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Chapter 2
THE HELIOSPHERIC INTERFACE: MODELS
AND OBSERVATIONS
Vladislav V. Izmodenov
Moscow State University, Faculty of Mechanics and Matematics
Department of Aeromechanics and Gas Dynamics
izmod@ipmnet.ru

Abstract

The Sun is moving through a warm (∼6500 K) and partly ionized local
interstellar cloud (LIC) with velocity ∼26 km/s. The charged component of the interstellar medium interacts with the solar wind (SW),
forming the heliospheric interface - the SW/LIC interaction region.
Both the solar wind and interstellar gas have a multi-component nature that creates a complex behavior in the interaction region. The
current state of art in the modeling of the heliospheric interface is reviewed in this paper. Modern models of the interface take into account
the solar wind and interstellar plasma components (protons, electrons,
pickup ions, interstellar helium ions, and solar wind alpha particles), the
interstellar neutral component (H atoms), interstellar and heliospheric
magnetic ﬁelds, galactic and anomalous cosmic rays, and latitudinal and
solar cycle variations of the solar wind. Predictions of self-consistent,
time-dependent, kinetic/gasdynamic modeling of the heliospheric interface are compared with available remote diagnostics of the heliospheric
interface - backscattered solar Lyman-alpha radiation, pickup ions, the
deceleration of the solar wind at large heliocentric distances measured
by Voyager 2, heliospheric absorption of stellar light, anomalous cosmic
rays (ACRs), and heliospheric neutral atoms (ENAs).

Keywords: Solar Wind, Local Interstellar Cloud, Interstellar H atoms, Termination
Shock

1.

Introduction

The structure of the outer heliosphere and heliospheric boundary is
determined by the interaction of the solar wind with the interstellar
neighborhood of the Sun - the Local Interstellar Cloud (LIC). There is no
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doubt that the LIC is partly ionized and that the charged component of
the LIC interacts with solar wind plasma. The interaction region, which
is often called the heliospheric interface, is formed in this interaction
(Figure 1). The heliospheric interface is a complex structure, where
the solar wind and interstellar plasma, interplanetary and interstellar
magnetic ﬁelds, interstellar atoms of hydrogen, galactic and anomalous
cosmic rays (GCRs and ACRs) and pickup ions play roles.
Although a space mission into the Local Interstellar Cloud is becoming
now more realizable and Voyager 1 is approaching the inner boundary
of the heliospheric interface – the termination shock, there are as yet no
direct observations inside the heliospheric interface. Therefore, at the
present time the heliospheric interface structure and local interstellar parameters can only be explored with remote and indirect measurements.
Currently, the major sources of information on the heliospheric interface structure and position of the termination shock are following: 1)
direct measurements of interstellar pickup ions, which are interstellar
atoms ionized by charge exchange and photoionization and measured by
Ulysses and ACE spacecraft; 2) anomalous cosmic rays, which are those
pickup ions that are accelerated to high energies and measured by Voyagers, Pioneers, Ulysses, ACE, SAMPEX and Wind; 3) backscattered
(by interstellar atoms of hydrogen) solar Lyman-α radiation measured
at 1 AU by SOHO and Hubble Space Telescope (HST) and in the outer
heliosphere by Voyager and Pioneer spacecraft; 4) direct measurements
of the solar wind at large heliocentric distances by Voyager 2 spacecraft.
In addition, kHz emission detected on board of Voyagers can provide
other constraints (Cairns, this volume). Recently, it was shown that
study of Ly-α absorptions toward nearby stars can serve as remote diagnostics of similar interfaces and, in particular, the hydrogen wall around
heliopause-equivalents (see, Linsky and Wood, 1996; Wood et al., 2000;
Izmodenov et al., 1999a, 2002; Linsky, this volume). First detections
of heliospheric energetic atoms (ENAs) by SOHO and IMAGE proved
that the detailed imaging of the heliospheric interface in ENAs will be
possible in the near future(Gruntman et al., 2001; planned NASA IBEX
mission: http://ibex.swri.edu/).
To reconstruct the structure of the interface and the physical processes
inside the interface using remote observations at one to several astronomical units, a theoretical model should be employed. Theoretical studies
of the heliospheric interface have been performed for more than four
decades, following the pioneering papers by Parker (1961) and Baranov
et al. (1971). However, a complete theoretical model of the heliospheric
interface has not yet been constructed. The diﬃculty in doing this is
connected with the multi-component nature of both the LIC and the
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Figure 2.1 The heliospheric interface is the
region of the solar wind
interaction with LIC. The
heliopause is a contact discontinuity, which separates
the plasma of the solar
wind from the interstellar
plasma. The termination
shock
decelerates
the
supersonic solar wind.
The bow shock may also
exist in the supersonic
interstellar wind.
The
heliospheric interface is
thus divided into four
regions:
1) supersonic
solar wind; 2) subsonic
solar wind in the region
between the heliopause
and termination shock;
3) disturbed interstellar
plasma region (or “pileup” region) around the
heliopause; 4) undisturbed
interstellar medium.

solar wind. The LIC consists of at least ﬁve components: plasma (electrons and protons), hydrogen atoms, interstellar magnetic ﬁeld, galactic
cosmic rays, and interstellar dust. The heliospheric plasma consists of
original solar particles (protons, electrons, alpha particles, etc.), pickup
ions and the anomalous cosmic ray component. Pickup ions modify
the heliospheric plasma ﬂow starting from ∼20-30 AU. ACRs may also
modify the plasma ﬂow upstream of the termination shock and in the
heliosheath. Spectra of ACRs can serve as remote diagnostics of the termination shock (Stone, 2001). For a recent review on ACRs see Fichtner
(2001).
Development of a theoretical model of the heliospheric interface requires choosing a speciﬁc approach for each of interstellar and solar wind
component. Interstellar and solar wind protons and electrons can be described as ﬂuids. At the same time the mean free path of interstellar
H atoms is comparable with the size of the heliospheric interface. This
requires kinetic description for the interstellar H atom ﬂow in the interaction region. For the pickup ion and cosmic ray components the kinetic
approach is also required.
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This chapter focuses on 1) theoretical numerical models of the global
heliospheric interface structure and 2) application of the models to interpreting diﬀerent remote diagnostics of the SW/LIC interaction. Under
global models I include those models that describe the entire interaction
region, including the termination shock, the heliopause and possible bow
shock. In this sense, this chapter should not be considered as a complete
review of progress in the ﬁeld. Many diﬀerent approaches have been used
to look into diﬀerent aspects of the solar wind interaction with LIC connected with pickup ion transport and acceleration, with the termination
shock structure under inﬂuence of ACRs, and pickup ions. For a more
complete overview see recent reviews Zank (1999a), Fichtner (2001).
The structure of the chapter is the following: The next section brieﬂy
describes our current knowledge of the local interstellar and solar wind
parameters. Section 3 discusses theoretical approaches to be used for
the interstellar and solar wind components. Section 4 gives an overview
of heliospheric interface models. Section 5 describes basic results of selfconsistent two-component model of the heliospheric interface developed
in Moscow and its recent developments. In section 6 we demonstrate
possible analysis of space experiments on the basis of a theoretical model
of the heliospheric interface. Section 7 gives a summary and underlines
current problems in the modeling of the global heliosphere and discusses
future perspectives.

2.

Brief Summary of Observational Knowledge

Choice of an adequate theoretical model of the heliospheric interface
depends on boundary conditions, i.e. on the undisturbed solar wind and
interstellar properties.

2.1

Solar Wind Observations

At the Earth’s orbit, the ﬂux of the interstellar atoms is quite small
and the solar wind can be considered undisturbed. Measurements of
pickup ions and ACRs also show that these components do not have
dynamical inﬂuences on the original solar wind particles at the Earth’s
orbit. Therefore, the Earth’s orbit can be taken as inner boundary of
the SW/LIC interaction problem.
Solar wind structure and behavior evolves over a solar cycle (e.g.,
Gazis, 1996; Neugebauer 1999; McComas et al. 2000, 2001, 2002). At
solar minima, high-latitude regions on the Sun have well-developed coronal holes, which are sources of high-speed (∼700 km/s), low-density solar
wind. At low heliolatitudes the solar wind has low speed (∼400 km/s)
and high density. The dividing line between the fast and slow solar wind
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regimes is at about 20o heliolatitude. At solar maximum the slow, dense
solar wind is present at all latitudes (McComas et al., 2002). Shortly
after the solar maximum coronal holes and, therefore, the high-speed solar wind appear again. At this stage, both coronal holes the high-speed
solar wind may appear even in the ecliptic, which results in increasing
the average solar wind momentum ﬂux at low latitudes shortly after
solar maxima. Spacecraft near the ecliptic at 1 AU have detected variations of the solar wind momentum ﬂux by a factor of two (Lazarus
and McNutt, 1990; Gazis, 1996). Deep space probe data obtained with
Pioneer and Voyager measurements in the distant solar wind also support this conclusion (Lazarus and McNutt, 1990; Gazis, 1996). A recent
update of the Voyager 2 measurements of the solar wind can be found in
Richardson et al. (2004). Apparently, over the past two solar cycles the
momentum ﬂux had a minimum value at solar maximum, then increased
rapidly after solar maximum reaching a peak 1-2 years later. The pressures subsequently decreased until after the next solar maximum. It was
unclear from the measurements in the ecliptic whether the variations of
the momentum ﬂux have global eﬀect or limited to the ecliptic. Ulysses
observations from its ﬁrst full polar orbit showed that the momentum
ﬂux is diminished near the equator compared to higher latitudes. The
eﬀect is clearly evident in the period near solar minimum (May, 1995
- December, 1997) (McComas et al., 2000). Around solar maximum
the three-dimensional structure of the solar wind is remarkably diﬀerent from, and more complicated than, the simple, bimodal structure
observed throughout much of the rest of the solar cycle. At maximum,
the solar wind has the same properties at all latitudes (McComas et al.,
2001, 2002).
Theoretical models predict that pickup and ACR components dynamically inﬂuence the solar wind at large heliocentric distances. Table 2.1
presents estimates of dynamic importance of the heliospheric plasma
components at small and large heliocentric distances. The table shows
that pickup ion thermal pressure can be up to 30-50 % of the dynamic
pressure of solar wind.

