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Abstract The interaction of the solar wind with the local interstellar medium is character-
ized by the self-consistent coupling of solar wind plasma, both upstream and downstream
of the heliospheric termination shock, the interstellar plasma, and the neutral atom compo-
nent of interstellar and solar wind origin. The complex coupling results in the creation of
new plasma components (pickup ions), turbulence, and anomalous cosmic rays, and new
populations of neutral atoms and their coupling can lead to energetic neutral atoms that can
be detected at 1 AU. In this review, we discuss the interaction and coupling of global sized
structures (the heliospheric boundary regions) and kinetic physics (the distributions that are
responsible for the creation of energetic neutral atoms) based on models that have been
developed by the University of Alabama in Huntsville group.

Keywords Solar wind boundaries · Interstellar medium · Pickup ions · Energetic neutral
atoms

1 Introduction

In the last two decades, great progress has been made in our understanding of the physical
processes thought to describe the outer heliosphere. Fundamental to these advances has been
the recognition that the interstellar medium is coupled intimately to the heliosphere through
a variety of mechanisms and that much of outer heliospheric physics cannot be understood
independently of the local interstellar medium (LISM). As a result, this field truly lies at
the crossroads of space physics and astrophysics. For the first time, in situ measurements by
the spacecraft Voyager 1 (V1), Voyager 2 (V2) and remote sensing observations by IBEX
will allow us to directly probe the boundaries of the solar wind–LISM interaction region,
and will provide data of unprecedented quality about the nature of the interstellar medium.
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Voyager 1 crossed the termination shock (TS) of the supersonic flow of the solar wind on 16
December 2004 at a distance of 94 astronomical units (AUs) from the Sun, becoming the first
spacecraft to enter the heliosheath (Stone et al. 2005; Burlaga et al. 2005; Decker et al. 2005;
Gurnett and Kurth 2005). Voyager 2 crossed the heliospheric TS several times between 30
August and 1 September 2007 (Stone et al. 2008; Richardson et al. 2008; Burlaga et al.
2008; Decker et al. 2008; Gurnett and Kurth 2008), at a distance of 84 AU, providing the
first plasma measurements of the TS and heliosheath region. With IBEX, we are poised at
the threshold of an exciting decade of new observations of the heliosheath boundaries that
will provide not only information about the boundaries and the plasma regimes in which
energetic neutral atoms (ENAs) are created, but will be able to provide this information
on a global scale. The IBEX mission will provide new and unexpected insights into the
solar wind and the LISM, as well as into the stellar winds of neighboring stars and their
LISM.

The heliosphere is the region of space filled by the expanding solar corona; a vast re-
gion indeed extending perhaps 150–180 AUs in the direction of the Sun’s motion through
the interstellar medium and several thousand AU in the opposite direction. A convenient, if
slightly vague, definition of the outer heliosphere, and one that we adopt here, is that it is
that region of the solar wind influenced dynamically by physical processes associated with
the LISM. Thus, for example, neutral interstellar hydrogen (H) is the dominant (by mass)
constituent of the solar wind beyond an ionization cavity of ∼6–10 AUs in the upstream
direction (the direction antiparallel to the incident interstellar wind). The neutral H is cou-
pled weakly to the solar wind plasma via resonant charge exchange—a coupling that leads
to the creation of pickup ions that come to eventually dominate the internal energy of the
solar wind. The solar wind changes then from a small plasma beta βSW (the ratio of plasma
pressure to magnetic field pressure) environment to one in which βSW � 4. As a by-product
of the creation of pickup ions, low-frequency turbulence is generated, replenishing the dis-
sipated magnetic fluctuations originating at and near the Sun (Williams and Zank 1994;
Zank et al. 1996a). This has important implications for both solar wind heating and charged
particle transport (Williams et al. 1995; Zank et al. 1998). Our growing understanding of
the physical processes governing the outer heliosphere has led to major discoveries about
both our own solar system (the discovery of a “hydrogen wall” bounding our heliosphere,
for example (Linsky and Wood 1996; Gayley et al. 1997), the interstellar medium (the com-
position of the ISM (Gloeckler and Geiss 1998)), and the astrospheres of other stars (such
as the discovery of winds blown from stars like our Sun (Wood et al. 2001)). Since the
Sun orbits our galactic center, the solar system has experienced many different interstel-
lar environments, and it is entirely possible that this may have, and may have had, an im-
portant impact on the Earth’s environment (Zank and Frisch 1999e; Scherer et al. 2001;
Florinski et al. 2003b; Florinski and Zank 2006; Zank et al. 2006; Müller et al. 2006;
Scherer et al. 2008).

The physics underlying the interaction of the solar wind with the LISM describes a com-
plex relationship between several basic elements: the solar wind plasma and magnetic field,
the LISM plasma and magnetic field, the LISM neutrals, interstellar pickup ions, and anom-
alous and galactic cosmic rays. The solar wind terminates at a shock whose location is
determined by the balance of dynamical solar wind pressure and the external LISM pres-
sure (Davis 1955; Parker 1963; Axford 1972). Galactic cosmic rays, which can diffuse deep
into the heliosphere, are of lesser dynamical importance. Interstellar neutral H is coupled
to both the LISM and solar wind plasmas through resonant charge exchange, providing
an effective volumetric force and hence affecting the dynamical nature of the solar wind–
LISM interaction profoundly. The two basic ways in which neutrals can modify the he-



Physics of the Solar Wind–Local Interstellar Medium Interaction 297

liospheric and LISM plasmas are: (i) Interstellar neutrals decelerate the solar wind indi-
rectly; (ii) Secondary very hot neutrals produced in the shocked solar wind (downstream
of the TS) can, through secondary charge exchange, heat the LISM, as can fast neutrals
produced through charge exchange with the supersonic solar wind. Newly created ions in
the supersonic solar wind—the pickup ions—are very energetic (∼ 1 keV) compared to
typical solar wind protons and dominate the internal energy of the solar wind in the outer
heliosphere. The pickup process itself is expected to generate significant levels of low fre-
quency magnetohydrodynamic (MHD) turbulence, which will isotropize the pick-up ion
beam, dissipate and heat the solar wind and scatter cosmic rays (Williams et al. 1995;
Matthaeus et al. 1999; Smith et al. 2000; Zank et al. 1996b; Isenberg et al. 2003;
Zank et al. 1998). Some small fraction of the pickup ions will be further energized and,
possibly at the TS (although this remains a mystery despite, or perhaps because of, the
recent Voyager crossings of the TS), be accelerated up to MeV energies to form the anom-
alous cosmic-ray (ACR) component. The energy density of the anomalous cosmic rays in
the vicinity of the TS was expected to modify the structure and properties of the shock itself.
Present day models hope to capture the fully non-linear coupled physics of the solar wind–
LISM interaction, and progress has been made at several levels of approximation. The most
comprehensive models today are fully 3D and time-dependent, and include solar wind and
LISM plasma and magnetic fields at an MHD level, and are coupled self-consistently with
interstellar neutral H at either a kinetic or multi-fluid level. Many key parameters remain
nonetheless somewhat poorly constrained, particularly properties of the LISM such as the
magnetic field strength and orientation and the ionization fraction.

Besides helping explain the observations returned by the Voyager spacecraft, an under-
standing of the plasma downstream of the TS, the inner heliosheath plasma, is critical to
interpreting observations that will be made by the IBEX mission. IBEX (McComas et al.
2006) will measure ENAs at 1 AU that are created by charge exchange between interstel-
lar neutral atoms of low energy and inner heliosheath plasma. The working assumption is
that the heliosheath plasma will be very hot (model temperatures suggest ∼ 106 K). An ob-
servational (if not entirely theoretical) surprise was the discovery by V2 (Richardson et al.
2008) that only 20% of the incident solar wind flow energy went into heating the solar wind
ions, making them a relatively cool component of the downstream shocked inner heliosheath
plasma (to the extent that the downstream flow appears to be supersonic, at least as deter-
mined from solar wind ions!). As we shall discuss, the form of the heliosheath distribution
function can make a profound difference in the measured ENA distribution. Heerikhuisen
et al. (2008a) find significant differences in the ENA distribution resulting from assuming
either a Maxwellian or a kappa (κ) distribution for the solar wind ions in the heliosheath.
Undoubtedly, since the downstream or heliosheath plasma distribution is determined by the
processing of the supersonic solar wind by the TS, a cold solar wind ion heliosheath com-
ponent will have an important impact on interpreting the IBEX ENA measurements.

With the upcoming IBEX mission, it is appropriate to elucidate the basic physics un-
derlying models that describe the self-consistent interaction of the solar wind with the
LISM. IBEX will return all-sky maps and distributions integrated over lines-of-sight, and
the deconvolution and interpretation of these observations will rely heavily on comple-
mentary modeling. IBEX will undoubtedly return data that taxes both our models and
the assumptions underlying them and we will need to understand the theory thoroughly.
This review discusses the assumptions underlying the most sophisticated models that we
currently possess—a fully 3D time-dependent model that incorporates solar and LISM
plasma and magnetic fields with interstellar neutral H self-consistently (both kinetically
and using a multi-fluid description). This review is based on two much more detailed
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and lengthy discussions of the interaction of the solar wind with the LISM (Zank 1999;
Zank et al. 2008).

2 Mathematical Formulation for Modeling the Solar Wind–LISM Interaction

Key to understanding the structure and properties of the heliosphere is the effect that in-
terstellar neutral gas, primarily hydrogen, plays in the physics of the solar wind–LISM in-
teraction. Interstellar neutral gas flows into the heliosphere relatively unimpeded and can
penetrate to within several AU of the sun. Neutral atoms scatter solar radiation resonantly
so that the distribution of H and Helium (He) in the heliosphere can be studied by observing
sky background radiation in HI λ1216 and HeI λ584. The distribution of interstellar H only
is addressed here in any detail since He and the other elements have a negligible dynam-
ical influence on the solar wind–LISM interaction. Nonetheless, He in particular provides
important and direct information about the conditions in the LISM (Möbius et al. 2004;
Witte 2004), such as the interstellar flow speed, direction, and temperature.

