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Abstract. Solar wind ram pressure variations occuring 1 Introduction to solar cycle — induced variations
within the solar activity cycle are communicated to the outer

heliosphere as complicated time-variabilities, but repeatingsince Parker (1963) published the first description of the
its typical form with the activity period of about 11 years. heliospheric interface configuration, it was already obvious
At outer heliospheric regions, the main surviving solar cy- that the locations of the solar wind termination shock and
cle feature is a periodic variation of the solar wind dy- the heliopause would vary under different inner heliospheric
namical pressure or momentum flow, as clearly recognizeghressure conditions. However, these early models resulted
by observations of the VOYAGER-1/2 space probes. Thisfrom stationary equilibrium considerations, requiring that the
long-periodic variation of the solar wind dynamical pressurephoundary conditions do not change in time. Model calcu-
is modeled here through application of appropriately time-|ations with these restrictions are completed, as soon as an
dependent inner boundal‘y conditions within our multifluid asymptotic state in the locations of the he”ospheric struc-
code to describe the solar wind — interstellar medium inter-tyres is reached. Truly dynamical variations of the helio-
action. As we can show, it takes several solar cycles untilsphere could only be studied in recent years, after refined
the heliospheric structures adapt to an average location abowymerical codes had been developed to model the solar wind
which they carry out a periodic breathing, however, lagged_ interstellar medium interaction. Following the course of
in phase with respect to the solar cycle. The dynamically acthe publications in recent years one can identify a gradual
tive heliosphere behaves differently from a static heliosphergncrease in numerical and physical perfections of the mod-
and especially shows a historic hysteresis in the sense thadls (for a review, see Zank, 1999a). Based on the virtues of
the shock structures move out to larger distances than exhese models, studies of time-dependences have meanwhile
plained by the average ram pressure. Obviously, additionahecome feasible.

energies are pumped into the heliosheath by means of density . oy dies in this respect showed that the response reac-

and pressure waves W.h'Ch are excited. Thes-e waves traV‘ﬁ'on of the heliospheric shock properties very much depends
outwards through the interface from the termination shockOn the dimensionality in which the problem is described
towargjs the bow ShOCk' Depgndmg on 'O”Q”Ude’ the heI'O'Barnes (1993, 1994, 1995), Grzedzielski and Lazarus (1993),
spheric sheath region memorlzes_z_—s (upwmql) and up to 6nd Naidu and Bames (1994) and Wang and Belcher (1998,
.7 (downwind) preceding solar acfuwty cycleg, I.e. the cycle- 1999) have considered the motion of the termination shock
induced waves need corresponding travel times for the pas, response to a jump in the solar wind density or an inter-
sage over the heliosheath. Within our multifluid code we alsoplanetary shock passage, using a one-dimensional planar ap-
aldequat'ely describe the solar cycle yariation; in the energ-\f)roximation. Ratkiewicz ;et al. (1996) then showed that the
distributions of anomalous and galactic cosmic rays, reSpeCFesulting responses viewed in compression ratios and prop-

E\_/erl]y' Accor_dlng to_ these resuk:ts the d'Slmzunonb()fdthesehagation speeds of the shock, are much less pronounced in a
blg . enferhgenc spﬁmes ca.r|1.not (T cor_regty 3.5,0“ edont gpherically symmetric approach. Similar studies, however,
asis of the actually prevailing solar wind conditions. already based on measured perturbations of solar wind prop-

Key words. Interplanetary physics (heliopause and solar €i€s, were carried out by Whang and Burlaga (1993) and

wind termination; general or miscellaneous) — Space plasm¥Vhang, Lu and Burlaga (1999). These latter authors con-
physics (experimental and mathematical techniques) clude, that the location of the upstream termination shock is
anti-correlated with the sunspot number, i.e. moving inward

or outward at the rising or the declining phase of the solar cy-
Correspondence tdK. Scherer cle. Since thenitis recognized that the heliospheric response
(kscherer@astro.uni-bonn.de) to inner heliospheric solar wind variations can only be ade-
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quately described if the whole interaction system is CONSiS—rape 1 The parameter for the calculations, while the interstellar
tently estimated, including all involved time-dependent pro- parameters are assumed to be valid at “infinity”

cesses, especially, for example, the back reactions from the
heliopause and the bow shock.
In this sense Steinolfson (1994) and Karmesin et al. (1995)

