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Abs t r ac t . The question of the boundaries of the heliosphere is considered. The termination helio-
spheric shock should exist because the solar wind plasma flowing supersonically away from the 
Sun must make a transition to a subsonic flow. The heliopause is at the outermost extend of 
the solar wind. Beyond the heliopause lies the (very local) interstellar wind. Intensity of radio 
emissions at 2 to 3 kHz detected by the Voyager plasma wave instrument in the outer heliosphere 
can be explained provided that the electron beams generating Langmuir waves exist in the post-
shock plasma due to secondary shocks in the compressed solar wind beyond the termination shock. 
The field strengths of Langmuir waves required to generate the second harmonic emissions are 
50 - 100 pN m _ 1 . Alternatively, the emissions are generated in the vicinity of the heliopause. The 
Voyager 1 and 2 are proceeding toward a likely source region for Langmuir wave and these waves 
may be observed in situ in the near future. 

1. Introduction 

Since the 1960's it is known that besides electromagnetic radiation, the Sun also radiates charged 
particles forming a solar wind. If our solar system moved freely in an empty interstellar space, the 
solar wind would expand to infinity. Because that is obviously not the case, it is believed that the 
heliosphere is a finite region of space dominated by the solar wind. Owing to mass conservation, 
the particle number density of the expanding solar wind should decrease inversely as the square 
of the distance r from the Sun. The solar wind density already falls below the expected density 
of the ionized component of the very local inter-stellar medium (VLISM) beyond Saturn's orbit. 
As a result the heliosphere forms a cavity in the ambient VLISM plasma (Parker, 1963; Axford, 
1973; Fahr it al., 1986; Suess, 1990). The "nose" of the cavity is located approximately in the solar 
equatorial plane and is aligned with the apex, i.e., the "head-on" direction of the VLISM velocity. 
In the down-stream direction of the VLISM the heliosphere is thought to trail into a long comet-like 
tail. In spite of its asymmetry the cavity is still called the heliosphere; in fact, only near its nose 
can it be well approximated by a sphere. 

As the solar wind expands, the temperature of electrons and ions is reduced and the flow be
comes progressively more and more supersonic, reaching the sonic Mach number of about 40 and 
the Alfv'enic Mach number of ~10 in the outer heliosphere (Belcher et al, 1993). The inner (ter
mination) heliospheric shock exists because the solar wind must make a transition to a subsonic 
flow as it runs into the plasma of the VLISM. The heliospheric boundary region is sketched in 
Figure 1. The heliopause is at the outermost extend of the solar wind. Beyond the heliopause lies 
the interstellar wind. In this review we only consider some aspects of the physics of the heliospheric 
boundaries and apologize for incomplete references in this field of research. The interested reader 
is referred to Proceedings of the Eighth International Solar Wind Conference held in Dana Point, 
California, USA, 26-30 June 1995, edited by D. Winterhalter et al. and published by American 
Institute of Physics, Woodbury, New York (1996) as well as to Proceedings of the first ISSI Work
shop, held in Bern, Switzerland, 6-10 November, 1995, edited by R. von Steiger et al. and published 
in Span Seiinri Hi views, vol. 78, Nos. 1/2 October (1996), see references wherein. 
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Figure 1. The interaction of the solar wind with the very local inter-stellar medium. 

2. T h e S t r u c t u r e of t he Hel iosphere 

The thermodynamic state of the VLISM is still only poorly known. It is even unclear whether or 
not the VLISM exists in a quasi-stationary near-equilibrium state (Fahr, 1996). 

Typical average plasma parameters are listed in Table 1 (Bv « Br at rE = 1 AU and B as Bv 

for r > rE). Hence the main contributions to the total pressure IIVLISM, in units of pPa = 10~12 Pa, 
are as follows: the dynamic ram pressure mire1 = 0.105 pPa, the magnetic pressure B2 /2p0 = 0.064 
pPa and the thermal pressure of the plasma p = 2nkT = 0.028 pPa (m is the ion mass and k is the 
Boltzmann's constant). Since the total solar wind pressure n s w = 2743 pPa decreases as r~2, using 
pressure balance one obtains the nearly paraboloidal shape of the heliospheric interface (Macek, 
1989; Macek et al., 1991a) 

r S 
D sin S (1) 

where 6 is the angle measured from the Sun-apex line and the distance to the nose of the heliospheric 
boundary is D = ( n s w / I I V L I S M ) 1 ' 2 rE ss 120 AU. 

