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INTRODUCTORY REMARKS 

In August 197 1, the USA-NASA and USSR-Academy of Sciences established a Joint Work- 
ing Group on Near-Earth Space, the Moon, and Planets. Since that date, the group on 
Near-Earth Space has held three bilateral seminars on topics related to recent results from 
space research. The first, on "Artificial Experiments in the Earth's Magnetosphere," was held 
in Moscow in December 1972; the second, on "Collisionless Shock Waves in Magnetized 
Plasmas," was held in Washington, D.C. in November 1974; and the third, on "Solar-Wind 
Interaction with the Planets Mercury, Venus, and Mars," was held in Moscow in November 
1975. 

The proceedings of the third seminar, which was held at the Space Research Institute of the 
Academy of Sciences, Moscow, USSR from November 17 to 2 1, 1975, are published here in 
the same sequence as presented at the seminar. The leader of the USA delegation was Dr. 
Norman F. Ness of NASAIGoddard Space Flight Center, and the leader of the USSR delega- 
tion was Dr. Oleg Belotserkovskii of the Computing Center of the USSR Academy of Sciences. 

The third seminar provided the first opportunity for all of the USA and USSR scientists 
directly involved in the Venera, Mariner, and Mars spacecraft series of experiments, studying 
the environments of the terrestrial. planets, to exchange their results and discuss their con- 
clusions in depth. The result was a highly profitable and interesting exchange of informa- 
tion. The seminar was also highlighted by the presentation by Drs. Yeroshenko, Gringauz, 
and Vaisberg of the USSR of preliminary results obtained from the Venus-orbiting space- 
craft, Venera-9 and -10, which had recently been launched into orbit on October 22 and 25, 
1975. 

The papers presented here include extensive references of relevant earlier publications, sum- 
maries of the salient features of the results, and an adequate written record of the discus- 
sions which took place at the seminar. These proceedings also provide significant documen- 
tation on the current state of knowledge, agreement or disagreement on conclusions, and an 
indication of areas for future research for all members of the scientific community. 

In addition to the scientific sessions, the participants also enjoyed tours of the Space Re- 
search Institute, and IZMIRAN in nearby Akademgorodok. Overall, everyone was extremely 
satisfied with the results of the seminar. 

The participants are indebted to the Director of the Space Research Institute, Dr. Roald 
Sagdeyev, for the hospitality shown them during their visit. The USA participants also thank 
their USSR colleagues for their traditional hospitality and excellent support provided during 
the stay in Moscow. 

Oleg Belotserkovskii Norman F. Ness 
Corresponding Member NASAlGoddard Space Flight Center 
USSR Academy of Sciences 
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MAGNETIC FIELD AN.D PLASMA INSIDE A N D  OUTSIDE OF 

THE MARTIAN MAGNETOSPHERE 

Sh. Sh. Dolginov, Ye. G. Yeroshenko, L. N. Zhuzgov, and V. A. Sharova 
Institute o f  Terrestrial Magnetism and Radiowave Propagation 

Academy of  Sciences 
Moscow, USSR 

K. I. Gringauz, V. V. Bezrukikh, T. K. Breus, M. I. Verigin, and A. P. Remizov 
Space Research Institute, Academy o f  Sciences 

Moscow, USSR 

INTRODUCTION 

The Mars-2, -3, and -5 spacecraft measured the magnetic field and the low-energy plasma 
near Mars [ l  through 181. Two groups of experimenters carried out the plasma measure- 
ments, one of which used wide-angle plasma detectors, retarding potential electron analyzers, 
and modulated ion traps, that is, Faraday cups [ 5  through 121 ; the other group used nar- 
row-angle electrostatic analyzers [ 13 through 181. A review of the data on the magnetic 
measurements was given by Dolginov et al. [ 1 91 while the data on the plasma measurements 
obtained by means of the wideangle detectors was reviewed by Gringauz et al. [ I l l  and 
Gringauz [20] . 
The present paper deals with the results of a joint consideration of the magnetic and plasma 
data measured with the wide-angle detectors. The authors of these experiments, even in 
their first publications, stated a similar point of view about the interpretation of the results 
obtained. They considered that the magnetosphere formed by the intrinsic magnetic field of 
Mars [ 19, 201 is an obstacle that creates the shock wave, detected during all the near-Mars 
magnetic and plasma measurements. 

The possibility of an explanation of the experimental data obtained, from the viewpoint of 
the various hypotheses previously stated on the nonmagnetic nature of an obstacle producing 
the near-planetary shock wave (see Michel's review [2 1 1 ), is discussed in [ 191 and [201. It 
was shown that none of these hypotheses can explain the results of the magnetic and plasma 
measurements if the information about the Martian ionosphere obtained from the USSR and 
USA artificial planetary satellites [22, 23, 241 is taken into account. So, for example, the 
hypothesis that an ionospheric obstacle, limited at the ionopause where the solar-wind pres- 
sure is compensated by the ionospheric plasma pressure [25], is not applicable to Mars. 
This is because the external surface of such an obstacle, according to the Martian ionosphere 
data, should be much closer to the planetary surface than deduced from the shock-wave posi- 
tions measured in many cases. Based on the data from different orbits of the Martian satellites, 



the range of the bow-shock subsolar-point altitude variations was within -1 Rd [ 16, 201 . 
This is in spite of the fact that the properties of the Martian ionosphere observed during a 
long period of time were quite stable. In addition, the obstacle boundary directly measured 
during some orbits of the satellites was at altitudes of -1 000 km (for example, on February 
8, 1972, see figure 1 [ 121 ) and -2000 km (on January 21, 1972 [4, 81 ), whereas the Mar- 
tian ionosphere has a much smaller height [22, 23, 241. 

Figure 1. Examples of the near-planetary sections of the Mars-2 (Jan- 
uary 8, 19721, -3 (February 21, 19721, and -5 (February 13, 1974) 
orbits. Blackened portions of the trajectories show the zones of the 
entry (exit) of these vehicles into (out of) the magnetosphere. 

There are two significant arguments against the assumption of Cloutier and Daniell [26]. 
According to [26] , the obstacle is a magnetosphere that is created by currents in the Martian 
ionosphere, induced by the magnetic field frozen-in to the solar-wind plasma. 

The first argument is that the direction of the near-planetary magnetic field in the induced 
magnetosphere should depend on that of the interplanetary magnetic field. As it has been 
shown in [4] and [191, and as it will be seen from the present paper, such a dependence 
was not observed in the Martian magnetosphere. 

Secondly, the analysis of the conductivity distribution in the Martian ionosphere and the 
appropriate calculations of currents induced in the ionosphere carried out by Cloutier and 
Daniell [26] and Cloutier [27] showed that the maximum height of the obstacle producing 
a shock wave does not exceed 350 to 425 km, with due allowance for the real characteristics 
of the Martian ionosphere. This result is not in agreement with the height of the obstacle ob- 
tained during some orbits. 



At the same time, as it has been shown in [19] and [20], the totality of all the experimental 
data can be explained quite satisfactorily if Mars possesses an intrinsic magnetic field. At 
present, there is evidently no alternative for this explanation. 

The authors who carried out the experiments using narrow-angle electrostatic analyzers [ 14 
through 181 stated their opinion in some articles that the data they obtained are in good 
agreement with the hypothesis about the nonmagnetic nature of the obstacle forming the 
near-Martian shock wave [ 15, 17 ] . However, in the report by Vaisberg et al. presented to 
the 18th Session of COSPAR, meeting in Varna, Bulgaria, 1975 [ 181, this group uses the 
concept of the Martian intrinsic magnetosphere for interpretation of their results. 

If their point of view has not changed, then at present there is agreement between three 
groups of experimentalists who performed the magnetic and plasma measurements near 
Mars on the main question: the existence of the Martian intrinsic magnetic field. 

The present paper deals with a comprehensive comparison of the results obtained during the 
simultaneous magnetic and plasma measurements carried out by means of wide-angle plas- 
ma detectors in near-Mars space. These comparisons enable us to be certain of the validity 
of the criteria chosen for each of the given experiments in order to identify, in near-Mars 
space, regions with significantly different physical properties. They also give additional sub- 
stantiations of these criteria. 

RESULTS OF THE SlMULTANEOUS MEASUREMENTS OF THE PLASMA AND THE 
MAGNETIC FIELD IN THE NEAR-MARS SPACE 

Figure 1 gives examples of the near-Mars orbital sections of Mars-2, -3, and -5 in the coor- 
dinate system: X, d m ,  where the X-axis is directed toward the Sun and passes 
through the planetary center, and Z is perpendicular to ecliptic. Comprehensive informa- 
tion about the instrumentation used and a description of the techniques for the magnetic 
and plasma measurements were presented by Gringauz et al. [7 ,  81. Note here that meas- 
urements of ions by the Faraday cup were not carried out onboard Mars-2 and -3 due to a 
failure of these instruments; Mars-5 yielded the most complete data set, which included the 
measurements of both ion and electron components. Therefore, these data will be compared 
first. 

Figures 2, 3, and 4 show magnetograms for Bx, By, BZ, and spectra obtained by means of 
wide-angle plasma instruments onboard Mars-5. During approximately 50 s, one ion spec- 
trum (covering 16 energy intervals), one electron retarding curve (over 16 points), and eight 
readings of each of the three components of the magnetic field were obtained. The readings 
of Bx, By, and BZ are plotted along the vertical axes corresponding to the initial moment of 
each ion spectrum. UT-time, height above the planetary surface, h, and areographic latitude 
of the satellite, cp, are plotted along the X-axis. 

The increase of fluctuations and of the mean values of magnetic field, B, were used in [ l  
through 51 as the criteria of the satellite crossing the bow shock while in [9, 10, 11 1 it was a 
significant broadening of the ion spectrum (thermalization). In [ l  through 51 the increase 
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Figure 2. Magnetograms of Bx-, By; and Bz-components of the magnetic field and ion spectra obtained 
by means of Faraday cup from Mars-5 on February 13,1974 (a) and February 15, 1974 (b). The Bx-com- 
ponent in the solar wind is directed away from the Sun. 
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Figure 3(a). Magnetograms of Bx-, BY-, and Bz-components of the 
magnetic field and ion spectra obtained by means of Faraday cup for 
flight on February 19-20, 1974. The Bx-component is directed toward 
the Sun. 

of B and the decrease of its fluctuations were considered to be the criteria of transit into the 
obstacle region itself (into the magnetosphere) while in [9, 10, 1 11 there was an appreciable 
diminution of the ion flux. 

The identification of the characteristic regions in the near-Mars space in figures 2, 3, and 4 
was carried out based on the joint analysis of the magnetic and plasma data and, in some 
cases, it differs slightly from those performed earlier in some publications. 

For the subsequent discussion, let us divide the available data into two groups consistent 
with the various directions of the interplanetary magnetic field, defined using the sign of the 
Bx-component in the magnetosheath (where Bx has the same direction as in the solar wind 
for a relatively high mean value). 
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Figures 3(b) and 3(c). Magnetograms of Bx-, BY-, and Bz-components of the magnetic field and ion spectra 
obtained by means of Faraday cup for flights on February 20-21,'1974 (b) and February 21-22, 1914 (c). 
The Bx-component is directed toward the Sun. Figure 3(c) gives (top graph) examples of the retarding 
curves for the electrons. 



UT February 25 

Figures 3(d) and 3(e). Magnetograms of Bx-, B y -  and Bz-components of the 
magnetic field and ion spectra obtained by means of Faraday cup for flights on 
February 25, 1974 (d) and February 26, 1974 (e). The Bx-component is 
directed toward the Sun. 
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Figure 4. Magnetograms of Bx-, BY., and Bz-components of the magnetic field and ion 
spectra obtained by means of Faraday cup for flights on February 14, 1974 (a) and Feb- 
ruary 24,1974 (b). 



During orbits on February 13 and February 15, 1974 shown in figures 2(a) and (b), the in- 
terplanetary magnetic field was directed away from the Sun (Bx < 0) and dwing the orbits 
on February 19, 21, 22, 25, and 26, 1974 shown in figures 3(a), 3(b), 3(c), 3(d), and 3(e), 
toward the Sun (Bx > 0). Note that the variations of the interplanetary magnetic field 
direction defined using the Mars-5 data are in good agreement with the data on the variations 
of the interplanetary field sector structure determined by Mansurov and Mansurova accord- 
ing to the method they suggested in [281. 

The moments when the satellite crossed the bow shock and magnetopause, inbound toward 
and outbound from periapsis, are denoted in figure 3 by the numbers 1 through 4, respec- 
tively. Thus, the crossing of the magnetopause, when the satellite entered and went out 
from the magnetosphere, is denoted by numbers 2 and 3. 

During some orbits near Mars, the instruments were switched on when the satellite was al- 
ready in the magnetosheath (February 15, 1974-figure 2(b) and February 14, 1974-figure 
4(a)) or in the magnetosphere (February 21, 25, and 26, 1974-figures 3(b), 3(d), and 3(e)). 

As one can see from these figures, both the crossing of the bow shock (1 and 4) and that of 
the magnetospheric boundary (2 and 3) are simultaneously measured by the magnetometers 
and plasma detectors according to the criteria discussed above. 

The magnetic field in the magnetosphere (2 to 3) is characterized by a noticeable increase 
in its mean value and the decrease of fluctuations in comparison with the magnetosheath. 
Note that in all seven cases considered, the Bx-component in region (2 to 3) was directed 
toward the Sun (Bx > 0), in spite of the fact that in two cases (figures 2(a) and (b)), the 
interplanetary magnetic field was directed away from the Sun (Bx < 0). The region (2 to 3) 
was always measured when the spacecraft were within areographic latitudes 0" to 20°, that 
is, in the northern hemisphere of the planet. The most noticeable decrease of ion fluxes was 
recorded in the magnetosphere rather than in the magnetosheath (for example, February 
13, 25, and 26, 1974-figures 2(a), 3(d), and 3(e)). During some orbits, the ion fluxes were 
often lower than the limits of the instrument sensitivity (see figures 2(b), 3(b), and 3(c)- 
February 1 5 , 2  1, and 22, 1974). 

The examples of the electron retardation curves are also shown in the top graph of figure 
3(c), in addition to the magnetic field components and ion spectra. As it is seen from this 
figure, the fluxes and energy of the electrons in the magnetosphere decrease as compared 
with the magnetosheath, but they differ slightly from the values in the solar wind. As has 
been indicated in previous publications [ 1 0, 1 1 1,  electrons were always recorded in the mag- 
netosphere and their properties were similar to those shown in figure 3(c). 

The joint analysis of the magnetic and plasma data (figures 2 and 3) indicates that changes in 
the position of the magnetopause were recorded by plasma and magnetic detectors simul- 
taneously. For example, on February 21, 1974 (figure 3(b)) and February 22, 1974 (figure 
3(c)), magnetometers and ion traps measured the alternation of the properties of both plas- 
ma and magnetic field typical for the magnetosheath and the magnetosphere associated with 
multiple crossings of the magnetopause by the satellite. 



The value of the magnetic field, the level of its fluctuations, the fluxes and energy spectra 
of ions and electrons on the flanks of the magnetosheath at the moment when the satellite 
exited from the magnetosphere, were rather close to  the characteristics appropriate to the 
undisturbed solar wind. The entry to the magnetosheath from the magnetosphere and from 
the magnetosheath to  the solar wind (see figures 2(a), 3(d), and 3(e)) was less distinctly 
identified on the flanks, according to the data of each experiment, than the entry to these 
regions that occurred closer to  the subsolar part of near-Mars space. 

The orbit on February 20, 1974 should be discussed separately because the maximum (for 
the time period considered) value of the solar-wind dynamical pressure (4.2 X dynes/ 
cmq2) was recorded during this orbit. As it is seen from figure 3(c), the ion trap clearly de- 
tected entry into the magnetosheath and then a slight decrease of the ion fluxes was ob- 
served; at this time, the magnetometers measured a change of sign for the Bx-component 
(figure 3(a), 2') and a high level of fluctuations in that part of the zone (2-2'), which borders 
upon the zone (1-2). 

The second change of sign of Bx took place at point 2; after this, the sign of Bx conformed 
with that of Bx in the magnetosphere typical for the other orbits (figures 2(a), 2(b), 3(c), 
and so on). Hence, it appears that the satellite has entered into the magnetosphere at point 2. 

The magnetosphere is not able to be identified on magnetograms obtained during the two 
orbits shown in figures 4(a) and (b) on February 14 and 24 (a less intense, widely-fluctuating 
magnetic field with a large ratio of ABx /Bx was observed). However, according to the plas- 
ma data, the region of the minimum ion flux can be clearly identified. 

The Mars-2 and -3 orbits, as seen in figure 1, allowed us in principle to study the magnetic 
field and the plasma in the subsolar region of the Martian magnetosphere. However, in 
many cases, the instrumentation for the magnetic and plasma measurements was switched 
off when the satellite approached the planet (see [4, 81 ). Therefore, only a small portion of 
the data is available that has been obtained inside the magnetosphere in the subsolar region. 

Let us consider the Mars-2 orbit on January 8, 1972 (see the orbit in figure 1). The value of 
the magnetic field modulus, B,* and the .currents, Ie, recorded by the electron analyzer, 
corresponding to three fixed values of retarding voltage, E,, are shown along the Y-axis in 
figure 5, and the time (UT) is plotted along the X-axis [ 121 . The interval denoted as I cor- 
responds to the bow-shock crossing according to data of the electron measurements. It 
coincides with a noticeable increase of B. The interval denoted as 2 shows a significant de- 
crease of electron flux with energy >50 eV, in particular, and with an increase of B up to its 
maximum value -30 y; the interval 2 can be evidently considered to be equivalent to the 
satellite. crossing of the magnetopause. The interval 3 corresponds to a decrease of B and the 
growth of electron currents (that is, to the satellite exiting from the Martian magnetosphere). 

*This plot demonstrates the relative variations of its value. The error in B-value can be significant in the interplanetary 
space due to some uncertainty of the zero reading of the B,-component. 



Figure 5. The variations of the magnetic field modulus 
and currents in the electron traps for the three fixed values 
of retarding voltage E: I )  8 V; 2) 20 V; 3) 50 V,  during 
the Mars-2 flight on February 8,1972. 

Figure 6, taken from [29],  gives the totality of a projection on the XZ plane of all the B 
vectors measured from the Mars-3 and -5 spacecraft. Field lines of a magnetic dipole, de- 
formed by the solar wind with the axis normal to the direction to the Sun roughly coinciding 
with the planet rotation axis, are shown by dotted lines in figure 6 

4 

From this figure, one can see that the projections of the measured vectors B are not in agree- 
ment with the dotted lines; however, they correspond rather well to the case where the 
dipole axis is inclined to the rotation axis of the planet at 15' to 20°, and with a polarity 
opposite to that of the Earth's dipole field. 

It should be noted that the variation in dipole orientation related to rotation of the planet 
must have an influence on the field vector projections. But, for a portion of the measure- 
ment data obtained from Mars-5, the influence of this effect is insignificant, since the rota- 
tion period of the satellite is close to the diurnal rotation period of the planet. Deter- 
mining the inclination angle of the Martian dipole as in figure 6 has a purely qualitative 
character; detailed considerations relating to the dipole inclination problem are given in 
[19]. The planetary magnetic moment calculated from measurements at the points close to 



Figure 6. Projections of the magnetic field vectors on the plane normal 
to the ecliptic according to  the data of the Mars-3 and -5 measurements. 

the pericenter was 2.4 X Gcm3,  which corresponds to a field intensity on the equator 
of 64 y. 

DISCUSSION OF THE RESULTS 

As is seen from the previous section discussing the nine cases of the Mars-5 orbits near the 
planet, in six cases the magnetopause position is in good agreement with the boundary of the 
minimum ion flux region (figures 2(a), (b), and 3(b), (c), (d), and (e)). In one case, (figure 
3(a)-February 20, 1974), the distinct region of the minimum ion flux measurement does 
not correspond with the distinct magnetosphere in the magnetic field data, as well as in two 
cases (figures 4(a) and (b)-February 14 and 24, 1974), where the distinct region of the 
minimum ion flux was observed, but a distinct magnetosphere was absent in the magnetic 
field data. 

At the low, positive, areographic latitudes (<20°) in seven cases when the quiet magneto- 
spheric field was observed, the B,-component of this field was always directed toward the 
Sun, independent of the interplanetary field direction. 



An understanding of these results involves the following assumptions: 

1. The magnetopause near Mars is located much closer to the planetary surface than 
the magnetopause near Earth, and the intrinsic magnetic field of the planet is 
much weaker than the Earth's field. This means that the external sources of the 
magnetic field have a more important effect on the total field (even on the planet's 
surface) than near Earth. In particular, one can expect that the areomagnetic 
variations, due to the causes that bring about the geomagnetic variations, are much 
more significant near Mars than near Earth. 

The existence of large areomagnetic variations in the Martian magnetosphere thick- 
ness can be the reason why the passing of the satellite through the magnetosphere 
cannot be determined from the magnetic field data shown in figures 4(a) and 4(b). 
During the flight on February 20, 1 974 (figure 3(a)), the sign of the B, -compon- 
ent at point 2' could be changed due to  the satellite passing through the magnetic 
equator at the areographic latitude -10". It is not in agreement with the field 
topology during the other data intervals, but could be associated with a magnetic 
equator shift in response to some anomalous current system that arises due to the 
most intensive solar wind observed during the whole period under consideration 
(P = 4.2 X dynes/cm2). It is likely that the high dynamic pressure of the 
solar wind during this orbit resulted in the compression of the magnetosphere. 
The satellite did not penetrate deeply through the magnetosphere; therefore, 
only an insignificant decrease of ion fluxes was observed. 

3. As was mentioned above and in [8 through 1 1 ] and [20] , according to the 
plasma data, a decrease of ion flux was considered to be the criterion of the satel- 
lite entry into the magnetosphere. Except for the Mars-5 orbits, when ion fluxes 
in the Martian magnetosphere turned out to be lower than the limits of the instru- 
mental sensitivity in the vicinity of the magnetopause, a region was observed 
where the velocity of the ions had an antisolar component similar to  that in the 
transition layer. Earlier, Gringauz et al. [ l  1 ] , Gringauz 1201 and Breus and Verigin 
[12] pointed to the fact that near the magnetopause, but inside the Martian mag- 
netosphere, the phenomena that were observed were similar to the diffuse boun- 
dary of the Earth's magnetosphere [30, 31 1, that is, similar to a boundary layer 
[32] or plasma mantle [33] in the Earth's magnetosphere. 

4. Using analogies with the phenomena near Earth's magnetopause, one can explain 
the differences in physical characteristics of the regions with less intensive ion 
fluxes during Mars-5 flights on February 13, 20, 22, and 24, 1974 (figures 2(a), 
3(a), 3(c), and 4(b)). The dynamic pressure of the solar wind, P, for these days 
was 3.1, 4.2, 1.2, and 1.6 X dynes/cm2, respectively. An expansion of the 
magnetosphere is associated with a decrease in P and Mars-5 could penetrate into 
the deeper regions of the magnetosphere tail because of the characteristics of its 
orbit (figure 1). 



From figures 2(a), 3(a), 3(c), and 4(b) it is seen that with P = 1.2 X lo-* dynes/cm2 , when 
the magnetosphere compression should be the least, the ion fluxes in a long portion of the 
orbit in the magnetosphere turned out to be lower than the instrument sensitivity level 
(figure 3(c)). The directed ion flux measured in the diffuse region of the magnetosphere 
tail on February 13, 1974 (figure 2(a)) was less, relative to the ion flux in the magneto- 
sheath, by 6 to 10 times, and on February 20, 1974 (figure 3(a)) by 2 to 3 times. This is 
qualitatively in agreement with a relatively deeper penetration of the satellite into the mag- 
netosphere on February 13, 1974. 

During some orbits of the satellite inside the magnetosphere, ion fluxes were not measured in 
general on certain portions of the orbit, that is, they were lower than the instrument 
threshold sensitivity. In so doing, in the same way as in the diffuse zone, electron fluxes 
were registered by the electron analyzer without any essential decrease of their value, as 
compared to that in the undisturbed solar wind. 

This discrepancy between the measured fluxes of ions and electrons can be explained if it is 
realized that, in the region of minimum ion flux inside the Martian magnetosphere, a highly- 
isotropized plasma may exist which is likely to be similar to the plasma sheet in the Earth's 
magnetosphere. These concepts are presented in [ 10, 1 1 1 .  

This quasi-isotropic plasma formation is likely to be surrounded by a diffuse plasma zone 
near the magnetopause, where the plasma isotropization is much lower than deep in the tail 
of the Martian magnetosphere. 

As mentioned above, the amplitude variations of the Martian bow-shock subsolar point 
reached 1 RS 1161 and with the high values of the solar-wind dynamic pressures, the magne- 
topause could approach the planetary surface at rather small distances. In these individual 
cases, it is not excluded that the magnetosheath plasma could directly interact with the 
ionospheric plasma with the exception of the polar cusp regions, where such an interaction 
is always possible. From the data of our wide-angle detectors, one cannot observe such an 
interaction. 

ON THE DATA OBTAINED BY MEANS OF THE ELECTROSTATlC ANALYZERS 

During the preparation of the present paper, the above-mentioned experimental results 
were compared with the results of simultaneous measurements that have been performed by 
the authors of experiments using electrostatic analyzers [ 14 through 1 81 . 

It should be noted that the flux, particle concentration, and solar-wind pressure cannot be 
determined by means of a narrow-angle electrostatic analyzer on a satellite with a fixed 
orientation. That feature considerably restricts any possibility of correlation of the physical 
parameters of the plasma obtained from the experimental data. However, with regard to 
this fact, the comparison of the primary measurement data showed that, as one would ex- 
pect, the results of measurements which have been performed by all three groups of investi- 
gators, are mainly well correlated. 



In particular, the moment of occurrence of the bow-shock crossings by the satellite coin- 
cides with the limits of the resolution of each instrument. The discrepancy in the calculated 
coordinates of the stagnation point of the bow shock is associated with the fact that the 
different authors of the different experiments used different techniques of calculation and 
assumptions on the shape of the obstacle creating the bow shock. 

Due to the electrostatic analyzer data, the obstacle region (magnetosphere) in which the ion 
fluxes decrease until nothing is measured is distinctly observed during satellite orbits when 
it is observed by means of a Faraday cup. For example, on February 22, 1974 (figure 7(a)), 
on the portions of the orbit where the ion trap flux ceases to be measured, ion fluxes with 
energies E > 4.1 keV (upper limit E for the ion trap) are also not measured as a rule. During 
some orbits, the electrostatic analyzer completely failed to measure any ion flux while the 
wide-angle detector registered a decrease in the value of the ion flux (figure 7(b)). This can 
be explained either by the difference in the sensitivity of the two instruments, or by a par- 
tial isotropization of the ion fluxes in the specific cases given. 
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Figure 7. Comparison of ion spectra obtained by means of the Faraday cup (A) (0 to 4 keV) and electro- 
static analyzers RlEP (B) onboard Mars5 on February 22, 1974 (a) and February 13,1974 (b), The cur- 
rents in modulation trap and the count rate in the electrostatic analyzers are plotted along the Y-axis. 
Energies within the 20-eV to 20-keV range are given along the X-axis (logarithmic scale). 



We assume that the discrepancy in the conclusions between the authors of the present paper 
and the authors of the experiments with the electrostatic analyzers is associated not with the 
difference in the primary results of measurements but with the difference in interpretation 
of these results. 

Joint consideration of the results of magnetic measurements and plasma measurements per- 
formed using wide-angle plasma detectors onboard the Soviet artificial satellites of Mars con- 
firmed the conclusions drawn earlier by the authors of these experiments in separate publi- 
cations: that the totality of magnetic and plasma measurements performed by the USSR 
artificial satellites of Mars cannot be explained without a solar-wind interaction with the 
intrinsic magnetic field of Mars. 

Some physical characteristics of the magnetic field and plasma in the Martian magnetosphere 
(for example, magnetic field topology, diffuse plasma region near the magnetopause, quasi- 
isotropic region deep in the tail of the Martian magnetosphere) remind us of the corres- 
ponding peculiarities of the Earth's magnetosphere, and, to a certain degree, can be explained 
by the effects of similar mechanisms. 
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Gringauz/Cloutier: The diffusion time of the magnetic field changes through the Martian 
ionosphere is of order -1 hour. Could this explain some of the magnetic field changes 
(that is, reversals) seen by the magnetometer close to Mars? 

Gringauz: One must remember that the Mars-2, -3, and -5 satellites never entered the Martian 
ionosphere (the lowest pericenter on the orbit of Mars-5 was 1800 km). Thus the diffusion 
time of the magnetic field variations through the Martian magnetosphere probably could 
influence the changes of the magnetometer readings only by means of variations in the in- 
duced ionospheric current system during perturbed periods. This possibility must be care- 
fully studied. 

Dolginov/Podgorny: Have you compared your long-term measurements of the interplane- 
tary magnetic field with other data? If so, have you seen a change of the X-component 
direction at the boundaries of the sectors? Such information may provide you with an 
independent check about the validity of your results. 

Dolginov: We have the necessary rate of data sampling during those periods of the special 
roll maneuvers of Mars-5. During other periods, we have very infrequent data recordings. 
The information which we received from this data set has not been analyzed completely. 
Furthermore, I do not think we will have the opportunity to process these data in the near 
future. 

Do lgino v/Dessler : How many separate cases of constant magnetospheric-t ype field have 
been observed? How many anomalous events? 



Dolginov: We have 15 magnetograms from the Mars-2 and -3 spacecraft. Six of these are 
taken on the dayside at altitudes of 11 00 to 2000 km (Mars-2 and -3 in 1972) and nine from 
the nightside up to an altitude of 9000 km (Mars-5 in 1974). 

The Mars-2 satellite tumbled and thus we have the opportunity to determine changes only in 
the scalar value of the field upon approach to the pericenter (where the field grows to 20 to 
25 y). Only one of the three magnetograms has been published (December 8, 197 1). 

Mars3 allowed us to obtain three magnetograms near pericenter. All of the magnetograms 
served to indicate an intrinsic magnetic field of Mars. The magnetogram taken by Mars3 on 
January 21, 1972 proved this. The magnetograms from April 6 and 18 proved that the Mar- 
tian magnetic field is compressed (limited) on the dayside. Magnetograms from Mars-5 
allowed us to trace the field on the nightside up to 9000 km. They proved that there exists 
a region where the field has a constant sign and also minimum fluctuation, and the field 
does not change sign with a change in direction of the solar-wind field. The field in this 
region has a magnetospheric effect on the plasma. 

