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ABSTRACT

Force-field theory is studied in 3-dimension using the full diffusion
tensor incorporating drift effects. An analytical approximate solution is
deduced under some assumptions which include a flat neutral sheet and a non-
uniform density distribution at the outer boundary. By contrast with the
usual force-field theory, our solution gives a large and charge dependent
latitudinal gradient and near perfect isotropy, even corotation disappears.
The results are in general agreement with the numerical calculations of
Jokipii and Kopriva.

AHHOTALMA

N3yuaeTca Teopusa '‘dopc-tmng'’ MOAYNSAUMM TFalaKTUHECKUX KOCMUYECKUX ny4eli

B TPEXMEPHOM MPOCTPaHCTBE, WCMNOMb3yS MOJHbLIA TEeH30p ANdy3un, BKIYHAOWWA W
aperijoBbie 3(deKTol. BbiBeAeHO aHanMTUYEeCKoe pelweHne Mnpyv NpeanosiokeHMM MNNOCKOro
MEXMN/IaHETHOIO HEeWTPa/IbHOro C/N0s M HEeOAHOPOAHOro pacnpefenieHUss KOCMUYEeCKUX sy
Yell Ha rpaHuue obbema MOAynAUMM. Bonpekyn O6bIMHOMY pelWeHuo fAaeTCs KPYMHbIi re-
NINOWNPOTHBIA rpagveHT, 3aBUCAWWA OT 3apsaja 4YacTuy, W NosHas U30TponmMs C OTCyT
CTBMEM KopoTaumu. Hawu pe3ynbTaTbl COriacylTCAa C pacyeTamy, npoBefeHHbIMU [oKu
M n Konpumsom.

KIVONAT

Az er6tér kozelitést vizsgaljuk 3 dimenzidban. A teljes difflzids ten-
zort hasznaljuk, vagyis a drift-hatasokat is figyelembe vesszik. Analitikus
kozelité megoldast vezetink le bizonyos feltevések mellett: a bolygdékdzi
semleges réteget siknak vesszik, tovabba feltesszilkk, hogy a kozmikus sugar-
zas sUr(iségeloszlasa nem egyenletes a modulaciés tartomany kils6é hataran.

A szokasos erétér kozelitést6l eltérben az altalunk kapott megoldas nagy és
toltést6l figgd zenit iranyd siriséggradienst és teljes izotropiat ad, az
egylttforgasi anizotroépia is eltinik. Eredményeink - 8 vonasait tekintve -
6sszhangban vannak Jokipii és Kopriva numerikus szamitasaival.



INTRODUCTION

It has been known for some time that galactic cosmic ray
transport in the heliosphere cannot be treated as spherically
symmetric. The importance of curvature and gradient drifts has
been pointed out and discussed in detail in a series of works by
the University of Arizona group [1]-[6]- The concept of drift is
neither new nor is it "ad hoc®™ introduced into thgbmodulation
theory: it is incorporated in the antisymmetric term of the dif-
fusion tensor — iIn the term that has incorrectly been disregard-
ed earlier. Since, at least at the GeV energies, drift is capable
to provide considerable particle transport across the magnetic
field lines an ambitious 3-dimensional calculation clearly has to
operate with the full diffusion tensor. Such numerical calcula-
tions have been carried out by Jokipii and Kopriva [6] and Gleeson
et al. [7]- The predictions of the two works are at variance due
to the different boundary conditions used at the solar equator.

In the light of these recent developments i1t may be worth
asking how force-field theory will change if the full diffusion
tensor is used i1.e. drift is included. The force-field solution
derived by Gleeson and Axford [8] has been the most successful
analytical approximate solution to the modulation equation. It is,
however, essentially one-dimensional in the sense that it applies
under the condition of either spherical symmetry or strictly
field-aligned diffusion — 1in both cases only one spatial co-or-
dinate enters the calculations. Thus, a modification due to drift
would not be surprising.

In this work, we deduce a 3-dimensional force-field solution
under several simplifying assumptions. Among these the most im-
portant is the azimuthal symmetry i.e. a flat interplanetary



neutral sheet which coincides with the solar equator. OFf course,
the real neutral sheet i1s wavy, and this waviness may have pro-
found effects iIn producing the 1ll-year variation (e.g. Koéta [9],
Jokipii and Thomas [10], Tverskoi [11]). The effect of a wavy
neutral sheet is, however, beyond the scope of this paper. A par-
ticular feature of the calculations to be presented is that, at
the outer boundary of the modulation region, we set a non-uniform
density distribution imposed by the exterior electric fTield as

suggested by Jokipii and Levy [12].

