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1. INTRODUCTORY REMARKS

Studies of the interaction between the solar wind and the interstellar
medium have been carried out with varying degrees of intensity over more
than three decades (e.g. early work by Davis 1955, 1962, Parker 1961,
1963, Axford et al. 1963; reviews by Axford 1972, 1973, Fahr 1974, Holzer
1977, Thomas 1978, Lee 1988). The intensity of activity in this field has
been determined primarily by the availability of relevant observations, and
a recent surge of activity has been generated by the suggestion of a possible
indirect detection of the shock transition terminating the supersonic solar
wind flow (Kurth et al. 1984, 1987, Lee 198R), by the consequent realization
of the possibility that a deep space probe may soon cross this terminal
shock, and by recently increased activity in the observational study of the
local interstellar medium (e.g. Frisch 1986, Cox & Reynolds 1987). It thus
seems an appropriate time for a critical review of the observational and
theoretical work on which our current understanding of this subject is
based.

The basic dynamical interaction between the solar wind and the inter-
stellar medium involves the relaxation toward pressure equilibrium
between the solar and interstellar magnetized plasmas. This interaction
leads to the formation of a cavity in the interstellar medium carved out by
the solar plasma, which we refer to as the heliospheric cavity, or simply
the heliosphere. It is not difficult to determine what heliospheric and
interstellar parameters are likely to be important in the interaction between
the solar wind and the interstellar medium, and in Section 2 we provide
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an overview of the observationally inferred values of these parameters,
including the uncertainties in the inferences. Then, in Section 3 we examine
from a theoretical point of view the basic physical processes that are likely
to be important in this interaction, and we conclude in Section 3.8 by
combining this theoretical information with the observational information
of Section 2 in an effort to develop the currently most likely overall picture
of the heliosphere that is shaped by the local interstellar medium.

2. OBSERVATIONAL OVERVIEW

We begin with an overview of currently available observational inferences
concerning (a) the relevant properties of the solar wind in its asymptotic
flow regime, (b) the nature of the very local interstellar medium (VLISM),
and (c) the various modes of interaction between the solar wind and the
VLISM. The degree of uncertainty associated with these observational
inferences varies greatly, with the inferences concerning the in-ecliptic
solar wind being the least uncertain and those concerning the VLISM,
particularly the interstellar magnetic field, being the most uncertain. In the
present section we simply note the degrees of uncertainty, and in the
following sections we discuss the implications of these uncertainties for
our understanding of the interaction between the solar wind and the
interstellar medium. Some observations that are relevant to the problem
at hand are not considered in this section, but these are discussed at an
appropriate point in Section 3.

2.1 The Distant Solar Wind

As noted in Section 1 and discussed in detail in Section 3, the basic
dynamical interaction between the solar wind and the VLISM involves the
relaxation toward pressure equilibrium between the solar and interstellar
magnetized plasmas. The principal solar wind parameter controlling this
interaction is the ram pressure of the supersonic flow, pu®, where p is the
mass density, and u the flow speed of the solar wind. In contrast, the
penetration of interstellar hydrogen atoms into the heliosphere and their
cffects on the solar wind in the regions of supersonic and subsonic flow
are largely controlled by the solar wind proton flux density n,u (where n,
is the proton density), the solar wind flow speed u in the supersonic region,
and the solar wind temperature 7 in the subsonic region. Thus, the three
directly observable solar wind parameters in which we are most interested
are nyu, u, and pu’ in the supersonic solar wind.

The region of supersonic solar wind flow is generally organized (except
near the maximum of the 11-yr solar activity cycle) by the dipole com-
ponent of the solar magnetic field, with relatively low-speed wind flowing
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near the dipole equator and relatively high-speed wind flowing at higher
magnetic latitudes (e.g. Hundhausen 1977, Hundhausen et al. 1981).
Throughout much of the 11-yr cycle (namely, the minimum and post-
minimum phases of the cycle) the dipole axis is nearly coincident with the
solar rotation axis, but during the declining (postmaximum) phase of the
cycle the dipole axis is tilted significantly (some 30°) with respect to
the solar rotation axis. During this latter period the nonalignment of the
rotational and magnetic axes gives rise to a strong interaction between
high-speed and low-speed solar wind at low and middle solar latitudes
(e.g. Hundhausen 1977, Pizzo 1986, Burlaga 1988). Finally, near the
maximum of the solar activity cycle, the organizing dipole structure largely
disappears, and relatively slow wind flows over most solar latitudes and
longitudes (¢.g. Sime 1983, Kojima & Kakinuma 1987).

In situ solar wind observations (e.g. Feldman et al. 1977, Schwenn 1983)
indicate that the wind parameters of particular interest to us are well
organized by solar wind speed, so we should be able to infer reasonable
average values for these parameters (n,u, 4, and pu?) for all solar latitudes
and all phases of the solar activity cycle. (The complicating effects of solar
wind stream interactions at low and middle solar latitudes during the
declining phase of the solar cycle are discussed in Section 3.) The major
uncertainty we confront in determining these values arises from the uncer-
tainty in the absolute measurement of proton density (Feldman et al.
1977). Although the relative accuracy of density measurements by a given
instrument is quite good, the absolute (systematic) error may be more than
30% (Feldman et al. 1977), as is evidenced by the intercalibration of
the HELIOS and IMP8 plasma instruments (Schwenn 1983). With this
difficulty in mind, we summarize the average values of our three solar wind
parameters (cf. Table 1) appropriate to low-speed and high-speed wind,
and we indicate the smallest and largest values of the two density-depen-
dent parameters (n,u, pu’) that seem consistent with the expected uncer-
tainties in density determination. The largest values are taken from Feld-
man et al. (1977), and the smallest are 20% smaller (at both low and high
speeds) than those given by Schwenn (1983) and correspond to the indirect
inferences of solar wind proton fiux density drawn from Ly-« backscatter
observations (e.g. Lallement et al. 1985). Note that the values in Table 1
apply to a heliocentric distance of r = ry = 1 AU; in the supersonic flow
beyond 1 AU, u can be assumed constant, and both nu and pu’ can be
assumed to vary as r3/r>.

2.2 The Very Local Interstellar Medium (VLISM )

Our knowledge of the interstellar medium very near the solar system
derives to some cxtent from observations of the interstellar medium (ISM)


http://www.annualreviews.org/aronline

N

Annu. Rev. Astro. Astrophys. 1989.27:199-234. Downloaded from arjournals.annualreviews.org
by CaliforniaInstitute of Technology on 11/24/08. For personal use only.

Annua Reviews )
www.annualreviews.org/aronline

202 HOLZER

Table1 Average values of solar wind parameters in high-speed
and low-speed flows at r = rg = 1 AU

Wind parameter Low-speed flows  High-speed flows

u(kms™?) 330 700
npu (em™2 57y 3.9 x 10° 2.7 x 10°
nott (cm™s~1)° 2.6 x 10° 1.6 x 10
pu* (dyn cm™?)? 2.1 x 107° 32 x 107°
pu’ (dyn cm™2)® 1.7 x 1078 1.9 x 1078

# Largest expected average values (from Feldman et al. 1977).

® Smallest expected average values: 20% below those given by Schwenn
(1983), as inferred by Lallement et al. (1985); note the small variation of
pu® (Steinitz & Eyni 1980). Uncertainties associated with electrostatic
analyzer observations (Feldman et al. 1977, Schwenn 1983) may soon be
substantially reduced through the analysis of Faraday cup observations
during the same time period (Lazarus & Belcher 1988; A. J. Lazarus,
private communication, 1989).

over very long lines of sight (namely, over distances of much more than
100 pc), but more useful information is gained from observations restricted
to the local interstellar medium (LISM), which we arbitrarily define to lie
within 100 pc of the Sun. Of course, the most useful information for our
purposes would come from observations of the VLISM, in which the
heliosphere is immersed, and which we take to lie within 0.01 pc of the
Sun. Unfortunately, our observations of the VLISM are confined to the
intersteilar neutral gas and Galactic cosmic rays, both of which can pene-
trate deeply into the heliosphere, but both of whose characteristics may
be significantly modified during this penetration.

The general picture of the LISM that has emerged over the last several
years is thoughtfully discussed by Cox & Reynolds (1987), and it is recom-
mended that their review be read in conjunction with the present one. We
can summarize this picture of the LISM by referring to Figure 1, which is
adapted from Figure 2 of Cox & Reynolds (1987). It appears that the Sun
is currently located in a volume called the Local Bubble, whose dimensions
range from some 70 pc across in the Galactic plane to some 300 pc across
perpendicular to the Galactic plane. This volume is filled predominantly
by a hot, low-density, X-ray-emitting plasma characterized by an electron
density of about 5 x 1072 ¢cm > and a temperature of about 10° K. The
Sun, however, is immersed in a small-scale (a few parsecs or less) feature,
called the Local Fluff, that has a much higher density, (~ 107! cm~*) and
amuch lower temperature (~ 10* K) than the Local Bubble. It is not known
whether the Local Fluff is an equilibrium or nonequilibrium structure
characteristic of the Local Bubble or of an expanding Loop 1 Bubble (cf.
Figure 1), which is thought to be the remnant of a supernova explosion.
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Figure 1 A cross section of the Local Bubble in the Galactic meridional plane, the right
half of which corresponds to a Galactic longitude between 330° and 350° (based on Figure
2 of Cox & Reynolds 1987). The shaded region around the Sun is the Local Fluff, in which
the heliosphere is thought to be immersed. The other shaded region represents a wall of
neutral hydrogen separating the Local Bubble from the Loop T Bubble.