2.2

Interstellar Parameters

Local interstellar temperature and velocity can be inferred from direct
measurements of interstellar helium atoms by the Ulysses/GAS instrument (Witte et al., 1996; Witte, 2004). Atoms of interstellar helium
penetrate the heliospheric interface undisturbed, because of the small
strength of their coupling with interstellar and solar wind protons. Indeed, due to small cross sections of elastic collisions and charge exchange
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Table 2.1.

Number Densities and Pressures of Solar Wind Components

Component

4-5 AU
Number Density
cm−3
Original solar
0.2-0.4
wind protons
Pickup ions
Anomalous
cosmic rays

Table 2.2.

5.1 · 10−4

Pressure
eV/cm−3
2.-4. (thermal)
∼ 200 (dynamic)
0.5

80 AU
Number Density
cm−3
(7 − 14) · 10−4
∼ 2 · 10−4

Pressure
eV/cm−3
10−3 - 10−4
∼ 0.5 − 1.
(dynamic)
∼ 0.15
0.01 - 0.1

Local Interstellar Parameters

Parameter
Sun/LIC relative velocity

Direct measurements/estimations
25.3 ± 0.4 km s−1 (direct He atoms 1 )
25.7 km s−1 (Doppler-shifted
absorption lines 2 )
Local interstellar temperature
7000 ± 600 K (direct He atoms 1 )
6700 K (absorption lines 2 )
LIC H atoms number density
0.2 ± 0.05 cm−3 (estimate based on
pickup ion observations 3 )
LIC proton number density
0.03 - 0.1 cm−3 (estimate based on
pickup ion observations 3 )
Local Interstellar magnetic ﬁeld
Magnitude: 2-4 µG
Direction: unknown
Pressure of low energetic part of cosmic rays∼0.2 eV cm−3
1
Witte et al. (1996); 2 Lallement(1996); 3 Gloeckler (1996), Gloeckler et al. (1997)

with protons, the mean free path of these atoms is larger than the heliospheric interface. Independently, the velocity and temperature in the
Local Interstellar Cloud can be deduced from analysis of absorption features in the stellar spectra (Lallement, 1996). However, this method provides mean values along lines of sight toward nearby stars in the LIC.
A comparison of local interstellar temperatures and velocities derived
from stellar absorption with those derived from direct measurements of
interstellar helium shows quite good agreement (see Table 2.2).
Other local parameters of the interstellar medium, such as interstellar H atom and electron number densities, and strength and direction
of the interstellar magnetic ﬁeld, are not well known. In the models
they can be considered as free parameters. However, indirect measurements of interstellar H atoms and direct measurements of their derivatives as pickup ions and ACRs provide important constraints on the
local interstellar proton and atom densities and total interstellar pressure. The neutral H density in the inner heliosphere depends on ﬁltration
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of the neutral H atoms in the heliospheric interface due to charge exchange. Since interstellar He is not perturbed in the interface, the local
interstellar number density of H atoms can be estimated from the neutral hydrogen to the neutral helium ratio in the LIC, R(HI/HeI)LIC :
nLIC (HI) = R(HI/HeI)LIC nLIC (HeI). The neutral He number density in the heliosphere has been recently determined to be very likely
around 0.015 ± 0.002 cm−3 (Gloeckler and Geiss, 2001). The interstellar
ratio HI/HeI is likely in the range of 10-14. Therefore, expected interstellar H atom number densities are in the range of 0.13 − 0.25 cm−3 .
It was shown by modeling (Baranov and Malama, 1995; Izmodenov et
al.,1999b) that the ﬁltration factor, which is the ratio of neutral H density inside and outside the heliosphere, is a function of interstellar plasma
number density. Therefore, the number density of interstellar protons
(electrons) can be estimated from this ﬁltration factor (Lallement, 1996).
Independently, the electron number density in the LIC can be estimated
from abundances ratios of ions of diﬀerent ionization states (Lallement,
1996).
Note that there are other methods to estimate interstellar H atom
density inside the heliosphere, based on their inﬂuence on the distant
solar wind (Richardson, 2001) or from ACR spectra (Stone, 2001). Recent estimates of the location of the heliospheric termination shock using transient decreases of cosmic rays observed by Voyager 1 and 2 also
provide constraints on the local interstellar parameters (Webber et al.,
2001). However, simultaneous analysis of diﬀerent types of observational
constraints has not been done yet. Theoretical models should be employed to make such analysis. Table 2.2 presents a summary of our
knowledge of local interstellar parameters. Using these parameters, we
estimate local pressures of diﬀerent interstellar components (Table 1.3).
Although the dynamical pressure of interstellar H atoms is larger than
all other pressures, all pressures have the same order of magnitude. This
means that theoretical models should not neglect any of these interstellar components. A portion of the H atoms, ACRs and GCRs penetrates
into the heliosphere, which makes their real dynamical inﬂuence on the
heliospheric plasma interface diﬃcult to estimate.

3.

Overview of Theoretical Approaches

In this section we consider theoretical approaches for components involved in the dynamical processes in the heliospheric interface.
Generally, any gas can be described on a kinetic or a hydrodynamic
level. In the kinetic approach, macroscopic parameters of a gas of sparticles (or, brieﬂy, s-gas) can be expressed through integrals of the ve-
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Table 2.3.

Local Pressures of Interstellar Components

Component
Interstellar plasma component
Thermal pressure
Dynamic pressure
H atoms
Thermal pressure
Dynamic pressure
Interstellar magnetic ﬁeld
Low energy part of GCR

Pressure estimation, dyn cm−2
(0.6 − 2.0) · 10−13
(1.5 − 6) · 10−13
(0.6 − 2.0) · 10−13
(4.0 − 9.0) · 10−13
(1.0 − 5.0) · 10−13
(1.0 − 5.0) · 10−13



s = ( wf
locity distribution function fs (r, w,
 t): ns = fs dw,
 V
 s dw)/n

s,


2
Ps,ij = ms (wi − Vs,i )(wj − Vs,j )fs dw,
 qs = 0.5ms (w
 −
 − Vs ) (w


Vs )fs dw,
 where ns is the number density of s-gas, Vs is the bulk velocity of s-gas, Ps,ij are components of the stress tensor Ps , qs is the
thermal ﬂux vector, and ms is the mass of individual s-particle. In the
hydrodynamic approach, some assumptions should be made to specify
the stress tensor, Ps , and the thermal ﬂux vector, qs to make hydrodynamic system closed. For example, these values can be calculated by
the Chapman-Enskog method, assuming Kn = l/L << 1, where l and
L are the mean free path of the particles and characteristic size of the
problem, respectively. The zero approximation of the Chapman-Enskog
method gives local Maxwellian distribution, and the gas can be considered as an ideal gas, where the stress tensor reduces to scalar pressure
P and q = 0.

3.1

H Atoms

Interstellar atoms of hydrogen form the most abundant component in
the circumsolar local interstellar medium (see, Table 2.2). These atoms
penetrate deep into the heliosphere and interact with interstellar and
solar wind protons. The cross sections of elastic H-H, H-p collisions
are negligible as compared with the charge exchange cross section (Izmodenov et al., 2000). Charge exchange with solar wind/interstellar
protons determines the properties of the H atom gas in the interface.
Atoms, newly created by charge exchange, have the local properties of
protons. Since plasma properties are diﬀerent in the four regions of the
heliospheric interface shown in Figure 1, the H atoms can be separated
into four populations, each having signiﬁcantly diﬀerent properties. The
strength of H atom-proton coupling can be estimated through the calculation of the mean free path of H atoms in the plasma. Generally, the
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mean free path (with respect to the momentum transfer) of an s-particle
in a t-gas can be calculated by the formula: l = ms ws2 /(δMst /δt). Here,
ws is the individual velocity of the s-particle, and δMst /δt is the individual s-particle momentum transfer rate in the t-gas.
Table 2.4 shows the mean free paths of H atoms with respect to charge
exchange with protons. The mean free paths are calculated for typical
atoms of diﬀerent populations in diﬀerent regions of the interface in the
upwind direction. For every population of H atoms, there is at least
one region in the interface where the Knudsen number Kn ≈ 0.5 − 1.0.
Therefore, the kinetic Boltzmann approach must be used to describe
interstellar atoms in the heliospheric interface correctly.
Table 2.4. Mean free paths of H-atoms in the heliospheric interface with respect to
charge exchange with protons, in AU.
Population

At TS

At HP

4
3
2
1

150
66
830
16000

100
40
200
510

(primary interstellar)
(secondary interstellar)
(atoms originating in the heliosheath)
(neutralized solar wind)

Between
HP and BS
110
58
110
240

LISM
870
190
200
490

The velocity distribution of H atoms fH (r, w
 H , t) may be calculated
from the linear kinetic equation:

∂fH
∂fH
∂fH
F
HP
H − w
·
= −fH |w
 p |σex
fp (r, w
 p )dw
 p(2.1)
+w
H ·
+
∂t
∂r
mH ∂ w
H

∗
HP
∗
∗
 H ) |w
H
−w
 H |σex
fH (r, w
H
)dw
H
− (νph + νimpact )fH (r, w
 H ).
+fp (r, w
 H ) is the distribution function of H atoms; fp (r, w
 p ) is the
Here fH (r, w
local distribution function of protons; w
 p and w
 H are the individual
HP is the charge exchange
proton and H atom velocities, respectively; σex
cross section of an H atom with a proton; νph is the photoionization
rate; mH is the atomic mass; νimpact is the electron impact ionization
rate; and F is the sum of the solar gravitational force and the solar
radiation pressure force. The plasma and neutral components interact
mainly by charge exchange. However, photoionization, solar gravitation,
and radiation pressure, which are taken into account in equation (2.1),
are important at small heliocentric distances. Electron impact ionization
may be important in the heliosheath (region 2). The interaction of the
plasma and H atom components leads to the mutual exchanges of mass,
momentum and energy. These exchanges should be taken into account
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in the plasma equations through source terms, which are integrals of
fH (r, w,
 t) speciﬁed later in equations (1.5)-(1.7).