The fields on the night- and daysides agree in orientation. In two instances, (February 14 
and 24, 1974) we were not able to demonstrate a characteristic field on the nightside. Hence, 
in 1 3 cases we have a magnetospheric-type field. Two cases do not prove this but neither do 
they contradict that possibility. 

The magnetic moment has been determined from direct measurements made on January 2 1, 
1972 and twice by gasdynamic models (1 974). These three determinations yield 

Dolginov/Ness: The principal evidence for an intrinsic magnetic field on the planet is the 
constant sign of the X-component of the magnetospheric field. But on some occasions, this 
component is only a few gamma. Unless the accuracy is better than that, you cannot con- 
clude that the sign is constant. What is the accuracy of the X-component measurements and 
how is that established? 

Dolginov: The character of the change in zero levels of the magnetometer axes on Mars-5 
was determined from the data of the roll maneuvers performed on September 13, October 
12, and December 27, 1973. These data are published in Space Investigations, Volume 13, 
No. 1, 1975. Zero values of the X-sensor turned out to be quite stable. The zero level of 
the X-axis was initially determined based upon the sign of the interplanetary field as deter- 
mined from ground-based observations by well-known methods. It was later checked during 
the roll maneuver and the interplanetary field direction was found to be in agreement with 
the field sign as determined by ground-based observations. 

After entry into orbit, there were no roll maneuvers of the Mars-5 spacecraft. The tempera- 
ture of the spacecraft, obtained from solar panel sensors, varied little and there was no cause 
to suspect changes in the zero values which would exceed the accuracy of the telemetry 
quantization step size of 1 y. Analysis of the magnetograms from Mars-5 shows just one case 



(February 22, 1974) where one can suppose there was a deflection of the zero value. Most 
of the measurements of the solar wind indicated X = 0 or -1 y. However, in the transition 
region, X has a positive value. If we attribute this to  an error in zero value and correct it by 
2 y, then this anomaly will be excluded and the magnetosphere field will increase in intensity 
by 2 y. In all other cases there are no indications of anomalies. 

The criteria for the existence of an intrinsic magnetic field is not only the field strength but 
the relative fluctuations AX/X and the direction of the field as well. These are the main cri- 
teria. They unambiguously demonstrate the existence of a magnetosphere-like region. Its 
boundaries are also delineated independently by the plasma sensors. These criteria allow us 
to trust the field measurements from February 15 (3 y) since they have the direction charac- 
teristic of the northern hemisphere while in the transition zone the field has the opposite sign. 

It was possible to investigate the stability of the zero level values with the onboard instru- 
mentation, which registered a change in the sector polarity. This was determined from the 
magnetograms of February 20 by comparison with the preceeding days. This was confirmed 
with data of Mansurov [28] and Mariner-1 0. 

Hence, all the magnetograms of the nightside presented by us are consistent in their meas- 
urements and truly prove a topology which is characteristic for the sheath of the nighttime 
Martian magnetosphere. 

Ness: I want to make a comment about the problems of any comparisons between theore- 
tical (or experimentally-observed at Earth) bow-shock positions and those observed by the 
magnetometers on the Mars-2, -3, and -5 spacecraft. As is well known from Earth and also 
to be discussed in my paper tomorrow, there often exist waves upstream from the bow 
shock. Thus, with the very low data rate on the Mars spacecraft, using the field fluctuations 
to identify the bow shock automatically biases the shock position further away from the 
planet than it really exists, and indeed the magnitude jump may be relatively small. These 
conditions occur when there is a parallel shock. Also, as Spreiter will show in his paper," for 
low Alfv6nic Mach numbers (less than 6) which are typical of conditions at Mars, the shape 
of the bow shock is altered from the gasdynamic form causing the flanks to move outward 
from the obstacle and the nose to move inward toward the obstacle. 

These two considerations, upstream waves and low Alfv6n Mach numbers, both act in such 
a way as to  lower the stagnation-point height of the obstacle deflecting the solar-wind flow 
since most of the shock position observations are well away from the nose region. I there- 
fore conclude, based upon a preliminary comparison of the published Mars results, that the 
height of the obstacle is 600 + 200 km and this puts it close to  the level at which the ob- 
stacle could be mainly ionospheric and not an intrinsic field. A more careful comparison of 
bow-shock identifications, upstream conditions, and theoretical or extrapolated terrestrial 
bow-shock positions should be made at Mars. 

*See J. R. Spreiter's paper, "Magnetohydrodynamic and Gasdynamic Aspects of  Solar-Wind Flow Around Terrestrial 
Planets: A Critical Review," in this document. 
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ABSTRACT 

The results of plasma measurements near Mars on the USSR Mars-2, -3, and -5 spacecraft are 
considered. The data are compared with simultaneous magnetic measurements. Strong evi- 
dence is obtained in favor of a direct interaction and mass exchange between the solar-wind 
plasma and the gaseous envelope of Mars. 

INTRODUCTION 

The first experimental evidence on the solar-wind interaction with Mars was obtained from 
the flyby trajectory of Mariner-4 and was suggested by crossings of the Martian bow shock 
[ l ,  21. Much more detailed measurements of the Martian environment were performed on 
the Mars-2, -3, and -5 satellites by means of a tri-axial fluxgate magnetometer [3 ,4 ]  , narrow- 
angle plasma spectrometer RIEP* [5],  and wide-angle Faraday cups (particle traps) [6]. 
Figure 1 shows the summary of results of RIEP for Mars-2, -3, and -5. The figure shows the 
parts of the orbits where the satellites crossed the ion thermalization front (open dots for 
Mars-2 and -3, and closed dots for Mars-5) and where the satellites passed the boundary 
layer (open curves for Mars-2 and -3, and closed ones for Mars-5). Boundaries were obtained 
as mean curves fitted to observations: I is bow shock, I1 is upper limit of boundary layer, 
I11 is inner edge of boundary layer, and IV is effective flank boundary of an obstacle. The 
triangle shows the shock crossing by Mariner-4 [ l  I .  

The results of data analysis were: 

The permanent existence of a bow shock was established [4, 7, 8, 9, 101. Data 
were obtained on the shock position [ I  1 through 171 and its physical properties 
[12, 13, 181. 

A region of increased magnetic field on the dayside [ 3 , 9 ]  and a region of a stable 
magnetic field on the nightside of the planet [4] were found and were interpreted 
in terms of an internal planetary field with magnetic moment 2.6 X Gcm3 
[3,41. 

*RIEP is an acronym from original Russian which translates as Instrument to Measure Ion and Electron Fluxes. 



Figure 1. Summary of the results of the plasma experiment RlEP from Mars-2, -3, and -5 about the 
structure of the solar-wind-Mars interaction region. 

The two plasma experiments have observed some structure in the solar-wind-Mars interac- 
tion region: 

@ Inside the interaction region, a layer was found with a colder plasma moving with a 
lower transport velocity called the boundary layer [ 12, 191. The position of this 
layer and its plasma parameters were obtained [12, 13, 1 8, 191. Downstream ob- 
servations of the boundary layer suggested the existence of a Martian tail [ 191, 
which was later found [4, 16, 18 1 . 

@ Data on the existence of an isotropic plasma, interpreted as a plasma layer in the 
Martian tail, were published by the authors of the experiments with particle traps 
[16, 17,20,21] .  



The three experiments have shown some discrepancies in (1) the determination of the bow- 
shock position, and (2) the determination of similarities and differences between the charac- 
teristics of the interaction of the solar wind with Mars and with Earth. 

The purposes of this paper are: 

1. A comparative analysis of solar-wind-Mars and solar-wind-Earth interactions with 
respect to bow shock and magnetosheath, and 

2. Determining the nature of the obstacle from plasma measurements in the interac- 
tion region and inside the obstacle and from the structure of the interaction 
region. 

MARTIAN BOW SHOCK 

The three experiments have demonstrated the permanent existence of the bow shock [4, 
13, 17, 181. The thickness of the ion thermalization front is often 5 1  00 to 200 km [12, 
131, in agreement with some terrestrial bow-shock observations [22]. 

It could be seen from Dolginov et al. [3, 41 that upstream magnetic-field fluctuations often 
exist (see also figures 2 and 3). In some cases heating of the electron component was found 
before the thermalization of ions (figure 4). 

A salient feature of the terrestrial bow shock appears to be the jump of electric potential 
[23] with the initial growth of the potential before the ion thermalization [22, 231. The 
manifestation of this phenomena, initial deceleration, was observed near Mars [ 131 . 
Theoretical consideration of solar-wind interaction with the atmosphere of a planet, without 
a significant, intrinsic field [24, 25, 26, 271, showed that a shock could develop due to 
accretion of ions from the plasma flow [25, 261 . One of the Martian bow-shock crossings, 
that on February 22, 1974, showed smooth velocity and temperature profiles similar to the 
profiles of an accretion shock. However, simultaneous measurements on Mars4 at a dis- 
tance of 3.5 X 106 km from Mars showed a significant variation of solar-wind parameters. 
Thus, the unusual shock profile might be connected with solar-wind variations. Smooth shock 
profiles were observed at large Sun-Mars-satellite angles [13] and multiple crossings of the 
bow shock were reported [12]. It can be concluded that the structure and physics of the 
Martian bow shock appear to be not unlike that observed near the Earth. 

However, some contradictory data were published on the Martian bow-shock position. 
Shock crossings close to the planet and remote ones were noted [ 12,2 1 1. Many attempts were 
made to determine the mean position of the bow shock [ I  1 through 171. The authors of the 
experiment using particle traps reported a mean areocentric distance at the subsolar point 
of the shock, R, ,as 5400 km [14], 5900 km [IS],  5700 k 1000 km [16] and 6300 It 1100 km 
[17]. In our RIEP experiment, the value of R, of 4600 to 4800 km was found from Mars-2 
and -3 data [I 21 and with the addition of the 24 Mars-5 crossings, about 4800 km [ 131. 



MARS-5 February 20,1974 

MOSCOW TIME 

Figure 2. The parameters of the ion component of plasma and magnetic field parameters along the orbit of 
Marsd on February 20,1974. Boundaries and regions crossed by the satellite are shown. 



MARS4 February 22,1974 

Figure 3. The parameters of the ion component of plasma and magnetic field parameters along the orbit of 
Mars-5 on February 22,1974. Boundaries and regions crossed by the satellite are shown. 
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Figure 4. Intercomparison of shock crossings observed in RI EP,data (solid lines) and from data 
of traps (dashed lines) [16, 171. 1 is least square fit of conical surface to data of traps; I I  is 
mean shock from Gringauz et al. [I61 ; 1 1 1  is mean shock from Gringauz et al. [171. 



Figure 4 shows the results of a comparison of reported crossings from the two plasma exper- 
iments. It follows that: 

@ The shock crossings from the traps' data were identified either almost simul- 
taneously (points 1, 6, 8,9,  and 11) or slightly before (points 2, 3,4 ,  5, 7, and 10) 
the RIEP crossings. These differences could be connected with different criteria. 
The RIEP crossings were determined fromtthe thermalization of the ions while the 
Mars-2 and -3 crossings from the traps were determined by the rise of the collector 
current and the appearance of nonthermal tails in the electron spectra, which is 
a well-known upstream shock phenomenon [28]. 

@ The difference in the calculated values of Ro could not be explained only by dif- 
ferences in the determination of a particular crossing. It is seen from figure 4 that 
the majority of dayside crossings, which are essential for shock position deter- 
mination, are well inside of the curves I1 and I11 drawn by the authors of the ex- 
periment with the traps. 

@ Curve I in figure 4 is our best conical fit to the traps' crossings and gives Ro 
x 4900 km, in close agreement with the RIEP figure. 

Thus, the elevated values of R,. in Gringauz et al. [14 through 171 can be explained by poor- 
ly-based assumptions on the shape of the Martian bow shock. The available experimental data 
show that the mean areocentric distance to the bow-shock subsolar point, 4800 to 5000 km, 
has to be considered as reliable. 

Two more distant dayside bow-shock crossings may be possibly explained by low Mach num- 
bers and by the development of the structure of a quasi-parallel shock, 

MAGNETOSHEATH 

Measurements of the ion flow on Mars-5 were made by RIEP analyzers oriented in two direc- 
tions [18]. This made it possible to determine, in certain cases, the direction of plasma flow 
[13] and to show that in the magnetosheath, except for the boundary layer, the plasma 
flow is in agreement with the gasdynamic model [2, 291 and with the near-geomagneto- 
sphere observations [30]. 

The following features of the Martian magnetosheath plasma behavior were found: 

In some cases within the magnetosheath, the velocity is high and the temperature 
of the ions is low compared to the gasdynamic model [2,29]. 

Cases of nearly-harmonic oscillations were found (figure 2). The boundary layer 
was mapped by Mars-2, -3, and -5 measurements and variations of plasma parame- 
ters across the layer were measured [13, 181. The thickness of the boundary 
layer on the dayside is -350 km, near the terminator -500 km, and at 3Rd down- 
stream -1 000 km (see figure 1). 



Significant fluctuations are seen in the mean transport velocity and in the temperature pro- 
file of the boundary layer (figures 2, 3, and 5). The ion temperature in the deep boundary 
layer is sometimes -10 to 30 eV, that is, significantly lower than in the magnetosheath 
(this fact was established by Mars-2 data [ 1 1, 121 ). The heating of the plasma is seen at the 
initial deceleration in the boundary layer. 

The similarity of the Martian boundary-layer profile and a gasdynamic boundary-layer pro- 
file stimulates attempts to estimate certain gasdynamic parameters of the boundary layer of 
Mars. 

The Reynolds number is 

where 

Q = the distance from lobe, 

{ = the boundary layer thickness. 

(The expression holds for thin plates [3  1 ] .) 

Substituting 10,000 km for R and 1,000 km for {, we obtain R, 2000, which allows the 
existence of a vortex street. The kinematic viscosity is 

where v, is the velocity external to the boundary layer flow. Substituting 500 km/s for v,, 
we obtain v 2.5 X 10' m2 /s, a value somewhat higher than that obtained from studies of 
microfluctuations in the solar wind, 8.8 X 1 OB m2 /S [32]. 

HEAVY IONS IN THE PLASMA FLOW CLOSE TO MARS 

Measurements of the ion spectra in the RIEP plasma spectrometer on Mars-5 were made with 
nonsaturated channel multipliers with different gains. Two Sun-directed electrostatic analy- 
zers of RIEP measured different energy spectra in the solar-wind-Mars interaction region and 
the difference was most significant in the boundary layer. The analysis of data and addi- 
tional laboratory tests of channel multipliers showed that the most probable explanation of 
the difference in measurements of the two analyzers is the change of ion composition. 
With this assumption, two ion components were revealed-light ions of solar origin and 
heavy ions apparently of ionosphere origin [13]. Figure 5 is an example of the behavior of 
the two ion components in the boundary layer with the heaviest ions observed at the inner 
edge of the boundary layer, where the energy of the net motion is low. A diminishing 
heavy ion flux is observed in the outer part of this layer. 
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Figure 5. Boundary-layer crossings on February 20, 1974. The upper panel is 
ratio of heavy ion number flux to light ion number flux; the middle panel i s  energy 
of directed motion according to measurements of analyzer A, which registered total 
flux of ions (solid dots) and according to analyzer B, supposedly measuring only 
light ions (open dots); and the bottom panel shows the modulus of magnetic field. 
Magnetopause position is  also shown. 



Two estimates of M/Q of the heavy ions were made [13] : the first from a comparison of 
the inward gradient of heavy ion flux (-1000 km) and outward gradient of light ion flux 
(-100 km), and the second, from the maximum height of the heavy ion observations near 
the terminator (-1800 km) assuming that the ions are accelerated by an electric field 
(as suggested in [33] from the top of the ionosphere -400 km). Supposing that the geome- 
try is determined by the gyroradius of ions with energy from RIEP measurements and with 
the magnetic field from Dolginov et al. [4, 341, M/Q was estimated as 15, Vaisberg et al. 
[ 131 suggesting O+ as the principal constituent, but not excluding any heavier ones. 

From the measured number flux, for an axisymmetric boundary layer, the loss rate for 
Mars was obtained as -lo2' particlesls [13]. This estimate appears to be an upper limit 
because it is made from the Mars-5 observations on February 20, when the heavy ion flux in 
the boundary layer was higher than usual, and because it is made for a convected Maxwellian 
distribution of heavy ions, which may not be the case [33 1.  

The Mars satellites probe only the outer part of the obstacle; the closest approaches of 
Mars-2, -3, and -5 on the dayside were at 1100 km, 1 100 to 2300 km, and 1760 km, respec- 
tively. In some cases, Mars-2 and -3 entered in the dayside region of the magnetic field in- 
crease and plasma deceleration while Mars-5 probed this region on the nightside. 

The effective dimension of the solar-wind obstacle could be approximately estimated by the 
position of the bow shock with the use of the gasdynamic analogy [2, 291 or with scaled 
near-Earth data [35] . With R, % 4800 km, the effective stagnation point height is -3800 
km or -400 km above the Martian surface [12, 131. The reliability of this figure is not 
high but does suggest that the plasma flow interacts with the upper atmosphere of Mars. 

There is an apparent contradiction between this mean effective dimension of the obstacle 
and observations of the region of increased magnetic field [3, 91 and that plasma with 
strongly different parameters [ 13, 1 5, 361 at heights -1 1 00 km on Mars-2 and -3. Consi- 
dering this as possible entry of the satellite into the obstacle, it is necessary to recall that 
(1) at Sun-Mars-satellite angles 30' to 60°, where the measurements were made, the height 
of the obstacle will increase by 300 to 500 km compared to the stagnation point, and (2) the 
boundary of the obstacle should have a thickness on the order of an ion gyroradius, so that 
if the relative amount of hot heavy ions is high, the magnetopause or ionopause thickness 
may be several hundred kilometers. 

The dimension of a gasdynamic obstacle with a boundary layer is determined approximately 
at a level of 113 of the boundary layer thickness [31]. Thus, plasma measurements on 
Mars-5 could be used to obtain the mean flank shape and dimension of the obstacle (figure 
1). These data show that the flank shape of the Martian obstacle could be approximately 
described with the normalized H/Rd parameter = 0.2 (according to [29] ) and that the flank 
dimension of the obstacle does not contradict a bow-shock position at R, -- 5000 km. 



PLASMA IN THE OBSTACLE 

Upon crossing the boundary layer, Mars-2 entered a region with ion temperature -10 to 
20 eV [ 1 1, 121 . Subsequent analysis of electron component measurements also showed 
the cooling of electrons in the obstacle [36]. It is difficult to expect cooling of ions by 
collisions at heights -1 100 km. Therefore, these measurements show the appearance of a 
planetary plasma in the boundary layer. As shown above, the Mars-5 data confirm this 
conclusion. 

In the crossing of the nightside boundary layer by Marsd, the energy of the ions dropped on 
the inner border of the layer and RIEP registered a low flux of particles, or else the signal 
dropped below instrumental threshold [ 13, 1 81 . Similar data were obtained with the ion 
trap [I  61. But the electron trap measured an electron flux comparable with the solar-wind 
level. Consideration of the electron spectra measured by the electron trap in the tail of 
Mars [16] suggests that the measured signals are due not to an omnidirectional Maxwellian 
distribution of electrons, as suggested by the authors, but instead is due to a directed flow of 
electrons toward the planet with a streaming energy -20 to 50 eV and T, - 10 eV. This 
interpretation of the spectra will diminish the estimated ne in the tail and weaken the dis- 
crepancy between ion and electron current, and have a strong influence on our present 
understanding of plasma and magnetic measurements in the Martian tail. 

Intercomparison of electron and ion currents led Vaisberg et al. [13] and Gringauz et al. 
[16, 20, 211 to the conclusion that they have found a region of isotropic ion fluxes, which 
they consider as a plasma layer analogous to that in the geomagnetosphere. 

The appearance of heavy ions in the inner boundary layer [13] may explain a significant 
part of the discrepancy between electron and ion currents, since the ion velocity (and flux) 
is proportional to W'/" for heavy ions of the same measured energy. To resolve the contra- 
diction between the interpretations of plasma measurements in the outer part of the Martian 
tail, either as a boundary layer [ 1 3, 181 or as a plasma layer [ 13, 1 6, 20, 2 1 1 and to clarify 
the nature of this plasma, an intercomparison of the data of the two plasma measurements 
has been made. Due to different angular acceptance of the two instruments, 3.5O for the 
RIEP and 50" for the ion trap, it is possible to obtain some information on the angular dis- 
tribution of the ions. 

This intercomparison showed that: 

The outer part of the boundary layer was not distinguished from the magneto- 
sheath by the traps. 

0 The plasma layer determined by the traps coincides with the mean and inner 
parts of the boundary layer and with the region of "0" readings of the RIEP. 

0 In some cases when the measured signal is high, the RIEP data can reject the 
hypo thesis of isotropy. 



Figure 6 shows the results of the intercomparison of simultaneous maximum signals in ion 
spectra measured by narrow-angle plasma spectrometer RIEP and wide-angle ion trap on 
Mars-5. The shaded regions represent the various regimes of data points and computer- 
simulated ratios calculated with known instrumental characteristics for different plasma 
parameters. The diagonal dashed lines connect open dots for ni = 1 cm-3 and crosses for 
n, = 5 cme3. The encircled numbers represent (1) the magnetosheath, (2) the outer part of 
the boundary layer (RIEP), equal to the magnetosheath (ion trap), (3) the inner part of the 
boundary layer (RIEP), equal to the isotropic or plasma layer (ion trap), and (4) "0" of RIEP 
and the isotropic or plasma layer of ion trap (small signals and "0"s). The centrum of each 
distribution is also shown in this figure. 

COUNTING RATE. COUNTSIS 

Figure 6. Results of intercomparison of simultaneous maximum signals in ion spectra measured by narrow- 
angle plasma spectrometer RIEP and wide-angle ion trap on Mars-5. 

The simulated ratios mentioned above for figure 6 were obtained for transport velocity (if 
any) directed along the aperture of the instruments for the following plasma parameters: 



No. 

A computer experiment was performed to obtain the responses of RIEP and the ion trap, 
whose characteristics are known, to different convected and nonconvected Maxwellian dis- 
tributions of ions. The results of these calculations are also shown in figure 6 along with the 
intercomparison of simultaneous maximum readings of the two instruments in the solar- 
wind-Mars interaction region. Thus, from measured and calculated data: 

The measurements in the magnetosheath (regime 1) and in the outer part of the 
boundary layer (regime 2) could be well represented by convected Maxwellian dis- 
tributions. 

An isotropic plasma with Ti between 10 and 100 eV and observed number densi- 
ties would not be measured by RIEP on Mars-5, so all the readings of RIEP are 
due to a convected flux. Isotropization can cause a drop of the ion traps readings 
by a factor of lo2,  not necessarily by 20 times as indicated by Vaisberg et al. 
[13] and Gringauz et al. [16,20,21]. 

Having this in mind, all observations of isotropic fluxes of the plasma layer [17, 21 I could 
be divided into three groups: 

1. In -50 percent of the cases in the plasma layer, the ion trap and RIEP simultane- 
ously measured the ion flux (regime 3 in figure 6) and isotropy can be excluded. 



2. In -25 percent of the cases, both instruments show zeros-no data and any sug- 
gestions are possible. 

3. In -25 percent of the cases, the ion trap registered low signals with zeros of RIEP; 
isotropy is feasible but some other explanations are possible including deviation 
of the plasma flow away from the axes of the angular acceptance aperture of the 
two instruments. There is some reason to  suspect that ions can flow along mag- 
netic field lines which are highly inclined in the Martian tail, relative to the Sun- 
Mars direction. 

It follows from figure 6 that the plasma in the inner part of the boundary layer (regime 3), 
could be approximated by a convected Maxwellian distribution of heavy (and consequently 
slower) ions. Thus, most evidence on the plasma in the outer part of the obstacle (or inner 
part of the boundary layer) shows a directed motion of a lower temperature plasma com- 
pared to the magnetosheath, with a different composition. The temperature and motion of 
this plasma cannot be explained in terms of a plasma layer. 

Comparison of the boundary-layer position, relative to the magnetopause as determined 
from the magnetic measurements in the Martian tail [34], shows that (see figures 2 and 3): 

0 There are cases of assimilated boundary layer when the magnetopause is coincident 
with the layer and a significant ion flux is observed inside the tail (February 20, 
1974, figure 2) and there are cases of a rejected boundary layer when ion flux was 
not measured below the magnetopause (February 22,1974, figure 3). The directed 
energy of the ions at the magnetopause is -0.5 of external flow energy. 

Light ions hardly penetrate inside the tail (figure 5) [ 131 . The flow inside the tail, 
if observed, appears to be essentially of heavy ions [ 131. Thus, these plasma data 
show that the magnetic field lines of the tail are connected to the Martian iono- 
sphere. 

Thus, it can be stated that the Martian boundary layer, which in many respects is similar to 
the geomagnetospheric boundary layer [37, 381, differs from it in its position relative to the 
magnetopause and in the flow of heavy ions inside it. The internal part of the boundary 
layer could not be the plasma layer suggested in Vaisberg et al. [ I  31 or Gringauz et al. [16, 
20,211 but can be considered as an analog of the geomagnetospheric mantle [38]. 

CONCLUSION 

Consideration of experimental data shows that the gasdynamic analogy can be used for the 
description of the solar-wind-Mars interaction region including the boundary layer. Most of 
the plasma measurements do not contradict the weak internal planetary field concept. 
Nevertheless, part of the magnetic data and some plasma data have not yet found a satisfac- 
tory explanation in the framework of a magnetospheric model as the obstacle at Mars. Let 
us enumerate the reasons in favor and against the magnetospheric model. 



The following arguments have been proposed in favor [4, 17,201 : 

0 Increased magnetic field at heights above 1 100 km on the dayside [3,9]  ; 

0 Observations of remote crossings of bow shock; 

0 The existence of a stable sunward-directed magnetic field region in the Martian 
tail [4,34].  

However, the following features have not been explained by this model: 

0 The mean position of the bow shock. It seems quite unexpected that the Martian 
magnetic field usually stops the solar-wind flow at a height which does not contra- 
dict the nonmagnetic model of an obstacle [24]. 

0 The absence of any dependence of bow-shock position on solar-wind ram pressure, 
pv2. The Mars-5 bow-shock crossings on February 20 and 22, 1974 were used as 
evidence of this dependence [4, 16, 17, 211. According to Gringauz et al. [16, 
171, pv2 was 4.2 X lo-' dynes/cm2 on February 20 and 1.2 X lo-' dynes/cm2 on 
February 22. In the magnetospheric model, the dimensions of the magnetosphere 
and, as Gringauz et al. [ I  6,17,21] consider, the position of the shock must change 
by a factor of 

or approximately 1000 km for the stagnation point. This is four times as much as 
obtained by Gringauz et al. [16, 171. A more precise determination of the shock 
crossing on February 22 (see figure 3) gives an even smaller change of the shock 
position. Thus, it appears that the factor pv2 does not control the size of the 
obstacle. 

No energetic ions were usually observed in the Martian magnetosphere. With the 
energy range of the RIEP up to 20 keV, only in some cases were weak bursts of 
10 keV ions registered in the Martian tail. 

In two cases, on February 14 and 24, 1974, when according to RIEP (and ion 
trap) data, Mars-5 was inside the obstacle and the ion flux dropped considerably, 
the magnetometer did not measure a stable sunward-directed magnetic field [4, 
341. RIEP data show that this region corresponds to the internal part of the 
boundary layer [ 131 (see figure 2), so the assumed magnetic dipole may have 
reversed polarity. 

The geometry of Martian bow shock and boundary layer, and the heavy ion flux within it, 
demonstrate that a very important feature of the solar-wind-Mars interaction is mass 
exchange between the solar wind and Mars. The possible existence of a weak internal field 
does not prevent this exchange. It is evident that the magnetic field at the heights of Mars-2, 
-3, and -5 is strongly disturbed by external sources and additional analyses are necessary. 



The Martian magnetosphere strongly differs from the geomagnetosphere. Thus, tail struc- 
ture and processes of acceleration of particles may also differ. There are evidences that the 
plasma tail can develop in some cases and that a directed flow of electrons toward the planet 
can exist. 

The following conclusions can be drawn: 

A bow shock permanently exists near Mars. Its physical characteristics are simi- 
lar to the terrestrial bow shock. The mean height of the bow shock at the sub- 
solar point is -1 500 km above Mars. 

The relative positions of the bow shock and the obstacle and the plasma flow in 
the magnetosheath approximately correspond to a gasdynamic model. 

In the interior of the dayside and nightside magnetosheath, there is a boundary 
layer with a decreased flow velocity and ion and electron temperature (at least 
down to  -10 eV). This boundary layer is similar to a gasdynamic boundary 
layer at the interface of two fluids. The kinematic viscosity estimated for the 
thickness of the Martian boundary layer is -2.5 X 1 O9 m2 Is. 

A flow of heavy ions, apparently of planetary origin, was found in the boundary 
layer. The planetary loss rate of these ions, presumably 0+, can reach parti- 
clesls. 

The plasma measurements confirm that there are regions near Mars where the 
magnetic field lines are connected to the upper atmosphere of Mars. Available 
plasma data do not contradict the hypothesis of a weak internal planetary field. 
The Martian magnetosphere is quite different from the terrestrial one. 

The boundary layer lies on or overlaps the magnetopause. The internal part 
of the boundary layer appears to  be the analog of the terrestrial mantle, where 
directed plasma motion away from the planet exists [38] . 

The mean shock position and the existence of a boundary layer with a flow of 
heavy ions in it show the important role of direct interaction and mass exchange 
of the shocked solar-wind plasma with the upper atmosphere of Mars. 
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QUEST! ONS 

VaisberglGalperin: Strong shear in the plasma flow in the boundary layer observed by your 
group in the Martian experiments close to the obstacle's boundary region projects down to 
the ionosphere in some still undiscovered cusp-like region. This strong shear implies a very 
strong localized current in this region and presumably a strong local heating of the ionosphere 
which in turn raises the conductivity and hence the electrical current. The solar plasma- 
ionospheric plasma interaction will occur more effectively here than in other regions. 

As a result of this local heating, the convective flow pattern near the cusp-like region, due to 
the ion drag, can be expected to form a specific neutral wind pattern which might be similar 
to that which is observed by analogy with the Earth's atmosphere. This neutral wind pattern 
probably influences the convection pattern and the associated magnetospheric currents by a 
dynamo action. 

The point of all this is that this neutral wind system has a much higher inertia than the iono- 
sphere and therefore may introduce a much higher time constant for the reversal of the in- 
duced current pattern and simple diffusion of the magnetic field. This would probably in- 
crease it several hours by comparison with the one hour quoted by P. Cloutier earlier. 
So if we suppose that the magnetic field is an induced one, the time constant of its reversal 
must be considered, taking into account the upper atmospheric wind pattern time constant. 



