary conclusion is that there likely is ad-
ditional scattering throughµ = 0 which could be

IC
R

C
 2007 P

roceedings - P
re-C

onference E
dition



TESTING TRANSPORTTHEORIES

10
−1

10
0

10
1

In
te

ns
ity

 (
cm

2  s
r 

s 
eV

)−
1

impulsive injection of 1032 107 keV electrons at r=0.05 AU
v  = 4.0763 AU/h    λ

r0
 = 0.5 AU    r  = 1 AU

q = 1.67    H = 0.05     V
SW

 = 400 km/s

dashed: radial diffusion

solid:  FD solution

green:  MC simulation, model spectrum, a = 1

0 0.5 1 1.5 2 2.5 3 3.5

0
1
2
3

A
pa

r

Time  (hours)

Figure 5: Comparison of time-intensity and
anisotropy profiles for 107 keV electrons predicted
from two different methods to solve Eq. 1.

caused by non-linear effects in the particle inter-
action with the slab component, or a contribution
of the 2D component to pitch angle scattering and
thus to the diffusion parallel to the magnetic field
which is stronger than previously thought. Pitch
angle distributions and intensity profiles of MeV
protons determined from DQLT calculations and
from the phenomenological ansatz forDµµ are
practically identical and in good agreement with
observations and will probably not provide any
new information regarding the above questions.
For electrons it seems possible to add additional
scattering to the DQLT coefficient until the ob-
served features of the electron distribution func-
tions are matched, and from this estimate the con-
tribution of the above mentioned effects. This ad-
ditional scattering could significantly reduce the
calculated mean free paths for low-energy elec-
trons and again lead to a disagreement with ob-
served values ofλ‖. However, from the results of
this study we find that for electrons in the case of
weak scattering the mean free path is not a well
defined parameter anymore and we suggest that
the parameter considered for comparisons between
theory and observations should rather beDµµ(µ).
We hope that by the time of the conference we will
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Figure 6: Comparison of 107 keV electron pitch
angle distributions predicted from two different
methods to solve Eq. 1.

be able to present such comparisons in greater de-
tail.
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