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Abstract. The geometrical shapes and the physical properties of stellar wind — interstellar medium interac-
tion regions form an important stage for studying stellar winds and their embedded magnetic fields as well as
cosmic ray modulation. Our goal is to provide a proper representation and classification of counter-flow config-
urations and counter-flow interfaces in the frame of fluid theory. In addition we calculate flows and large-scale
electromagnetic fields based on which the large-scale dynamics and its role as possible background for parti-
cle acceleration, e.g., in the form of anomalous cosmic rays, can be studied. We find that for the definition of
the boundaries, which are determining the astropause shape, the number and location of magnetic null points
and stagnation points is essential. Multiple separatrices can exist, forming a highly complex environment for
the interstellar and stellar plasma. Furthermore, the formation of extended tail structures occur naturally, and
their stretched field and streamlines provide surroundings and mechanisms for the acceleration of particles by
field-aligned electric fields.

1 Introduction Typically, a magnetic field is embedded in the ISM. For
stars with a strong magnetic field, the wind is magnetized
When stars move through the interstellar medium (ISM),as well. Hence, different null points can appear, one of the
the material released via their winds collides and interactslow and one of the magnetic field, which are not necessarily
with the ISM. This interaction produces several detectableat the same location, unless the magnetic field is frozen-i
structures, such as stellar wind bow shocks when stars movgsee Nickeler and Karlicky 2008. The formation of a stag-
with supersonic speeds relativ to the ISM. Furthermore, anation point of the flow or of a magnetic neutral point is cru-
termination shock can form, where the supersonic stellarcial for the understanding how an interface in the form of
wind slows down to subsonic speed, and in between thisan astropause forms between the very local ISM and a ste|
termination shock and the outer bow shock a contact surfacéar wind. The best object to study counterflow configurations
forms, separating the subsonic ISM flow from the subsonicobservationally is the heliosphere, where spacecrafts such
stellar wind flow. This contact surface is called the astropausé/oyager land2 andIBEX perform in situ measurements of
and has at least one stagnation point at which both flows, théhe plasma parameters (e.Burlaga et al.2013 McComas
stellar wind and the ISM material stop and diverge. et al, 2013 Fichtner et al.2014. However, an interpretation
In downwind direction, a tail like structure can form, of these observations is not always straight forward. Whilg
which is the astrotail. The tail is not only proposed by the strong indications for the crossing of the termination shock
result of simulations, but also by the fact that stretched fieldof Voyager lexist, it is yet unclear and contradictory whether
or streamlines minimize the corresponding tension forcesthe heliopause region was already l8uflaga et al.2013
so that the configuration is able to approach an equilib-Burlaga and Nes®014 Fisk and Gloeckler2013 Gurnett
rium state. Such bow shocks and astrotails have been diet al, 2013.
rectly observed, e.g., around asymptotic giant branch stars The problematics of computing counterflow configura-
(e.g.,Ueta 2008 Sahai and Chronopoulp2010, and have tions have been attacked from different viewpoints, such

been proposed to exist also around the Sun (Baherer and as hydrodynamics (see, e.d=ahr and Neutsgh1983h,
Fichtner 2014.
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kinematical magnetohydrodynamics (MHD) (see, esgess  the flow is not unique. A precise way is thus to use the null
and Nerney199Q Nerney et al.1991, 1993 1995, and self-  point of the magnetic field, and to transfer the concept of the
consistent MHD (see, e.gNeutsch and Fahrl982 Fahr  stagnation point of the flow to the magnetic field configura-
and Neutsch1983a Nickeler and Fahr2001 2005 2006 tion. Such a definition via the null point of the magnetic field
Nickeler et al, 2006 Nickeler and Karlicky 2006 Nick- makes only sense as long as the star itself has a magnetic
eler and Karlicky 2008, focusing on different aspects and field, strong enough to be dynamically important. Here, we
regions within the astrosphere. We are aware that fluid apfocus on stars with magnetic fields, for which the astropause
proaches like MHD are strictly valid only for collisional plas- can be uniquely defined as the outermost magnetic separa-
mas, but are frequently applied to collisionless configurationgrix. The most well-known magetic star is our Sun with its
like magnetospheres, coronae or astrospheres. The alternbeundary, the heliopause.

tive approach, kinetic theory, is not applicable because of the

difference of kinetic and macroscopic scales.

