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Abstract Interstellar material (ISMa) is observed both inside and outside of the heliosphere.
Relating these diverse sets of ISMa data provides a richer understanding of both the inter-
stellar medium and the heliosphere. The galactic environment of the Sun is dominated by
warm, low-density, partially ionized interstellar material consisting of atoms and dust grains.
The properties of the heliosphere are dependent on the pressure, composition, radiation field,
ionization, and magnetic field of ambient ISMa. The very low-density interior of the Local
Bubble, combined with an expanding superbubble shell associated with star formation in the
Scorpius-Centaurus Association, dominate the properties of the local interstellar medium
(LISM). Once the heliosphere boundaries and interaction mechanisms are understood, in-
terstellar gas, dust, pickup ions, and anomalous cosmic rays inside of the heliosphere can be
directly compared to ISMa outside of the heliosphere. Our understanding of ISMa at the Sun
is further enriched when the circumheliospheric interstellar material is compared to obser-
vations of other nearby ISMa and the overall context of our galactic environment. The IBEX
mission will map the interaction region between the heliosphere and ISMa, and improve the
accuracy of comparisons between ISMa inside and outside the heliosphere.
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1 Introduction

The heliosphere is flooded with low-density interstellar neutral gas and dust that have a
flow velocity of ∼95,000 km h−1 and an upstream direction towards the Scorpius-Centaurus
Association. Both raw interstellar particles and byproducts of the interaction of interstellar
neutrals with the solar wind plasma are found within 1 AU of the Sun. These particles
provide an in situ sample of the cosmos. Voyager 1 (V1) crossed the solar wind termination
shock at ecliptic latitude β = +35◦ and distance 94 AU (Stone et al. 2005, e.g.), while
Voyager 2 (V2) crossed the termination shock at β = −31◦ and distance 84 AU (e.g. Stone
et al. 2008; Richardson et al. 2008; Gurnett and Kurth 2008; Burlaga et al. 2008, Fig. 1).
The two Voyager spacecraft provide in situ data on both solar wind and interstellar particle
populations in the inner heliosheath regions. The IBEX mission (McComas et al. 2004a,
2005, 2006, 2009, this issue), will add to these data by mapping the interaction between
interstellar neutrals and the solar wind using observations of energetic neutral atoms (ENAs)
with energies of 10 eV–6 keV, formed from charge exchange between H◦ and H+. The ENA
data will constrain the filtration of interstellar neutrals entering the heliosphere. Building a
self-consistent picture of the interaction between the heliosphere and interstellar material
(ISMa) from these diverse data requires knowledge of the interstellar cloud surrounding
the heliosphere. The surrounding cloud is part of a dynamical flow of interstellar gas and
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Fig. 1 Cartoon of the heliosphere showing the V1 and V2 trajectories. Interstellar gas flows into the he-
liosphere from the left. The solar wind termination shock, the heliopause, which is the contact discontinuity
between solar wind and interstellar plasmas, and the bow shock are indicated. The ram pressures of the
interstellar material, including the interstellar magnetic field, and the solar wind dominate the heliosphere
configuration

dust through space. Once we know the physical properties of this flow, we will know the
past and future galactic environment of the Sun. Extreme variations in the properties of the
interstellar medium surrounding the Sun will have an extreme effect on the heliosphere,
the flux of galactic cosmic rays (GCRs) onto the Earth, and possibly the terrestrial climate
(Müller et al. 2006; Fahr et al. 2006; Florinski and Zank 2006; Frisch 2006). IBEX will
provide key observations of the heliosphere response to our galactic environment.

The space age is old enough that we now have observations of ISMa inside of the he-
liosphere spanning almost four decades, and these data suggest that the cloud containing the
circumheliospheric interstellar medium (CHISM) is homogeneous over spatial scales of at
least ∼115 AU in the downwind direction of the interstellar flow. The CHISM is defined as
the parent cloud of the interstellar gas and dust flowing into the heliosphere. The CHISM
appears to be at the edge of the Local Interstellar Cloud (LIC), which belongs to a flow of
local interstellar medium (LISM, distance ≤40–70 pc) through space (Sect. 5.1). Interstellar
gas was first discovered inside of the heliosphere through broad-band observations of the
fluorescence of solar Lyα and 584 Å emissions from interplanetary H◦ and Heo, respec-
tively (Thomas and Krassa 1971; Bertaux and Blamont 1971; Weller and Meier 1974, 1981;
Adams and Frisch 1977; Ajello et al. 1987), and the importance of these data was quickly
recognized (e.g. Holzer 1972; Fahr 1974; Wallis 1975; Thomas 1978). Copernicus made
the first spectrum of the Lyα backscattered radiation and showed that interstellar gas inside
of the solar system has a velocity similar to the velocity of interstellar clouds in the solar
vicinity (Adams and Frisch 1977). The interplanetary Lyα glow from interstellar H◦ inside
of the heliosphere provided the first glimpse that the CHISM is warm and tenuous, and quite
different from the galactic cold dense H◦ that dominates the H◦ 21-cm hyperfine emission
sky. The difference between the observed inflow velocities of H◦ and Heo was later shown
to be due partly to secondary H◦ production from charge exchange between interstellar H◦
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and interstellar protons near the heliosphere boundaries, as well as solar radiation pressure
(Sect. 2.1.2). Slavin and Frisch (2008, SF08) have compared the spectra of the H◦ Lyα inter-
planetary glow observed by Copernicus during 1975 (Adams and Frisch 1977) with spectra
collected by the Hubble Space Telescope (HST) during the 1990s (Clarke et al. 1998), and
concluded that the velocity of the interstellar cloud feeding H◦ into the heliosphere has not
changed substantially over the intervening two decades, and that the circumheliospheric in-
terstellar cloud extends at least ∼ 115 AU in the interstellar downwind direction. Ulysses
observations of interstellar dust inside of the heliosphere during 1992–2002 can be fit with
a constant dust density in the CHISM, also providing support for a homogeneous CHISM
over scale sizes of ∼ 55 AU (Landgraf 2000).

The Sun resides in a region of space with very low average interstellar densities, the Local
Bubble (LB), formed by ISMa associated with the Gould’s Belt ring of young stars. Gould’s
Belt appears to belong to the ‘Orion spur’, protruding ∼ 1 kpc from the leading (convex)
edge of the Sagittarius spiral arm into the adjacent interarm region (Frisch 2008a). The
galactic setting of the Sun is dominated by the LB void in ISMa, and the LIC of which the
CHISM is the nearest part. The LIC belongs to a low-density flow of interstellar material
away from the Scorpius-Ophiuchus Association (Frisch 1981). Figure 2 shows the solar
location inside of the LB void; the molecular clouds that border this void are associated
with regions of star formation (for an alternate LB representation see Sfeir et al. 1999).

This chapter presents the data that help us determine the properties of the interstellar
cloud that now surrounds the heliosphere. We start with the discussion of ISMa deep in-
side of the heliosphere (Sect. 2), including both primary and processed interstellar neutrals
(Sect. 2.1). This includes Heo (Sect. 2.1.1), H◦ (Sect. 2.1.2), pickup ions (PUIs, Sect. 2.2)
consisting of ionized interstellar neutrals, and anomalous cosmic rays (ACRs, Sect. 3.1) con-
sisting of accelerated PUIs. Larger interstellar dust grains (ISDGs) also flow through the he-
liosphere, penetrating to the Earth and offering a new glimpse of stardust (Sect. 2.3). We then
discuss the data that trace the boundary regions of the heliosphere (Sect. 3), including the
increased velocity dispersion of interstellar H◦ in the hydrogen wall (Sect. 3.2) and deficit
of small interstellar dust grains inside the heliosphere (Sect. 3.3), both caused by charged
ISMa pushed against the magnetized plasma in the outer heliosheath. The small dust grains
in this region also appear to trace the direction of the interstellar magnetic field (ISMF) at
the Sun, giving us clues about the origin of the LIC in a superbubble shell (Sect. 3.4). We
then show that the properties of our immediate galactic environment and the heliosphere
boundary conditions are affected by the Sun’s location inside of the Local Bubble (Sect. 4),
which controls the interstellar radiation field (ISRF) and ionizes nearby ISMa (Sect. 4.1).
An important part of understanding the ISRF at the Sun is to first understand foreground
contamination of the LB X-ray emission by charge-exchange between interstellar neutrals
and the solar wind (Sect. 4.2). Once the interstellar radiation field is understood, the detailed
boundary conditions of the heliosphere can be reconstructed using radiative transfer models
of the LIC and observations of ISMa inside and outside of the heliosphere (Sect. 4.3). We
then look at the family of nearby interstellar clouds, and find a best fit velocity that indi-
cates a flow of ISMa from an upwind direction towards the Scorpius-Centaurus Association
(Sect. 5). The overall properties of this dynamical flow of gas within 30 pc have been known
for some time, but more detailed information on the velocity structure and physical proper-
ties are now available (5.1); we discuss the origin (5.2) and physical properties (Sect. 5.3)
of these clouds.

The acronyms used here are summarized at the end of the chapter. Note that the terms
LIC and CHISM are not interchangable. The CHISM is the source of the interstellar gas and
dust flowing into the heliosphere, whereas the LIC is the interstellar ‘cloud’ reconstructed
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Fig. 2 The galactic setting of the Sun is shown out to distances of 400–500 pc, as viewed from a high
latitude sightline in the second galactic quadrant. The galactic center is to the upper left (blue arrow), and
the anticenter is below Orion (lower-middle, right). The superbubble shells expanding away from the Scor-
pius-Centaurus Association (upper middle) are shown as blue arcs; the CHISM is part of the S1 subshell of
the Loop I superbubble (Sect. 3.4). The solar apex motion, and our location inside of the rim of the S1 shell,
is shown in yellow. (The solar apex motion is defined as the velocity of the Sun with respect to the local
standard of rest (LSR), e.g. with respect to the mean kinetic motion of a set of nearby cool, old, stars moving
in tandem around the center of the galaxy.) The large orange circles show the locations of molecular clouds
(CO data) bordering the Local Bubble. The blue dots show the locations of nearby star-forming associations
(based on Hipparcos data). The S1 and S2 magnetic shells (Wolleben 2007) merge where Loop I (gray arcs)
encounters the very dusty Aquila Rift. The Orion spur is often denoted the “Orion spiral arm”, as is done
in this figure. “Spurs” form from instabilities on magnetized, self-gravitating spiral arms (Kim and Ostriker
2002). The overall relation between the Orion Spur and the Sagittarius spiral arm can be seen in the redden-
ing data in Fig. 10 of Lucke (1978). The Sagittarius spiral arm is approximately 1 kpc from the Sun in the
direction of the galactic center (e.g. Russeil 2003). Figure copyrighted by American Scientist (Frisch 2000)

from the kinematics of an arbitrary set of velocity components towards nearby stars. The
original definition of the LIC was intended to identify the interstellar cloud of which the
CHISM is a part, but that definition is no longer universally accepted (Sects. 5.1, 5.1.2).

2 Interstellar Matter inside of the Heliosphere

Interstellar material inside of the heliosphere consists of neutral interstellar gas and large
weakly charged dust grains. These atoms and grains interact with the solar wind, solar grav-
ity, and the solar radiation field, and provide an in situ sample of the CHISM. These in-
terstellar neutrals also form the parent population of PUIs and ACRs observed inside of the
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heliosphere. Additional interstellar populations observed at 1 AU, but not discussed in detail
here, include interstellar micrometeorites and galactic cosmic rays (GCRs). The interstellar
micrometeorites have masses ∼ 10−9.7 kg and velocities larger than the solar system escape
velocity, indicating an origin outside of the heliosphere (see Baggaley 2000; Landgraf et
al. 2000). Galactic cosmic rays are measured over 18 orders of magnitude in energy, and
provide an in situ sample of stellar nucleosynthesis products as well as shock-accelerated
interstellar material. Low energy GCRs are excluded from the heliosphere, while more en-
ergetic ions arrive at the surface of the Earth. Galastic cosmic rays are not discussed further,
but excellent overviews of the origin and abundances of GCRs can be found elsewhere (e.g.
Wiedenbeck et al. 2007).

2.1 Interstellar Neutrals inside the Heliosphere

Neutral interstellar atoms trace the CHISM neutrality at the point of entry to the heliosphere.
These neutrals are observed through solar backscattered emission (H◦ and Heo), as PUIs
formed by interstellar neutrals ionized inside of the heliosphere and subsequently convected
outwards by the solar wind, and as ACRs formed from accelerated PUIs (Sect. 3.1). In-
terstellar Heo inside of the heliosphere provides the benchmark data on the velocity and
temperature of the CHISM.

