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Abstract. With a recently developed steady-state model of ments aboard the Voyager and Pioneer spacecraft (Moses,
the propagation of Jovian and galactic electrons in the in-1987; Lopate, 1991). On the other hand, a new significantly
ner three-dimensional heliosphere we were able to demonimproved model for the heliospheric electron transport has
strate both the necessity and value of such modelling for (i)been developed, recently (Fichtner et al., 2000; Ferreira et
the determination of the diffusion tensor of energetic par-al., 2001a).

ticles, (ii) an observational discrimination between Jovian It is now possible to compare model results with observa-
and interstellar electrons as well as (iii) a bracketing of thetions in great detail, in particular also in the inner heliosphere
range of the possible interstellar electron fluxes at low en-probed by the Ulysses spacecraft where earlier models (Con-
ergies (see Ferreira et al., this volume). These studies revon, 1978; Moraal et al., 1991; Potgieter, 1996; Haasbroek
elead the need of a time-dependent modelling in order tcet al., 1997) were not applicable. The main hurdle to take
fully explain measurements made with the Ulysses spacewas the formulation and numerical implementation of a fully
craft. Therefore, by reducing the complexity of this approachthree-dimensional model of the electron transport in the inner
with an averaging w.r.t. particle energy and by the use ofheliosphere. The three-dimensional nature of the transport
mono-energetic transport parameters, we have derived an ain that region is mainly due to the existence of a powerful
ternative formulation that allows us an explicit consideration inner-heliospheric local electron source, namely the Jovian
of the time dependence of the electron fluxes. After a demonmagnetosphere.

stration of the model's capability to reproduce (despite the ~ As is known since the Pioneer 10 fly-by of Jupiter in 1974,
energy-averaging) in a very good approximation the resultghe planet's magnetosphere is a source of electrons with ener-
of the energy-resolving steady-state model, we will presenfgies up to~30 MeV (Simpson et al., 1974; Teegarden et al.,
first results and exploit the new feature of an explicit time- 1974). While the measurements made with the Kiel Elec-
dependence by comparisons with observations made with thgon Telescope (KET) aboard Ulysses (see Ferrando (1997)
Ulysses, the SOHO and the IMP-8 spacecraft. and Heber et al., this conference) allow to explore the re-
sulting inner heliospheric distribution of energetic electrons
in detail, the outer heliospheric distribution can be probed
with corresponding measurements with the Voyagers and Pi-
oneers beyond the orbit of Jupiter. Comparing these obser-

. . vations with model results allowed to tackle three problems
The potential of a thorough modeling of few-MeV electrons .. . . .
of interest, recently. First, one is able to constrain the trans-

in the heliosphere to improve the understanding of the trans- .
. . . - port parameters for electrons (Ferreira et al., 2001a, see also
port of energetic particles in turbulent electromagnetic fields : : e
. T . -Ferreira et al., this volume). Second, one can distinguish the
has been increased significantly during recent years. Th'?elative contributions of Jovian and galactic electrons to the
is because there has been obtained a continuous time seri 9

of the ~7.5 MeV electron flux along the trajectory of the ?ostal flux (Ferreira et al., 2001a, see also Ferreira et al., this

Ulysses spacecraft (see Ferrando (1997) and Heber et al., thYsomme)' And, third, it is possible to bracket the range of the

8ssible interstellar electron flux (Ferreira et al., 2001b).
conference) by now. These data span more than ten years a Due toth lexitv of th delling in f h
represent a substantial extension of previmusitu electron ue tothe compiexily oTth€ modelling In Tour phase space

observations beyond 1 AU that were recorded with instru-d_'me_ns'ons’ these studies are carne_d out for stead)_/ states. A
time-independent approach is well justified for various ap-

Correspondence td4. Fichtner plications but naturally excludes the analysis of data on time
(hf@tp4.ruhr-uni-bochum.de) scales of the solar rotation periogt 6 days) and the solar
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port in the heliosphere allows an analysis of Ulysses data