It is evident that numerical simulations allow to study
more involved physical models (like full MHD), which can- The field lines of a vector field are typically represented by
not be solved analytically. On the other hand, the abovethe trajectories of a corresponding system of ordinary dif-
cited analytical studies, including the present, have the adferential equations, the so-called phase portrait. Physically
vantage that they provide exact solutions, and they allowinteresting phase portraits are those in which null points ex-
us to analyse physical and mathematical effects in greaist. Then, a topological classification of the local vector field
detail. In particular, analytical investigations are indispens-can be performed by analysing the eigenvalues of the corre-
able for studying how the distribution of the magnetic null sponding Jacobian matrix of the vector field at the null point
points/stagnation points determines both the topology of thgsee, e.g.Lau and Finn199Q Arnol'd, 1992 Parnell et al.
streamlines/magnetic field lines and the geometrical shape af996. The configuration of the vector field in the vicinity
the heliopause. of the magnetic null point depends on the dimension of the

In this paper, we provide exact mathematical definitionsconsidered problem. For instance, in 3-D, the magnetic null
of astrospheres and astropauses. We discuss possible shaedint is the intersection of the 1-D stable or unstable subman-
with respect to the spatial arrangement of the stagnationfold termed the spine, with a 2-D unstable or stable mani-
and/or null points and emphasize the role of the directionsfold termed the fan. This 2-D manifold is termed the sepa-
of flow and field of both the ISM and the star. Furthermore, ratrix (or pause). In cartesian 2-D, the magnetic null point is
we discuss the role of magnetic shear flows as possible trigthe intersection of two separatrix field lines of which one is
ger for particle acceleration (e.g., ACRS) in the heliotail. called stable and the other one is called unstable. This null

point in 2-D is of X-point type. Trajectories, i.e., streamlines

or field lines, of the vector field are called stable, when the
2 Geometrical shapes and topological properties of streamline or field line points towards the null point, while

astropauses they are called unstable when they point away from the null

point. Such configurations can only be obtained if the eigen-
The geometrical shapes of astropauses depend on thelues of the Jacobian matrix of the vector field at the null
strengths and directions of the two involved flows (stellar point are of so-called hyperbolic or saddle point type. More
wind and ISM flow) and their electromagnetic fields. The specifically, in 2-D the eigenvalues are real and have oppo-
fact that most of the ISM flow cannot penetrate the stellarsite signs, while in 3-D the situation is more complex. Here,
wind region but is forced to flow around defines the boundarythe real parts of the eigenvalues should not vanish and always
called astropause. In the mathematical sense, the streamlinéso of their real parts have the identical sign. Basically, this
in the local ISM and in the stellar wind region are topolog- separatrix concept is valid also concerning the flow field in
ically disjoint. Still, different possibilities for the definition HD or MHD.
of the physical astropause exist. One way to define the loca- The definition of a separatrix was so far only restricted
tion of this boundary might be to use the stagnation point ofto a scenario with a single, isolated null point. In real astro-
the flow as criterion. This stagnation point is the intersectionphysical scenarios, multiple null points may exist, depend-
of the stagnation line and the astropause (separatrix) surfacég on the complexity of the stellar wind and its magnetic
The stagnation line is this streamline along which all fluid field. Therefore, multiple and highly complex, maybe even
elements heading towards the astropause and coming fromested separatrices may occur. For instafvéisdak et al.
opposite directions, i.e., on the one hand from the ISM and(2013 find that the heliopause can be considered as a region
on the other hand from the star, are decelerated down to zeroonsisting of bundles of separatrices and magnetic islands,
velocity. However, such a definition is only useful in a single- resulting from magnetic reconnection processes, which form
fluid (i.e., classical HD or MHD) theory, while in a more a porous, multi-layered structure. Examples of multiple and
general multi-fluid model different pauses (i.e., one for eachnested separatrices originating from X-type null points are
component) exist. Here a definition via a stagnation point ofshown and discussed in the following.