2.1.1 Helium

Neutral interstellar helium flows freely through the outer heliosphere, with ≤ 2% filtration
through charge exchange with H+, and is ionized by photoionization and electron ioniza-
tion inside of the Earth’s orbit (e.g. see Cummings et al. 2002; Müller et al. 2004, for Heo

filtration factors). Our knowledge of interstellar Heo inside the heliosphere is summarized
from the present-day viewpoint by Möbius et al. (2004), and the classical viewpoint by Fahr
(1974). Early observations of H◦ and Heo inside of the heliosphere found ratios H◦/Heo ∼
6–7 (Ajello et al. 1987; Chassefiere et al. 1986) in contrast to the cosmic value H/He = 10.
The relatively high heliospheric abundance of He is now known to be due partly to the high
H◦ loss rate from charge exchange in the outer heliosphere, counteracted by the hard local
interstellar radiation field that is more efficient at ionizing Heo than H◦ in the low-density
surrounding cloud (Sect. 4.3). Photoionization and electron impact ionization dominate Heo

loss mechanisms in the inner heliosphere. The trajectory of interstellar Heo inside of the
heliosphere is unaffected by radiation pressure and charge exchange. Neutral interstellar He
collects in a gravitational focusing cone extending ∼ 8 AU downwind of the Sun (Sect. 2.2),
which the Earth traverses early December each year (Fig. 3). Cone properties are derived
self-consistently from He pickup ions and Heo backscattered 584 Å emission, for some
combination of photoionization and electron impact ionization rates (Möbius et al. 2004,
Sect. 2.2).

Interstellar helium has been observed in the heliosphere in four different ways, through
fluorescence of solar 584 Å emissions (Weller and Meier 1974; Vallerga et al. 2004), direct
particle counting by the GAS detector on Ulysses (Witte 2004), as PUIs formed from ionized
interstellar He convected radially outwards by the solar wind (Sect. 2.2, Möbius et al. 1985;
Geiss et al. 1995; Gloeckler et al. 2000), and as ACRs generated from accelerated PUIs
(Sect. 2.2, e.g. Cummings et al. 2002). Interstellar helium is primarily neutral at the Earth,
becoming ionized by photoionization and electron impact ionization within ∼ 0.5 AU of the
Sun. Möbius et al. (2004) have compared the He results from pickup ions, extreme ultravi-
olet (EUV) fluorescence, and direct particle detections, to obtain weighted mean values for
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Fig. 3 Schematic diagram of the He focusing cone and the region of the Cassini trajectory between 6 and
8 AU where observations of PUIs were made. The interstellar hydrogen shadow, caused by radiation pressure
on H◦ and photoionization, is also shown. (The figure is from McComas et al. 2004b)

interstellar Heo at the termination shock. Since Heo passes almost unimpeded through the
outer heliosphere, these data give a CHISM velocity of −26.3±0.5 km s−1, a temperature of
6306 ± 390 K, and Heo density n(He◦) = 0.0148 ± 0.0020 cm−3 (Möbius et al. 2004). The
downwind direction for interstellar Heo determined from Ulysses data and given in B1950
coordinates by Witte (2004) must then be corrected to J2000 coordinates for most purposes,
yielding the direction λ = 75.4◦ ±0.5◦ and β = −5.1◦ ±0.2◦ (J2000, Witte, private commu-
nication, IBEX memo of August 6 2007). The early observations of the flow of interstellar
H◦ and Heo through the heliosphere found that the upwind directions of interstellar H◦ and
Heo directions are offset by ∼ 15◦ (Weller and Meier 1974). The more precise Heo and H◦
(Lallement et al. 2005) data now available indicate an offset angle of ∼ 4.9◦ ± 1.0◦ (Frisch
2007, 2008a).

The CHISM parameters traced by Heo define important details of the heliosphere interac-
tion with the ISMa. For example, the sonic velocity for a perfect gas with solar composition
at ∼6300 K is ∼8.2 km s−1, while the Alfven velocity for a medium with n(e) = 0.06 cm−3

and a magnetic field strength of 2.7 μG is 24.0 km s−1 (Sects. 2.1.2, 4.3, 3.4, Spitzer
1978). The relative motion between the ISMa and the Sun as indicated by the Heo data
(26.3 km s−1) indicates that the heliosphere bow shock would be supersonic with Mach
number MC ∼ 3, if only acoustic velocities are considered. If Alfvenic wave propagation
is also considered, the interaction would be barely super-magnetosonic with MA ∼ 1 if the
ISMF direction is approximately perpendicular to the shock normal (e.g. a perpendicular
shock).

2.1.2 Hydrogen

Contrary to helium, neutral interstellar hydrogen is strongly coupled to protons in the inter-
stellar gas by resonant charge exchange and thus is modified within the heliospheric inter-
face. The basic understanding of the related heliosphere–LIC interaction has been summa-
rized in early reviews (Axford 1972; Fahr 1974; Holzer 1989; Thomas 1978), as well as con-
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temporary discussions (Fahr 1991; Baranov and Malama 1993; Ruciński et al. 1993; Zank
et al. 1996; Izmodenov et al. 1999a, 2004; Fahr et al. 2000; Müller et al. 2000; Heerikhuisen
et al. 2006).

On meeting the obstacle created by the expanding solar wind, the (most probably) super-
sonic interstellar plasma adapts to the changed flow conditions by decelerating through the
heliospheric bow shock to a subsonic speed, and flowing along the heliopause. At the same
time, the expanding solar wind plasma becomes compressed and heated up at the termina-
tion shock (TS), where ∼75% of the energy transfer goes into the pickup ion population
(Richardson et al. 2008). Since the charge-exchange coupling length between the protons
and neutral atoms in the CHISM is up to a few hundred AU, depending on proximity to the
heliopause, i.e. on the order of the size of the entire heliosphere, the neutral gas does not
adapt immediately to the changed flow conditions, and ≥50% of the neutral gas becomes
kinematically decoupled from the charged component of interstellar gas.

The charge-exchange interaction does not stop, however, and since the charge exchange
does not involve significant momentum exchange between the individual colliding particles,
two new populations of particles between the bow shock and the heliopause are created.
One of them consists of the former neutral atoms which lost their electrons due to charge
exchange and became protons. Since they are subjected to electromagnetic interactions with
the locally-thermalized ambient plasma, they quickly become incorporated and thermalized.
At the same time, they are abundant enough to significantly affect the local thermodynamic
parameters of the plasma, which becomes denser, faster, and cooler than in the absence of
these new particles. The net pressure exerted on the plasma due to the charge exchange
pushes the heliopause closer towards the Sun. Other important factors influencing the he-
liosphere configuration include the ISMF and the solar wind (e.g. Pogorelov et al. 2007;
Opher et al. 2008).

The other charge-exchange products are the former protons from the outer heliosheath
that acquired electrons from the flow of interstellar H◦ atoms and became decoupled from
the local electromagnetic environment, while maintaining the velocities they had at the mo-
ment of interaction. Thus a new population of neutral atoms is created, the so-called sec-
ondary population. Since these neutral atoms inherit the local kinematic parameters of the
plasma, they are much warmer than the primary interstellar atoms, but their bulk velocity is
much lower than the velocity of the primary population. Since they are not tied to the am-
bient magnetic field, they can travel freely at large distances from their birthplaces without
a change in their kinematic parameters. As a result, the local temperature and bulk velocity
of the neutral component are different from the local temperature and bulk velocity of the
ambient plasma. In particular, the secondary population becomes overdense, heated up, and
slowed down as compared with the primary population. Thus, it forms a structure referred
to as the “hydrogen wall”, or alternatively as the “Baranov wall” (Baranov et al. 1991). The
signature of this feature on interstellar Lyα absorption features is seen towards many stars
(Sect. 3.2).

The original population of interstellar atoms is attenuated during the passage through the
outer heliosheath, and since the charge-exchange process is more effective for the slow wing
of this population, the primary population is accelerated by a few km s−1 and cooled by a
few hundred K. Thus the velocity of the primary population at the nose of the TS will be
greater than the bulk velocity of interstellar helium, and the temperature will be a little lower
than the helium temperature. Details depend on the parameters of the LIC.

Contrary to interstellar protons, neutral atoms from both the primary interstellar popu-
lation and the secondary population created by charge exchange in the outer heliosheath
penetrate freely inside the heliopause, to the inner heliosheath region, where the solar wind
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is heated up and decelerated to a subsonic speed by transition through the TS. The so-
lar wind density decreases as ∼R−2 inside of the TS, where R is the distance to the Sun,
so that the plasma density in this region is on the order of 10−4 cm−3 and lower by at
least 3 orders of magnitude than the plasma density in the hydrogen wall. Thus the ef-
ficiency of charge exchange is reduced dramatically as compared with the efficiency in
front of the heliopause, and the two populations flow through the inner heliosheath prac-
tically without a change. The few charge-exchange events occurring in this region re-
sult in the creation of another population of heliospheric neutral atoms, whose energy is
equal to the typical energy of protons in the outer heliosheath, of about 0.5 keV. The
distribution function of this population is strongly non-Maxwellian (Baranov et al. 1998;
Izmodenov 2001; Izmodenov et al. 2001). This population, however tenuous it is, is impor-
tant for the reasons of diagnostics of both heliospheric heliosheath and of the inner sheaths
of astrospheres, because it can be observed spectroscopically (Linsky and Wood 1996;
Wood et al. 2007). It is also the main target of observations by IBEX (McComas et al.
2004a, 2005, 2006). The atoms created by charge exchange inherit the local parameters of
the plasma; owing to their relatively large speed they are able to penetrate close to the Sun
with few losses, carrying the information on the conditions in their birth places.

The two thermal populations of neutral interstellar hydrogen at the nose of the TS,
the primary and secondary, can be approximated (admittedly, less than perfect) by two
Maxwellian functions shifted in velocity space (e.g. Baranov et al. 1998; Izmodenov 2000;
Quémerais and Izmodenov 2002). Recent state-of-the-art models of the heliosphere tend to
agree (Müller et al. 2008) that the combined density of the primary and secondary popula-
tions at this point is approximately two-fold lower than the neutral gas density in the CHISM
(i.e., that the filtration factor of the hydrogen gas is equal to about 50%). The breakdown
between the primary and secondary populations and exact values of their densities, bulk
velocities, and temperatures depend on the conditions in the unperturbed CHISM. For ex-
ample, in a recent report on the determination of the density of neutral interstellar hydrogen
at the TS, Bzowski et al. (2008) adopted the following parameters in the CHISM: the up-
wind direction λB = 254.68◦, φB = 5.31◦ in the B1950.0 ecliptic coordinates (Witte 2004;
Möbius et al. 2004); bulk velocity VB = 26.3 km s−1; temperature TB = 6400 K; density of
neutral He equal to 0.015 cm−3; and based on the He ionization degree in the LIC inferred
by Wolff et al. (1999) on the level of ∼30–40%, the density of He+ equal to 0.008 cm−3,
in agreement with He ionization levels predicted by radiative transfer models of the CHISM
(Sect. 4.3). With these parameters, they additionally modeled two cases of proton and H
atom densities in the CHISM, and obtained the following modifications of parameters of the
primary and secondary populations at the nose of the TS:

1. Input CHISM values: proton density np = 0.06 cm−3; neutral gas density nH =
0.18 cm−3.

• TS Primary:
nTS,pri = 0.19nH,pri = 0.035 cm−3; VTS,pri = 1.08VB = 28.5 km s−1; TTS,pri = 6020 K

• TS Secondary:
nTS,sec = 0.33nH = 0.060 cm−3; VTS,sec = 0.71VB = 18.7 km s−1; TTS,sec = 16 300 K

• Hence the resulting net density of interstellar H at the TS:
nH,TS = 0.53nH = 0.095 cm−3.

2. Input CHISM values: proton density np = 0.032 cm−3; neutral gas density nH =
0.2 cm−3.

• TS Primary:
nTS,pri = 0.29nH = 0.059 cm−3; VTS,pri = 1.07VB = 28.2 km s−1; TTS,pri = 6 100 K
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• TS Secondary:
nTS,sec = 0.29nH = 0.059 cm−3, VTS,sec = 0.70VB = 18.5 km s−1, TTS,sec = 16 500 K

• Hence the resulting net density of interstellar H at the TS:
nH,TS = 0.59nH = 0.117 cm−3.

The CHISM input parameters for Case 1 above give the best match to the CHISM properties
predicted by radiative transfer models (Sect. 4.3).

Inside the TS, the atoms can be treated as collisionless. They propagate under the influ-
ence of the joint action of solar gravity and solar radiation pressure, and they suffer losses
due to ionization by solar wind and solar EUV radiation. Ionization results in creation of
pickup ions (Sect. 2.2) in the solar wind and of another population of neutral atoms, the so-
called Neutral Solar Wind, which is composed of solar wind protons that acquired electrons
from the incoming interstellar gas and propagate away from the Sun while maintaining the
original kinematic parameters of the parent protons.