If the ionosphere is squeezed out by the magnetosheath flow, say above the ionopause at 
400 km, then no significant asymmetry in the global ionospheric density distribution is ex- 
pected from the above mentioned near-cusp heating. However, modifications in the neutral 
atmosphere and air glow and auroral structure should be most prominent, forming a bulge at 
this region which interacts with the solar plasma more effectively. 

Vaisberg/Gringauz: Dr. Vaisberg has spent a rather large part of his talk in criticizing our 
supposition on the existence of an isotropic plasma zone in the tail of the Martian magneto- 
sphere. If one returns to the last figure in the Dolginov-Gringauz report," one can see that 
there are large zones in which there are signals in the wide-angle ion trap but there are no sig- 
nals for the electrostatic analyzers. Thus, these analyzers are obviously not proper devices to 
allow judgment on the existence or non-existence of plasma isotropy. 

In these zones, we observed a large electron flux and a very low (or absent) ion flux and 
plasma isotropy can explain the observed results. 

We never denied the existence of a zone of ion fluxes with comparatively low energies and 
number fluxes, but Dr. Vaisberg and his co-authors regard it like a gasdynamic boundary 
layer which is outside the obstacle. We think that it  is inside the magnetosphere and 
something like a diffuse boundary of the magnetosphere as discussed by Intriligator and 
Wolfe and the Prognoz group, or a boundary layer near the magnetopause of Hones et al. 
[37] or mantle layer reported by the ESRO scientists on HEOS [38] . 
Some remarks now on the heavy ion fluxes. I think that they are possible but they have not 
been proven. The laboratory measurements were made after the flight and, consequently, not 
with the same channeltrons. The results of these measurements show that there is a very 
narrow interval in the characteristics of the channeltrons which can give the desired effect. 
There must be a very fortunate set of circumstances to obtain the proper time variation of 
channeltron characteristics during the flight in order to get into this interval. So maybe these 
results are real but it is necessary to prove it. 

Vaisberg/Bauer: From your measured flux of heavy ions, can you make some estimates re- 
garding the concentration of 0' near the obstacle? How deeply did you penetrate into the 
obstacle when you found evidence for a directed flow rather than an isotropic flux observed 
by the traps? 

Vaisberg: The estimated number density of heavy ions in the boundary layer is about 1 
on February 19 and February 20. We can relate the total estimated flux to the upward 
flux near the obstacle by assuming the change of the flow tube cross section or by the value 
of the unshielded area of the Martian atmosphere. Thus the number flux of 0' near the ob- 
stacle could be 1 0' /cm2 -s and it is necessary to know the velocity to estimate the concentra- 
tion. Really, we penetrated inside the tail (2 to 3 Rd downstream) by 200 to 500 km. The 
flow is directed in at least 50 percent of the cases and we do not see reasons to believe that 
it is isotropic in the other 50 percent. 

*See Sh. Sh. Dolginov et al.'s paper, "Magnetic Field and Plasma Inside and Outside of the Martian Magnetosphere," in this 
document. 



Vaisberg/Galeev: Why do you consider the presence of heavy ions in the region of sunward- 
directed magnetic field, before Mars-5 enters the magnetosphere with an anti-sunward- 
directed field, as an argument against the presence of an intrinsic planetary magnetic field? 

Vaisberg: It is not an argument against the intrinsic magnetic field, but argues against the 
suggested direction of the dipole. We coasider the fact that in two passes of Mars-5 through 
the edge of the Martian tail, the region with a stable anti-sunward component and low-energy 
plasma (indicating that this region is not a part of the external flow) were seen before and to 
the south relative to the region with a stable sunward component. This contradicts the pro- 
posed identification of the direction of the Martian dipole and so either the Martian dipole 
is oppositely directed to what was shown by Dolginov or the direction of the field on the 
dayside disagrees with the direction of the field of the Martian tail contrary to that given in 
figure 6 in the Dolginov-Gringauz report, I would like somebody to draw the configura- 
tion of the Martian magnetosphere. 

Dolginov: I want to make a comment on the VaisbergIGaleev discussion. A possible inter- 
pretation of the opposite sign field peak observed by Mars3 near the equatorial plane on the 
most disturbed day (February 20) was considered in Kossmicheskiye Issledovaniya, Volume 
13, No. 1, 1975, p. 108. 

Vaisberg/Ness: How do you determine a three-dimensional flow velocity from only two 
channeltron measurements, that is, what additional assumptions do you make to yield a 
unique result? 

Vaisberg: The total velocity and its direction were obtained by projecting the velocity vec- 
tor from the plane defined by two differently oriented analyzers to a plane containing the 
satellite and the XsE axis. The assumption we used was that the flow velocity lies in the 
plane containing the Sun-Mars line, that is, there is no azimuthal velocity component in the 
YZ,, plane. 

VaisberglCloutier: Comment to Bauer's question. It is difficult to extrapolate a measure- 
ment of the ion density in the flow region around Mars in order to obtain a density at the 
obstacle height. The ion distributions in the flow vary from equator to pole and in the 
opposite polar hemisphere by a factor of approximately three. A comment to Galeev's ques- 
tion. The question of whether heavy ions are being convected in the magnetosphere or have 
been picked up by the flow around the planet may be answered by looking at their energy 
spectra. The characteristic spectra of the ions and the flow have been calculated by Cloutier 
et al. [33] for opposite polar hemispheres and magnetospheric ion spectra may be esti- 
mated. 

Galeev: This is in comment to Cloutier's remark. It seems to me that the heavy ion flux 
estimated by Vaisberg et al. in this report could be drawn out of the ionosphere through the 
cusp in the magnetospheric model. Therefore, I do not think that the coincidence of the 
theoretical estimate, for the model of the direct interaction with the ionosphere, and of the 
experimental estimate, to an order of magnitude can be considered as an argument in favor 
of the absence of an intrinsic magnetic field. 



THE NIGHTTIME IONOSPHERE OF MARS FROM MARS-4 AND MARS-5 

RADIO OCCULTATION DUAL-FREQUENCY MEASUREMENTS 
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ABSTRACT 

Dual-frequency radio sounding of the Martian nighttime ionosphere was carried out during 
the exits from behind the planet of the Mars-4 spacecraft on February 2, 1974 and the 
Mars-5 spacecraft on February 18, 1974. In these experiments, the spacecraft transmitter 
emitted two coherent monochromatic signals in decimeter (A, % 32 cm) and centimeter (h, 
x 8 cm) wavelength ranges. At the Earth-receiving station, the reduced phase difference (or 
frequencies) of these signals was measured. 

The nighttime ionosphere of Mars measured in both cases had a peak electron density of 
-5 X 1 O3 /cm3 at an altitude of 1 10 to 130 km. At the times of spacecraft exit, the solar 
zenith angles at the point of occultation were 127' and 106", respectively. The height pro- 
files of electron concentration were obtained assuming spherical symmetry of the Martian 
ionosphere. 

Moreover, the results obtained allowed the conclusion that above the main maximum there 
is an additional one and also that plasma possibly exists at low altitudes above the planetary 
surface. However, these conclusions require experimental confirmations. 

INTRODUCTION 

Dual-frequency radio sounding of the Martian nighttime atmosphere above the dark surface 
of the planet was carried out during exits from behind the planet of the Mars4 and Mars-5 
spacecraft on February 10 and on February 18, 1974, respectively. The main aim of these 
experiments was the detection of the Martian nighttime ionosphere and the determination of 
the height profile of electron concentration. 

At exit, the solar zenith angle at the point of contact of the radio beam with the planetary 
surface was x % 127"; the areographic coordinates of this point were latitude O % 9"S, 
longitude A x 236"W, and local time -3h30m. The season in this Martian region was 
autumn. The second exit was in spring at a solar zenith angle of 106" with coordinates 
O a 38"N, A % 214"W, and local time 4h30m. 



METHODOLOGY 

During these experiments, the spacecraft transmitters emitted two coherent monochromatic 
signals in decimeter (h, 32 cm) and centimeter (A2 = 8 cm) wavelength ranges where the 
frequency ratio is f2/fl = 4. Each signal was separately received at the Earth-based point 
and was processed by two independent systems of a dispersion interferometer [ 1,2] which 
were essentially modified for increase of reliability and accuracy of measurements. In the 
system [ 1 1, the reduced phase difference of received signals was recorded and measured by 
the analog technique: 

where $, and $, are the total phases of decimeter and centimeter signals, respectively. In 
the system, the two received signals are initially recorded on magnetic tape and then processed 
by a digital computer. In this case, after digital filtering in the band Af, % 0.8 Hz, the fre- 
quency of each signal was measured and a reduced frequency difference was calculated as 

where il and 4, are the time derivatives of the total phases of the received signals. 

For decreasing the fluctuation enors of measurements, values of A\k(t) and Af(t) were 
smoothed by a running average method over 11 points. Five minutes later, after exit of the 
station from behind the planet, in the control part of the mission free from the influence 
of the Martian ionosphere, the mean values and nfcaused by electron concentration chan- 
ges along the radio wave propagation path were measured. For separation of the effects 
caused only by the Martian ionosphere, the mean values were extrapolated backward to the 
surface and subtracted from the results of the measurements. The measured values of A\k(t) 
and Af(t) as a function of the height, h, of the radio beam above the Martian surface were 
obtained from the trajectory data and from the diffraction pattern of the change of signal 
amplitude which was found at exit of the spacecraft from behind the planet. 

RESULTS 

The variation of the values A\k and Of with time, measured from the moment of exit of 
Mars-4 on February 10, 1974 and with height h [31, are given in figure 1. The curve of Af is 
of the characteristic S-shape, and the absolute value Af does not exceed 0.01 6 Hz. The initial 
value, Aq(O), at the moment of exit was assumed to be equal to zero. Since A\k is in pro- 
portion to the integral electron concentration, the height shape A\E(h) shows a change of 
AN(h) in the ionosphere sampled. The maximum increase, AN, ,, - 6 X 10" /cm2, cor- 
responds to a maximum change of A\kmax - 320'. On a control part of the mission, the 
mean-square fluctuation enors of measurement of the values A* and Af caused by receiver 
noise and by electron concentration variations along the path of communication were esti- 
mated to be a,, x 14', and a,, % 0.003 Hz. 



Figure 1. Dependence of reduced frequency (a) and phase (b) differences on the distance 
between the radio beam and the Martian surface. 

The height profile of the electron concentration, N(h), in the nighttime Martian ionosphere 
is given in figure 2. It was calculated from the data obtained using the assumption of 
spherical symmetry of the ionosphere sampled. The mean-square error, o,, is slightly de- 
pendent upon the height and is about 250/cm3. A possible displacement of the curve N(h), 
due to errors of approximation of the mean shape of the integral electron concentration 
changes along the path of communication at the time of radio sounding, was estimated to be 
AN x +500/cm3. 

The profile N(h) at the exit, February 10, 1974, has the main peak at a height of -1 1.0 km 
above the surface with the electron concentration Nm x 4.6 X 103/cm3. A regular profile 
shape is followed up to the height of -250 km, where the measured values become compara- 
ble with errors of measurements. An additional ionization peak on this profile, at the height 
of -1 80 km with concentration -2.2 X 1 O3 /cm3 and a formally-obtained value of plasma 
concentration -103/cm3 in the 0- to 80-km height range, are seen in figure 2. 

The second exit was under unfavorable meteorological conditions. The reception of signals 
in the centimeter wave range was followed by deep amplitude fluctuations, almost up to the 
noise level. Recording of signals was accomplished only by a system with magnetic tape. 
The technique of processing the recorded information is similar to that described above. 
The results of this measurement are less reliable than those of the previous one but consi- 
dering them together, one can draw some conclusions. 



February 10,1974 

February 18,1974 

Figure 2. Distribution of electron concentration, N(h), in the nighttime 
ionosphere of Mars. 

The profile N(h) obtained for this exit is also given in figure 2. The electron concentration 
for the main peak is located at a height of -130 km and is -5 X 103/cm3. At the level of 
-2 10 km, a secondary peak is noticed with an electron concentration -1.5 X 1 O3 /cm3. 
At heights higher than 210 km, the concentration sharply decreases and higher than 220 km, 
the regular profile shape was not practically followed. In the 0- to 80-km height interval, 
the data obtained also show the possible existence of a plasma with a concentration of 
-1.9 X 103/cm3. 

DISCUSSION 

Martian Ionosphere in the Nighttime 

Given the above experimental data for the two sets of measurements, the existence of a 
Martian ionosphere in the nighttime is indicated. The maximum values of the electron 
concentration in both cases are almost equal (-4.6 X 103/cm3 and -5 X 103/cm3), but 
the heights of these maxima are different (1 10 and 130 km). Repeated checking of calcula- 
tions of height determination has confirmed this height separation. 



It can be proven that the nighttime ionosphere of Mars cannot be considered as a part of the 
daytime ionosphere. Really, the process of decrease of electron concentration in the iono- 
sphere after sunset is characterized by the time constant T = l/aNo, where No is the value of 
the electron concentration at the moment of "switching-ofr' the source of ionization and 
a = 2.55 X 1 0-"/cm3 s is the effective coefficient of recombination. If we take the mini- 
mum value of No - 104/cm3 for an estimate, T is 400 s. It is obvious that with this value, 
the charged particles of any ionospheric plasma must practically be recombined completely 
within several hours after sunset. Apparently it is necessary to suppose the presence of an 
additional source of ionization, not connected directly with solar radiation, to explain the 
fact of the existence on Mars of a nighttime ionosphere. 

Additional Maxima of Ionization 

The additional maxima of ionization, located at the heights of -190 and -210 km, are 
seen on both profiles. Besides the high-altitude separation between them and the lower alti- 
tude main maxima, the difference of 20 km coincides with the height distance between the 
main maxima. In our opinion, these circumstances increase the probability of the supposi- 
tion about the reality of the existence of the additional maxima. This conclusion, however, 
needs further confirmation. 

Presence of Near-Surface Plasma 

The conclusion of the possible presence of plasma in the 0- to 80-km height interval was 
made on the basis of the formal inversion using a spherically-symmetric approximation. 
This effect, however, may occur due to other reasons. One of them is the fact that a random 
increase of integral electron concentration along the path of communication has the effect 
of the apparent presence of plasma, for the solution of the inverse problem could take place 
with radio sounding of the region of small heights. However, the possibility of the occur- 
rence of that variation at the necessary time during two exits is unlikely. The similarity of 
both these profiles in the 0- to 80-km interval shows apparently the generality of this effect. 
Such a cause can be the asymmetry of the ionosphere sampled which is special during the 
exit on February 18, 1974. However, quantitative consideration of this problem becomes 
complicated due to the absence of a model, not only of the nighttime, but also the daytime 
Martian ionosphere, without which such an analysis is rather difficult to perform. 

CONCLUSIONS 

Experiments on dual-frequency radio sounding of the atmosphere above the dark Martian 
surface gave us the possibility to detect reliably the nighttime ionosphere with an electron 
concentration -4.6 X 1 O3 /cm3 for the main peak located at a height of 1 10 km above the 
planet's surface. 

Perhaps an additional source of ionization is responsible for the formation of the Mars night- 
time ionosphere. The profiles obtained permit us to suggest conclusions about the presence 



of the additional peak of ionization above the main one and the possible existence of plasma 
at heights below 80 km. These, however, require new experiments in order to confirm the 
tentative conclusions. 
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QUESTIONS 

Sizvich/Ness: How many measurements of the nightside ionosphere were made? Since the 
spacecraft operated for more than two revolutions, as indicated by the data from the mag- 
netometer and plasma devices, I would have thought you'd have more data. 

Savich: We have two measurements of the nightside ionosphere on February 10 and 18. 
Ow instrument was not operating during the other orbits. 

Savich/Bauer: Did you obtain any dayside profiles of the Martian ionosphere? Is the lower- 
most part of the Martian ionosphere uncontaminated by effects from the neutral atmosphere? 

Savich: Yes. We have two profiles of the evening Martian ionosphere with zenith angles of 
about 82" and 72", respectively. The dual-frequency method, to first approximation, ex- 
cludes the effects of the neutral atmosphere on the parameters being measured. 



SOLAR-WIND CONTROL OF THE EXTENT OF PLANETARY IONOSPHERES 
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ABSTRACT 

In our solar system there are at least four magnetic planets: Earth, Jupiter, Mercury, and 
Mars; while at least one planet, Venus, appears to be essentially nonmagnetic. The iono- 
spheres of the magnetic planets are imbedded in their magnetosphere and thus shielded from 
the solar wind, whereas the ionosphere of Venus, at least, interacts directly with the solar 
wind. However, the solar-wind interaction with the planetary environment, in both cases, 
affects the behavior of their ionospheres. In this paper, the role the solar-wind interaction 
plays in limiting the extent of the ionospheres of both magnetic and nonmagnetic planets 
will be discussed. 

IONOSPHERES OF MAGNETIC PLANETS 

In the first decades of ionospheric research when ground-based observations were limited to 
altitudes up to the ionization maximum (F, peak), the question regarding the extent of the 
terrestrial ionosphere was either ignored or completely arbitrary assumptions were made 
about the upper boundary of the ionosphere. 

The question became relevant, however, when in the early 1950s the ground-based whistler 
technique (Storey, 1953) indicated measurable concentrations of cold plasma to distances 
of several Earth radii (R,). In the mid and late 1950s, ground-based observations of radio 
waves reflected from the Moon, utilizing the Faraday rotation experienced by these waves 
as they traversed the entire ionosphere (Evans, 1956; Bauer and Daniels, 1958), showed 
that about three times more ionization lies above the F, peak than below. Whistler observa- 
tions during the IGY (Carpenter, 1963) and early in situ measurements of cold plasma on 
spacecraft (Gringauz, 1963) led to the discovery that the cold plasma concentrations de- 
crease rather abruptly at distances of -4 RE (or on L shells corresponding to this equatorial 
distance). Furthermore, it was recognized that the position of this knee in the plasma den- 
sity distribution moved inward with increasing geomagnetic activity (Carpenter and Park, 
1973). Nishida (1966) and Brice (1967) suggested that this rapid decrease in the thermal 
plasma density (the knee, or as it was later called, the plasmapause), which occurs well with- 
in the closed magnetosphere, is the result of the solar-wind interaction with the planetary 
magnetic field. According to this explanation the convection electric field generated by the 
solar-wind interaction (Axford and Hines, 1961; Dungey, 1961) plays an important role in 
the formation of the plasmapause. The plasmapause can thus be defined as the boundary 



between the corotating ionospheric plasma and the tenuous plasma controlled by the con- 
vection electric field induced by the solar-wind interaction. 

To first order, the plasmapause occurs where the corotation electric field equals the convec- 
tion electric field. The corotation electric field is given by 

where is the angular rotation velocity of the planet and B is its magnetic field. The mag- 
nitude of the solar-wind-induced convection electric field can be estimated according to 
Dungey (1961) and Petschek (1 966) as 

where 

v~ = the Alfv6n velocity, 

'ip 
= the interplanetary magnetic field in the vicinity of the planet, 

P, = the solar-wind mass density, 

K = a factor describing the efficiency of the solar-wind-magnetosphere connection 
and is of the order of 1 /3 to 1. 

A comparable convection electric field can be obtained from a potential resulting from the 
viscous solar-wind interaction model of Axford (1 964). The convection electric field is di- 
rected from dawn to dusk (for Earth) causing convective motions toward the Sun. (For 
Jupiter, because of its reverse magnetic polarity, these motions will be in the opposite di- 
rection.) The plasmapause can also be viewed as a surface, whose equatorial distance is given 
by the Roche Limit, that is, the locus of points where the total gravitational and centrifugal 
potential has a maximum along a magnetic field line according to Lemaire (1 974), 

where 

ME = the mass of the Earth, 

RE = the radius of the Earth, 

G = the universal gravitational constant, and 

i2 = the angular speed of plasma around the dipole axis. 



(For the neutral gas, the Roche limit is given by rRL = (GME/n2 ) ' I 3 ,  that is, at a distance 

RL = 6.6 RE, whereas for a plasma this distance is L = 5.78 according to equation 3.) 

The actual topology and time behavior of the plasmapause is vastly more complex, however. 
Figure 1 shows the local time variation of the plasmapause for low magnetic activity Kp = I .  
The position of the plasmapause in the midnightdawn sector is found from statistical stu- 
dies of whistler observations to be (Carpenter and Park, 1973) 

Noting that Kp is a measure of the solar-wind interaction with the magnetosphere, the solar- 
wind control of the position of the plasmapause can be seen. It should also be noted that 
outside the plasmasphere the equipotential surfaces are open, and over the polar cap, exten- 
sive outflow of light ions H', He' (polar wind) becomes possible (Banks and Holzer, 1968). 
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Figure 1. Plasrnapause location for Kp = 1. 

With the criteria for the limit of a planetary ionosphere in terms of the corotation and con- 
vection electric field in mind, we can try to estimate the extent of the ionospheres of the 
other magnetic planets. A comparison of Earth and Jupiter was first made by Brice and 



Ioannides (1970). A useful parameter is the ratio of ETOt/ECOIIV. It can be shown that the 
approximation 

holds approximately for the magnetic planets Earth, Jupiter, and Mars. In figure 2, log 
(E,/ECOW) is plotted for Earth, Jupiter, and Mars, whose corresponding magnetic moments 
are ME = 8.07 X G cm3, MJ = 1.31 X lo3' G cm3, and M, = 2.47 X G cm3 
(Dolginov, 1975). 

It is apparent that the three magnetic planets represent completely different regimes of be- 
havior of EWnv and Emt. For Jupiter, E, >> Em,, throughout the magnetosphere (<SO R,). 
Thus, the thermal plasma should be controlled by corotation, that is, the ionosphere could 
extend to the magnetopause unless other processes limit its extent at closer distances. For 
Earth, Emt = Emnv at -5.8 RE, that is, we have a distinct plasmapause within the magneto- 
sphere (<lo RE) with a corotating ionosphere. For Mars, on the other hand, the entire 
magnetospherelionosphere region is dominated by Econv. 

Mercury is not included because, according to observations on Mariner-10, it does not pos- 
sess an observable ionosphere (N < 103 cmm3). This is consistent with the air-glow observa- 
tions of upper limits for the total content of possible constituents (He, Ar) N, 5 10+14 
cm-2 (Broadfoot et al., 1974), that is, corresponding to an exosphere. In such a case an 
ionosphere cannot form since this requires an optical depth T = 1 which corresponds to the 
condition that N, = (oa)-'. Since typical absorption cross sections are of the order 

0a a 10-18 cm"' SO that ionizing radiation will penetrate unattenuated to the planetary 
surface and thus, similar to the Moon, an ionexosphere associated with a surface photoelec- 
tron layer may form. 

Figure 3 shows a comparison of the field line pattern delineating the corotating and con- 
vective regions for cold plasma for Earth and Jupiter according to Brice and Ioannides 
(1970) and figure 4 shows a sketch for the convective regime on Mars according to Bauer 
and Hartle (1 973). Accordingly, convective motions can penetrate deeply into the Martian 
ionosphere until they are inhibited by other processes. The Martian ionosphere is now gen- 
erally agreed to be a photochemical equilibrium F, layer with an ionization maximum at 

hm 140 km. Radio occultation observations show within their limit of sensitivity that 
the ionosphere extends to at least -300 km. We can estimate the depth to which convective 
motions can penetrate into this ionosphere, which is coupled to the corotating neutral 
atmosphere by virtue of photochemical processes, by considering the equation of continuity 

where Vis the drift velocity induced by the solar-wind interaction, that is, = l(zWnv X Ti)/ 
B2 I a Ewm/B, s is the path length, and q and L are the ion production and loss rates, 



Figure 2. Corotation and convection regimes for magnetic planets. 

respectively. The importance of the different processes in equation 6 can be estimated from 
the appropriate time constants. The chemical time constant is given by 

where a is the dissociative recombination coefficient for the major ions 0,' and CO,' while 
the time constant for mass transport is given by 
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Figure 3. Corotating and convective regions-in the magnetospheres of Earth and Jupiter 
(from Brice and loannides, 1970). 

Figure 4. Convective regime of the Martian magnetosphere 
(from Bauer and Hartle, 1973). 



where L is the scale length of interaction of convective motion with the ionosphere. Coro- 
tation of the ionosphere should cease where 

leading to the condition 

if we consider that the scale length of interaction, L, at the terminator is of the order of a 
planetary radius, R, . For appropriate numerical values we can infer from equation 10 that 
the upper boundary of the Martian ionosphere (chemopause) may lie in the 300- to  350-km 
altitude range. The detailed magnetospheric convection system on Mars will undoubtedly 
be more complex (primarily due to the large Pedersen conductivity) because of the small sur- 
face magnetic field (Rassbach et al., 1974), but the above simple considerations should pro- 
vide a useful guide in estimating the extent of the Martian ionosphere, if the convection- 
dominated regime should apply in this weak Martian magnetosphere. 

NONMAGNETIC PLANETS (VENUS) 

The Mariner-5 flyby mission in 1967 provided the first experimental evidence for a direct 
interaction of the solar wind with the ionosphere of Venus. The dayside electron-density 
profile obtained with the two-frequency radio occultation experiment indicated a rather 
abrupt decrease of plasma density at -500 km, which was taken as an indication of the 
boundary between the solar wind and the ionosphere and was called the ionopause or 
anemopause because of the absence of a significant planetary magnetic field. The nightside 
ionosphere, although of lower concentration, seemed to fall off very slowly with altitude 
(figure 5). 

Considering the dayside and nightside occultation points, the following schematic picture of 
the Mariner-5 Venus ionosphere emerges if the ionopause is interpreted as the surface where 
the solar-wind streaming pressure and the ionosphere plasma pressure balance each other 
according to Spreiter et al. (1970). 

where 

p, = the solar-wind pressure at the stagnation point, ( N ~ V ~ ) ~ ~  in terms of the solar- 
wind number density (N), the proton mass (m), and the solar-wind speed (v), 

J/ = the solar-wind aspect angle, 

p, = N k(Te + Ti), the ionospheric plasma pressure with N the plasma density and Te 
and Ti the electron and ion temperatures, respectively, 



Figure 5. Mariner5 profiles of the Venus ionosphere. 

r, = the planetocentric distance of the obstacle (ionopause), and 

H = k (Te + Ti)/mg, the ionospheric plasma scale height. 

This configuration is appropriate for conditions during the Mariner3 flyby showing the per- 
tinent ionospheric and solar-wind parameters (figure 6). 

With the Mariner-1 0 flyby, another snapshot of the Venus ionosphere became possible. The 
dayside and nightside ionosphere was again observed with the radio occultation experiment 
(figure 7). This dayside ionosphere exhibits features which can best be explained in terms 
of a dynamic interaction with the solar wind, that is, a compression of the topside ionos- 
phere by the solar wind (Bauer and Hartle, 1974), similar to the one first proposed for Mars 
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Figure 6. Venus ionopause configuration. 

Figure 7. Dayside and nightside electron number density from Mariner-10 open 
loop differential S- and X-band measurements. 



(Cloutier et al., 1969) (figure 8). Accordingly, momentum transfer from the solar wind to 
the ionosphere is inferred, causing a downward transport (and compression) of the iono- 
spheric plasma with a solar-wind-initiated transport velocity of about 100 m/s. In addition 
to the ionospheric measurements, the Mariner-10 magnetic field and solar-wind plasma ex- 
periments have unequivocally determined the presence of a bow shock around Venus 
(Bridge et al., 1974; Ness et al., 1974). Earlier observations on Mariner-5 and also the USSR 
Venera-4 and -6 probes already showed evidence of such a bow shock, although none of 
these observations provides any details of the actual solar-wind interaction, that is, the na- 
ture of the obstacle. The bow-shock observations of these earlier spacecraft experiments are 
summarized, together with magnetic field measurements on Mariner-10, in figure 9. The 
obstacle parameter H/ro for Mariner-5 seems to have been larger (0.25) than the one for 
Mariner-10 (H/ro = 0.01) which is, however, consistent with the different ionospheric dis- 
tributions (Bauer and Hartle, 1974). 

Figure 8. Model ionosphere to explain Mariner-I 0 data. 
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Figure 9. Comparison of bow-shock observations around Venus 
(from Ness et al., 1974). 



Except for the fact that the ionosphere represents the obstacle to the solar wind, the de- 
tails of the interaction with the Venus ionosphere is still a matter of debate. There are basi- 
cally three types of possible interactions with a planetary ionosphere (Michel, 1971 a) shown 
in figure 1 0: 

1. Direct Interaction. In this case, inflowing postshock solar-wind plasma depresses 
the ionosphere until a transition occurs from plasma flow to chemical control 
(Cloutier et al., 1969; Bauer and Hartle, 1974). Because of mass-loading of the 
solar wind by the ionospheric plasma (Michel, 1971b) a bow shock is formed. 

2. Tangential Discontinuity. Since magnetized plasmas are immiscible, the solar- 
wind plasma with its frozen-in interplanetary field can be considered as running 
into the ionospheric plasma which represents the obstacle that causes the forma- 
tion of a standing bow shock (Dessler, 1968; Spreiter et al., 1970; Bauer et al., 
1970). In this case there is a pressure balance between the solar-wind streaming 
pressure and the ionospheric plasma pressure. The ionospheric plasma (containing 
possibly a small intrinsic magnetic field) provides a virtually impenetrable surface 
at the ionopause. Below it, the ionosphere is essentially unperturbed; above it, 
the solar wind flows tangentially to the surface. At the ionopause the horizontal 
flow velocity and the horizontal magnetic field change abruptly, causing a tangen- 
tial discontinuity. 

3. Magnetic Barrier. Because of its difficulty in penetrating a conducting iono- 
sphere, the solar wind, in trying to convect field lines into the ionopause, will 
cause them to accumulate, forming an induced magnetopause. Viewed differ- 
ently, the -7 X 3 electric field of the solar plasma in the planetary rest-frame 
drives ionospheric currents that generate a magnetic field barrier between the 
ionosphere and the solar wind. This model was first suggested by Johnson and 
Midgley (1968). More recently it has been treated in some detail by Cloutier and 
Daniel1 (1973). In this model, the solar-wind pressure is balanced by the magnetic 
pressure of the induced magnetic field. 

The integrated ionospheric current density required to cancel the shock-compressed inter- 
planetary field has been calculated by Cloutier and Daniel1 (1973), with appropriate assump- 
'tions regarding ionospheric conductivities to be of the order of 10" to lo-' arnpslm. This 
model requires a magnetic field reversal as one moves through the ionopause. 