TABLE 1. Typical average plasma parameters 

VLISM Solar Wind at 1 AU and beyond 

velocity, v, km s 1 

density, n, cm" 
temperature, T, 104 K 
magnetic field, B, nT 

25 

~0.1 
~ 1 

~0.4 

450 

8 

10 

5 

s; const 
O C T " 1 

~const 
O C T " 1 

This is probably an overestimate, because there are several effects that reduce the distance to 
the boundaries. First, the interstellar neutral particles enter freely into the heliosphere until they 
are ionized and then spiral in the interplanetary magnetic field and are carried outward in the solar 
wind as pick-up ions (Holzer, 1972; Osterbart and Fahr, 1992). Second, the interplanetary magnetic 
field guides the incoming cosmic ray particles (Fahr et al., 1992; Donohue and Zank, 1993). Both 
particle populations contribute to the geometry of the heliosphere, acting over vast distances. Third, 
there is the adverse pressure gradient associated with the curvature of the magnetic field in the 
region of subsonic flow beyond the shock transition (Holzer, 1972; Axford, 1973). 

It is not admittedly clear whether the VLISM is actually supersonic and the heliospheric bow 
shock exists. After all, the possible bow shock is week, with compression ratio of 1 - 2, contrary 
to the strong termination shock with the expected four-fold density compression. Therefore the 
models of the boundary region can be divided roughly according to number of interfaces; namely 
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we have one-shock and two-shock models. A self-consistent gasdynamic model consisting of two 
shocks and heliopause (tangential discontinuity) was constructed in a series of papers by Baranov 
(1990), Baranov and Malama (1993, 1995) taking also into account the VLISM neutral particles. 
These authors solved Boltzmann's equation for the neutral component on the basis of a Monte 
Carlo approach and found a considerable enhancement in the hydrogen density at the heliopause 
in the region of the nose. For the discussion of this important feature, called the hydrogen wall, see 
also (Fahr ct al., 1995) for another approach, and (Pauls et al, 1995) for comparison of one- and 
two-shock simulations. 

With the pass of Ulysses over the pole of the Sun (Phillips et al, 1995), the three-dimensional 
structure of the solar wind can no longer be ignored. In particular, the Ulysses measurements 
indicate that the ram pressure of the solar wind increases, by a factor of about 1.5, in going from 
the ecliptic plane to the solar pole. Simulations of this nonuniform solar wind by Pauls and Zank 
(1996) show that the solar wind anisotropy results in turbulent flow in the heliotail. This effect is 
analogous to the production of vorticity in the boundary layer attached to an impulsively moved 
cylinder in a viscous irrational flow. The temporal variability of the shock has been studied by, 
e.g., Suess (1993), Ratkiewicz et al. (1996, 1997a) and references wherein. Finally, the effects of 
the interplanetary and/or VLISM magnetic fields on the heliospheric configuration are recently 
considered by Washimi and Tanaka (1996), Ratkiewicz et al. (1997b), and Nozawa (1997). 

In summary, although all of important physical processes has been identified, their relative 
importance is unknown and the models are not now strongly constrained by the data. The size and 
shape of the heliospheric cavity is still the subject of conjecture; commonly quoted values of the 
distance to the termination shock d vary between 70 and 130 AU (see, e.g., Belcher et al., 1993; 
Zank et al., 1994; Steinolfson and Gurnett, 1995; Pauls et al., 1995; Pauls and Zank, 1996). 