Solar wind and other parameters at the Earth’s orbit

have run the first two-dimensional, time-dependent interac- bulk velocity Vsw 400 km/s
tion codes to study solar cycle effects and could show that proton number density nsw 5cn3
the resulting migrations of the shock location in their time- proton temperature Tsw 100000K
dependent studies turn out to be much more moderate com-Period of solar cycle P 1lyears
pared to migrations achieved if the shock could instantly re- Diffusion coefficient of GCR  « 1. 10P%cn/s
act to the actual inner solar wind conditions. This broad- Rigidity of GCRandACR R 1MV
ened view has then still been Substantially improved by Zank Parameters of the local interstellar medium
(1999b), emphasizing the fact that the interstellar neutral H- bulk velocity of hvdroaen v 2O Km/S
atoms, a dynamically important component of the interaction number der{sit gfh gro on nHUSM 0.1cm-3
process, was not yet taken into account. By including H- hydrogen temgeratu{e 9 TZ“SM 8600K
atoms in a consistent form into a two-dimensional, two-fluid '\ velocity of protons UH“SM 26 km/s
interaction code he showed that the earlier arythmic motion ,her density of protons nH“SM 01cnt3
of the termination shock is now reduced as a consequence of,gton temperature Th, o 8000K

a reduction of the upwind to downwind shock layer asymme-

try and of the shock distance from the Sun. Parameter of energetic particles in the LISM

Appreciating the relevance played by the H-atom fluid in

- 3
this context, we now feel strongly encouraged to revisit the ngaRnekri's;%% 2?2?”3’ S CCR ‘ZG?R 26222\\; cm
problem of heliospheric interface responses to solar cycle ..~ . nergy kingcr 8

ariations, however, including now, in addition to the ap- Diffusion coefficient * 3.9- 10°cnls
varall » NOWEVEr, Including now, | 1 P~ ratio between perpendicular « | /x| 0.03

proach presented by Zank (1999b), three more fluid com- parallel diffusion

ponents of dynamical relevance within this context. These mean kinetic energy of ACRs Ekin,cn 514MeV
latter components are pick-up ions (PUIs), anomalous cos- injection coeffiecient of ACR e 4c g 25

mic rays (ACRs) and galactic cosmic rays (GCRs) (see Fahr

et al., 2000; Scherer et al., 2002).

The parameters for a stationary heliosphere are shown in
Table 1. These model calculations, after reaching its asymp-
totical state, are used as input for modeling the solar cycle

The theoretical basics of the 5-fluid model has already bee'}(ariatipns. A,” different solar cycle_ modgls discussed below
published by Kausch (1998), Fahr et al. (2000) and FahHSe this stationary state as a starting point for the new calcu-
(2000). Thus, we do not want to describe all the physi- lation.

cal and numerical details here again. We only briefly sum- The high-energy components, i.e. the ACRs and the
marize that besides protons of solar and interstellar origin GCRs, also represent two additional fluid species diffusing
we consistently include interstellar H-atoms, heliospheric H-in space due to being scattered at MHD-wave turbulences.
pick-up ions, H-ACRs and GCRs as separate fluids whichThese species, in a mathematical sense, enforce the upgrad-
are dynamically and thermodynamically coupled to build theing of the system of coupled partial differential equations
multifluid interaction system. PUIs are co-moving with the t0 & system of second order equations. The inclusion of
local solar wind, but behave thermodynamically as an inde-PUl-, ACR- and GCR-fluids in a physical sense opens up
pendent fluid with separate values of density, temperatureN€W reaction modes for the whole interaction system, if time-
sound speed and pressure. ACRs are injected at the shoélependent inner boundary conditions modeling typical solar
with a rate dependent on the local strength of the shock int¢ycle variations are installed.