We can, however, place significant constraints on the parameters charac-
terizing the various components of the VLISM, and perhaps of the Local
Fluff as a whole.

2:2.1 NEUTRAL ATOMIC COMPONENT OF THE VLISM Neutral atoms in the
interstellar medium penetrate relatively freely into the heliosphere (e.g.
Patterson et al. 1963, Hundhausen 1968, Blum & Fahr 1970, Holzer &
Axford 1971), and solar UV radiation resonantly scattered by these atoms
has been observed from space over the past two decades (e.g. early papers
by Bertaux & Blamont 1971, Thomas & Krassa 1971, Paresce & Bowyer
1973; reviews by Tinsley 1971, Fahr 1974, Thomas 1978; recent papers by
Chasseficre et al. 1986, 1988a,b, Ajello et al. 1987, and references therein).
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Extensive analyses of backscattered radiation observed in the resonance
lines of H I 41216 and He T 1584, coupled with models of the penetration
of interstellar neutrals into interplanetary space, have led to the following
inferred properties of the neutral component of the VLISM. The velocity
of the VLISM relative to the Sun has a magnitude

w=23+2kms™!

and is directed toward approximately 74.5° ecliptic longitude and —7.5°
ecliptic latitude (corresponding to 175° Galactic longitude and —21°
Galactic latitude). This implies a motion of the neutral VLISM relative to
the local standard of rest of about 20 km s~' toward a Galactic longitude
of about 120° and very nearly in the Galactic plane. The HT and He I
densities and temperatures in the VLISM are

ng = 0.10+0.03¢cm ™3,
Ny = 0.0104-0.005 cm 3,
T, = (942) x 10K,
T = (9+2) x 10°K.

The relatively large uncertainties in the hydrogen and helium densities
reflect conflicts among different observational inferences, rather than the
uncertainty estimates attached to any of the individual inferences (which
are generally considerably smaller). Evidently, the ratio ny./ny is consistent
with the cosmic value of [He]:[H] = 0.1 for a rather large range of ion-
ization fractions (cf. Blum et al. 1980, Meier 1980, Weller & Meier 1981),
so inference of the ionization fraction of the VLISM from UV backscatter
observations must await reduction of the density uncertainties. Values of
w=25kms™' n;=0.12cm™3, and T}, = 1.15 x 10* K inferred for the
Local Fluff (Frisch 1986) lie at the high end of the ranges given above for
the VLISM, and at present these two sets of observations cannot be
considered inconsistent. Of course, there is no reason to belicve that
average values for the Local Fluff should correspond exactly to VLISM
values, because the VLISM makes up only a tiny fraction of the Local
Fluff volume.

2.2.2 IONIZED, THERMAL COMPONENT OF THE LOCAL FLUFF Since we
cannot presently draw useful inferences concerning the VLISM ionization
state from UV backscatter observations, we must rely on line-of-sight
average values of the electron density deduced for the Local Fluff from
observations of nearby stars. The results of such observations are sum-
marized by Frisch et al. (1987) as a prelude to their discussion of a specific
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study of the Local Fluff through observation of Mg I 12852 in the direction
of a Oph. If it is assumed that in a warm gas the Mg ionization balance
between the first two stages is determined by photoionization of Mg I and
dielectronic recombination of Mg I, then it is possible to estimate the
absorption in Mg I 42852 that would be produced by the Local Fluff with
a given electron density. Frisch et al. (1987) conclude that an appropriate
upper limit on the electron density in the Local Fluff is n, <3 x 1073
cm >, which is a factor of 5 smaller than the theoretical predictions of
McKee & Ostriker (1977) when applied to a gas with temperature 10* K
and density 0.1 cm 3. Of course, the VLISM is not necessarily in the same
ionization state as the Local Fluff as a whole, but it seems that the results
of Frisch et al. (1987) provide a strong indication of a low VLISM electron
density. For the purpose of the calculations in Section 3, we take

n, < 0.1ny.

2.2.3 THE VLISM MAGNETIC FIELD The magnetic field is, perhaps, the
most difficult of the interstellar parameters to determine. A variety of
methods have been used in attcmpts at this determination, including the
analysis of pulsar rotation and dispersion measures, the detection of the
Zeeman effect, and the comparison of Galactic synchrotron emission with
the Galactic cosmic-ray electron spectrum at high energies (e.g. review by
Heiles 1976; more recent papers by Thompson & Nelson 1980, Brown &
Chang 1983, Troland & Heiles 1986, and references therein). The most
attractive result of such studies is the correlation of magnetic field with
gas density suggested by Brown & Chang (1983), but unfortunately the
method used in obtaining this correlation seems to be statistically invalid
(Troland & Heiles 1986). Troland & Heiles (1986), using the data of
Thompson & Nelson (1980) and employing reasonable assumptions about
the “background” and “fluctuating” components of the Galactic magnetic
field, conclude that a field of about 5 uG is most likely to characterize a
warm, low-density gas like the Local Fluff. The uncertainties in this esti-
mate, however, are rather large, and we shall take the VLISM magnetic
field to be

Bl = 5i3 HG.

The parameter in which we are most interested is, of course, the magnetic
pressure (cf. Section 3), and it is evidently highly uncertain, with its lower
and upper bounds differing by more than an order of magnitude.

2.2.4 GALACTIC cosMIC RAYs Galactic cosmic rays make a significant
contribution to the energy density of the ISM and thus might be expected
to play an important role in the interaction between the solar wind and the
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VLISM. We can observe Galactic cosmic rays directly with interplanetary
spacecraft-bornc detectors (¢.g. Webber 1987), but the observed cosmic-
ray energy spectrum is significantly modified at low energies through
interaction with the expanding solar wind, so there is some uncertainty
concerning the contribution to the total Galactic cosmic-ray pressure by
the low-energy particles (<300 Mev nucleon™'). Although it has been
suggested that the low-energy cosmic rays could provide a pressure as
large as 6 x 107> dyn cm™~? (Suess & Dessler 1985), a rather thorough
analysis of the problem by Axford & Ip (1986; see also Axford 1976, Ip &
Axford 1985) has demonstrated that this is likely to be a substantial
overestimate. Axford & Ip (1986) have considered the possibilities that we
are either far from or near to (or immersed in) a supernova remnant
(namely, that associated with the Loop I Bubble discussed above), and
they have concluded that it is highly probable that low-energy cosmic
rays make only a small contribution to the total cosmic-ray pres-
sure. Consequently, we assume the following for our calculations in
Section 3:

Peo(total) = (1.340.2) x 10~ dyn cm~2,
Per (< 300 Mev nucleon ') & (3+2) x 10~"*dyn cm~2

2.2.5 INTERSTELLAR DUST We assume (e.g. Greenberg 1978) that dust
in the VLISM has a typical grain radius of 0.05 um, which is appropriate
for metallic grains, and that the dust-to-gas ratio by mass is 0.01, leading
to a mass density for dust of

par2x1077 gem™,

2.3 Interaction Between the Solar Wind and the VLISM

The only relatively direct observational evidence we have of the interaction
between the solar wind and the VLISM involves the penetration of inter-
stellar neutral atoms and Galactic cosmic rays into interplanetary space,
which we discussed above (cf. Sections 2.2.1, 2.2.4). The observation most
relevant to the basic dynamical wind/VLISM interaction would be detec-
tion of the shock front expected to characterize the transition from super- -
sonic to subsonic solar wind flow. As yet, there has been no certain
detection of this shock, but there are three lines of observational evidence
that are currently thought to point to a location of the shock just outside
the orbit of Pluto.

The first of these involves the detection, beginning in late 1983, of radio
frequency signals near 2 and 3 kHz by the Voyager I and 2 plasma wave
instruments (Kurth et al. 1984, 1987, Kurth 1988). At the time of first
detection, the ambient solar wind plasma frequency was below the
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observed frequency range, so the signals could be interpreted as resulting
from freely propagating radio waves in the outer heliosphere. Before the
separate spectral peaks at 2 and 3 kHz were resolved, Kurth et al. (1984)
suggested the possible interpretation that these radio waves were generated
by the shock terminating supersonic solar wind flow at twice the down-
stream plasma frequency. A plasma frequency between 1 and 1.5 kHz
corresponds to a downstream electron density between 0.012 and 0.028
cm ™ and (for a strong shock) to an upstream density between 0.003 and
0.007 cm . Extrapolating this density range back to 1 AU, assuming a
constant solar wind flow speed, we see from Table 1 that it corresponds
to a range of shock distances 34 AU < R, < 63 AU for low-speed flows
and to a range 18 AU < R, < 36 AU for high-speed flows.