3. Radio Emissions from the Heliospheric Boundary 

For several years from 1983 the plasma wave receivers on both Voyagers 1 and 2 spacecraft, located 
well beyond Saturn's orbit, detected radio emissions at very low frequencies of 2 to 3 kHz (Kurth 
ct al., 1984, 1987; Kurth, 1990a, b). Since the remote source is observed only at specific phases of 
the 11-year solar cycle, the radiation was expected to reappear. In fact, some new events have been 
observed in mid-1989, late 1990 (Kurth and Gurnett, 1991), and the major event was observed 
from mid-1992 to mid-1993 (Gurnett et al., 1993; Gurnett and Kurth, 1994, 1996; Gurnett, 1995). 

The emissions are above the local electron plasma frequency (Kurth, 1990b) and show an upward 
drift in frequency at a rate of 1 - 4 kHz/yr (Kurth et al., 1987, Kurth, 1990a, b; Czechowski and 
Grzedzielski, 1990, 1994). Both main events in 1983-1984 and in 1992-1993 were preceded by 
intense solar activities produced by interplanetary shocks, which caused the temporary Forbush 
decreases in cosmic-ray intensities observed in 1982 and 1991, respectively (Gurnett and Kurth, 
1995,1996). Moreover, in a plane perpendicular to the roll axis of the spacecraft the observed source 
directions tend to cluster around the apex (or anti-apex) (Gurnett et al., 1993). One expect that 
the plasma wave receivers will likely provide indicators as well as precursors of the actual crossing 
of the termination heliospheric shock by the Voyager (Kurth and Gurnett, 1993). Now the Voyager 
1 and 2 spacecraft are moving toward he front side of the inner heliospheric shock and the source 
itself may be reached near the end of this century. 

3.1. GENERATION MECHANISM 

The key to the generation mechanism of the emissions is the spatial structure of the magnetic 
field. In the outer heliosphere the spiraling interplanetary magnetic field lines become more and 
more tightly wound (Parker, 1963). So, in the solar equator beyond the planets, the magnetic field 
lines are within only one degree of being circular, and hence perpendicular to the normal to the 
heliospheric shock. As is well known from studies of quasi-perpendicular planetary bow shocks, 
some electrons can be energized streaming along the magnetic field lines (Filbert and Kellogg, 
1979; Melrose, 1980). 

By analogy with the planetary shocks, (e. g., Gurnett et al., 1989) the beam speed of electrons 
for the heliospheric shock, vh, is obtained from simple consideration of the field and shock geometry 
sketched in Figure 1. It can be shown that in order for the electrons to overcome the solar wind 
convection, the ratio of the beam and solar wind speeds vb/vsv/ near the nose of the shock is 
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approximately equal to the distance to this nose, r = d, taken in AU (Macek et al., 1991a). The 
velocity of the solar wind flow is only a small fraction of the velocity of light, vsvl = 0.0015 c. 
Taking, e.g., d = 100 AU one finds vb = 0.15 c, corresponding to an electron energy of ~ 6 keV 
near the nose of the heliospheric shock. Very large beam speeds are also found on the whole meridian 
passing through the nose except near the solar poles, because near the poles the field lines are such 
that the shock is no longer quasi-perpendicular. 

Following Kurth et al. (1984), Macek et al. (1991a, b) first presented a simple model for the 
generation mechanism of the emission due to nonlinear interaction between Langmuir waves gen
erated by the electron beam near the heliospheric shock and considered kinematic constraints on 
the emission processes involving Langmuir waves. In this way, they estimated the wave amplitude 
expected to be measured by the plasma wave instrument in the heliospheric foreshock. In the lim
iting case of saturation of these emission processes the minimum value of the wave electric field of 
3 - 3 0 /iV m" 1 was estimated, and more realistic values of 100 - 200 /zV m _ 1 were calculated by 
Macek (1994). 