3.2

Solar Wind and Interstellar Electron and
Proton Components

Basic assumptions necessary to employ a hydrodynamic approach for
space plasmas were reviewed by Baranov (2000). In particular, it was
concluded there that interstellar and solar wind plasmas can be treated
hydrodynamically. Indeed, the mean free path of charged particles in
the local interstellar plasma is less than 1 AU, which is much smaller
than the size of the heliospheric interface itself. Therefore, the local interstellar plasma is a collisional plasma, and a hydrodynamic approach
can be used to describe it. Solar wind plasma is collisionless, because
the mean free path of the solar wind particles with respect of coulomb
collisions is much larger than the size of the heliopause. Therefore, the
heliospheric termination shock (TS) is a collisionless shock. A hydrodynamic approach can be justiﬁed for collisionless plasmas when scattering
of charged particles on plasma ﬂuctuations is eﬃcient (“collective plasma
processes”). In this case, the mean free path l with respect to collisions
is replaced by lcoll , the mean free path of collective processes, which
is assumed to be less than the characteristic length of the problem L:
lcoll << L. However, the integral of “collective collisions” is too complicated to be used to calculate the transport coeﬃcient for collisionless
plasmas.
A one-ﬂuid description of heliospheric and interstellar plasmas is commonly used in the global models of the heliospheric interface. Governing
equations of the one-ﬂuid approach are mass, momentum and energy
balance equations:
∂ρ
 ) = q1 ,
(2.2)
+ ∇ · (ρV
∂t
)
∂(ρV
 ⊗V
 ) − 1 [rotB
 × B]
 = −∇Pcr + q2
+ ∇P + ∇ · (ρV
∂t
4π
∂
∂t



3
P
2




+∇·

5 
PV
2

(2.3)


 −V
 · ∇Pcr
 · ∇P = q3 − q2 · V
−V

(2.4)

Here ρ = mp (np + npui ); P = Pe + Pp + Ppui ; Pe , Pp , Ppui and Pcr are
pressures of electrons, protons, pickup ions and cosmic rays, respectively;
q1 , q2 and q3 are source terms in the plasma due to the charge exchange
process with H atoms, photoionization and electron impact ionization:
q1 = mp nH (νph + νimpact )

(2.5)
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q2 = mp

 

(νph + νimpact )vH fH (vH )dvH +

HP
(u)(w
H − w
 p )fH (w
 H )fp (w
 p )dw
 H dw
p +
uσex
 
HP
(u)(w
H − w
 i )fH (w
 H )fpui (w
 i )dw
 H dw
i
uσex
mp

mp

(2.6)



w
H2
q3 = mp (νph + νimpact )
 H )fp (w
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 p dw
H
fH (w
2
 
 p2
w
H2 − w
HP
+mp
(u)
 H )fp (w
 p )dw
 p dvH
uσex
fH (w
2
 
 i2
w
H2 − w
HP
+mp
(u)
 H )fpui (w
 i )dw
 i dw
H
uσex
fH (w
2

(2.7)

Here fp is the Maxwellian velocity distribution of the solar wind and
interstellar protons and fpui is the velocity distribution of the pickup
ions, which should be determined by a solution of the pickup ion kinetic
transport equation or by assumption of complete assimilation of pickup
ions into the solar wind plasma.
Faraday’s equation

∂B

= rot[v × B]
(2.8)
∂t
should be added to the system of governing equations (2.2)-(2.4) to make
the system closed. This form of Faraday’s equation follows from the
 =
classical form of the Ohm’s law in the case of ideal conductivity: E
1 

− c [V × B].
Governing equations (2.2)-(2.8) for the one-ﬂuid approach are obtained by summarizing mass, momentum and energy balance equations
for electrons, protons and pickup ions under certain assumptions, which
were recently discussed by Baranov and Fahr (2003a,b) and Florinsky
et al. (2003). Ideal MHD equations with source terms q1 , q2 , q3 in
the right-hand sides were solved self-consistently with equation (2.1) by
Aleksashov et al. (2000) in the case when the IS magnetic ﬁeld is parallel
to the interstellar ﬂow.
To derive the classical system of hydrodynamic equations applied for
heliospheric interface in one-ﬂuid models, one needs to ignore terms containing magnetic and electric ﬁelds in equations (2.3) and (2.4). In this
case, equations (2.2)-(2.4) together with kinetic equation (2.1) for H
atoms and expressions (1.5)-(1.7) for the source terms q1 , q2 and q3 form
a closed system of equations.
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3.3

Pickup Ions

To study pickup ion evolution in the outer heliosphere and in the heliospheric interface, details of the process of charged particle assimilation
into the magnetized plasma are needed. A newly created ion under the
inﬂuence of the large scale solar wind electric and magnetic ﬁelds executes a cycloidal trajectory with the guiding center drifting at the bulk
velocity of the solar wind. Assuming that the gyroradius is much smaller
than the typical scale length, one can average the velocity distribution
function over the gyratory motion. The initial ring-beam distribution of
pickup ions is unstable. Basic processes that determine evolution of the
pickup ion distribution are pitch-angle scattering, convection, adiabatic
cooling in the expanding solar wind, injection of newly ionized particles,
and energy diﬀusion in the wave ﬁeld of both the solar wind and that
generated by pickup ions and diﬀerent kinds of instabilities of waves in
the solar wind. The most general form of the relevant transport equation describing the evolution of gyrotropic velocity distribution function
fpui = fpui (t, r, v, µ) of pickup ions in a background plasma moving at a
sw was written by Isenberg (1997) and Chalov and Fahr (1998).
velocity V
fpui is a function of the modulus of velocity in the solar wind rest frame,
and µ is the cosine of pitch angle.
Theoretical models show (section 5) that the assumption of complete
assimilation of pickup ions into the solar wind would lead to a great
increase of plasma temperature with the heliocentric distance. Since
such an increase is not observed, the solar wind and pickup protons
represent two distinct proton populations up to the TS. Nevertheless,
the radial temperature proﬁle of protons measured by Voyager 2 shows
a smaller decrease than predicted by adiabatic cooling. A fraction of
the heating of solar wind protons may thus be connected with pickup
generated waves (Williams et al.,1995; Smith et al., 2001). Many aspects
of pickup ion evolution have been studied (e.g., Chalov and Fahr, 1999;
for reviews, see Zank, 1999a; Fichtner, 2001). However, to date detailed
models of the assimilation process of pickup ions into the solar wind
have not been taken into account in the global models of the heliospheric
interface structure.

3.4

Cosmic Rays

Cosmic rays are coupled to background ﬂow via scattering by plasma
waves. The net eﬀect is that the cosmic rays tend to be convected along
with the background plasma as they diﬀuse through the magnetic irregularities carried by the background plasma. Both galactic and anomalous
cosmic rays can be treated as populations with negligible mass density
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but non-negligibe high energy density. At a hydrodynamical level, the
cosmic rays may modify the wind ﬂow via their pressure gradient ∇Pc ,
with the net energy transfer
rate from ﬂuid to the cosmic rays given by

4π ∞

V · ∇Pc . Pc (r, t) = 3 0 fc (r, p, t)wp3 dp is a cosmic ray pressure and
fc (r, p, t) is the isotropic velocity distribution of cosmic rays.
The transport equation of cosmic rays has the following form (e.g.,
Fichtner, 2001):


∂fc
∂fc
1 ∂
 · ∇fc +
p2D
+ ∇(
k∇fc ) − V
=
∂t
p2 ∂p
∂p
1
 ) ∂fc + S(r, p, t)
(∇ · V
(2.9)
3
∂lnp
Here p is the modulus of the momentum of the particle; D is the diﬀusion
coeﬃcient in momentum space, often assumed to be zero; 
k is the tensor
 is



of spatial diﬀusion; V = U + Vdrif t is the convection velocity; U
drif t is a drift velocity in the heliospheric or
the plasma bulk velocity; V
interstellar magnetic ﬁeld; and S(r, p, t) is the source term.
At the hydrodynamic level, the transport equation of the cosmic rays
is:
∂Pc
 + Udr )Pc ] + (γc − 1)U
 · ∇Pc + Qacr,pui (r, t) (2.10)
= ∇[
k∇Pc − γc (U
∂t
The last equation assumes that D = 0; Udr is momentum-averaged drift
velocity; γ is the polytropic index; and Qacr,pui is the energy injection
rate describing energy gains of the ACRs from pickup ions. Chalov and
 , where α is
Fahr (1996, 1997) suggested that Qacr,pui = −αppui ∇ · U
a constant injection eﬃciency deﬁned by the speciﬁc plasma properties
(Chalov and Fahr, 1997). α is set to zero for GCRs since no injection
occurs into the GCR component.