The radiation pressure generally (over)compensates solar gravity. Its strength depends on
the net intensity in the solar Lyα line and—since the line features a non-flat, self-reversed
shape—on the instantaneous radial velocity of the atom. Since the solar EUV output varies
with time on timescales from weeks (solar rotation period) to decades (the solar cycle pe-
riod), the effective compensation of solar gravity varies from a factor of 0.9 at solar min-
imum to a factor of 1.6 at solar maximum (Bzowski 2001), the trajectories of the atoms
are not Keplerian, and both density and bulk velocity of the atoms change with time (Ru-
ciński and Bzowski 1995; Bzowski et al. 1997). Another factor modifying the local den-
sity and bulk velocity of the atomic ensemble is ionization, which differentiates the mem-
bers of the ensemble by energy, yielding an apparent acceleration of the flow by several
km s−1 within a few AU from the Sun, as well as a deflection of the local flow direction
relative to the original interstellar flow vector. Ionization also varies on time scales from
days to decades and additionally features a latitudinal anisotropy that depends on solar
cycle phase and is especially pronounced during solar minimum period. The attenuation
of density at the upwind axis within a few AU from the Sun is approximately exponen-
tial.

The photons of the solar Lyα radiation are scattered off the neutral H atoms and produce
the heliospheric glow. The maximum of the signal when observed from 1 AU originates
at a few AU (typically, when looking upwind, from 2–5 AU, depending on the phase of
solar cycle), i.e. from the region where the distribution function of the gas is quite com-
plex.

The net density of the gas at a point R on the inflow axis is composed of the densities of
the two collisionless components, the primary and secondary atoms, that have different bulk
velocities and temperatures, and which additionally vary with solar cycle phase and distance
from the Sun. Their thermal spread along the inflow axis decreases between ∼ 10 AU and
1 AU from the original values at the TS, determined by the temperatures; the decrease is
3 km s−1 at solar minimum or 2 km s−1 at solar maximum. Simultaneously, the bulk veloc-
ity of the two components increases by 4 to 6 km s−1 except for the primary population
during solar maximum, which is slowed down by 2 km s−1. This is illustrated in Fig. 4.
Both populations show appreciable radial velocity gradients at the region of space where
most of the spectral line of the heliospheric Lyα glow is created, which also varies during
the solar cycle. In addition, the densities of these populations also feature a strong gradi-
ent, illustrated in Fig. 5. The Lyα backscattered line created by the primary and secondary
H◦ populations during solar minimum conditions is shown in Quémerais and Izmodenov
(2002), and the expected profile as a function of solar cycle phase is given in Quémerais et
al. (2006). The difference in bulk velocities of the two populations in the region where the
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Fig. 4 Bulk velocity of the primary and secondary populations of neutral interstellar H for solar minimum
and maximum conditions along the inflow axis, starting with initial conditions at the termination shock (fig-
ure right). Units of the horizontal axis are AU, the units of the vertical axis are km s−1. The profiles were
calculated using the Warsaw time-dependent kinetic model of heliospheric hydrogen (Bzowski et al. 1997)
with time-dependent radiation pressure and ionization rate, and assuming the boundary conditions at the ter-
mination shock according to case 2, which seem to be close to actual parameters in this region based on
analysis of Ulysses pickup ion measurements by Bzowski et al. (2008). The radiation pressure for 1996.0,
adopted as the solar minimum case, was equal to μ = 0.9; for 1999.5, adopted as the solar maximum case, it
was equal to μ = 1.4

Fig. 5 Density of the primary
and secondary populations of
neutral interstellar H for solar
minimum and maximum
conditions along the inflow axis.
The horizontal axis is scaled in
AU, the vertical axis in cm−3.
The profiles were calculated
using identical assumptions as in
the case of velocities shown in
Fig. 4

backscattered Lyα line is formed is approximately equal to half of the thermal spread. Thus
the two populations overlap in the velocity space and create a spectral line with a single
peak.

2.2 Pickup Ions and Anomalous Cosmic Rays

Cosmic ray data from the early 1970s reported particles at unexpected energies of
∼10 MeV/nucleon, showing anomalous compositions with enhanced He, H, O, N, Ne,
and Ar abundances (e.g. Gloeckler and Wenzel 2001). Fisk et al. (1974) recognized that
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this population consisted of elements with high first ionization potentials (FIP) that were
expected to be neutral in the ISMa. Neutral interstellar gas flows into the heliosphere,
and is ionized through charge exchange with the solar wind (for interstellar H, N, O,
Ne, and Ar), photoionization (for interstellar He, H, and Ne), or electron impact ion-
ization (for interstellar He, N, and Ar, Ruciński et al. 1996; Cummings et al. 2002).
The ionized interstellar atoms are picked up by the solar wind and convected outwards
to the outer heliosphere, forming a suprathermal ion population known as pickup ions
(PUIs). The PUIs then become accelerated to form the anomalous cosmic rays (ACRs,
Sect. 3.1). Pickup He was discovered by Möbius et al. (1985). Pickup ions of H, 4He and
3He, N, O, Ar, and Ne have now been measured in the inner 5 AU by several different
spacecraft, including Ulysses data obtained at all ecliptic latitudes (Möbius et al. 1985;
Gloeckler and Fisk 2007; Gloeckler et al. 2004; Gloeckler and Geiss 2004). The observed
PUI population consists of ions with an interstellar origin, that are mixed with an inner
source of PUIs that peaks near the Sun and consists of low-FIP elements (Geiss et al. 1995;
Schwadron and Gloeckler 2007). The inner source ions appear to originate from the re-
cycling of solar wind on dust grains in the inner heliosphere, and thereby trace the solar
composition. The unique signature of PUIs with an interstellar origin is the energy cutoff at
twice the solar wind velocity, caused as the PUI energies are isotropized in the solar wind
rest frame (e.g. Gloeckler and Fisk 2007).

The low charge exchange and similar photoionization cross sections of He and Ne (Ru-
ciński et al. 1996) indicate that both interstellar elements reach the inner heliosphere as
neutrals, and are gravitationally focused downwind of the Sun into the He focusing cone
(Fig. 3, Möbius et al. 2004; McComas et al. 2004b). The He focusing cone is seen in 584 Å
backscattered emission, as well as enhanced densities of He PUIs (Möbius et al. 2004;
Gloeckler et al. 2004). Since the He focusing cone is formed by interstellar Heo atoms
arriving from all ecliptic latitudes, and ionization rates vary with ecliptic latitude β , solar
activity proxies are required to reconstruct the Heo ionization rate from the EUV radiation
field over the full solar surface. The phase space density of the PUIs is proportional to the
product of the local neutral density and the ionization rate, and can be used to estimate the
maximum density of Heo in the focusing cone. The Heo density in the focusing cone varies
over the solar cycle, from ∼0.01 cm−3 during solar maximum to ∼0.045 cm−3 during solar
minimum, compared to the interstellar value of 0.015 cm−3 (Sect. 2.1.1). The higher focus-
ing cone density during solar minimum conditions follows because the ionization rate varies
approximately by a factor of 3 over the solar cycle, with higher rates during solar maximum
because of increased solar EUV emission. During solar minimum, the interstellar upwind
He density at 1 AU is 80% to 85% of the CHISM density (∼0.015 cm−3), while during
solar maximum it is ≈e−1 of the CHISM He density (∼0.005 cm−3). The result is that the
product of density and ionization rate at 1 AU is approximately constant over the solar cycle
to within 20–25% in the upwind direction. In the peak of the cone the He PUI phase space
density is between a factor 2 (solar maximum) and a factor of almost 4 (solar minimum)
higher than in the upwind direction defined by the interstellar flow.

In situ data from Cassini found H, He, and O PUIs out to distances of 6 to 8 AU downwind
of the Sun (McComas et al. 2004b). The He data showed that the focusing cone extends
beyond 8 AU downwind. The higher He PUI density in the focusing cone was associated
with a decrease in H PUIs in the downwind hydrogen shadow caused by radiation pressure
on the inflowing interstellar H. These in situ observations of the hydrogen shadow confirm
the asymmetric distribution of H◦ in the inner heliosphere inferred from remote observations
of the interplanetary Lyα glow (Sect. 2.1.2). The Cassini trajectory and a simulation of the
He focusing cone are shown in Fig. 3.
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The H, He, O, N, Ne, and Ar PUI data provide valuable constraints on the neutral-
ity as well as the chemical composition of the CHISM (Sect. 4.3). At low energies,
≤ 20 MeV/nucleon, the isotopic composition of PUIs and ACRs show abundance ratios
of 15N/14N, 18O/16O, and 22Ne/20Ne, that are near the solar values of ∼ 0.004, 0.002, and
0.07, respectively (Gloeckler and Wenzel 2001; Cummings and Stone 2007). Helium iso-
topes show 4He/3He ∼ 1.7 × 10−4, which is similar to meteoritic and HII region values
(Salerno et al. 2003; Gloeckler and Fisk 2007). These data suggest the CHISM composition
is solar, independent of uncertainties in actual solar abundances.

2.3 Large Interstellar Dust Grains in the Heliosphere

In the early 1990s, after its Jupiter flyby, the Ulysses spacecraft positively identified inter-
stellar dust in the solar system penetrating deep into the solar system. The Ulysses spacecraft
detected impacts predominantly from a direction that was opposite to the expected impact
direction of interplanetary dust grains. It was found that, on average, the impact veloci-
ties exceeded the local solar system escape velocity (Grün et al. 1994). The motion of the
interstellar grains through the solar system was parallel to the flow of neutral interstellar
hydrogen and helium gas, both traveling at a speed of 26 km s−1 (Baguhl et al. 1995). The
interstellar dust flow persisted at higher latitudes above the ecliptic plane, even over the
poles of the Sun, whereas interplanetary dust is strongly depleted away from the ecliptic
plane (Grün et al. 1997).

Ulysses has measured the interstellar dust stream at high ecliptic latitudes between 3 and
5 AU. Interstellar grains have also been observed with the in-situ dust detectors on board
Cassini, Galileo and Helios (Altobelli et al. 2003, 2005, 2006), covering a heliocentric dis-
tance range between 0.3 and 3 AU in the ecliptic plane. The masses of clearly identified
interstellar grains range from 10−18 kg to about 10−13 kg with a maximum at about 10−15 kg
(Landgraf et al. 2000). In Fig. 6 the total interstellar dust mass distribution of 896 ISDGs
observed by Ulysses, to date, is plotted, and compared to the power law size distribution of
grain radii, n(a) ∼ a−3.5, that provides a nominal match to extinction data given abundance
constraints (Mathis et al. 1977, e.g. MRN distribution). Ulysses has recorded significant dif-
ferences in the particle sizes at different heliocentric distances. The measurements reveal a

Fig. 6 The mass distribution of
896 interstellar dust grains
detected by the Ulysses
spacecraft inside the heliosphere
(crosses) is shown as a function
of grain mass. The corresponding
grain radius is shown for the
assumption of spherical silicate
grains of density 2.5 g cm−3 (top
axis). For comparison, an MRN
interstellar dust grain distribution
(Mathis et al. 1977) for an
assumed total interstellar mass
density of 0.25 cm−3 hydrogen
atoms in the CHISM is plotted
(dashed line)
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lack of small (<3 × 10−16 kg) interstellar grains inside 3 AU heliocentric distance (Land-
graf et al. 2000). Measurements by Cassini and Galileo in the distance range between 0.7
and 3 AU showed that interstellar particles are bigger than 10−15 kg, with increasing masses
closer to the Sun (Altobelli et al. 2003, 2005). The trend of increasing particle masses close
to the Sun was also seen by Helios, which recorded particles of ca. 10−14 kg mass down
to 0.3 AU (Altobelli et al. 2006). These data are consistent with an interstellar dust stream
filtered by solar radiation pressure. Interstellar particles with optical properties of astro-
nomical silicates or organic refractory materials are consistent with the observed radiation
pressure effects (Landgraf et al. 1999), however the overabundance of carbon in the CHISM
(Sect. 4.3) appears to rule out a significant proportion of organics. The heliospheric trajec-
tories of the largest ISDGs with radii ≥7 μm are determined by solar gravity. These large
grains are predicted to form a “focusing cone” downwind of the Sun (Grogan et al. 1996;
Landgraf 2000).

Ulysses has monitored the interstellar dust flow through the solar system for more than
16 years. This time period covers more than two and a half revolutions of the spacecraft
about the Sun through more than 2/3 of a complete 22-year solar cycle. Thus, Ulysses
measured interstellar dust during solar minimum and solar maximum conditions of the in-
terplanetary magnetic field (IMF). In mid 1996, a decrease by a factor 3 of the interstellar
dust flux density from initial values of 1.5 × 10−4 m−2 s−1 was observed. This decrease was
attributed to the increased filtering of small grains by the solar wind magnetic field during
solar minimum conditions (Landgraf 2000). Since early 2000, Ulysses has detected inter-
stellar dust flux levels above 10−4 m−2 s−1 again (Landgraf et al. 2003). Until early 2005 the
upwind direction of the interstellar grains was within a few tens of degrees in agreement with
the interstellar helium flow direction (Landgraf and Grün 1998; Frisch et al. 1999; Krüger
et al. 2006). During 2000 and 2006 Ulysses was traveling through almost the same spatial
regions and with almost identical detection geometries for interstellar grains; however the
upwind direction of the grains was somewhat wider and shifted by about 30 degrees away
from the helium flow direction towards southern ecliptic latitudes during the latter set of
observations (Krüger et al. 2007).