Surely, if the inner heliospheric shock is a source emitting at the second harmonic of the plasma 
frequency, 2 / p = 2-3 kHz, it is difficult to obtain so high electron density (ne = (1-3) x l O - 2 cm"3) 
required in the source in the outer heliosphere, say, at the heliospheric distance r ~ 102 AU. Since 
ne in the solar wind varies as r~2, one would need to have at 1 AU ne ~ 102 cm"3. This difficulty 
could be much alleviated if the electron beams generating Langmuir waves existed also in the 
postshock plasma due to secondary shocks in the compressed solar wind beyond the termination 
shock (Grzedzielski, 1993; Macek, 1996), as sketched in Figure 2. The field strength of Langmuir 
waves in the secondary foreshocks was also calculated to be of 50 - 100 fiV m" 1 (Macek et at., 
1995; Macek, 1996 ). Alternatively, the emissions are generated in the vicinity of the heliopause, as 
first suggested by Fahr et al. (1986), possibly in the hydrogen wall (Gurnett et al., 1993). However, 
in the latter case the mechanism of the emissions remains unknown. 
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Figure 2. The plasma frequency fp profiles of the heliospheric shocks. The termination shock (TS) is split into the 
primary (Si) and secondary (52) shocks, separated by a contact discontinuity (C). The respective shocks are denoted 
by 1 and 2. The secondary shock is propagating in the shocked solar wind plasma toward the heliopause (HP), this 
figure is taken from (Macek, 1996). 

4. Dis cussion 

Voyager 1 is traveling with a velocity of 3.5 AU/yr at ~ 35 ° north of the ecliptic and is expected 
to be at r ~ 70 AU in 1998 and r ~ 100 AU in 2006. After Neptune, Voyager 2 is traveling 
~ 45° south of the ecliptic. It is fortunate that the beam velocity and, consequently, the measured 
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wave amplitude and the flux density are less sensitive to the latitudinal than to the longitudinal 
variations from the actual nose of the shock. Hence both these spacecraft may be approaching the 
regions of the heliospheric shock where vh is calculated to be large, and so a likely source region for 
Langmuir waves. However, Voyager 1 and 2 will not have enough power to operate much beyond 
the year 2015, when they will be at r ~ 130 AU and r ~ 105 AU, respectively. If the termination 
shock is located at r < 100 AU or so, these Langmuir waves may, in principle, be observed in situ 
in the near future. 

Until now, with the Voyager spacecraft still located far from the Langmuir wave source region, 
only escaping electromagnetic radiation from a remote source may have been detected (Kurth et 
o/., 1984, 1987; Gurnett et al., 1993), with maximum flux densities observed in late 1983 and 1992 
only a factor of two above the instrumental threshold. 

5. Conclusions 

The termination heliospheric shock should exist because the solar wind plasma flowing highly 
supersonically away from the Sun must make a transition to a subsonic flow. The heliopause is 
at the outermost extend of the solar wind. Beyond the heliopause lies the (very local) interstellar 
wind. The size of the heliospheric cavity is still the subject of conjecture; commonly quoted values 
of the distance to the nose of the terminal shock vary between 70 and 130 AU. 

The two strong heliospheric emission events at 2 to 3 kHz have been observed by Voyagers in 
1983-1984 and 1992-1993. The suggested mechanism of the emission is due to nonlinear interaction 
between Langmuir waves generated by electron beams in the heliospheric foreshock at multiplies 
of the local plasma frequency. 

Comparison of the discussed results with electromagnetic radiation coming from upstream of 
the Earth's bow shock shows that the model adequately explains the generation of plasma waves at 
planetary shocks. Intensity of radio emissions at 2 to 3 kHz can also be explained provided that the 
electron beams generating Langmuir waves exist in the postshock plasma due to secondary shocks 
in the compressed solar wind beyond the termination shock. Admittedly, this is one possible expla
nation of the observations. The field strength of Langmuir waves required to generate the second 
harmonic emissions are approximately of 100 - 200 /iV m _ 1 for the primary and 50 - 100 fiV m - 1 

for the secondary foreshocks. However, only in the secondary foreshock the expected density is 
consistent with the observed frequency. 

The Voyager 1 and 2 are proceeding toward the boundary of the heliosphere, a likely source 
region for Langmuir waves, and these waves may be observed in situ in the near future. 
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