2.1 Definition of a separatrix
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2.2 Determination of the global shape of astrospheres: tained from a Laurent series of the form (see, eNickeler
distribution of null points for pure potential fields et al, 2006

To compute non-linear MHD flows with separatrices as we 4 = Bg. u + Colnu + ﬂ + terms of higher order (1)
will do in Sect. 3, geometrical patterns are needed for the u

structure of the corresponding flows and fields. To obtainin the following, we will neglect the higher order terms, so
such patterns, we start from the simplest possible fields, theénat the complex magnetic flux function consists purely of a
potential fields, and investigate how separatrices form andnonopolé and a dipole. Both multipoles are located in the
how they are shaped by different spatial distributions of null origin. Here 4 = x+iy is the complex coordinat®s,. is the
points. The advantage of using potential fields is given byasymptotical boundary condition liBi= Bss, for |u| — oo,
the fact that these fields obey a superposition principle, i.e.j.e., the background field, andy and C; are the monopole

they are linear, and every null point is automatically an X- and dipole moments, respectively. For the case of two null

point of the magnetic field. In addition, potential fields have points, these moments have the following form

no free magnetic energy (i.e., they are stable) and can easily

be mapped to non-linear fields by either generalized contac€o = —Bsx (41 +u2) and C1 = —Bssouiuz, (2)
transformations or algebraic transformations. The concept of .

contact transformations was presented, e.gGéhardtand  WNereéua anduz are the complex coordinates of the two null
Kiessling (1992 and later on used and refined Myjckeler ~ POINtS. o _ _

and Wiegelmani{201Q 2012: Nickeler et al.(2006 2013 The simplest scenar.|o is the one with tyvo symmetric null
to describe the MHD fields of different space plasma en-POINts {t1 = —u2). In this case, only the dipole moment ex-
vironments, while the algebraic transformations were intro-StS; @nd we can interprete this with a star with a dipole
duced byBogoyavlenski(2000a b, 2001, 2002.

As was shown byFahr et al.(1993 in the case of pure ) e _
HD and byNickeler et al.(200§ in the case of MHD, the hydrodynamical example of a cyllndrlcall obstacle in a ho-
number and spatial distribution of the hyperbolic null points MC9eNe0US flow. If we assume the star is located at the or
determine the topological scaffold of an astrosphere. This, irg'n of a cgrtesmn coordmgte system 'and.the flow is parallg
combination with the assumption of a homogeneous back!© thex axis and streams in positivedirection, the separa-
ground field as asymptotic boundary condition, allows us tolfic€S form a circle in théx, y) plane, where the stagnation
describe the general shape of its field and streamlines. In thi€S lie on thex axis and intersect the circular separatrix
current paper, we aim at giving a qualitative overview of the from both sides at the two null points and pass through the

different scenarios. For the detailed theoretical descriptiorPOk_a' This is shoyvn in the upper left panel of th.The_
and treatment we refer fgickeler et al(2006. radius R of the circular separatrix, and hence the location

If several hyperbolic null points exist, which of the sepa- Of the two symmetric null points, depends on the strengtf

ratrices defines then the real pause? What can be said abof te Packground magnetic field¢.) and the dipole field

2_ pop2 2" :
multiple null points is that they all have to be non-degenerate V1@ R° = BoRg/Bsxc. The termBoRj is hereby the dipole

because double or higher order null points are topologicallyMoMent. Such a symmetric scenario is not very realistic, be
unstable (e.gHornig and Schindler.99. cause it would imply a completely closed separatrix. Hence|

Having discussed the general topological aspects, we nof© Plasma can escape via the stellar wind.

focus on the geometrical ones, considering a simplified 2-D 10 enable atleast a half-open astrosphere, the second n
scenario, in analogy to typical flows in aero and fluid dy- POint (the one in the downwind region) must be located

namics. While in the vicinity of the star the fields are full cl_oser to the pqle. The shape of_the rgsulting sgparatricesf
2-D to account for a variety of multipolar field structures, d{ﬁerent pole dlstgnces are depicted |n.the series of plots i
asymptotically, i.e., far away from the star in downwind di- F19- 1. When moving the second null point towards the pole,

rection, the field converges to a tail-like (1-D) structure. Let ©N€ ¢an notice several effects. First, the separatrix resultin
us start with the case of two null points in the frame of a 2- from the first null point “opens” in the downwind region.

