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Abstract. The very complicated problem of the solar wind- tion deep space mission with multiple instruments on board,
interstellar medium interaction requires a very sophisticateds scheduled to be launched in 2008. It will make the first
numerical approach. To achieve such a goal first we need tonap of the boundary between the heliosphere and interstellar
understand very deeply the results obtained up-to-now. Irspace. Therefore in the next few years we may have new and
this paper we gather the results from four different MHD powerful tools to investigate the heliospheric boundary. To
models of the heliospheric interfaces. The comparison of thenake proper use of the images of the interstellar boundaries
results invokes several questions. These questions should tlyond our solar system, we should be prepared to confront
addressed before we proceed with the next steps in the MHDur theoretical models with images and data. The models
modeling of the heliospheric interfaces. Is a jet created beshould encompass the interaction of both plasmas in the pres-
tween the termination shock and the heliopause (Opher et alence of interplanetary and interstellar magnetic fields, and
2003, 2004)? What is the physical meaning of the V-shapealso galactic cosmic rays (GCR’s); interactions of plasmas
of termination shock and heliopause (Washimi and Tanakain different regions of the interface with the LISM neutral
2001, 2004)? Whether a similar looking result is either duecomponent, and all the consequences resulting from these
to bending of the heliospheric current sheet as in the modeinteractions, due to pick-up ions (PUI's), anomalous cos-
by Pogorelov (2004), Pogorelov et al. (2004) or due to nu-mic rays (ACR’s), energetic neutral atoms (ENA'S); possible
merical “reconnection” as in the model by Ratkiewicz et al. time-dependent phenomena, latitudinal dependence of SW,
(2004, 2005)? The purpose of this paper is to open a wideetc. The problem needs to be solved self-consistently using
discussion to try to answer these questions. a 3-D time-dependent multicomponent MHD code that em-
ploys an adequate 3-D kinetic model for the neutral atoms
distribution. Many different approaches have been done to
investigate different aspects of the SW-LISM interaction, but
no model is entirely satisfactory.

The most developed gasdynamic model has been worked

1 Introduction

It is well recognized that the problem of the solar wind (SW) - )
- local interstellar medium (LISM) interaction is very com- out by Fahr et al. (2000). The 2-D model mcludes the inter-
plicated. The basis for this interaction is the mutual interac-action of SW and LISM protons, pick-up ions, neuj[ral hy- _
tion of the solar wind plasma and the ionized component ofd’°9€n atoms, anomalous cosmic rays, and galactic cosmic
the interstellar medium. The gasdynamic treatment of prob@Ys Within a self-consistent 5-fluid approach. The first at-
lem gives the heliospheric interfaces: the termination shocK€MPt t0 include into numerical models the magnetic fields
(TS), the heliopause (HP), and possibly the bow shock (BS)Was made by Fujimoto and Matsuda (1991). Since then

The region between TS and HP is the heliosheath (HS). several model_ers have mgde a b@g _effort to ”_‘Ode' magne-
Deep interplanetary missions (Pioneer, Voyager 1 and 2)tohydrodynamlcally the heliospheric interfaces including the

as well as SOHO, Ulysses and HST provide data on the SO|_nterstellar magnetic field (ISMF), and/or the interplanetary

lar wind, the local interstellar medium, and the heliosphericn:g%;‘egc field (IP'\SF%’ i\nd/orlggg.tr%I\/(Nr)]_ cqmpgnsnts kOf
interfaces. It is widely accepted that Voyager 1 has crosse (Baranov and Zaitsev, ; Vvashimi and fanaka,

L - ; - 996; Pogorelov and Semenov, 1997; Linde et al., 1998;
the termination shock in the solar wind at the distance 94 AU ’ N o ’
(Stone et al., 2005), and now is surfing in the heliosheath Pogorelov and Matsuda, 1998; Ratkiewicz et al., 1998; Mc-

Nutt et al., 1999; Washimi and Tanaka, 1999; Aleksashov
The Interstellar Boundary Explorer (IBEX), a new genera et al., 2000; Ratkiewicz et al., 2000; Washimi and Tanaka,
Correspondence to: R. Ratkiewicz (roma@cbk.waw.pl) 2001; Ratkiewicz et al., 2002; Ratkiewicz and Ben-Jaffel,
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Table 1. The conditions at the boundaries in the solar wind and the interstellar medium