4.

Overview of Heliospheric Interface Models

A complete model of the SW/LIC interaction has not yet been developed. However, in recent years, several groups have focused their eﬀorts
on theory and modeling of the heliospheric interface in order to understand inﬂuence of one (or several) components on the interface separately
from others. In particular, the inﬂuence of the magnetic ﬁelds on the interface structure was studied in Fujimoto and Matsuda (1991), Baranov
and Zaitsev (1995), Myasnikov (1997) for the two-dimensional case and
in Ratkiewicz et al. (1998, 2000), Linde et al. (1998), Pogorelov and
Matsuda (1998), Tanaka and Washimi (1999), Opher et al. (2003) for
the three-dimensional case. Latitudinal variations of the solar wind have
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been considered in Pauls and Zank (1997). The inﬂuence of the solar
cycle variations on the heliospheric interface was studied in the 2D case
in Steinolfson (1994), Pogorelov (1995), Karmesin et al. (1995), Baranov
and Zaitsev (1998), Wang and Belcher (1999), Zaitsev and Izmodenov
(2001), and in Tanaka and Washimi (1999) for the 3D case. In spite
of many interesting ﬁndings in these papers, these theoretical studies
did not take into account interstellar H atoms or considered the population under greatly simpliﬁed assumptions, as it was done in Linde et
al. (1998), where velocity and temperature of interstellar H atoms were
assumed as constants in the entire interface.
Since most of the observational information on the heliospheric interface is connected with interstellar atoms and their derivatives as pickup
ions and ACRs, we will focus on models which take into account the interstellar neutral component self-consistently together with the plasma
component. These models can be separated into two types. Models of
the ﬁrst type (Table 2.5) use a simpliﬁed ﬂuid (or multi-ﬂuid) approach
for interstellar H atoms. A kinetic approach was used in the models
of the second type. Development of the ﬂuid (or multi-ﬂuid) models
of H atoms was connected with the fact that ﬂuid (or multi-ﬂuid) approach is simpler for numerical realization. At the same time such an
approach can lead to nonphysical results. Results of one of the most
sophisticated multi-ﬂuid models (Zank et al., 1996) were compared with
the kinetic Baranov-Malama model in Baranov et al. (1998). The comparison shows qualitative and quantitative diﬀerences in distributions of
H atoms. At the same time, it was concluded in Williams et al. (1997)
that the two models agreed on the distances to the termination shock,
heliopause and bow shock in the upwind direction, but not in positions
of the termination shock in downwind direction.
One of the common features in the models by Wang et al. (1999),
Zank et al. (1996), Liewer et al. (1995), Baranov and Malama (1993),
Müller et al. (2000), Myasnikov et al. (2000a,b), Aleksashov et al.
(2000, 2004), Izmodenov et al. (2003a,b) is that proton, electron and
pickup ion components were considered as one ﬂuid. The great advantage of this approach is that its equations are considerably simpler as compared with the kinetic approach for pickup ions. A key
assumption of this approach is immediate assimilation of pickup protons into the solar plasma. In other words, it is assumed that immediately after ionization one cannot distinguish between original solar
wind protons and pickup protons. Another important assumption is
that electron and proton components have equal temperatures, Te = Tp .
For quasineutral plasma (np + npui = ne + o(ne )) this means that the
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pressure of the electrons is equal to half of the total plasma pressure
(P = ne kTe + (np + npui )kTp ≈ 2ne kTe = 2Pe ).
For the solar wind, one-ﬂuid models assume, essentially, that waveparticle interactions are suﬃcient for pickup ions to assimilate quickly
into the solar wind, becoming indistinguishable from solar wind protons. However, as discussed above, Voyager observations have shown
that this is probably not the case. Pickup ions are unlikely to be assimilated completely. Instead, two co-moving thermal populations can
be expected. A model that distinguishes the pickup ions from the solar
wind ions was suggested by Isenberg (1986). Electrons were considered
as a third ﬂuid. The key assumption in the model is that pickup ions and
solar wind protons are co-moving (Vp = Vpui ). It was also assumed that
there is no exchange of thermal energy between solar wind protons and
pickup ions. Isenberg’s approach consists of two continuity equations for
solar protons and pickup ions; one momentum equation and three energy
equations for solar wind protons, electrons and pickup ions. Note that
Isenberg used the simpliﬁed form of source terms suggested in Holzer
(1972) and applied these equations to the spherically symmetric solar
wind upstream of the termination shock only.
Another two-ﬂuid model of the solar wind and pickup protons was
developed recently in Fahr et al. (2000). This model also assumes that
convection speed of pickup ions is identical to that of solar wind protons.
The pressure of the pickup ions was calculated in the model under assumption of a rectangular shape for the pickup ion isotropic distribution
function. In this case, the pressure can be expressed through the pickup
ion density ρi and solar wind bulk velocity Vsw as
2
/5.
Ppui = ρpui Vsw

(2.11)

The model also includes ACR and GCR components as two separate
massless ﬂuids. Therefore, the governing plasma equations in the Fahr
et al. (2000) model are i) one-ﬂuid equations for the mixture of solar protons, pickup ions and electrons; ii) a continuity equation for pickup ions;
iii) two transport equations for ACRs and GCRs. The inﬂuence of cosmic
ray components was taken as described by the terms −∇(PACR + PGCR )
 ) in the right-hand side of the mo ·∇(PACR +PGCR )−αPpui ∇·(V
and −V
mentum and energy equations, respectively. This approach used by Fahr
et al. (2000) is crude in the sense that the assumption made on the shape
of the distribution function does not reﬂect such important physical processes as adiabatic cooling, stochastic acceleration, and charge-exchange
process of pickup ions with interstellar H atoms in the heliosheath. In
addition, Fahr et al. (2000) used a simple one-ﬂuid approach to describe the ﬂow of interstellar H atoms. Currently, our Moscow group is
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developing a multi-component model which is free of these limitations
(Malama et al., in preparation, 2004). The kinetic equation for the H
atom component will be solved self-consistently with the total plasma
mass, momentum and energy equations, and the kinetic equation for
pickup ion component.

5.

Self-Consistent Two-Component Model of the
Heliospheric Interface and Recent
Advancements of the Model

The ﬁrst self-consistent model of the interaction of the two-component
(plasma and H atoms) LIC with the solar wind was developed by Baranov and Malama (1993). The interstellar wind was assumed to be a
uniform parallel ﬂow. The solar wind was assumed to be spherically
symmetric at the Earth’s orbit. Under these assumptions, the heliospheric interface has an axisymmetric structure.
Plasma and neutral components interact mainly by charge exchange.
However, photoionization, solar gravity and solar radiation pressure,
which are especially important in the vicinity (< 10-15 AU) of the Sun,
are also taken into account.
Kinetic and hydrodynamic approaches were used for the neutral and
plasma components, respectively. The kinetic equation (2.1) for neutrals
was solved together with the Euler equations for one-ﬂuid plasma (2.2)
- (2.4). The inﬂuence of the interstellar neutrals is taken into account in
the right-hand side of the Euler equations that contain source terms q1 ,
q2 , q3 , which are integrals (2.5)-(2.6) of the H atom distribution function
H ) and can be calculated directly by a highly eﬃcient Monte Carlo
fH (V
method with splitting of trajectories (Malama, 1991). The set of kinetic
and Euler equations is solved by an iterative procedure, as suggested in
Baranov et al. (1991). Supersonic boundary conditions were used for
the unperturbed interstellar plasma and for the solar wind plasma at the
Earth’s orbit. The velocity distribution of interstellar atoms is assumed
to be Maxwellian in the unperturbed LIC. Results of this model are
discussed below, in this section.