The flux variations and the deficiency of small grain masses (< 10−16 kg) indicate a time
dependent depletion of small interstellar grains inside the heliosphere. Several groups have
studied the alteration of the interstellar dust flux inside the heliosphere by solar radiation
pressure force, gravitational focusing and the interactions with the time varying interplane-
tary magnetic field (Grogan et al. 1996; Landgraf et al. 1999; Landgraf 2000, 2003; Mann
and Kimura 2000; Czechowski and Mann 2003b; Linde and Gombosi 2000).

3 The Edges of the Heliosphere: Interstellar Material and the Interstellar Magnetic
Field

The outermost regions of the heliosphere that are closest to the ISMa are the least explored,
but show visible evidence of the interaction between the ISMa and heliosphere. The diverse
evidence for ISMa in the outer heliosphere regions include anomalous cosmic rays, decel-
erated interstellar hydrogen in the hydrogen wall, and possibly small excluded interstellar
dust grains signaled by their absence inside of the heliosphere and polarization of light from
nearby stars.

3.1 Anomalous Cosmic Rays and Heliospheric Asymmetries

Observations show that V2 crossed the TS much closer to the Sun (∼84 AU, Richardson
et al. 2008) than V1 (∼94 AU, Stone et al. 2005). While the heliospheric boundaries are
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Fig. 7 Schematic diagram of an
equatorial cut through the
termination shock taken from
McComas and Schwadron
(2006). The Archimedean spiral
flux tubes first cross the
termination shock near the nose
and their connection points move
back along the flanks of the shock
as they continue to propagate out
through the heliosheath. The long
connection times for the flanks
and tail can allow diffusive shock
acceleration to energize particles
up to observed ACR energies

not time stationary, this large a difference almost certainly reflects at least some consis-
tent north-south asymmetry of the TS. The ISMF at the heliosphere (Sect. 3.4) likely pro-
duces significant asymmetrical distortions of the TS and heliopause (HP, Linde et al. 1998;
Ratkiewicz et al. 1998; Pogorelov and Matsuda 1998; Pogorelov et al. 2004) and is the most
likely cause of this observed asymmetry.

Magnetohydrodynamic (MHD) models of the heliosphere that include an ISMF help
quantify its effects on the global heliosphere. Opher et al. (2007) showed that a field tilted
60◦ from the galactic plane matches both the flow data and the radio emission data. This
tilt creates a large north-south and some east-west asymmetries. This model also predicts
that the distance of the TS in the direction of V2 is 8–11 AU closer than in the direction
of V1, consistent with actual crossing distances. The same model further suggests that the
HP distance may be 13–24 AU closer in the direction of V2. Pogorelov et al. (2008b) argue
that the strength of the interstellar field can be increased to strengths of ∼4 μG to repro-
duce the heliospheric asymmetry seen by the V1 and V2 (also see Pogorelov et al. 2007).
However, once the effects of neutrals are included, these asymmetries become much smaller
and no longer match the large difference seen in TS crossing distances between V1 and V2
(Pogorelov et al. 2006; Heerikhuisen et al. 2008). An additional complication in the inter-
pretation of the heliosphere asymmetry seen by V1 and V2 is that the solar wind dynamic
pressure decreased significantly between the two crossings.

MHD models also reveal strong nose-to-tail asymmetries in the TS geometry (Zank
1999), as shown in Fig. 7. McComas and Schwadron (2006) showed that solar wind mag-
netic field lines will first make contact at the nose of the TS, because the location of the nose
is much closer to the Sun than anywhere else along the shock. Diffusive acceleration of ions
in the compressed magnetic field beyond the TS requires large amounts of time, typically
on the order of a year, to achieve Anomalous Cosmic Ray (ACR) energies. Over this large
timescale, the connection point between solar wind field lines and the TS moves from the
nose to the flanks and tail. ACR acceleration initiates in this connection region. Therefore,
the ACR energies should reach their highest intensities back on the flanks and tail of the TS.
Thus, the absence of enhanced of ACR fluxes noted by V1 and V2 in the TS regions can be
explained naturally by the large nose-to-tail asymmetry of the TS. Schwadron and McCo-
mas (2007) showed that this asymmetry also likely explains the strong correlation between
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ACRs and galactic cosmic rays observed in the heliosheath. Finally, Schwadron et al. (2008)
provided the first detailed analytic model of ACRs accelerated along a non-symmetric TS,
and showed good agreement between results of the model and ACR observations by V1.

Anomalous cosmic rays are formed by the acceleration of PUIs, which in turn are in-
terstellar atoms with high first ionization potentials, that survived passage through the he-
liosheath regions. ACRs provide an additional measurement of the ISMa, after correcting
for ionization, acceleration and propagation effects. Measurements by the Voyager space-
craft show He, O, N, Ar, and Ne ACRs in the outer heliosphere, with abundances that are
consistent with abundances of the parent neutrals in the CHISM (e.g. Cummings et al. 2002).
Observations of He, N, O, and Ne isotopes in the ACR population show that the composi-
tion of the CHISM is approximately solar (Sect. 2.2, Cummings and Stone 2007), providing
valuable insights into the overall ISMa abundances.

3.2 Decelerated Interstellar H◦ in the Outer Heliosheath Region

Interstellar material in the outer heliosphere can be studied directly using ultraviolet (UV)
Lyα spectra of nearby stars taken by the HST. As it enters the heliosphere, neutral H from the
CHISM is heated and decelerated through charge exchange processes in the hydrogen wall
(Sect. 2.1.2). This heliospheric hydrogen produces a Lyα absorption signature that has been
detected in some HST spectra (Linsky and Wood 1996; Wood et al. 2005). The heliospheric
contribution to the hydrogen wall can be completely obscured by the interstellar absorption
if the ISMa column density is too high and the ISMa absorption therefore too broad.

There are actually two distinct populations of interstellar hydrogen that are detectable.
The dominant population consists of neutrals formed by charge exchange in the hydrogen
wall between the heliopause and bow shock (Sect. 2.1.2). Most detections of heliospheric
absorption sample this population, and originate near the upwind direction of the CHISM
flow, because this is where the heating, compression, and deceleration of the ISMa neutrals
is strongest. Deceleration of the H◦ flow in the radial direction is required to separate the he-
liospheric absorption from that of the ISMa (Wood et al. 2005). Several studies have demon-
strated that hydrodynamic models of the heliosphere can reproduce the observed kinematic
characteristics of the hydrogen wall absorption, depending on exactly what is assumed about
the properties of the CHISM (Gayley et al. 1997; Wood et al. 2000a, 2007; Izmodenov et al.
2002).

Besides the dominant hydrogen wall component, a second population of heliospheric
hydrogen is a heliosheath component formed by charge exchange in the inner heliosheath
between the heliopause and termination shock (Sect. 2.1.2). The very broad, weak Lyα

absorption that this population produces is much harder to detect than the stronger hydro-
gen wall signature. In upwind and sidewind directions, the inner heliosheath is too narrow
for there to be detectable heliosheath absorption; in downwind directions, line-of-sight dis-
tances through this region are longer and the absorption is detectable through its kinematic
properties (Izmodenov et al. 1999b; Wood et al. 2007).

Although harder to detect and study, it is the heliosheath population of neutrals that
is most relevant to IBEX, because most of the ENAs that IBEX will study are from this
population rather than the hydrogen wall population. While IBEX will make detailed all-
sky maps of local ENA fluxes, and detailed measurements of their energy distributions from
∼10 eV to 6 keV, the heliosheath absorption measurements provide information about line-
of-sight integrated energy distributions, particularly in the 0.01–0.2 keV energy range. Wood
et al. (2007) have used constraints from the Lyα data to quote a very conservative flux upper
limit of F0.01–0.2keV < 5000 cm−2 s−1 ster−1 for the ENA flux that IBEX can expect to see
from 0.01–0.2 keV emissions.
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More precise constraints on ENA fluxes from the Lyα data (and future direct comparisons
of IBEX and HST measurements) will require the assistance of kinetic heliospheric mod-
els that not only properly model the neutral velocity distributions throughout the heliosphere
(Baranov and Malama 1993; Baranov and Malama 1995; Zank 1999; Izmodenov et al. 2005;
Heerikhuisen et al. 2007; Pogorelov et al. 2007), but also extend at least 3000 AU downwind
in order to be able to capture all the absorption in the downwind directions where the he-
liosheath absorption is detectable (Izmodenov and Alexashov 2003; Alexashov et al. 2004;
Wood et al. 2008). These models should ideally use a sophisticated multicomponent treat-
ment of the plasma in the heliosphere instead of the usual simple single-fluid treatment,
as multicomponent models have been found to result in significantly different heliosheath
neutral populations, and better reproduction of heliosheath absorption (Malama et al. 2006;
Wood et al. 2007). In any case, once IBEX data are available it will be very interesting to
see if models are capable of simultaneously reproducing both the local ENA spectra seen by
IBEX and the Lyα absorption data.

3.3 Small Excluded Interstellar Dust Grains

The observed mass distribution of interstellar dust grains inside of the heliosphere is con-
trolled by the original interstellar charge-to-mass ratios, Q/m, of incident ISDGs, grain-
charging in heliosheath regions, and the relative strengths of gravitational focusing, radi-
ation pressure, and Lorentz forces inside of the heliosphere (Landgraf 2000). Interstellar
grains with large Q/m ratios are excluded from the heliosphere, as shown by the deficit
of small grains in the Ulysses and Galileo data (Sect. 2.3, Fig. 6, Frisch et al. 1999)
with radii a � 0.2 μm in comparison to the MRN power-law distribution of n(a) ∼ a−3.5

(Mathis et al. 1977). The very smallest carbonaceous grains, either graphites or polycyclic-
aromatic-hydrocarbons (PAH) with radii <0.01 μm, appear to be missing from the CHISM
entirely because all carbon is in the gas phase (Sect. 4.3, Slavin and Frisch 2008). The
exclusion of small interstellar dust grains from the heliosphere has been discussed in
many papers (Frisch et al. 1999; Czechowski and Mann 2003a; Mann and Kimura 2000;
Grün et al. 2005).

The mass distribution of the excluded grains in principle can be obtained by comparisons
between the observed grain mass distributions, and the ‘true’ interstellar mass distribution.
Unfortunately, the ISDG mass distribution for very low-column-density ISMa such as the
LIC has not been determined. LIC grains differ from grains in high-opacity clouds, in that
they show high abundances of refractories in the gas due to grain destruction in shocks
(Sect. 4.3, Frisch et al. 1999).

In contrast to the interstellar gas and small ISDGs that encounter the heliosphere, large
ISDGs are not directly affected by the MHD boundaries. This is because the coupling of
the grains to the gas is mediated primarily by the magnetic field, with only the relatively
weak coupling of collisional and plasma drag acting directly on the grains. In the frame of
reference of the heliosphere, the grains flow in with the interstellar gas and magnetic field
at the relative speed of ∼26 km s−1. Once in the outer heliosheath, the most important force
on the grains is the Lorentz force as the gas and (frozen-in) field is slowed and deflected at
the nose of the heliopause.

The primary determinant of the dynamics of small grains in the outer heliosphere is
Lorentz coupling to the magnetic field, which is mediated by the charge-to-mass ratio of
grains, Q/m. The charging rates for grains are very high, so we can assume that they are in
equilibrium generally speaking. The primary sources of grain charging are the far UV radi-
ation field, which charges the grains positively through the ejection of photoelectrons, and
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Fig. 8 Charge-to-mass ratio for silicate grains interacting with the heliosphere. As grains get closer to the
Sun, solar UV radiation increases the charge of small grains through photoejection of electrons. The higher
work function of larger grains impedes the photoejection of electrons, and larger collision rates of electrons
drive the grain charge negative. Grains with positive and negative charges are denoted by solid and dashed
lines, respectively. The distance of the grain from the Sun is denoted by the line color, with the most distant
small grains having the least charge

the hitting and sticking of electrons on the grains. With these rates in balance, detailed cal-
culations of the grain charging using rates and codes from Weingartner and Draine (2001),
we find that the charge on a grain ranges from Z = 14 to 137 for grain radii ranging from
agr = 0.01–0.3 μm (Avinash et al. 2008). Grain charge increases as grains are exposed to
higher fluxes of solar radiation (Fig. 8). The corresponding gyroradii depend on assump-
tions for the magnetic field and will vary as a function of position relative to the nose and
within the heliosheath. For a 5 μG field just inside the bow shock and a relative velocity
of 14 km s−1 between the inflowing gas and dust, we find gyroradii of 0.7–2000 AU for
this range in grain sizes. Thus small grains with their relatively small gyroradii will couple
tightly to the field and be diverted along with the field and gas, while the largest grains will
pass through the heliopause relatively unaffected (Sect. 2.3).

