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Abstract. Theory of cosmic ray propagation in the radial
regular magnetic field with superimposed magnetic irregular-
ities is advanced. The particles can be divided into two parts
which describe the unscattered and scattered populations. In
result, the unscattered particles appear as a strongly aniso-
tropic beam with a small angular width due to the magnetic
focusing of charged particles in radial regular magnetic field.
Evolution of the angular distribution of both populations and
the temporal profiles of CR intensity are analyzed. The ob-
tained results can be used for description of energetic particle
streams in the turbulent interplanetary magnetic field.

1 Introduction

The rigorous treatment of cosmic ray (CR) propagation in the
interplanetary medium is based on kinetic equation describ-
ing energetic charged particle scattering by magnetic irregu-
larities and their focusing by regular interplanetary magnetic
field (IMF). Larmor radius of energetic particles accelerated
in solar flares is small compared to typical scale of regular
magnetic field variations, so we can use the drift approxima-
tion of kinetic equation, (see, for example, Toptygin, 1985).
In this paper we consider the propagation of CR in the ra-
dial regular IMF. In this approximation the focusing legth
is inversely proportional to heliocentric distance and kinetic
equation takes the following form:
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wheref is CR distribution function,µ is particle pitch an-
gle cosine,νs is a collision frequency of particles with mag-
netic irregularities. Two last term in the left hand side of (1)
present the collision integral describing distribution function
variation caused by particle scattering. The right hand side of
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the kinetic equation stands for particle source which is sup-
posed to be instantaneous isotropic and placed at heliocentric
distancer0. It is useful to introduce the dimensionless vari-
ables

ρ = r/Λ, τ = vt/Λ , (2)

whereΛ = v/νs is the particle mean free path. In these
variables we can rewrite Eq. (1) as follows
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The solution of kinetic equation (1) can be obtained by using
Fourier - Laplace transform (Fedorov et al., 1995; Fedorov
and Stehlik, 1999). The distribution function appears as a
superposition of unscattered and scattered particles (f0 and
fs, respectively):

f(ρ, µ, τ) = f0(ρ, µ, τ) + fs(ρ, µ, τ) . (4)

The distribution function of unscattered particles has the form

f0(ρ, µ, τ) =
δ{ζ(τ)− ρ0} exp(−τ)

16π2Λ3ρ0ζ(τ)
, (5)

with

ζ(τ) =
√
ρ2 + τ2 − 2ρµτ . (6)

According to Eq. (5) the unscattered particles are present in
positionρ only in the time intervalρ − ρ0 < τ < ρ + ρ0,
and their angular distribution is drastically anisotropic, so in
the instant of timeτ the particle pitch angle cosine is given
by the expression

µ =
ρ2 + τ2 − ρ2

0

2ρτ
. (7)

Note that in the positionρ the unscattered particles can move
only with µ > µmin =

√
1− (ρ0/ρ)2.
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The distribution function of scattered particles in the ra-
dial regular IMF has been obtained by Fedorov and Stehlik
(1999). In the present paper we use this function under con-
dition τ > ρ + ρ0. Then only scattered particles in the po-
sition ρ are present and, the distribution functionfs(ρ, µ, τ)
has the form

fs =
1

8π3Λ3ρ0
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2 Discussion

The dependence of CR distribution function (8) on particle
pitch angle cosineµ is illustrated on Fig. 1. It corresponds
to ρ = 1 andρ0 = 0.02 and numbers near the curves stand
for dimensionless timeτ . Note that all curves correspond
to the time when only scattered particles are present only at
positionρ = 1. Our calculation shows that at this position
the particle density decreases monotonically forτ > ρ+ ρ0.
The distribution function shown in Fig. 1 is normalized to its
maximal valuef(µ = 1). One can see that atτ = 1.1 the
distribution function is drastically anisotropic and particles
are moving preferable along IMF, and the CR intensity of
backward moving particles is negligible. The CR distribution
function become more and more isotropic for increased time
due to particle scattering by magnetic irregularities.

Let one consider the angular distribution of particles at a
later instant when the distribution function is near to isotropic.
In this case (τ � 1) the main contribution to (8) is given by
the first term because the others are proportional to the expo-
nentially decreasing multiplier. The Eq. (8) can be simpli-
fied in this limit case when the source size is extremely small
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Fig. 1. The distribution function (8) normalized tof(µ = 1) on
distanceρ = 1 at instantτ = 1.1, 2, 3, and5.

(ρ0 → 0) in comparison with heliocentric distanceρ:
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At late time (τ � 1) the last exponential multiplier in in-
tegrand of (9) has a strong maximum atk = 0, so one can
replace it byexp[−k2τ/3], and use sunstitutionk = 0 in
the first multiplier with subsequent integration overk up to
the infinity (see Fedorov et al., 1995). Thus we can obtain
the following expression for distribution function in the large
time limits,

f(ρ, µ, τ) = (10)
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Here one can use asymptotic expansion oferfc[z] under con-
dition z � 1 in Eq.(10) resulting

f(ρ, µ, τ) = (11)
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.

It is evident that well known diffusion approximation rela-
tionship for particle density and anisotropy follows from (10)
for ρ� τ .

Note interesting fact that in the case of multiple small an-
gle scattering the angular distribution of particles at late times
(τ � 1) differs essentially from Eqs. (10), (11). The de-
pendence of CRdistribution function on particle pitch angle
is determined under small angle scattering by exponential
function ofµ because distribution function contains the term
proportional toexp[Λµ/L] (so called focusing anisotropy of
CR), (Earl, 1981; Beeck and Wibberenz, 1986; Bieber et al.,
1986). The quantityL is the focusing length which is equal
to r/2 in the considered approximation of radial magnetic
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field. Thus one can see that the angular distribution of solar
CR contains valuable information about features of energetic
particle scattering by magnetic field irregularities.
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