D cartesian potential field. We assume thatftrection is ~ S€cond. an inner, closed separatrix is formed that passt
through the second null point and through the pole. This sep

the invariant direction, which means that for all parameters ) ) ) ) )

3/9z = 0. Furtherx points to the downwind (i.e. tail) direc- aratrix encloses now the dipolar field region, which became

tion, andy in perpendicular direction. The global magnetic Smaller, and the dipole field weaker, if the same backgroun
field is present. This inner separatrix meets the stagnatio

field, B =V A(x,y) x e, with the unit vector, in z direc- k : X
tion, can be described via complex analysis. Bshould line from the first null point at the pole. A measurable bundle

be a potential field, it follows thanA =0. To solve this IThe monopole is introduced as a mathematical tool, used t

Laplace equation, we define a stream or, here, the magnetigenerate radial streamlines (i.e. the stellar wind) and radial (i.e|

flux functionA by A = J(A), whereA is the complex stream  open) field lines. Without it, the streamlines and magnetic field lines
or magnetic flux function. This complex flux function is ob- would otherwise always be closed.
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magnetic field embedded in a homogeneous magnetic back-
ground field. Such a scenario is an analogy to the classical
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2 ey e As soon as the second null point “reaches” the pole, it van-
ishes. Hence, only one real null point remains and the field
has only a monopole moment. This scene is shown in the
middle right panel of Figl and is similar to the Parker sce-

. ( nario Parker 1961 for subsonic flows. If the second null

point is located on the same side as the first one, i.e., in up-
wind direction (lower right panel of Fid.), the second sepa-
ratrix is also located in upwind direction and both null points
e ——————— | =— are physically connected by the stagnation line. In addition,

-1 0 1 2 -1 0 1 2 the monopole moment increases so that the astrotail becomes
even wider.

course, not necessary that this null point is located on the
x axis. For instance, with respect to the heliopause, measure-

17 ] Restricting for the moment to a single null point, it is, of
/C_\\ / ments fromVoyager lindicate an asymmetnB(rlaga et al.
KC-_//‘ - \ I 2013. A natural way to displace the null point is provided

by the solar (or stellar, in general) rotation, which results in

a winding-up of the field lines and hence to a spiral structure

of the magnetic field. While the monopole moment in the

= —— S — symmetric examples is a pure real number, it now becomes
= : d z = g i 2 complex. Hence, an azimuthal component of the outflow or

field occurs. The result is a displacement of the null point

off the x axis. This is demonstrated in Fig, where we plot

the asymmetric configuratidin comparison to the symmet-

ric one. An even more complex situation is achieved when

a second null point exists in the asymmetric scene. Such an

v (G example is shown in Figg.

Having multiple, nested separatrices, the real astropause
can be uniquely defined by the outermost magnetic separatrix
between the magnetized interstellar medium and the magne-
tized stellar wind.

Figure 1. Shape of the separatrices in dimensionless units for the3 Self-consistent non-linear MHD flows

case of two null points lying on theaxis. Shown are the field lines o )
(i.e., the projection of the contour lines df into thex—y plane). ~ The pattern of the potential fields, as we calculated in the pre-

One null point is fixed ati; = x = —1, the other oneyy, is atx = 1 vious section, serve now as static MHD equilibria (MHS).
(symmetric, left top)x = 0.8 (left middle),x = 0.6 (left bottom), = These are then mapped with the non-canonical transfor-
x = 0.3 (right top),x = O (Parker scenario, right middle)=—0.5  mation method to self-consistent steady-state MHD flows.
(right bottom). In the Parker scenario, the second null point disap-Thereby we make use of estimated or observed physical
pears (coincides WiFh the pgle) and therefore alsg the dipole MOquantities, such as density, magnetic field strength, etc.,
ment. The separatrices defined by are plotted with strongest, \ithin and outside the heliosphere. These quantities serve as
those d?f'”eo! by with medium, and field lines are shown with asymptotical boundary conditions, based on which some of
normal line width. - - )
the coefficients of the mapping can be fixed.

Observations fromVoyager 1suggest that the plasma
flow in the vicinity of the heliopause and in the helio-
tail region is approximately parallel to the magnetic field
(Burlaga et al. 2013 Fisk and Gloeckler2013. In addi-
tion, the plasma within a stagnation region is incompressible.

his can be understood in terms of the steady-state mass

of field lines can leave the inner dipole region upstream, i.e.
between the inner separatrix and the stagnation line. The
field lines origin from the monopole part of the field. They
are deflected at the outer separatrix so that they bend around 2Considering thavoyager 1might have passed the stagnation
the inner separatrix and extend as open field lines into thgegion at a distance of 123 Aiimigis et al, 2013, meaning that
aStrOtail, fOI’ming the inner astrosheath field lines. The CloseKNithin our Scenariml would be at rough|y 123 AU’ our Configu_
the second null point is located to the pole, the more opensation shown in Fig2 (bottom) and Fig3 might be approximately
the tail region. scaled with 1 87 AU.