The heliospheric-LISM plasma environment is composed of three thermodynamically
distinct regions: (i) the supersonic solar wind, expanding more-or-less radially from the
Sun at speeds of ∼ 400–800 km/s, with a density that decays as ∼ r−2 (r denoting ra-
dial heliocentric distance from the Sun), and a relatively low temperature (∼ 104 K in the
vicinity of the HTS) which appears to decay adiabatically with an effective adiabatic index
of γ � 1.1 within about 20 AU (see Williams et al. 1995; Matthaeus et al. 1999); (ii) the
shock heated subsonic solar wind, which possesses much higher “effective” temperatures
(∼ 106 K), somewhat higher densities (∼ 10−3 cm−3) and lower flow speeds (∼ 100 km/s);
and finally (iii) the LISM, where the plasma flow speed is low (∼ 26 km/s) and the temper-
ature is several ×103K. Here and henceforth, region 1 is taken to be the region beyond the
heliopause (HP) i.e., the LISM, and H atoms whose origin lies in region 1 shall be referred to
as component 1 neutrals. One can further subdivide the LISM region into a possibly shocked
region (if a bow shock exists), region 1b, and an unshocked region, region 1a. Region 2 is
that region occupied by the shocked solar wind, plasma and component 2 neutrals are those
created in region 2. Finally, region 3 refers to the supersonic solar wind, and the component
3 neutrals are those born there (i.e., the “splash” component). Quite clearly, the neutral pop-
ulations, components 1a, 1b, 2 and 3, possess distinct characteristics, and the complete local
neutral H distribution will be highly anisotropic.

Several interactions between H atoms, protons and electrons are possible and some im-
portant points can be made (Zank 1999). (1) Photoionization is important within several
AU, but is otherwise not (assuming that the LISM is in ionization equilibrium with the local
stellar UV radiation field, as suggested (Frisch 1995); see also Slavin and Frisch (2002).
(2) Two charge-exchange cross-sections are used in the literature (Maher and Tinsley 1977;
Fite et al. 1962; Maher and Tinsley 1977; Fite et al. 1962), but that published by Fite et
al. (1962) is a fit to experimental data. Nonetheless, at 1 eV, a 40% discrepancy exists be-
tween the cross-sections and this can effect the heliospheric H number density by a similar
amount. However, the cross-sections provided by Lindsay and Stebbings (2005) are now
regarded as the “accepted” values. (3) The charge-exchange cross-sections assume that no
momentum transfer occurs during the interaction but, of course, non-charge-exchange H+–
H interactions can occur. The H+–H cross-section computed by Dalgarno (1960) is the
total momentum transfer cross-section and includes charge-exchange. Thus, an exclusively
charge-exchange treatment of the H–H+ interaction may underestimate the efficiency of the
coupling. (4) H–H collisions have a cross-section comparable to that of charge-exchange. It
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is presently unclear how and where such collisions may be important, but two possibilities
are in the heliotail and the region upstream of the HP where hot component 2 and cooler
component 1 neutrals can equilibrate Williams et al. (1997). (5) Electron-H collisions, elec-
tron impact ionization, and recombination are unlikely to be dynamically important on 1000
AU scales. However, because electron impact ionization is sensitive to the electron distribu-
tion, it may occur in the solar wind (Isenberg and Feldman 1995). (6) Since region 1 H+–H+
and e–e mean free paths are ∼ 0.15 AU, the LISM is Coulomb collisional and the electrons
equilibrate to the proton temperature.

The distribution of neutral H, both LISM and that created in the various boundary regions
of the heliosphere, drifting through the heliosphere may be calculated directly from the
Boltzmann equation,

∂f

∂t
+ v · ∇f +

(
F
m

· ∇v

)
f = P − L, (1)

where f (x,v, t) is the neutral H particle distribution function expressed in terms of position
x, velocity v and time t . F is the force acting on a particle of mass m, typically gravity
and radiation pressure. The terms P and L describe the production and loss of particles at
(x,v, t), and both terms are functions of the assumed plasma and neutral distributions. In all
cases of interest here, the loss term may be expressed as

L = f (x,v, t)β(x,v, t), (2)

where β is the total loss rate in s−1. The neutral H loss rate due to charge-exchange is
obtained by integrating over the proton distribution function, thus

βex(x,v, t) =
∫

fp(x,vp, t)Vrel,pσex(Vrel,p)d3vp, (3)

where fp and vp refer to proton quantities, Vrel,p ≡ |v − vp| is the relative speed between
an H atom and a proton, and σex denotes the charge-exchange cross-section.

The charge-exchange neutral H production term is given by

Pex(x,v, t) = fp(x,v, t)

∫
fH (x,vH , t)Vrel,H σex

(
Vrel,H

)
d3vH , (4)

where Vrel,H ≡ |v − vH | and fH is the neutral H distribution.
The initial or boundary data is assumed typically to be a Maxwellian distribution para-

meterized by the bulk LISM density, velocity and temperature, and the boundary condition
is imposed at “infinity”.

All models of the solar wind interaction with the LISM assume a simple model of the
plasma which incorporates both a solar wind component and a suprathermal component. Al-
though number densities are too low for the direct interaction of the solar wind plasma flow
with the neutral flux, appreciable momentum and energy exchange, particularly in the su-
personic solar wind, is possible nonetheless through charge exchange of solar wind protons
and neutral H. In a plasma possessing a sufficiently strong magnetic field, a newly charged
particle acquires a gyrospeed equal to its initial velocity relative to the plasma and convects
with the plasma flow within a gyroperiod. Although the microscopic details of this process
are complicated and depend on the plasma-magnetic field configuration (Williams and Zank
1994; Isenberg and Lee 1996; Zank 1999), the net result of ion pickup on hydrodynamic
scales is qualitatively unique—there is a change in the density, momentum, and energy of
the plasma flow for each act of charged particle production or destruction.
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The dynamical or ram pressure (ρu2) and thermal pressure p of the solar wind decrease
with increasing heliocentric distance and must reach a value which eventually balances the
pressure exerted by the LISM. The relaxation towards pressure equilibrium between the
solar and interstellar plasmas is characterized by (i) a transition of the supersonic solar
wind flow to a subsonic state, and (ii) a divergence of the interstellar flow about the he-
liospheric obstacle. The transition of the supersonic solar wind is accomplished by means of
a shock transition, the TS. Voyager 1 has now crossed the TS (at 94 AU) (Stone et al. 2005;
Burlaga et al. 2005) and V2 crossed at 84 AU (Stone et al. 2008; Richardson et al. 2008;
Burlaga et al. 2008). The divergence of the LISM flow about the heliosphere may be accom-
plished either adiabatically (if the relative motion between the Sun and the LISM is sub-
sonic) or by means of a bow shock in the case of supersonic relative motion. Although one
can estimate the location of the TS and the HP, the discontinuity separating solar wind mate-
rial from the interstellar plasma (a contact/tangential discontinuity in the case of gas/MHD),
using simple pressure balance arguments, the problem of the interaction of the solar wind
with the LISM is fundamentally multi-dimensional. Thus, the main advances in our un-
derstanding of global heliospheric structure since the pioneering work of Davis (1955),
Parker (1958, 1961, 1963), Axford et al. (1963) and Baranov et al. (1971) have been more re-
cent and based largely on computer simulations. The initial simulations were based on pure
one-fluid gas dynamic models, but now the self-consistent inclusion of neutral interstellar
hydrogen models is recognized as the key to understanding the structure and properties of
the large-scale heliosphere. We discuss the basic MHD model, and the kinetic and multi-
fluid approaches to including neutral H self-consistently in heliospheric models of the solar
wind–LISM interaction.

Interplanetary and interstellar magnetic fields have only recently been fully incorporated
into global heliospheric models. The most detailed models (fully 3D and time-dependent
and including neutral H both kinetically and in the multi-fluid approximation—see below)
are those described here and developed by the University of Alabama in Huntsville group.
To model the interaction of the solar wind with a partially ionized LISM, the following 3D
set of MHD equations must be solved,

∂ρ

∂t
+ ∇ · ρu = Qρ; (5)

ρ
∂u
∂t

+ ρu · ∇u + (γ − 1)∇e + (∇ × B) × B = Qm; (6)

∂

∂t

(
1

2
ρu2 + e + B2

8π

)

+∇ ·
[(

1

2
ρu2 + γ e

)
u + 1

4π
B × (u × B)

]
= Qe; (7)

∂B
∂t

− ∇ × (u × B) = 0; (8)

∇ · B = 0, (9)

ρ = mpn, together with the equation of state e = αnkBT /(γ − 1) = p/(γ − 1). Here the
choice of α = 2 (or greater if incorporating the contribution of cosmic rays, dust indirectly)
corresponds to a plasma population comprising electrons and protons. The remaining vari-
ables have their usual definitions, and the source terms Qρ , Qm, and Qe serve to couple the
neutral H and proton populations. Certain subtleties in the formulation of an MHD model
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in the presence of neutral H need to be recognized, and this was discussed by Florinski
and Zank (2003d) in the context of non-ideal MHD. Subject even to the assumption of an
isotropic solar wind, the formulation (5)–(9) is inherently 3D thanks to the solar magnetic
field and the current sheet.