the Fermi-1 acceleration process. This rate corresponds to As is well known, such variations have been reported on
a specific fraction of the PUI flux which locally passes over the basis of deep space probe data obtained with PIONEER
the shock. This injection constitutes a local ACR source atand VOYAGER spacecraft by Kayser, Barnes and Mihalov
the shock which is taken into account in an energy-average@1984) and Lazarus and McNutt (1990). They essentially
ACR transport equation describing convection and spatiakhow cycle-periodic variations of the solar wind mass flow
diffusion of this high-energy 10 MeV/nuc fluid. Finally, we and dynamical pressure roughly by a factor of 2, with max-
include the GCRs by coupling to the other fluids an energy-ima delayed by roughly 4 years with respect to the activity
averaged GCR transport equation. Hereby, the coupling oceycle maximum. As can be extracted from data presented
curs due to convective GCR changes connected with the loby Lazarus and Belcher (1987), Gazis (1994) or McComas
cal plasma bulk flow, and due to a modulation of the plasmaet al. (2000) this solar-cyclic variation of the solar wind dy-
motion by ACR and GCR pressure gradients. namical pressure is connected with a nearly constant solar

2 The solar-cyclic response of the 5-fluid heliosheath
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Fig. 1. The proton density variations for the static and the dynamic heliosphere (LISM flow from the right). In the upper panel the static
model based on the parameters given in Table 1 is shown, while in the lower panel the dynamic heliosphere is presented, in which the solar
wind speed and density at the inner boundary varies according to a sinusoidal law between 300 km/s and 500 km/s. For the varying distance:
of the termination shock and the bow shock see Fig. 4.

wind mass flux, since solar wind velocity and density appeardensitypy,, is anti-correlated with the velocity,,. This also

to be appropriately anti-correlated. In view of these findingsmeans that the velocity varies by the same factor, as does the

we prefer here models in which the mass flow is constantram pressure)swvfw. We modeled two types of solar cy-

during the solar cycle, as described in the next section. cle activity: (1) a pure sinusoidal variation and (2) a more
complicated but perhaps a more realistic one, with an expo-
nentially modulated amplitude, given by Fahr et al. (1987)

3 Solar cycle models and Fahr and Scherer (1990):

At a distance of 5 AU, taken as the inner boundary of our sim-Usw (1) = Vsug + Avsw COSws? + ¢) EXP(COSwst + ¢)) .(1)
ulation model, the radially symmetric inner solar wind veloc- wherew; is the solar cycle frequencys,o = 359 km/s and

ity becomes time-dependent, with velocity magnitudes vary-Avg,, = 162 km/s are chosen in such a way that the solar
ing periodically with the solar cycle. The solar wind mass wind velocity during maximum conditions reachagax =
flow, e.g.psuvsw, thereby is kept constant, meaning that the 800 km/s while during minimum conditions it igyin =
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Fig. 2. Same as in Fig. 1 in a logarithmic scale, which enhances the effects in heliotail region.

300 km/s. The phasg is needed to adapt to a stationary he- shown in Figs. 1b, 2 and 3b (i.e. a phase snapshot of the dy-

liosphere with a solar wind speed @ ona, = 400 km/s. namic heliosphere). As one can easily identify by eye, the
We also used a sinusoidal law to model the solar cyclemain structure features of the dynamic heliosphere appear
variations: to be a little blown up compared to those of the static he-
liosphere, both when viewed in proton and hydrogen densi-