3.4 Interstellar Magnetic Field at the Heliosphere

The Faraday rotation of local and extragalactic radio point sources show that the global
ISMF in the interarm region surrounding the Orion spur (Fig. 2) is directed clockwise around
the galactic center when viewed from the north galactic pole (Han 2006). A major distortion
of the ordered global magnetic field occurs in the solar vicinity. This distortion is from
expanding shock fronts generated by supernova and massive star winds, associated with star
formation in the Scorpius-Ophiuchus Association over the past ∼ 15 Myrs. These shock
fronts have displaced the global local field that is parallel to the galactic plane into a giant
superbubble, and created the distinct Loop I feature that dominates the magnetic field in the
northern hemisphere and at the Sun (Berkhuijsen 1971). Frisch (1981) concluded that the
Loop I supernova remnant has expanded to the Sun, after comparing the kinetics of ISMa
inside of the heliosphere and towards nearby stars, and evaluating refractory abundances
indicative of dust grain destruction in shocks. Wolleben (2007) used polarizations traced by
1.4 GHz radio continuum data to define the magnetic field direction in the ‘S1’ subshell of
Loop I, and concluded that the Sun is located in the rim of S1.
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Four phenomena indicate the direction of the interstellar magnetic field (ISMF) at the
heliosphere: (1) The offset angle between the upwind directions of H◦ and Heo flowing
into the heliosphere (Lallement et al. 2005). (2) The polarization of optical light from stars
located 6–35 pc from the Sun (Tinbergen 1982; Frisch 2007). (3) The magnetic S1 subshell
of the Loop I supernova remnant (Wolleben 2007; Frisch 2008b). (4) The 3 kHz emissions
detected by the V1 and V2 spacecraft from beyond the heliopause (Gurnett et al. 2006).
The first three of these phenomena can be characterized by a position angle. Position angles
(PA) are a useful tool for describing a direction in the sky. By definition a PA is defined in
the plane of the sky. The position angle PAE in ecliptic coordinates is the angle between a
vector and a great-circle meridian passing through the ecliptic north pole, and increasing to
the east.

In this paragraph these four phenomena are summarized: (1) It is necessary to first con-
vert the Heo upwind direction to J2000 coordinates (this correction was inadvertently ne-
glected in Lallement et al. 2005), in order to characterize the PA of the offset between the
inflow directions of Heo and H◦. With this correction, the offset angle between the upwind
directions of Heo and H◦ is 4.9◦ ± 1.0◦, and the PA defined by these two directions in the
ecliptic coordinate system is −38◦ ± 12◦ (Frisch 2007). (2) The magnetic field direction in
the plane of the sky, and with respect to the ecliptic plane, is given by 90◦–PAE for magnet-
ically aligned ISDGs. The polarization of nearby stars towards the heliosphere nose yields
PAE = −25◦ ± 9◦. These two ISMF tracers then suggest that the ISMF is inclined to the
ecliptic plane by ∼59◦ ± 5◦, but do not provide any information on the angle between the
cloud velocity and field direction. Regarding method (3) above, the ISMF direction near the
Sun found from Faraday rotation data has large uncertainties because of the low densities.
If the shell is assumed to be purely spherical, then the position angle of the magnetic field in
the S1 shell at the Sun is PAE ∼ −17◦ at the heliosphere nose (Frisch 2008b). This provides
evidence that the ISMF in the solar vicinity does not have a purely spherical configuration.1

Method (4) above has interesting consequences that are not yet understood. The na-
ture and extent of the TS’s distortion depends on both the orientation and strength of
the external ISMF. The sources of the heliospheric radio emissions are consistent either
with a line roughly parallel to the galactic plane (Kurth and Gurnett 2003) with an av-
erage galactic latitude of 14.7◦, or with an alternate line parallel to an ecliptic meridian
with β ∼ 181◦ (Frisch 2007). The magnetic field orientation traced by the 3 kHz emis-
sions has been interpreted in different ways. Recently, Gurnett et al. (2006) suggested
that the radio emission should occur in regions where magnetic field lines are tangen-
tial to the surface of a shock, so that global merged interaction regions instigate particle
beams that excite Langmuir waves in the surrounding ISMa plasma (Mitchell et al. 2005;
Pogorelov et al. 2008a). If the primary location of the 3 kHz emissions are the correct loca-
tions for the origin of these events, this would indicate the ISMF is roughly perpendicular to
the galactic plane. A meridinal distribution may instead be due to heliospheric asymmetries.

The direction of the ISMF at the heliosphere has been explored using the faint polariza-
tion of nearby stars, which peak in a direction offset along ecliptic longitude by �λ ∼ +40◦
from the heliosphere nose (Frisch 2007), and the superbubble shell defined by the S1 ra-
dio continuum shell (Frisch 2008b; Wolleben 2007). An unconfirmed ENA peak detected in
IMAGE data at ∼1 keV (Collier et al. 2004; Wurz et al. 2004) is in the same direction of the
optical polarization peak. This is shown in Fig. 9. The magnetic field directions traced by
the polarizations and the S1 shell are consistent with the direction of angular offset between

1The sensitivity of the position angle of the Heo-H◦ offset to the coordinate epoch mistake is illustrated by
the value obtained, PAE = −32◦ , by incorrectly comparing H◦ J2000 with Heo B1950 coordinates.
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Fig. 9 Polarization properties as a function of ecliptic longitude: The blue line shows the averaged polar-
izations for stars with |β| < 20◦ , and the dots indicate averaged values for stars with |β| < 50◦ . The 1σ and
2σ polarization uncertainties are shown (from Tinbergen 1982). The polarization data for nearby stars are
averaged over ±20◦ in ecliptic longitude, λ. The direction of peak polarization is shifted by ∼ 40◦ from
the Heo upwind direction. The black arrow shows the upstream direction, and 1σ uncertainties, for inter-
stellar dust flowing through the heliosphere based on Ulysses and Galileo data (Frisch et al. 1999). The
green arrow shows the upstream direction from observations of interstellar Heo in the inner heliosphere.
A tentative upwind direction of an ENA flux from the outer heliosphere is shown (Collier et al. 2004;
Wurz et al. 2004), although more recent data do not confirm these earlier conclusions. The red dashed line
shows the polarizations, normalized by a factor of 20 and averaged over an interval of ±5◦ around the central
ecliptic longitude, of 184 stars 40–100 pc from the Sun with |β| < 20◦

Fig. 10 The magnetic field associated with the parts of the S1 shell (Wolleben 2007) within 30 pc is plotted in
ecliptic coordinates for an aitoff projection. The ecliptic plot is centered at λ = 270◦ . The S1 shell parameters
have been varied within the range of allowed uncertainties to yield the best match to the polarization data of
nearby stars (Tinbergen 1982; Frisch 2007). Dark and light blue dots show the inflow directions of interstellar
H◦ and Heo. The dots show stars within 50 pc with polarization data, and the red bars show polarization
vectors for stars where P > 2.5σ (Tinbergen 1982; Piirola 1977; Frisch 2007)

the inflowing H◦ and Heo velocities, given the uncertainties (Fig. 10, Frisch 2008b). The
upwind direction of the bulk flow of local ISMa past the Sun is within ∼10◦ of the center of
the S1 shell, supporting the conclusion that the S1 shell dominates the ISMa at the Sun.

There are no direct data on the polarity of the local ISMF, so we can only make an
educated guess. The Loop I bubble is a distortion of the global local field, which is assumed
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to be the interarm field shown by, e.g., Han (2006). Therefore the near side of this feature,
corresponding to the local B-field, is expected to be directed from southern to northern
ecliptic latitudes at the solar location if possible magnetic turbulence is ignored.

Frisch (2007, 2008b) found the surprising result that the great circle meridian formed
by the plane separating the hot and cold hemispheres of the cosmic microwave background
dipole moment, which is generally thought to be dominated by the Doppler motion of the
Sun through the cosmic microwave background, is an approximate predictor of the magnetic
field direction at the heliosphere nose. This plane is ∼5◦ from the upwind direction and has
a position angle within ∼20◦ of the magnetic field direction traced by the polarization and
H◦-Heo offset data. This combination is unlikely to be random.

4 The Boundary Conditions of the Heliosphere

The earliest comparisons between ISMa inside of the heliosphere and towards nearby stars
showed that the CHISM is warm, low density, and partially ionized (Rogerson et al. 1973;
McClintock et al. 1976; Adams and Frisch 1977). The CHISM properties are regulated by
the low average interstellar densities inside of the Local Bubble, and the intensity and spec-
trum of the interstellar radiation field that follow from our location in a clump of low-opacity
ISMa with N (Ho) � 1018.5 cm−2. Frisch and Slavin (2006b) concluded that our location in
a tiny clump of ISMa indicates that the heliosphere boundary conditions will vary over
timescales of less than ∼104 yrs, as the Sun crosses the LIC density and ionization gradients
at ∼26 pc Myrs−1. The boundary conditions of the heliosphere can not be measured directly,
but can be modeled by combining ISMa data for a sightline through the LIC with data on
interstellar neutrals from inside the heliosphere, combined with estimates of the filtration of
interstellar neutrals. Interstellar He has minimal filtration (≤2%, Sect. 2.1.1) and in situ data
on interstellar Heo provide a valuable constraint on the interstellar densities. These diverse
data on local ISMa gain a self-consistent interpretation through the radiative transfer mod-
els of the LIC, and together predict the boundary conditions of the heliosphere (Slavin and
Frisch 2008).

The heliosphere boundary conditions are sensitive to the spectrum and intensity of the
ambient interstellar radiation field, so below we first summarize the significant aspects of
this radiation field, including the contamination of the observed soft X-ray background by
emission generated by charge exchange between the solar wind and interstellar neutrals.
The radiative transfer models of the LIC (Sect. 4.3) and heliospheric H◦ data (2.1.2), com-
bined with models of the attenuation of interstellar neutrals in the heliosheath regions (or
‘filtration’), yield consistent results for the heliosphere boundary conditions.

4.1 Interstellar Radiation Field and the Heliosphere

Several spectral intervals of the interstellar radiation field are key to understanding the he-
liosphere boundary conditions. The first is the H ionizing radiation field, E = 13.6–24.6 eV.
The second is the Heo ionizing field, E = 24.6–54.4 eV. Ulysses measurements of Heo in
the heliosphere provide a key constraint on the density of the surrounding ISMa, so that
the radiation field capable of ionizing Heo is important to understanding the heliosphere
boundary conditions. Harder radiation, E > 54.4 eV up to ∼100 eV, including the soft X-
ray background radiation field, also may play an important role depending on the strength
of the lower-energy ionizing radiation. The soft X-ray background is believed to originate
in absorbed distant X-rays (e.g. from the galactic bulge and halo), absorbed X-rays with a
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local origin (e.g. from the Loop I superbubble), and essentially unabsorbed X-ray emission
from the 106 K tenuous, ∼0.005 cm−3, LB plasma (e.g. Snowden et al. 2000; Henley et al.
2007), with some foreground contamination from the heliosphere (Sect. 4.2). Models of the
total soft X-ray spectrum at the Sun require modeling the temperature and spectrum of all
sources.

The far-UV radiation field is also important for understanding the ionization of the LIC,
in particular for low first ionization potential elements. Many A, B and late O stars contribute
to the field at the Sun, with the stars in the third and fourth galactic quadrants, � = 180◦–360◦
dominating the spatial distribution (Gondhalekar et al. 1980). In contrast the stellar contri-
bution to the extreme ultraviolet (EUV, E = 13.6–100 eV) radiation field is dominated by
the B2 II star ε CMa (e.g. Vallerga 1996, 1998). New observations by the SPEAR instru-
ment indicate that the diffuse, i.e. dust scattered, portion of the far ultraviolet (FUV) may
be considerably larger than previously estimated (Kwang-Il Seon, private communication).
If that is the case, the current photoionization models will need to be revised with possible
ramifications for the electron density in the LIC and the abundance of C in the LIC.

The lower limit on the EUV radiation field is set by radiation from ε CMa, β CMa and
nearby white dwarf stars, combined with the low energy tail of the soft X-ray background.
The dominant source of EUV emission, however, may originate in the interface between
the hot T ∼ 106 K LB plasma and the warm LIC. Models of evaporation of the LIC into
the LB caused by thermal conduction predict that there is strong EUV emission in a thin
layer (Slavin 1989). The detailed results for the dynamical variables such as temperature,
density and velocity of the gas as well as the emission in the interface region depend on
the orientation and strength of the magnetic field (Slavin 1989; Slavin and Frisch 2008).
The interface emission has not yet been directly observed, most of the emission coming
in the low end of the EUV where the instruments that have been flown (EUVE, CHIPS)
lack sufficient sensitivity for detection. The total radiation field at the Sun, based on a self-
consistent radiative transfer model that includes all of these radiation sources, is shown in
Fig. 11.