As discussed, pickup ions are created in the solar wind through charge-exchange of LISM
neutrals with solar wind protons, but they do not thermalize with the background solar wind
plasma (Isenberg 1986; Zank 1999) and are not therefore equilibrated with the solar wind.
Pickup ions constitute a separate suprathermal particle population in the SW (Möbius et
al. 1985; Gloeckler et al. 1993; Gloeckler 1996; Gloeckler and Geiss 1998) and contribute
to the power-law tails observed almost universally in the solar wind plasma distribution
(Mewaldt et al. 2001; Fisk and Gloeckler 2006). Heerikhuisen et al. (2008a) and Prested et
al. (2008) suggested that a simple way to incorporate a power-law tail, and thereby model the
proton, energetic particle, and pickup ion populations as a single distribution, is to assume
a generalized Lorentzian, or κ-, distribution (Bame et al. 1967; Summers and Thorne 1991;
Collier 1995) given by

fp(v) = np

π3/2θ3
p

1

κ3/2

�(κ + 1)

�(κ − 1/2)

[
1 + 1

κ

(v − u)2

θ2
p

]−(κ+1)

, (10)

where θp is a typical speed related to the effective temperature of the distribution, and is
evaluated using the pressure moment, discussed further below. The distribution function
(10) possesses a Maxwellian core, a power-law tail that scales as v−2(κ+1), and reduces to
a Maxwellian in the limit of large κ . Although the core and tail features agree qualitatively
with observations, a limitation of the κ formalism is that it does not allow for the relative
abundances of core and tail to be adjusted for a particular choice of κ . Obviously, the ob-
served flat-topped pickup ion population is also absent in the κ approximation. In Fig. 1, we
plot a κ-distribution for κ = 1.63, comparing it to a Maxwellian distribution (Heerikhuisen
et al. 2008a).

As recognized by Heerikhuisen et al. (2008a), the MHD equations for the plasma do
not change if a κ-distribution for the solar wind protons is assumed—this is because the
basic fluid conservation laws do not assume a specific form of the distribution function
(see for example Burgers 1969). Closure at the second moment is possible if the distrib-
ution is isotropic, since the heat flux and the off-diagonal components of the stress ten-
sor are then identically zero. The only difference from conventional fluid dynamics is that
the collision integrals do not vanish as they would for a Maxwellian distribution. How-
ever, collisional frequencies are so low for the SW that we may neglect these collisional
terms and treat the distribution function (10) as “frozen” into the plasma. Even though
the solar wind is effectively collisionless, an MHD approach is still warranted since the
plasma has fluid properties perpendicular to the magnetic field, while various wave phe-
nomena help isotropize the distribution (see for example Khabibrakhmanov et al. 1996;
Kulsrud 1984). For these reasons, Heerikhuisen et al. (2008a) solve the regular MHD equa-
tions to determine the bulk plasma quantities, but in the inner heliosheath they interpret these
as having come from (10). For simplicity, Heerikhuisen et al. assume κ = 1.63 for the solar
wind plasma, which is a value consistent with the data analysis of Decker et al. (2005). We
may anticipate that observations by the IBEX mission can be used to estimate or constrain
κ in the heliosheath, and we follow the discussion by Heerikhuisen et al. (2008a) to indicate
how this can be done.

The κ distribution is an approximation in the sense that it is relatively straightforward
to include a tail on the plasma distribution, which emerges directly from a thermal core.
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Fig. 1 A 1D cut of the velocity distribution function in the plasma frame for κ = 1.63 (solid line), together
with a Maxwellian distribution (dashed line). Note that the core of the κ-distribution is narrower than the
Maxwellian, but the zeroth and second moments are the same for both distributions. Here, we have defined
vth = θp

√
κ/(κ − 3/2)—see (12). Heerikhuisen et al. (2008a)

In this, it mimics the pickup ion distribution. However, the core and tail of a κ distribution
are coupled self-similarly, meaning that broadening of the core leads to a corresponding
broadening of the tail, and this may not be a feature of separate pickup ion and thermal
solar wind distributions. We note that the magnetic field orientation and solar wind speed
are unlikely to have much effect on the overall pickup ion distribution. In principle, the
subsequent scattering of the pickup ions shortly after birth onto (most probably) a bispherical
distribution should wash out much of the initial magnetic field orientation characteristics,
and the gradual cooling of the pickup ions, and thus creation of the filled shell distribution,
is likely to weaken the dependence on solar wind flow speed. Thus, in summary, the κ

distribution probably captures adequately the dynamic range of the pickup ion distribution
and its underlying symmetry, but it introduces a coupling between the core distribution and
the tail that may not accurately reflect the physics of a separate thermal solar wind core and
pickup ion distribution.

The κ- and Maxwellian plasma distribution functions are linked through the choice of θp

in equation for the isotropic plasma pressure. Thus, using

p = 4πmp

3

∫ ∞

0
v4fp(v)dv = ρθ2

p

2

κ

κ − 3/2
, (11)

allows us to introduce an effective temperature for the κ-distribution as

Teff = p

nkB

, (12)

so that

p = 2kBTeff

mp

1

θ2
p

κ − 3/2

κ
.
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Note the singularity κ −→ 3/2, which corresponds to a v−5 tail (Fisk and Gloeckler 2006)
and an unbounded pressure.

As discussed above, for a Maxwellian distribution (Pauls et al. 1995) the charge exchange
loss terms depend on the assumed proton distribution. For a κ-distribution, Heerikhuisen et
al. follow a derivation analogous to that of Pauls et al. (1995) and Zank (1999) to find that
the charge exchange loss rate is now given by

βex = nσex

√
4�2 (κ + 1) θ2

p

πκ (κ − 1)�2 (κ − 1/2)
+ (v − u)2, (13)

which, in the limit of large κ i.e., a Maxwellian, reduces to distribution,

βex = nσex

√
4

π
θ2
p + (v − u)2. (14)

It is of interest that the Heerikhuisen et al. (2008a) approach has the consequence that
the locations of the TS, HP and bow shock change when pickup ions react self-consistently
on the plasma, a result that is consistent with the 5-fluid model of Fahr et al. (2000) that
introduces PUIs as an explicit plasma component. This distinguishes the self-consistent ap-
proach from the “post-processing” approach used by Prested et al. (2007), and is discussed
further below.

The mean free path for charge-exchange collisions can be very large in the heliospheric
boundary regions and in the supersonic solar wind. To illustrate this point, we plot in Fig. 2
the average number of charge-exchange events per particle as a function of spatial location
for a steady-state kinetic based simulation (Heerikhuisen et al. 2006a, 2006b; 2008a). The
Sun is located at the origin. Clearly, the number of charge exchange events varies throughout
the heliosphere and the solar wind–LISM boundary regions, with no more than two charge
exchanges being typical for the region extending from beyond the nose of the HP to 500 AU
from the Sun in the heliotail. Other regions can experience more charge exchange events;
the flanks for example can have as many as 5 events per particle on average. Thus, ideally
one should calculate the interstellar neutral distribution at a kinetic level since the Knudsen
number Kn � 1 for neutral H throughout large regions of the heliosphere, or recognize that
a single set of gas dynamical equations cannot adequately describe the different neutral
H populations created through charge exchange. However, a multiple set of gas dynamics
equations corresponding to various neutral particle populations that are created in different
thermodynamical regions of the heliosphere and LISM can be a good approximation to the
fully kinetic description, subject to certain caveats.

Neutral H gas is coupled to the plasma through appropriate source terms. When a fluid
description for the neutrals is assumed, source terms are calculated using approximations to
integrals over the distribution functions convolved with the charge-exchange cross-section.
Since the form of the distribution functions originating from all possible source regions is
known at all points in time, the coupling between the codes can be done at every time-step
for each species in the code. This gives rise to very tight, accurate coupling, so that both
steady-state problems such as the one considered here, as well as fully dynamic problems,
can be solved (Zank and Müller 2003; Florinski et al. 2005a).

Coupling a Monte-Carlo code to a plasma code is more difficult than the corresponding
coupling to a multi-fluid model (Baranov and Malama 1993; Heerikhuisen et al. 2006). To
avoid making assumptions about the nature of the distribution function, source terms for the
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Fig. 2 The average number of charge-exchange events per particle as a function of spatial location for a
steady-state model of the heliosphere interaction with the LISM. This simulation is based on a Monte-Carlo
treatment (Heerikhuisen et al. 2006a, 2006b) of the kinetic neutral H, and is discussed further below. This
figure illustrates the regions where the Knudsen number Kn � 1. The distance along both axes is measured in
AU, centered on the Sun (the origin)

plasma must be gathered in terms of individual charge-exchange events. Each event con-
tributes to the plasma source at one location. It therefore requires a large number of charge-
exchange events within each grid-cell in order to generate smooth and accurate sources for
the plasma. When solving a steady-state problem, we may simply compute as many par-
ticle trajectories through the domain as is necessary for smooth sources. Time-dependent
problems may be solved by collecting sources over a time interval which is shorter than the
shortest time-scales we are trying to resolve. Under this constraint, we typically need a large
number of particles to retain accuracy if the timescales present in the solution are small.

Extending the original hydrodynamic-like model of Baranov et al. (1981) and Baranov
and Malama (1993, 1995) used a Monte-Carlo approach to solve the neutral H Boltzmann
equation and coupled this self-consistently to a steady-state 2D hydrodynamic model of the
solar wind and LISM plasma. The method of coupling is that of “global iterations”. Here the
plasma code is run to a steady-state iteratively, using the source term generated by running
the neutrals on the preceding plasma state until successive states converge. The model has
been used by Izmodenov et al. (1999) to try to infer the local interstellar electron density
from the passage of interstellar H through the heliospheric boundaries.

However, as discussed below, a time-dependent model of the heliosphere develops phys-
ical (not numerical) instabilities similar to a Rayleigh-Taylor instability at the nose of
the HP and analogous to a Kelvin-Helmholtz instability on the flanks (Zank et al. 1996d;
Liewer et al. 1996; Wang and Belcher 1998; Zank 1999d; Florinski et al. 2005a, Borovikov
et al. 2008a, 2008b), these being driven by the “frictional” coupling of neutrals to plasma
in the vicinity of a contact or tangential discontinuity. We therefore need to treat the steady-
state heliospheric structure problem as time-dependent, with a time-scale of the order of the
instability growth time. To improve statistics, and since the physical problem is devoid of
time-scales, we can run the Monte-Carlo code for longer times, while running the plasma
code for a much shorter time (of the order of a few years) to suppress the instability.

The Boltzmann code developed independently by Heerikhuisen et al. (2006, 2006b,
2008b) traces a large number of macro-particles on their orbit through the heliosphere. The
H atoms move ballistically for a distance of the order of their (local) mean free path, be-
fore charge-exchanging with a proton picked at random from the local plasma. At this point
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the process repeats with the new H atom inheriting the momentum of its parent proton.
A splitting procedure is utilized to improve source term statistics in regions of large plasma
gradients.