(Fig. 1) on all time-scales of interest. Furthermore, the time-

‘ 0 70 10 o °_ | dependence of the 1 AU data (Fig. 2) recorded by the IMP-8

' E and the SOHO spacecraft (Moses, 198Tlkr-Mellin et al.,

A ‘\ 1 1995) can be investigated and, thus, used as additional infor-

10 ¢ | E mation to constrain the transport parameters. In this contri-
§ 1 bution we report about the model and first results.
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§ 10 - b 3 2.1 The time-dependent transport equation
af ‘ ] The basic idea of our approach to a time-dependent three-
10 ¢ ! E dimensional modelling of electron flux modulation in the
i | ] heliosphere is a momentum averaging of Parker’s transport
L | L | L L L L L L . . . . . .
1990 1992 1994 1996 1998 2000 2002 equation. In view of negligible adiabatic cooling of electrons

year at energies below 10 MeV, this appears to be a reasonable ap-
Fig. 1. The~7.5 MeV electron flux measured with the Kiel Elec- proximation. So, with the definition of the electron pressure

tron Telescope aboard the Ulysses spacecraft along its trajector®S (v andp denote particle speed and momentum, respec-
see also Heber et al, this conference. tively):

o0

/I
0.1000 ; = ?/ (p, 7, t)pwp*dp @)
[ ] 0
and the neglect of drifts the transport equation takes the form:

(13—months period)
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E I h ; JM/ ] where s has to be understood as the momentum-averaged
§ I ” 'uk * \M ’ “W ] diffusion tensor, i.ex (r,t) =<k (r,p,t) >=r (r,p, 1),

© i with p = const.

X 0.0010F | | 4 The resultingP(r, t) exhibits the same variations as the phase
= i MP (‘bezerMVi?O”S ] space distributiory (r, p, t) evaluated for a prescribed mo-
8 o] mentumsp.

o SOHO observations A

© (2.6-104 Mev) 1 2.2 The parameters in the transport equation

0.0001 | | | | | | ! ! ! | . . .
90 91 92 93 94 95 96 97 98 99 00 O The time-independent part of the two functioas, (r,t)

time [years] andx (r,p,t) are defined as in Fichtner et al. (2000). So,
for the solar wind velocity the representation introduced by
Fig. 2. Electron flux observations at the orbit of Earth on the IMp Hattingh [1998] with a tilt angle for the heliospheric cur-
and the SOHO spacecraft, see Moses (1987) aiitiekMellin et~ rent sheet off = 10deg is employed. The spatial dif-
al. (1995). fusion tensor is assumed to be diagon%ilz( Kij 0;5) in @
local coordinate system (with aaxis along the magnetic

field dlrect|on) with the elements;,, = m_(r R) = ak
cycle (~ 11 years). These limitations, therefore, still preventand Kyy = koo(r,R) = bryF(0), k.. = k| (r,R) =

studies of the modulation effect of, e.g., corotating interac-x £ k,.(r) kr(R), wherer and R denote heliocentric dis-

tion regions and solar activity even within the framework of tance and rigidity, respectively. A parallel mean free path

the newly developed model. A ~ 0.3 AU at 1 AU below~ 1 GV givesky = 4.5 - 10?2
However, the modelling performed so far confirmed the cm2/s. The speed of light is denoted byFurthermore, there

expectation that for energies lower than about 10 MeV the ef-are the functions

fects of drifts and adiabatic cooling are negligibly small (see,

e.g., Ferreira et al., this volume). These findings point to anﬁ’"(r) = (1+n)/2 )

opportunity how to formulate a time-dependent model of the 1 . K< Ry
three-dimensional electron transport, namely by amomentum- . _ (R/Rl)g1 JR1<R<R, @
averaged treatment. Although still simplifying the actual phys— )= (R2/R1)3 (R/R2) iRo<R<Rj3

ical situation, this most recent approach to the electron trans- (R /R1)% (R3/Rs) (R/Rg)Q;R > R
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F(0) = C*+C tanh (6 — 90deg —05)/A0 ®)

with 8 = 6 for @ > 90deg andf = 180 deg —6 otherwise,
(Rl, RQ, Rg) = (0.4, 10, 12) GV, and Ci = (d + 1)/2,
d = 20, 0 = 35deg, andAfd = 45deg /(27). The con- g
stantsa = b = 0.005 and\| ~ 0.3 AU at 1 AU are cho- 10F
sen according to the constraints following from the analy-
sis of data recorded by the KET instrument aboard Ulysses
Ferrando (1997). The assumé&ddependencer(R) is an
approximation to that of the damping model for dynamical
turbulence (Bieber et al., 1994). In the momentum-averaged =10 2N
modelling, for the above representation of the diffusion ten- a
sor the choice of a constant momentum translates into a con- _2o0¢ - o
stant (prescribed) rigidity. T T AR
This choice of the diffusion coefficients is compatible with ~20 —10 O 10 20
the Ulysses data up to 1998 (Ferreira et al., 2001c). AU