Although the detailed understanding of the solar-wind interaction with Venus is still lack- 
ing, the fact that the Venus ionosphere represents the obstacle to the solar wind is firmly 
established. It may well be that most of the processes envisioned in the different models are 
in fact operating in the actual interaction between the solar wind and the Venus ionosphere. 



Figure 10. Three types of solar-wind interactions with Venus (from Michel, 197 1 a). 
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QUESTIONS 

Bauerlvaisberg: As far as I understand, you can modify the ionospheric profiles either by a 
downward drift or by the removal of ions from the topside ionosphere. Do you think it is 
possible to explain the profile by lateral plasma drift caused by solar-wind drag? 

Bauer: Yes I do. But it would be very difficult to argue this point from the one profile 
available. When a more complete latitude variation of electron density on Venus is known, 
it will definitely be possible to distinguish and evaluate this possibility. 

BauerlCloutier: The convection rates may be much different on the day and nightsides of 
Mars due to the differences of ionospheric conductivities if Mars possesses a magnetic dipole 
of the strength reported by Dolginov. On the dayside, the ionospheric conductivity limits 
the convection rates to very small value but on the nightside, the rates may be much higher. 
The secondary ion peak on Venus above the F peak may be due to charge exchange if solar 
wind H' interacts with 0, or C02 and thus this does not require a large 0' concentration. 

Bauer: From some earlier calculations of the nightside ionosphere of Venus, I believe the 
charge exchange of H+ with CO, falls short in explaining the secondary ion peak in the 
Venus ionosphere. 

BauerlDessler: It is commonly agreed that for the case of the Earth, the convection speed 
is controlled by dayside magnetic merging between interplanetary and terrestrial magnetic 
fields. The dayside conductivity of the ionosphere of Mars is approximately lo3 times 
better than that of the Earth. Therefore, convection of the Martian magnetosphere is lo3 
times slower than convection in the terrestrial magnetosphere (see Rassbach et al., 1974). 

Bauer: I believe that an enhancement factor of lo3 for the ionospheric conductivity of 
Mars relative to that of the Earth is perhaps one order of magnitude too high. However, the 
larger ionospheric conductivity will obviously affect the magnetospheric convection. But 
the actual consequences depend on just how large the conductivity of the Martian iono- 
sphere is. 

BauerlBridge: In view of the low frequencies used for the Mariner-5 radio propagation 
measurements on the nightside ionosphere of Venus and the known problems in interpreting 
the data, that is, multipath and caustics, do you think there is any evidence for an extended 



ionospheric tail? Or should one believe the Mariner-10 results which are less sensitive but 
show no evidence for an extended nighttime ionosphere? 

Bauer: It is true that the Mariner-5 data interpretations suffer from uniqueness problems 
because of their lower frequency. But at the same time their sensitivity is higher. Mariner- 
10 data and microwave frequencies are easier to interpret but the lower limit for the electron 
density is not as sensitive and thus the Mariner-10 nighttime profile does not rule out a 
nighttime tail. 
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ABSTRACT 

Two topics related to the interaction of the solar wind with Venus are considered. First, a 
short review of the experimental evidence with particular attention to plasma measurements 
carried out on Mariner-5 and Mariner-10 is given. Secondly, the results of some recent 
theoretical work on the interaction of the solar wind with the ionosphere of Venus are 
summarized. 

INTRODUCTION 

The plasma interaction region at Venus (charged particles and magnetic fields) has been 
explored by several spacecraft. The discussion in this paper is limited to results obtained by 
Venera-4 (Gringauz et al., 1968, 1970), Mariner-5 (Bridge et al., 1967), Venera-6 (Gringauz 
et al., 1970), and Mariner-1 0. The Venera-4 and Mariner5 encounters occurred respectively 
on October 18 and 19, 1967; Venera-6 on May 17, 1969 ; and Mariner-10 on February 5, 
1974. It is, of course, well known that large changes in plasma properties and in the magni- 
tude and direction of the magnetic field were observed by all of these spacecraft in the 
vicinity of Venus. These changes in the field and plasma seem very similar to those observed 
in passing through the bow shock of the Earth, and the observations were interpreted by the 
Venera4 and Mariner5 experimenters in terms of a similar detached bow shock at Venus. 
However, the bow shock at Earth results from the interaction between the solar wind and 
the geomagnetic field and the distance to the shock is typically about 14 RE. In contrast, 
the shock at Venus is observed much closer to the planet. This result leads to the conclusion 
that the intrinsic magnetic field of Venus is very small compared to that of the Earth. Esti- 
mates of the possible dipole field of Venus based on the above experiments correspond to a 



magnetic moment between and lov4 that of Earth. The absence of a planetary magnetic 
field and the results of the Mariner5 radio propagation experiment concerning the Venus 
ionosphere led the Mariner5 plasma and magnetic field investigators to conclude that the 
solar wind interacted directly with the ionosphere of Venus and produced a bow shock 
which was similar to that observed at Earth, but which was very close to the planet. 

Prior to the Venera-4 and Mariner-5 missions, extensive calculations had been carried out for 
the plasma flow around the geomagnetic field using the methods of classical fluid dynamics 
(Spreiter et al., 1966). In these models, the ram pressure of the solar wind is balanced by the 
magnetic pressure and there is no transfer of momentum or energy across the magnetopause. 
The theoretical predictions for the positions of the bow shock and magnetopause agreed very 
well with observations for distances not far downstream from the Earth. These theoretical 
results were used together with experimental data about the shape of the Earth's bow shock 
to interpret the early observations at Venus. In 1970, Spreiter et al. (1970) carried out an 
extensive series of calculations for the plasma flow around Venus. The method and assump- 
tions were similar to those used previously for the Earth, but the ram pressure of the wind 
was balanced by the static gas pressure of the ionosphere. As in the previous work, it was 
assumed that there was no interaction at the boundary between the plasma flow and the 
obstacle, that is, that the ionopause was a tangential discontinuity. 

EXPERIMENTAL RESULTS 

A comparison of the experimental results with this theory is shown in figure 1. In this 
representation, it is assumed that the interaction is axially symmetric about the Venus-Sun 
line which forms the x-axis. Data points along the various trajectories have been rotated 
about this line into a common plane. The positions of the bow wave and ionopause shown 
in the figure have been calculated under the assumption of flow along the x-axis, and have 
used preliminary values* of solar-wind speed and density (4 10 km s-I and 1 1 ) observed 
by Mariner-10. This implies a ram pressure during the Mariner-10 encounter somewhat 
greater than that observed during the Mariner-5 encounter. The dotted curves are drawn for 
a ratio of ionospheric scale height to obstacle radius, H/r, = 0.25. With the appropriate 
change of scale, they correspond quite closely to a typical Mach 5 shock observed at Earth. 
The solid curves are for the case H/r, = 0.0 1. 

Although the experimental data agree qualitatively with the theory, it is very difficult to 
make a quantitative comparison given the limited and incomplete data set. Some of the 
problems are as follows: 

@ The location of the boundaries changes in response to changes in the upstream con- 
ditions in the solar wind. The velocity of the boundary is in general much 
greater than the spacecraft velocity and multiple crossings are often observed. 

*Final values are not available at this time. 
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Figure 1. The Venera-4, Mariner-5, Venera-6, and Mariner-10 trajectories in a 
plane containing the Venus-Sun line. The planet and two predictions of fluid 

theory for the case of flow along the Venus-Sun line are also shown. The letters 
refer to events along the track of Mariner-10, and the circled numbers refer to 

events along the track of Mariner-5. 

0 The upstream conditions are not known at the times measurements were made in 
the interaction region so it is difficult to know whether variations observed near 
the planet result from variations in solar-wind conditions or whether they are 
caused by the interaction. 

The orientation of the magnetic field strongly influences conditions at the boun- 

dary. 

In general, the observed shock transitions are sharper and more clearly defined on the dusk" 
side where the magnetic field tends to  be parallel to the shock boundary, and diffuse or 
pulsating on the dawn side when the field is usually more nearly perpendicular to the boun- 
dary (Greenstadt, 1972). 

*In the following discussion, the terms dawn and dusk are used in the conventional sense of observations at Earth, that is, 
the retrograde rotation of Venus is ignored. 



Keeping these points in mind, the following comments about the data shown in figure 1 can 
be made. 

Venera-4, Mariner-5, and Venera-6 approached Venus from the evening side. On all three 
spacecraft, characteristic changes in the plasma and magnetic-field data were observed on the 
inbound trajectory which showed clearly that the spacecraft had passed from the undis- 
turbed solar wind into a disturbed region of transitional flow similar to the magnetosheath 
of Earth. The shock boundary was crossed downstream from the terminator at an angle to 
the Sun line of about 1 14' for Venera-4, 138' for Mariner-5, and 135' for Venera-6. The 
outbound shock crossing of Mariner-5 was on the dawn side upstream from the terminator at 
an angle of -75". On Venera-4 the planar ion traps measured the plasma flux above 50 V 
every 14 s down to a few hundred kilometers above the surface. No information about the 
plasma flow speed or temperature was obtained but since the ion flux dropped to the back- 
ground level at about 1.5 Rv, the spacecraft clearly passed completely through the pseudo- 
magnetosheath into a region where the flow velocities and ion densities were very low. The 
Venera-4 planar ion traps could measure ion densities in a stationary plasma near the planet 
for ion densities greater than -lo3 ~ m ' ~ .  No such inner zone was observed. The Venera-6 
mission carried instruments similar to those of Venera-4 but continuous data were not trans- 
mitted close to the planet. A clear shock crossing was recorded at -6.9 Rv . 
The Mariner-5 plasma probe measured the energy-per-charge spectrum of the plasma ions 
over a 40-V to 9.4-kV range in 32 logarithmically-spaced contiguous windows. The flux 
sensitivity was -2 X 1 O6 s'l and during the encounter phase of the mission, a complete 
measurement was made every 5.04 min. During the cmise phase of the mission, measure- 
ments of the flow direction were carried out. However, no directional measurements were 
made during the encounter phase. Mariner-5 also carried a helium vector magnetometer 
which made four unequally-spaced measurements of the magnetic field every 12.6 s; in the 
original publication the field data are 50-s averages. Significant changes in the plasma and 
field observed by Mariner5 are shown by the circled figures on the trajectory in figure 1. At 
point (I), the plasma density and temperature increased markedly and the flow speed de- 
creased slightly. The absolute magnitude of the field increased by nearly a factor of two and 
the fluctuations in the field increased significantly. Between (1) and (2) for a time of about 
one hour, the plasma speed decreased slightly from the initial post-shock values of 5 80 km s'l 
and 5.5 ~ m - ~ .  At point (2) the value of B decreased suddenly, the magnitude of the fluctua- 
tions increased, and the plasma density and velocity began a smooth decrease which reached 
minimum values of -0.1 cmq3 and 300 km s" near event (3) and returned to higher values 
near event (4). Between events (4) and (S), there was a broad density spike which lasted 10 
to 15 min and a coincident broad maximum in the magnitude of the magnetic field. During 
this interval, the velocity was relatively constant and slightly less than the values measured 
before the inbound shock crossing and after the outbound crossing. The outbound shock 
crossing was taken rather arbitrarily t o  correspond with point (5). Given the increase in our 
knowledge since 1967 and the benefit of hindsight, several comments can be made about 
the Mariner-5 results and various interpretations which have been advanced since that time. 



Mariner4 Results 

First of all, it is obvious that the plasma measurements were strongly affected by time 
aliasing in regions where the plasma properties changed rapidly (that is, a time of 5 min or a 
distance of -3000 km). The effect is especially severe because, during the 32-step energy 
scan, the energy did not increase monotonically with time. Instead, the 32 contiguous win- 
dows were divided into four sets of eight noncontiguous windows and in each of the four 
sets, the eight windows were uniformly spaced across the energylcharge range of the instru- 
ment. Thus, in each eight-step scan, measurements were made over nearly the complete 
energylcharge interval (40 V to 9.4 kV) but the total coverage in energylcharge space was 
only 25 percent. Thus, if the ion spectrum is broad compared to the window width, it is 
possible to increase the time resolution of the Mariner-5 plasma measurements by a factor of 
four. 

We have re-examined the Mariner-5 plasma data and find that significant additional informa- 
tion can be obtained from the individual scans, that is, it is possible to increase the time 
resolution by about a factor of four. A semiquantitative presentation of the results is given 
in figure 2. In this figure, an individual energylcharge scan is represented by the horizontal 
velocity scale for protons from roughly 110 to 1000 km/s. The vertical bars indicate the 
currents observed in individual velocity channels, and the height of the bar is proportional to 
the logarithm of the flux density in an individual channel. Successive scans are spaced uni- 
formly along the ordinate and are separated by -1.25 min. The time in minutes relative to 
encounter is shown along the ordinate and the data set extends from about an hour before 
encounter until about one-half hour after encounter. The circled numbers along the ordi- 
nate correspond to the numbered features in the original publication (see figure 3). 

There are at least two important features which were not recognized in the presentation of 
the original Mariner-5 results which are apparent from an inspection of the data shown in 
figure 2. Starting at about 547.5 and ending at E-7.5, the fluxes observed in individual 
channels decrease in amplitude, shift to lower velocities, and vary greatly in amplitude from 
one scan to the next. At E-25, E- 15, and 5 1 0 ,  the observed flux is below the sensitivity of 
the instrument. This time interval begins -1 0 min before event (3) and ends near event (2). 
Inspection of the trajectory plots (see figure 4) shows that, during this time interval, the 
Mariner-5 spacecraft was close to the geometrical shadow of Venus (closest approach to the 
geometrical shadow was at E-22) and, hence, close to a possible cavity in the plasma wake. 
The disappearance of the plasma flux at the times noted above is consistent with the 
hypothesis that the spacecraft crossed a boundary between the region of transitional flow 
behind the shock and a cavity which could contain a stationary plasma not detectable by 
the Mariner-5 plasma probe. 

The second noteworthy feature is that, on the outgoing trajectory, the bow shock is crossed 
at Ei-15. This is clearly evident in the proton spectra shown in figure 2 and represents a sig- 
nificant change from the original value of Ei-20. The consequences of this revision are con- 
sidered in a later section of this report. 
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Figure 2. High-time resolution data of Mariner-5 during Venus encounter (see text). 



Time from encounter (m in )  

Figure 3. Mariner-5 plasma and magnetic field data near Venus. Time indi- 
cated as zero corresponds to closest approach. Vertical lines and circled 
numbers denote features of special interest discussed in the text. 

Mariner-10 Results 

Preliminary reports of plasma and magnetic-field measurements carried out at Venus by 
Mariner-10 have been published (Bridge et al., 1974; Ness et al., 1974). Although final 
results from these experiments are not yet available, the current state of analysis and inter- 
pretation can be summarized as follows. 

The Mariner-10 plasma measurements were obtained with an electrostatic analyzer mounted 
on a scan platform. The analyzer measured electrons in the energy range from 13 to 7 15 eV 
in 15 logarithmically-spaced windows of width AE/E = 6.6 percent. Because of an instru- 
ment failure, no measurements of ions were made. The scan axis was approximately perpen- 
dicular to  the ecliptic plane and the fan shaped field of view suhtended -7' in the scan plane 
and 27" in a plane parallel to the scan axis. The total angular scan was 120" and the analy- 
zer always viewed the antisolar hemisphere. During Venus encounter, an angular scan was 
made every 30 s and a complete energy scan every 6 s. The fluxgate magnetometer used 
on Mariner-10 made a measurement of the vector field every 40 ms. However, the data dis- 
cussed here have been averaged over a longer interval. 



Figure 4. Mariner-5 trajectory and magnetic-field vectors. The 
three panels contain aphrodiocentric-solar-ecliptic projections 
of the trajectory and of the measured field at specific points. 



Figure 5 shows the plasma and magnetic-field data obtained during a period of 2.5 hours 
during the Venus encounter. From top to bottom, the first four data fields show: 

@ 84-s averages of the field magnitude, 

The angle, @, of the field in the ecliptic plane relative to the Sun-spacecraft line, 

The inclination angle, 8, relative to the ecliptic plane, 

The RMS deviation of the field. 
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Figure 5. Plasma and magnetic-field data obtained during the Mariner-10 Venus encounter. 

The next four data fields show the plasma flux recorded in two low-energy and in two high- 
energy channels: 

In the 13-eV channel, 

In the 17-V channel, 

@ In the 539-V channel. 



The bottom three data fields show: 

0 The electron number density, 

The pressure, 

0 The angle of the scan platform. 

Six features of particular interest are identified by letters A through F in figure 5. The 
general features of the observations are as follows. 

As the planet is approached, the density generally increases, reaches a maximum about 
10 min before periapsis, and then drops rapidly to half its maximum value. Throughout the 
encounter period, the density never decreases substantially below the upstream solar-wind 
value of -10 electrons/cm3. Superimposed upon this broad density feature are many large- 
amplitude, short-period variations which suggest the presence of turbulent flow. The elec- 
tron distribution functions always decrease monotonically toward higher energies; low- 
energy flux channels usually control the densities. In the region of the density maximum, 
the fluxes in the high-energy channels are a factor of -100 larger than those usually ob- 
served in the solar wind. After the density decrease, there are several discontinuous density 
increases, ur, to the last density spike, labeled event E in figure 5. 

Characteristic features are seen in the data from the high-energy channels. At the beginning 
of the gradual rise in density, the flux at high energy begins to decrease rather rapidly 
(event A). After 9 min, the high-energy flux reaches a minimum (event B) and then rises to 
the predecrease value after 15 min (event C). Point C occurs 8 min before the density de- 
crease (event D). At its minimum, the flux in the high-energy channel is about one-fifth as 

i much as its value in the upstream solar wind, and this feature is general in channels above 
-100 eV. The flux in this energetic electron bite-out interval is highly modulated at the 
scan frequency, which indicates that the flux is very directional. Several smaller decreases 
of short duration occurred in high-energy channels before event A. 

The magnetic field data shown in figure 5 exhibit several regions which have distinctly dif- 
ferent magnetic signatures. The large-amplitude fluctuations observed between 16:38:30 
and 16:53:30 UT were interpreted in the original Mariner-10 publication as "being associa- 
ted with approach and immediate praximity to the bow shock." The bow-shock crossing 
was taken to be at 16:51:30 UT. Upstream from the bow shock, the data show smaller- 
amplitude higher-frequency fluctuations which persist until about 17:06 UT. The plasma 
experimenters took the bow-shock crossing to be just after the density maximum at about 
16 :55 or just before event E shown in figure 5. From the Mariner-1 0 data and from the 
previous results of Venera-4, Mariner-5, and Venera-6, there seems little doubt that the 
original interpretation of the plasma and field data in terms of a standing bow shock at 
Venus is correct. 



Mariner-5 and -10 Data Comparisons 

It should be kept in mind that the Mariner-5 and -10 data concerning the bow shock should 
be compared with shock crossings on the dawn side of the Earth where the interplanetary 
magnetic field tends to be perpendicular to the bow-shock surface. For this case, the bow 
shock (the secalled pulsating shock) is thick and diffuse when defined by changes in the 
magnetic field or plasma electron data, but thin and sharp in terms of the plasma protons. 
In contrast, the bow shock observed on the evening side where the field tends to be parallel 
to the shock is sharp and welldefined in terms of the magnetic field, the plasma electrons, 
and the plasma protons. Thus, the magnetometer data of Mariner-5 and the magnetometer 
and plasma electron data of Mariner-10 showed diffuse bow-shock crossings at Venus which 
are completely consistent with similar data obtained at Earth. The results at the first en- 
counter of Mariner-1 0 with Mercury agree well with this picture. In this case, the incoming 
and outgoing shock crossings were somewhat downstream from the terminator but it is 
noteworthy that the evening-side crossing was sharp, whereas the dawn-side crossing was 
remarkably similar to that seen at Venus. 

In comparing the data with a particular model, there are some important consequences 
which arise from the difficulty of defining the exact position of the shock. Given the 
Mariner-5 pr -10 data, a reasonable uncertainty might be four or five minutes which corres- 
ponds to a distance along the trajectory of about 3000 km. At Earth, this kind of uncer- 
tainty is negligible compared to the scale size of the obstacle and the experimental data can 
be compared directly with the predictions of a fluid model. At Venus or Mercury, however, 
this uncertainty in the boundary location is comparable to the size of the obstacle. Thus, a 
detailed comparison of the experimental results with theory may not be extremely fruitful. 
For example, a change in H/ro from 0.25 to 0.01 would shift the predicted shock boundary 
location along the Mariner-10 trajectory by about 3000 km. However, if one assumes that 
the change in temperature of the plasma protons is the relevant parameter in defining the 
bow-shock position and if one uses the revised Mariner-5 plasma proton data discussed 
above, then the observed shock crossing is close to the predicted location shown in figure 1 
for H/ro = 0.01. This conclusion is not changed if one allows the wind direction to  be 4" 
from the west during the Mariner-5 encounter. (This was the observed direction just after 
encounter.) 

Anisotropies Observed 

The anisotropies observed in the fluxes at energies above 100 eV when the spacecraft was 
between events A and C on the trajectory should now be discussed. This depletion of the 
high-energy electron flux is not observed in the terrestrial magnetosheath and represents a 
unique characteristic of the Venus observations which we attribute to a direct interaction 
between the solar wind and the Venus atmosphere. This is almost certainly the case since 
the observed decreases in the fluxes of high-energy electrons correspond primarily to  a loss 
of electrons moving along magnetic flux tubes which connect to the dayside of the planet. 



We suggest that the electron flux is depleted by scattering in the neutral atmosphere as the 
electrons move along magnetic field lines which pass through the atmosphere. 

A recent interpretation of the topside electron density distribution of Venus from the 
Mariner-10 radio occultation experiment suggests that the solar wind penetrates to an alti- 
tude of at least 250 km and that solar-wind scavenging takes place at this level (Bauer and 
Hartle, 1 974). In this model the dominant neutral constituent in the 200- to 250-km alti- 
tude range is atomic oxygen. Oxygen has a peak cross section o % 1.5 X 10-l6 cm2 for 
electron impact ionization at 100 eV. Furthermore, the cross section remains high for elec- 
tron energies up to  800 eV and is relatively low below 430  eV. This is just the energy de- 
pendence which is required to explain the electron flux depletion. According to Bauer and 
Hartle (1974), the oxygen density, N, may be as large as 5 X lo8 cm-3 at 250 km. Thus, 
the mean free path is 

and has increased to 

Since the mean free path is less than the planet radius R r 6 X 1 O8 cm at ionopause altitudes, 
it is quite likely that the magnetosheath electrons interact with the atmosphere strongly 
enough to explain the observed flux depletion. 

The proposed ionization process produces additional electrons in the 0- to 100-eV energy 
range. The corresponding density increase is 

where Nt  is the electron density for electron energies >80 eV and 2 X R is the distance 
traveled by the electrons. This calculated value of ANe represents a 50-percent increase in 
the electron density above the magnetosheath background and is in good agreement with 
the increased fluxes in the low-energy channels observed in the depletion region. 

INTERACTION WITH THE ATMOSPHERE AND IONOSPHERE 

In this section a brief summary of some recent results of Hare1 and Siscoe* is given. Their 
calculations illustrate two possible modifications of the solar-wind flow which might arise 
from its interaction with the atmosphere and ionosphere. The first result concerns the maxi- 
mum modifications of the flow parameters which could be expected because of the pickup 
of atmospheric ions by the wind. 

*Harel, M. and G. L. Siscoe, Stagnation Streamline Calculations, private communication, 1975. 
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The neutral atmosphere extends above the ionopause and can interact with the solar wind 
as it becomes ionized through the processes of photoionization, charge exchange, and colli- 
sional ionization. Theinteraction can be studied theoretically by the addition of appropriate 
source and loss terms in the equations for the conservation of mass, momentum, and energy 
in the solar wind (see, for example, Holzer, 1972). The form of the additional terms de- 
pends on the assumed nature of the interaction mechanism and two extreme cases can be 
considered. In one, the new ions are assumed to become thermalized with respect to the 
solar-wind ions in a short time compared to the time during which the flow parameters 
change appreciably (in effect, instant thermalization). In the other extreme, the new ions 
do not thermalize, but interact with the solar wind through the solar-wind motional electric 
field and magnetic field which transfer momentum and energy from the solar-wind ions to 
the atmospheric ions. - 

The results of a calculation in which the first assumption was made are given here. The first 
case is instructive by itself since it gives an upper limit for the magnitude of the solar-wind 
modification that can be expected from the atmospheric effect. 

The calculation uses the technique of expanding the hydrodynamic equations in a Taylor 
series in the radial distance away from the stagnation streamline in the region between the 
bow shock and the stagnation point. Terms up to second order are retained, and boundary 
conditions imposed by the strong shock jump relations are used to integrate the coefficients 
of the expansion along the stagnation streamline from the shock to the stagnation point. 

Three existing models of the Venus upper atmosphere were used. One assumes helium (He) 
dominant with a density of lo7 cm-3 at the ionopause, one assumes deuterium (D) dominant 
with an ionopause density of 1 O5 cme3, and the third assumes hydrogen (H) dominant with 
an ionopause density of 1 O4 cme3. Scale heights based on a temperature of 675 K were used 
(He, 175 km; D, 350 km; H, 700 km). These calculations were performed before the 
Mariner-10 results were available and, consequently, some of these input data are appreciably 
different from the best current estimates. However, the calculations are intended to illus- 
trate the qualitative results of some extreme assumptions and are not intended to represent 
the situation at Venus in a quantitative sense. For comparison, a calculation with no atmo- 
sphere was performed. The no-atmosphere and helium-atmosphere results are shown in 
figures 6 and 7. In these figures, T is the temperature, U is the coefficient of the radial 
velocity (away from the stagnation streamline), D is mass density, V is velocity along the 
stagnation streamline, and N is the mass density of the atmospheric ions. For the purpose of 
this presentation, the absolute values of the quantities are not important (except N), but 
only the relative comparison between the two figures. The shock is on the left margin, and 
ionopause is coincident with the stagnation point where V = 0, and is at 0.83 in units of dis- 
tance normalized to the radius of curvature of the bow shock at its nose. 

A large effect near the ionopause due to the atmosphere is evident. The temperature de- 
creases because of the assumed thermalization of the ions. The mass density increases be- 
cause of ion pickup and also because the divergence of the flow away from the stagnation 
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Figure 6. Stagnation streamline calculation for no atmo- 
sphere. Upstream values of the flow parameters are indi- 
cated by the subscript a. 

region is reduced as indicated by the reduction in U. There is little effect on V. The atmo- 
spheric ion density increases to a maximum at the ionopause. In absolute values at the 
stagnation point, 16 percent of the ions are atmospheric helium ions. For a typical solar- 
wind ion number density of 5 Hi cm", the absolute value of Hei at the stagnation point is 
6 cm". As the material diverges away from the stagnation region and moves along the 
boundary layer, more atmospheric ions will be picked up. Thus, the relative Het density in 
the detached boundary layer will be greater than 16 percent. 

A calculation similar to that described above for the effect of the neutral atmosphere was 
performed with source terms appropriate to energy loss to the electron component by heat 
conduction through the ionopause to the ionosphere. In this calculation the effect of atmo- 
spheric neutrals was not included. The ion and electron components were treated separately 
and coupled by the requirement of charge neutrality. Because of the greater mobility of the 
electrons, only heat loss by electrons was included. The ions were assumed to be adiabatic. 
An important unknown parameter in the calculation is the electron heat conduction coeffi- 
cient. A large range of values was used, and all gave the same qualitative behavior of the 
plasma parameters. Figure 8 gives results for the case with coefficient based on an effective 
collision frequency equal to the ion acoustic wave frequency (-100 Hz). The curve for V is 
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Figure 7. Stagnation streamline calculation for helium at- 
mosphere. N is the mass density of the atmospheric ions 
normalized t o  the  solar-wind ion density. 

very similar to the no-interaction case (figure 7). The electron temperature goes to zero at 
the ionopause. This is a boundary condition on the solution since the temperature must fit 
smoothly onto the ionospheric electron temperature, which is essentially zero compared to 
the solar-wind value. The density goes up at the stagnation point compared to the no-inter- 
action case. The increased density is expected since the proton pressure (nkT,) must in- 
crease to compensate for the missing electron pressure (nkTe). The curve labeled (T) shows 
the electron heat flux along the stagnation line. The calculation shows that at the ionopause 
the heat flux is approximately 20 percent of the upstream, incident kinetic energy flux 
(112 pV3 ). The results also show that the ionospheric effect being investigated here extends 
well into the ionosheath for the assumed conduction coefficient. In figure 9, the case of 
zero heat conduction and B perpendicular to incoming V is shown. Note the increase in 
magnetic pressure and corresponding decrease in particle density near the stagnation point. 
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Figure 8. Stagnation streamline calculation show- Figure 9. Stagnation streamline calculation for 
ing the effect of electron heat conduction into the case B perpendicular to V. 
the ionosphere. 
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QUESTIONS 

BridgelGringauz: What is the thickness of the bow-shock front according to the Mariner-1 0 
' data? 

Bridge: The bow-shock transition observed on Mariner-1 0 by the magnetometer or the high- 
energy electrons (greater than 100 eV) is diffuse and the thickness quoted depends on an 
arbitrary definition. A reasonable estimate would be 1500 km. On the other hand, the bow 
shock observed by Mariner-5 in the proton data occurred in a time interval of less than one 
minute which corresponds to less than a 600-km thickness. The location of the Marinerd 
shock defined by the change in magnetic field is uncertain by at least 2000 to 3000 km. 
That is, there is no sharp magnitude discontinuity which coincides with the change in the 
proton spectrum. 
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ABSTRACT 

The main results of plasma cislunar investigations, carried out during Luna-19 and Luna-22 
spacecraft flights by means of dual-frequency dispersion interferometry, are briefly outlined. 
It is shown that a thin layer of plasma, with a height of several tens of kilometers and a 
maximum concentration of the order 1 O3 electrons/cm3 exists above the solar illuminated 
lunar surface. 

A physical model of the formation and existence of such a plasma in cislunar space is pro- 
posed, taking into account the influence of local magnetic areas on the Moon. 

INTRODUCTION 

The problem of the formation of plasma in cislunar space is closely connected with a series 
of other problems of space physics and requires for its solution reliable experimental data 
on the plasma parameters and regularities of its space-time variations. This important prob- 
lem may be solved by means of repeated occultation experiments with a two-frequency dis- 
persion interferometer using lunar satellites. 