The loss term (2) may be simplified somewhat since both the Baranov & Malama and the
original Heerikuisen et al. formulations assumed a Maxwellian distribution for the protons.
In this case we can use the expressions developed in Ripken and Fahr (1983) and Pauls et al.
(1995). Heerikhuisen et al. (2008a, 2008b) have extended their original formulation to draw
particles from a κ distribution rather than a Maxwellian, and this is discussed further below.

During a charge-exchange event, a proton partner must be drawn from the plasma distri-
bution. In the case of a Maxwellian plasma distribution, the probability distribution for the
velocity of this partner will not simply be a Maxwellian, due to a selection effect caused by
the distribution of individual particle velocities. Using a 3D analog of the 2D procedure de-
scribed in Lipatov et al. (1998) yields the charge exchange frequency as a function of proton
velocity of the form

ν ∝ |vH − vp|2 exp

[
− (vp − up)2

v2
th,p

]
, (15)

where vH and vp are the atom and ion velocities and up is the bulk averaged plasma velocity
(see also Malama 1991). Physically, this result confirms the intuitive notion that fast neutrals
encounter charge-exchange partners more frequently.

As discussed above, the heliosphere–LISM environment can be described as either three
or four thermodynamically distinct regions; the supersonic solar wind (region 3), the very
hot subsonic solar wind (region 2), and the LISM itself (region 1a and 1b). Each region acts
as a source of neutral H atoms whose distribution reflects that of the plasma distribution in
the region. Accordingly, Zank et al. (1996d) identified neutral components 1, 2, and 3 with
neutral atoms originating from regions 1, 2, and 3. Each of these three neutral components is
represented by a distinct Maxwellian distribution function appropriate to the characteristics
of the source distribution in the multi-fluid models. This observation allows the simplifica-
tion of the production and loss terms (2) and (3) for each neutral component. The complete
highly non-Maxwellian H distribution function is then the sum over the three components,
i.e.,

f (x,v, t) =
3∑

i=1

fi(x,v, t), (16)

and for each component, the integral equation (1) must, in principle, be solved. Instead
of solving (1), Zank et al. (1996d) use (16) in (1) to obtain three Boltzmann equations
corresponding to each neutral component. This is an extension of the procedure developed
in Pauls et al. (1995). For component 1, both losses and gains in the interstellar medium need
to be included, but only losses are needed in the heliosheath and solar wind. This applies
similarly to components 2 and 3. Thus, for each of the neutral H components i (i = 1,2
or 3)

∂fi

∂t
+ v · ∇fi =

{
P1 + P2 + P3 − βexfi region i

−βexfi otherwise
, (17)

where P1,2,3 means that Pex is to be evaluated for the parameters of components 1, 2, or
3 respectively. Under the assumption that each of the neutral component distributions is
approximated adequately by a Maxwellian, one obtains immediately from (17) an isotropic
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hydrodynamic description for each neutral component,

∂ρi

∂t
+ ∇ · (ρiui ) = Qρi; (18)

∂

∂t
(ρiui ) + ∇ · [ρiuiui + piI

] = Qmi; (19)

∂

∂t

(
1

2
ρiu

2
i + pi

γ − 1

)
+ ∇ ·

[
1

2
ρiu

2
i ui + γ

γ − 1
uipi

]
= Qei. (20)

The source terms Q are appropriate moments of (2) and (4) and are listed in Pauls et al.
(1995) and Zank et al. (1996d). The subscript i above refers to the neutral component of
interest (i = 1,2,3), ρi , ui , and pi denote the neutral component i density, velocity, and
isotropic pressure respectively, I the unit tensor and γ (= 5/3) the adiabatic index.

Heerikhuisen et al. (2006) explore the similarities and differences between multi-fluid
and Monte-Carlo models of the heliosphere and compare their Monte-Carlo code (similar
in many respects to that developed by Malama 1991) with a four-neutral fluid code, which
is a straightforward extension of the original 3-fluid neutral code of Zank et al. (1996d)
that subdivides region 1 into regions 1a and 1b. They also compare their models to those of
Alexashov and Izmodenov (2005), using the same parameters and boundary conditions for
a variety of fluid and kinetic models. For this comparison, Heerikhuisen et al. (2006) used
relatively simple axially symmetric models without magnetic fields and considered only
steady-state solutions. Surprisingly good comparative results were found between kinetic
and multi-fluid models, especially in global features, structure, and location, and between
the UAH and Moscow groups models. While the axially symmetric models have now been
superseded by more sophisticated 3D models, they nonetheless allow one to probe much of
the basic physics of the solar wind-LISM interaction simply and efficiently, and in particular,
allow for more accurate kinetic modeling since the neutral H statistics can be done very
accurately. Pogorelov et al. (2008a, 2008) have extended the comparison of multi-fluid and
kinetic approaches to 3D, and some of these results are discussed below.

3 Role of Magnetic Fields and Neutral H in Determining Heliospheric Structure

Both the interplanetary and interstellar magnetic field affect the shape and position of the
HP relative to the Sun and interstellar plasma velocity vector, originally discussed by Fahr
et al. (1988), Linde et al. (1998), Pogorelov and Semenov (1997), Pogorelov and Matsuda
(2000), and Ratkiewicz et al. (1998). The interplanetary magnetic field (IMF), by virtue of
the current sheet, introduces a corresponding asymmetry inside the inner heliosheath that
also affects the shape and position of the HP (Washimi and Tanaka 1996, 2001; Linde et al.
1998; Zank 1999). The asymmetry in the HP position affects the shape of the heliospheric
TS, and the different distances at which the V1 and V2 TS crossings occurred suggests
that some asymmetry in the TS position exists (Stone et al. 2008). Prior to the V1 and
V2 crossings of the TS, Lallement et al. (2005) suggested that an asymmetry in the plasma
distribution on the interstellar side of the HP might be responsible for the deviation of the H-
atom and He-atom flows observed in the inner heliosphere by the SOHO SWAN experiment.

In an effort to more carefully identify the role of the ISMF in introducing an asym-
metric heliospheric structure, Pogorelov et al. (2004) reconsidered the ISMF coupling
with the IMF at the HP using an ideal MHD plasma model in the absence of neutral H.
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A range of different orientations of the ISMF B∞ with respect to the interstellar flow vec-
tor V∞ and the ecliptic plane was considered to determine the resulting TS and HP lo-
cation and shape. Like other related studies (Ratkiewicz et al. 1998; Opher et al. 2006;
Washimi et al. 2006), the ISMF can have a significant effect on the global structure and
symmetry of the TS and HP. However, all these studies neglect the self-consistent inclusion
of neutral H, which acts to symmetrize the heliosphere, therefore reducing the asymmet-
ric effects of the ISMF (Pogorelov et al. 2006; Pogorelov and Zank 2006; Pogorelov et al.
2007). Global models of the heliosphere that properly include neutral H have relatively small
hemispheric asymmetries compared to models that neglect neutrals, and if larger asymme-
tries are observed, then the likely cause is probably the result of a highly temporal solar
wind (Zank and Müller 2003; Washimi et al. 2007b).

The SOHO SWAN experiment observations by Lallement et al. (2005) showing a 4◦ ±1◦
deflection of the H-atom flow from the interstellar He-atom flows in the inner heliosphere
offers an interesting possible opportunity to extract some information about the strength
and orientation of the ISMF. Izmodenov et al. (2005), estimated the direction of the H-
atom flow in the inner heliosphere by analyzing statistically averaged trajectories of neutral
H atoms for a model that neglected the IMF and assumed a spherically-symmetric solar
wind. Not surprisingly, this ensured that the heliosphere was symmetric with respect to the
plane formed by B∞ and V∞ (a BV-plane). Consequently, an average neutral H trajectory
which starts at a LISM point in the BV-plane will remain in that plane. By contrast, those
trajectories that start at two points lying symmetrically above and below the BV-plane will
acquire out-of-plane velocity components oriented in the opposite directions, making the
average out-of-plane deflection zero. A better and more careful analysis by Pogorelov et al.
(2006) and Pogorelov and Zank (2006) showed that the flow of neutral H never preserves
its original unperturbed LISM orientation, even for B∞ ‖ V∞. Moreover, for models that
include the IMF, the H deflection inevitably takes place both within and perpendicular to the
BV-plane. Thus, the H deflection plane (HDP) and the BV-plane do not typically coincide.

It does not necessarily follow that the observed 4◦ ± 1◦ deflection of H-atoms from its
LISM vector implies a highly obliquely oriented ISMF. The deflection of H parallel and
perpendicular to the BV-plane can be comparable if the angle between B∞ and V∞ is not
large (Pogorelov and Zank 2006). However, to produce a 4◦ ±1◦ deflection requires a strong
ISMF (perhaps greater than 5 µG) for B∞ lying at small angles to V∞. Although not com-
monly assumed as ISMF values, such strengths should not be disregarded. The Cox and
Helenius (2003) theory for the origin of the Local Bubble suggests a strong ISMF lying
nearly parallel to the LISM velocity vector. Obviously, since magnetic pressure acts perpen-
dicularly to magnetic field lines, an increase in B∞ will not unduly affect the TS and HP
stand-off distances in the upstream LISM directions (Baranov et al. 1971; Florinski et al.
2004a). However, increasing B∞ may well yield a LISM flow speed that is either sub-fast
magnetosonic or even sub-Alfvénic. Even for this case, Florinski et al. (2004a) (2D) and
Pogorelov et al. (2006) (3D) found global heliospheric solutions that had the HP at a finite
distance from the Sun, provided interstellar neutral H was included self-consistently.