5.1

Plasma

Interstellar atoms strongly inﬂuence the heliospheric interface structure. The heliospheric interface is much closer to the Sun in the case
when H atoms are taken into account in the model, as compared to
a pure gas dynamical case (Figure 2). The termination shock becomes
more spherical. The Mach disk and the complicated tail shock structure,
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Figure 2.2. Eﬀect of the interstellar neutrals on the size and structure of the interface
structure. (a) The heliospheric interface pattern in the case of fully ionized local
interstellar cloud (LIC), (b) the case of partly ionized LIC. BS is the bow shock. HP
is the heliopause. TS is the termination shock. MD is the Mach disk. TD is the
tangential discontinuity and RS is the reﬂected shock. (Izmodenov and Alexashov,
2003)

consisting of the reﬂected shock (RS) and the tangential discontinuity
(TD), disappear.
The supersonic plasma ﬂows upstream of the bow and termination
shocks are disturbed. The supersonic solar wind ﬂow is disturbed by
charge exchange with the interstellar neutrals. The new protons created
by charge exchange are picked up by the solar wind magnetic ﬁeld. The
Baranov-Malama model assumes immediate assimilation of pickup ions
into the solar wind plasma. The solar wind protons and pickup ions are
treated as one-ﬂuid, called the solar wind. The number density, velocity,
temperature, and Mach number of the solar wind are shown in Figure
3A. The eﬀect of charge exchange on the solar wind is signiﬁcant. By the
time the solar wind ﬂow reaches the termination shock, it is decelerated
(15-30 %), strongly heated (5-8 times) and mass loaded (20-50 %) by
the pickup ion component.
The interstellar plasma ﬂow is disturbed upstream of the bow shock
by charge exchange of the interstellar protons with secondary H atoms.
These secondary atoms originate in the solar wind. This leads to heating
(40-70 %) and deceleration (15-30 %) of the interstellar plasma before it
reaches the bow shock. The Mach number decreases upstream of the BS
and for a certain range of interstellar parameters (nH,LIC >> np,LIC )
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Figure 2.3. Plasma density, velocity, temperature and Mach number upstream of
the termination shock (A), upstream of the bow shock (B), and in the heliosheath
(C). The distributions are shown for the upwind direction. Solid curves correspond
to nH,LIC =0.2 cm−3 , np,LIC =0.04 cm−3 . Dashed curves correspond to nH,LIC =0.14
cm−3 , np,LIC =0.10 cm−3 . VLIC =25.6 km/s, TLIC =7000 K. (Izmodenov (2000)

the bow shock may disappear. Solid curves in Figure 3B correspond to
a small ionization degree in the LIC (np /(np + nH ) = 1/6) and the bow
shock almost disappears in this case.
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Interstellar neutrals also modify the plasma structure in the heliosheath.
In a pure gas dynamic case (without neutrals) the density and temperature of the postshock plasma are nearly constant. However, the charge
exchange process leads to a large increase in the plasma number density
and decrease in its temperature (Figure 1.3C). The electron impact ionization process may inﬂuence the heliosheath plasma ﬂow by increasing
the gradient of the plasma density from the termination shock to the
heliopause (Baranov and Malama, 1996). The inﬂuence of interstellar
atoms on the heliosheath plasma ﬂow is important, in particular, for the
interpretations of kHz radio emission detected by Voyager (Gurnett et
al., 1993; Gurnett and Kurth, 1996; Treumann et al. 1998) and possible future heliospheric imaging in energetic neutral atom (ENA) ﬂuxes
(Gruntman et al., 2001; IBEX mission).

5.2

H Atoms

Charge exchange signiﬁcantly alters the interstellar atom ﬂow. Atoms
newly created by charge exchange have the velocity of their ion counterparts in charge exchange collisions. Therefore, the velocity distribution
of these new atoms depends on the local plasma properties in the place
of their origin. It is convenient to distinguish four diﬀerent populations
of atoms, depending on region in the heliospheric interface where the
atoms were formed. Population 1 is the atoms created in the supersonic
solar wind up to the TS. Population 2 is the atoms created in the inner heliosheath, the region between the TS and HP. Population 3 is the
atoms created in the outer heliosheath - the region of disturbed interstellar wind between the HP and the BS. We will call original (or primary)
interstellar atoms population 4. The number densities and mean velocities of these populations are shown in Figure 4 as functions of the
heliocentric distance. The velocity distribution function of interstellar
atoms fH (w
 H , r) can be represented as a sum of the distribution functions of these populations: fH = fH,1 + fH,2 + fH,3 + fH,4 . The Monte
Carlo method allows us to calculate these four distribution functions.
The velocity distributions of the interstellar atoms at the 12 selected
points in the heliospheric interface were shown by Izmodenov (2001),
Izmodenov et al. (2001). As an example, the velocity distributions at
the termination shock in the upwind direction are shown in Figure 5 for
four introduced populations of H atoms. Note that velocity distributions of H atoms in the heliosphere were also presented by Müller et al.
(2000). However, diﬀerent populations of H atoms cannot be considered
separately in the mesh particle simulations of H atoms (Lipatov et al.,
1998) which were used in that paper.
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Original (or primary) interstellar atoms are signiﬁcantly ﬁltered
(i.e. their number density is reduced) before reaching the termination
shock (Figure 4A). Since slow atoms have a small mean free path in
comparison to fast atoms, they undergo more intensive charge exchange.
This kinetic eﬀect, called “selection”, results in a deviation of the interstellar distribution function from Maxwellian (Figure 5A). The selection
also results in ∼10% increase in the primary atom mean velocity towards
the termination shock (Figure 4C).
The secondary interstellar atoms are created in the disturbed
interstellar medium by charge exchange of primary interstellar neutrals
with protons decelerated by the bow shock. The secondary interstellar
atoms collectively make up the “H wall”, a density increase at the heliopause. The “H wall” has been predicted in Baranov et al. (1991) and
detected in the direction of α Cen (Linsky and Wood, 1996). At the
termination shock, the number density of secondary neutrals is comparable to the number density of the primary interstellar atoms (Figure
4A, dashed curve). The relative abundances of secondary and primary
atoms entering the heliosphere vary with degree of interstellar ionization. It has been shown by Izmodenov et al. (1999b) that the relative
abundance of the secondary interstellar atoms inside the termination
shock is larger for the models with interstellar proton number density.
The bulk velocity of population 3 is about -18 to -19 km/s. The sign
“-” means that the population approaches the Sun. One can see that
the velocity distribution of this population is not Maxwellian (Figure
5B). The reason for the abrupt behavior of the velocity distribution for
Vz > 0 is that the particles with signiﬁcant positive Vz velocities can
reach the termination shock only from the downwind direction. The velocity distributions of diﬀerent populations of H atoms were calculated
in Izmodenov et al. (2001) for diﬀerent directions from upwind. The
ﬁne structures of the velocity distribution of the primary and secondary
interstellar populations vary with direction. These variations of the velocity distributions reﬂect the geometrical pattern of the heliospheric
interface. The velocity distributions of the interstellar atoms can be a
good diagnostics of the global structure of the heliospheric interface.
Another population of the heliospheric neutrals (population 2) is the
neutrals created in the inner heliosheath from hot and compressed
solar wind protons and pickup ions. The number density of this population is an order of magnitude smaller than the number densities of
the primary and secondary interstellar atoms. This population has a
minor importance for interpretation of Ly α and pickup ion measurements inside the heliosphere. However, it was recently pointed out by
Chalov and Fahr (2003) that charge exchange of these atoms with solar
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wind protons produces tails in the velocity distribution of pickup ions
measured at one or several AU during quiet time periods. Some atoms
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of the population that may be detectable by Ly α hydrogen cell experiments due to their large Doppler shifts (Quemerais and Izmodenov,
2002). Due to their high energies and large mean free path, a portion of
the atoms in this population penetrate upstream of the BS and disturb
the pristine interstellar medium at large heliocentric distances. Inside
the termination shock the atoms propagate freely. Thus, these atoms
are a rich source of information on the plasma properties at the place
of their birth, i.e. the inner heliosheath. There are plans to measure
this population of atoms on future missions, including HIGO and a proposed Small Explorer called the Interstellar Boundary Explorer (IBEX)
mission.
The last population of the heliospheric atoms is the atoms created
in the supersonic solar wind. The number density of this atom population has a maximum at ∼5 AU. At this distance, the number density
of the population is about two orders of magnitude smaller than the
number density of interstellar atoms. Outside the termination shock the
density decreases faster than 1/r2, where r is the heliocentric distance
(curve 1, Figure 4B). The mean velocity of population 1 is about 450
km/sec, which corresponds to the bulk velocity of the supersonic solar
wind. The velocity distribution of this population is also not Maxwellian
(Figure 5D). The extended “tail” in the distribution function is caused
by the solar wind plasma deceleration upstream of the termination shock.
This “supersonic” atom population penetrates the interface and charge
exchanges with interstellar protons beyond the BS. The process of charge
exchange leads to heating and deceleration upstream of the bow shock
and, therefore, to the decrease of the Mach number ahead of the bow
shock.
The Baranov-Malama (1993) model takes into account essentially two
interstellar components: H atoms and charged particles. To apply this
model to space experiments, one needs to evaluate how other possible
components of the interstellar medium inﬂuence the results of this twocomponent model. Recently, several eﬀects were taken into account in
the frame of this axisymmetric model.