A series of these two-frequency occultation studies has been carried out during Luna-19 and 
Luna-22 spacecraft flights. The transmitter of the dispersion interferometer was mounted 
onboard these spacecraft. It emitted two coherent monochromatic signals in the wavelength 
range of A, = 32 cm, X2 = 8 cm, p = A, /A, = 4. These signals were simultaneously received 
at the Earth-based station and the phase delays of the lower frequency signal were measured 
relative to the higher frequency: 

where 

4'1 4'2 = total phase of received signals, 

N(t, R)dR = integrated electron concentration along the path of the signal. I 



METHODOLOGY 

For further processing, there were selected from all occultation measurements those for 
which the influence of Earth's ionosphere was minimum. The average change of the meas- 
ured value caused by Earth's ionosphere was determined by processing of calibration meas- 
urements made during the last 15 to 20 min before the moment of occultation. The 
average change determined by such a method was used for the calculation of the difference 
between Earth's ionosphere change and real measured values during cislunar plasma radio 
sounding. The data obtained represent the variation of integrated electron concentration 
in the cislunar space as a function of time or height above the lunar surface. 

The data so obtained allowed the solution of the inverse problem assuming spherical symme- 
try of plasma in the region studied and a calculation of the height profile of electron con- 
centration distribution near the Moon. 

RESULTS 

Figure 1 shows the average profile of electron concentration due to three occultation meas- 
urements obtained during the flight of Luna-19 (June 1 1,1972). The solar zenith angle x at 
this moment was 89" [ 1,2] .  The same figure also gives some other profiles obtained during 
Luna-22 experiments in 1974 for various solar zenith angles 49O < x d 86" [3]. 

The analysis of experimental data and the profiles obtained results in the following conclu- 
sions: 

Plasma is not observed over the nightside of the Moon's surface ( o  -+ 200/cm3). 

@ Plasma does exist over the sunlit surface of the Moon. 

The vertical extent of the region occupied by the plasma is some tens of kilometers. 

The electron concentration reaches -lo3 /cm3 in the height interval below 10 km. 

DISCUSSION 

The known hypotheses [4,5 ] do not agree with the experimental data obtained. Therefore, 
a new physical model of the formation and the existence of the plasma in cislunar space is 
suggested. This model takes into account the effects of the interaction of the solar wind 
with the local magnetic fields. In recent years, local magnetic fields with intensity 30 to 
300 y have been discovered on the Moon [61. The horizontal sizes of these fields may reach 
many tens or hundreds of kilometers. Although the height extent of their fields is not 
measured at present, it is rather fair to suggest that the height extent is comparable with the 
horizontal one. 

Therefore a magnetic screen, protecting the lower region from the direct influence of the 
solar wind, is formed above the regions which at the height of some tens of kilometers 
create magnetic fields of -50 y intensity. Thus, the formation and the existence of the - 



Figure 1. The experimental dependence of the electron concentration on 
height above the lunar surface. 

magnetized plasma as a result of ionization of neutral atoms of heavy gases (for example, 
argon evaporated from the lunar soil) may be possible below this level. The above-mentioned 
screen protects the plasma from being swept away by the solar wind. The lifetime of the 
charged particles formed is determined by the structure of local magnetic fields. Under 
favorable conditions, the formation of magnetic traps substantially increasing the lifetime 
of these particles is possible. 

Consider a local magnetic region with a horizontal size -100 km and assume, for simplicity, 
that its field has a dipole character. Let the effective dipole of this region be placed at a 
depth of 100 km and with a field intensity -100 y at the surface of the Moon. Then it is 
easy to show that at the height of 50 km above thesurface, the unperturbed field of such a 
region has the magnitude 30 y. Under the action of the solar wind, this is compressed and - 



its intensity is increased by a factor of 2. Therefore, at the height of 50 km above the 
surface, the value B is about 60 y which, as is known [7] ,  is enough for slowing and stopping - 
the solar wind. 

The process of ionization of neutral particles by solar radiation below this level leads to the 
formation of a plasma. The ionization time of heavy gases in the lunar atmosphere, for 
example, argon ([A] -- lo6 ~ m - ~ )  is about 106 s [a] .  Hence, the complete rate of ion for- 
mation near the surface of the Moon is q = 1 /cm3 s. 

The charged particles of the magnetized cislunar plasma will have a complex movement which, 
in the guiding center approximation, may be expanded into three components: a cyclotron 
rotation around the field line, a movement along the field line, and a slow displacement 
(drift) in the direction perpendicular to the field. The result of this movement is the pre- 
cipitation of charged particles on the surface. In the simplest case, the charged particle 
moves from the point of its creation along a spiral path about the field line and some time 
later reaches the surface of the Moon and is neutralized. In a more complex case, if the in- 
homogeneity of the local magnetic field satisfies certain definite conditions, the particles 
make oscillatory movements between the points of reflection, similar to those which occur 
in the radiation belts of the Earth. 

Hence, the lifetime of the charged particles in cislunar space will be defined by their drift 
time and it may be rather longer than in the first case. An evaluation has been carried out 
based on the known correlations [7]  and shows that in the first case, the lifetime may be of 
the order T ,  -' 1 o4 S. The concentration of charged particles may reach 

and 

accordingly where q -- 0.2 is the capture coefficient, about which there are no data in the 
case considered. The evaluations of the concentration of cislunar plasma carried out based 
on the model described give values which are in agreement with experimental data. 

It is of great importance to mention that the gyroradius of argon ions in a magnetic field of 
-50 y is several kilometers. This may be the reason for the decrease of the plasma concen- 
tration at a height smaller than the gyroradius and the reason for the formation of the maxi- 
mum in the distribution of the electron concentration over the surface of the Moon. 

Of course the interpretation suggested is only a qualitative model and the conclusions re- 
quire a more detailed examination. 
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QUESTIONS 

SavichlPodgorny: If the plasma shell at the Moon's surface has a temperature of about 
10 eV, its pressure can stop the solar-wind flux. But in the case of a collisionless plasma, 
a problem arises about the thickness of the shell which can supply the momentum transfer. 
In our laboratory experiments it was shown that the length over which momentum transfer 
occurs may be of the order of several electron cyclotron radii. The Moon's plasma shell 
thickness is of the order of the electron gyroradius and complete momentum transfer 
may hardly exist and some disturbances therefore may arise. It is impossible to exclude that 
such disturbances were observed by Ness on the nightside along the lunar Mach cone. 

SavichlGaleev: I want to comment on the remark of Dr. Podgorny about the role of a two- 
stream ion instability of a plasma in the magnetic field with respect to the physics of solar- 
wind ionospheric interactions. It should be mentioned that in the weak interplanetary mag- 
netic field, the growth rate of the ion-ion two-stream instability, y, is much less than 
w wLH , where wLH is a lower hybrid frequency, and this instability provides the effective 
mean free path on the order of 10 y times the velocity of the solar-wind speed, that is, 
larger than the height of the Moon's ionosphere. But the solar-wind ions move with veloci- 
ties greater than the ionospheric electron thermal velocity and they can excite the Langmuir 
waves in the ionosphere and thus they could be stopped in a distance of order 10 km. 

&vich/Dessler: Was there any difference in the plasma number density between sunrise and 
sunset? 

Savich: At sunset on the Moon the measurements were not carried out. 

SavichlNess: At what phase of the Moon are the measurements made? Do they apply only 
to limbs or beyond? 

&vich : All the measurements were made near the limb and near sunrise within solar zenith 
angles from 89' to 49' on the lunar dayside. 
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INTRODUCTION 

The first in situ measurements of the solar-wind interaction with the planet Mercury and 
its magnetic field were performed by the Mariner-10 spacecraft on March 29, 1974. The 
unexpected observation of a very welldeveloped, strong detached bow-shock wave was inter- 
preted (Ness et al., 1974; 1975a, b) as being due to the existence of a modest magnetosphere- 
like region associated with an intrinsic magnetic field of the planet. Simultaneous measure- 
ments of the low-energy electron flux (13.4 < Ee < 687 eV) by Ogilvie et al. (1974) pro- 
vided strong correlative evidence for this interpretation. In addition, intense bursts of higher- 
energy electrons (Ee > 179 keV) and protons (Ep > 500 keV) were reported by the charged 
particle telescope experiment (Simpson et al., 1974) as occurring in a region of space cor- 
responding to the magnetosphere and magnetosheath following the closest approach to 
Mercury. The lack of evidence for any appreciable atmosphere or ionosphere suggests that 
the interaction is unlike that at Venus, where a substantial atmosphere-ionosphere is respon- 
sible for the deflection of the solar-wind flow and the development of the detached bow- 
shock wave. 

The targeting strategy for the second encounter on September 21, 1974 was biased to pro- 
vide optimum imaging coverage of the south polar regions. The spacecraft did not approach 
close enough to the planet to observe directly the magnetic field of the planet or the bow- 
shock wave associated with solar-wind interaction. The third and final encounter on March 
16, 1975 provided additional observations of the magnetic field environment and solar-wind 
interaction with the planet Mercury and dramatically confirmed the earlier interpretations 
of an intrinsic planetary field (Ness et al., 1 975b; Hartle et al., 1 975b). 

It is the purpose of this report to present a brief review of the magnetic field and solar-wind 
electron observations and to estimate the intrinsic magnetic field of the planet Mercury and 
the implications of such a field for the planetary interior. 



The bow shock is well identified both by the abrupt increase in average field magnitude and 
by the increase in the fluctuating magnetic field, as measured by the RMS parameter. The 
magnetopause is well distinguished by the abmpt directional change in the magnetic field 
and also reflected in the abrupt termination of high-frequency fluctuations measured by the 
RMS parameter. As the solar wind is deflected around Mercury, the magnetic field is con- 
fined to a region of space similar to the terrestrial magnetosphere. Electrical currents which 
flow on the surface of the magnetosphere, that is, in the magnetopause, are responsible for 
the abmpt change in direction which is characteristically observed in the magnetic field as a 
spacecraft crosses this surface. In addition, the development of a magnetic tail and neutral 
sheet is associated with the interaction and leads to  a system of electrical currents whose 
magnetic field can be described as having an origin associated with the tail of the magneto- 
sphere. 

Magnetic-field data from the first encounter are shown in figure 1. As the spacecraft ap- 
proached the planet, the interplanetary field was approximately 20 y in magnitude but 
increased suddenly to 40 y between 20:27 and 20:28 as the bow shock was traversed. 
Indeed, three traversals of the bow shock are readily distinguished. Note that the RMS 
parameter, which is the Pythagorean mean of the component fluctuations of the mag- 
netic field over a 1.23 interval, also increases. Subsequently, the field decreases from 40 y 
to -30 y when a sudden directional change in the magnetic field occurs at 20:37, which is 
identified as traversal of the magnetopause. It is seen that the fluctuations, as measured by 
the RMS parameter, abruptly terminate coincident with that boundary. These data are com- 
pletely consistent with the characteristics of the terrestrial magnetosheath and its boundaries 
as observed by Earth-orbiting satellites. 

NASA-GSFC MAGNETIC FIELD -MARINER 10 
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Figure 1. Magneticfield measurements, presented in solar-ecliptic coordinates with 6 = latitude and 
@ = longitude, obtained during first encounter with Mercury by Mariner-10. 



As the spacecraft continues on its trajectory, the magnetic-field intensity rises while the 
direction changes slowly, but mainly it is directed away from the planet. The maximum 
field of 98 y is measured just after closest approach (724 km) between 20:46 and 20:47. 
Subsequently, the field fluctuates very rapidly with large excursions in magnitude but with 
less significant variations in the direction. Identification of the outbound magnetopause and 
bow shock are difficult in this diagram because of the pulsating nature of the shock due to 
the interplanetary field direction being almost parallel to the bow-shock surface normal. By 
contrast, note the very sharp and distinctive bow shock observed inbound which is asso- 
ciated with the condition of a perpendicular shock. 

Accompanying these magnetic-field data are simultaneous measurements of the solar-wind 
electrons, shown in figure 2. The identification of the boundaries of the magnetosheath, 
that is, the bow shock and the magnetopause, is simultaneous with those shown in figure 1. 
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Figure 2. Solar-wind electron measurements simultaneous with the magnetic-field measurements in 
figure 1 (Ogilvie et al., 1974). 



Characteristic changes in the electron spectrum and deduced equivalent fluid parameters, 
such as density and temperature, show excellent agreement with the overall model of the 
supersonic solar wind interacting with a large obstacle deflecting the solar wind. The rather 
disturbed conditions following closest approach on Mercury-I have been discussed by Siscoe 
et al. (1 975) in the framework of a temporal variation of the magnetospheric structure due 
to the occurrence of a substorm associated with a southward interplanetary magnetic field. 

The opportunity to  confirm the observations of a strong solar-wind interaction with Mer- 
cury and the unique identification of a magnetic barrier as the obstacle to solar-wind flow oc- 
curred during the third encounter with the planet. Data from this encounter are shown in 
figures 3 and 4. Again, the bow-shock and magnetopause boundaries are well identified in 
both magnetic field and solar-wind electron data. The trajectory for the third encounter was 
selected to occur at a higher latitude than the nearequatorial pass of the first encounter with 
closest approach distance being only 327 km. These two parameters combine to provide a 
much more definitive sampling of the magnetic field of the planet in that the maximum field 
observed is 400 y (see figure 3). The bow-shock characteristics, inbound and outbound, are 
the reverse of the Mercury4 encounter, due to  the change in upstream interplanetary mag- 
netic-field direction. This also provides an additional critical test of the nature of the obsta- 
cle to solar-wind flow. Were the magnetic field and magnetosphere created by a complex 
induction process, then its characteristics would be expected to change substantially between 
the two encounters. This is not the case since a very complementary set of magnetic-field 
and electron data (see figure 4) was obtained which provides unequivocal evidence for the 
existence of an intrinsic magnetic field of the planet. The trajectories of the Mariner-10 
spacecraft for the two encounters are shown in figure 5. This figure illustrates that the first 
encounter was mainly an equatorial pass while the third encounter was a high-latitude, polar 
region pass. 

ANALYSIS 

The magnetic-field and solar-wind electron observations by Mariner-10 show a rather good 
correspondence to Earth's magnetosphere if the approximate scaling of sizes is taken into 
account. The stagnation point of solar-wind flow is inferred to be at -1.5 Mercury radii, 
while for Earth, 11 RE. Thus, the planet Mercury occupies a very large fraction of the 
volume of the magnetosphere, and even when measurements are performed relatively close 
to the surface of the planet, the total magnetic field includes a substantial contribution due 
to the external sources. It is this fact, coupled with a very limited data set available in a 
restricted volume of the magnetosphere sampled by Mariner-10, which restricts our ability 
to analyze the data uniquely in terms of characteristics of an internal planetary magnetic 
field. 

The approach used has been to assume internal sources described by an harmonic term of 
degree n = 1, which means a centered dipole whose tilt, phase, and magnitude are to be 
determined. A uniform external field is represented by the term corresponding to n = 1. 
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Figure 3. Magnetic-field measurements during third encounter with Mercury by Mariner-lo. 

A least-squares fit has been made to the data by a classical minimization process for the 
three orthogonal field components. The results obtained for the internal dipole coeffi- 
cients are as follows: 

Mercury4 Mercury411 



Figure 4. Solar-wind electron measurements at Mercury-l and -I1 I encounters compared (note low 
flux region near CAI (Hartle et al., 1975b). 
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Figure 5. Trajectory of Mariner-10 during first and third encounters with identified positions of magneto- 
pause and bow shock indicated accordingly. The theoretical shape of a scaled-down terrestrial magneto- 
pause and bow shock are shown for M9/M, = 7 X 

From these harmonic coefficient sets, it is found that the intrinsic field of the planet is 
represented as due to a centered dipole of moment 4.7 X G cm3 oriented within 12' of 
the normal to the orbit plane. This moment compares very well with that deduced from the 
positions of the magnetopause and bow-shock boundaries and the inferred magnetic moment 
responsible for solar-wind deflection. Note that the sense of the dipole is the same as 



Earth's. This dipole field corresponds to equatorial and polar-field strengths of 350 y and 
700 y, respectively, which is about one percent of Earth's field. 

One unique aspect of such a brief planetary flyby is that the encounter data provide an 
almost instantaneous snapshot of the entire solar-wind interaction region surrounding a 
planet. With this in mind, Fairfield and Behannon (1 975) have analyzed the fluctuations of 
the magnetic field observed near the bow shock and in the magnetosheath. For Mercury-I 
inbound (see figure 6 ) ,  the interplanetary magnetic field is perpendicular to the normal to the 
bow-shock surface and a sharply defined bow shock is observed. Upstream, right-hand cir- 
cularly-polarized waves are observed which extend up to the Nyquist frequency of the ex- 
periment, 12.5 Hz. Outbound, the field is more parallel to the normal and this leads to a 
broad irregular region upstream from the shock in which left-hand circularly-polarized waves 
are observed but with a spectrum which cuts off sharply above 4 Hz. 

29 MARCH 1974 

Figure 6. Detailed data (25 vector samples/s) during the three crossings of the bow shock at Mercury. 

These observations can be easily explained in the framework of cold plasma dispersion 
theory for propagating whistler waves above the ion gyrofrequency. A large Doppler shift is 
associated with the convection of the waves past the spacecraft by the solar wind. Thus, de- 
pending upon the orientation of the magnetic field and the propagation direction, as well as 



the phase and group velocities of the whistlers, it is possible to shift those which have propa- 
gated upstream to negative frequencies, that is, to change their polarization. All of the 
characteristics of the observed upstream waves can be explained h these terms. An inter- 
esting aspect of the magnetosheath wave observations has been the first identification of ion 
cyclotron waves downstream from the inbound perpendicular bow shock. While not yet 
reported present in the Earth's magnetosheath, it would be a surprise were they not present 
at certain times. 

IMPLICATIONS 

The existence of both a modest magnetic field of Mercury sufficient to deflect the solar wind 
and an imbed&d neutral sheet leads to the conclusion that a magnetic tail of Mercury should 
exist. The optical properties of the Hermean surface are similar, in many respects, to those 
of the Moon. The lunar surface optical properties are influenced primarily by size, composi- 
tion, and structure but also by ion bombardment by the solar wind. It is believed that the 
flux of solar-wind ions impacting the lunar surface leads to a darkening of surficial material. 

The modest magnetosphere means that the major fraction of the solar wind is deflected 
around the planet. However, as Hartle et al. (1975a) have shown, only a small fraction of 
the incident solar wind entering the magnetosphere is necessary to explain the observed thin 
helium exosphere. That entry is most probably through the polar cap regions as well as the 
neutral sheet in the magnetic tail. 

The orbit of Mercury is rather eccentric and the solar-wind intensity is known to vary with 
time. Siscoe and Christopher (1975) have considered these factors and concluded that, in 
spite of these variations, the modest magnetic field of Mercury is sufficiently strong that the 
solar wind should be deflected around the planet so that a detached bow-shock wave always 
exists. This conclusion is based upon present-day observations of the annual variation of 
solar-wind flux at 1 AU as measured by Earth-orbiting satellites. During the early formative 
stages of the solar system, however, it is possible that the solar-wind intensity was much 
higher so that the solar wind indeed impacted the surface of the planet. 

A fundamental question which is not resolved is that of the origin of this global intrinsic 
planetary field. At the present time, it is not believed that the data support theories in- 
voking a complex induction source mechanism due to the flow of the solar wind. The most 
plausible alternatives are: 

1. A present-day active dynamo, or 

2. Fossil magnetization due to an ancient dynamo or an enhanced interplanetary mag- 
netic field during cooling. 

Both depend upon the thermal state of the planetary interior, and it is not possible to dis- 
tinguish between the two mechanisms from the magnetic data available. Due to the high 
average density of the planet, 5.44 g/cm3, it is fairly certain that a large amount of iron 
exists, on the order of 60 percent, which is probably concentrated in a large core. If such a 



core were at low temperatures, below the Curie point, then a remanent magnetic field is 
quite plausible, although then the problem is to determine the origin of the magnetizing 
field if it was not primeval. 

The possibility of a sufficiently cold core seems very remote in the light of studies on the 
thermal evolution of the terrestrial planets. Toksoz and Johnston (1975) have shown that, 
early in Mercury's history, a substantial iron nickel core formed with a radius of -1 600 krn. 
Such a large core can probably support a planetary dynamo, if the appropriate combination 
of fluid motions and electrical properties exists. While the slow rotation of the planet may 
appear to be an impediment to the successful application of dynamo theory, the important 
physical parameters for a dynamo include dimensionless numbers for flattening, the differen- 
tial rotation of the planetary interior, the magnetic Reynolds number, and other such quan- 
tities. Data at present are consistent with an active dynamo since, from a magnetohydro- 
dynamic viewpoint, Mercury is rotating rapidly. Whether the dynamo is driven by preces- 
sional torques, as suggested by Dolginov," or by thermal convection due to heat released 
by radioisotope decay, is not determinable from these data. 

However, it is instructive to consider the magnitude of remanent magnetization required, in 
spite of the probable high near-surface temperatures. When a uniformly-magnetized thin 
spherical shell is assumed, the magnetization required is not much larger than the remanent 
magnetizations found in the returned lunar samples. With a lithospheric shell 'below the 
Curie point, whose thickness is 20 percent of the radius (488 km), the necessary magnetiza- 
tion is 3.1 X 1 O4 emulg. For a 10-percent thick shell (244 km), the value rises to 5.9 X 1 O4 
emu/g. This is well within the range of materials which may be expected to be present on 
the planet Mercury, since lunar surface materials yield magnetizations generally within an 
order of magnitude of 1 0-5 emu/g but at lower temperatures. 

The existence of a magnetic field at Mercury indicates that an invaluable historical record of 
the formation of Mercury is available for study in the paleomagnetic data which shall be ob- 
tained at some future date by orbiter and lander spacecraft. 
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QUESTIONS 

NesslGringauz: What is the maximum fractional fluctuation of the magnetic field near 
Mercury where AB represents the disturbed part of the observed magnetic field? What is the 
cool plasma sheet and hot plasma sheet in the Mercury magnetosphere? What is the accuracy 
of determination of the bulk plasma velocity from the electron data? 

Ness: The largest relative perturbation is about 60 percent which occurs in the equatorial 
nightside cusp region of the Mercury-I encounter. I shall ask Dr. Bridge to comment on your 
second and third questions. 



Bridge: The general spatial variations of plasma electrons observed during the first and 
third encounters of Mariner-10 with Mercury seem very similar to those observed in a com- 
parable position in the magnetosphere of Earth. During the first encounter on the inbound 
pass, the spacecraft passed through the bow shock into a magnetosheath in which the average 
electron energy was about 100 eV. At the magnetopause boundary, the density dropped 
and the spacecraft entered into a region which seemed very similar to the cool, high-latitude 
plasma sheet of the Earth. Just before and after closest approach, the spacecraft is at a low 
magnetic latitude and the electrons are hotter, approximately 1 keV, as is typical of the low- 
latitude plasma sheet at Earth. Similar features were observed during the outbound pass of 
Mercury-I encounter. During the third encounter, the results were somewhat different but 
correspond well to the higher latitudes of the Mercury411 trajectory. The magnetosheath 
and cool plasma sheet were again seen clearly and, near the pole, there was a region of low- 
electron flux at all energy channels, which seems similar to the polar cap region at Earth. At 
Mercury, there is of course no inner convective zone which corresponds to the plasma sphere 
at Earth and the inner edge of the plasma sheet is very close to the planet. 

The bulk plasma velocity derived from the solar-wind electron measurements is deduced to 
be accurate to within 30 percent. 

Nesslvaisberg: You have observed four crossings of the magnetopause at Mercury. Can you 
say something about the thickness of the magnetopause? 

Ness: We have not yet attempted to estimate the magnetopause thickness, especially when 
it is in motion as evidenced by multiple crossings. A unique answer will not be possible but 
it appears to be quite thin, on the order of 100 km, based upon the two very abrupt cros- 
sings observed. 

NesslTroitskaya: Do you observe pulsations inside the magnetosphere of Mercury? What is 
their range of frequencies and is there some relation between them and the spectra of pul- 
sations observed outside the bow shock? If a similarity of generation to the situation at 
Earth exists, there must also be a strong dependence of periods of pulsations outside the 
Mercurian bow shock and the value of the interplanetary magnetic field. 

Ness: Yes, we do observe fluctuations within the magnetosphere of Mercury which appear 
like micropulsations. They are primarily low frequency, with periods of a few to several 
seconds, with an amplitude of a few to several gammas. But we have not yet analyzed them 
quantitatively in any detail nor attempted correlation with other relevant parameters. We 
shall keep your comments in mind. 

NesslGaleev: Could the diamagnetic effect of the solar-wind plasma injected into the cusp 
region of the Mercury magnetosphere modify the magnetosphere model which you have 
presented? 

Ness: Yes, the magnetosphere model which was presented is based upon the use of an image 
dipole as representing the compression on the dayside of the magnetosphere. There are no 
other sources in the model except the neutral sheet current in the tail and hence injected 
solar-wind plasma would modify the idealized model mentioned. 



Ness/Dolginov: In a preliminary result, you reported a large displacement of the dipole 
from the center of Mercury. What is the present understanding of this displacement? This is 
an important parameter in the kinetic models of the dynamo. 

Ness: The result to which you refer was from a very preliminary analysis (published in 
Science, 185, pp. 151-160, 1974) which omitted consideration of any external sources of 
magnetic field. The final result for the first Mercury encounter was published in J. Geophys. 
Res., 80, pp. 2708-2716, 1975, and assumed a centered dipole. The vector data set which 
we have available and the positions of the boundaries, that is, bow shock and magnetopause, 
are consistent physically with a small offset but are not sufficiently complete to estimate 
such an offset with high accuracy. 

NesslSpreiter: You compare your observations with the Rizzi theory for M = 10 and MA 
= 20 saying that they are the only results available and that it would be better to use results 
for a lower MA. Rizzi and I have published comparable results for M = 10 and MA = 2.5, 5, 
10, and 20 in Acta Aeronautics, 1, pp. 15-35, 1974. Your comparison should be made with 
them. Also, the coefficient 1.07 that appears in the formula for the distance of the mag- 
netosphere nose is based upon an outmoded Chapman-Ferraro pressure relationship p 
= 2 mnV2 cos2 q. This corresponds to specula reflection of solar-wind particles undeflected 
by passing through a bow-shock wave. Values of the order of one are much more appro- 
priate than two for the coefficient. As discussed in my paper,* a combination of these con- 
siderations, with an improved magnetic field calculation of Choe et al. (1973) leads to a 
coefficient of about 1.20 rather than 1.07. 

Ness: Thank you for pointing out the published paper based on Rizzi's 1971 thesis. The 
value of 1.20 you suggest is also very close to the 1.19 derived empirically by Fairfield (197 1) 
in a comprehensive study of bow-shockland magnetopause positions. 

I also want to point out that when a comparison of the position of observed bow shock and 
magnetopause are made with theory, the only parameter that can be determined is the ratio 
fZ /K (where f equals the ratio of stagnation point field to dipole field and K is as defined in 
your text). We cannot determine f o r  K separately. Also, since the solar-wind flow direction 
changes about the average direction by 5" to lo0, very detailed comparisons with bow-shock 
and magnetopause positions, such as occur in the case of very restricted data sets at Mercury 
and Venus, should take this into account. 

Spreiter: I agree completely. 

*See 3. R. Spreiter's paper, "Magnetohydrodynamic and Gasdynamic Aspects of Solar-Wind Flow Around Terrestrial 
Planets: A Critical Review," in this document. 
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ABSTRACT 

The results are given of laboratory simulation of solar-wind interaction with plasma shells of 
nonmagnetic planets. It is shown that the momentum transfer from the plasma flow to the 
shell occurs due to  the presence of a frozen-in magnetic field. Without a magnetic field 
frozen-in, the ionosphere has no sharp boundary and a shock wave does not form in the flow. 

Laboratory experiments with an artificial magnetosphere allowed a number of regularities 
to be found in the behavior of the near-Earth plasma. It was shown, for example, that par- 
ticles penetrated into the magnetosphere through annular polar clefts [ 1 ] . The application 
of a system of partitions yielded the conclusion that the source of the radiation belt is 
located on the nightside [ 2 ]  . In earlier laboratory experiments, a shock wave was studied 
for large Mach numbers [3, 41. Studies of the plasma flow around a non-conducting body 
demonstrated that it was possible to simulate the Moon's wake [ 5 ] .  The authors tried to 
reproduce in the laboratory and to study the nature of the process of flow around nonmag- 
netic celestial bodies with a plasma shell. First to be mentioned among these bodies are 
Venus and comets. 

Venus 

The interaction of the solar wind with Venus was investigated aboard Venera and Mariner 
spacecraft (see, for example, [ 6  through 91 ) and the presence of a shock wave was reliably 
identified. However, the character of the interplanetary plasma interaction with the planet is 
still to be determined. Possible types of interaction can be subdivided into two main classes: 
plasma flow scattered from particles in the atmosphere and the momentum transfer from 
the interplanetary-to-planetary plasma via the magnetic field. A tangential discontinuity is a 
particular case of the second type of interaction. However, a tangential discontinuity can 
hardly remain stable under actual conditions. If the formation of an obstacle is associated 
with a magnetic field frozen-in the solar wind, then the necessary condition for a shock wave 
to exist is the following inequality: 



where ai is the conductivity and h is the thickness of the ionospheric layer. If, in a model 
experiment, an ionosphere with Te - 5 eV is produced, then a plasma shell of about 1 cm 
thick at the surface of the obstacle will be sufficient for the inequality 1 to be valid. 

Comets 

Other objects with a gaseous shell are comets. The first laboratory experiments on cometary 
simulation [lo, 1 1, 121 were based on the well-known Alfve'n hypothesis on the existence 
of an effective mechanism of neutral gas ionization by a plasma flow with velocities exceeding 
the critical value v, = (2Wi/M)%. Here, Wi is the ionization potential. These experiments 
differ in the way the cloud of gas is produced (whether it is gas injection or dry ice evapora- 
tion), but they all indicate the effect of plasma cloud dragging by the plasma flow with a 
frozen-in magnetic field. This effect results in an elongated plasma configuration similar to a 
cometary tail of Type I. The photographs taken made the authors of [I21 assume that a 
shock wave had formed at the plasma cloud in a supersonic flow. 

In that paper [ 121, the main interests were the studies of phenomena near the boundary 
between the plasma cloud and the artificial solar wind; that is, effects near the comet nucleus 
were studied. 

EXPERIMENT 

The choice of parameters of the plasma flow used in the experiments is based on the princi- 
ple of limited simulation [13, 141. Those dimensionless parameters, which to an order of 
magnitude are unity, are assumed as close as possible to their values in space. Those parame- 
ters that differ greatly from unity in space are taken as being appropriately larger or smaller 
than unity, but the order of magnitude is not always maintained. 

A qualitative change in the nature of a process with changing dimensionless parameters 
usually occurs when the latter is close to  unity. Hence, this principle allows a correct labora- 
tory simulation of various cosmic phenomena, and has been proven by the experiments with 
a terrella and a lunella. 