To include the self-consistent coupling of neutral H atoms and a magnetized plasma,
Pogorelov et al. (2006) extended the two-fluid and four-fluid models of Pauls et al. (1995)
and Zank et al. (1996b) to include magnetic fields in a full MHD description. As already
discussed, this is a reasonable approximation whenever we are interested primarily in the
role of the magnetic field. The 4-fluid interaction model has proved effective in modeling
3D (Pauls and Zank 1997b), magnetized but axi-symmetric (Florinski et al. 2003a), and non-
stationary aspects of the solar wind-LISM interaction (Zank 1999a; Zank and Müller 2003).
The review by Zank et al. (2008) compares purely MHD models and models that include
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neutral H self-consistently for a variety of ISMF B∞ orientations relative to the interstellar
flow vector V∞. We may anticipate, on the basis of numerous gas dynamical calculations,
that the influence of charge exchange on global heliospheric structure is likely to be stronger
than the effect of a weak ISMF.

The numerical calculations are based on a Cartesian coordinate system with origin at the
Sun. The x-axis is oriented along the Sun’s rotation axis, perpendicular to the ecliptic plane
(yz-plane), for simplicity. The z-axis belongs to the plane defined by the x-axis and V∞,
and is directed toward the LISM. The y-axis completes the coordinate system.

Here we consider two cases, the first being B∞ ⊥ V∞, and the other with B∞ in the HDP.
Consider the case of B∞ ⊥ V∞ and B∞ ⊥ 0x modeled using a two-fluid approach. Fig-

ure 3 shows the plasma density (Fig. 3a; logarithmic scale), magnetic field strength (Fig. 3b),
plasma temperature (Fig. 3c; logarithmic scale), and neutral H density (Fig. 3d) distribu-
tions. The structure of the heliosphere when neutral H is included self-consistently is sub-
stantially different from that derived from a purely MHD model. The distance to the TS
is decreased considerably and the bullet-shape, so characteristic of models (both gas dy-
namic and MHD) that exclude the neutral H, is absent. Both effects are of course due to the
deceleration of supersonic flows by the pickup process.

From the plot of the magnetic field strength (Fig. 3b), it is seen that the heliospheric
current sheet (HCS), assumed to lie in the ecliptic instead of being tilted, bends into the
lower hemisphere. As a result, some IMF lines from the upper hemisphere are carried by
the solar wind to the lower hemisphere. The IMF and ISMF vectors at the upwind section
of the HP are oriented approximately in the same direction. Further downstream, the HCS
width increases, it interacts with the (numerically diffusive) HP, and we observe ripples on
its surface. Since the IMF and ISMF are oppositely directed in the lower hemisphere, the
ripples most likely result from a combination of numerical magnetic reconnection between
the IMF and ISMF lines (see Pogorelov et al. 2004) and possibly a Kelvin-Helmholtz-type
instability of the HP, perhaps driven by neutral H (Borovikov et al. 2008b; Zank 1999d;
Florinski et al. 2003b). In particular, the temperature of the LISM protons increases due
to the energy released by reconnection. The HP is asymmetric with respect to the ecliptic
plane, and it also appears that the maximum IMF magnitude on the inner side of the HP is
about 10% greater in the upper hemisphere than in the lower, and the region of the enhanced
IMF is more extended there.

The other B∞ ⊥ V∞ example that we discus is that of B∞ tilted 60◦ to the ecliptic plane.
Figure 4 shows the distributions of the plasma density (Fig. 4a), the magnetic field strength
(Fig. 4b), the plasma density (Fig. 4c), and the population 1 neutral H (Fig. 4d) in the merid-
ional plane for the four-fluid model. Comparing two-fluid and four-fluid models (Zank et al.
1996b; Pogorelov et al. 2006) shows that the bow shock standoff distance from the HP is
larger in the four-fluid approximation, while the maximum values of the plasma density and
magnetic field are noticeably smaller. The width of the hydrogen wall is greater, while the
increase in the neutral H density is smaller. The distribution of the IMF strength is qualita-
tively similar for both four- and two-fluid models. Worth noting is an essentially 3D effect
showing an asymmetry in the population 2 hydrogen distribution with respect to the ecliptic
plane. A more detailed analysis of the distribution of quantities in the upwind direction is
presented in Figs. 9–11 of Pogorelov et al. (2006). They find that the bow shock, HP, and TS
distances to the Sun obtained with the four-fluid model are somewhat larger than those cal-
culated with the two-fluid model, with the differences consecutively decreasing (295, 137,
and 95 AU and 329, 152, and 102 AU for the two- and four-fluid models, respectively).
The TS distances to the Sun in the downwind direction are about 211 AU for both models.
This result differs significantly from that presented in the paper of Alexashov and Izmode-
nov (2005), where a two-fluid model (a one-fluid neutral model in their terminology) gave
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Fig. 3 Distributions in the meridional plane for the solar wind–LISM interaction the case of B∞ ⊥ V∞ and
B∞ ⊥ 0x in the two-fluid model approximation: (a) plasma density (logarithmic scale) in particles per cm−3,
(b) magnetic field strength in µG, (c) plasma temperature (logarithmic scale) in K, and (d) neutral H density
in particles per cm−3. B∞ = 1.5 µG. The distance along both axes is measured in AU, centered on the Sun
(the origin). (Pogorelov et al. 2006)

a difference in the TS downwind locations greater than 50% of that in the kinetic model.
A possible reason might be their somewhat different treatment of the secondary hydrogen
atoms. Although both models take into account momentum loading of the solar wind plasma
properly, Alexashov and Izmodenov (2005) neglect only the secondary hydrogen atoms that
originate in the supersonic solar wind, whereas our model neglects them everywhere in the
solar wind and heliosheath. This may be a possible reason why the one-, two-, and three-
fluid hydrogen models of Alexashov and Izmodenov (2005) give results so different from
those in the four-fluid model. The discrepancy is smaller if our approach is applied. On
the other hand, discrepancies between different multi-fluid models may potentially increase
with increasing number density of interstellar H atoms.

Figure 5 shows the distributions of the magnetic field magnitude Btot (solid lines) and the
Cartesian components Bx (dashed lines), By (dot-dashed lines), and Bz (double-dot-dashed
lines) of the magnetic field vector in the meridional plane for lines of sight slightly above
(left) and slightly below the ecliptic plane (right). Thicker lines correspond to a two-fluid



310 G.P. Zank et al.

Fig. 4 Distributions in the meridional plane for the solar wind–LISM interaction for the case of B∞ ⊥ V∞
and tilted 60◦ to the solar ecliptic plane in the four-fluid model approximation: (a) plasma density (logarithmic
scale) in particles per cm−3, (b) magnetic field strength in µG, (c) plasma temperature (logarithmic scale) in
K, and (d) neutral H density in particles per cm−3. B∞ = 1.5 µG. The distance along both axes is measured
in AU, centered on the Sun (the origin). (Pogorelov et al. 2006)

model. A decrease in the magnetic field strength occurs when the line of sight intersects
the HCS. The distribution of the magnetic field is asymmetric with respect to the ecliptic
plane, which may well lead to related asymmetries in the cosmic-ray modulation in opposite
hemispheres.

On the basis of a kinematic magnetic field model, Zank (1999) suggested the possibility
that the IMF may cross the TS multiple times. Jokipii and Giacalone (2004), Jokipii et al.
(2004), and Stone et al. (2005) have suggested this as an explanation for the V1 observations
of several month-long increases in energetic particle fluxes in late 2002–2003. Since the
shape of the TS does not coincide with the shape of the Parker spiral magnetic field in
the upwind region, it is therefore possible (Zank 1999; McDonald et al. 2003) that some
IMF lines can reappear in the upstream solar wind region after crossing the TS from the
downstream side. This possibility was analyzed carefully by Pogorelov et al. (2006) using
their self-consistent 3D IMF distribution, finding that this is indeed the case. It was shown
that the self-consistent inclusion of neutral H ensures that V2 could not be directly connected
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Fig. 5 (Left) Distributions of the magnetic field magnitude (solid lines), Bx (dotted lines), By (dot-dashed
lines), and Bz (double-dot-dashed lines) components of the magnetic field vector in the meridional plane
along a line of sight slightly above the ecliptic plane (in µG as a function of AU). (Right) Corresponding
distributions in the meridional plane along a line of sight slightly below the ecliptic plane. The two-fluid
results are shown by thick lines. (Pogorelov et al. 2006)

magnetically to the TS if the radial separation between V2 and the TS was greater than 3
AU, even for B∞ as large as 3 µG (Pogorelov et al. 2007).

A critical observational result was the measurement of the deflection of H atoms from
the interstellar He trajectory by Lallement et al. (2005). Pogorelov et al. (2008c), building
on earlier studies by Heerikhuisen et al. (2006, 2007) and Pogorelov et al. (2008a), used
a fully time-dependent 3D MHD-kinetic model to consider the effect of B∞ lying in the
HDP. This code incorporates both solar wind and LISM magnetic fields, and couples an
MHD code self-consistently to a time-dependent 3D Monte-Carlo code that determines the
kinetic distribution of neutral H. The LISM plasma velocity, temperature and density for
their simulations are assumed to be B∞ = 26.4 km s−1, T∞ = 6527 K, and n∞ = 0.06 cm−3,
respectively, and the density of neutral H is nH∞ = 0.15 cm−3. The solar wind is assumed
to be spherically symmetric with the following parameters at 1 AU: VE = 450 km s−1, TE =
51,100 K, and nE = 7.4 cm−3. The magnitude of the ISMF vector is B∞ = 3 µG. The
radial component of the IMF at 1 AU is set to 37.5 µG, and we assume a Parker spiral
at 1 AU. For convenience and to allow for easy visualization of the various planes and
symmetries, we plot the coordinate system in Fig. 6. The direction of the LISM velocity
is aligned with the vector lHe = (−0.087156,0,−0.9962). The HDP is defined by lHe and
the vector lH = (−0.1511,−0.04049,−0.9877) corresponding to the direction that LISM
neutral H enters the inner heliosheath determined observationally by Lallement et al. (2005).
We assume that B∞ is aligned with the vector lB = (−0.5,−0.2678,−0.82356). Thus, B∞
belongs to the observed HDP and is directed into the southern hemisphere at an angle of
∼ 30◦ to the ecliptic plane. This direction gave one of the largest V1–V2 asymmetries of the
TS in the two-fluid calculations of Pogorelov et al. (2007). In fact, B∞ in the plane tilted at
60◦ to the ecliptic plane is very close to the observed HDP (Pogorelov et al. 2007, 2006).