INTERPLANETARY MAGNETIC AND ELECTRIC FIELD

We use an azimuthally symmetric Parker-spiral Interplanetary
Magnetic Field (IMF) within a sphere of radius R:

B = BQ (leD) (2H(6)-1)(g)2[ér- fir-P°-B806d] , @

where BQ is the radial field strength at a 1 AU, Q=3»10-6 sec™”1
is the angular velocity of the sun, V is the solar wind speed, r,
0 and ¢ represent heliocentric radius, solar latitude and longi-
tude, respectively; &., éQ, é” stand for the unit vectors point-
ing along respective directions. H is Heaviside step function. BQ
is assumed to be symmetric with respect to the neutral sheet at
0=0. The sign of BQ reverses at the polarity reversal of the
sun: Bg is positive for the 1969-80 solar cycle and negative for
the previous cycle.

The appropriate electric field, E = (B*v)/c, can be derived
from a scalar potential, ¢, since the magnetic field iIs steady

state.

E = Bg (10 D (2H(0)-1)-] - .. g°seeQ= - grad® ()

® (O) dO'B0 (©")cos0* (©))
o]
where c iIs the velocity of light and ®) Is an additive constant.

As seen from equation (3) ¢ is even function of O.

+ ¢o



The potential ¢ applies for r < R, the TfTield exterior to
r = R has been calculated by Jokipii and Levy [12] for various
models. Here, we take the simplest case i.e. that of a completely
neutralized plasma beyond r = R. We need not use the actual form
of the exterior field, i1t is enough to know that ¢ should be
continuous at r = R. Then, the boundary condition at r = R 1is
directly obtained from Liouville®s theorem:

F(T,r=R,9) = FAT+ZeOfe) ), @

where F is the particle distribution in phase space, T iIs Kkinetic
energy. F” refers to the undisturbed galactic spectrum. Here we
set ®0 so that the potential be zero at iInfinity.
The value of ¢O is
n/ 2
¢O = a(2:° dOB, (0)cos@(l-sine) - % ®)

where Q is the net charge of the solar system.

FORCE-FIELD SOLUTION

We follow the line of the force-field theory [8] according
to which the net particle streaming

- _ F_ + £ ££
S. p2(K,ij. o 5 9p\\//i) )

can be taken as divergence-free
divsS = - | *(p3vgradF) U O @

where p is the particle momentum and is the diffusion tensor.
The TfTollowing further simplifying assumptions will be made:
(1) The BGK relaxation time approximation of scattering
process [13] 1is used which gives the inverse diffusion
tensor as

K]-4]Kj © okl
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where X is the mean free path while v and Ze are the
particle velocity and electric charge, respectively.

(ii) Separable diffusion tensor is assumed. This demands
that A be proportional to the momentum, p.

(ii1) The mean free path and the radial solar wind are
spherically symmetric:

X = X1(r)(p/pQ) and V = V(r)ér

(iv) Reflecting inner boundary is taken. This — though may
be unrealistic — is expected to give minor effect on
the cosmic ray distribution everywhere but near the sun

Under assumptions (i)-(iv) and boundary condition @) the
solution to the force-field equations () and () is

=0 instead of merely 0 (©))
and
oF _ £ OF 3F fv_
3xA 3 9p “I3Vg 3T x1po * Z€E 0
whence
R
F(T.r.0)  FofT + (ypON i )dr® + Ze®(0)) an
r

In deriving (10) and (11) we made use of E = (BxV)/c and re-
lation (8). It should be pointed out that S = O i1.e. 1isotropy Iis
not a trivial solution to divsS = 0, it holds only if the vector

is a gradient-vector. This is not met in general.

DISCUSSION AND CONCLUSION

The 3-dimensional force-field solution obtained represents a
very specific solution which relies upon a number of assumptions
including a non-uniform boundary condition at r = R. If the ex-
terior fTield is disregarded (11) will not hold in its form. Still
we may have a Tair approximation replacing ¢ in (11) by the poten



tial difference between the observer and the place where particles
entered the heliosphere; this latter is fairly well defined being

around the solar polar or equatorial region depending on the sign

of Bo [6]. [71. [9]-

The present work predicts a large and charge dependent lati-
tudinal gradient iIn accordance with the results of Jokipii and
Kopriva [6]- At the same time, also there are some deviations in
the diffusion tensors and inner boundary conditions used in the
two works.

The large-scale electric field is not directly connected with
the rate of energy loss. Yet, surprisingly i1t appears explicitely
in (11). This expresses that drift is governed by the large-scale
IMF which, 1@n turn, 1iIs associated with the electric field.

A seemingly controversial result is the complete isotropy.

Of course, we do not intend to deny corotational anisotropy. Coro-
tation would probably appear if, violating azimuthal symmetry, a
wavy interplanetary neutral sheet were considered. At least, wavy
neutral sheet was shown to produce corotation at energies as high
as 50 GeV [14].
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