Table 1 shows that all of the parameters but pi/L meet this principle fairly well. As for pi/L, 
apparently its value is not decisive since the inequality pe/L << 1 is valid both in space and 
in the laboratory and a small Debye radius, A, = (KT/4rne2)%, implies that separation of 
ions and electrons cannot occur at distances larger than pe . 
A hydrogen plasma with dimensionless parameters listed in table 1 was generated by a co- 
axial electrodynamic accelerator. The plasma velocity was B = 1.5 X lo7 cmls, its density 
n = 9 X 1012 cm3 , electron temperature Te -- 15 eV, and the intensity of the magnetic field 
frozen-in the plasma flow was B = 25 G. To produce a frozen-in field the plasma accelerator 
was put into a solenoid. This technique facilitated performing control experiments with 
zero field, in which case a current did not flow through the solenoid. The most important 
data were obtained when the angle formed between iS and B was equal to 45O. Experiments 
were carried out in a cylindrical vacuum chamber 70 cm in diameter and 270 cm long. 



Table 1 
Comparison of Basic Dimensionless Numbers 

*Data correspond to Explorer-35 experimental conditions. 

Dimensionless Parameters 

Mach number (Ms) 

Alfv6n Mach number (MA ) 

Ratio of plasma to magnetic pressure [@ = nkT/(B2 /8n)] 

Squared ratio of Larmor to Langmuir frequencies [(a0 / u0 )2 I 

Ratio of electron Larmor radius to model dimensions (pe /L) 

Ratio of ion Larmor radius to model dimensions (pi/L) 

Ratio of Debye radius to model dimensions (A, /L) 

Ratio of mean free path to model dimensions (AIL) 

Sensors to record parameters were mounted 100 cm from the accelerator and the obstacle 
moved, in an artificial solar-wind flow, along the symmetry axis of the camera (Z-axis). 

A wax sphere 10 cm in diameter was used as a model of Venus. It was chosen because of its 
low evaporation temperature and low thermal conductivity. The plasma flow in contact 
with the surface of the sphere vaporized the wax and ionized the vaporization products. 
The phenomena that accompany the interaction between the solar wind with an artificial 
ionosphere thus formed were studied. 
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The magnetic field was measured by a set of magnetic probes. Two types of probes were 
employed: open probes of -1 cm in diameter and miniature probes -5 mm in glass tubes. 
The plasma density and electron temperature were measured by double probes. Directed 
double Langmuir probes turned out to be extremely useful for shock wave investigations 
[15]. One side of a flat ion-collecting electrode was insulated and its uninsulated collecting 
surface was appropriately oriented. The area of the probe, S, was 3 mm2. 
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EXPERIMENTAL RESULTS 

The decisive role of the magnetic field frozen-in the solar wind, while interacting with the 
plasma shell, is clearly demonstrated by comparing figure 1 (a) and figure 1 (b). Figure 1 (a) is 
a photograph of the flow around a model of Venus, with the frozen-in magnetic field equal 
to 25 G. A specific feature of figure l(a) is the rather bright glow of the wax vaporization 
products with a sharp boundary on the dayside. The glow of the artificial solar wind is ab- 
sent on the photograph since the emission of fully-ionized hydrogen plasma is extremely 



Figure 1. Photographs of the glow near the wax sphere in a 
plasma flow with (a) and without (b) a frozen-in magnetic 
field. 



weak in the visible spectral region. The plasma flow pressure is obviously balanced by the 
pressure of the ionosphere thus formed. It should be emphasized that a sharp boundary a p  
pears only if a magnetic field is frozen-in the artificial solar wind. 

Another photograph is given in figure l(b) for comparison. It was obtained in similar con- 
ditions, the only difference being the absence of the frozen-in field in the plasma flow. In 
this case, the glowing area has no distinct boundary, and its brightness gradually weakens 
with distance from the model. The diffuse glowing area around the obstacle in the plasma 
flow, without the frozen-in magnetic field, implies that the interaction between the artificial 
solar wind and artificial ionosphere in this case is far too weak and conditions are unfavora- 
ble for a shock wave to form. If a frozen-in magnetic field does exist, there is every reason 
to expect a shock wave to appear, and here the ionosphere can act as an obstacle. Such a 
shock wave was recorded by magnetic and electric probes. A directed probe, oriented per- 
pendicular to the flow, with its collecting surface facing the plasma accelerator, records al- 
most a constant saturation current, J I I ,  when it moves along the Z-axis (figure 2(a)). This 
means that flux is conserved (nv = constant) and can control the validity of the technique 
used. 

The probe whose surface is oriented parallel to E measures current due to the motion of ions 
perpendicular to the Z-axis (figure 2(b)). In this case, the saturation current, J,, is deter- 
mined by Bohm's formula and is proportional to Beginning with 6 cm, J, increases 
with the probe approaching the model. At about 3 cm from the surface of the model, a sec- 
ond increase of the probe saturation current is clearly seen. This increase coincides with the 
boundary of plasma glow (figure 1 (a)). The probe current, before the second increase where 
the curve almost reaches saturation, is about three times as high as that in the unperturbed 
flow. Since the probe usually showed only a slight Te increase (by a factor of 1.9, the J, in- 
crease is evidence of an increase in density. The plasma density grows approximately by a 
factor of 3, within experimental accuracy, and corresponds to the Hugoniot adiabat for a 
Mach number of 3. Note that this Mach number is obtained from the J,,/J,-ratio. J, drops 
immediately at the surface of the obstacle, and that is obviously related to the weak ioniza- 
tion of vaporized material in a layer -5 mm thick. 

The existence of a shock wave is also confirmed by the spatial distribution of the magnetic 
field component perpendicular to the plasma flow (figure 2(c)). A second increase of the 
magnetic field is also observed near the glow boundary; it implies that the latter is also a 
boundary of the obstacle responsible for the shock-wave formation. Of interest is the 
change in the magnetic-field orientation near the plasma shell boundary. The curves of 
figure 2(c) and (d) show that the longitudinal and transverse components in the unperturbed 
plasma flow are almost equal, that is, the field orientation is -45". Near the boundary of the 
obstacle, the transverse component increases by about five times while the longitudinal 
component decreases by a factor of 3 to 4. Otherwise, the field line coincides with the 
plasma shell boundary, to an accuracy of 3' to 4". The error in the probe plane orientation 
is also approximately 3" to 4". 
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Figure 2. Dayside distribution of plasma parameters along the Z-axis, with 
the plasma flow around the wax sphere. (a) Plasma flux (nE) measured by 
the probe with the collecting surface facing the accelerator; (b) Recording 
made by the probe with the collecting surface facing the Z-axis (the probe 
current is proportional to n 6 (c) Distribution of t he  vertical magnetic 
component; (d) Distribution of the longitudinal magnetic component. 

The formations of an obstacle and a shock wave are also observed in figure 3. This illustrates 
the spatial saturation-current distribution of the probe with its surface opposite to the flow 
direction. The probe measures radornization of the flow. The solid line shows the visible 
boundary of the ionosphere. It should be emphasized that a flow pattern of this kind can be 
observed only with a magnetic field frozen-in the plasma flow. If it is not the case, no 
phenomena similar to a shock wave have been observed and the probe current gradually 
grows when it approaches the surface of the model (figure 4) thus demonstrating the glow 
distribution of figure 1 (b). 



Figure 3. Spatial probe current distribution with the probe looking in the direction opposite 
to the plasma flow. The first probe current increase is attributed to a shock wave. Beyond 
the plasma glow boundary (A, A' line), another increase of the probe saturation current is 
observed. 
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Figure 4. Distribution of plasma perturbations on the dayside of the wax sphere. 
They are recorded by the probe facing the model with (a) and without (b) magnetic 
field frozen-in the plasma flow. The dashed line shows the Mach number distribution. 
Transition from a supersonic to subsonic stream occurs between Zsps and ZSs points. 



DISCUSSION 

The results given above unambiguously show how essential the frozen-in magnetic field is in 
the process of momentum transfer from the plasma flow to the planet's ionosphere. This 
experimental fact in itself is not unexpected. The lines of the magnetic field frozen-in the 
plasma that flows around a conducting obstacle align along the boundary, and if another 
plasma acts as an obstacle, then ions from one plasma flow to another can penetrate them to 
a depth equal to their Larmor radius. However, the plasma shell is at least an order of mag- 
nitude thinner than pi, hence the presence of the frozen-in magnetic field results in a strong 
interaction of the plasma flow with the ionosphere and the momentum is transferred over a 
distance much less than pi. 

The sharp glow boundary observed can be treated as a cold plasma boundary, its width being 
equal to the Larmor radius of cold ions, and the plasma shell can be regarded as transparent 
for ions of the artificial solar wind. The Larmor radius of ions in the flow and their mean 
free path, before collisions with charged particles, are large as compared with the thickness 
of the shell, and the space charge should be compensated by electrons from the ionosphere. 
However, this does not explain the formation of a shock wave, and it is necessary to assume 
the presence of effective deceleration of the ion flow in the plasma with magnetized electrons. 
The instability of the flow with magnetized electrons was observed by the authors [4]. A 
rough estimate based on spectral data show that fast ion scattering on neutral atoms can be 
neglected. 

A similar effect was observed in laboratory experiments conducted in Sweden [ 161. There, 
flow deceleration in a plasma in the presence of a transverse field was studied by various ex- 
perimental methods and the effect of collision-free deceleration was ascertained. There is no 
theory of this phenomenon and explanations offered cannot be treated as unambiguous. 

The results of the studies of the spatial distribution of the density and magnetic field fit well 
with the concepts about the formation of a collisionless, stationary shock wave which, as is 
known, was detected near Venus. The width of the shock front determined from the meas- 
urements of the magnetic field and density amounts to tenths of the ion Larmor radius cal- 
culated from the thermal velocity. A more exact value of the bow shock width was obtained 
from the curve of Mach numbers when the plasma flow crossed the bow shock. Mach num- 
bers were determined from the probe measurements at different distances from the model. 
The plot in figure 4(a) yields the width of the shock front as equal to 0.2 to 0.3 pi. These 
data agree well with laboratory simulation of the solar-wind interaction with the Earth's 
magnetic field and do not contradict space measurements. 

The laboratory experiment on the supersonic interaction and super-AlfvGnic plasma flow 
with ionized products of wax vaporization can also be regarded as a model for comets. 
Similar processes occur not only on the boundary between the two plasmas but are a general 
character of the interaction, too, if the most common model of a comet with a vaporizing, 
hard nucleus is assumed. 



A strong interaction between plasma flow with a frozen-in magnetic field and the plasma 
shell was discovered in this work and allows an assumption to be made that a similar, though 
not so welldeveloped, effect can occur near the surface of the Moon. Plasma with a density 
of -1 O4 ~ m ' ~  and a scale height of -1 00 m was observed on the dayside of the Moon [17, 
181. The thickness of the Moon's plasma shell is less than the Larmor radii of ions and elec- 
trons, and an obstacle that can give rise to a shock wave similar to that near Venus cannot 
form. However, the possibility still exists of a semitransparent obstacle formation that pro- 
duces certain perturbations of the interplanetary medium. In particular, irregular increases 
of the magnetic field along the Mach cone on the nightside that have been observed [19] 
may be caused by this perturbation. 
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QUESTIONS 

Podgorny/Cloutier: What is the collisional mean free path for the gas in your experiment? 

Podgomy: In the plasma shell, the mean free path for the energetic directed ions is about 
200 cm and for the thermal electrons 10 cm. The neutral particle density in the shell is not 
larger than the charged particle density. 

Podgorny/Dessler: Because the ion cyclotron radius is so large (approximately 60 cm) com- 
pared with the scale of the phenomena being observed (approximately 1 cm), wouldn't it be 
best to present your observations as basic plasma physics that would be helpful in under- 
standing interplanetary phenomena? Treating your experiments as a direct analogy of the 
solar-wind interaction problem seems to me to be a difficult step. 

Podgorny: The ratio of the thermal cyclotron radius of the ions to the dimension of the 
body is about one, but in most cases a more representative value is the hybrid cyclotron 
radius, for which the ratio is much less than one. As for comparison of the shell thickness 
and the cyclotron radius for total ion energy, they greatly differ, thus confirming the exis- 
tence of a strong collisionless interaction. 
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INTRODUCTION 

Planetary encounters by numerous spacecraft launched by the USA and USSR have fur- 
nished information concerning the solar-wind interaction with the planets Mercury, Venus, 
Mars, and Jupiter. While direct measurements have indicated a wide range of atmospheric 
densities and intrinsic magnetic field strengths, the data seem to indicate that the flow pat- 
tern around nonmagnetized or weakly-magnetized planets with atmospheres optically thick 
at ionizing wavelengths (that is, with well-developed ionospheres above the planetary sur- 
face) is basically the same as that around a strongly-magnetized planet's magnetosphere, such 
as the Earth's. The planetary ionosphere apparently presents a hard obstacle to the flow, 
with bow-shock formation required in the supersonic, super-Alfvgnic flow to slow and direct 
most of the solar-wind plasma around the planetary ionosphere. In this paper, various as- 
pects of the interaction are examined in the context of theoretical models in an attempt to 
explain observed details of the interaction regions of Venus and Mars. 

NATURE OF THE OBSTACLE-MECHANICS AND ELECTRODYNAMICS 

In order to understand the nature of the obstacle presented to the flow by a planetary iono- 
sphere and to be able to predict the details in the flow field around the planet, two basic 
boundary conditions must be considered. The first condition specifies the behavior of the 
magnetic field at the lower boundary of the planetary ionosphere, and the second specifies 
the penetrating solar-plasma flux into a defined upper boundary (ionopause) of the planetary 
ionosphere. As will be shown, determination of these conditions allows estimation of the 
parameters of the flow around the planet and of the dynamic behavior of the planetary 
ionosphere. 

The first condition is that, in the absence of an intrinsic planetary magnetic field, the inter- 
planetary magnetic field must become vanishingly small in the lower atmosphere below the 
ionosphere. This may be simply understood in terms of magnetic diffusion through the 
highly-conducting dayside ionosphere. The solar-wind flow around the sides of the planet 
outside the atmosphere carries interplanetary field lines back at a higher rate than the flow 
through the ionosphere can carry these same field lines (Dessler, 1968). The result is retarda- 
tion of flux tubes in the ionosphere, with a given flux tube reaching the bottom of the iono- 
sphere behind the segments of the same flux tube carried by the flow around the ionosphere. 



The tension of the field lines will result in rapid straightening and high velocity of the field 
lines (v % c) through the neutral atmosphere and planetary body, with very low magnetic 
flux density there (B S 0). 

The second condition, predicted by theoretical calculations and supported by observational 
data, is that the planetary ionosphere is nearly impenetrable to the solar-wind plasma. 
Cloutier et al. (1969) have shown that simultaneous conservation of mass, momentum, and 
energy in a gas flowing through a region in which cold gas particles are being created (equiva- 
lent to planetary photoions being added to the solar wind) is only possible for gas addition 
rates below a certain critical value. Above this critical value, the flow can no longer accom- 
modate the added mass by adjustment of its velocity, pressure, and density, and a distur- 
bance must propagate upstream to alter the incident flow. Calculations in a one-dimen- 
sional model with realistic photoionization rates and solar-wind parameters have placed an 
upper limit of 1 km/s on the penetration velocity of the solar wind into the atmosphere. 
This in turn requires bow-shock formation in the solar wind, with less than one percent of the 
incident flow actually penetrating into the atmosphere, and most of the flow being directed 
around the planet in the post-shock region (Michel, 1971). The flow field around the planet 
may therefore be described to an excellent approximation by the aerodynamic models of 
Spreiter et al. (1966, 1968, 1970) with an impenetrable boundary surface between the solar 
wind and the ionosphere. A qualitative model of the flow region is shown in figure 1. 

The combination of the two boundary conditions described above also allows calculation of 
the flow field within the ionosphere and of the electric and magnetic field configuration 
there. From the first boundary condition, the total ionospheric current magnitude required 
to reduce the shock-compressed interplanetary field to zero at the base of the ionosphere 
can be estimated. For an interplanetary field of 5 y, the height-integrated current magnitude 
is roughly 3 X ampslm length along the equator (Cloutier and Daniell, 1973). Using 
model atmospheres for Venus and Mars to calculate the tensor conductivity profiles within 
the atmosphere, and using the dynamo _v X B electric field from Spreiter's models, it is pos- 
sible to estimate the subsolar height of the ionopause boundaries for these planets at which 
the cancellation currents are obtained. These height ranges are shown for Venus in figure 2 
and for Mars in figure 3. The effects of any intrinsic magnetic field on Mars are omitted to 
demonstrate the effects of the purely ionospheric obstacle. The higher apparent obstacle 
height reported by Gringauz et al. (1975) at Mars may be due to the effects of an intrinsic 
Martian dipole reported by Dolginov et al. (1973). The height of the obstacle and of the 
shock will be discussed in greater detail in a later section. 

The volume distribution of currents within the ionospheres may be determined by minimiza- 
tion of the volume integral of Joule heating by a variational technique. Recent calculations 
for Venus* have indicated a total potential difference between polar terminators at the 

*Daniell, R. E., Jr., private communication, 1975. 



Figure 1. Plasma flow geometry in the vicinity of a nonmagnetic planet. 

ionopause boundary of roughly 40 V. This corresponds to less than 0.1 percent of the solar- 
wind plasma incident on the planet penetrating the ionopause. The volume current distri- 
bution together with the conductivity allows determination of electric and magnetic fields 
everywhere within the ionosphere, and hence specifies the convection pattern of ionization 
within the ionosphere. A quantitative understanding of the distribution of ionization must 
clearly include these convective effects with diffusive and photochemical mechanisms. 



Integrated Current Density (amps/meter) 

Figure 2. Total ionospheric current magnitude induced in the Venusian ionosphere by the mlar wind. The 
vertical dashed line indicates the current magnitude required to cancel the shock-compressed interplanetary 
magnetic field. The various curves shown are labelled with ratio H/r, of scale height to planetary radius and 
the percentageof He upper limit corresponding to 10' cmJ at 200 km altitude. Above 300 km H/ro should 
be 0.06. Standoff altitudes are given a t  the subsolar point. 

Figure 3. Total ionospheric current magnitude induced in the Martian ionosphere by the solar wind. H/ro 
= 0.01 is appropriate for O*, which is expected to be the dominant topside ion. 



SHAPE OF THE OBSTACLE-SYMMETRIES AND ASYMMETRIES 

Although the flow patterns calculated by Spreiter et al. (1966, 1968, 1970) are axisymme- 
tric, there are clearly asymmetries between opposite (polar) hemispheres in the altitude dis- 
tribution of planetary ions added to the flow external to the ionopause owing to the oppo- 
sitely-directed electric fields as seen from the planetary atmosphere. Cloutier et al. (1 974) have 
considered this effect and concluded that characteristically-different ion densities and energy 
spectra would be detectable in the two hemispheres. In the hemisphere in which the induced 
electric field is outward, the ion distribution of a given species is nearly constant between the 
ionopause and a height of two gyroradii above the ionopause, and decreases exponentially 
above two gyroradii with roughly the species neutral scale height. In this hemisphere, all 
ions are accelerated to the average flow velocity. In the opposite hemisphere, in which the 
electric field is directed inward, the ion distributions are concentrated much closer to the 
ionopause surface and fall off rapidly with height above it. In this hemisphere, the average 
drift velocity of ions is less than the flow velocity within two gyroradii of the ionosphere, 
and varies from -0 at the boundary to the flow velocity at a height of two gyroradii. If the 
ionopause altitudes in both hemispheres were equal, resulting in equal total mass addition to 
the flow in the two hemispheres, then clearly the density and velocity differences will result 
in a difference in momentum transfer from the flow to  the photoions. The drag to  the flow 
will be less in the hemisphere in which the electric field is directed inward, and the flow pat- 
tern symmetry axis should shift toward this hemisphere. Calculations of the total drag for 
equal and symmetric ionopause altitudes in both hemispheres show that the altitude of equal 
drag differs by 300 km at the polar terminators of Venus and 1000 km at the polar termina- 
tors of Mars. However, the drag may be equalized by changing the ionopause altitudes 
slightly to increase the total mass added in one hemisphere and decrease it in the other.* 
The required height differences between hemispheres at the polar terminators are 140 km 
for Venus and 25 km for Mars, with comparable height differences expected in the shock 
altitudes. 

Another asymmetry may be produced by a combination of two effects. This asymmetry cor- 
responds to a larger effective obstacle polar diameter than equatorial diameter. One contri- 
buting effect is the loss in efficiency in the acceleration of planetary photoions by the flow 
at low (equatorial) latitudes due to decreasing angle between y and B. At the equator, the 
angle between y and B is very small, and the v_ X B electric field is much less than at the poles. 
If the shock-compressed interplanetary field is relatively free of significant fluctuations 
transverse to the average B, then at low latitudes the momentum transfer from the flow to 
the planetary photoions, and hence the drag on the flow, will be much less than at the poles. 
It may be argued, however, that the interplanetary field is not completely noise-free. Meas- 
urements in the Earth's magnetosheath indicate an average transverse noise component of 

*Wolf, R. A., private communication, 1975. 



order 10-I of the steady field. Acceleration of planetary photoions at low latitudes may 
occur in this case by a magnetic pumping mechanism (Alfv6n and Falthammar, 1973), with 
the average ion velocity approaching the flow velocity v, according to the relation: 

where t is the average time from creation of an ion in the flow, and T is the characteristic 
acceleration time given by: 

with AB the average transverse field noise component, B the average field magnitude, and 
Twc = 21rm/eB the cyclotron period of the ion species of mass, m. Calculation of the result- 
ing average ion velocities at the equatorial terminator for Hef on Venus and Of on Mars in- 
dicate that these ions have only been accelerated to a few percent of the flow velocity as 
they cross the terminator. Reduction of ionopause heights at the equator t o  achieve equal- 
ity in equatorial and polar drag factors requires a reduction in effective equatorial obstacle 
radius relative to polar obstacle radius of 650 krn for Venus and 250 km for Mars. 

In addition to this possible asymmetry in the ionopause height from pole to equator, there 
may be a difference in the height of the shock above the polar and equatorial ionopause 
boundaries caused by a difference in plasma compressibility. For flow around the ionopause 
in the equatorial plane, the steady field is nearly parallel to the flow velocity, and the com- 
pression and expansion of the plasma along the streamlines is not strongly affected by the 
magnetic field. Moreover, any transverse magnetic noise component will tend to isotropize 
the pressure, and instabilities in the flow with _v II B will enhance this effect. The gas in this 
case should act as an ideal gas with ratio of specific heats y = 513. However, for flow over 
the poles, the streamlines are nearly orthogonal to the magnetic field along the flow tube, 
and compression and expansion of the plasma involves the magnetic pressure directly. In 
this case, the ratio y may be closer to 2. This difference in compressibility will cause a sig- 
nificant asymmetry in the shock altitudes from pole to equator even for a completely sym- 
metry ionopause, and the ionopause height asymmetry described above will add to the total 
shock asymmetry. 

The shock positions corresponding to several different Mach numbers for y = 513 and 2 have 
been calculated by Spreiter et al. (1966) for the Earth's magnetosphere, and are shown in 
figure 4. Direct scaling of this figure to Mars and Venus without inclusion of the ionopause 
height asymmetries shows that the shock distances at the terminator could differ from pole 
to equatorial terminator by 1000 krn for Mars and 1500 krn for Venus due to  the compres- 
sibility effect alone. The subsolar shock distances extrapolated from the terminator shock 
distances could differ by 500 krn for Mars and 750 krn for Venus, leading to obstacle height 
estimates differing by 350 km for Mars and 500 km for Venus. 



Figure 4. Differences in bow-shock position for y = 513 and 7 = 2. The magnetospheric boundary 
should be scaled to the planetary ionopause surface (from Spreiter e t  al., 1966). 

DISCUSSION 

This paper has reviewed a theoretical model for the obstacle presented by a planetary iono- 
sphere to the solar wind. Basic features of this model include small flux penetration of the 
ionosphere by the solar wind and a weak magnetic field below the dayside ionosphere. The 
model also predicts that large asymmetries may be found in the ionopause height and shock 
height from pole to equatorial terminator. The variations in shock height due to these asym- 
metries are comparable to the variations reported by Gringauz et al. (1974) for Mars, although 
the variability could also be explained in terms of an asymmetric rotating planetary dipole* 

*Ness, N. F. and S. J. Bauer, 1974, "USSR Mas Observations; The Case for an Intrinsic Planetary Magnetic Field," GSFC 
X-690-74-69, Greenbelt, Maryland. 



such as that reported by Dolginov et al. (1973). However, for the dipole moment reported 
of 2.6 X loz2 G cm3, the atmospheric asymmetries may still dominate any effects due to 
the dipole rotation and control the dynamics of shock formation (Rassbach et al., 1974). 

The reported observation of constant magnetic field direction within the Martian nightside 
obstacle boundary offers a stronger argument in support of an intrinsic Martian field than 
the observations of shock variability. A further argument for at least a weak intrinsic field 
is the absence of evidence of downward ionospheric convection (scale height depression by 
solar-wind pressure) in the Martian dayside atmosphere such as that proposed by Bauer and 
Hartle (1974) to explain Mariner-10 observations of Venus. 
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Cloutier/Galeev: The asymmetry of the ionopause which results from the difference in the 
drift of photoions across the ionopause in the cases of inward and outward interplanetary 
electric fields will be diminished by two effects: 

1. The collective interaction of photoions and solar-wind ions could prevent the 
photoions' acceleration up to solar-wind velocity and they will not experience a 
complete cycloidal trajectory. 

2. If the ionopause is diffuse, then the difference between the inward and outward 
electric field cases wig be smaller. 

CloutierlNess: I point out that the last figure in your talk (see figure 2(a) in Rassbach et al., 
1974) is not a quantitative model but rather a schematic suggestion which does not bear a 
close relationship to the geometry of the observed conditions at Mars by the Mars-2, -3, and 
-5 spacecraft. That is, you indicate a very wide magnetosphere and tailward region which 
does not conform to the experimental observations of a much narrower tail region. 

Cloutierlvaisberg: Do you think azimuthal asymmetry of an obstacle necessarily leads to 
asymmetry of the bow shock, since an azimuthal component of the flow may develop due 
to the differences of an obstacle from a figure of rotation? 

Cloutier: Yes, I think shock asymmetry will result from obstacle asymmetry. 
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ABSTRACT 

Problems in space physics are discussed whose models, in simplified form, reduce t o  a super- 
sonic flow scheme with a detached shock wave, namely: 

Problem A. Solar-wind interaction with an intrinsic planetary magnetic field. 

Problem B. Solar-wind interaction with the ionized component of the atmosphere of a 
comet. 

Problem C. Solar-wind interaction with the ionosphere of a planet which does not pos- 
sess its own magnetic field. 

The numerical study of'the above problems is performed with the use of magnetogasdynamic 
equations for an ideal single-fluid model. From the physical viewpoint, the problems are 
solved in terms of as simple phenomena as possible; the principal objective is to make re- 
cently-developed methods of numerical analysis of mixed flows applicable to space physics 
problems. 

A common feature of all the problems in question is the assumption of the presence of a 
tangential discontinuity separating the solar plasma flow (the external flow) from some re- 
gion (the magnetosphere, the ionosphere) surrounding a planet (the internal region). A de- 
tached shock wave is assumed to be present in the external flow. 

PROBLEM A: SOLAR-WIND INTERACTION WlTH AN INTRINSIC PLANETARY 
MAGNETIC FIELD 

Supersonic and super-Alfvenic stationary flows around the magnetic cavity formed by a 
dipole oriented perpendicular to the oncoming flow velocity are investigated (figure I). 
The magnetic field frozen-in to the solar plasma is assumed to be parallel to the undisturbed 
flow velocity. Magnetostatic equations are assumed to hold for the internal region. 

A three-dimensional solution (r, 8 ,  cp) is calculated. With respect to the angle, 8 ,  a trigono- 
metric approximation of functions is used to represent its values along several planes, cpi. 
Then a boundary-value problem for two independent variables is numerically solved by 
means of the method of integral relations. The tangential discontinuity shape is found by 
minimizing the residual or differences in total pressure on both sides of the discontinuity 



Figure 1. Supersonic and super-Alfve'nic stationary flows around the magnetic cavity. 

The fact that the problem involves two mutually-perpendicular planes of symmetry permits 
a solution to be obtained in only one quadrant. 

A series of calculations is carried out achieving uniform accuracy at various stages and in 
various regions of the solution of the problem. In particular, we investigate the number of 
approximation planes, strips of the integral relations method, and the number of points re- 
quired for the construction of the tangential discontinuity while attaining the necessary cal- 
culation accuracy which is required throughout the problem. As a result, it is found that for 
space objects whose shape only slightly deviates from axial symmetry, five approximation 
planes with respect to g over a quadrant yield a calculation accuracy better than 1.5 percent. 
For achieving the same accuracy, it is sufficient to use the approximation of the integral re- 
lations method N = 2 (with 0 < 60') and N = 3 (with 0 < 120') and 10 X 5 pointswith 
respect to 0 and cp for minimizing I. 



Much attention is also attached to a technique of crossing singular points situated in the 
trans-sonic region of an external flow. This enables the calculations to be extended into a 
domain of hyperbolic equations (up to 0 = 120'). Calculations aimed at establishing the 
closure conditions of a boundary value problem in the magnetosphere tail are made as well. 
It appears that the closure of an internal elliptical problem takes place (within the accuracy 
of 1.5 percent in the forward part of the magnetosphere) when substituting the real tail part 
of the magnetopause by any ellipsoid whose semi-axes ratio is greater than 3. 

Having made an analysis of the approximation errors and determined the dependence of the 
solution accuracy obtained upon the number of points in the numerical mesh chosen for the 
more complicated problem A (from the viewpoint of flow geometry), one need not be con- 
cerned for the accuracy of the results obtained in the solution of the simpler problems B and 
C. 

The numerical solution is constructed in a dimensionless way depending upon the criteria of 
problem similarity: Mach number M, Alfv6n Mach number MA ,,adiabatic index y, and the 
quantity 

(Here, a = 8.1 X G cm3, and RE is the F.arth's radius.) F characterizes the relationship 
of dipole strength to pressure in the undisturbed flow. 

The calculations are made with the following parameters: M, MA = 6, 8, 10, 12; y = 1.2, 
1.4, 1.67,2. 

Figure 2 shows the relation of E ,  at the stagnation point to the values of Mm and y. The 
quantity y is seen to strongly influence E, and, therefore, the whole flow pattern. This sug- 
gests the significance of determining some effective adiabatic index, ya, for the solar plasma 
and, conversely, the probability of deriving ya from the results of satellite experiments. A 
comparison of the solution obtained with satellite experimental data gives ydf f, 2. 