Figure 7 shows the distribution of the plasma temperature in the V1–V2 plane, illustrating
that, in agreement with the two-fluid calculations of Pogorelov et al. (2007), the asymmetry
of the TS is minor. Both two-fluid and multi-fluid models show that the asymmetry of the TS
is rather small, unlike the ideal MHD calculations of Opher et al. (2006) where the absence
of neutral H exaggerates the asymmetry. In Fig. 8, we show the distributions of the proton
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Fig. 6 Frontal view of the HP, HDP, Galactic plane, and V1 and V2 trajectories. Blue and red colors on the
surface of the HP correspond to BR < 0 and BR > 0, respectively. The planes are colored according to the
plasma temperature (K) distributions. The HP is clearly asymmetric with respect to the BV -plane. The axes
are in AU, measured from the Sun (the origin). (Pogorelov et al. 2008b)

temperature along sight lines in the direction of V1 (solid black lines) and V2 (solid red
lines). For the sake of comparison, Pogorelov et al. (2006) also use dashed lines to show the
same distributions obtained with a five-fluid model.1 In Fig. 9, we compare radial profiles
of the plasma density and magnetic field magnitudes obtained using a five-fluid and MHD-
kinetic model respectively (Pogorelov et al. 2008a, 2008). The colored lines correspond to
the directions φ = 180◦, θ = 35◦ (black), φ = 0◦, θ = 0◦ (red), φ = 0◦, θ = 90◦ (green),
and φ = 0◦, φ = 180◦ (purple). The angles φ and θ are measured from the x-axis in the xy-
plane and from the z-axis, respectively. Clearly, the results obtained from these two different
models are in a excellent qualitative and even quantitative agreement.

An interesting result to emerge from this simulation is that the kinetic treatment of charge
exchange leads to the disappearance of the bow shock, which is essential in an equivalent
ideal MHD model. The disappearance of the bow shock is a direct consequence of the sec-
ondary charge exchange of hot neutral H created in the inner heliosheath in the LISM. Hot
neutral H created in the inner heliosheath has high thermal velocities, so these particles
move easily into the LISM upstream of the bow shock. The subsequent secondary charge

1The five-fluid model extends the original multi-fluid model of Zank et al. (1996d) by using the ideal MHD
equations to model the flow of protons and four (instead of three) coupled sets of Euler equations to simulate
the flow of separate neutral H fluids. These consist of the parent LISM neutrals (population 1a) and those
born in the outer heliosheath (population 1b), inner heliosheath (population 2), and supersonic solar wind
(population 3).
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Fig. 7 Plasma temperature (K) distribution in the V1–V2 plane. The straight lines show the V1 and V2
trajectories and the axes are plotted in AU. (Pogorelov et al. 2008a)

exchange leads to anomalous heating of the LISM plasma ahead of the HP and the bow
shock, which increases the sound speed and thus reduces the interstellar flow Mach number
(to the point that the flow becomes subsonic!).

The symmetrizing effect of charge exchange in the presence of an ISMF is easily un-
derstood. For the chosen solar wind and LISM parameters, neglecting the neutral particles
results in the HP rotating so that the nose is shifted to the south while the tail is shifted
to the north (Pogorelov et al. 2007). As a result, the stagnation point of the LISM plasma
on the HP moves above the ecliptic plane. This creates an asymmetric distribution of the
LISM plasma in the outer heliosheath, which results in enhanced charge exchange in this re-
gion. Charge exchange created pickup ions exert additional pressure, which acts to decrease
the asymmetry of the HP by counterbalancing the ISMF pressure. A similar mechanism
works on the solar wind side of the HP. Pogorelov et al. (2008a) find that the TS is closer to
the Sun by only about 3 AU in the V2 direction than the V1 direction in their MHD-kinetic
simulation—see Fig. 8. The steady-state asymmetry is far too small to explain a V2 crossing
of the TS at a distance to the Sun closer by 10 AU than V1. Instead, it is likely that tempo-
ral variations in the solar wind ram pressure modify the TS location significantly (Scherer
and Fahr 2003; Zank and Müller 2003; Borrmann and Fichtner 2005; Pogorelov et al. 2007;
Washimi et al. 2007a, 2007b), offsetting the effect of the ISMF pressure.

The MHD-neutral analysis of Pogorelov et al. (2007) shows that east-west asymmetry
of the TS due to the ISMF in the observed HDP is also insufficiently large to allow V2 to
be directly (by less than a full winding of the IMF spiral) connected to the TS at distances
larger than about 3 AU ahead of the TS. Energetic protons with energies less than 7 MeV
cannot stream along a field line from the TS to V2 directly.
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Fig. 8 Distribution of plasma
temperature (K) in the V1 (black
lines) and V2 (red lines)
directions. The results shown
with solid and dashed lines were
obtained using an MHD-kinetic
and a five-fluid model
respectively. (Pogorelov et al.
2008a)

Experience shows that a larger component of B∞ parallel to the ecliptic plane increases
the TS asymmetry. This may result, however, in an H flow deflection greater than that ob-
served in the SOHO SWAN experiment since the two effects are mutually related. To quan-
tify the effect of the neutral H flow deflection, Pogorelov et al. (2008a) used their kinetic
neutral-atom code to collect statistics on the H-atom velocity distribution in the solar wind.
They recorded the deflection from V∞ of all H-atoms within a 45◦ cone about V∞ out to 80
AU, both in the BV -plane and perpendicular to it, thus creating a two dimensional distrib-
ution of deflections. In Fig. 10, we show the primary (population 1a) LISM H-atoms (left
panel), secondary (population 1b) H-atoms (middle panel), and the total (weighted) distribu-
tion (right panel) in the plane perpendicular to V∞. Although the primary LISM distribution
is initially Maxwellian, its interaction with the heliosphere results in a distribution of deflec-
tions that is obviously not isotropic. This is because charge-exchange losses preferentially
cull a particular part of the distribution due to asymmetric plasma flow and the dependence
of the charge-exchange rate on the relative plasma flow speed. Secondary H-atoms, and thus
the combined distribution, are clearly not isotropic, and the mean of the distribution does not
coincide with its center, making it more difficult to quantify the overall deflection. We find
that the average deflection of primary neutrals is about 1.8◦ in the BV -plane and −0.18◦
perpendicular to this plane. For secondary neutrals, the corresponding values are 4.7◦ and
0.15◦, and for the combined population these are 3.8◦ and 0.05◦. The peaks of the distri-
butions are not at these locations; and instead, the primary population shows a peak close
to zero deflection, and the most common deflection of the secondary neutrals is around 7◦
in the BV -plane and 1◦ out of it. For this particular example, the average deflection takes
place almost entirely in the BV -plane. Thus, the actual angle between the BV -plane and
the HDP is determined by the accuracy in measuring the H-flow direction by the SOHO
SWAN experiment, which is to within 1◦. Although Pogorelov et al. (2008a) assume that
the BV -plane is parallel to the average HDP, an additional deflection of the order of ±1◦
perpendicular to the average HDP cannot be excluded. This gives us an estimate for the an-
gle between the HDP and BV -plane as arctan(tan 1◦/ tan 4◦) = 15◦ (Pogorelov et al. 2007).
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Fig. 9 Distribution of (a) plasma
number density (in cm−3) and
(b) magnetic field magnitude (in
µG) along the directions
φ = 180◦ , θ = 35◦ (black lines),
φ = 0◦, θ = 0◦ (red lines),
φ = 0◦, θ = 90◦ (green lines),
and φ = 0◦ , φ = 180◦ (purple
lines). The results shown with
solid and dashed lines correspond
to an MHD-kinetic and a
five-fluid model, respectively.
(Pogorelov et al. 2008)

The effect of a stronger IMF was discussed by Pogorelov et al. (2008c), who found that
B∞ ∼ 7 µG can increase the TS asymmetry to 8 AU.

In summary, MHD-only models that neglect the self-consistent inclusion of neutrals at
either a multi-fluid or kinetic level cannot adequately describe global heliospheric structure,
and the ideal MHD models of Pogorelov et al. (2004) and Opher et al. (2006) are inappropri-
ate in this context. The Opher et al. model, to arrive at some quantitative results, uniformly
scales the ideal MHD solution to the known distance of the TS crossing by V1, but as we
have shown explicitly above for both gas dynamic and MHD models, the TS heliocentric
distance can be 1.5 times larger when neutral particles are neglected, even for identical SW
and LISM conditions (Zank 1999).
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Fig. 10 Two-dimensional distribution of H-atom deflections (measured in degrees) from V∞ in the plane
perpendicular to the LISM BV -plane (the interstellar perspective), showing (left) primary interstellar
H-atoms, (middle) secondary H atoms (i.e., the last charge-exchange occurred in the outer heliosheath), and
(right) the combined distribution. The normal is determined by the vector product rH × rHe . The darkest red
color corresponds to a particle count twice larger than that of the darkest blue color. (Pogorelov et al. 2008)

4 Termination Shock (TS) Response to Interplanetary Disturbances

Recent 3D MHD simulations by Washimi et al. (2007a, 2007b) confirmed that solar-wind
ram-pressure variability contributed to the variability in RT S , the distance of the TS from
the Sun. The heliopause too responds to supersonic solar wind disturbances, although with
a delay corresponding to the transit-time of transmitted disturbances in the heliosheath
(Karmesin et al. 1995; Zank and Müller 2003). The variability of the solar wind therefore
plays an important role in the global heliospheric dynamics. Washimi et al. (2007b) discuss
the response of RT S to solar wind ram-pressure changes. They initially consider a station-
ary heliosphere assuming fixed inner (solar wind) and outer boundary (ISM) conditions,
and then analyze the heliosheath response by generating simplified solar-wind ram-pressure
pulses in the supersonic solar wind. This simplified simulation reveals the considerable ef-
fect on RT S by large amplitude incident, transmitted, and reflected heliosheath disturbances.
A realistic and time-varying inner boundary using V2 plasma data is then incorporated in
their 3D MHD simulation, which yields a temporal RT S . By using the most current V2 data,
Washimi et al. (2007b) somewhat boldly attempted to forecast the future TS position after
making some reasonable assumptions about the overall solar wind ram-pressure for the next
year. In part, a plausible forecast can be made because of the long transit time and response
time of the global heliosphere to short timescale supersonic solar wind disturbances. The
Washimi et al. (2007b) model did not include neutral H self-consistently but this is now
done in a multi-fluid framework in their most recent (but unpublished) models.