AU
o

2.3 The boundary conditions Fig. 3. The simulated corotating interaction region (CIR). The dif-
fusion coefficient is reduced in the narrow region between the two

The spherical domain of integration is bounded by the sur-spjig lines which mark the boundaries of the CIR. The dashed con-

face of the Sun, where vanishing pressure is assumed, and &Ruation lines indicate the decay of the CIR as a isolated diffusion

outer modulation boundary at 100 AU where the pressure obarrier due to merging processes (with other CIRS) in the outer he-

the interstellar electrons is prescribed. In addition, there idiosphere.

a moving local electron (pressure) source at the position of

Jupiter which is orbiting the Sun at a heliocentric distance of

about 5.1 AU.

time variation of «

Loocor

2.4 The time-dependence

First, there is a time-dependence of the diffusion tensor which
is modelled according to the typical variation in the sunspot I
.3 0.1000¢
number, an approach succesfully employed for a modulation = g
study by le Roux and Fichtner (1999). Second, the effect & i
of corotating interaction regions (CIRs) as propagating dif- § |, [flux (x 40) clong Ulysses trajectory

fusion barriers is modelled by a narrow spiral region of de- ,
(13-months period)

creased diffusion coefficients as depicted in Fig. 3. The lati- i | | |

tudinal extent of the CIRs is limited t#:30° around zero he- 0.0010 k 7
liographic latitude. Finally, the Jovian source as well as the ‘ WWWWWWMWM

observation points (i.e. the Ulysses, IMP and SOHO space- i flux along orbit of Earth
craft) are moving. The activity-related time-dependence of ~ 0-0007 bbb b b L
the solar wind velocity field is not taken into account in the 90 91 92 93 g4 95

. .
computations shown below. me [years]

Fig. 4. The~7.5 MeV electron flux along the trajectory of Ulysses
and the orbit of Earth as computed with the time-dependent model.

3 Results

After a successful reproduction of the results discussed in For the present set of parameters, the effect of the CIRs is
Fichtner et al. (2000), which representsaposterioricon-  limited to lower latitudes. Therefore, the related 26-day vari-
firmation of the applicability of the averaged transport equa-ations are only significant for periods during which Ulysses
tion to the electron transport at energies below 10 MeV, thewas at low heliographic latitudes (which can be extracted
time variations of the diffusion tensor and the CIRs were ac-from the top panels in Fig. 1). For an analysis of the quasi-
tivated. steady state on time-scales between the periods of solar ro-
The results are shown in Figs. 4 and 5. Figure 4 displaydation and solar activity, see Ferreira et al., this volume. A
the assumed long-term variation of the diffusion tensor andfurther more detailed parameter study to investigate how to
the resulting time-profiles of the 7.5 MeV electron flux along achieve quantitative agreement with the data on the basis of
the Ulysses and the SOHO trajectory. The Ulysses flux curveéhe present model will be presented elsewhere.
is shifted be a factor of 40 in order to facilitate visualisation The flux at SOHO and IMP-8 is characterized by at least
of results. two time-periods: a 27-day variation due to CIRs (extended
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26-day variation due to the orbital motion of the Earth) and aopportunity for an indirect study of CIRs in their function as
13-months variation due to the relative position of the space-modulation barriers.
craft (i.e. Earth) and Jupiter. A long-term effect of solar ac-
L ( ). . P g . . Acknowledgements/Ne are grateful to the German DFG and the
tivity is not prominent in the observations. The reproduction : . .
e . South African NRF for financial support.
of these expected periodicities in the data is rather a further
successful test of the model than a new result. Only a closeh
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