Figure 3 gives the dependence of the tangential discontinuity distance at the stagnation 
point, relative to the Earth's radius, r, /RE, upon certain parameters of the similarity prob- 
lem. The relation r,/RE to Mach number, Mm , in the upstream flow is presented for various 
values of y and K = log (0.358 F). These curves indicate how the magnetopause location is 
connected to quasistationary changes in solar-wind conditions. 

In figure 4, the families of shock waves and tangential discontinuities are given for various 
parameter values; figure 5 shows a typical calculation result with flow streamlines, constant 
density lines and sonic lines. (Figures 4 and 5 present in the upper half-plane, the flow in the 
plane cp =n/2; in the lower half-plane, the flow in the plane cp = 0.) The disagreement between 
the solution obtained and similar calculations by Spreiter et al. [ I ,  21 is less than 10 to 
15 percent. 
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Figure 2. The relation of e,, at the stagnation point to  the values of Mm and y. 

Figure 3. The dependence of the tangential discontinuity dis- 
tance at the stagnation point. 



Figure 4. Families of shock waves and tangential discontinuities for 
various parameter values. 

Figure 5. A typical calculation result. 



In addition to the numerical investigations, an exact solution of a two-dimensional problem 
concerned with a captured plasma region in the vicinity of the magnetopause neutral point 
(a so-called cusp) was obtained. The problem is reduced to finding a conformal mapping 
z(() between the upper half-plane of the complex plane ( = A + iq with a magnetic dipole at 
the point i 6 a n d  an infinitely conducting boundary on the axis and the upper part of a 
plane z = x + iy contiguous to an infinitely conducting fluid and to a dipole on the imaginary 
axis. 

The conformal mapping obtained is 

where 

Md is dipole intensity, Po is pressure in a decelerated plasma. 

The magnetosphere boundary line in the neighborhood of the neutral point is 

cos (Im W) dt 
(t2 + 3)2 

Y. =Yo + ~ ~ t i ' ~ , , 2  sin (Im W) dt 

Figures 6 and 7 represent the function Im W([) = Arg (dz/dE) and boundary lines obtained 
with various p. 

An investigation has also been carried out in the vicinity of the Sun-Earth line with arbitrary 
orientation of velocity and field vectors in the undisturbed flow. For this purpose, the func- 
tions were derived in the form of their expansions in a series with respect to a small depar- 
ture from the axis. The results indicate that the presence of a field component perpen- 
dicular to the velocity in the undisturbed flow can give rise to a sharp drop in density in the 
vicinity of the stagnation point of the magnetosphere. 
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Figure 6. Representation of the function Irn W(E) = Arg (dzldg). 

Figure 7 .  Boundary lines obtained with various P. 



PROBLEM 9: SOLAR-WIND INTERACTION WITH THE IONIZED COMPONENT OF: 
THE ATMOSPHERE OF A COMET 

Biermann et al. [3]  suggested that the solar-wind interaction with the ionized component of 
a comet forms a shock wave. 

The simplest model of the solar-wind interaction with a comet is a subsonic source in a 
supersonic gas flow. The source gas and the solar plasma are separated by a tangential dis- 
continuity where the pressure balance is maintained. The discontinuity surface at infinity is 
shown to asymptotically tend to  become cylindrical. As compared to the previous problem, 
there is a substantial simplification, that is, the possibility of treating an axisymmetrical 
problem. Except for slight variations, the solution of the problem is similar to the above 
case. However, there are two modifications which arise in defining the tangential discontinui- 
ty line. The first modification (the same as in problem A) is the fitting of the external and 
the internal solutions in accordance with a minimum residual balance of total pressures. The 
second one consists in a simultaneous integration of the external and internal problems and 
in the construction of a shock wave and a tangential discontinuity during crossing from the 
stagnation point to the periphery. The accuracy of the results, in both modifications, is 
practically identical but with much less use of computer time in the second case. 

Figure 8 shows the distances of the shock wave and the tangential discontinuity at the stag- 
nation point as well as the radius of the cylindrical part of the tangential discontinuity R, 
depending upon oncoming flow parameters. Figure 9 represents a characteristic source flow 
pattern. 

PROBLEM C: SOLAR-WIND INTERACTION WITH THE IONOSPHERE OF A PLANET 
WHICH DOES NOT HAVE ITS OWN MAGNETIC FIELD 

At present, there is no universally-accepted point of view concerning the mechanism of solar- 
wind interaction with such planets although the existence of a bow shock is recognized by 
almost all investigators. The simplest model (due to Spreiter et al., 1967) is the direct 
contact of the solar plasma with the ionosphere of a planet and the maintenance of a pres- 
sure balance at a tangential discontinuity. On the other hand, there can occur a magnetic 
barrier due to currents produced either by solar-wind motions or by some dynamo in the 
planet's ionosphere. Finally, a barrier of this kind can have a substantially nonstationary 
character. 

The supersonic stationary flow has been calculated in an atmosphere bound by the gravita- 
tional force around a spherical object [4] . The technique for solving the problem is like those 
described above except for the fact that terms responsible for the gravity are added to an 
equation of motion. In this case the equation of motion, as compared to an ordinary mag- 
netohydrodynarnic equation, will have the form: 



Figure 8. The distances of the shock wave and the tangential discontinuity at the stagnation point. 
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Figure 9. A characteristic source flow pattern. 



Here G is the universal gravitational constant, Mp is the planet mass. Neglecting electromag- 
netic phenomena, the internal problem solution is given by a barometric height formula: 

where 

P, = the pressure at some altitude r, , 

p = the molecular weight of atmospheric gas, 

T = its temperature. 

In figure 1 0 is given the dependence of the dimensionless distance from the coordinate origin 
to the stagnation point of the tangential discontinuity, r, / re ,  upon M, in the oncoming 
flow for three values of K/r, and two values of Bn(P, /PI ). PI is the pressure immediately 
after the gas passes through the shock wave. The families of shock waves and tangential dis- 
continuities in figure 1 1 are presented as dependent upon the parameter K/r, , whose change 
has a more pronounced effect on the discontinuity line. 

An attempt is also made to estimate the influence on the interaction of magnetic fields 
generated by the solar wind itself (for a stationary case). For this purpose the following 
model has been considered. A spherical layer of finite conductivity, whose external radius is 
approximately equal to the distance from the planet center to the stagnation point of the 
tangential discontinuity, obtained from the previous solution, is placed in the flow of an 
infinitely-conducting plasma whose frozen-in magnetic field in the undisturbed flow is per- 
pendicular to the velocity at infinity. As the solution to the external problem, an electric 
field distribution is obtained 

along the spherical layer surface. Then the .internal problem is solved, that is, currents are 
found flowing in the spherical layer driven by this electric field and the magnetic field that 
results from them. The solution results in the analysis of the induced magnetic field contri- 
bution AK at the external boundary of the spherical layer, to the total pressure balance at 
this boundary. The calculations are done under the assumption that the spherical layer has a 
scalar conductivity. 

As a result, it is found that in a plane intersecting the planetary center and perpendicular to 
the magnetic field in the undisturbed flow, the induced magnetic field contribution is insig- 
nificant, that is, the ionopause shape in this plane does not vary in taking account of an elec- 
tromagnetic interaction. 



Figure 10. The dependence of the dimensionless distance from the coordinate 
origin to the stagnation point of the tangential discontinuity. 

Figure 11. Families of shock waves and tangential discontinuities 
dependent upon the parameter K/ro. 



In the plane containing the center of the planet and parallel to the magnetic field vector in 
the undisturbed flow, there is obtained a distribution AH2 /8n depending upon the parameter 
Hm V- u/c2 ro , where o is the spherical layer conductivity and ro is its thickness. The maxi- 
mum addition to the pressure balance at the boundary due to induction is at the stagnation 
point. The estimates show that for a substantial change in the ionopause shape, by means of 
the mechanism involved, rather large intensities of the magnetic field frozen-in to the solar 
plasma (Hm IV 100 y) and large values of ionospheric conductivities - 10-I mhoslm) 
are required. 

BRIEF CONCLUSIONS 

1. The complete three-dimensional solution of a stationary, self-consistent problem 
is obtained in the forward part of the interaction region for an infinitely-conduct- 
ing plasma flow around a magnetic dipole. 

2 .  It is shown that with a gasdynamic approach to an interaction of this kind, the 
choice of an effective index for the plasma adiabatic index is of crucial impor- 
tance for the flow pattern. 

3. The closure condition is obtained for an internal elliptic problem (in the search 
for a solution concerned with the forward region). 

4. An accurate solution is obtained for a two-dimensional problem at a neutral 
point. 

5 .  The flow in the vicinity of the Sun-Earth line is examined for the case of the field 
and the velocity being nonaligned in the undisturbed flow; it is found that the 
presence of a perpendicular field component causes a drop in the density at the 
magnetopause stagnation point. 

6.  The solution of a self-consistent problem is obtained for supersonic source flow, 
the simplest model of flow around a comet. 

7. The solution to the problem of a gasdynamic flow around a nonmagnetic planet, 
but possessing a gravitationally-bound atmosphere, is obtained; the induction ef- 
fect of the secondary field, produced by the solar wind for a stationary case, is 
evaluated and turns out to be insignificant with characteristic values of space 
plasma parameters. 
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QUESTIONS 

Belotserkovskii/Spreiter : I want to make a comment and not a question. First, I congratulate 
you and your young colleagues on the progress in these difficult problems. I believe we are 
now in a new era in which the magnetohydrodynamic model has a firmly established posi- 
tion in solar-wind planetary interactions and that further consequences of the theory should 
be explored more completely and in greater detail as part of the continuing investigations. 
Secondly, I wish to inject a note of caution regarding your statements on the extensions to 
include viscosity effects in the tail. Viscosity cannot be considered as a scalar quantity; it is 
a tensor quantity and extremely anisotropic as shown, for example, by the work of Bragin- 
skii. Proper attention must be given to this property if a realistic representation is to be 
obtained. 
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It is now established by numerous observations near Mercury, Venus, Earth, Mars, and also 
3upiter and the Moon that many aspects of solar-wind flow around planetary bodies can be 
understood in terms of continuum fluid models based on familiar equations of magnetohy- 
drodynamics and gasdynamics. That this should be so in spite of the enormous mean-free 
paths of solar-wind particles was one of the early surprises of the space era, but the conclu- 
sion has been confirmed repeatedly with the extension of direct measurements from the 
Earth to other planets. The considerable variety of atmospheric and magnetic field proper- 
ties possessed by the planets results, moreover, in a corresponding variety of flow details, 
and a remarkably rich field of comparative study of solar-wind flow around major objects 
in the solar system. It is the purpose of this paper to present a review of the fluid aspects of 
these flows and how they are approximated to obtain tractable mathematical problems, and 
a commentary on possibilities for further improvements and on some misconceptions that 
have appeared in applications of the results. 

PRINCIPAL FEATURES OF SOLAR-WIND FLOW AROUND TERRESTRIAL PLANETS 

Figure 1 provides an outline of the salient features of solar-wind flow around a terrestrial 
planet as it is presently perceived. The solar wind approaches the planet from approximately 
the direction of the Sun with supersonic and super-Alfv6nic velocity. Its properties vary with 
time and location in the solar system, but in a manner that is understandable in terms of fluid 
theories of the solar wind. 

Because the solar wind is an ionized medium, and these planets all possess a sufficiently 
strong magnetic field or a sufficiently dense ionosphere, the solar-wind plasma is unable to 
flow directly into the planetary surface or atmosphere to any significant degree. It is instead 
deflected around a surface enclosing the planet which we shall call, for convenience, the 
magnetoionopause. Its shape and size depend on local conditions in the solar wind and on 
the properties of the planetary magnetic field and ionosphere. These cannot be deduced 
from theory, but must be determined by observation. 
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Figure 1. Principal features of solar-wind flow past terrestrial planets. 

The magnetoionopause is a relatively thin region in which a variety of dissipative effects 
associated with viscosity, heat conduction, and electrical resistance occurs. If its presence is 
associated primarily with a magnetic field, as is the case for Earth, Mercury (Ness et al., 
1974b; 1975a, b; and Ogilvie et al., 1974), and probably Mars (Dolginov et al,, 1973; Grin- 
gauz et al., 1975), the generally impervious nature of the magnetopause is marred by two 
cusp-shaped regions through which plasma of solar origin can drain into the magnetosphere. 
If the boundary is associated more with the ionosphere than a planetary field, as for Venus 
(see, for example, Bridge et al., 1974 and Ness et al., 1974a), the ionopause separates two 
significant bodies of plasma, one flowing and the other comparatively stationary. Limited 
direct evidence combined with general knowledge of other shearing flows suggests that a 
viscous boundary layer develops along this surface, but its properties remain largely unknown 
and even controversial at present. 

The flow immediately beyond the magnetoionopause is not the undisturbed incident solar- 
wind plasma, as envisioned in the pioneering studies for the Earth carried out by Chapman 
and Ferraro (see Chapman (1963) for a review) decades before the first spacecraft, but a 
highly-perturbed flow that has passed through a detached bow-shock wave as in figure 1. 
Such a shock wave has now been identified by direct observations for Mercury, Venus, 



Earth, Mars, and Jupiter; but not for the Moon where the absence of any significant iono- 
sphere or magnetic field allows the solar wind to flow directly onto the lunar surface. 

The existence of the Earth's bow wave was first inferred from data from early spacecraft 
indicating the presence of a transitional region between the magnetopause and the incident 
solar wind. To account for the observations, a rather inconsistent model was put forward 
independently by Axford (1962), Kellogg (1962), and Spreiter and Jones (1963) in which 
the magnetopause shape is calculated using the collisionless theory of Chapman and Ferraro, 
and the location of the bow wave was calculated for that shape using gasdynamic theory. 
While the results were in acceptable agreement with the rudimentary data of the time, the 
logical foundations of the theory were unsatisfactory. 

To remedy the latter, and also to provide more details of the flow, the entire subject was 
approached anew by Spreiter, Summers, and Alksne (1966) using the equations of dissipa- 
tionless magnetohydrodynamics as a foundation. That approach removed the logical incon- 
sistencies, and provided a mechanism by which previous results, confirmed by comparison 
with direct observation, could be recovered by introduction of acceptable approximations. 
In addition, detailed distribution of flow quantities including the density, velocity, tempera- 
ture, and magnetic field were calculated for a variety of conditions in the solar wind. These, 
and similar calculations carried out by others, notably Dryer and his colleagues, have formed 
a theoretical base with which numerous observations have been compared, and from which 
further advances have been made. The latter have included extensions to a nonmagnetic 
planet, for which the studies of Spreiter, Summers, and Rizzi (1970) and Rizzi (1971) are 
the most quantitative; and to more elaborate descriptions of the plasma properties than 
provided by the equations of magnetohydrodynamics. The equations of dissipative magne- 
tohydrodynamics, and of anisotropic plasma theory, have been used for the analysis of cer- 
tain details of the flow, but are so complicated that analysis of the large-scale features of the 
flow comparable with that carried out with the dissipationless theory does not appear feasi- 
ble at the present time. 

BASIC ASSUMPTIONS, APPROXIMATIONS, AND CONSEQUENCES OF STEADY DIS- 
SIPATIONLESS MAGNETOHYDRODYNAMIC DESCRIPTION 

Fundamental to the entire application of magnetohydrodynamics to solar-wind flow past 
planets is a knowledge of the wave pattern associated with steady rectilinear flow with 
velocity, 1, past an infinitesimal point disturbance, as illustrated for a specific set of condi- 
tions in the left part of figure 2 from Spreiter, Summers, and Alksne (1966). The ovals 
represent the propagation speed as a function of angle with the magnetic field vector, B, as 
viewed in a coordinate system fixed in the undisturbed plasma; the straight lines through 
the tail of the vector represent the standing waves as viewed in a coordinate system fixed 
with respect to the point disturbance. Note that the latter are not tangent to the ovals, but 
intersect them at the same points as a circle drawn through the point disturbance with 
diameter equal to 1. When Ivl - is sufficiently large compared with the speed of sound, a, and 
the Alfven speed, A, there will form, in general, three distinct bow waves-fast, slow, and 
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Figure 2. Some basic properties of the steady dissipationless magnetohydrodynamic model. 

rotational-each at a different angle with respect t o l .  In addition, two types of discontinuity 
surfaces-contact and tangential-extend directly from the point disturbance along the direc- 
tion of The relative importance of the various surfaces depends on conditions that prevail 
in any specific application. For steady solar-wind flows with M, = v, /a, >> 1 and MA, 
= V, /Am >> 1, the planetary bow wave must be a fast magnetohydrodynamic shock wave, 
and the magnetopause must be a tangential discontinuity. There is no alternative within the 
framework of the steady dissipationless magnetohydrodynamic description. The original 
application was directed toward the Earth, but extension to other planets for which the sum 
of ionospheric pressure, p, andl planetary, magnetic pressure, B2 /8n, exceeds that of the solar 
wind at a stagnation point leads to the same conclusions, although other details of the flow 
field may be different quantitatively. 

The mathematical problem posed by the magnetohydrodynamic model of solar-wind flow 
past a planet is very difficult, and a number of approximations are customarily made to ob- 
tain a tractable problem. Some of these reflect the status of computational capabilities of a 
decade ago when many of the calculations still in widespread use were performed, and could 
be improved upon by introduction of modern techniques and computers. Others of these 
would probably still have to be employed, either in their present or modified form, to obtain 
solutions with reasonable effort. Four key approximations in virtually universal use in all 
present calculations are the following: 



1. Because MAm >> 1, the fluid-flow properties approach those of gasdynamics, and 
the magnetic field can be calculated as a subsequent step from knowledge of the 
flow. 

2. Because Mm >> 1, the magnetoionopause shape can be determined independently 
of the surrounding flow because pressure of the solar wind on the magnetoiono- 
pause can be approximated by p = KpDo v i  cos2 J/ where K = 0.881 [M;/(M; 
- 1 /5)] 3/2 for the ratio of specific heats y = 513, p is the density of the solar wind, 
I) is the angle between the normal to the magnetoionopause and,vm, and sub- 
script = refers to conditions in the incident solar wind upstream of the bow 
wave. 

3. A simplified representation is introduced to simplify calculation of the magneto- 
ionopause shape; specifically, a dipole planetary magnetic field, a rough approxi- 
mation for the magnetic contribution of the magnetopause currents, neglect of 
magnetospheric currents, and a constant scale height ionosphere. 

4. The magnetopause shape is approximated by a body of revolution to enable appli- 
cation of existing gasdynamic methods for calculation of flow properties. 

Although certain checks can be performed internally in the theory to determine the accuracy 
of these approximations, the principal evaluation has been through comparison of the final 
results with observations. Although the precision of such comparisons is usually not high, 
the generally good agreement has led to a feeling of confidence in the magnetohydrodyna- 
rnic model and widespread application of the results. 

POSSIBLE IMPROVEMENTS IN THE THEORY 

It is evident that improvements can be made in the theory in several places, but there has 
been no systematic attempt at an overall improvement. Some of these can be accomplished 
easily; others are very difficult or even beyond present capabilities. In certain instances, 
improvements have been made in a part of the model, but in a way that is not consistent 
with the general theory so that the results must be reinterpreted to realize full return for 
the effort. 

To be more specific, consider the determination of the shape and size of the magnetopause 
associated with steady solar-wind flow past a dipole field, as is appropriate for Earth, Mer- 
cury, and probably Mars. The fluid flow calculations of Spreiter, Summers, and Alksne 
(1966), developed specifically for the Earth, were performed for axisymmetric flow past the 
approximate coordinates for the equatorial trace of the magnetopause determined by 
Spreiter and Briggs (1962a). Here the collisionless model was used with Kpm equated to 
the product of the mass and number density of the protons in the solar wind (mpnp), and 
with the magnetic field at the magnetopause approximated by assuming it was twice the 
tangential component of the dipole field, as was done in many earlier analyses of related 
problems by Chapman and Ferraro. Although mpnp represents a good approximation for 



Kpm in the fluid representation, its use is actually erroneous for the collisionless case 
(Spreiter and Briggs, 1962b). With Kpm changed to 2mp np , as appropriate for the colli- 
sionless model and revived here to facilitate comparison with the exact solution of Choe et 
al. (1973), the coordinates of the magnetopause in the equatorial and the noon-midnight 
meridian planes are as illustrated in figure 3; and the geocentric distance, rn, of the magne- 
topause nose is given by D = (M: 14 n mp npvt  )'I6 where Md = BdO r i  is the magnetic 
moment, Bh is the intensity of the dipole field at the equator, and r, is the planetary radius. 
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Figure 3. Some improvements in magnetopause  coordinate calculation. 

With Kpm /mpnp equated to unity, all coordinates of the magnetopause including rn increase 
by a factor of 2'l6 = 1.122. Further improvement can be sought by noting that K is given 
more accurately in the fluid theory by 0.881 for large Mm and y = 513, in which case rn 
= 1.146 D. Moreover, the fluid density, pm , is enhanced above mpnp by the presence of 
minor constituents in the solar wind. If, for example, the number density of ionized helium 
is taken to be four percent of the protons, as is most often the case (Hirshberg, 1973), 
the density would be enhanced by 16 percent. Combination of these two effects leads to 
rn = 1.1 18 D, virtually the same as the value of 1.1 22 D used in the original calculations of 
Spreiter , Summers, and Alksne (1 966). 



Since those calculations were made, improvements have been achieved in the solution of the 
Chapman-Ferraro boundary problem so that the magnetic effects of the magnetopause cur- 
rents need no longer be approximated by a simple doubling of the dipole field. The most 
complete and accurate solution appears to be that of Choe et al. (1973), but they, like 
Olson (1969) and Beard and colleagues in a number of intervening studies, continued to 
equate Kp_ /mp np to 2. Independently of that point, however, their work established, as 
illustrated in figure 3, that the exact collisionless magnetopause coordinates differ only 
slightly, and principally in scale, from those of the earlier approximate calculations. Com- 
pared with the simple doubling of the dipole field at the magnetopause nose used in the 
approximate calculations, the exact solution indicates the magnetic field there is 2.443 times 
the dipole field when the dipole axis is normal to the flow direction; and only slightly dif- 
ferent for other orientations of geophysical interest. With this correction, rn = 1.069 D, an 
increase by a factor of 1.069 above that of the approximate determination with K = 2. 
Improved values would be 1 .I99 if Kp_ Imp np were equated to unity; or 1.1 95 if, for 
example, 0.881 were used for K together with 1.1 6 for p _  /mpnp to allow for a four-percent 
helium concentration. 

These differences may seem small, but they assume considerable significance in the deter- 
mination of the magnetic field of Mercury from the data of Mercury-I and -111 spacecraft. 
Ness (1974b; 1975a, b) has determined the magnetic dipole field of that planet in three 
ways; once by comparison of observed and calculated bow wave and magnetosphere cros- 
sings using the formula of Choe et al. (1 973) with rn /D = 1.07 to determine the scale, and 
twice by fitting the magnetospheric field by either the first few terms of a harmonic expan- 
sion or by an eccentric dipole. The resulting values from Mercury-I are 5.6 X 5.1 
X and 3.3 X G cm3, respectively. The first two values are considered to be in 
good agreement in view of both observational and theoretical uncertainties, and also with the 
value of 4.8 X G cm3 determined from the Mercury-I11 data using the second proce- 
dure. The third is a preliminary value superseded by the results of a more complete analysis 
of the later papers. A change in rn/D from 1.07 to 1.2 as described aboue, leads, however, to 
a dipole moment of 4.0 X G cm3 for the first method, although somewhat larger values 
could be deduced from other acceptable fits to the bow wave and magnetopause crossings. 
All of these values support the conclusion that the solar wind is held away from Mercury by 
the planetary magnetic field; but the revised expression for rn essentially doubles the value 
for the critical momentum flux described by Ness (1975b) at which the solar-wind particles 
could begin to impinge directly on the planet surface. 

A further area for improvement involves conditions near the neutral points or cusps at high 
latitudes near the noon meridian. The cos2 $ pressure law is grossly inadequate for regions 
of the magnetopause that are nearly parallel, or shielded, from the solar-wind flow. The 
effort of making more accurate calculations of the shape of the magnetopause in these 
regions using the cos2 $ relation is thus not rewarded by an increase in accuracy of the pre- 
diction. Details of the cusp regions have not been worked out quantitatively, but must be 
qualitatively as described by Spreiter and Summers (1967). In particular, the supersonic 



flow cannot negotiate the concave region indicated by the cos2 I) solutions, but must sepa- 
rate and subsequently reattach, leaving an enclosed cusp-shaped pocket of hot plasma between 
the magnetosphere and the flowing solar wind. Since such a configuration is known to  be 
leaky near the tip of the cusp, plasma of solar origin penetrates into the magnetosphere 
from these regions, a theoretical prediction well supported by numerous observations. 

Improvements have also been made in the flow calculations by seeking exact solutions of the 
magnetohydrodynamic equations instead of the approximating gasdynamic equations. To 
date, this has only been accomplished for the case in which the solar-wind magnetic field is 
aligned with the flow velocity. In that case, = Apv- where A is a universal constant, 
holds everywhere in the flow; and the equations and boundary conditions of magnetohydro- 
dynamics can be transformed without approximation to those of gasdynamics of a pseudo- 
gas having an unusual equation of state (Spreiter, Summers, and Alksne, 1 966; Rizzi, 1 97 1 ; 
and Spreiter and Rizzi, 1974). Figure 4 presents a summary of bow-wave locations for 
various Alfv6n Mach numbers MAW between 2.5 and 20 for a single magnetoionopause shape 
calculated using the cos2 I) approximation, and either a dipole magnetic field or a nonmagne- 
tized ionosphere having a scale height H = 0.2 r, as deduced from the data of Mariner-5 and 
Venera-4 and -6 to be appropriate for Venus. With Mars appearing to possess a significant 
magnetic field, only Venus appears to fit the latter category, but recent Mariner-10 meas- 
urements have been interpreted (Ness et al., 1974a and Bridge et al., 1974) as indicating a 
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Figure 4. Improved representation of bow-wave location indicated by magnetohydrodynamic 
solution for aligned field flow. 



substantially smaller value than 0.2 for Hlr,. To provide a scale, the relative size of each of 
the terrestrial planets is indicated. The principal point of this figure, however, is to show how 
the magnetohydrodynamic solutions differ from those of gasdynamics. It may be observed 
that the gasdynamic solution, which represents the limit of the magnetohydrodynamic solu- 
tions for infinite MA, , provides a good approximation for MA- greater than about 10, but 
differs notably for lower values. Moreover, the flanks of the bow wave move away from, and 
the nose moves toward, the planet with decreasing MAW. This shows immediately that the 
procedure of replacing Mw in the gasdynamic solution by Mm MAW /(Mz f Maw - 1)lI2, as 
is frequently done in an attempt to improve the accuracy, is actually of no avail, at least for 
aligned flow. Lowering the value for Mw in the gasdynamic solution moves the bow wave 
farther from the planet everywhere; it cannot move it away from the planet on the flanks 
and toward it at the nose. 

A further improvement can be sought by matching the magnetoionospheric p + B2 /87r with 
that actually calculated from the magnetohydrodynamic or gasdynamic solutions rather than 
with the approximate values obtained using the cos2 IC, relation along the equatorial plane. 
As noted previously, the need to cofisider a three-dimensional rather than axisymmetric flow 
would lead to significant complication for a magnetic planet. This difficulty does not occur, 
at least ideally, for a nonmagnetic planet with ionospheric-type interaction with the solar 
wind. Rizzi (1 97 1 ) has carried out a calculation along these lines for a nonmagnetic planet 
using solar wind and ionospheric properties suggested by observations of Mariner-5. A Sam- 
ple of his results is shown in figure 5. Qualitatively, the results are quite similar to those of 
the previous gasdynamic analysis (Spreiter, Summers, and Rizzi, 1970), but the ionosphere 
tail is indicated to taper inward rather than outward, and specific values for flow properties 
differ significantly because of the low value of 6.75 for MAW. Additional improvements 
could be made by introducing a better representation for the ionospheric pressure than pro- 
vided by the use of a constant scale height. 

A more fundamental difference is presently emerging between predictions of the magneto- 
hydrodynamic model and a growing consensus of space scientists studying, primarily, charged 
particles associated with the Earth. The dissipationless magnetohydrodynamic model clearly 
leads to an impervious or closed magnetosphere boundary, except at the cusps and in the dis- 
tant tail. Many experimenters are increasingly convinced that the Earth's magnetosphere is 
open, although there is no well-developed theory or precise definition of what that statement 
means (see, for example, McCormac and Evans (1975) for a recent review). It is often de- 
fined as meaning that the magnetic field lines from the planet connect with those of the 
solar wind, but where and in what manner is not specified. To what extent this difference is 
real is difficult to say. Advocates of an open magnetosphere point to a variety of observa- 
tions and correlations that can be explained on the basis of connecting field lines, but dis- 
regard a body of direct plasma and field measurements indicating the presence of a surface 
in approximately the location of the theoretical magnetopause possessing properties in good 
correspondence with those of a magnetohydrodynamic tangential discontinuity surface. On 
the other hand, it should be recognized that the statement that there is no connection in the 
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Figure 5. Improved representation of flow-field properties indicated by the magnetohydro- 
dynamic solution for aligned field flow with exact pressure balance at the ionopause, and with 
conditions selected in accordance with Mariner-5 observations near Venus. Mm = 6.47, 
MAW = 6.75, y = 513, Hlro = 0.2. 

theoretical model is an obvious idealization that results from the assumption of steady 
dissipationless flow. It is clear that inclusion of dissipation in the analysis will lead to field 
merging and connection, but how much occurs and what are the consequences are very diffi- 
cult questions to answer. 

As a further point of difference, Wallis (1 972, 1973) has asserted repeatedly that solar-wind 
interaction with Venus, considered to be a nonmagnetic planet, should be of extended atmo- 
spheric interaction type, similar to that of a comet, in which significant ionization processes 
occur. There does not appear to be widespread support for the idea, (see Cloutier and 
Daniel1 (1 973) for a commentary) although it is evident that at least some ionizing processes 
must occur near the ionopause. In any case, analysis of such phenomena is beyond the reach 
of a single-fluid theory, and must be approached through multi-component theories more 
typical of plasma studies in which the presence of ions, electrons, and neutrals is considered. 