Washimi et al. (2007a, 2007b) begin with a stationary global 3D MHD heliosphere. At
the inner boundary of the initially stationary global 3D heliosphere, Washimi et al. (2007b)
assign a set of standard values at 1 AU, i.e., density 5/cc, velocity 400 km/s (the ram-pressure
of the standard set is Pram,0 = 1.3 × 109 Pa at 1 AU), and toroidal magnetic field of 2.8 nT.
The solar magnetic moment is assumed to be non-tilted, so that the toroidal magnetic field
intensity on the inner boundary has a sin θ -dependence and its polarity reverses from north-
ern to southern hemispheres, where θ is the colatitude measured from the solar-rotation
axis z. The LISM flow speed relative to the Sun is 26.3 km/s along the x-axis, and pro-
ton density is 0.105/cc. As discussed already at length above, Washimi et al. assume that
the ISMF is in the HDP (Lallement et al. 2005) has an intensity of 0.24 nT and compo-
nents B = (0.163,−0.100,−0.145) nT. The LISM temperature is 104 K. Under these con-
ditions, RT S of the stationary heliosphere along the Sun–V1 line is RT S,0 = 86 AU. To ob-
tain a reasonably realistic and time-varying heliosphere, Washimi et al. (2007a, 2007b) used
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Fig. 11 Stacked space–time plots showing the propagation of the thermal pressure in the heliosheath and
beyond when the solar wind ram-pressure steps increases abruptly from Pram,0 to 1.5 × Pram,0 at year 0.
The arrows labeled (a), and (b), denote the forward and reflected thermal pressure pulses, and (c) and (d)
the transmitted and convected pulses, respectively. The movement of the TS in response to both the incident
and reflected pressure pulses is evident, as is the gradual relaxation of the TS to a new steady-state location
because of the now higher (constant) solar wind ram pressure. (Washimi et al. 2007b)

V2 observed daily averaged solar wind velocity and density during the period 2001.9.10–
2007.3.24 as their inner boundary condition. Under these conditions Washimi et al. (2007b)
use an iterative method of simulation to determine a LISM density of 0.1107/cc that yields
a V1-crossing at the observed time with an error of ≈ 10 days. Consequently, they adopt
this parameter in their analysis. This of course does not correspond necessarily to a precise
LISM number density but is a device to ensure that the TS location corresponds to the V1
data point, and is a method to mimic the presence of H atoms. Note that the magnetic field
orientation is the same as used in Opher et al. (2006), whose plasma parameters result in a
relatively large north–south (N–S) asymmetry. However, as already noted, the self-consistent
inclusion of neutral H in the simulations strongly reduces the asymmetry, and Washimi et
al. (2007b) are therefore extending their model to properly include interstellar atoms on the
basis of a multi-fluid model (Zank et al. 1996d).

In this subsection, all analyzed quantities of the 3D Washimi et al. simulations are mea-
sured along the Sun–V1 or Sun–V2 line.

Starting from a stationary heliosphere, Washimi et al. (2007b) consider the response of
the TS to discrete disturbances such as the solar wind ram-pressure changing step-wise from
Pram,0 to 1.5Pram,0. Figure 11 shows explicitly how and why the TS oscillates in location.
A disturbance incident on shock must emit a series of waves and convected structures such
that the shock satisfies the evolutionary conditions (e.g., McKenzie and Westphal 1968). For
the case considered here, this is a fast mode wave and a convected entropy-vorticity wave.
The emitted wave propagates to the HP at the magneto-acoustic speed Ca ≈ 524 km/s, where
it is partially reflected (the heliosheath is subsonic) and transmitted at the HP. The reflected
wave propagates back to the TS at a speed Cb ≈ 210 km/s. When the HP reflected pulse
strikes the TS, the outward motion of the TS is reduced and RT S begins to decrease. An
increase in the magnetic pressure accompanies the thermal-pressure pulse. The reflected
thermal-pressure pulse plays a surprisingly important role in determining the change of RT S ,
being the reason that RT S decreases continually for nearly a year even though the overall ram
pressure of the solar wind increased. This effect is a consequence of both the propagation of
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Fig. 12 TS position along the Sun–V1 (blue, labeled V1-TS) and Sun–V2 (pink, labeled V2-TS) directions
based on V2 plasma data from 2001.9.10–2007.8.14 (dashed vertical line), together with forecasts for a year
after the available V2 plasma data under the assumption that the solar wind ram-pressure is 1.0 (orange),
1.25 (brown), and 1.5 (green) ×Pram,0. Note that the TS positions below the V2 line during the forecasting
period are not shown. (Washimi et al. 2007b)

the pulse and the reflections at the HP occurring across the whole TS surface. The same is
true for the initial increase in RT S because of the solar wind ram-pressure pulse, which also
continues for about a year.

Beyond the HP, the transmitted pulse, identified by (c) in Fig. 11, propagates in the inter-
stellar medium at a speed of about 30 km/s. This pulse continues to propagate in the outer
heliosheath and will eventually reach the bow shock (BS) (Zank and Müller 2003). In prin-
ciple, the bow chock will partially reflect the incident wave which could travel back to the
HP and further to the TS, affecting the TS position at several tens of years later. However,
the damping of waves in the heliosheath makes this unlikely to be an important factor in
determining TS and HP location. Another interesting result in Fig. 11 is the formation of
a pulse structure at the HP, which splits into 2 humps after ≈ 2 years when the convection
pulse arrives at the HP. Because the convection entropy-vorticity modes cannot be transmit-
ted through the HP, these structures accumulate at the HP until, in principle, a steady-state
is achieved with an adjusted thermal pressure/magnetic pressure jump across the HP.

A small but finite convection pulse, identified by (d) in Fig. 11, also propagates in the
heliosheath. Because the shocked solar wind flow direction in the heliosheath is not radial
but is bent poleward, disturbances driven at the TS in lower latitudes are convected to higher
latitudes. Consequently, these disturbances cross the sun-V1 line. This speed vd in Fig. 11
is 130 km/s near the TS and ≈ 14 km/s or less near the HP.

Figure 12 shows the simulated time-varying TS position along the Sun–V1 (blue) and
Sun–V2 (pink) trajectories. RT S changes from 84 AU to ≈ 100 AU during the simulation
period along the Sun–V1 line. The rapid increases of RT S are due to collisions of ram-
pressure pulses with the TS (Washimi et al. 2007a, 2007b). The time-varying TS location
along the Sun–V1 line is almost parallel to the V1 trajectory before the V1 crossing. At
the end of a series of ram-pressure pulses in October 2004, RT S began to decrease, and V1
crossed the TS in late 2004. RT S continued to decrease rapidly, reaching 84 AU near the end
of 2005. This small value of RT S is due to the overshoot discussed above. A maximum in the
incoming speed of the TS occurs around 2005.15, and is ≈ 300 km/s, which is almost the



Physics of the Solar Wind–Local Interstellar Medium Interaction 319

same as speed as the outgoing solar wind. This suggests that the reflected thermal-pressure
pulses, which were driven by the series of the strong ram-pressure pulses prior to the V1
crossing, were anomalously strong. After October 2005, the TS started to move out again.
At the beginning of this phase, the subsequent increase is rather gradual due to the gradual
increase in ram-pressure of the solar wind: these times correspond to solar-minimum when
the ram-pressure is relatively high. The increase in RT S is punctuated by a rapid outward
acceleration associated with the March 2006 event (Richardson et al. 2006), and RT S reaches
a maximum of about 96 AU by the middle of February 2007, then begins to decrease to
90 AU in response to solar wind conditions measured by the most recently available (14
August, 2007) V2 plasma data used in their analysis. Due to the N–S asymmetry of the
heliosphere, RT S along the Sun–V2 trajectory is generally less than that along the Sun–V1
line, but the asymmetry is relatively small (≈ 3–6 AU most of the time) and variations in
RT S are dominated by temporal solar wind effects. RT S along the Sun–V2 trajectory shows
very similar changes when compared to those occurring along the Sun–V1 line. Because
the simulation did not include the effects of the neutral interstellar gas, the N–S asymmetry
in the Washimi et al. (2007b) simulation is probably overestimated. However, for this low
ram-pressure case, RT S along the Sun–V1 line is virtually the same as that along the Sun–V2
trajectory, as illustrated in Fig. 12.

Just before the end of the V2 plasma data, RT S in Fig. 12 begins to decrease. In view of
our remarks above concerning reflected heliospheric pulses, this decrease indicated that the
TS was moving inward again because of the reflected thermal-pressure pulse associated with
the March 2006 event. To quantify this effect, Washimi et al. (2007b) extended the simula-
tion. Because the RT S decrease will continue for at least a year, Washimi et al. forecast the
TS location for a year, assuming that the solar wind ram-pressure can take 3 different values,
viz., 1.0, 1.25, and 1.5 ×Pram,0. As shown in Fig. 12, RT S continued to decrease sharply for
all assumed solar wind ram-pressure cases, and RT S was a minimum from October 2007
to March 2008, depending on the assumed ram pressure. The Washimi et al. (2007b) sim-
ulations suggested that if the solar wind ram-pressure was 1.0 or 1.25 × Pram,0, a V2-TS
crossing would occur in October or November 2007. Rather remarkably, the crossing of the
V2 occurred several times between 30 August and 1 September 2007 (Stone et al. 2008;
Burlaga et al. 2008; Richardson et al. 2008), which was within a month of the predicted
crossing by Washimi et al. (2007b).