4.2 Heliospheric Contamination of the Soft X-Ray Background

Since the LB affects the LIC via photoionization and direct contact, understanding its spec-
trum and physical conditions is necessary. In the past, the LB’s spectrum was found from
shadowing observations, where interstellar clouds located tens to hundreds of pc away block
distant X-rays, and the assumption that the LB was the sole source of locally produced dif-
fuse X-rays. Recent observations of solar system X-rays, however, reveal that our solar
system is a source of diffuse soft X-rays (Cravens 2000) that contaminate the hot LB’s
spectrum. These X-rays are emitted from solar wind ions after they have undergone charge
exchange with inflowing interstellar neutrals in the solar system. The interaction mechanism
is called solar wind charge exchange (SWCX). Here, we provide estimates for the strength
and spectrum of the largest SWCX X-ray component, that are due to solar wind ions (ex-
cluding those from coronal mass ejections) interacting with neutral interstellar atoms. We
also discuss whether SWCX affects our understanding of the photoionization of the LIC.
There are two possibilities. First, can these photons directly ionize the CHISM? Second, did
ignorance of the SWCX radiation field lead to an overestimation of the flux of the H-ionizing
photons originating in the hot LB plasma?

Most of the SWCX emission is formed within 10 AU of the Sun, so that the brightness
of heliospheric SWCX X-rays that reach the Earth’s location is significant. Robertson and
Cravens (2003) estimate the intensity of 0.1 to 1 keV SWCX X-rays found 1 AU from the
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Fig. 11 The interstellar radiation field at the Sun, based on Model 26 in Slavin and Frisch (2008). The lower
and top axes show, respectively, wavelength and energy. The green (black) histogram shows the modeled hot
gas of the Local Bubble, ignoring possible foreground contamination from charge exchange in the solar wind.
Figure 12 suggests that this contamination is negligible. The cyan-blue (gray) histogram is the cloud boundary
contribution. The remaining line shows the stellar EUV/FUV background. The list of elements at the top of
the plot identifies the ionization potentials for neutrals and ions of interest. The energies/wavelengths at which
an optical depth of 1 is reached for several different column densities of H◦ are shown along the bottom of
the plot. Additional information is given in Slavin and Frisch (2008)

Sun to be 3.5 to 6 keV cm−2 s−1 sr−1, depending on look-direction and phase of the solar
cycle. They find that the SWCX X-ray flux accounts for �1/2 of the X-rays previously at-
tributed to the hot LB plasma. A second set of calculations was performed by Koutroumpa
et al. (2008), who concentrated on emission lines in the 3/4 keV regime where the LB spec-
trum is relatively weak, but X-ray emission from SWCX is strong. They found that SWCX
may account for all of the O VII and O VIII emission line intensity previously attributed to
the hot LB plasma.

At the lower energies important to the LIC ionization, however, SWCX appears to be
much less significant. A model spectrum has been provided by Koutroumpa et al. (2008).
Fig. 12, top panel, shows the modeled spectrum for an observation of an ecliptic sight line
during the maximum phase of the solar cycle. The solar wind is in its slow state in this case.
For comparison, Fig. 12, bottom, shows the model spectrum of a thermal gas in collisional
ionization equilibrium at a temperature of 106 K, which is the canonical model for the hot
LB emission. We have scaled Fig. 12b so that it has the same intensity of O VII triplet
(∼570 eV) and O VIII Lyα (650 eV) photons as the SWCX spectrum. While it would be
premature to calculate an ionization rate from the SWCX spectrum in Fig. 12, we can note
that this SWCX spectrum appears to be harder than the canonical hot LB spectrum, and thus
dimmer in the EUV and ∼13.6 eV photons most important for ionizing H◦ in the LIC.

By their nature, SWCX X-ray estimates are uncertain and variable. The chief uncertain-
ties are associated with the abundances of heavy elements in the solar wind, and the cross
sections for charge exchange between highly charged ions and neutral material. As a re-
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Fig. 12 Top: Solar wind charge
exchange X-ray spectrum,
courtesy of Koutroumpa et al.
(2008). Bottom: Standard model
of the Local Bubble spectrum:
that of a thermal plasma in
collisional ionization equilibrium
at a temperature of 106 K. The
lower spectrum has been scaled
to yield the same intensity of
O VII triplet (∼570 eV) and
O VIII Lyα (650 eV) photons as
the SWCX spectrum

sult, Robertson and Cravens (2003) estimate that their calculation results are uncertain by
roughly a factor of 2. In addition, the ionization level, density, and speed of the solar wind
vary with the phase of the solar cycle and the location on the Sun (e.g. ecliptic latitude) from
which the wind originated. As a result, the SWCX spectrum and intensity vary significantly
with look-direction and time.

SWCX photons also are not effective direct ionizers of the LIC for two reasons: First,
the SWCX spectrum appears to be harder than that from the hot plasma in the LB, and thus
dimmer in EUV photons that could photoionize the LIC. Second, the intensity of SWCX
photons affecting the LIC beyond the heliosphere is vastly diluted compared with the inten-
sity of SWCX photons near the Earth and discussed above.

The discovery of SWCX X-rays also affects our understanding of the EUV radiation field
capable of ionizing LIC Heo, both through the properties of the conductive interface and the
EUV radiation field external to the LIC (Sect. 4.1). If SWCX creates ∼1/2 of low galactic
latitude 0.25 keV X-ray emission that previously had been attributed to the hot LB plasma,
then the LB radiation field may be weaker than previously thought. The theoretical proper-
ties of the conductive interface on the LIC have not yet been explored for cases where the LB
plasma temperature differs significantly from 106 K, although as of yet there is no evidence
for such a difference. One radiation transfer model of the LIC is successful without includ-
ing interface emission, but most of the models that successfully match the observational
constraints on the CHISM do include EUV emission from a conductive interface (Slavin
and Frisch 2008). The reduction in the LB’s X-ray intensity mandated by the discovery of
SWCX X-rays implies that the thermal pressure of the hot gas in the LB is ∼1/

√
2 less than

previously reported. However, this decrease brings the LB pressure more in line with the
LIC pressure used in the radiative transfer models, which assume a LB plasma temperature
of 105.9–106.1 K and LB thermal pressure of P/kB ∼ 2000–6600 cm−3 K.

4.3 Circumheliospheric Interstellar Material and the Local Interstellar Cloud

Slavin and Frisch (2008) have evaluated the physical properties of CHISM using a series of
radiative transfer models that simultaneously model the properties of the integrated LIC ab-
sorption components towards ε CMa, and the CHISM neutrals traced by in situ heliospheric
data. Note that the velocity of the CHISM observed inside of the heliosphere agrees with
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the LIC velocity projected towards ε CMa. The models are based on a cloud in photoioniza-
tion equilibrium, using a self-consistent interstellar radiation field which includes, for most
models, a conductive interface between the LIC and LB plasma. For those models, the con-
ductive interface is the dominant source of most EUV emission that ionizes Heo (Sect. 4.1).
There presently is no observational proof of the LIC conductive interface, which is pre-
dicted to have column densities for O VI on the order of log N(O+5) = 12.3–12.8 cm−2.
These values are at the low end of detected O VI column densities towards nearby white
dwarf stars that sample the nearest interstellar gas, but there is some debate as to whether
the observed features sample interstellar instead of stellar features (Oegerle et al. 2005;
Savage and Lehner 2006; Welsh 2008). At least one model is successful without interface
emission, and in that case the EUV emission arises in the LB plasma. The LIC opacity is
significant near energies of 13.6 eV, so the radiation field is propagated self-consistently in
the LIC to match radiation field data and interface models. The most useful heliospheric
constraints on the CHISM are the velocity, temperature, and Heo density inside of the he-
liosphere (Sect. 2.1.1).

The Slavin and Frisch (2008) radiative transfer models yield the following heliosphere
boundary conditions: n(H◦) = 0.19–0.20 cm−3, n(e) = 0.07 ± 0.01 cm−3, T = 6340 K, and
fractional ionizations for H and He of χ(H) = H+/(H◦ + H+) = 0.19–0.26 and χ(He) =
He+/(He◦ + He+) = 0.36–0.43. These results are in excellent agreement with independent
estimates of n(H◦) and n(H+) based on observations of H pickup ions, combined with he-
liosphere models that predict H filtration (Sect. 2.1.2, Bzowski et al. 2008). The interstellar
electron density in the CHISM is expected to be somewhat lower than the sightline aver-
aged value, because of radiative transfer effects, and higher values are found towards stars
sampling other parts of the CHISM (Sect. 5.3.3).

The key constraints on the total LIC electron density are the interstellar ratios of
Mg◦/Mg+ and C+∗/C+. The key constraints on the CHISM neutrality, and therefore ion-
ization, are data on interstellar neutrals in the heliosphere, particularly Heo, and also H, O,
N, Ne, and Ar pickup ions. Better values for the filtration of O, N, Ne, and Ar are desir-
able to improve the comparisons between models and in situ data. The data constraining the
models, and the model predictions, are listed in Table 1. The success of the radiative trans-
fer models in reproducing LIC data supports the assumption that the surrounding cloud is
in photoionization and thermal equilibrium. The modeling procedure is sensitive to the Heo

density inside the heliosphere.
The radiative transfer models also provide deeper insight into the heating and cooling

mechanisms, as well as the chemical composition and dust mass, of the LIC. Heating of the
LIC is dominated by the photoionization of H◦ (∼66%) and Heo (∼25%). Cooling is domi-
nated by the emission from the collisionally excited fine-structure lines of C+ (∼43%) and
other ions (∼35%). In the LIC, carbon appears to be overabundant by a factor of 2–3, pos-
sibly indicating destruction of carbonaceous grains in interstellar shocks (Slavin and Frisch
2006, 2008). The LIC abundances of refractory elements found from these radiative transfer
models are typical abundances for interstellar clouds where dust grains have been destroyed
by processing through interstellar shock fronts, i.e. the Routly-Spitzer effect (Routly and
Spitzer 1952; Jones et al. 1994), and in the case of the LIC indicate grain processing by a
shock with velocity ∼90–140 km s−1 (Frisch et al. 1999). A problem with this interpretation
is that models (e.g., Jones et al. 1994) predict that silicate dust would be more destroyed than
carbonaceous dust. Dust destruction in shocks remains an active area of research that these
results on the LIC can help to guide.

These models can also be used to predict the gas-to-dust mass ratio at the heliosphere
boundary, and those predictions can be compared with values determined from in situ ob-
servations of dust in the heliosphere (Sect. 2.3). The prediction of Rg/d from the radiative
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Table 1 Neutral densities at heliosphere boundary from in situ data and models

Element TS ∗ Interstellar† Filtration‡

cm−3 cm−3 Ratios

H◦ 0.11 ± 0.02 0.194 ± 0.008 ∼ 0.56

Heo 0.015 ± 0.003 0.015 ± 0.001 [1]	

N◦ 5.47 ± 1.37 × 10−6 8.90+2.80
−1.99 × 10−6 0.68–0.95

O◦ 4.82 ± 0.53 × 10−5 7.16+2.14
−1.45 × 10−5 0.64–0.99

Ne◦ 5.82 ± 1.16 × 10−6 5.20+0.79
−0.67 × 10−6 0.84–0.95

Ar◦ 1.63 ± 0.73 × 10−7 1.88+0.16
−0.25 × 10−7 0.53–0.95

∗ Densities at the termination shock are based on pickup ion and Heo data (Gloeckler and Fisk 2007; Bzowski
et al. 2008; Möbius et al. 2004)
† Interstellar densities are based on radiative transfer models 14, 26–42, in Table 4 of Slavin and Frisch (2008)

‡ The filtration ratio is the percentage of the neutral that survives traversal of the heliosheath regions

The source for these filtration ratios is listed in Slavin and Frisch (2008)
	 Heo was assumed to have no filtration (although up to ∼2% filtration is possible, Müller et al. 2004)

transfer models requires some assumption about the underlying abundances in the CHISM.
The ACR isotopic data (Sect. 3.1) suggest that the surrounding interstellar cloud has so-
lar composition. If solar abundances from Lodders (2003) are used, then we find Rg/d ∼
160–240 for the CHISM, versus values Rg/d < 115–125 that are determined using in situ
observations of the interstellar dust inside of the heliosphere (Slavin and Frisch 2008). The
origin of the difference between these two values is not yet understood, but may indicate
decoupling of interstellar gas and dust over very small spatial scales.

5 Complex of Local Interstellar Clouds

The Sun is embedded in a flow of ISMa that moves through the local standard of rest
(LSR) with a bulk motion of ∼17 km s−1 (Frisch and Slavin 2006a). The kinemat-
ics of this flow are determined by diffuse clouds in front of stars within 30 pc, and
is typical of low-density interstellar clouds. In contrast, low velocities of ∼0–2 km s−1

are found for more distant, cold, dense molecular clouds. Fast, low-density ISMa has
long been known to show enhanced abundances of Ca+ and other refractory elements,
caused by the destruction of dust grains in interstellar shocks (Routly and Spitzer 1952;
Jones et al. 1994). Based on the kinematics and enhanced refractory abundances measured
for ISMa within 14 pc, Frisch (1981) originally proposed that the CLIC is part of the Loop
I superbubble that has expanded to the solar location. More recently Wolleben (2007) used
1.4 GHz, radio-continuum-polarization data and found that the Sun is located in the rim of
the S1 subshell of Loop I (see Figs. 10 and 13).