ASTRA Proc., 1, 51-60, 2014 www.astra-proceedings.net/1/51/2014/
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—2f h

—3} ]

—2f ]

—3f h

Figure 2. As Fig. 1, but comparing separatrix shapes with only
one null point. Top: the symmetric Parker cage £ x = —1), and
bottom: the asymmetric case whergis rotated off thex axis by
—m/4,i.e.,u1 = —1(cos—x/4)+isin(—x/4)). The apparent non-
connectivity of some field lines at=0 andx < O is not real but
caused by the flip between Riemann surfaces.

continuity equation

V.-(pv)=0 & v-Vp+pV.-v=0. 3)
When approaching the stagnation point, ie> 0, the term
v- Vp in the second equation vanishes, implying th&t- v,
and in particular, as the density reaches a maximvmy
has to vanish as well.The plasma flow on streamlines,

which originate in such stagnation point regions, transports

3This remains valid, even i¥ p happens to become extremely
large across the heliopause boundary layer.

www.astra-proceedings.net/1/51/2014/
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Figure 3. As Fig.1, but for an asymmetric case where the front null
point is rotated off tha axis by—=x/4, i.e.,uy = —1(cog—n/4) +

i sin(—m/4)), and the other one is on theaxis atup = x = 0.4. The
apparent non-connectivity of some field linesyat 0 andx < 0 is
not real but caused by the flip between Riemann surfaces.

the property of incompressibility further into the tail region.
Hence, it is reasonable to investigate the heliotail and he
liopause region using field-aligned, incompressible flows
and the basic ideal MHD equations are given by

V.- (pv) =0, (4)
p(-V)v=jxB-Vp, ®)
V x (vx B) =0, (6)
VxB=uoj, (7)
V.-B=0, 8)
V.-v=0, 9)
v==%[Malvg (10)

B
VA .—W, (11)

wherep is the mass density, is the plasma velocityB is
the magnetic flux densityj is the current densityp is the
plasma pressurd{ 4 is the Alfvén Mach numbem 4 is the
Alfvén velocity, andug is the magnetic permeability of the
vacuum.

Given solutions fops and Bs of the MHS equations

Vps=jsx Bs, (12)
and additional solutions fa¥/4 andp of the systems
Bs- VM, =0, (14)

are the parameters needed to perform the transformation, i.¢.

ASTRA Proc., 1, 51-60, 2014
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to compute the general solution (see, eMickeler and are about equal anek ~ n; = 0.1 cm 3, the velocity of the

Wiegelmann2012 of the system Eq4)—(11) ISM plasma relative to the sun is, = 25kms™, and the
Mach numbers of the ISM plasma and of the heliotail result
B= _Bs , (15)  10Mas =0.72andM, ; = 0.52. These values might not be
/11— Mﬁ absolutely true, but they are used here to provide a rough idea
) ) of the global shape of the current sheets.
b= ps— 1 Mj}|Bs| (16) The Alfvén Mach number profile for the chosen parame-
2uo 1— M3’ ters is shown in the top panel of Fig. It is computed for
1  MuBs a thickness of the current sheets in the tait/pf= 100 AU.
NILES \/ﬁ T 17) This is an unrealistic scenario, and is only shown to highlight
1-Mj the current distribution in the tail (middle panel of F4. A
. M4z VM4 x Bs Js more realistic case for the current sheets requires much nar-
= R 3 + N (18) rower widths. This is depicted in the lower panel of Hg.
(1 — M%) (1- MA) where we use a width of only 10 AU. Obviously, a reduction

in the width by a factor of ten leads to an increase of the

;22\?32;hﬁ;ézensfmst?;;;0n;nzrtiéhs;rt:oeuﬁilfisrg]:sgep sity current strength by a factor of ten. At the boundary between
A b rer ISM and solar wind flows, Kelvin—Helmholtz-like or current