The existence of two separate spectral peaks with a frequency ratio of
1.6 (eliminating the possibility of harmonic emission) complicates the
interpretation. One suggested resolution (Lee 1988) is that the two fre-
quencies correspond to twice the plasma frequencies upstream and down-
stream of a shock [modified by cosmic-ray pressure (Lee & Axford 1988,
Drury 1988)], with a density jump of 2.56 rather than 4. This interpretation
leads to shock distances of 25 AU < R; < 31 AU for low-speed flows and
14 AU < R, < 18 AU for high-speed flows. These values are a bit too
small, since a shock in these distance ranges would already have been
crossed by deep space probes. Another possible interpretation of the two
spectral peaks (Kurth et al. 1987) involves a modification of the first
(Kurth et al. 1984) interpretation through the assumption of an asymmetric
termination shock, with the two different frequency bands originating
from two different regions of the shock; we return to a discussion of this
possibility in Section 3. Finally, McNutt (1988) has recently suggested that
the radio emissions are triggered by two anomalous high-speed solar wind
streams, and he places the shock distance in the range 70 AU < R, < 140
AU. The detailed arguments underlying this hypothesis will have to be
worked out before its viability can be evaluated.

A second line of evidence indicating a not-too-distant termination shock
is based on a combination of observations of the cosmic-ray anomalous
component (e.g. Cummings & Stone 1988) and theoretical models of the
acceleration of the anomalous component (Pesses et al. 1981, Fisk 1986,
Jokipii 1986; L. A. Fisk, unpublished work, 1982) through the injection
and first-order Fermi acceleration of interstellar pickup ions (cf. Section
3.6) at the termination shock (see the review by Lee 1988). The cosmic-
ray anomalous component is thought to arise from the ionization of
interstellar neutral atoms, which implies that it consists of energetic singly
charged atoms, in contrast to the highly charged atoms making up most
of the cosmic-ray spectrum. If the anomalous component does originate
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from interstellar neutral atoms that are ionized in the solar wind, then hy-
drogen (which is not detected as part of the anomalous component, pre-
sumably because of obscuration by Galactic cosmic-ray protons) should
dominate the anomalous component pressure. Observations, together
with the inferred presence of hydrogen, indicate that the anomalous
component pressure is increasing sufficiently rapidly out to 20 AU that it
is likely to be comparable to the solar wind ram pressure inside 50 AU if
the anomalous component is accelerated at the termination shock [Cum-
mings & Stone 1988 (these authors do, however, present evidence that the
anomalous component pressure may not increase as rapidly outside 20
AU as it does nearer the Sun)]. Evidently, if this is the case, the shock
location must be R; < 50 AU.

Another inference of a termination shock inside 50 AU comes from
observations of H I 11216 radiation scattered by interstellar hydrogen
atoms that have penetrated into interplanetary space. The Pioneer 10 Ly-
o data apply to the downstream direction (with respect to the interstellar
wind) in which the spacecraft is traveling, and it shows an anomalously
rapid decrease in backscattered Ly-a beyond about 39 AU (Wu et al.
1988). This decrease is interpreted as a possible signature of a nearby
termination shock, beyond which the relatively high-density, high-tem-
perature subsonic solar wind flow produces a more rapid ionization of
interstellar H atoms. It is not clear, however, how the relatively sharp drop
in Ly-a intensity beyond 39 AU can be consistent with a shock-related
decline in hydrogen density, which we would expect to be relatively
gradual. At present, therefore, we resist the temptation to take this UV
observation as an indication of a termination shock inside 50 AU.

3. MODELS OF THE INTERACTION BETWEEN
THE SOLAR WIND AND THE INTERSTELLAR
MEDIUM

The dynamical interaction between the solar wind and the interstellar
medium involves the relaxation toward pressure equilibrium between the
solar and interstellar magnetized plasmas. This relaxation is characterized
principally by the transition from supersonic to subsonic solar wind flow
(presumably a shock transition, which we refer to as the terminal shock)
and by the turning of the subsonic solar wind flow to achieve compatibility
with the local interstellar structure. As mentioned in Section 1, the location
of the terminal shock is currently of particular interest because of the
prospect of one or more spacecraft crossing it in the near future. In
attempting to determine the most likely location for the terminal shock,
not only must we consider the ram pressure of the supersonic solar wind
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and the pressure of the interstellar medium into which the wind is expand-
ing, but we must also examine the structure of the postshock subsonic
solar wind flow. ,

Basic to our study of this dynamical interaction is the understanding of
mass and momentum balance in a magnetized fluid, which are described
by

ap . pu—
=V (o) =0, 1.
%(pu)-{—V - (puu)+Vp+V(B*/87)— (B- V) (B/4r) = F, 2.

where p, u, and p are the mass density, flow velocity, and thermal pressure
of the fluid, respectively; B is the magnetic field; and F includes the effects
of body forces, such as gravitational, radiative, and frictional forces. We
cousider below mass and momentum balance both along a streamline in
a subsonic flow and across interfaces (either a shock front separating the
supersonic and subsonic flow regimes of a fluid or a contact surface
separating two nonpenetrating fluids). Across an interface that is parallel
to the local magnetic field and perpendicular to the local flow velocity (i.e.
for which B-fi = 0 and u x fi = 0, where i is the unit vector normal to the
surface), we see from Equation 2 that in a steady state the total pressure
is conserved, i.e. )

pu’+p+ B?[8n+ pr = constant, 3a.

where the total pressure is the sum of the four terms on the left side of
Equation 3a, which represent (from left to right) the ram pressure (normal
to the surface), the thermal pressure, the magnetic pressure, and the pres-
sures (pg) associated with the ambient media (e.g. neutral gas and cosmic
rays) producing a frictionlike interaction. In a flow that is highly supersonic
and super-Alfvénic, like the supersonic solar wind, the ram pressure is
much larger than the thermal and magnetic pressures, whereas in a very
subsonic or sub-Alfvénic flow, the ram pressure is negligible. Evidently,
Equation 3a applies to an interface (like a shock front) across which there
is a flow of mass. For a contact surface across which mass does not
flow (i.e. u-fi = 0), the ram pressure term in Equation 3a disappears and
pressure balance across the surface is described by

p+ B*/8n+ pr = constant. 3b.

The above descriptions of mass and momentum balance are, of course,
incomplete without either a description of energy balance or the imposition
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of some other condition (e.g. the assumption of incompressibility), and we
consider such additional requirements below as the need arises.

Our approach to the following theoretical discussion is guided by
Parker’s (1961, 1963) description of three fundamental types of interaction
between stellar and interstellar plasmas. First, we discuss Parker’s results
in Sections 3.1-3.3, and then we go on to consider modifications of these
results brought about through the effects of the solar magnetic field, the
interstellar neutral gas, cosmic rays, and interstellar dust (Sections 3.4-3.7).
Finally, in Section 3.8, we conclude by describing the expected structure of
the heliospheric cavity formed through the interaction between the solar
wind and the interstellar medium.

3.1 Static, Unmagnetized Interstellar Plasma

Let us first consider a steady, radial, spherically symmetric solar wind
interacting with a static, unmagnetized interstellar plasma (Parker 1963).
In the asymptotic flow regime of the supersonic solar wind, the flow speed
u is nearly constant, so according to Equation 1 the density p and the ram
pressure pu’ decline as 1/r%, where r is the heliocentric radial distance.
Beyond some distance R, the ram pressure of the supersonic wind falls
below the interstellar pressure p;, and the solar wind can no longer stand
off the interstellar medium (cf. Equation 3): Evidently, R, is given by

R, = (psui/p)'?, . 4,

where R, is measured in astronomical units, and the subscript E refers to
wind parameters at r = 1 AU. In essence, near the distance R, the super-
sonic solar wind encounters an interstellar barrier and must undergo a
shock transition to a subsonic flow (Clauser 1960, Weymann 1960), which
can achieve pressure equilibrium with the interstellar medium. If we assume
a strong, adiabatic shock with an adiabatic index (ratio of specific heats)
of 5/3, the Rankine-Hugoniot relations [i.e. the equations of mass, momen-
tum, and energy conservation across the shock (cf. Equation 3)] yield the
following relations between parameters just upstream (subscript s1) and
just downstream (subscript s2) of the shock:

usl/uSZ = Psz/Psx =4, 5.
Ps2 = 3pslus2]/47 6.

where the magnetic field is neglected (a good approximation in a highly
super-Alfvénic flow). In the postshock subsonic region the flow speed
declines quite rapidly, and in the absence of a magnetic field (see Section
3.4 for a discussion of magnetic effects in the subsonic region) the flow is
very nearly incompressible, so that u: Vp = V+u = 0. It then follows from
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Equation 2 that a constant of the subsonic flow is pu?/2+p(= poud/
2+pg). The rapid decline of the flow speed leads to a dominance of
the thermal pressure in the subsonic flow (i.e. p » pu?/2), so near the
heliopause (the boundary of the heliosphere) we have p & poud+p,. It
follows from Equation 3b that the interstellar pressure p; must equal
poud/2+ p,. Hence, using Equations 5 and 6 we can relate the shock
location R, (measured in astronomical units) to the solar wind ram pressure
and interstellar pressure by

R, = (Tpeui/8p)', 7.

where we have assumed that pu® oc ¥~2 in the supersonic solar wind. As
we should expect, comparison of Equations 4 and 7 indicates that R, and
R, are essentially the same.

Our heliosphere, in this simplest of possible models, is thus characterized
by a spherical shock transition at R, and a spherical heliopause boundary
(separating the solar and interstellar plasmas, which are assumed not to
interpenetrate) that is very slowly moving outward at a speed
u = uy(R/R)*. Evidently, the heliopause radius is a function of time, the
solar wind flow speed, and the shock radius, and it can be written

Uy, R/ ¢t \ |
’H—""‘[(I—x 107)(@6) (W)] pe; 8.

where the units of ug, R, and ¢ are centimeters per second, astronomical
units, and years, respectively. Over the lifetime of the Sun, assuming a
steady solar wind, the heliopause boundary reaches a distance on the order
of 1 pc from the Sun. Of course, any flow of the interstellar medium relative
to the Sun must drastically modify the shape of this vast region of subsonic
solar wind flow, and this is the subject we next address.