Usw = Vswy + Avsy SIN(wst + @), (2) ties. Furthermore, in the dynamic heliosphere one can clearly

see (Fig. 1b) two proton density waves propagating outwards

where the parameters,,;, Avsw, g, and¢ have the same  from the heliopause towards the bow shock. The waves trav-

meaning as in Eq. (1). eling outwards, as can be controlled in a cinematographic se-

In the preceding models in the literature, the authors varquence of successive heliospheric states, clearly are pointed

ied either the solar wind speed or the solar wind density.out as subsonic waves running into the bow shock. This most
In our models we kept the solar mass flux constant, requirdikely should also have implications for a post-termination-
ing the variability of both the solar wind speed and the so-shock acceleration of ACRs and for a modulation of GCRs

lar wind density simultaneously. Therefore, the associatethnd ACRs downstream of the termination shock.
solar wind density at the inner boundary is adopted such

that the resulting mass flux at 5AU is constant during the
course of the solar cycle and is equal 4g,0(5 AU)

vsw - nsw(5AUM, = 8. 10°m,cm?s~?, which is ap-
proximately the value measured at the Ulysses spacecra
®mo,y = 1.2-10"m, cn?/s~t (McComas et al., 2000).

Since the proton density in this contour plot varies over
several orders of magnitude, we present in addition to the
linear scale a logarithmic scale (see Fig. 2), to enable the
isibility of all the wavy features, especially in the heliotalil,
hich can be observed in the inner and the outer heliosphere,
as found in our models. An animation of these features can
also be found under http://www.aef-ev.de/KomO03/heliopuls.

4 Snapshots of the large-scale heliospheric structure _Similar features can be observed for the hydrogen den-
sity, as presented in Fig. 3 within a logarithmic scale, to bet-

In Figs. 1 to 3 the proton and hydrogen density of the he-t€r pronounce the details in the heliotail. Moreover, to en-
liosphere are shown in the form of color-coded plots. In thehance the effects we allow for a maximal solar wind speed of
following displays we keep the set of the static heliosphere800 km/s. The waves in the hydrogen wall cannot be resolved
parameters as standard and only vary in time the solar windn this scale, but the “chaotic” behavior of the hydrogen dis-
speedhy,, = vy (7) as discussed above, according to Egs.( 1)tr|but|on inside the heliosphere is clearly seen.
and (2), where the solar mass flux is constant and hence, the Alternatively, we also studied the heliospheric solar cy-
solar wind number density,,, = ny,(¢) is anti-correlated cle variations resulting from the time-dependence given by
to the solar wind speed. The period of the solar cycle is keptEqg. (1), which seems to be more realistic and better con-
constant and is adopted with 11 years. firmed by data showing that, after an extended quiet period,
For a pure sinusoidal solar-cyclic variation of the so- the solar wind speed then rapidly increases towards its max-
lar wind speed betweeW,,,;,, = 300km/s andvsy,,, = imum and then again rapidly decreases from this maximum
500 km/s, density contours for protons at a specific phase ofowards a new extended minimum. These exponential fea-
the solar cycle (approximately in the middle of the cycle) aretures, rather than a sinusoidal triggering, resemble more the
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Fig. 3. Same as in Fig. 1 for the hydrogen distribution. To enhance the effects the solar wind speed variations reach from 300 km/s to
800 km/s for a pure sinusoidal law. Moreover, a logarithmic scale is chosen.