5.3

Eﬀects of Interstellar and Solar Wind
Ionized Helium

Recent measurements of interstellar helium atoms (Witte et al., 1996;
Witte, 2004) and interstellar He pickup ions (Gloeckler and Geiss, 2001;
Gloeckler et al., 2004) inside the heliosphere, as well as of the interstellar helium ionization (Wolﬀ et al., 1999) allow us to estimate the
number density of interstellar helium ions to be 0.008-0.01 cm−3 . Cur-
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Table 2.6. Sets of model parameters and locations of the TS, HP and BS in the
upwind direction
#
1
2
3
4
5
6
7
8

nH,LIC
cm−3
0.18
0.18
0.18
0.18
0.18
0.18
0.20
0.20

np,LIC
cm−3
0.06
0.06
0.06
0.06
0.06
0.06
0.04
0.04

nα,sw
ne,sw

%
0
0
2.5
2.5
2.5
4.5
0
2.5

HeII/(HeI+HeII)
0
0.375
0
0.150
0.375
0.375
0
0.375

R(TS)
AU
95.6
88.7
100.7
97.5
93.3
97.0
95.0
93.0

R(HP)
AU
170
152
176
168
157
166
183
171

R(BS)
AU
320
270
330
310
283
291
340
290

rent estimates of the proton number density in the LIC fall in the range
0.04 - 0.07 cm−3 . Since helium ions are four times heavier than protons
the dynamic pressure of the ionized helium component is comparable to
the dynamic pressure of the ionized hydrogen component. Therefore,
interstellar ionized helium cannot be ignored in the modeling of the
heliospheric interface. For the ﬁrst time, eﬀects of interstellar ionized
helium were studied by Izmodenov et al. (2003b). Simultaneously with
interstellar ionized helium, the paper took into account solar wind alpha
particles, which constitute 2.5 - 5 % of the solar wind and, therefore,
produce 10 - 20 % of the solar wind dynamic pressure.
To evaluate possible eﬀects of both interstellar ions of helium and solar wind alpha particles Izmodenov et al. (2003b) performed parametric
model calculations with the eight sets of boundary conditions given in
Table 2.6. Calculated locations in the upwind direction of the termination shock, the heliopause, and the bow shock are given for each model
in the last three columns of Table 2.6. It is seen that the heliopause and
the termination and bow shocks are closer to the Sun when the inﬂuence
of interstellar helium ions is taken into account. This eﬀect is partially
compensated by additional solar wind alpha particle pressure that we
also took into account in our model. The net result is as follows: the heliopause, termination and bow shocks are closer to the Sun by ∼12 AU,
∼ 2 AU, ∼ 30 AU, respectively in the model taking into account both
interstellar helium ions and solar wind alpha particles (model 5) as compared to the model ignoring these ionized helium components (model 1).
It was also found that both interstellar ionized helium and solar wind
alpha particles do not inﬂuence the ﬁltration of the interstellar H atoms
through the heliospheric interface.
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Eﬀects of GCRs, ACRs and the Interstellar
Magnetic Field

The inﬂuence of the galactic cosmic rays on the heliospheric interface structure was studied by Myasnikov et al. (2000a,b). The study
was done in the frame of two-component (plasma and GCRs) and threecomponent (plasma, H atoms and GCRs) models. For the two-component
case it was found that cosmic rays could considerably modify the shape
and structure of the solar wind termination shock and the bow shock
and change heliocentric distances to the heliopause and the bow shock.
At the same time, for the three-component model it was shown that the
GCR inﬂuence on the plasma ﬂows is negligible when compared with the
inﬂuence of H atoms. The exception is the bow shock, a structure that
can be strongly modiﬁed by the cosmic rays. The dynamical inﬂuence of
ACRs on the solar wind ﬂow in the outer heliosphere and on the structure of the termination shock has been studied by Fahr et al. (2000)
and Alexashov et al. (2004). Whereas earlier research on the cosmicray-modiﬁed heliosphere was devoted mainly to the dependence of the
termination shock structure and position on the injection rate of ACRs,
Alexashov et al. (2004) studied eﬀects connected with changes in the
value of the diﬀusion coeﬃcient while keeping the injection rate ﬁxed.
Diﬀerent values of the diﬀusion coeﬃcient were considered for the reason
that K is poorly known in the outer heliosphere and especially in the heliosheath, and in addition the value of the diﬀusion coeﬃcient varies with
the solar cycle. It was shown that: 1. The eﬀect of ACRs on the solar
wind ﬂow near the termination shock leads to formation of a smooth precursor, followed by the subshock, and to a shift of the subshock towards
larger distances in the upwind direction. This result is consistent with
earlier ﬁndings based on one-dimensional spherically symmetric models. Both the intensity of the subshock and the magnitude of the shift
depend on the value of the diﬀusion coeﬃcient, with the largest shift
(about 4 AU) occurred at medium values of K. 2. The precursor of the
termination shock is rather pronounced except the case with large K. It
has been shown by Berezhko (1986), Chalov (1988a, 1988b), and Zank
et al. (1990) that the precursor of a cosmic-ray-modiﬁed shock is highly
unstable with respect to magnetosonic disturbances if the cosmic-ray
pressure gradient in the precursor is suﬃciently large. The possible detection of oscillations in the magnetic ﬁeld and solar wind speed by the
Voyager spacecraft in the near future could be considered as evidence for
the termination shock. The oscillations connected with the instability
of the precursor have a distinctive feature: the magnetic ﬁeld in more
unstable modes oscillates in the longitudinal direction, while the solar
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wind speed oscillates in the direction perpendicular to the ecliptic plane
(Chalov, 1990). 3. The postshock temperature of the solar wind plasma
is lower in the case of the cosmic-ray-modiﬁed termination shock when
compared with the shock without ACRs. The decrease in the temperature results in a decrease in the number density of hydrogen atoms
originating in the region between the termination shock and heliopause.
4. The cosmic-ray pressure downstream of the termination shock is comparable to the thermal plasma pressure for small K when the diﬀusive
length scale is much smaller than the distance to the shock. On the
other hand, at large K the postshock cosmic-ray pressure is negligible
when compared with the thermal plasma pressure. There is pronounced
upwind-downwind asymmetry in the cosmic-ray energy distribution due
to a diﬀerence in the amount of the energy injected into ACRs in the
up- and downwind parts of the termination shock. This diﬀerence in
the injected energy is connected with the fact that the thermal plasma
pressure is lower in the downwind part of the shock when compared with
the upwind part.
Eﬀects of the interstellar magnetic ﬁeld on the plasma ﬂow and on distribution of H atoms in the interface were studied in Aleksashov et al.
(2000) in the case of magnetic ﬁeld parallel to the relative Sun/LIC velocity vector. In this case, the model remains axisymmetric. It was shown
that eﬀects of the the interstellar magnetic ﬁeld on the positions of the
termination and bow shocks and the heliopause are signiﬁcantly smaller
when compared to model with no H atoms (Baranov and Zaitsev, 1995).
The calculations were performed with various Alfven Mach numbers in
the undisturbed LIC. It was found that the bow shock straightens out
with decreasing Alfven Mach number (increasing magnetic ﬁeld strength
in LIC). It approaches the Sun near the symmetry axis, but recedes from
it on the ﬂanks. By contrast, the nose of the heliopause recedes from
the Sun due to tension of magnetic ﬁeld lines, while the heliopause in
its wings approaches the Sun under magnetic pressure. As a result,
the region of compressed interstellar medium around the heliopause (or
“pileup region”) decreases by almost 30 %, as the magnetic ﬁeld increases
from zero to 3.5 ×10−6 Gauss. It was also shown in Aleksashov et al.
(2000) that H atom ﬁltration and heliospheric distributions of primary
and secondary interstellar atoms are virtually unchanged over the entire
assumed range of the interstellar magnetic ﬁeld (0 - 3.5 · 10−6 Gauss).
The magnetic ﬁeld has the strongest eﬀect on the density distribution
of population 2 of H atoms, which increases by a factor of almost 1.5 as
the interstellar magnetic ﬁeld increases from zero to 3.5 · 10−6 Gauss.
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Eﬀects of the Solar Cycle Variations of the
Solar Wind