%vz are constant on field lines. However, these parameters, . C o
. ' . ; driven reconnection instabilities can occur due to shear flows
can vary perpendicular to the field lines, which means that

for example strong shear flows, implying a strong gradientand extremely high current densities, respectively. These in-

of the Alfvén Mach number, produce strong current densitiesStab”'ty regions are thus ideal locations for plasma heating

(curent sheets). This is obvious from Ef8), even if we start and particle acceleration.
from a potential field, which impliegs = 0. The occurrence

of current sheets, especially around multiple separatrices, iﬁ
known, e.g., in solar flare physics, as current fragmentation
(e.g.,Karlicky and Barta 2008a b; Barta et al. 2010, or,

in steady-state as fragmented currents (&gkeler et al,
2013. It should be emphasized that a similar transformation
can also be performed using super-Alfvénic flows.

In the following, we concentrate on the tail region, tak-
ing the symmetric Parker-like tail (top panel of FR). The
mapping ansatz we use was described in detaickeler
et al.(2006. The Alfvén Mach number is defined vMﬁ =
1—1/(«'(A))?, where the prime denotes the derivation with
respect tod, and« is the mapped component of the vec-
tor potential ofA. This means thatiBs= VA x e, anda =
a(A),thenB =Va(A) xe, =a'(A)VA x e,. Hencegp'(A)
is the amplification factor for the magnetic field strength, and

Magnetic shear as trigger for particle acceleration

The separatrix regions and, in particular, the heliotail regions
can serve as important particle acceleration locations. This
assumption is supported by observations of both the cosmic
ray anisotropy and the broad excess of sub-TeV cosmic rays
in the direction of the heliotail_azarian and Desia{2010
propose that this excess originates from magnetic reconnec-
tion in the magnetotail. The heliotail/heliopause region was
also considered biazarian and Ophgi2009 as an impor-
tant region for particle acceleration. In their approddzar-

ian and Ophe(2009 use a Spitzer-like resistivity and pro-
pose first-order Fermi acceleration as the dominant acceler-
ation process of energetic particles along the magnetotail. In
contrast, to approach the problematics of particle accelera-

it results to tion we focus on the magnetic shear generated by magnetic
shear flows across the heliopause boundary. To reduce the
o' (A) = } 1 — 1 complexity of the problem, we shear here the magnetic field
2 \/1_M3\oo \/1—Mf2u only in z direction. This guarantees that the current, and,
A A

therefore, also the electric field, are aligned with the tail di-

Jiwi e 1 rection.

= . (19) We investigate the generation of parallel electric fields
and consider them as acceleration engines which, in solar
physics, is typically referred to as direct current (DC) field
The ansatz fow’(A) is chosen in order to mimic two current acceleration (see, e.gdAschwanden2002. The link to so-
sheets located symmetrically 4ty; around the heliopause lar physics scenarios is obvious, as the acceleration process
field lines, with oppositely directed currents. To compute thetakes place in a diluted plasma environment, i.e., in regions
Mach number profile and the current sheets, we use the folef low density.
lowing set of values (see, e.grisch et al. 2012 Burlaga As the magnetic field jumps across the heliopause, the
et al, 2013: for the magnetic field of the interstellar medium magnetic shear ig direction, B, is connected with a nar-
Bo =5 UG, for the inner magnetic field strength in the tail row current sheet located around the heliopause and extend-
Bi = 4 uG, the particle number densities of electrons and ionsng into the heliotail. As in the tail region the flow is directed

Tt
1™ Moo Bos —tanh

tanh
d1 di
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Alfven Mach number

0.75
0.7
0.658
0.6

12.5

0.1
0.05

-0.05
-0.1}

12.5
current density

12.5

Figure 4. Alfvén Mach number profile (top, restricted A4 > 0.6

for displaying purposes) and resulting current sheets for a sheet We use an approximate value for the magnetic shear df
width of 100 AU (middle) and 10 AU (bottom). The current den- B_ ~ 10~11T, which is of the order of 10 % of the heliotail

sity of the poloidal magnetic field is here given in units 0d%2x
10°17Am=2.

www.astra-proceedings.net/1/51/2014/

along the field lines, the presence of a current density imf
mediately implies that even in such a field-aligned flow sce-
nario an electric field can exist due to the validity of resistive
Ohm's lawE + v x B = nj, as long as the resistivity = 0.
Furthermore, as was shown bljckeler et al.(2014), the so-
lution of non-ideal Ohm'’s law decouples from the rest of the
MHD equations as the flow is field-aligned. Therefore, the
only additional equation to be solved is

vV x®j)=0, (20)

asE =nj andV x E = 0 (stationary approximation).