case of a large Global Merging Interaction Region (GMIR) pared. The minimum solar wind speeg,,,, = 300 km/s
running into the termination shock. We have modeled so-is kept fixed in all of the five models. The black line repre-
lar wind speed variations between,,;, = 300km/s and sents a sinusoidal modeling with a maximal solar speed of
Vswmax = D00 KM/S Orgy,,,.., = 800 km/s for both solar cycle  vgy,,,, = 500 km/s. In this model no PUlIs, ACRs, and GCRs
models. are taken into account, i.e. their dynamical role and relevance
is suppressed (model 1). In contrast, in the other four mod-
els all five energetic particle species (i.e. protons, hydrogen
5 Distances to termination and bow shock in different  atoms, PUIs, ACRs, GCRs) are consistently taken into ac-
solar cycle models count with their mutual dynamical interactions. While the
red curve (model 2) and green curve (model 3) show varia-
In Fig. 4 five different representations of solar cycle varia- tions according to Eq. (1), with a maximal solar wind speed
tions are used by us to model the solar-cyclic heliosphereof vy, = 500 km/s andvy,,,, = 800 km/s, respectively,
variation. The differences in the results can then be comthe blue curve (model 4) and cyan curve (model 5) show re-
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Fig. 4. For five different solar cycle models the variability of the termination shock and bow shock is shown (see text for details). The relative
minimal and maximal distance between the terminations shock of a static and dynamical heliosphere during the minimum and maximum
phase, respectively, are plotted in the lower panel.

sults for an analogous amplitude of the solar wind speed, butonically towards their maximal position. The decrease to-
now for a sinusoidal variation. wards the minimum condition of the TS is slow and (almost)
In the case of model 1 (in which only hydrogen and pro- Mmonotonic for the sinusoidal models, while the exponential
tons are taken into account), we used a similar parameter sefjodels decrease rapidly and monotonically towards the min-
as discussed in Table 1, but without any interaction of theimum position. In all four models an increasing in the mini-
PUls, ACRs, and GCRs as input for the sinusoidal solar cyclémal and maximal distance of the TS can be observed. This is
model @y, = 500km/s). It turns out that the distance of Shown in detail in Fig. 4c for the relative minimal distance of
the termination shock is larger than compared to the standarée termination shock and in Fig. 4d for its relative maximal
Stationary model where all 5-fluid Components are used. Furdistance. The relative distances are calculated as the respec-
thermore, the TS in model 1 migrates only a small distancelive deviations from the static model.
outwards and then more or less purely oscillates around its Depending on the amplitude of the solar wind speed vari-
average position. After almost four solar cycles the mini- ation in five of the solar cycle models, the distance of the
mum termination shock distance (Fig. 4c) is constant for thebow shock migrates without any oscillation. While no equi-
following cycles, which also holds true for the bow shock. librium location seems to be achieved in model 1, for mod-
In contrast, the bow shock distance for models 2-5 is stillels 2-5 an equilibrium position is reached almost after 6-8
slightly growing after 10 solar cycles. solar cycles. It should be mentioned here that the bow shock
The phase lag between the sinusoidal and exponentid}@s a nearly stable location over one solar cycle. The jumps
models (Fig. 4a) is caused by the condition that they havedre occuring due to numerical uncertainties and the handling
to fit to the stationary model at= 0. While the amplitudes ~ ©f large data sets. Only the tendency of a systematic increase
are largest for the models with,, . = 800km/s, the form N the bow shoc]( distance over several consecutive cycles ex-
of the curves is much different: while the motion of the TS in Presses a physically relevant fact.
the exponential model shows slow growth, with a flat saddle From the above mentioned, it becomes clear that the helio-
in the slope, the sinusoidal models increase fast and monasphere has a memory and recognizes at least a couple of solar
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Fig. 5. The variation of the hydrogen density along the stagnation axis for almost 11 solar cycles.