3.2 Flowing, Unmagnetized Interstellar Plasma

Let us again consider unmagnetized solar and interstellar plasmas that do
not interpenetrate and whose regions of subsonic flow can be approxi-
mately treated as incompressible. A flow of the interstellar plasma relative
to the Sun produces an asymmetry in the total interstellar pressure, with
the maximum pressure exerted at the heliopause along the stagnation line,
which runs radially outward from the Sun in the direction upstream in the
interstellar wind (cf. Figure 2). This asymmetry of the total interstellar
pressure leads to an asymmetry of the terminal shock, with the minimum
shock distance occurring along the stagnation line. The resultant deviation
of the shock normal from the radial direction produces (at the shock) a
turning of the flow away from the stagnation line, which leads to the
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j2) Figure 2 Schematic description of the noninterpenetrating interaction of a flowing, unmag-
© netized interstellar plasma with an unmagnetized solar wind for the cases in which the
g interstellar plasma flow relative to the Sun is (a) subsonic (adapted from Parker 1963) and
% (b) supersonic [adapted from Baranov et al. (1970) and Parker (1963)]. The curves with arrows
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and the bow shock {panel ) standing in front of the heliosphere through which the supersonic
nterstellar flow passes. The dotted curves are trajectories of an interstellar hydrogen atom
that is subjected to either a net attractive force (curve AB) or a net repulsive force (curve
AC), where the nct force is the sum of the solar gravitational force and Ly-« radiation force.
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eventual alignment of the postshock subsonic solar wind flow with the
interstellar gas flow (as is illustrated in Figure 2).

The flow of the interstellar gas relative to the Sun may be either subsonic
(Parker 1963) or supersonic (Baranov et al. 1970, 1976), and the form of
the interstellar stagnation pressure x is different in these two cases. In the
subsonic case (47 < 5pi/3p)), it is just
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m = pi+ipwl, 9.

which is what we would expect from the discussion in Section 3.1. In the
supersonic case (uf > 5p;/3py), the interstellar gas must pass through a
standing bow shock in front of the heliosphere (cf. Figure 2b), and the
stagnation pressure becomes

= %Pl'*’%ﬂl“lz, 10.

where p;, u; and p, are preshock parameters. In either case, the solar wind
stagnation pressure remains p,+ p,u3/2, so the terminal shock position
along the stagnation line is given by Equation 7, with p, replaced by n;.

3.3 Magnetically Dominated, Static Interstellar Plasma

In examining the effect of an interstellar magnetic field, let us return to the
consideration of a static interstellar plasma (cf. Section 3.1), which this
time includes an interstellar magnetic field whose energy density is much
larger than that of the other component(s) of the interstellar medium. Such
a field can be described in terms of a scalar potential and is characterized by
the balance between the magnetic tension and magnetic pressure gradient
forces. If a spherical body that excludes magnetic field is inserted into an
otherwise uniform interstellar field, the field outside the spherical body
remains potential and can be described by (Parker 1963)

Y= —By(r+a*/(B—1)rf "N cos 0, 11.
B = — Vi = By[8,(1 —a’/r*) cos 0—&,(1+ ab/(f— 1)) sin 0], 12.

where i/, is the magnelic scalar potential, & and &, are unit vectors, r is
measured from the center of the excluding sphere, 8 = 0 is the direction
of the undisturbed interstellar field, and § = 3. If a cylinder, rather than
a sphere, excludes the interstellar field, then Equations 11 and 12 still
apply, but now f = 2.

The distorted interstellar field, whose lines of force are defined by
(a/r)[(r/a)’ —1]sin’~' @ = constant, is illustrated in Figure 3, where seven
field lines (one the 6 = 0 field line) that are equally spaced as r — o
(namely, rsinf -0, +a/2, +a, +3a/2) are drawn in the r-8 plane for
both the sphere (panel a) and the cylinder (panel b). Evidently, the dis-
tortion leads to an enhanced intersteilar magnetic pressure (B2/8r), which
maximizes for 6 = n/2. The largest enhancement occurs at the surface of
the excluding sphere or cylinder ( = a and 8 = =/2), where the interstellar
magnetic pressure is a factor of 2.25 (4.0) larger than its valuc far from
the sphere (cylinder). Of course, at the two points r = a, § = 0, © the
magnetic pressure vanishes; the implications of this effect are discussed in
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Figure 3 Potential magnetic field lines of an interstellar field distorted by either a spherical
(panel a) or a cylindrical (panel b) heliospheric cavity of radius @ that excludes magnetic
field. The maximum enhancement of the magnetic pressure along each field line (which
occurs at § = 90°) is given. For a spherical cavity the field is symmetric about the 6 = 0° line,
and for a cylindrical cavity the field is symmetric about the § = 0° plane. Here r and 6 are
two of the three coordinates of either a spherical or a cylindrical coordinate system (adapted
from Parker 1963).
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Sections 3.4 and 3.8, where the consequences of a heliospheric magnetic
field are considered.

Clearly, when the magnetic field provides a significant contribution to
the total interstellar pressure, we must consider the consequences of the
heliospheric distortion of the interstellar magnetic field, and this is done in
Section 3.8. Before proceeding, however, we note that any of the magnetic
surfaces (cf. Figure 3) that are symmetric about the line 0 = 0 (spherical
case) or about the plane perpendicular to the paper and including the line
0 = 0 (cylindrical case) can be considered the boundary of a region from
which the interstellar magnetic field is excluded (i.e. the heliospheric bound-
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ary). Parker (1963) made use of this fact in his discussion of the outflow
of the subsonic solar wind along the direction of the interstellar magnetic
field, a subject to which we return in Sections 3.4, 3.5, and 3.8.

3.4 Effects of a Heliospheric Magnetic Field

The solar magnetic field is drawn out from the Sun by the radially expand-
ing supersonic solar wind, and owing to solar rotation the magnetic field
takes the form (on average) of an Archimedes spiral (Parker 1958, 1963),
ie.

B,/B, = (4.3 x 107/u)Rsin, 13.

where @ and 0 are solar azimuth and colatitude, and the units of u and R
are centimeters per second and astronomical units, respectively. Evidently,
by the time the solar wind reaches the terminal shock (R 2 50 AU) the
magnetic field is very nearly azimuthal, except at the highest solar latitudes
(cf. Equation 13). For the purpose of the following discussion, we assume
that the field is purely azimuthal at and beyond the terminal shock.

Asnoted above, in the supersonic solar wind the magnetic energy density
is negligible (<1%) in comparison with the total wind energy density.
Across the terminal shock, the magnetic pressure increases by no more
than a factor of 16 (for a strong shock) and thus remains small (< 15%)
in comparison with the gas pressure just downstream of the shock. Hence,
as assumed above, the postshock flow is initially very nearly incom-
pressible, which requires that u decrease nearly as r=2. Yet Boc (ur)™' oc 7,
so if ncarly spherically symmetric subsonic flow extends to a great enough
radial distance (which depends on the interstellar neutral gas interactions
discussed in Section 3.5), the magnetic energy density becomes dominant,
and the magnetic field controls the structure of the flow (e.g. Holzer
1972). In the region of magnetic control of spherically symmetric flow, the
magnetic tension and pressure gradient forces nearly balance, so that
B oc r~!, which leads to u = constant and #n oc r~ 2. Clearly, the magnetic
control of the subsonic flow leads to a decrease with radial distance of the
total pressure (e.g. Cranfill 1971, Holzer 1972), and Lee (1988) has argued
that this reduction may be significant in determining the terminal shock
location [leading, of course, to a smaller shock distance than would be
predicted on the basis of the assumption of incompressible flow (cf.
Sections 3.1 and 3.2)].

Another important consequence of the magnetic energy density becom-
ing significant in the outer heliosphere involves the structure of the helio-
spheric boundary (the heliopause) when the interstellar magnetic field
dominates the interstellar pressure. Let us consider a situation in which
the subsonic solar wind flow is turned (cf. Sections 3.2, 3.5, and 3.8) in a
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direction perpendicular to the interstellar magnetic field, so that the bulk
of the heliosphere takes the shape of the cylinder illustrated in Figure 3b.
As noted in Section 3.3, the pressure exerted by the interstellar magnetic
field at this boundary decreases substantially from the direction per-
pendicular to the direction parallel to the interstellar field. If the subsonic
solar wind flow were incompressible, then pressure balance at the helio-
pause would require a substantial distortion of this cylindrical shape, with
the heliosphere expanding parallel to the interstellar field and contracting
perpendicular to the field until a heliopause shape nearer that described
by the outermost interstellar field lines shown in Figure 36 were achieved.
Such a shape would clearly be associated with very little enhancement of
the interstellar magnetic pressure (cf. Figure 3b) through field distortion
resulting from the presence of the heliospheric cavity.