A simple nose-cone-type of outer heliospheric model of the kind used by Washimi et
al. (2007a, 2007b) will be asymmetric or modified by several possible effects. The ideal
MHD simulation of Washimi et al. (2007b) introduces a N-S asymmetry by taking into
account the possibility of an obliquely oriented ISMF that is consistent with the HDP
observations (Lallement et al. 2005). The response of the TS to the returned pulse re-
flected at the HP was included properly in the simulations. However, there should cer-
tainly be additional effects such as the coupling of neutral H atoms to the plasma, possi-
ble anisotropy of the solar wind, and nonlinear magnetic field effects that will contribute
to the asymmetry (or absence) of the heliosphere. Besides contributing to the basic sym-
metrization of the heliosphere, as discussed already, neutral H will introduce slightly dif-
ferent propagation characteristics into both the transmitted waves and shocks in the he-
liosheath as well as the HP reflected pulses. The solar wind ram pressure anisotropy
during solar minimum observed by Ulysses (Phillips et al. 1995; McComas et al. 1999,
2000) will introduce a latitudinal asymmetry in the TS position (Pauls and Zank 1996;
Tanaka and Washimi 1999). However, the latitudinal asymmetry is offset somewhat by the
presence of neutral H since, as shown by Pauls and Zank (1997a, 1997b), the smaller filtra-
tion at higher latitudes results in a greater deceleration of the high latitude solar wind flow
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Fig. 13 Velocity distributions of ENA’s at three locations along the axis defined by the LISM flow vector
with the Sun at the origin: −400 AU in the heliotail (left), 180 AU upstream in the hydrogen wall (middle),
600 AU in the nearby LISM (right). The black line is for ENA’s obtained from a Maxwellian distribution
of heliosheath ions (the parent population of ENA’s), and the gray line is from a κ = 1.63 distribution for
heliosheath protons in the same steady-state configuration. For small κ fewer medium energy ENA’s are
present, but more result at low and high energies, which is consistent with the distributions shown in Fig. 1.
(Heerikhuisen et al. 2008a)

and an overall isotropization of the solar wind ram pressure throughout the heliosphere.
Tanaka and Washimi (1999) also suggested a “dipped” heliospheric structure around the
equator which could result in an earlier crossing for V2 than V1, even within a purely MHD
model. Thus, additional effects that might modify the predicted V2 crossing distance and
time by Washimi et al. (2007b) include both the effect of a time-delay due to neutral parti-
cles modifying propagation speeds and the effects of an anisotropic solar wind ram pressure
and/or nonlinear magnetic field effects. Nonetheless, the ideal MHD-only forecast of the TS
crossing by V2 was remarkably accurate, with the predicted crossing time only in error from
that observed by a few months.

A more elaborate multi-fluid model that includes neutral H self-consistently is under
development Washimi et al. (2007b).

5 Energetic Neutral Atoms (ENAs)

The use of an isotropic κ-distribution (10) (Fig. 1) to describe the heliospheric plasma has
important implications for both the global structure of the heliosphere and the properties
and characteristics of the ENA distributions. Heerikhuisen et al. (2008a) discuss the effects
of κ-distributed neutral atoms originating from the heliosheath on the global heliosphere-
interstellar medium structure, and compute ENA spectra and skymaps. Figure 13 shows
the velocity distribution of heliosheath hydrogen at various locations along the LISM flow
vector. It is clear from this figure that for a κ = 1.63 distribution, significantly more H-atoms
with energies above 1 keV result than for a Maxwellian ion population in the heliosheath.
It is also important to note that ENAs in the heliotail (left plot) show a clear power-law tail
(∼ v−5), mirroring the plasma, when a κ-distribution is assumed for heliosheath protons.
These tails persist even outside the heliosphere (middle and right plots) for energies above
1 keV.

Figure 14 compares plasma density and temperature along radial lines in the nose, polar
and tail directions for the Maxwellian and equilibrated κ = 1.63 heliosheath cases. Sec-
ondary charge-exchange of neutrals created in the hot heliosheath was identified by Zank et
al. (1996b) as a critical mechanism for the anomalous transport of energy from the shocked
solar wind to the shocked and unshocked LISM. In particular, the upwind region abutting
the HP experiences considerable heating as a result of secondary charge-exchange of hot
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Fig. 14 Radial profiles of effective plasma temperature (left) and density (right) in the nose, polar (i.e. in the
meridional plane), and tail directions. The solid line represents the values obtained by using a Maxwellian
distribution function for the proton distribution. The dashed line is obtained by assuming that the proton
distribution in the supersonic and subsonic solar wind can be described as an isotropic κ-distribution with
κ = 1.63. (Heerikhuisen et al. 2008a)

(∼ 106 K) neutrals with the cold LISM protons. The efficiency of this mechanism of anom-
alous heat transfer is increased with a κ-distribution in the inner heliosheath, resulting simul-
taneously in a shrinking of the inner heliosheath and an expansion of the outer heliosheath.
The inner heliosheath plasma temperature (defined in terms of pressure) remains unchanged,
because the Maxwellian and κ-distributions have the same second moment. Heerikhuisen et
al. find that the TS moves out by about 4 AU in the nose direction, and the HP moves inward
by about 9 AU. The bow shock stand-off distance increases by 25 AU, and the shock itself is
weakened by the additional heating of the LISM plasma by fast neutrals from the solar wind.
For the anticipated crossing of the HP by the V1 and V2 spacecraft, it is important to note
that the inner heliosheath thickness shrinks from 56 AU (Maxwellian plasma distribution
based description) to 44 AU (κ plasma distribution), a reduction of nearly 20%. This would
reduce the expected V1 crossing time by as much as 3 years.

The filtration rate of hydrogen changes at the HP for a Maxwellian compared to a κ-
distribution based model. For the Maxwellian case, the hydrogen density at the TS is about
63% of the interstellar value, whereas the density drops slightly to 60% for the κ-distribution
model.

Figure 15 shows three energy spectra for ENA’s originating from the nose, tail and polar
directions. To obtain these spectra, Heerikhuisen et al. divide the flux measured at 1 AU by
the survival probability for each energy band to undo the ionization losses. For the three
directions considered, the energy spectrum tends toward the value of -κ above about 1 keV.
This result shows that the IBEX data, in spite of being line-of-sight integrated, should be
able to determine the spectral slope of the heliosheath protons in the 0.01–6 keV range.
Figure 15 also shows that the spectra in the three directions considered have very similar
properties. This will not necessarily be true for the real heliosphere, where the post-shock
solar wind may develop different high energy tails in different directions. The dotted line
(labeled “nose2”) is for a spectrum in the nose direction obtained using 32 energy bins
(compared to about 10 non-overlapping IBEX bins). The agreement between this curve and
the green markers shows that, for κ = 1.63 at least, the number of IBEX bins is sufficient to
reproduce the spectrum.
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Fig. 15 ENA energy spectra as observed at 1 AU along various lines of sight. The squares and diamonds
represent data using approximate IBEX energy bins obtained by dividing the IBEX-lo and IBEX-hi energy
ranges (0.01–2.0 keV and 0.3–6 keV) into 8 and 6 equal bins on a logarithmic scale (see also Prested et al.
2007). The dotted line was obtained using narrower bins (32 total), and demonstrates that the IBEX bin widths
are sufficiently narrow to maintain accuracy. The dashed line has a slope of -κ , which represents the plasma
spectrum at a particular point, and appears reasonably well reproduced along the lines of sight considered.
(Heerikhuisen et al. 2008a)

Fig. 16 All-sky maps of ENA flux at 1 AU, in units of (cm2 Sr keV sec)−1, generated in the inner he-
liosheath through charge-exchange between an interstellar neutral atom and a heliosheath proton drawn from
a κ-distribution with κ = 1.63. The direction of the interstellar flow is at the center of the plot, with the poles
top and bottom, and the heliotail on the far sides. Contour lines have been drawn at 15◦ intervals. Maps
are generated by binning ENAs, which intersect the 1 AU sphere on radially inward trajectories. The maps
from top left to bottom right correspond to the following energies and bin-widths (in eV): 10 ± 2, 50 ± 10,
200 ± 20, 1000 ± 100, 2400 ± 200, and 6000 ± 400. (Heerikhuisen et al. 2008a)

Heerikhuisen et al. (2007) used a steady-state heliosphere to compute all-sky ENA maps.
They follow the same procedure for a κ-distribution based model, obtaining ENA’s up to
several keV in energy. Figure 16 shows all-sky ENA maps obtained from their steady-state
solution with a κ distribution for heliosheath protons. The top right plot shows the ENA map
for 200 eV, which can be compared with their previous work (Heerikhuisen et al. 2007),
where they did not self-consistently couple the plasma and kinetic neutral atoms, and as-
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sumed a Maxwellian proton distribution. In the case of a κ-distribution, the ENA flux at
200 eV is two to three times smaller than for the Maxwellian case because more protons are
found in the wings of the distribution for a κ-distribution. The decrease of medium energy
(100s of eV) ENAs is compensated by an increased ENA flux above 1 keV, and Heerikhuisen
et al. (2008a) find a count rate of about 3 atoms per (cm2 sr s keV) at 6 keV.

Heerikhuisen et al. (2008a) assumed “solar minimum” conditions, with clearly defined
high speed wind originating at the poles. The high speed wind creates hotter heliosheath
plasma, which in turn increases the energy of ENAs generated in the subsonic polar solar
wind. The all-sky maps of Fig. 16 show that at energies above about 1 keV, these streams
of hot solar wind dominate the ENA flux, while at lower energies the central tail region is
the major source of ENAs. Figure 16 compares skymaps at different energies, showing that
the qualitative properties do not vary widely over the IBEX energy range. This contrasts
sharply with the results for a Maxwellian heliosheath (Heerikhuisen et al. 2007), where
more flux generally come from the tail than the nose at low energies, and the reverse at high
energies. This is easily understood from the fewer particles that are found in the wings of the
Maxwellian distribution, compared to the much broader κ-distribution. Thus, the relatively
cool plasma in the distant heliotail can still be a significant source of high energy ENAs, if
we assume it has a κ-distribution.
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