cycles. Thus, after an extended period of low solar activity, ascycle. This very interesting phenomenon could be directly
was the case in the Maunder Minimum (1645-1715, wherecontrolled by observation of hydrogen-wall modulated ab-
almost no solar cycle activity was observed, e.g. Beer 2000)sorption features in stellar hydrogen spectra near H-Lyman-
some time is needed for the termination shock and bow shocksee Linsky and Wood, 1996; Linsky et al., 1993), because
to reach well adapted positions. The behavior of and the im-+the spectral imprints to these spectra from the hydrogen wall
portance for the cosmic ray fluxes in the outer heliosphereshould periodically vary over the solar cycle.
will be discussed elsewhere by Scherer et al. (2003). But not only can heliospheric hydrogen be detected by ob-
In the following, we will concentrate on model 5, i.e. serving Lymane line features. In addition, inconsistencies
the exponential law with a solar wind speed variation fromin the Lymane spectra intepretations from other stars are
300 km/s to 800 km/s, because it shows the most pronouncedlso explained as resulting from their astrospheres, i.e. as
features. All what will be discussed below holds true for the their “stellar heliospheres” (Wood et al., 2000). Thus, stel-
other models 2—-4. lar cycle induced astrophere changes are also reflected in the
Instead of showing a snapshot in time, as in Figs. 1-2, wevariations of their hydrogen wall, and the observation of the
now show in Figs. 5-8 an isochronic cut through space, i.eresulting Lymans emission will allow for an indirect obser-
along one direction (in this paper we chose the stagnatiorvation of time-varying stellar winds around Sun-like stars.
line), as a function of time. There, it is nicely seen that the
maximum distances to the termination shock, the heliopause
and the bow shock systematically increase for about 6 solaf Shock waves and compressible waves

cycles. Only after about that time do these structure features o ]
purely oscillate in distances with the solar cycle. To study the characteristic features of the waves traveling to-

wards the bow shock, we estimated the proton Mach-number.

In Fig. 6 it is plotted along the stagnation line for almost 11
6 Hydrogen waves solar cycles. The heliopause is recognized here as the black

(dark blue) area between 100 AU and 139 AU. It can also
In Fig. 5 the hydrogen density variation is shown, while be seen that subsonic regions extend towards the termination
the corresponding features for the proton density are disshock, as well as towards the bow shock. But, nevertheless,
cussed in Scherer and Fahr (2002). As expected. the regiolarge areas in the heliosheath are filled with traveling sub-
ahead of the heliopause appears as a region of enhanced Henic waves.
atom densities. However, in the dynamic heliosphere the so- The radial velocities of the protons between 100 AU and
called “hydrogen-wall’-structure turns out to be a substantial180 AU (Fig. 7) also show a systematic change from a small
time variable feature. The changes in the formation of theinflow to a small outflow of material between the heliopause
wall configuration are associated with H-atom density wavesand the bow shock. This should provide an increase in the
propagating inwards and outwards from this wall, with aboutMHD-turbulence. Its estimation must be done elsewhere
equal velocities of the order of 25 km/s. In addition, it can be with a different model as the 5-fluid approach. Nevertheless,
recognized that the thickness (extent) of the hydrogen wall iSrom our model we can presently conclude, that the periodic
periodically varying according to the frequency of the solar increase and decrease in the Mach-number, as well as in the
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Fig. 6. The Mach-number of the protons along the stagnation axis for almost 11 solar cycles.
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Fig. 7. The variation of the radial proton velocity in the sheath between termination shock and bow shock

proton velocities, causes similar increases and decreases decay, i.e. they induce proton density increases at larger dis-
the turbulence levels. The latter affects the transport of enertances. Furthermore, density waves rising from different so-
getic particles, as well as the effectiveness of the acceleratiofar cycles merge at even larger distances, which also should
of ACRs. Based on our model data presented here, Scheréncrease the MHD-turbulence levels. These merging waves
et al. (2003) discuss some of the consequences for GCRs. may accelerate newly ionized particles, which are created by
charge exchange processes between the protons and hydro-
gen atoms in the heliotail, to some keV and which can be

8 Merging waves in the tail region observed on SOHO (Czechowski et al., 2001).

Figure 8 also shows a time versus distance plot for the proton

density in the heliotail. Here, the densities are very small, The merging wave regions are moving toward the termina-
but, nevertheless, the solar activity cycles blow even moreion shock, but did not reach it after 10 solar cycles. There-
“holes” into the density patterns. These depression areas staftre, we will have to perform longer runs of our models to
to expand and then propagate further out where they slowhbetter study the long-term behavior in the tail.
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Fig. 8. Variation of the proton density in the tail. The density waves are merging in the outer regions of the outer tail. In the merging
interaction regions the production of high energetic particles (to some keV) should be possible.