The situation is different, however, if the heliospheric magnetic field is
dominant near the heliopause, and the heliospheric field has a significant
component in the plane of the paper in Figure 3. This situation is illustrated
schematically in Figure 4 (which is a modification of Figure 3), where the
heliospheric field is assumed to be circular near the terminal shock and te
lie in the plane perpendicular to the axis of the cylinder. Although the
heliosphere is distorted from its cylindrical shape, the distortion is rela-
tively minor (owing to the tension of the heliospheric field), and the
enhancement of the interstellar magnetic pressure remains relatively large.
Note that in the region where the heliopause bulges, the heliospheric

—_——

—_—

Heliopause
Sun

@/

_—

Figure 4 Schematic illustration of the adjustments of the heliospheric and interstellar
magnetic fields when the heliospheric cavity is no longer a cylinder (cf. Figure 3), but instead
the heliospheric field is taken to be nearly circular near the Sun and potential beyond.
Heliospheric field lines are solid, and interstellar field lines are dashed. The spacing of the
heliospheric field lines is not intended to indicate field intensity, which: declines as r~! near
the Sun and much more rapidly near the cusp region.
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pressure has decreased below its value at the heliopause in the region near
the interstellar magnetic pressure maximum, so that the effect of the
interstellar pressure enhancement on the terminal shock distance along
flow lines intersecting each region should be essentially the same. We
return to this discussion of heliospheric structure, as well as the possible
effects of magnetic field line reconnection, in Section 3.8.

3.5 Effects of a Flowing Interstellar Neutral Gas

As indicated in Figure 2, the interstellar neutral gas penetrates relatively
freely into the heliosphere. The neutral atoms, particularly H and He,
resonantly scatter solar radiation, so that the distribution of interstellar H
and He in the heliosphere can be studied by observing sky background
radiatien in H I 41216 and He I 1584. Such studies, coupled with models
for the penetration of interstellar neutrals into the heliosphere (Section
3.5.1), allow inferences to be drawn concerning the thermodynamic par-
ameters of the neutral component of the VLISM (cf. Section 2.2). Inter-
stellar neutrals penetrating the heliosphere lead to significant modifications
of both the thermal plasma and the energetic particle population in the
heliosphere. They slow and heat the supersonic solar wind (Section 3.5.2)
and in so doing provide a population of seed particles that can be accel-
erated at the terminal shock to produce low-energy cosmic rays (Section
3.6.2). Interstellar neutrals also both cool and turn the subsonic solar wind
flow and thus play an important role in determining the structure and
location of both the terminal shock and the heliopause (Sections 3.5.3 and
3.8).

3.5.1 PENETRATION OF INTERSTELLAR NEUTRALS INTO THE HELIO-
SPHERE Two possible orbits of a hydrogen atom moving toward the
heliosphere with a velocity equal to the interstellar flow velocity and an
impact parameter (relative to the Sun) of about 2 AU are shown by the
dotted trajectories in Figure 2. Both AB and AC are hyperbolic trajectories,
the first corresponding to solar minimum conditions (for which the repul-
sive solar Ly-a radiation force is smaller than the attractive force of gravity)
and the second to solar maximum conditions (for which the Ly-a radiation
force exceeds gravity, leading to a net radially. outward force on the
incoming atom). Since the hydrogen atom travels about 4 AU in a year,
the time to traverse the portions of trajectories AB and AC that are shown
in Figure 2 is about 200 yr (assuming both that the atom is not ionized in
its close encounter with the Sun and that the minimum Sun-heliopause
distance i1s about 100 AU). The real trajectory of an interstellar atom is
not smooth like trajectories AB and AC because of the significant variation
of the Ly-a radiation force on time scales comparable to and smaller than
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the time over which the net solar force has a significant effect on the
trajectory (e.g. Vidal-Madjar 1977). In addition, the nonnegligible thermal
speeds characterizing the interstellar neutral velocity distributions (about
10 km s~' for H I and 5 km s™' for He I, corresponding to T; = 10* K)
imply that the incoming neutral atom velocity vector will not generally be
closely aligned with the interstellar flow velocity, as it is assumed to be for
the illustrative trajectories shown in Figure 2.

Before a hydrogen atom can complete a heliosphere-penetrating tra-
jectory like those shown in Figure 2, it must overcome three obstacles. The
first obstacle is the diverging flow of the interstellar ionized gas as it passes
the heliosphere. Resonance charge transfer between interstellar hydrogen
atoms and protons near the heliosphere can lead to a diversion of some
fraction of the neutral gas away from the heliosphere, because through the
charge transfer the neutral atom and proton effectively exchange tra-
jectories (Wallis 1975, 1978, 1981, 1984). The region in which this diversion
takes place depends on whether the interstellar gas is flowing subsonically
(Figure 2a) or supersonically (Figure 2b), and it is characterized by the
divergence of the interstellar plasma flow lines from the stagnation line.
For subsonic flow (actually subcritical flow, where the critical speed is the
hydromagnetic fast mode speed), which is likely the relevant case (cf.
Section 3.8), this diversion region extends one to two times the minimum
Sun-heliopause distance ahead of the heliosphere. For a charge transfer
cross section of 5 x 10! ¢m? [appropriate to a 1-eV interaction energy;
the cross section decreases to 2 x 10~'* cm?” for a 1-keV interaction energy
(Tawara et al. 1983)], only a fraction of a percent of hydrogen atoms
charge exchange if the proton density is 0.01 cm ™ (cf. Section 2.2.2), and
the minimum Sun-heliopause distance (Ry;) is on the order of 100 AU. If
the product of the proton density and the Sun-heliopause distance is
increased by a factor of 10, then some 30% of the hydrogen atoms charge
exchange in the diversion region. Using rather large numbers for the
interstellar proton density and the size of the heliosphere, and assuming
that a charge transfer implies exclusion of a hydrogen atom from the
heliosphere, Ripken & Fahr (1983) have suggested that a significant frac-
tion of interstellar hydrogen atoms are diverted away from the heliosphere.
Wallis (1978, 1981, 1984), however, has pointed out that in this particular
case the charge transfer process corresponds more closely to a scattering
process than to an extinction process, which Ripken & Fahr (1983) have
implicitly assumed. The scattering process can be visualized by realizing
that the charge transfer effectively produces a new population of inter-
stellar neutrals with the same velocity distribution as the interstellar
protons. The exclusion of neutral particles from the heliosphere can then
be estimated by comparing the fraction of the newly produced neutral
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distribution that enters the heliosphere ({f})) with the fraction of the
original neutral distribution ({ f,>) that enters. It follows that the inter-
stellar neutral hydrogen density is effectively reduced (through exclusion
from the heliosphere by charge transfer) by a factor

F=1-[1-(fD/Kfo)](1—e™™), 14.
Ty = Bn.L, 15.

where n, is in cm™3, L (in astronomical units) is twice the minimum Sun-
heliopause distance (Ry), (1 —e~ ") is the fraction of atoms undergoing
charge transfer, and, in the case at hand, § = 5 x 1072, Since the inter-
stellar flow speed is only a factor of 2 greater than the thermal speed, and
since the diversion of the interstellar plasma is relatively gradual (cf. Figure
2), it follows that [1 —({f;>/{fu>)] < 0.15 and, even for the parameters of
Ripken & Fahr (1983), that F 2 0.95 (for the parameters given in Sections
2.2.2 and 3.8, it follows that F > 0.99).

The second obstacle an interstellar hydrogen atom penetrating the
heliosphere faces is charge transfer in the postshock subsonic solar wind.
Such charge transfer produces a population of hot hydrogen atoms (for-
merly solar wind protons) characterized by the subsonic solar wind tem-
perature, which is on the order of 1.5 x 10° K near the terminal shock and
decreases gradually with distance from the shock (cf. Section 3.5.3). The
scattering process is the same as described in the preceding paragraph,
with newly produced atoms taking on the velocity distribution of the
protons, which in this case is taken to be a Maxwellian distribution essen-
tially at rest rather than a rapidly drifting Maxwellian. We thus have a
larger exclusion factor, [1 —({f,>/{fo>)] < 0.4, and if we choose appro-
priate representations of j, n,, and L, Equation 15 becomes

™ & (O/R)[(Ru— R)/R,), 16.

where R, is the minimum shock distance. Taking Ry/R; = 2, we find from
Equations 14 and 16 that F 3 0.90 for R, = 50 AU, and F > 0.95 for
R, = 100 AU. We must remember, though, that the newly produced atoms
in this case have relatively high speeds (> 100 km s~') and will generally
have radial velocity components large enough to shift them into the wings
of the solar Ly-a line, thus making them less visible in Ly-« backscatter
observations than are interstellar atoms (which have much lower speeds).
For the purpose of interpreting Ly-a observations, therefore, it is more
appropriate to take F 2 0.85 for R, = 50 AU and F = 0.93 for R, = 100
AU.

The final obstacle faced by an interstellar hydrogen atom penetrating
the heliosphere is the supersonic solar wind, in which the charge transfer
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process produces a hydrogen atom traveling nearly radially outward from
the Sun at the solar wind speed. Such an atom is Doppler shifted so far
from the solar Ly-« line center as to become essentially invisible. For our
purposes here, therefore, this hydrogen atom can be considered destroyed,
s0 f, = 0 and Equations 14 and 15 become

F= e_TH’ 17.
=35 X 10‘7st(2.5 x 107 %nu+9 x 107%r¢/r?), 18.

where the integration is carried out along the trajectory of an interstellar
hydrogen atom inside the terminal shock (the units of s are centimeters),
nu 18 the solar wind proton flux density (in square centimeters per second),
and the second term in the integrand arises from photoionization. For a
hydrogen atom traveling radially inward (toward the Sun) the penetration
distance (where 7,; = 1) is

-1 -1
_ _ gy —1
R(ty=1) = {[4.5<3 s l08)+0.7] R, } AU, 19.

which is about 5 AU. In contrast, interstellar helium atoms (for which the
primary destruction process is photoionization rather than charge transfer)
penetrate to about 0.6 AU (Holzer & Axford 1971).