A reasonable resistivity should be valid in our steady-state
model and account for the case of a collisionless plasma.
While the Spitzer resistivity is effective only in collisional
plasmas, the turbulent collisonless resistivity (anomalous re
sistivity due to wave-particle interactions) is usually not sta-|
tionary.

The usual approach for the resistivity is to use the electrig
force and to introduce some frictional foreep acting on
the chargeg;, with the collision frequency and the drift
velocity vp (e.g.Papadopoulqd 977

d
2 9 E_p=0 A E =nj =nnqup (21)
dr m

mvy

nq

For our collisionless plasma, we consider the interaction be|
tween the electromagnetic field and charged particles as |a
substitute for collisions. This ansatz is motivated by the fac
that the interaction time, which is limited by the time the par-
ticle needs to cross the current sheet, i.e. the “transit time” of
the particle within the system, is much shorter than the col
lision time. Hence the collision time (collision frequency
has to be replaced by the gyro-time (gyro-frequepBy m),
delivering

1 . nq
= — with og= —, 23
n og Og B| (23)

where og is the gyroconductivityz and g are the parti-
cle number density and charge, respectively. This approag
was introduced bySpeiser(1970 and Lyons and Speiser

(1985 and the resulting resistivity is called inertial or gyro-
resistivity. We want to emphasize that the substitution of the
collision frequency by the gyro-frequency automatically de-
livers huge resistivity values in the case of a diluted plasma,
which are only important for the generation of an electric
field in regions of strong current density and not in regions
where the field has the character of a potential field.

=y

D

(or ISM) magnetic field strength and can be regarded as
lower bound. For the typical lengthscale of the shear layer
we set/ ~ 102 km (e.g.,Fahr and Neutschl9833. Hence,
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we can estimate the resulting current density via from the monopole part, which bend into the heliotail, would
represent the open heliosheath as introducedrisik and
L~ 1B:l _ e 10MAm-2. (24)  Gloeckler(2013. In the heliocliff region, the model dfisk
ol and Gloeckler(2013 turns out to produce a super-Alfvénic

) 3 field-aligned flow, while in our model the flow close to the
For density values of Tam® (Fahr etal. 1986 and mag-  pelippause and in the heliotail region is field-aligned but can
netic field strengths of 2 1019T typical for heliotail con- 5150 be sub-Alfvénic.

ditions, the gyroresisitivity; is on the order of Toohmm. Furthermore, the presence of magnetic shear flows can
Consequently, the parallel electric field becomes produce vortex current sheetlickeler and Wiegelmann
0 2012 leading to the generation of instabilities and magnetic
| = W ~—|jl= 10°6vmt. (25) reconnection close to separatrices. In the current work we re-

strict our analysis to a maximum of two separatrices and we
Within the tail, the field lines are stretched, and the cur-2aPply the mapping only to the heliotail with one symmetric

rent is concentrated around the heliopause region, providingepParatrix (top panel of Fig) with two current sheets. As

a sufficiently extended environment for accelerating particlesnultiple separatrices can exist in the heliosphere, the pres-

continuously along the magnetic field lines. Outside this nar-ence of multiple curent sheets in the vicinity of these separa-

row region, the current vanishes and hence also the electriffices can lead to fragmented structures (Nickeler et al,

field, so that those astrosphere regions can be ideal. 2013 Swisdak et a].2013. Introducing a non-collisional re-
Considering a relatively conservative case, in which theSistivity, strong electric (DC) fields parallel to the magnetic

field aligned electric field extends to about 100 AU, only, field can be generated, which can contribute to cosmic ray

meaning that the tail extends to just twice the distance tharficceleration as suggestedMickeler(2003.

the heliopause nose, the voltage seen by the particles is
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fE||dS%E|\'S%107V. (26)

We_have §hown Fhat the distribution of null points and stag-ggiteq by: H. Fichtner

nation points defines the global topology and the Iarge—sca_l@;eviewed by: A. Kopp and two anonymous referees

structure of an astrosphere. Multiple separatrices can exist
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