9 More dimensions needed? In addition to the above discussed three-dimensional struc-
ture of the heliosphere from the inside, an outside LISM
The heliosphere is an essentially three-dimensional structurenagnetic field may have to be expected, giving an imprint on
not only due to the frozen-in magnetic fields carried by thethe heliospheric configuration (Ratkiewicz et al., 1996). At
solar wind, but also due to the three-dimensional asymmetthis time, no three-dimensional models exist which include
ric distribution of the solar wind momentum flow. The ef- the frozen-in solar wind magnetic field as well as the mag-
fects of the three-dimensional distribution of the solar wind netic field of the LISM, nor do they handle sophisticated cos-
momentum flow during solar minimum may be handled by mic ray transport models. Thus, our present five-fluid code
separate static axisymmetric models, under the assumptiogan be understood as a first step in the development of more
that as observed by Ulysses (McComas et al., 2000), thersophisticated heliospheric models.
exists a sharp transition region between the slow and fast so-
lar wind. But the principle physical effects of the fast solar
wind and the slow ecliptical solar wind can only be stud- 10 Summary
ied by dynamically fully developed 3-D models, because the
transport of the cosmic rays depends on the different turbu\We presented time-dependent models for the large-scale he-
lence levels caused by the three-dimensional structure of thBosphere, in which the solar cycle dependence was described
frozen-in magnetic field as well as that of the 3-D solar wind by a periodic variation of the solar wind speed and den-
momentum distribution. Hence, the solar cycle dependencsity, respectively. Keeping the solar wind mass flow constant
studied here is a first attempt to understand the differencdeads to moderate variations, which causes an overall migra-
between static and dynamical models in a 2-D approxima-tion of the termination shock, as well as the bow shock to
tion for different ecliptical boundary conditions simulating larger distances.
an ecliptic cut through the three-dimensional structure of the In the heliosheath region solar cycle induced plasma waves
heliosphere. Thus, the models 2—4, discussed above, givand waves of neutral atoms (i.e. hydrogen) are merging into
a first glimpse of the nature of the three-dimensional helio-the bow shock. These waves affect the propagation of cosmic
sphere. rays, as well as the acceleration of its anomalous component.
On the other hand, the three-dimensional magnetic field It turns out that periodic variations of the solar wind
induces different polarities in both hemispheres, which canchange the structure of the heliosphere remarkably. For the
be observed in the modulation of cosmic rays (e.g. Potgieterfirst time we could model the “heliospheric memory” (see,
1998; Fichtner, 2001). These effects cannot be modeled iralso, Scherer and Fahr, 2002), i.e. the fact that not only the
our present five-fluid code. Nevertheless, axisymmetric mod{ast solar cycle influences the structure of the outer helio-
els, with a kinematic treatment of the magnetic field to cal- sphere but up to 6—7 previous cycles (and even more in the
culate the diffusion coefficients, describe the CR-transport intail region) must be taken into account to correctly model the
the ecliptic quite well. Therefore, the modulation of CRs in dynamic heliosphere and its hysteresis effects. Because the
our model is a first attempt to include these important speciesarge-scale structure and physics of the heliosphere is used
in heliospheric models. in related fields, such as the propagation of cosmic rays,
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production of energetic neutral atoms, the interpretation of interstellarem Medium, Ph.D. thesis, University of Bonn, Ger-

Lymanw line from other stars, etc., the dynamical helio- many, 1998.

sphere should be taken into account in future applications. Kayser, S. E., Barnes, A., and Mihalov, D. J.: The far reaches of
the solar wind — Pioneer 10 and Pioneer 11 plasma results, As-
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