In the preceding discussion, we have not considered the effects of scat-
tering (through charge transfer in H-H* collisions and through polar-
ization interaction in He-H™ collisions) on the flow speed and temperature
of the interstellar neutral gas that are inferred from UV backscatter obser-
vations (cf. Section 2.2.1). Yet when such effects are ignored, there exists
a significant discrepancy between the inferred hydrogen and helium tem-
peratures [0.4 < Ty/The S 0.7 (Bertaux et al. 1977, 1985, Ajello 1978,
Weller & Meier 1981, Dalaudier et al. 1984)]. A number of different
treatments of the scattering have been used to produce a wide variety of
conflicting results (e.g. Wallis 1978, 1984, 1988, Wallis & Hassan 1978,
Wallis & Wallis 1979, Fahr et al. 1985, Chassefiere et al. 1986, 1988a,b,
Chassefiere & Bertaux 1987a,b), In selecting the interstellar parameters
presented in Section 2.2.1, we have relied primarily on the analysis of
Chassefiere et al. (1988a,b).

3.5.2 EFFECTS OF NEUTRALS ON THE SUPERSONIC SOLAR WIND FLOW
Charge transfer collisions between interstellar hydrogen atoms and solar
wind protons in the supersonic flow regime occur principally outside R = 5
AU (Equation 19), where the magnetic field is nearly perpendicular to the
solar wind flow (except at high solar latitudes). Thus, a newly produced
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proton resulting from charge transfer experiences an electric force (associ-
ated with solar wind flow perpendicular to the local magnetic field) that
accelerates it to an energy approximately twice that of an ambient solar
wind proton. Immediately after attaining this energy, the motion of the
newly produced proton (which we refer to as a pickup proton or, generi-
cally, as a pickup ion) can be described as the superposition of an outward
radial motion at the solar wind speed and a circular motion (also charac-
terized approximately by the solar wind speed) in the solar wind rest frame
in a plane perpendicular to the local magnetic ficld. The motion of a newly
produced neutral atom is, of course, just an outward radial motion at the
solar wind speed. The net effect on the solar wind of a charge transfer
collision is, therefore, a reduction of the momentum of the ionized solar
wind (equal to the momentum of the newly produced neutral atom) and
an increase in the solar wind thermal energy (equal to the energy of circular
motion of the newly produced proton). We have avoided in this discussion
explicit consideration of the effects of finite solar wind temperature and
finite flow speed (relative to the Sun) of interstellar neutrals, but both these
effects are quite small.

The two principal effects of interstellar neutral hydrogen on the super-
sonic solar wind are thus a slowing and heating of the flow (Semar 1970,
Wallis 1971a,b, 1973, 1974, Holzer 1972). The aspect of the slowing of the
flow in which we are particularly interested is the reduction of the solar
wind ram pressure through interaction with the interstellar neutrals, and
this reduction can be represented by the factor y, i.e.

y=-c"", 20.

7, =3 x 10-%((’%) (R,—5), 21.

where the solar wind ram pressure at the terminal shock (upstream in the
interstellar wind) is ypu?, and F, is the factor by which the interstellar
neutral hydrogen density is decreased from its interstellar value at the
terminal shock (cf. Equations 14-16). Away from the direction upstream
in the interstellar wind, the hydrogen density inside the terminal shock
is a bit lower, so the slowing effect is reduced and v is correspondingly
larger.

Beyond about 5 AU from the Sun, the heating of the supersonic solar
wind arising from the interaction with interstellar neutrals is larger than
the cooling associated with the spherical expansion of the wind. Thus, one
might expect such heating to be observable by spacecraft in the outer solar
system. Yet this heating is comparable to that produced by solar wind
stream interactions (e.g. Hundhausen 1973, Pizzo 1986, Burlaga 1988)
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near the ecliptic plane (which is where the spacecraft are located), so
distinguishing between the two heating processes would be difficult under
the best of circumstances. A further difficulty, however, is presented by
the fact that while the pickup ions rapidly pitch-angle scatter to form a
spherical shell in velocity space (at a speed several times the proton thermal
speed), they diffuse very slowly in energy and thus do not become assimil-
ated into the ambient near-equilibrium solar wind proton velocity dis-
tribution (Isenberg 1987). Thus, instruments designed to observe a highly
directed proton velocity distribution (characteristic of a highly supersonic
flow) are at a distinct disadvantage in seeking that part of the distribution
(the pickup ions) for which the random speed is comparable to the flow
speed. Fortunately, there have been observations of singly ionized helium
pickup ions (Mobius et al. 1985, Mobius 1986), and these observations
seem (o confirm the description of pickup ions just given. Although the
lack of assimilation of pickup ions into the ambient solar wind velocity
distribution is largely irrelevant to the description of solar wind dynamics
(e.g. the effect of the solar wind pressure gradient force), it is quite impor-
tant for particle acceleration at the terminal shock, as is discussed in
Section 3.6.2.

3.5.3 EFFECTS OF NEUTRALS ON THE POSTSHOCK, SUBSONIC SOLAR WIND
FLOW In the region of postshock, subsonic solar wind, where the proton
temperature remains high (T 2 10° K), charge transfer between a solar
wind proton and an interstellar hydrogen atom produces a fast neutral
atom (cf. Section 3.5.1) that is very unlikely to undergo another charge
transfer collision until it is well outside the heliosphere. As this atom leaves
the heliosphere, it carries with it some of the thermal energy and (on
average) the momentum of the subsonic wind, so it follows that the charge
transfer collision producing the fast neutral atom serves to cool the sub-
sonic solar wind and to turn its flow into thc dircction of the interstellar
neutral gas flow. In the hemisphere toward the incoming interstellar wind,
this turning of the flow is aided by the magnetic force directed from solar
equator to pole that arises from the more rapid decline of the magnetic
pressure at high latitudes and from the component of the magnetic tension
force directed from equator to pole (Parker 1958, 1963).

In order to estimate the distance traveled by the subsonic solar wind
before it is turned to flow in the direction of the interstellar wind, we need
to consider the time required for the subsonic flow to reach a given
radial distance. As mentioned earlier (Section 3.4), in the region where the
subsonic flow is nearly incompressible the flow speed decreases as r~2, so
the time (in seconds) taken to travel from the shock radius R, to a radius
Ris
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S 107 RY
= sto( ) (2 1]

where u, is the flow speed (centimeters per second) just downstream of the
terminal shock. The fraction of solar wind protons that undergo charge
transfer with interstellar neutrals during this time ¢ is just (1 —e™ "), where

= ~3f M RY
T, =2x10 (E>F(R)RS[( Rs> 1], 23.

and F(R) is the factor by which the interstellar hydrogen density is reduced
at the radius R. The turning of the flow should be accomplished when 7,
reaches a value of about 2, and for-a minimum shock distance of Ry = 50
AU, this corresponds to a minimum heliopause distance Ry thatis 2 or 3
times R..

Once the subsonic solar wind flow is turned into the heliospheric tail
(cf. Section 3.8 and Figure 5) it rapidly (within several R;) reaches velocity
and temperature equilibrium with the neutral interstellar gas. Such an
adjustment of the heliosphere to the interstellar medium could not be
accomplished without the relatively free penetration of interstellar neutral
hydrogen into the heliosphere.

3.6 Cosmic-Ray Effects

As noted earlier, Galactic cosmic rays penetrate relatively freely into the
heliosphere and thus, like the interstellar neutral gas, can interact directly
with both the supersonic and the postshock subsonic solar wind (Section
3.6.1). Yet it appears that the cosmic rays that are most important to our
study of the interaction betwecen the solar wind and the interstcllar medium
are accelerated in the heliosphere itself and comprise ions that were once
interstellar neutral atoms that penetrated into the region of supersonic
solar wind before being ionized (Section 3.6.2). We now briefly discuss
both these interactions.

by CaliforniaInstitute of Technology on 11/24/08. For personal use only.

3.6.1 GALACTIC cosMIC RAYS As Galactic cosmic rays flow through the
heliosphere, they scatter off magnetic fluctuations transported outward by
the solar wind (Parker 1956). Through this scattering the solar wind exerts
a radially outward forcc on the cosmic rays, which is balanced by an inward
cosmic-ray pressure gradient force. The cosmic-ray pressure gradient force,
of course, affects momentum balance in both the subsonic and the super-
sonic solar wind and thus affects the location of the terminal shock (e.g.
Axford & Newman 19635, Jokipii & Parker 1967, Sousk & Lenchek 1969,
Wallis 1971a). Recent calculations (Axford & Ip 1986, Ko & Webb 1987,
1988, Ko et al. 1988) indicate that the ram pressure in the supersonic solar
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Figure 5 Schematic illustration of the structure of the heliosphere in a magnetically domi-
nated interstellar medium: (@) plane containing the interstellar velocity vector and the solar
rotation axis (assumed normal to w); () plane perpendicular to the interstellar velocity
vector and containing the solar rotation axis. Light arrows outside the heliosphere indicate
the direction of the component of the interstellar magnetic field in the plane shown. Dashed
curves in panel a are loci of solar wind fluid elements emitted from the Sun near the solar
equator at the maximum of every third 11-yr solar cycle. The arrows paralleling the heliopause
in panel b indicate the predominant direction of the component (in the plane of the paper)
of the heliospheric magnetic:field within a few astronomical units of the heliopause. The 16
places where the field changes direction correspond to boundaries-between plasma emitted
from the Sun during successive 11-yr solar cycles.

wind is reduced by about 5-10% by the cosmic-ray pressure gradient,
while the pressure of cosmic rays excluded from the supersonic region is
much less than the total cosmic-ray pressure...