MOdeI R'Ln ‘/sw Msw Tsw Nsw Bsw Rout ‘/2 Mis Tis Nis Bis nH
Number AU cm/s 18K cm™3 uG AU  cm/s 16K  cm™3 pG  cm3
1.0 30 450 1.6 0.0078 2.0 Ry 25.0 10 0.07 0 0.0
2:W 50 400 10.0 0.0020 0.84* Ry 22.5 10 0.09 1.2 0.0
3P 1 450 10 7.0 37.5%* Rs 25.0 2.0 0.07 var 0.0
4:R 30 400 10 0.0089 2.0 Ry 26.0 1.87 0.043 var 0.2
Ry = 3450 AU x4500 AU x 4500 AU, R2 = 950 AU, Rs=not given, R4=15000 AU
*) By = 0.84 in the ecliptic plane, otherwisB; = 0.84sin 0 **) B,

2002; Ratkiewicz and Webb, 2002; Opher et al., 2003;whereU, Q, andS are column vectors, aridis a flux tensor.
Ratkiewicz and McKenzie, 2003; Florinski et al., 2004; Mc- U, andF are defined as:
Nutt, 2004; Opher et al., 2004; Pogorelov, 2004; Pogorelov

et al., 2004; Ratkiewicz and Webb, 2004; Ratkiewicz et al., pu
2004; Washimi and Tanaka, 2004; Ratkiewicz et al., 2005). p B-B, BB
_ puu+I(p+ ——) — —
Although none of these models is perfect, each of themyy — | P4 F— 8 T2
gives new information or pays attention to some special as- B uB — Bu
pects of the complicated MHD interaction (with or without PE B(u-B
the neutral particles), such as asymmetries introduced by in- pHu — I )

terplanetary or interstellar magnetic fields, obliqueness of

the bow shock and heliopause, heliospheric currents, espe- !N the 4:R model, the RHS (1) has two source terms: a
cially the heliospheric current sheet (HCS), the role of theSource tern describing charge exchange with the constant
neutral particles and the solar cycle, jets, V-shape, bending?qu of hydrogen atoms, and a source te@nresponsible
HCS, numerical “reconnection,” and instabilities. As men- {or numerically enforcingv - B=0. In the 1:0, 2:W, and
tioned in Ratkiewicz et al. (2005) the results are, in gen-3:P modeIsS'zo, since the neutral particles are neglected.
eral, in a good agreement. The heliospheric interfaces obQ @ndSare given by

tained from different models look similar. However, they 0

differ in details or in the interpretation of these details. It B

is thus important to re-assess the physical validity of the dif- _ | 4r v.B 3)
ferent models. In the next section, as examples, four mod- u

els, called 1:0 (Opher), 2:W (Washimi), 3:P (Pogorelov), u. B

and 4:R (Ratkiewicz) model, respectively, are described and 4

discussed. Is a jet (model 1:0, Opher et al., 2003, 2004)

created between the termination shock and the heliopause? 0

What is the physical meaning of the V-shape of TS and Vg —u

HP in the model 2:W (Washimi and Tanaka, 2001, 2004)?S = pv, 0 4)
Similarly, is there bending of the heliospheric current sheet 1 9 kgT

as in the model 3:P (Pogorelov, 2004; Pogorelov et al., (v — Dmpg

2004), or numerical “reconnection” as claimed in model 4:R ) ) ) )
(Ratkiewicz et al., 2004, 2005)? The purpose of this paper €re. s is the ion mass density, = 2nkp 1" is the pres-

is to initiate a wider discussion on the physical meaning ofSUré:n is the ion number densit§; andT’; (T = const) are
these phenomena. ion and H-atom temperatures, ancdind Vg (Vi = const)

are the ion and H-atom velocity vectors, respectivdy;

is the magnetic field vectorE:ﬁ%Jr%Jr%f is
the_ total energy per uni_t mass‘{:#BJr%Jr%,
2 Four models v is the ratio of specific heats. | is tﬁe 3x 3 iden-

tity matrix. The charge exchange collision frequency
is v.=ngou,, Where ng (ng=const) is the H-atom
number density,c is the charge exchange cross-section,
and u, = (0 —Vi)? +128kp(T + Tw)/(9nmy))/? is