More than 30 years’ (three solar cycles) observations of the solar wind
show that its momentum ﬂux varies by factor of ∼2 from solar maximum to solar minimum (Gazis, 1996; Richardson, 1997). It has been
shown theoretically that such variations of the solar wind momentum
ﬂux strongly inﬂuence the structure of the heliospheric interface - the
region of the solar wind interaction with the local interstellar medium
(e.g., Karmesin et al., 1995; Wang and Belcher, 1999; Baranov and Zaitsev, 1998; Zank, 1999b; Zaitsev and Izmodenov, 2001; Scherer and Fahr,
2003; Zank and Müller, 2003).
Most global models of solar cycle eﬀects ignored the interstellar H
atom component or took this component into account by using simpliﬁed ﬂuid approximations. These simpliﬁcations were done because it
is diﬃcult to solve 6D (time, two dimensions in space, and three dimensions in velocity-space) kinetic equation for the interstellar H atom
component.
Recently we developed the non-stationary, self-consistent model of
the heliospheric interface and used it to explore the solar cycle variations of the interface (Izmodenov et al., 2003a; Izmodenov et al., 2004b).
We obtained the periodic solution of the system of Euler equations for
plasma, and the kinetic equation for interstellar H atoms with the periodic boundary conditions for the solar wind at the Earth’s orbit. Izmodenov et al. (2003a) presented results of the model, where the IMP 8
solar wind data were used as boundary conditions at the Earth’s orbit.
Detailed theoretical study of the solar cycle eﬀects on the structure of the
heliospheric interface was reported by Izmodenov et al. (2004b), where
the solar wind dynamic pressure was sinusoidally varied by a factor of
two over an 11-year period.
The basic results can be summarized as follows. The discontinuities
vary sinusoidally with the 11-year period dictated by the inner boundary
conditions. The termination shock varies within ±7 AU over the solar
cycle in the upwind direction. Fluctuations of the TS become larger
as we go from upwind to downwind. The variation of the TS in the
downwind direction is 25 AU from it minimal to maximal value. The
upwind ﬂuctuation of the TS is nearly in anti-phase with its downwind
ﬂuctuations. The heliopause ﬂuctuates with a smaller (∼3 AU) amplitude when compared to the TS. The ﬂuctuation of the BS with the solar
cycle is less than 0.1 AU in upwind. The mean solar-cycle value of the
locations of the TS, HP and BS are very close to their values obtained
in the stationary model with solar cycle averaged boundary conditions.
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The strength of the TS has important consequences for anomalous
cosmic rays (ACRs), because the velocity jump at the TS relates to the
spectral index of ACRs, β, where the intensity of the cosmic rays j varies
with energy E as j ∼ E β . Izmodenov et al. (2004b) have computed the
solar cycle variation of the velocity jump at the TS. The upwind jump
varies insigniﬁcantly, from 2.92 to 3.09, and from 2.92 to 3.17 downwind.
Plasma parameters perform 11-year ﬂuctuations in the entire computation region. However, the wave-length of the plasma ﬂuctuations in
the solar wind is large when compared with the distances to the TS and
HP in the upwind direction. Large-scale waves are also seen in plasma
distributions of the post-shocked plasma in the downwind region. Amplitudes of the waves are much less than in the upwind direction and
the wavelength is ∼200 AU. The situation is diﬀerent in the outer heliosheath, the region between the HP and BS. Motion of the heliopause
produces a number of shocks and rarefaction waves. The amplitudes of
these shocks and rarefaction waves decreases while they propagate away
from the Sun due to the increase of their surface areas and interaction
between the shocks and rarefaction waves. The characteristic wavelength
is ∼40 AU. It was shown also that the 11 year averaged distributions
of plasma parameters practically coincides with plasma parameters obtained in stationary model with 11 year average boundary conditions.
For interstellar H atoms, Izmodenov et al. (2004b) obtained the following results. A clear 11-year periodicity is seen in the ﬂuctuations of
H atom densities. Deviations from exact 11-year sinusoidal periodicity
are connected with errors of our statistical calculations, which are ∼23%. In the outer heliosphere and, in particular, at the TS the variations
of densities are within ± 5% of their mean value for primary and secondary interstellar populations and for the populations of atoms created
in the inner heliosheath. Closer to the Sun, for distances < 10 AU,
the amplitude of ﬂuctuations increases up to ± 15% around the mean
value. The variation of the number density of H atoms created in the
supersonic solar wind is ± 30% of the mean value. Variations of mean
velocity and kinetic temperature of primary and secondary interstellar
atoms are negligibly small for both interstellar populations, in comparison to statistical uncertainty. However, the mean velocity and kinetic
temperature of atoms created in the inner heliosheath vary with the solar cycle by 10-12%. This is connected with the fact that the most of
the H atoms of the latter population are created in the vicinity of the
heliopause and they reﬂect the long wavelength plasma variations in this
region.
It is important to note that number densities of the three components
(primary and secondary interstellar populations, and the population of H
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atoms created in the inner heliosheath) ﬂuctuate in phase. This coherent
behavior of the ﬂuctuations exists in all supersonic solar wind regions
for the three populations and, also, in the inner heliosheath for the
primary and secondary atoms. The reason of such coherent behavior of
the variations of H atom densities becomes evident when the ﬂuctuations
are compared with plasma density variations (see, Izmodenov et al.,
2004b). The two variations are almost in anti-phase. Apparently, such
a correlation is only possible when temporal variations of the H atom
densities are caused by variation of the local loss of the neutrals due to
the charge exchange and ionization processes.
However, coherent ﬂuctuations of diﬀerent populations of H atoms
disappear in the regions where the populations originate and the process of creation is dominant when compared with the losses. Indeed, in
the inner heliosheath ﬂuctuations of number density of H atoms created
in this region are shifted as compared with coherent ﬂuctuations of primary and secondary interstellar atom populations and are in phase with
variations of proton number density near the heliopause. Variations of
the secondary interstellar atom population are in anti-phase with variations of primary atoms in the outer heliosheath and almost in phase with
plasma ﬂuctuations in the region. Again, the creation process is dominant in the outer heliosheath for the population of secondary interstellar
atoms.
It is important to note that the above described behavior of H atom
populations in the heliospheric interface is kinetic in nature. Variations
are determined basically by loss and creation processes, but not by convection and pressure gradient terms as it would be in ﬂuid or multi-ﬂuid
approaches. The validity of ﬂuid approach is determined by the simple
criterium that the Knudsen number Kn = l/L  1, where l and L are
the mean free path of the particles and characteristic size of the problem,
respectively. For stationary problems, the distance between the HP and
BS, which is approximately 100 AU, can be chosen as characteristic size.
The mean free path of H atoms in the region is ∼ 50 AU (Izmodenov
et al., 2000). Therefore, Knstationary ≈ 0.5. As was described above,
kinetic and ﬂuid approaches were compared by Baranov et al. (1998)
and Izmodenov et al. (2001), showing explicitly that the velocity distribution function of H atoms is not Maxwellian anywhere in the interface.
For the time-dependent problem considered in this section, the characteristic size, L, is half of the wavelength in the plasma distributions. In
the region between the HP and BS, L ≈ 20 AU. Therefore, Kntime ≈ 2.5
and ﬂuid approaches become even less appropriate when compared with
stationary models. This fundamental point could be the main reason
for the large diﬀerence between results presented by Izmodenov et al.
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(2004b) and results obtained by Zank and Müller (2003) and Scherer
and Fahr (2003a,b) who used multi-ﬂuid approaches.

5.6

Heliotail

Plasma and H atom distributions in the tail of the LIC/SW interaction
region were not of interest up until recently. However, modeling of the
heliospheric interface gives answers to the two fundamental questions: 1.
Where is the edge of the solar system plasma? 2. How far downstream
can the inﬂuence of the solar wind be felt on the surrounding interstellar
medium?
To supply an answer to the ﬁrst question we need to deﬁne the solar
plasma system boundary. It is natural to assume the heliospheric boundary is the heliopause that separates the solar wind and interstellar plasmas. This deﬁnition is not completely correct, because the heliopause
is an open surface and, therefore, the heliosphere ends at inﬁnity. To
resolve the problem, and to address the second question, detailed speciﬁc modeling of the structure of the tail region up to 50000 AU was
performed by Izmodenov and Alexashov (2003), Alexashov and Izmodenov (2003), Alexashov et al. (2004). It was shown that the charge
exchange process qualitatively changes the solar wind - interstellar wind
interaction in the tail region. The termination shock becomes more
spherical and the Mach disk, reﬂected shock and tangential discontinuity
disappear. This result was obtained previously by Baranov ana Malama
(1993), who performed calculations up to 700 AU in the heliotail. In
addition, Alexashov et al. (2004) found that the jumps of density and
tangential velocity across the heliopause become smaller in the heliotail
and disappear at about 3000 AU. Parameters of solar wind plasma and
interstellar H atoms approach their interstellar values at large heliocentric distances. This allows an estimation of the inﬂuence of the solar
wind, and, therefore, the solar system size in the downwind direction
to about 20,000 - 40,000 AU. An illustration of the results is shown in
Figure 6. The ﬁgure shows isolines of the Mach number up to 10,000
AU. The solar wind plasma has a velocity 100 km/s and a temperature of 1.5·106 K immediately after passing the TS. Then the velocity
becomes smaller due to new protons injected by charge exchange and
approaches the value of interstellar velocity. Since interstellar H atoms
are eﬀectively cooler when compared with postshocked protons, the solar
wind also becomes cooler. This makes the Mach number increase. At
distances of 4,000 AU the solar wind again becomes supersonic and the
Mach number then approaches its interstellar value at 40,000 - 50,000
AU, where the solar wind gas dynamic parameters become undistin-
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Figure 2.6. Isolines of Mach number of solar wind and interstellar plasma ﬂows in
the downwind direction (Alexashov et al., 2004).

guishable from undisturbed interstellar parameters. This result cannot
be obtained in the absence of H atoms because the solar wind ﬂow in
the heliotail remains subsonic in that case.

6.

Interpretations of Spacecraft Experiments
Based on the Heliospheric Interface Model

As it was stated in Section 2, the Sun/LIC relative velocity and the
LIC temperature are now well constrained (Witte et al., 1996; Witte,
2004; Lallement and Bertin, 1992; Linsky et al., 1993; Lallement et al.,
1995, 1996; Moebius et al., 2004). To obtain other interstellar parameters one needs to use one or several remote diagnostics of the interface
and a theoretical model.

F(W) Phase Space Density

(s3/km6)
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Figure 2.7. Two-year-averaged phase space density of H+ versus normalized speed
W (proton speed divided by solar wind speed) observed with the Solar Wind Ion
Composition Spectrometer (SWICS) on Ulysses in the slow solar wind at ∼5 AU
and low latitude. Only quiet-time periods, characterized by a low solar wind thermal
speed (< 15 km/s) were used in this average. Interstellar pickup hydrogen is the
dominant component in the ﬂat portion of the spectrum between W ∼1.3 and ∼2.2.
Solar wind protons, modeled by curve (sw), dominate below W ∼1.3 and accelerated
protons form the suprathermal tail above W ∼2.2, modeled by curve (st). During
quiet time periods used here, the solar wind distribution is suﬃciently narrow and the
suprathermal tail suﬃciently weak, to reveal more fully the pickup ion component of
the spectrum. The curve labeled (pi) is computed using model parameters given in
the text. The atomic hydrogen density at the termination shock is found to be 0.100
± 0.008 cm−3 (Izmodenov et al., 2003a).