3.6.2 COSMIC-RAY ANOMALOUS COMPONENT - An anomalous enhance-
ment is observed in the cosmic-ray spectrum at low energies (5-50 MeV
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nucleon™") for elements such as He, N, O, and Ne (e.g. Garcia-Munoz et
al. 1973, Hovestadt et al. 1973, McDonald et al. 1974, von Rosenwinge &
McDonald 1975, Cummings & Stone 1988). It has been suggested (Fisk
et al. 1974) that this cosmic-ray anomalous component arises from inter-
stcllar neutral atoms that have penetrated into the region of supersonic
solar wind, have been ionized, and have been accelerated to MeV energies.
A possible mechanism for the last stage of this process is acceleration of
the interstellar pickup ions at the solar wind terminal shock (Fisk 1986,
Jokipii 1986). The observed increase in the anomalous component with
radial distance, together with the assumption that the anomalous com-
ponent contains hydrogen in appropriate proportion to its other con-
stituents [anomalous hydrogen is presumably masked by Galactic cosmic-
ray protons in the'inner heliosphere (Beatty et al. 1985)], implies:that if
the anomalous component is accelerated at the terminal shock, then the
shock must be located inside S0 AU in order that the anomalous hydrogen
pressure not exceed the solar wind ram pressure upstream of the shock
(Fisk 1986, Jokipii 1986, Lee 1988). Of course, if the anomalous hydrogen
pressure is relatively large upstream of the terminal shock, then it should
significantly modify the structure of the shock (Drury 1988, Lee & Axford
1988), but it will not affect the shock location (e.g. Lee 1988).

3.7 Effect of Interstellar Dust

The last interstellar component we consider is dust, and we assume that
in the VLISM the gas-to-dust mass ratio is 100 and that the typical grain
radius is 5 x 107 < a <2 x 107° cm (e.g. Greenberg 1978). Assuming
that in thé heliosphere a dust grain is charged to 5 V (c.g. Parker 1964,
Lamy et al. 1985), we can readily calculate (Parker 1964) the Lorentz force
on the grain (Gy), which is the same force exerted on interstellar pickup
ions by the magnetized solar wind, and compare it with the solar gravi-
tational and radiative forces exerted on the grain (G and Gg):

GLx15x%x 10" “’(10) dyn, 24.
3
Go ~ 7R dyn, 25.
aZ
Gp~14x 10‘4den, 26.

where a is the grain radius, R is the heliocentric radial distance, and ug is
the solar wind flow speed at 1 AU. For a = 107> ¢cm, R = 100 AU, and
ug = 5 x 10" cm s~/ the Lorentz force is 100 times the gravitational force
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and 50 times the radiative force, so it is clear that such dust grains will be
excluded from the heliosphere (¢.g. Levy & Jokipii 1976). Interstellar dust,
therefore, will exert a surface force at the heliopause, but this force is negli-
gible in comparison with the other interstellar forces we are considering.

3.8 Structure of the Heliosphere

We have now provided an adequate observational and theoretical basis
for discussing the expected large-scale structure of the heliosphere. A
schematic view of this structure for a magnetically dominated VLISM' is
given in Figure 5, where two cross sections of the heliosphere are shown:
(@) the plane containing both the interstellar velocity vector (in the solar
rest frame) and the solar rotation axis; and (b) the plane perpendicular to
the interstellar velocity vector and containing the solar rotation axis. For
convenience, the solar rotation axis is taken to be perpendicular to the
interstellar wind vector, although the angle between the two vectors actu-
ally may be closer to 97° (cf. Section 2.2.1). If the VLISM is dominated
by thermal gas pressure rather than magnetic pressure (which we consider
unlikely), some aspects of the heliosphere and VLISM illustrated in Figure
2 must be taken into account. Thus, with attention directed to Figures 5
and 2, we proceed with a consideration of heliospheric structure, con-
centrating on the locations and shapes of the terminal shock (which bounds
the region of supersonic solar wind flow) and of the heliopause (which
bounds the region of influence of the solar magnetized plasma).

3.8.1 THE TERMINAL SHOCK As in Section 3.1, we first determine the
shock distance along the stagnation line (cf. Figure 2), R,, by equating the
total pressures just inside and just outside the heliopause at the stagnation
point (cf. Figure 5):

V1y2y3peud/RE = T\ BY 8+ (2n,+ T ony) (T3, T+ T ymyud)
+ Fspcr+ Fspdulz. 217.

The total pressure just inside the heliopause, which is given by the left side
of Equation 27, is written in terms of the solar wind ram pressure at 1| AU

''Note that when we speak of a magnetically dominated VLISM in the context of helio-
spheric structure, we are not addressing the issue of the relative energy densities of magnetic
field and fluid (thermal gas and cosmic rays) in the interstellar medium. Consider, for
example, the case of a 5-uG magnetic field and a negligible thermal gas pressure. The magnetic
pressure is 1072 dyn em ™2, which is about the same as the Galactic cosmic-ray pressure. Yet
the magnetic field is enhanced near the heliosphere by up to a factor of 4, while only a small
fraction of the cosmic-ray pressure plays a role in determining the structure of the heliosphere,
Thus, from the standpoint of heliospheric structure, the VLISM is magnetically dominated
despite the near equipartition of energy between field and fluid.
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(petd), the factors by which the ram pressure is reduced between 1 AU
and the terminal shock through spherical expansion (R; %, where R, is in
astronomical units) and through interaction with the interstellar neutral
gas () and Galactic cosmic rays (y,), and the factor by which the total
pressure at the heliopause is reduced from the ram pressure just inside the
terminal shock (y;). The total pressure just outside the heliopause, which
is given by the right side of Equation 27, is separated into four terms,
associated with the interstellar magnetic field, the interstellar thermal gas
(neutral and ionized components), Galactic cosmic rays, and interstellar
dust. The factor I, reflects the amplification of the background interstellar
magnetic field through distortion by the heliosphere (cf. Section 3.3, and
Figures 3 and 4). The factors I';, and I's are, respectively, the fractions of
interstellar neutrals and of Galactic cosmic rays (i.e. cosmic-ray pressure)
excluded from the supersonic solar wind. (Note that for simplicity we
are treating this exclusion in Equation 27 like an exclusion from the
heliosphere.) Finally, the factors I';, I'y, and I'¢ are all of order 1 and
reflect the nature of the flow around the heliosphere; illustrative values of
I'; and I, for the two types of flow shown in Figure 2 are given by
Equations 9 and 10.

In the discussion of Sections 2 and 3 we have given ranges of possible
values for the various parameters that determine the terminal shock dis-
tance in Equation 27. We first calculate the shock distances for both low-
speed and high-speed solar wind (cf. Table 1) appropriate to the midpoints
of these parameter ranges, and then we perform the calculations for
extreme values of the parameters in order to produce minimum and
maximum values for the shock distance. For the first calculation (using
midpoints of the parameter ranges), we take y, = 0.89, y, = 0.93, and
¥3 = 0.5. The value of y; (cf. Section 3.4) is determined using the results
of Holzer (1972) and by assuming a heliopause distance that is between 2
and 3 times the shock distance along the stagnation line. A value of
I'; =2.5 is determined by assuming that the interstellar magnetic field
is oriented at 45° to the interstellar wind vector and that a maximum
amplification factor? of I'; = 4 is appropriate for an orientation of 90°.
{Compare this with the value of I') = 2.25 (cf. Section 3.3) normally
assumed (e.g. Axford 1972, Axford & Ip 1986, Lee 1988).] For the remain-
ing factors, we choose I's = 0.23 (cf. Section 2.2.4), T, = 1 —F, = 0.1 (cf.
Section 3.5.1), and I'; = I'y = ', = 1. It follows that the shock distances
(for low-speed and high-speed solar wind) appropriate to the midpoints
of the parameter ranges are

*We use the amplification factor appropriate to the cylinder in Figure 3b, because the

heliospheric tail is presumably nearly cylindrical, and all flow lines leaving the terminal shock
must have an asymptotic pressure corresponding to that of the heliospheric tail.
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R(low speed) = 50 AU, 28.
R (high speed) = 60 AU. 29.

Taking extreme values of the parameters, we obtain the following
maximum and minimum values for the shock distance, again for both low-
speed and high-speed wind:

R; min(low speed) = 25 AU, : 30.
R, .x(low speed) = 140 AU, 31.
R, in(high speed) = 27 AU, 32.
R, .x(high speed) = 170 AU. 33.