2.1 MHD equations and conditions at the boundaries

The set of MHD equations may be written in the form: the effective average relative speed of protons and H-atoms,
assuming a Maxwellian spread of velocities both for pro-
ou = tons and H-atoms. The flows are taken to be adiabatic
— +V -F= S 1 ) ’
ot Q- D ith 453,
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Table 2. Four Simulation Models shape gutter has been obtained in the 2:W model (see Figs. 3
and 4 in Washimi and Tanaka, 2004). In the process of
Model ISMF N IPMF  Features the solar wind-interstellar plasma interaction the nose-cone
1:0 . . p jet type HP (steady-state) for initially No-Sheet Condition is ob-
22W  a=90° - P By - V shape tained. “After the inner boundary is switched to the Sheet
3P a=0,45,90° - P HCS bending Condition from the No-Sheet Condition ... a neutral sheet is
6 =0,60° formed not only in the interplanetary space but also in the he-
4R 0<a<90° CF P numerical liosheath region. At the same time, lower density regions...
6 =0,60° ‘reconnection” appear... near the neutral sheet where the intensif of
N-neutrals P-Parker model CF-constant flux should be strong due tdn § dependence. These low den-
« - angle betweell;; and B; sity regions are found to enlarge with time because the solar
6 - deviation angle from ecliptic plane wind plasma supply from the inner side is insufficient, and

finally these regions in both hemispheres are found to con-
) _ . ) nect with the interstellar medium, which results in the inva-
The set of differential equations to be solved requires con-jon of it at low latitudes. Thus a V-shaped gutter is formed.”
ditions at the boundaries. Those at the computational boundrpe authors say that “the reason why such a V-shaped struc-
aries play a very important role. They are given in Table 1.¢,1o \yas not obtained in previous MHD studies (e.g. Linde

We use the same notation as in the original papers by Opheg; 51 1998 Opher et al., 2003) may be due to different inner
et al. (2004); Washimi and Tanaka (2004); Pogorelov et al'boundary conditions.”

(2004), and Ratkiewicz et al. (2004). At this point we want
to stress that the comparison of the results of the above mod; 4 podel 3: Pogorelov model: IPMF, ISMF, no N
els is difficult because of the different boundary conditions ’ '

used. The main characteristic features for each of the foupne of the most characteristic features of this model is the
models are listed in Table 2. bending of the heliospheric current sheet (HCS). The results
concerning the HCS are summarized in the two following

quotations. According to the statement in Pogorelov (2004):

The main result of this model is a jet. According to Opher “Figs_. 3a and_ 3b show the mer_idiqnal-plane_distributions of
et al. (2003, 2004), “the jet-sheet structure forms in the re-density logarithm and magnetic field magnituBgos, re-
gion of minimum of magnetic pressure. The jet extends forSPECtively, assumin@.. ~ 1.5.G. Clearly, the HCS, as a
150 AU beyond the TS, almost touching the BS. There is al@Y€r with smalByo experiences substantial bending to the
back flow swept aside by the jet. Downstream of the shock SOUthern hemisphere. This is opposite to its bending direc-
where the flow decelerates, conservation of magnetic fludion in the switch-on regime. The HCS exhibits periodic
outside of the equatorial plane causes the field to increase itgScillations, as well as causing the bump on the surface of
magnitude further, while in the current sheet there is no suct{h€ heliopause.” In the paper Pogorelov et al. (2004) “a par-
effect. As a result, the increased magnetic field above andicularly important result is the demonstrated bending (and

below the ecliptic planes effectively pinches the sheet justpossible rotation) of the HCS after it crosses the TS. Itis im-

beyond the TS, causing the stream lines in the subsonic rd2ortant to note that solutions of ideal MHD problems might

gions to converge slightly.... The converging flow lines nearnave little physical meaning. For exampleBi, L V. and