5.1 Dynamics of the Complex of Local Interstellar Clouds

Two approaches have been used to study the dynamics of local ISMa: (1) The bulk motions
of the ensemble of nearby clouds have been derived from some combination of optical and
UV data (Crutcher 1982; Frisch and York 1986; Bzowski 1988; Vallerga et al. 1993; Frisch
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et al. 2002). (2) Individual dynamical clumps in the flow of ISMa past the Sun have been
identified based on pure kinematics (Frisch 1981; Lallement et al. 1986; Frisch et al. 2002),
or on both kinematical and temperature properties (Redfield and Linsky 2008). Many papers
report cloud velocities in the solar system barycenter. However, for proper comparison with
structural features in the global ISMa, velocities must be converted into the LSR.

Ultimately, all identifications of nearby interstellar clouds rely on absorption lines in-
terpreted with the assumption that the absorbing gas has a thermal distribution of ve-
locities around a central velocity, combined with non-thermal microturbulence. Absorp-
tion line spectroscopy is a powerful technique that, due to the Doppler shift of interstel-
lar structures, can measure several distinct absorption components along a single line of
sight. This technique has been used extensively, particularly at high spectral resolution
(e.g. Crawford 2001; Welty et al. 1999; Gry and Jenkins 2001; Crawford 2001; Redfield
and Linsky 2002, 2004a; Welty et al. 2003; Frisch et al. 2002). One basic property of
LISM dynamics is that most sightlines show multiple distinct absorption profiles, partic-
ularly near the upwind-downwind axis where the radial components of the Doppler mo-
tions dominate. This argues for structured, coherently moving collections of gas in the
LISM. For example, the median difference in radial velocity for LISM clouds within
100 pc and along a single line of sight is ∼7.5 km s−1, whereas the typical line width
(including thermal and microturbulent broadening mechanisms) is less than half of that
at ∼2.8 km s−1 (Redfield and Linsky 2004a). One fact not yet understood about inter-
stellar absorption lines is that the number of identified components increases as the spec-
tral resolution of the observations increases. Welty and collaborators (Welty et al. 1996a;
Welty and Hobbs 2001) argue that ∼40–48% of absorption components in distant sight-
lines,where the average number of absorbers is 5.0–9.5 per sight line, remain undetected
because they are severely blended and observed at too low of a spectral resolution. For the
LISM, on average, there are only 1.7 absorbers per sight line (Redfield and Linsky 2004a),
yet absorption components are generally blended in velocity.

The recent studies of the kinematical structure of the LISM, described below, present the
same general picture but do not agree in the detailed descriptions of cloudlets. Future studies
of this topic need to include high-resolution observations in the UV, that can simultaneously
provide information on the ionization, neutral densities, and kinematical structure of each
sightline.

5.1.1 Bulk Dynamics of Local Interstellar Gas

Various studies of the CLIC properties and dynamics have concluded that the LISM within
∼30 pc flows away from the central regions of the Loop I supernova remnant (Frisch 1981;
Crutcher 1982; Frisch and York 1986; Bzowski 1988; Vallerga et al. 1993; Frisch et al.
2002). Recent studies sampling ISMa within ∼30 pc show that the bulk flow of ISMa past
the Sun has an LSR vector motion of −17 km s−1 from the upwind direction of (�, b) ∼
(358◦,−5◦). This LSR upwind direction of the CLIC is near the center of the S1 subshell
of the Loop I supernova remnant, at � = 346◦ ± 5◦, b = 3◦ ± 5◦, identified by Wolleben
(2007) based on 1.4 GHz polarization data. This LSR upwind direction, combined with
the solar location inside the shell rim, suggest the bulk flow velocity vector represents the
mean motion of the S1 shell expanding past the Sun. Fig. 13 shows the bulk motion of the
CLIC through the LSR, together with the solar apex motion and the S1 shell location. The
S1 center distance (78 ± 10 pc) and rim thickness (∼20 pc) place the Sun inside of the
shell rim. Comparisons of CLIC velocities for stars within ∼ 10 pc show that the bulk flow
of ISMa past close to the Sun is decelerating (Frisch and York 1986; Redfield and Linsky
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Fig. 13 Slices of the S1 shell (black dots, large ring) and S2 shell (blue dots, small ring) within 5 pc of
the galactic plane (|Z| < 5 pc). The shell properties are displayed in Cartesian coordinates with the galactic
center at the right and the direction of LSR rotation at the bottom. See Wolleben (2007) and Frisch (2008b)
for additional information on the S1 and S2 shells. The red and blue arrows show the LSR velocities of the
Sun and CLIC from Frisch and Slavin (2006a), and the black arrows show the 15 cloudlets of Redfield and
Linsky (2008, RL8). The black circle shows the 30 pc radius region represented by the CLIC bulk flow vector.
The pink crosses show the locations of the stars used to derive the velocity model with 15 cloudlets. The dot
density scales with column density through the S1 and S2 slices. The coldest portions of the S1 shell are
also seen as arcs protruding from the Scorpius-Centaurus Association in Fig. 2. This cold gas is observed, for
instance, in Na◦ absorption towards δ Cyg (e.g. Hobbs 1969)

2001; Frisch et al. 2002). This effect vanishes when more distant stars, within ∼100 pc, are
included.

5.1.2 Structure and Cloudlets in the Complex of Local Interstellar Clouds

The inhomogeneous LISM was first apparent in individual ‘clouds’ identified 45 years ago
towards stars within 20 pc (Munch and Unsold 1962; Hobbs 1969). The first spectrum of in-
terstellar gas inside of the heliosphere was a Copernicus observation of the H◦ Lyα backscat-
tered emission obtained during 1975, which determined an H◦ velocity of ∼ −24.7 km s−1

(neglecting heliospheric acceleration and after correcting for the recent Ulysses measure-
ment of the Heo upstream direction, Sect. 2.1.1, Adams and Frisch 1977; Frisch 2008a).
The nearest star for which optical data were then available, α Oph at 14 pc, showed in-
terstellar Ca+ velocities of −24 km s−1 and −26 km s−1 (Marschall and Hobbs 1972;
Crawford 2001). In contrast, the heliospheric H◦ velocity projected in the α Oph direction
was ∼ −21.1 km s−1. Although some of that difference is now recognized to be due to the
deceleration of H◦ at the hydrogen wall (Sect. 3.2), this mismatch became the first evidence
of velocity inhomogeneities in the LISM.

The earliest studies of the LISM structure were based on the kinematics of absorption
components identified towards individual nearby stars. Frisch (1994) assumed that the LIC
velocity vector is parallel to a cloud surface normal and used ISMa data towards α CMa at
2.7 pc to estimate that the Sun has entered the LIC within the past several thousand years. Us-
ing the original definition of the LIC velocity, Lallement et al. (1995) compared the ISMa ve-
locity inside the heliosphere with ISMa velocities towards upwind stars, including α Cen at
1.3 pc, and concluded that the Sun will emerge from the LIC in the next 10,000 years. Again
using the original definition of the LIC velocity, the absence of a LIC component towards
the upwind stars (Wood et al. 2000b) and α Cen (the nearest star, Linsky and Wood 1996)
set an upper limit for the distance to the LIC edge in the upwind direction of ∼0.1 pc. These
studies then suggested that the Sun is inside of a tiny distinct kinematic structure, and will
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exit this kinematical structure in ≤3,800 yrs. The most recent definition of the LIC velocity
by Redfield and Linsky (2008, see below), using absorption components towards stars up to
100 pc away, instead places the Sun between two cloudlets. In this later case, the CHISM
itself would be an independent kinematic structure, sampled only by the heliosphere. At this
point the discussion enters the philosophical territory as to “what is an interstellar cloud”
(a question posed by Eugene Parker). We note that 30 years ago ‘clouds’ such as the LIC
and CHISM were referred to as ‘intercloud material’.

A kinematical study of the whole sky requires both high-resolution optical Ca+ data
and medium-resolution UV absorption lines, because the UV resonance lines are far more
opaque than Ca+ and thus allow measurements of warm ISMa in the galactic anticenter
and north galactic pole directions where Ca+ column densities are very low. Individual
cloudlets have been identified in the bulk flow of ISMa past the Sun based on the fitting
of clouds with thermal Maxwellian velocity distributions combined with non-thermal mi-
croturbulence. Based on kinematics, Lallement et al. (1986) identified five cloudlets in the
CLIC. The subsequent inclusion of UV absorption lines showed that the gas flow in the
galactic anticenter hemisphere can be fit with a single velocity vector (originally called the
AG Cloud and now called the LIC flow vector), but the galactic center hemisphere required
a slightly different velocity vector (called the G Cloud flow vector). A more extended set of
data, focused on stars that traced ISMa within 30 pc, allowed identification of seven distinct
kinematical structures (Frisch et al. 2002). One difficulty in assigning absorption compo-
nents to cloudlets in the CLIC is that many features have similar upwind directions, e.g.
the LIC and G-cloud, yielding ambiguous assignments for stars located ∼90◦ from the bulk
flow direction.

A more detailed cloudlet structure based on kinematical arguments has been developed
by Redfield and Linsky (2008), who assembled a database with 270 radial-velocity mea-
surements for 157 sightlines towards stars located within 100 pc, including the data from
Lallement et al. (1986) and Frisch et al. (2002). The locations of these stars are plotted in
Fig. 13, and include sightlines that sample both the S1 and S2 shells of Wolleben (2007).
About 55% of this database consists of velocities measured in UV absorption lines of D◦,
C+, O◦, Si+, Mg+, Fe+, measured by the GHRS and STIS instruments on HST, and 45% of
the data are from ground-based Ca+ spectra. Nearly half of these radial velocities, primar-
ily in the galactic anticenter hemisphere, are consistent with a single flow vector to within
±1 km s−1, which has also been named the LIC, and is denoted here the VLIC,RL. The VLIC,RL

flow vector in the LSR has a velocity amplitude of 23.8±0.9 km s−1, and is directed towards
galactic coordinates l = 187.0◦ ± 3.4◦ and b = −13.5◦ ± 3.3◦. Alternate definitions of the
LIC velocity vector are based on the velocity of interstellar Heo inside of the heliosphere
(Sect. 2.1.1) and interstellar absorption components in nearby stars in the downwind di-
rection (Lallement and Bertin 1992). The temperatures of the components assigned to the
VLIC,RL component vary from 5,200 K (κ1 Cet) to 12,050 K (V368 Cep), with a weighted
mean of 7500 ± 1300 K, based on 19 independent temperature measurements. Tempera-
tures are determined by assuming mass-dependent thermal and mass-independent turbulent
broadening of absorption lines, with the low mass measurements generally based on the D◦
Lyα absorption line, which is superimposed on the blue wing of the stronger H◦ Lyα feature.

The morphology of the LIC, according to Redfield and Linsky (2008), is shown in
Fig. 14. Using components with radial velocities that are inconsistent with the VLIC,RL vec-
tor, Redfield and Linsky (2008) then searched for patches of galactic coordinates that contain
radial velocities consistent with different velocity vectors to within measurement errors. The
largest such patch is the G cloud based on 21 sightlines, but there are 13 other clouds each
based on 4–15 sightlines. All of these clouds lie within 15 pc of the Sun as determined by
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Fig. 14 The location in galactic coordinates of four interstellar clouds that are closest to the heliosphere. The
Mic Cloud, which is likely located between the LIC and G Clouds with a similar shape, may be compressed
and heated by the collision of the LIC and G Clouds. The G Cloud is seen in front of α Cen (1.3 pc), and the
Blue Cloud is seen in front of Sirius (2.6 pc). Eleven other warm clouds located within 15 pc of the Sun are
not plotted, but together the 15 clouds cover the whole sky (Redfield and Linsky 2008)

the nearest star with an interstellar velocity component consistent with the cloud vector. By
this criterion, six of the clouds are closer than 3.5 pc, and the G cloud lies within 1.3 pc, the
distance to α Cen. Approximately 19% of the velocity components could not be assigned
to a cloud, indicating that they are located in a poorly sampled region of the sky or that
the absorbing gas cloud subtends too small an angle to determine a reliable velocity vector
either because the cloud is intrinsically small or too far away. Half of these 15 cloudlets
overlap kinematical entities identified in earlier studies (Frisch 1981; Lallement et al. 1986;
Frisch et al. 2002), and the differences between the original and newly derived vectors show
that the three-dimensional kinematics of a cloud are highly sensitive to the set of stars, and
absorption components, that have been selected to identify the clouds.

The velocity of ISMa inside of the heliosphere is well established by interstellar Heo

flowing into the heliosphere at −26.3 ± 0.5 km s−1 (Sect. 2.1.1), which is between the flow
speed of the VLIC,RL (−23.8 ± 0.9 km s−1) and the G Cloud (−29.6 ± 1.1 km s−1). When
the new velocity vector VLIC,RL is used, the direction of the inflowing Heo is intermediate
between that of the G and RL8-LIC clouds, and the temperature of the inflowing Heo gas
(6300 ± 390 K, Witte 2004; Möbius et al. 2004) is also intermediate between the RL8-LIC
(7500 ± 1300 K) and the G Cloud (5500 ± 400 K). Redfield and Linsky (2008) therefore
concluded that heliosphere is in the transition region between the LIC and G Clouds. In this
case, however, the CHISM is seen nowhere except inside of the heliosphere.