An examination of the relative magnitudes of the terms on the right side
of Equation 27 reveals that the principal source of uncertainty in the
terminal shock location (as reflected in Equations 30-33) is the uncertainty
in the interstellar magnetic field. It follows that a direct detection of the
shock would indirectly place 4 significant constraint on the magnetic field
of the VLISM and would thus make an important contribution to our
understanding of the ISM. (We note, however, that for the very low value
of B, = 2 x 107° G used in calculating R, ..., the reduction of y, through
slowing of the supersonic wind by interstellar neutral hydrogen quite
significantly reduces R yx.)

The different shock distances for low-speed and high-speed wind indicate
that the terminal shock is not likely to be spherical; rather, it should bulge
outward at high solar latitudes, where high-speed wind flows over most of
the solar cycle (cf. Section 2.1). The shortest distance to the terminal shock
should be along the stagnation line, where the lowest speed wind usually
flows and where the modest effect of the interstellar ram pressure is felt
most strongly; the antipodal shock distance, however, should only be
slightly greater than this shortest distance. Although the distortion in
shape of the terminal shock is modest, the density difference at high
and low latitudes is large, with the high-latitude (high-speed wind) shock
density being about a factor of 4 less than the low-latitude (low-speed
wind) shock density. Of course, during the declining phase of the solar
cycle, when a mixture of high-speed and low-speed wind flows within some
30° of the solar equator (e.g. Hundhausen 1977), the density ratio will be
somewhat less (something like 2.5 to 3). This substantial density difference
at low and high latitudes could lcad to two spectral peaks in radio emission
from the terminal shock and thus might be consistent with the observations
of Kurth et al. (1984, 1987; cf. Section 2.3).

The preceding discussion has not touched upon shock motion in
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response to variations of the solar wind on time scales ranging from 25
days [shorter time-scale variations are filtered out in the inner heliosphere
(e.g. Pizzo 1986)] to 11 yr (period of the solar activity cycle). The detailed
adjustment of the terminal shock to such variations will generally be
relatively complex, often involving the formation and eventual dissipation
of multiple shocks (including both forward and reverse shocks). On
average, though, the terminal shock should move about 2-3 AU a month
in response to solar wind ram pressure changes, so only the relatively long-
period solar wind variations should produce a significant change in the
shock location. Of course, even quite small changes in the shock location
will lead to multiple shock crossings by a spacecraft, and such multiple
crossings will have to be carefully distinguished from the crossing of
multiple shocks mentioned above.

3.8.2 THE HELIOPAUSE The basic shape of the heliopause is determined
by the turning of the subsonic solar wind flow and by the containment of
the heliospheric magnetized plasma with the pressure of the interstellar
magnetized plasma. The turning of the flow is accomplished in part
through the frictionlike interaction between interstellar neutral hydrogen
atoms and solar wind protons, in part through the asymmetry of the
terminal shock (which turns the flow poleward), and in part through the
poleward Lorentz force, which becomes important as the heliospheric
magnetic field becomes dominant [well beyond the terminal shock (cf.
Section 3.4)]. The interstellar neutrals not only play a major role in turning
the postshock solar wind flow, but they also bring the heliospheric plasma
toward both flow and temperature equilibrium with the interstellar gas
just a few R, into the heliospheric tail. The evolution toward temperature
equilibrium, of course, brings about a modest compression of the helio-
spheric plasma in the tail, which accounts for the slight narrowing of the
heliosphere downstream in the interstellar wind shown in Figure 5.

The distortion of the heliopause by the inherent anisotropy of the inter-
stellar magnetic stress on the heliosphere is shown in Figure 5 (especially
panel b) as being much more modest than one might expect from Figure
4. This reduction in distortion results from the substantial component of
the interstellar field parallel to the axis of the heliospheric tail
[(B; - u)?/(Blui) = 0.5 in Figure 5], which contrasts with the absence of a
magnetic field component parallel to the axis of the cylinder in Figure 4.
Such a parallel field component in Figure 35 would lead to a change in
magnetic field pressure along r = a (from 8 = 90° to 0 = 0°) from 2.5 to
0.5 times the background pressure, rather than from 4 to 0 times the
background pressure. Evidently, the component of the interstellar field
parallel to the axis of the heliospheric tail also leads to a reduction of
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the amplification of the interstellar field caused by the presence of the
heliosphere (cf. Section 3.3), which we accounted for when assigning a
value to I'; in Section 3.8.1.

One might expect (e.g. Fahr et al. 1986) substantial diffusion across
the heliopause, rapidly obscuring completely the boundary between the
heliosphere and thc VLISM. However, in the magnetically dominated
model shown schematically in Figure 5, such diffusion should be quite
small. Generation of the Kelvin-Helmholtz instability is suppressed
because of the rapid approach to flow equilibrium across the heliopause
induced by the interstellar neutrals. Furthermore, magnetic field line
reconnection should not be particularly significant for the following
reasons.

First, let us consider the predominant direction of the heliospheric
magnetic field within several astronomical units of the heliopause. We
begin by noting that loci of solar wind fluid elements emitted from the Sun
near the solar equator at the maximum of every third 11-yr solar cycle are
shown in projection by the dashed curves in Figure 5a. The direction of
the solar magnetic field reverses (at solar maximum) from one solar cycle
to the next, in the sense that in one solar cycle the field is directed pre-
dominantly outward from the Sun in the Northern Hemisphere and pre-
dominantly inward toward the Sun in the Southern Hemisphere, while in
the preceding and following cycles these directions are reversed. Because
the solar rotation axis is nearly perpendicular to the interstellar wind vector
and because the heliospheric field is wrapped into a tight spiral (cf. Section
3.4), the component of the predominant heliospheric field in a plane per-
pendicular to the axis of the heliospheric tail (like that shown in Figure
5b) will be counterclockwise (in both hemispheres) in one solar cycle and
clockwise in the preceding and following cycles. Thus, since postshock
solar wind originating from the Sun during part or all of five solar cycles
appears in the plane of Figure 5b (cf. dashed loci in Figure 5a), there are
16 reversals (of the component in the plane of Figure 5b) of the pre-
dominant field direction in the vicinity of the heliopause. [Actually, there
will be many more field reversals because of the tilt and distortion of the
neutral sheet separating the oppositely directed solar fields in the Northern
and Southern Hemispheres (e.g. Hundhausen 1977), but the 16 reversals
shown in Figure 56 adequately illustrate our point.] Reconnection can
take place at a reasonably rapid rate only when the components of the
interstellar and heliospheric fields shown in Figure 5a are oppositely
directed, and any reconnection that does take place will eventually lead
to the replacement of the reconnected heliospheric field with oppositely
directed field from an adjacent heliospheric region. Thus, a skin of helio-
spheric magnetic field with a direction inappropriate to reconnection with
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the interstellar ficld will form'at the heliopause, and the reconnection
process will be suppressed.

In the absence of significant reconnection or disruption by the Kelvin-
Helmhoitz instability, it seems likely that the heliopause shown in Figure
5 will maintain its integrity far into the heliospheric tail. Of course, there
will be reconnection at current sheets within the heliospheric tail, but this
is not likely to affect the heliopause significantly and, indeed, should not
be able to maintain the mean heliospheric tail temperature significantly
above the interstellar gas temperature.

4. CONCLUDING REMARKS

Given the observational and theoretical information currently available,
it appears that the interaction between the solar wind and the VLISM is
characterized primarily by the interstellar magnetic containment of the
solar magnetized plasma and by the slowing, turning, and cooling of
the postshock subsonic solar wind flow through charge transfer with
interstellar H atoms. The shock terminating supersonic solar wind flow
(and thus accommodating the flow to the interstellar pressure) should be
asymmetric, with the greatest shock distance at high latitudes, where the
predominantly high-speed solar wind is characterized by a larger ram
pressure than the lower speed wind flowing near the solar equator.

The distance to the solar wind terminal shock is very sensitive to the
magnitude (and, to a lesser extent, to the direction) of the VLISM magnetic
field. Recent indirect inferences of a shock distance of 50 AU (or a bit less)
are not inconsistent with current observational estimates of this field, but un-
fortunately the same could be said of inferences of a shock distance of some
150 AU. If the terminal shock does lie near 50 AU, then the Voyager 1 space-
craft should cross it within the next few years, and such a crossing would
obviously place an important constraint on the interstellar magnetic field.

Clearly, the most important information to acquire in furthering our
understanding of the interaction between the solar wind and the VLISM
is a considerably improved determination of the VLISM magnetic field,
but this is not likely to be obtainable in the near future. It is, therefore,
imperative to maintain operation as long as possible of all our deep space
missions, in the not-unreasonable hope that we can either directly or
indirectly determine the location of the solar wind terminal shock. The
observations most likely to be helpful in such a determination are of the
plasma, magnetic field, plasma waves, and energetic particles, but it is also
important to continue studying the UV radiation scattered by interstellar
neutrals that have penetrated into the heliosphere. These UV observations,
obtained both from deep space probes and from spacecraft in the inner
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heliosphere, can provide us not only with information concerning the
VLISM ionization state (although only if the observational uncertainties
are reduced), but also with valuable information concerning the latitudinal
variation of the solar wind mass flux, which is important to our under-
standing of solar wind acceleration near the Sun (e.g. Lallement et al.
1986).

An obvious lesson to be learned from consideration of the interaction
between the solar wind and the interstellar medium is that the community
of scientists studying the local interstellar medium and the community of
scientists studying the heliosphere should maintain the close contact that
has recently been established.
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