6.1

Pickup ons

The charge exchange process in the heliospheric interface leads to a
predictable reduction, or ﬁltration, of interstellar atomic hydrogen that
enters the heliosphere. The most accurate determination of the density
of interstellar H atoms inside the heliosphere comes from measurements
of pickup H+ . An example of a typical proton velocity distribution is
given in Figure 7 (Figure 2, Izmodenov et al., 2003a; see also Gloeckler
and Geiss, 2001). This spectrum was observed with the Solar Wind
Interstellar Composition Spectrometer (SWICS) on Ulysses in the slow
solar wind at ∼5 AU during quiet times at low latitudes.
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The pickup ion distribution (labeled ’pi’ in Figure 7) is modelled by
using the “hot model” of Thomas (1978) for the spatial distribution
of hydrogen atoms in the heliosphere and equations (9) and (10b) of
Vasyliunas and Siscoe (1976) derived under the assumption of rapid
pitch-angle scattering and hence isotropy the phase-space density of the
resulting pickup protons. Model parameters, in particular the neutral
hydrogen density at the termination shock, are adjusted until the best
ﬁt to the measured spectrum is obtained. The assumption of isotropic
pickup ion distributions is justiﬁed in this case because at 5 AU in the
ecliptic plane the average magnetic ﬁeld direction is nearly perpendicular
to the solar wind ﬂow direction.
Heliospheric parameters aﬀecting the model pickup ion distribution
are known from direct measurements. During the 2-year time period
of Figure 7 the average photoionization rate for hydrogen, derived from
Lyman alpha measurements on SOHO was 0.8 × 10−7 s−1 (D. R. McMullin and D. L. Judge, priv. comm.). The ionization rate from charge
exchange, a product of solar wind ﬂux (measured with SWICS) and
charge exchange cross section was 5.4 × 10−7 s−1 , giving a total loss
rate of 6.2 × 10−7 s−1 . The total production rate of pickup hydrogen
is somewhat smaller (5.1 × 10−7 s−1 ) because the average solar wind
ﬂux for time periods of low thermal speed was measured to be lower
than for the entire two year time period. With these values for the loss
and production rates, an excellent ﬁt to the measured pickup proton
distribution is obtained and the number density of atomic H at the termination shock is determined to be 0.100 ± 0.005 cm−3 . The number
density can be compared with the number density at the TS obtained in
the theoretical models. Izmodenov et al. (2003b) used the heliospheric
interface model, which was described above and takes into account inﬂuence of both interstellar and solar ionized helium. Parametric studies
were performed in that paper by varying the interstellar proton and
hydrogen atom number densities in the ranges of 0.03- 0.1 and 0.16 0.2 cm−3 , respectively. Figure 8 shows updated results compared with
the calculations presented in Izmodenov et al. (2003a). Red curves
are isolines of H atom number density at the TS. The dashed red area
shows the range of possible pairs of (nH,LIC , np,LIC ), which are comparable to nH,T S obtained from pickup ions data. To reduce the range
of possible interstellar atom and proton densities we need to employ
other observational diagnostics. These could include, for example, the
interstellar helium ionization (χ(He) = nHe+ ,LIC /(nHe+ ,LIC +nHe,LIC ))
range of 0.3-0.4 derived from line-of-sight Extreme Ultraviolet Explorer
measurements toward white dwarf stars in the local interstellar medium
(Wolﬀ et al. 1999). Using 1) ULYSSES/GAS measurements of the LIC
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atomic He density (= 0.015 cm−3 ; Gloeckler and Geiss 2001; Witte,
priv. comm.), 2) the standard universal ratio of the total H to He,
(np,LIC +nH,LIC )/(nHe+ ,LIC +nHe,LIC )=10, the relation between nH,LIC
and np,LIC can be established with
np,LIC + nH,LIC = 0.15(1 − χ(He+ ))−1 , cm−3 .
Isolines of interstellar helium ionization χ(He+ ) are shown in Figure 8.
The intersection of the two shaded areas gives the most likely values
of interstellar proton and atomic hydrogen number densities compatible
with the observations: nH,LIC = 0.185 ± 0.01 cm−3 and np,LIC = 0.05 ±
0.015 cm−3 . The interstellar hydrogen ionization fraction derived from
this result is in agreement with recent calculations of the photoionization
of interstellar matter within 5 pc of the Sun (Slavin and Frisch, 2002).

6.2

Location of the Termination Shock in the
Direction of Voyager 1

Based on measurements of the low-energy particle ﬂuxes, spectra, and
composition by the Voyager 1 Low Energy Charged Particle instrument
and of an indirect determination of the solar wind speed using particle
anisotropy measurements, Krimigis et al. (2003) reported the probable
crossing of the TS by Voyager 1 at 85 AU in the summer of 2002 and the
return to the TS upstream region about 6 months later. McDonald et
al. (2003) suggested another interpretation of the Voyager data arguing
that the spacecraft remained in the supersonic wind, but in the precursor
region. In any case, recent Voyager 1 data suggest that the TS was
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close to 85 AU in the Voyager 1 direction. To compare this evidence
with model predictions we plot in Figure 8 isolines of the distance to
the TS in the middle of 2002, computed in the Voyager direction. It
is seen that for (nH,LIC , np,LIC ) comparable to the ionization range of
interstellar helium of 0.3 - 0.4 the TS location is 104 ± 4 AU, which is
∼20 AU farther from the Sun than Voyager 1. One possible solution
to get the TS at ∼85 AU in the model is to increase the interstellar
atom and proton number densities. Our model-calculations show that
for np,LIC = 0.11 − 0.12 cm−3 and nH,LIC ≈ 0.22 cm−3 the TS was
at 85-86 AU in 2002 and the number density of H atoms at the TS is
∼0.1 cm−3 . However, such a solution implies 55 % interstellar helium
ionization.

6.3

Filtration of Interstellar Oxygen and
Nitrogen

Additional constraints on the local interstellar properties and, in particular, local interstellar abundances can be obtained using measurements of pickup ions of heavier interstellar atoms made by Ulysses/SWCIS
(Gloeckler and Geiss, 2001) and theoretical calculations of ﬁltration of
the atoms through the heliospheric interface.
Izmodenov et al. (2004a) performed comparative studies of the penetration of the interstellar atoms of H, O, N into the heliosphere through
the heliospheric interface. We made a parametric study by varying local
interstellar proton and atom number densities. It was found that 54 ±
% of interstellar hydrogen atoms, 68 ± 3 % of interstellar oxygen and
78 ±2 % of interstellar nitrogen penetrate through the interaction region into the interface. In the case of a lower electron temperature in
the heliosheath 81 ±2 % and 89 ±1 % of interstellar oxygen and nitrogen penetrate, respectively. Using our ﬁltration coeﬃcients and SWICS
Ulysses pickup ion measurements we conclude that nOI,LIC =(7.8 ±
1.3)·105 cm3 and nN I,LIC =(1.1 ±0.2)·10 5 cm3 . Finally, the local interstellar OI to HI and NI to OI ratios are (OI/HI)LIC =(4.3±0.5)·104 and
(NI/OI)LIC =0.13±0.01. Our interstellar OI/HI ratio is slightly lower
than the ratio (4.8±0.48)·104 determined by Linsky et al. (1995) from
spectroscopic observations of stellar absorption.

7.

Summary

The Local Interstellar Medium interacts with the solar wind and inﬂuences the outer heliosphere in a complicated way. Several particle populations and magnetic ﬁelds are involved in this interaction. From the
interstellar side, the interacting populations are the plasma (electron and
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proton) component, H atom component, interstellar magnetic ﬁeld, and
galactic cosmic rays. Heliospheric plasma consists of the original solar
wind protons, electrons, pickup protons, and the anomalous component
of cosmic rays. A large eﬀort has been made to study the theoretical
physics of the interaction region. However, a complete, self-consistent
model of the heliospheric interface has not yet been constructed, because
of the diﬃculty incorporating both the multi-component nature of the
heliosphere and the requirement for diﬀerent theoretical approaches for
diﬀerent components of the interaction. Many aspects were studied and
reported here. However, some aspects require additional theoretical exploration. Most of the theoretical models employ the one-ﬂuid approach
for solar wind and interstellar plasmas. It has been shown that several
assumptions are needed to derive one-ﬂuid approach equations. A key
assumption that looks reasonable is that invoking a co-moving character
for all components. Another assumption for a one-ﬂuid plasma model
is the immediate assimilation of the pickup ion component into the solar wind. As demonstrated by space experiments, this is not the case
and it would be more natural to consider solar protons and pickup protons as separate co-moving populations. The electron component should
also be treated as a distinct population. However, since the assumption
of the co-moving character of these three heliospheric plasma populations looks reasonable to order one, the one-ﬂuid approach gives us a
reasonably accurate picture of the ﬂow pattern (positions of the shocks
and heliopause) and plasma velocity distributions. Theoretical kinetic
models of the pickup ion transport and acceleration can be employed to
determine the distribution of thermal energy between the solar wind and
pickup proton components. A similar study should be done for electrons.
Finally, growing interest in heliospheric interface studies is connected
with expectations that Voyager 1 recently crossed the termination shock
or will cross the shock in the near future. Many predictions of the time of
the termination shock being crossed by Voyager appeared in the literature. However, it seems that much more work should be done to explain
and reconcile all available indirect observations of the heliospheric interface based on the unique model of the heliospheric interface. This work
should be done especially because NASA plans to explore the interaction region remotely by ENA imaging (HIGO, or the proposed Small
Explorer Mission known as IBEX, Web-page at http://ibex.swri.edu/)
and to send a spacecraft (the Interstellar Probe) to a heliocentric distance of at least 200 AU with a ﬂight-time of only 10 or 15 years
(http://interstellar.jpl.nasa.gov/). Intensive theoretical study will help
to optimize goals, instrumentation, and, ﬁnally, the scientiﬁc proﬁt of
the “interstellar” missions.
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