the equatorial plane create a de Laval nozzle”. According toBee 1 O, the solution must be symmetric with respect to
the authors this explains the formation of the jet. However,{he €cliptic plane. In fact, as seen in Fig. 6, the solution be-
they admit that “the jet is unstable”. This could be an inter- €OMes asymmetric and the bending of the HCS acts to pre-
esting feature of the boundary between the solar wind and/®Nt reconnection in the lower hemisphere. In principle, nu-
the interstellar medium, but is probably unrealistic. If we Merical viscosity and resistivity do not allow us to perform a
agree that there are very important effects of the interstellal€"y détailed investigation of the HCS. For example, for cer-
magnetic field and neutral particles, studies not taking thenfain orientations of the ISMF, solutions exhibit unsteadiness.
into account are questionable. Also we are concerned abodi#©WeVer. the global behavior of HCS is quite well resolved,
the shape of the termination shock shown in Fig. 1a,b (p. 5775_1nd its orientation may be useful in providing some informa-
in Opher et al., 2004). The shape of the TS in these figuredion about the LIC.

does not reflect the Mach disc, especially characteristic for o
the flow without the neutral particles. 2.5 Model 4: Ratkiewicz model: IPMF, ISMF, N const.

2.2 Model 1: Opher model: IPMF, no ISMF, no N

2.3 Model 2: Washimi model: IPMF, ISMF, no N The interpretation of the phenomenon called the bending
HCS is different in Ratkiewicz et al. (2004, 2005). The
The results obtained by Washimi and Tanaka (2001, 2004%:R model shows the numerical “reconnection” (Linde et al.,
seem to contradict the above results. In this case both in1998) rather than bending of the current sheet. The pres-
terplanetary and interstellar magnetic fields are present irence of a code-dependent numerical diffusivity is an intrin-
the model. Where a jet is created in the 1:0 model, the V-sic property of numerical MHD codes. Even if the ideal
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Fig. 1. Magnetic pres (left) and thermal pres (right): 1st rod:;, || Vs with reconnection in x-y, 2nd rowB;s L V ;s with no
reconnection in x-y, 3rd row the same as 2nd but with reconnection, 4thBaw:l. V ;, x-z plane with no reconnection at northern, and

with reconnection at southern hemisphere
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ISMF ISMF
possible no
reconnection reconnection
IMF IMF

IMF IMF

. ISMF ISMF

possible no .
reconneclion reconnection no possible
(OL> reconnection < b) reconnection

Fig. 2. Schematic of possible reconnection {eJ B;s L Vs, (b) Bis || Vs, and interplanetary magnetic field spiraling toward (left (a)
and (b)) the Sun, and away from the Sun (right (a) and (b))

MHD set of equations is solved, the numerical diffusion of Itis more difficult to avoid numerical “reconnection” at the
the magnetic field may lead to numerical “reconnection”, heliopause. As the example let's refer to cases for two incli-
and changes of the magnetic field topology. The numeri-nation anglest = 0 and90° of the ISMF, illustrated in Fig. 1

cal “reconnection” at the heliopause indicates the possibil-{(1st and 3rd rows). The presented results are obtained from
ity of new asymmetries of the heliospheric interface besidesour model withB;s and Vi contained in the x-y (ecliptic)
that caused by the ISMF (Ratkiewicz et al., 2004). However,plane, the LISM velocity vector in the positive x-direction,

it does not give the precise reconnection rate and locationand the z-axis parallel to the solar rotation axis. The sign
Such a study has a meaning for the future investigation ofof the interplanetary magnetic field (IPMF is spiraling to-
the physical reconnection at the heliopause, and asymmetriesard the Sun) is not changed and the HCS is not modelled.
caused by it. For this purpose one must solve a set of resig-igure 1 (1st and 3rd rows) displays the magnetic field and
tive 3-D MHD equations including the resistive terms involv- thermal pressure in the plane parallel to the x-y (ecliptic)
ingnJ (J =V x B andn is resistivity) in the induction and plane. For both directions (1st and 3rd rows) of the ISMF,
energy equations. the configuration of both magnetic fields is in favour of the
numerical “reconnection”. Far = 90° the perfect symmetry

is saved (Fig. 1, the 3rd row). As the results of our calcula-
tions show for decreasing inclination angle the asymmetry
caused by numerical “reconnection” increases, and is largest
In order to understand what is true or false in numerical sim-]cor o= O.O (cjompare ';'g' 1, the Ist row).dThe (r)‘\ulil'nenc;all re-
ulations, consider the set (1) of ideal MHD equations. One;onnect|on causes t. e new asymmetrydor 0°. Note that
should note that the magnetic field in all equations is rep—!f the IPMF is spiraling from the Sun for the same ISMF