The identification of distinct, rigidly moving, kinematically defined cloudlets in the CLIC
flow is subject to several different uncertainties. As noted above, the similar upwind direc-
tions for most of the local cloudlets identified so far means that absorption components
towards stars in the sidewind direction frequently have velocities consistent with more than
one cloudlet. A second uncertainty follows from apparent deceleration of the nearest parts
of the CLIC. In addition, many cloud identifications rest on blended components where un-
certainties in component velocities are comparable to the velocity differences between the
cloudlets. An example of this later case is the sightline towards α Oph. High-resolution
observations of the most positive absorption component towards α Oph, at 14 pc, find he-
liocentric velocities that differ by several km s−1 for components forming VLIC,RL, with val-
ues of −22.2 km s−1(Welty et al. 1996b), −23.6 km s−1 (Crawford and Dunkin 1995), and
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−24.0 km s−1 (Crawford 2001). The uncertainty range of this component velocity is compa-
rable to the difference of ∼2.4 km s−1 between the interstellar Heo velocity and VLIC,RL, pro-
jected in the α Oph direction. These various uncertainties can only be overcome by building
a comprehensive high-resolution database of ISMa within 30 pc, inclusive of UV spectral
data, so that cloud physical properties can also be investigated.

5.2 Origin of Local Interstellar Medium

The similarity in the upwind directions of the velocity vectors of LISM clouds argues for
a collective history or driver in order to create the common motion of LISM clouds. Using
information on the dynamics and abundances of nearby warm gas, Frisch (1981) originally
found that the origin of local ISMa is directly related to the history and structure of the
asymmetrically expanding Loop I bubble formed by the supernovae and winds from stars in
the Scorpius-Centaurus Association. The averaged LSR upwind direction of LISM cloudlets
is found to be l ∼ 357.8◦, b ∼ −5.2◦ using stars within 30 pc (Frisch and Slavin 2006a) or
l ∼ 10.7◦, b ∼ 16.6◦ using stars within 100 pc (Redfield and Linsky 2008). These direc-
tions are coincident with the location of one of the nearest OB associations, the Scorpius-
Centaurus Association, and within 20 degrees of the Upper Scorpius subgroup. The agree-
ment is even stronger for the location of the associations when they were formed, from
5–10 Myr ago (de Geus et al. 1989; Maíz-Apellániz 2001), when the upwind direction is
within 10 degrees of both the Upper Scorpius and Upper Centaurus Lupus subgroups. A re-
lated interpretation of the data is that the LISM is part of the S1 shell (Fig. 13, and Frisch
2008b).

The connection between Sco-Cen and the Local Bubble, as well as the warm LISM
around the Sun, has been discussed by various authors (e.g. Frisch 1981, 1995; Frisch
and York 1986; Bochkarev 1987; Maíz-Apellániz 2001; Fuchs et al. 2006; Wolleben 2007;
Redfield and Linsky 2008). Shells swept up by the winds of young stars in the Scorpius-
Centaurus Association may be coincident with the location of the Sun today, and may be
responsible for the very local warm ISMa clouds observed in our immediate vicinity. Frisch
(1995, 1996) modeled the Loop I shell at the Sun as formed 4–5 Myrs ago by stellar evolu-
tion in the Scorpius-Centaurus Association. Breitschwerdt and de Avillez (2006) proposed
an alternative, but related, model where supernovae from a Pleiades subgroup led to the for-
mation of the LB. The interaction of two such structures has led to theories of the formation
of warm LISM clouds from Rayleigh-Taylor instabilities near the interaction point, which
subsequently get driven by the prevailing flows from the Scorpius-Centaurus Association
(Breitschwerdt et al. 2000; Egger and Aschenbach 1995). Finally, straightening magnetic
flux tubes, pulling dense material from the LB boundary, has been discussed as a possible
formation mechanism for the warm LISM clouds by Cox and Helenius (2003). Detailed
morphological and physical models of both the warm LISM clouds and the hot gas in the
LB need to be assembled in order to develop a coherent model for the origin and evolution
of our most local interstellar environments.

5.3 Physical Properties of the Local Interstellar Medium

5.3.1 Temperature and Turbulence

High-resolution UV spectra obtained with the GHRS and STIS instruments on HST have
provided the important data for inferring the physical properties of the clouds. The widths
of interstellar absorption lines of ions with atomic masses differing by over an order of
magnitude, e.g. D◦ and Fe+, can in principle be used to separate purely thermal from non-
thermal (turbulent) broadening components. This deconvolution of line widths is based
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on the assumption that the line full-width-half at half-maximum is given by FWHM ∼
1.7 ∗

√
V 2

thermal + V 2
turbulent, where Vthermal represents the mass-dependent Doppler broadening

of the line by thermal motions, and Vturbulent is presumably mass-independent line broaden-
ing due to the turbulent motions. We note that this later assumption may break down for ions
subject to magnetically-induced gyromotion. Redfield and Linsky (2004b) found a weighted
mean temperature along fifty LISM sightlines of 6680 ± 1490 K, with a range between
1000 K and 12,500 K. The weighted mean nonthermal broadening is 2.24 ± 1.03 km s−1,
which is subsonic and provides less pressure support than the thermal component. The mean
turbulence may be somewhat overestimated due to unresolved velocity components. Red-
field and Linsky (2004b) also found a moderately significant negative correlation of T with
nonthermal broadening, which, if real, could result from pressure equilibrium. A puzzling
aspect of the negative correlation is found for stars within 10 pc, where the negative corre-
lation between temperature and turbulence is accompanied by positive correlations between
N (Do) and temperature (Frisch 2008a). In low-density, partially ionized ISMa such as the
LIC, D◦ and Fe+ will have different spatial distributions, so that radiative transfer models of
the sightline are required to accurately compare abundances of these species with different
ionization levels.

5.3.2 Chemical Composition

In principle, elemental abundances can be used to estimate depletions onto dust grains, based
on some assumed reference abundance for the cloud. Isotopic abundances suggest that solar
abundances are appropriate for the CHISM (Sect. 2.2). Abundances in partially ionized gas
must be compared to N (H◦ + H+), as has been done implicitly for the CHISM through the
use of radiative transfer models (Sect. 4.3). However cloud ionizations are not known for
most of the CLIC sightlines. In the CHISM, gas-phase, refractory-element abundances of
Fe, Mg, and Si are enhanced over cold cloud values by factors of ∼12, ∼3, and ∼4, which
is attributed to the destruction of ISDGs in shocks (Jones et al. 1994; Frisch et al. 1999;
Slavin and Frisch 2008). Redfield and Linsky (2008) found that small depletions of Fe and
Mg are correlated with high turbulence values. A further consideration is that since the Sun
resides in the rim of the S1 shell, and the CLIC samples the S1 shell (Fig. 13), it is likely that
depletions are similar throughout the shell. In this case, apparent local depletion variations
would either be due to neglected ionization corrections, or the above-mentioned problems
with the conventional line-broadening algorithm.

5.3.3 Ionization

Ionization has been determined for the LISM from collisionally excited C+∗ lines and the
Mg◦ line, which has a strength enhanced in warm gas (>6000 K) by dielectric recombi-
nation (York and Kinahan 1979). The range of interstellar electron densities found for gas
within ∼100 pc, using either the Mg◦/Mg+ or C+∗/C+ ratios, is n(e) = 0.02–0.50 cm−3

(Frisch et al. 1990; Lallement and Ferlet 1997; Lehner et al. 2003; Redfield and Falcon
2008). The CHISM value n(e) = 0.07 ± 0.01 cm−3 determined from radiative transfer mod-
els (Sect. 4.3) is thus consistent with the general values in the LISM. The nearest star
with a high observed level of ionization is the white dwarf HD 149499B (37 pc), where
N (N+)/N (N◦) ∼ 2 (Lehner et al. 2003). The ionizations levels of N and H are coupled by
charge exchange in diffuse clouds.
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5.3.4 When Local Clouds Interact

We now know that even over sightlines as short as a few parsecs there are on average
1.7 clouds. Redfield and Linsky (2008, RL08) estimated that warm clouds occupy 5.5–19%
of the volume of space within 15 pc. The model with 15 LISM velocity vectors (Sect. 5.1.2)
allowed RL08 to compute the relative velocity differences between clouds located along the
same sightline. These velocity differences are often supersonic (>8 km s−1) and in some
cases as large as 45 km s−1, although we do not know the locations of most clouds along
lines of sight. These pieces of information make it likely that some clouds interact with each
other and that the collisions can produce shocks. Linsky et al. (2008) showed that the three
quasars with well-studied, large-amplitude intraday and annual scintillation variability are
all located along lines of sight that pass through the edges of warm clouds where cloud-cloud
interactions are likely. Since scintillation is produced by a turbulent ionized medium, this
study reinforces the possibility that locally cloud-cloud interactions produce the turbulence.
A related possibility is that the scintillations occur where the magnetic fields of the S1 and
S2 shells interact.

6 Conclusions

The IBEX mission is now providing detailed in situ measurements of ENAs formed in
the interface between the CHISM and the solar wind. The ENA data will constrain the
region where the filtration of interstellar neutrals occurs. The advent of observations of
ISMa inside of the heliosphere brought an absolutely unique perspective to understand-
ing interstellar clouds. Observations of ISMa inside and outside of the heliosphere can be
combined with extraordinary accuracy to constrain the questions concerning the bound-
ary of the heliosphere. We find that the CHISM properties consistent with available he-
liospheric and astronomical data on the LIC indicate a warm, low-density, partially ionized
gas, n(H◦) ∼ 0.195 cm−3, n(e) ∼ 0.06 cm−3, T ∼ 6300 K, χ(H) ∼ 0.24, χ(He) ∼ 0.40. If
thermal and magnetic pressures are equal, the magnetic field is weak, with B ∼ 2.7 μG.

This chapter in the IBEX volume summarizes data on interstellar material inside and
outside of the heliosphere, including H◦, Heo, and pickup ions and anomalous cosmic rays.
Accurate corrections for filtration are the key to comparing data on interstellar neutrals in-
side of the heliosphere with data on interstellar neutrals in the CHISM. The energetic neutral
atom data measured by IBEX will provide important data for constraining the heliosphere
boundary regions and the filtration corrections for interstellar neutrals.

Consistent values for the orientation of the interstellar magnetic field at the heliosphere
are given by several different indicators, and suggest a field inclined by ∼59◦ with respect
to the ecliptic plane; if the ISMF is part of the extended Loop I magnetic field, the field po-
larity may be directed from the southern to the northern hemisphere. Additional data on the
polarizations of nearby stars would strengthen our understanding of the nearby interstellar
magnetic field.

This chapter also provides the context for understanding the origin of the CHISM, and
the family of cloudlets that surround the CHISM on our journey through space. Clouds such
as the CHISM, e.g. warm, low-density, partially ionized gas, were once termed “intercloud
medium”. However the dynamical motion of the CHISM and other nearby clouds clearly
indicate a common origin and history for a parcel of gas that moves through the LSR at a
mean velocity of ∼17 km s−1. Recent studies of distinct kinematical components among the
clump of nearby cloudlets offers the opportunity to understand cloud-cloud interactions, as
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well as the paleoheliosphere. Identifying and modeling CLIC kinematics requires grappling
with the fundamental concept of ‘what is an interstellar cloud’, in the context of a turbulent
flow, or superbubble shell, containing very low-density gas. The dust grains in the CHISM
appear typical for rapidly moving clouds with a history of grain destruction in shocks, and
at the same time in situ dust data provide a means of direct measurement of the interstellar
gas-to-dust mass ratio. The small dust grains missing from the inner heliosphere are clues
to the interstellar and solar wind magnetic fields in the heliosheath regions, and the way the
interstellar dust distribution is modified by the radiation pressure and the solar activity cycle.
The origin of the LIC as part of an expanding superbubble shell driven by star formation in
the Scorpius-Centaurus Association is consistent with data on the LISM.

Summary of acronyms used in this chapter The many terms and acronyms used in this
chapter include: Interstellar Boundary Explorer mission (IBEX), Local Bubble (LB), Voy-
ager 1 (V1), Voyager 2 (V2), anomalous cosmic rays (ACR), circumheliospheric interstel-
lar medium (CHISM), complex of local interstellar clouds (CLIC), energetic neutral atom
(ENA), extreme ultraviolet (EUV), far ultraviolet (FUV), heliopause (HP), Hubble Space
Telescope (HST), interplanetary magnetic field (IMF), interstellar dust grain (ISDG), inter-
stellar magnetic field (ISMF), interstellar material (ISMa), interstellar radiation field (ISRF),
Local Interstellar Cloud (LIC), local interstellar medium (LISM), local standard of rest
(LSR), magnetohydrodynamic (MHD), pickup ion (PUI), polycyclic aromatic hydrocarbons
(PAH), position angle (PA), solar wind charge exchange (SWCX), solar wind termination
shock (TS), and ultraviolet (UV).
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