. . . . inclination angles as above, it does not cause the numeri-
resented by terms having the dimensiBA. This remark ) . . . L
; . . . cal “reconnection” for quasi-perpendicular magnetic fields
should be taken into account in numerical calculations of

the heliospheric interfaces. Although the interplanetary mag_(compare Fig. 1, the 2nd row), but for quasi-parallel mag-

netic field changes polarity across the ecliptic plane, the sig netic fields always does (as explained in Fig. 2b, reproduced

of the magnetic field has no meaning for the terms with ther}rom Fig. 1b in Ratkiewicz et al., 2004). So, in order to avoid

e . . .. it one should model the interaction of ISMF and IPMF in
magnetic field in the set (1) of ideal MHD equations. If it . ) S
. . . such a way, to exclude different signs of the magnetic fields
would be possible to separate ideally the heliosphere froni : .
. : . . : on the both sides of the heliopause.
the interstellar region (which means if the heliopause would
be an ideal separatrix), it would mean practically for numer-
ical simulations that the sign should not be changed. Note; conclusions
however, that the global topology of the magnetic field de-
pends on the sign aB. Summarizing: jet or V-shape gutter? Bending HCS or nu-
In all above cited papers, the modelers have changed thmerical “reconnection” or maybe both? Which process is the
polarity in the calculations. We suggest to repeat the calcu-one occurring in nature?
lations without a change the sign for IPMF, however with in-  In order to answer the above questions, modellers should
clusion of the correct model of the HCS. It would be the first build numerical codes, which exclude physically unreason-
step allowing to avoid the numerical “reconnection” north- able results. We should use the same boundary conditions.
south, which appears in Fig. 1, the last row (reproduced fromit is very crucial to choose the proper solar wind parameters.
Fig. 4 in Ratkiewicz et al., 2004), and see the behaviour ofSince there are at least two modes of the solar wind flow, the
the HCS. slow and fast wind (Axford and McKenzie, 1997), we pro-

3 Discussion
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Table 3. The propose conditions at the boundaries in the solar wind and the interstellar medium

a) Tin ‘/Tsw Msw Nsw Bsw b) Rout ‘/; Tz Nis Bis ng
AU cm/s cn? uG AU cm/s 10°K cm™® uG cm™®
rin 400 10 10/rin?  2.0* Rout 26 7 0.1 15-3.0 0.22
rin > 30 - the inner boundary Rout - the outer boundary according to the model

*) - in the ecliptic plane

pose to use the slow solar wind properties (Table 3a), whichMcNutt, R. L., Jr., Lyon, J., Goodrich, C. C., and Wiltberger, M.:
are commonly accepted. For the LISM we propose to use 3D MHD Simulations of the Heliosphere-VLISM Interaction, in:
data (Table 3b) given by Frisch (2004). AIP Conference Proceedings 471: Solar Wind Nine: 9th Interna-
We propose to calculate in each model two cases: without E|0r|]|aLSO!]ar\\/Ningdﬁogfebrsnceﬁ e:itzggysg%bki%'ég- R.,EsserR.,
. . . . . ollveg, J. V., and Isenberg, P. A., —326, .
and, if possnc_JIe, with the neutral p_artlc_les (that is why the Opher, M., Liewer, P. C.. Gombosi. T. . Manchester, W.
number density of H-atom is also given in the last column in

bl v th ill be abl | DeZeeuw, D. L., Sokolov, I., and Toth, G.: Probing the Edge
Table 3). Only then we will be able to compare our results. of the Solar System: Formation of an Unstable Jet-Sheet, Astro-

phys. J., 591, L61-L65, 2003.
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