Another point to consider is that observations do not, of course, indicate a zero thickness 
magnetoionopause or bow wave as indicated by the dissipationless fluid theory. The ob- 
served thicknesses are usually small relative to other significant lengths of the overall flow, 
and are qualitatively understandable in terms of a boundary layer or a viscous shock wave. 
Conditions associated with these surfaces are frequently fluctuating, however, and not steady 
as idealized in the usual calculations. Some of the larger-scale fluctuations may be under- 
stood in terms of simple extensions of the dissipationless model to include unsteady effects, 
but successful analysis of the small-scale fluctuations will probably have to await basic ad- 
vances in turbulence theory. Considering the slow rate of development of ordinary fluid 
turbulence theory, it will probably be a long time before a satisfactory theory is available 
for dealing with magnetohydrodynamic turbulence. 

Among the various possibilities, there appears to be a significant range of phenomena in- 
volving dissipative effects that invite closer examination than has yet been given, although it 
is also evident that their analysis raises substantial difficulties that must be overcome. In 
addition to the expected problems of solving the more complicated equations for dissipative 
magnetohydrodynamics, there exists a major question regarding what are to be used for the 
coefficients of viscosity, heat conduction, and electrical resistance. It is clear that the simple 
Coulomb scattering formulae for a nonmagnetized plasma cited by Parker (1963) in his re- 
view of solar-wind theory and used in some subsequent analyses of planetary flows are totally 
inadequate. The expression 

for the viscosity of fully-ionized hydrogen having a representative value of 22 for the Cou- 
lomb logarithm, can be used as an example. 

Here, 

T = the temperature in degrees Kelvin (K), 

V~ 
= the thermal velocity of the protons, 

p = the density, and 

2, = the effective mean-free path for cumulative deflection of 90' by Coulomb inter- 
actions. 

For typical solar-wind conditions of np = 10 cm", v = 5 X 10' cmls, T = 1 O5 K, and ref- 
erence length, D, taken as the radius of the Earth (6.37 X lo8 cm), this expression leads to 
a Reynolds number R = pvD/p = 0.002. Such a value is not at all typical of aerodynamic- 
like solar-wind flow past a planet; but is more representative of a small ball sinking through 
tar! Use of such a value would lead to  the prediction of enormously thick boundary layers 
and shock waves, completely different from those observed. There is no dilemma, however, 
since the particles were assumed in the derivation to travel in straight lines between collisions 
which, even in the more conservative sense of cumulative small Coulomb deflections, turn 



out to be separated by mean distances of the order of half an astronomical unit when the 
above-stated conditions are applied to the formula. This is obviously inappropriate for 
planetary applications which involve phenomena of much smaller scale. 

Part of the answer to this apparent deficiency is provided by the obvious fact that the 
presence of a magnetic field in the solar wind prevents the particles from traveling in straight 
lines between collisions, and causes them to spiral along the moving magnetic field lines. 
This reduces the transport transverse to the field lines approximately as the square of the 
ratio of the gyroradius of the protons to the distance Qd. If a representative value of 
1.4 X is used for this ratio, corresponding to a magnetic field of 5 X lo-= G, the 
Reynolds number in the example cited above would increase to 9 X lo8.  Such a value is 
typical of that encountered in ordinary aerodynamics, and is consistent with the generally 
good agreement between observations and the results of dissipationless fluid theories, in- 
cluding the concept of relatively thin shock waves and magnetoionopause surfaces. 

However, all is not that simple. The magnetic field does not reduce the transport coeffi- 
cients equally in all directions; in fact, it does not reduce the values for transport parallel 
to the field lines at all. The dissipative part of the proposed fluid model is thus highly 
anisotropic. The direction of anisotropy, moreover, depends on the properties of the flow 
and cannot be specified in advance. Since there is at present virtually no theoretical dev- 
elopment of the behavior of such a fluid for any application, the space scientist desiring to 
explain these features of the flow in terms of an anisotropic dissipative fluid is faced with 
the task of achieving major theoretical advances or, as is more often the case, being satisfied 
with hopefully describing what he thinks will happen in qualitative terms based on analogy 
with the known behavior of isotropic fluids. In view of the extreme anisotropy of the solar- 
wind plasma and the fact that the Coulomb deflection times upon which the analysis is 
based are much longer than the times required for solar-wind particles to traverse the signifi- 
cant part of a planetary flow field, it is evident that considerable caution should be exer- 
cised in relying on such descriptions. When one goes further into questions of fluctuations 
and turbulence, either in the main body of the flow or associated with the bow shock or 
magnetoionopause boundary layer, the difficulties compound, and there seems little hope 
for definitive analysis in the near future. 

CLOSING REMARKS 

In summary, a review has been presented of the fluid aspects of solar-wind flow past terres- 
trial planets, how they are approximated to obtain tractable mathematical problems, and 
how improvements can be made in the theoretical models currently in use. Some of the lat- 
ter can be achieved relatively easily, others appear virtually impossible at the present time. 
It is important that the more promising avenues be explored vigorously, since proper under- 
standing of planetary properties through space exploration can best be achieved by a com- 
bined observational-theoretical approach, of which the effort and cost of the theoretical 
studies is very small compared to that of the experimental program. 
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Spreiterlvaisberg: I should like to add one complication to your comprehensive list. Meas- 
urements of the spectra of a particles on the Prognoz satellites showed that the a component 
of the solar wind behaved differently from the proton component. In the magnetosheath, 
the velocity of the a component is higher than that of the proton component and their 
directions may differ. That is probably due to their different decelerations on the electric 
potential barrier of the bow shock due to the different masses and charges of the compo- 
nents. Thus, the ram pressure on the magnetopause may differ more than by simple addi- 
tion of a second ion component. 

Spreiter: Yes, that would certainly seem to be the case. 
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ABSTRACT 

The interaction of a nonstationary plasma flow with a model ionosphere is studied. On the 
basis of a numerical simulation, the calculation yields results of the distribution of the 
plasma concentration and magnetic field in the transition region. 

INTRODUCTION 

Three models of the solar-wind interaction with the upper atmosphere of planets not having 
their own magnetic field sufficient for deceleration of the solar wind are known: 

1. Solar plasma deceleration in the atmosphere, 

2. The boundary between the solar wind and atmosphere is considered as a tangen- 
tial discontinuity, and 

3. The induced magnetosphere excitation [ I ,  21. 

The first and the second models were studied in detail [3,4,5], but there are only qualita- 
tive estimates of the model with magnetic field induction [ 6 , 7  I .  

This paper is an attempt to study the structure of the magnetic field excited by currents in 
the solar wind and the ionosphere. 

FORMULATION OF THE PROBLEM 

The Solar-Wind Model 

The solar-wind parameters are such that we >> D/Dt Rn H, vi << W << ve, pe <<pi G Rv 
where pi+ is Larmor radius of ions and electrons, Rv is the radius of the ionosphere, w e  is 
the gyrofrequency of electrons, via and W are the thermal and directed velocity of ions and 
electrons, and H is the modulus of the magnetic field. To describe the electrons, the drift 
approximation is applied, and the electron distribution is thus approximated by a Maxwell- 
Boltzmann function: 



m(v,,-w11)~ MeH e 
---- 

2KT KT KT d i ( Y t A ) ]  (I)  

In the approximation considered, the ions are assumed to be cold and their motion, in 
dimensionless form, is defined by the equation: 

where 

Vi" =- , r = t e - ,  E* = H* =- 
W .=.3 R~ H, x W: Ha 

where Wm and Hm are the plasma velocity and the magnetic field in the incoming flow. 

Maxwell's equations, in dimensionless form, are as follows [8] : 

where 

nm = the plasma concentration in the incoming flow (n* = n/nm ), 

Be = 87rPLem /HZ , the ratio of thermal pressure to magnetic pressure, 

x = Pl,e/P,e, the anisotropy of the pressure, 

Ma = Wm d m ,  Alfven Mach number, 
-.) 

K = the curvature of the magnetic field. 

To calculate the electric field, the condition of quasineutrality of plasma ne = ni is used. 



The Bonospheae Model 

Two models of a planetary ionosphere are considered. In the first model, the ionosphere is 
simulated by a motionless spherical ring Rv \< r d ro with an effective homogeneous iso- 
tropic conductivity o. (See figures 1 and 2.) In this case, the equations of the field are as 
follows: 

477 Wm Rv 8 

Re = = the magnetic Reynolds number. 
c2 

The boundary conditions on the outer and inner surface of the ionosphere are 

[H,] = [E7] = 0, Hn = ET = 0. 

In the second model, the ionosphere is simulated by a motionless, magnetized, ideally-con- 
ducting, plasma-like, hemispherical cap with a right circular cylinder on the nightside 
(figures 3 and 4). In this model, the characteristics of the ionosphere are defined by the 
parameters 

For simplification, the index * of the dimensionless values will be omitted. 

lnitial and Boundary Conditions 

Initially, the solar-wind plasma density and the electromagnetic field in the calculation 
region are absent (in the first model, it is a sphere; in the second model, it is a cylinder). 
Then, the plasma with a frozen-in magnetic field is ejected against the ionosphere. 

On the outer boundary of the calculation region, the parazeters of the field and plasma are 
assumed to be undisturbed. In the case where @a 1 H-, mirror symmetry relative to 
equatorial and meridional planes takes place. Let us expand the parameters in Fourier 
series of @, relative to the Z-axis, and consider the homogeneous solution described by the 
first harmonic. 

The solution of equations 1 through 6 was determined by the "guiding center in the cell" 
method, a description of which can be found in Lipatov [ 8 ] .  

The solution of Maxwell's equations was determined by the alternating-direction method 
[9] on the spherical (first model) and cylindrical (second model) grid. 



Figure 1. The distribution of the normalized plasma concentration n/n_ 
in the case of a spherical model of the ionosphere (first model). 

Figure 2. The distribution of the magnetic field HIH,  in the case of a 
spherical model of the ionosphere (first model). 



Figure 3. The distribution of the normalized plasma concentration n/n_ 
in the case of the existence of the ionospheric tail (second model). 

Figure 4. The distribution of the magnetie field H/H, in the case of the 
existence of the ionospheric tail (second model). 



The calculations were made for the following values of the solar-wind parameters: 

Figures 1 and 2 show the distribution of the normalized plasma concentration n/nm and 
magnetic field H/H, near the ionosphere in the meridional and equatorial planes in the case 
of a spherical model of the ionosphere (first model). The directed velocity of the solar-wind 
flow near the nose of the ionosphere reaches -W,/lO, evidence of the plasma flow 
deceleration. The conductivity of the ionosphere is considered to be rather high (Re - 1 O3 ) 
so that the time of penetration of the interplanetary field into the ionosphere is high com- 
pared with the time of the particles' transit past the planet. 

Figures 3 and 4 give the distribution of the normalized plasma concentration n/nm and mag- 
netic field H/Hm near the ionosphere in the meridional and equatorial planes in the case of 
the existence of the ionospheric tail (second model). The parameters of the ionosphere 
model have the values Pi = 10, Mai = 1 03. Drift currents in this model create an intense mag- 
netic field between the solar wind and the ionosphere and screen the ionosphere from pene- 
tration by the interplanetary field. 

In the models of flow considered, the amplification of the magnetic field at the nose of the 
ionosphere is defined, in general, by compression of the lines of force of the field on the 
equator by analogy with plasma flow around the M ~ o n  [8]. 

The induced magnetosphere size is defined by the balance of the total pressure of the solar 
wind Hm /8a + 2 p W, and of the pressure of the induced field Hi2 /8n. However, the 
calculated model of the induced magnetosphere does not take into account all the processes 
of the real deviated flow (see [10]), that is, the situation when the solar-wind ions can 
penetrate the ionosphere. In this case, an additibnal current system is set up coupling the 
solar wind into the ionosphere. These currents, according to estimates [7],  may be impor- 
tant for determination of the magnetic field. 

Filling up the induced magnetosphere by plasma will have an influence on the characteristics 
of the magnetosphere (duration of change of sign of the magnetic field and so on). 

CONCLUSION 

Preliminary calculations of decelerating plasma flow on the model ionosphere show that the 
induced magnetic field, in general, is determined by the conductivity of the ionosphere and 
can reach high values. 



However, the model of an induced magnetosphere considered does not take into account the 
effect of the closing of currents from the solar wind into the ionosphere and the motion of 
ions of the ionosphere, both of which may influence the interaction of the solar wind with 
the ionosphere. 
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LipatovlNess: Your diagram shows an increased field near the equatorial plane and a de- 
creased field near the polar region assuming that the equator is defined by the plane con- 
taining the field lines and the solar wind velocity. Can you indicate the geometry of the field 
lines around the obstacle to the plasma flow? Do you expect the increased field to persist as 
the Mach number increases from subsonic to supersonic? 

Lipatov: In the calculated model, we give the configuration of the magnetic lines of force, 
which is similar to the configuration of the lines of force near the Moon. As the Mach num- 
ber increases to a supersonic value, the increased magnetic field remains near the nose of 
the ionosphere. But in the polar regions we can see an increase of the tangential component 
of the magnetic field. 
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INTRODUCTION 

There are eight large bodies in the solar system about which definite statements regarding 
the existence or nonexistence of a magnetic field of internal origin can now be made. Of 
these bodies (Sun, Mercury, Venus, Earth, Mars, Jupiter, Saturn, and the Earth's Moon), 
only Venus and the Moon have negligible surface magnetic fields. By negligible is meant that 
the magnetic fields are so weak that they do not sensibly perturb the local solar wind. The 
other bodies provide an interesting zoo of magnetic field configurations and attendant 
charged-particle behavior. Six of these bodies have magnetic fields, and two do not. Fur- 
thermore, of those which have magnetic fields, it appears that only that of Mars is ineffec- 
tive in accelerating charged particles. At this point, general principles need to be formulated 
and theories should be proposed to explain: 

* Why some of these bodies do, and some do not, have magnetic fields, 

Why there is such a specialized variety of particle acceleration phenomena, and 

Why the magnetosphere of Mars does not accelerate particles. 

A MAGNETIC "BODE'S LAW" 

It is known, both from observations of the secular variations of the Earth's magnetic field 
and from paleomagnetic records, that the Earth's magnetic field changes rapidly on a geo- 
logical time scale. The general magnetic-field pattern of the Sun also changes rapidly. It is 
accepted that these two magnetic fields are continuously regenerated and modified by inter- 
nal dynamo action. Not enough is known about the other magnetic-field configurations to 
state whether or not they originate by some similar active mechanism. However, one would 
presume that, if an internal conducting-fluid system is required, then Jupiter would have a 
magnetic field that would display similar secular variations. 

Rotation rate, too, is regarded as important in dynamo theory. Dynamo theories generally 
require that, in addition to a fluid core, the body be spinning at some modest rate. Thus, 
while it is loosely understood why Venus does not have a magnetic field, the presence of a 
significant magnetosphere around Mercury is a genuine surprise. A list of what might have 
been expected on the basis of dynamo theory is given in table 1. Dynamo theory is 



Table 1 
Presatellite Expectations of Planetary Magnetic 

Field versus Experirnen tal Findings 

apparently wrong in the case of Mercury and probably wrong in the case of Mars. One 
might say that being right six out of eight times is not bad. However, the classic test of a 
theory is its ability to  predict. The fact that it is wrong two times out of eight means that 
either some new theory must be brought forth to explain these as special cases or else the 
basic theory is inadequate and needs to be either repaired or abandoned. 

Sun 
Mercury 
Venus 
Earth 
Mars 
Jupiter 
Saturn 
Moon 

A hypothesis was put forth some time ago by Blackett (1947, 1949) to the effect that the 
magnetic moment of a rotating body was directly proportional to its angular momentum. 
In fact, he gave a quantitative relationship in which the magnetic moment was roughly equal 
to the square root of the gravitational constant times the angular momentum of the rotating 
body divided by the velocity of light. This is a sort of Bode's Law for magnetic moments in 
which an attempt is made to establish an empirical relationship without understanding the 
physical principles that govern it. While one might scoff at such doings, the results shown in 
figure 1 (from Hill and Michel, 1975) are impressive. For the bodies that have magnetic 
fields, Blackett's hypothesis seems to have a fair degree of validity. (The arrows for the four 
outermost planets in figure 1 indicate predictions. However, a recent data point for Saturn 
inferred from radio observations by Brown (1 975) and Kaiser and Stone (1 975) fits the pre- 
dicted value.) 

Brown (1967) was the first to point out that Blackett's hypothesis might hold for the 
planets although it fails in the case of the Sun. Since the Sun obviously has a different in- 

Significant 
Spin 

Yes 
No 
No 
Yes 
Yes 
Yes 
Yes 
No 

terior constitution from that of any of the planets, it is not surprising that the Sun should 
be treated as a special case. However, a proper theory of the magnetism of rotating bodies 
should carry within it a quantitative explanation of the discrepancies in the case of the 
Sun and those bodies that do not have magnetic fields. In this regard, see Dolginov* who 
proposes just this sort of general relationship. 

*See Sh. Sh. Dolginov's paper, "On Magnetic Dynamo Mechanism of the Planets," in this document. 

Expected to  have 
Fluid Conducting 

Core (Before Flyby) 

Yes 
No 
Yes 
Yes 
No (?) 
Yes 
Yes (?) 
No 

Predicted to  
Have Magnetic 

Field 

Yes 
No 
No 

No (?) 
Yes 
Yes (?) 
No 

Observed to 
Have Magnetic 

Field 

Yes 
Yes 
No 
Yes 
Yes 
Yes 
Yes 
No 
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Figure 1. Log-log plot of planetary magnetic dipole 
moment versus planetary-spin angular momentum. 

Mercury and Mars may be considered to have weak magnetospheres. The standoff distance 
of the solar wind is expected to be less than one planetary radius above the surface at the 
subsolar point. Scaling from the case of the Earth leads to estimates of subsolar magneto- 
pause distances of only about 0.3 to 0.7 planetary radii above the planetary surface. The 
relatively small size of these magnetospheres, compared to their parent planet, suggests 
some interesting differences in magnetospheric dynamics as compared to the Earth. 

When magnetic merging between the interplanetary field and a planetary magnetic field is a 
factor,, the size of the front portion of the magnetosphere can be significantly affected. Hill 
and Rassbach (1975) have shown that, for an extreme case in which there is no solar-wind 
induced distortion, the distance from the planetary center to the subsolar magnetopause can 
be closer to the Earth for a southward interplanetary field than for a northward inter- 
planetary field by as much as 26 percent. This effect has been verified for the case of the 
Earth by Maezawa (1974), although the solar-wind flow reduces the above effect by more 
than a factor of two. 

The reason for such a variation is clear if, as shown in figure 2, a dipole field embedded in a 
uniform interplanetary field, that is, (A) antiparallel to the dipole moment, or (B) parallel to 
the dipole moment is considered. The solution for case (A) may be obtained by inspection 



NORTHWARD FIELD SOUTHWARD FIELD 

Figure 2. Magnetospheres that would result from the superposition of a planetary dipole and 
a northward (A) and southward (E) interplanetary magnetic field in the absence of  a flowing 
plasma (Hill and Rassbach, 19753. 

of the solution for the field produced by a perfectly-diamagnetic sphere inserted into a uni- 
form magnetic field, which is a field-free cavity internal to the sphere and a superposed di- 
pole plus uniform field outside. The strength of the dipole that is induced in the diamag- 
netic sphere is exactly that necessary to produce a polar field that will just cancel the ex- 
ternal applied field at the North and South Poles. The equatorial field of such a dipole is 
one-half the polar field and is parallel to the external applied field. If this external-dipole 
field actually originates from a smaller dipole inside the larger sphere, then 

where 

Bo = the magnetic field strength at the surface of the small dipole, 

r,, = the distance to the large spherical surface for the case of the northward field as 
shown in figure 2, and 

Bi = the strength of the unperturbed applied (or interplanetary) magnetic field. 



Solving for rn. results in 

For case (B), it is necessary to find the equatorial distance at which the magnetic field 
from the dipole exactly cancels the interplanetary field. Thus, 

where rs is the distance to this cancellation point for a southward-directed field. 

Solving for rs and taking the ratio rn /rs, 

Because this pedagogical model does not allow for the distorting effect of solar-wind flow, 
it overestimates the influence of the orientation of the interplanetary field on the distance 
to the subsolar magnetopause. Fairfield (1971) has shown, and Maezawa (1974) has con- 
firmed, that the Earth's magnetopause position does indeed show a variation that is con- 
sistent with the expectation of the above theory, but not as large. The magnetopause was 
observed to be approximately 10 percent closer to the Earth when the interplanetary field 
was southward as compared to the magnetopause distance for a northward-directed inter- 
planetary field. 

To the extent that magnetic merging is important, as much as a 26percent variation in the 
magnetopause distance for Mars or Mercury, with changes in the interplanetary magnetic- 
field orientation, could be expected. As shown below, there are reasons to expect such a 
variation in the case of Mercury, but not for Mars. This difference probably explains why 
particles are accelerated within the magnetosphere of Mercury but not within the magneto- 
sphere of Mars. 

The solar-wind energy available to drive magnetospheric dynamical phenomena for Mer- 
cury 'and Mars is dramatically smaller than available for the Earth. The solar-wind energy 
flux striking the total cross section of the Earth's magnetosphere is approximately 5 TW 
(1 TW = 1 012 W). In comparison, the magnetosphere of Mercury intercepts only 1 0-3 TW, 
and that of Mars slightly more than 1 O4 TW. The Earth's magnetosphere absorbs approx- 
imately one percent of the solar-wind energy striking it, that is, the transfer of energy be- 
tween the solar wind and the terrestrial magnetosphere has an efficiency of one percent. 
Thus, for a start, even if the coupling of solar-wind energy with the magnetospheres of 
Mercury and Mars were 100 percent efficient, their available energy would be less than that 
available to drive the terrestrial magnetosphere by factors of lo2 or more. If some reason- 
able coupling efficiency is assumed, the available energy will be reduced by one or two or- 
ders of magnitude. 



Satellite data have been interpreted by Dolginov et al. (1973) and Gringauz (1975) indicat- 
ing that Mars has a magnetosphere. This paper will provisionally accept this claim and ad- 
dress the attendant problem as to why there are no energetic pxticles in the vicinity of 
Mars. Rassbach et al. (1974) have presented compelling arguments to the effect that the 
available energy from the solar wind to the Martian magnetosphere is not adequate to 
move the relatively-heavy Martian ionosphere so as t o  allow magnetospheric convection to 
occur. In essence, the Martiantionosphere shorts out both the interplanetary and con- 
vection V X B electric fields so that little magnetic merging occurs between the Martian 
magnetic field and the interplanetary magnetic field. It is not the magnetosheath plasma 
that inhibits the magnetic merging since, as shown by Zwan and Wolf (1975), the magneto- 
sheath plasma is depleted in a thin layer adjacent to the magnetopause. Rather, the elec- 
tric field is shorted out by the ionosphere. 

Except for inner-belt protons that arise from the decay of cosmic-ray neutrons (Chaflin 
and White, 1973), nearly all of the energetic particle radiation in the Earth's magneto- 
sphere is attributed to magnetic merging and magnetospheric convection. Since neither 
merging nor convection are apt to be important processes within the Martian magneto- 
sphere, it is understood why energetic particles are not detected there as is the case for the 
Mercurian magnetosphere. It is interesting to recall that the absence of energetic particles 
in the vicinity of Mars had been earlier used as an argument against the existence of a Mar- 
tian magnetosphere (for example, Van Allen et al., 1965). 

Turning to  Mercury, note that it is not surrounded by an ionosphere of any significance as 
far as inhibiting magnetospheric convection. In other words, magnetospheric convection 
can occur on Mercury without encountering any appreciable ionospheric drag. Therefore, 
magnetic merging at the nose of the Mercurian magnetosphere could take place at some- 
thing near the local AlfvBn speed, and the full solar-wind electric field could be impressed 
across the Mercurian magnetosphere. This potential can amount to more than 40 kV, and 
the magnetospheric convection speed can be significant-probably much faster than in the 
Earth's magnetosphere. This combination should lead to a very effective acceleration of 
particles, to perhaps relativistic energies within the magnetosphere of Mercury. Also, for 
Mercury, the magnetopause standoff distance varies with the orientation of the interplane- 
tary magnetic field, becoming smaller with a southward-directed interplanetary field. 

The above explanation, involving a conducting ionosphere combined with a relatively small 
area for collecting solar-wind energy, yields an acceptable solution to  the problem of why 
the magnetosphere of Mars cannot accelerate particles and why the magnetosphere of Mer- 
cury, which lacks a sensible conducting ionosphere, accelerates particles with ease. 

CONCLUSION 

This interesting set of magnetospheres poses at least two broad sets of problems. One set 
of problems concerns the mechanism(s) by which the magnetospheric magnetic fields are 
generated. Hopefully, there will be one general theory that can explain them all, and at 
the same time, explain why Venus and the Moon do not have magnetospheres. 



The other set of problems concerns the interesting range of magnetospheric phenomena 
that have been observed within the various planetary magnetospheres. These contain 
examples such as Mercury, which has a magnetosphere without a significant ionosphere; 
Mars, with a weak magnetosphere and dominant ionosphere; Jupiter, which apparently de- 
rives nearly all of the energy for magnetospheric phenomena from the planetary energy of 
rotation; and finally the Earth, which (supposedly) is understood so well. In addition, the 
Sun can exhibit magnetosphere-like behavior in the acceleration of particles in solar flares. 
The magnetosphere of Saturn is yet to be visited, although, according to Brown (1975) 
and Kaiser and Stone (1975), it is there and it accelerates particles. The presence of the 
rings of Saturn should have an interesting effect on any energetic particles in their vicinity. 
Finally, speculation about possible magnetospheres on Uranus, Neptune, and Pluto can be 
made. 
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POSTSCRIPT 

'Re latest issue of J. Geophys. Res. carries an interesting argument on the interpretation of 
the energetic particle data from the Mercury flyby. There is no doubt that energetic parti- 
cles are accelerated in the vicinity of Mercury, but their spectra are in doubt. (Armstrong, 
T. P., S. M. Krimigis, and L. J. Lanzerotti, 1975, "A Reinterpretation of the Reported 
Energetic Particle Fluxes in the Vicinity of Mercury," J. Geophys. Res., 80, pp. 4015-4017, 
and Simpson, J. A., "Reply," J. Geophys. Res., 80, p. 4018.) 
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QUESTIONS 

Dessler/Bogdanov: There is one effect that is connected with the high conductivity of a 
Martian ionosphere. If the electric field (E = V/C X B) of convection decreases, the velo- 
city of the plasma also decreases. The magnetic field observed in the near-Martian space is 
approximately 20 y and the potential drop across the Martian ionosphere is supposedly 
less than 100 V. The result is that the bulk velocity of the plasma drops to values less than 
10 km per second and this may be one of the reasons for the observed plasma deceleration 
in the dayside plasma boundary layer. 

Dessler : I agree. This must be the explanation. 

Dessler/Vaisberg: Two features of the Mars-5 data may give some insight on the nature of 
the Martian tail region. First, the magnetometer revealed that the ZsE component of the 
tail magnetic field is as large as the X, component of this magnetic field. Secondly, the 
shape of the retardation curves of the electron trap suggests that an alternative interpreta- 
tion of the electron spectra is possible. That is, the flat part of the retardation curve may 
be explained by a directed flow of relatively-cold electrons. If the planet-directed electron 
current fills up a considerable part of the tail, the current density (4 X arnps/m2) 
may generate a tail magnetic field of the proper direction with mzlgnitude comparable to 
that measured by Dolginov et al. in the tail region (10 7). 



ON THE QUESTION OF THE ENERGY 
OF THE PRECESSIONAL DYNAMO 

Sh . Sh. Dolginov 
IZMIRAN, A kademgorodo k 

Moscow, USSR 

The problem of the effectiveness of precession in the generation of the geomagnetic field 
has been revived and discussed in the recent literature [ 1 through 61. Estimates of the capa- 
bility of the Poincare force to produce motions in the core which satisfy the requirements 
for generation of a magnetic field [ 1 through 4 ,7]  , as well as estimates of the energy which 
precession is able to transfer to the dynamo process, serve as the criteria on which the con- 
clusions are based. 

In connection with the first criterion, very strong doubts were expressed because of the 
diurnal change of the sign of the Poincare force [4, 81. A possibility of surmounting that 
doubt was suggested [8] by the necessity to consider nonlinear effects, plausible in the case 
of core-mantle coupling. The mechanism by which precession transfers the rotational, 
kinetic energy of Earth into the energy of its magnetic field is far from being clear. But it is 
generally accepted that the mechanism is associated with the hydromagnetic stresses which 
originate between the mantle and the core. These precess at somewhat different rates and 
angles due to differences in the dynamic compression of the mantle and the core. Neverthe- 
less, different processes of core-mantle coupling, proposed by various authors, have led to 
significantly different estimates of the energetics of a precession dynamo. 

According to the estimates of Malkus [ 1 ] and Stacey [2] ,  the coupling mechanism is able to 
transfer into the core an energy of approximately 2-3 X 10'' ergsls. According to estimates 
of Rochester et al. [4], the amount of energy that can be transferred does not exceed 
10'' erg&, if the flow in the core remains stable. According to the estimates of Loper [71, 
an even lower value of energy transfer is realized, 3.5 X 1 014 ergsls, and this is dissipated in 
the boundary layer between the mantle and the core and cannot provide any energy for the 
dynamo process. (Interested readers should refer to the original articles [4, 71 which discuss 
in sufficient detail the bases for these appreciable differences and estimates.) 

In the publications of Dolginov [S, 61, it was shown that the present magnetic states of the 
Earth, Jupiter, Mars, Moon, Venus, and Mercury can be described by a formula developed 
under the assumption that the magnetic states of these planets can be compared in terms of 
a similarity model. The bases for the scaling, which occurs due to the effectiveness of the 
dynamo mechanism and maintained by precession, is that the numerical value of the dipole 
field of a planet can be calculated by comparison with the field of Earth by the formula 
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where subscript i means the planet and E, the Earth while 

5 = the rate of precession, 
--r 
w = the angular velocity o.f rotation, 

a = the angle between c a n d  

R,, = the radius of the liquid core of Earth, 

5 = density, 

q = magnetic viscosity, 

Ho = strength of the magnetic field at the equator, 

E = the ratio between the radius of the planet and the radius of the liquid core. 

The small scatter of values of the coefficient K [ 5 ,  61 indicates how remarkably well the 
magnetic fields of the planets obey such a relationship. 

It is natural to discuss the physical significance of the proportionality coefficient K. Assume 
that the equation for field intensity is given by 

where H is the strength of the planetary field. Let us consider the dimensions of the coeffi- 
cient K using CGS units. This gives 

where we see that K has the dimensions inverse to electric induction. In that case, the fol- 
lowing equation can be written 

where e is the dielectric permeability. The left-hand side is the Poynting vector while the 
right-hand side, where all the quantities are known, has the dimensions of ergs/cm2/s. 
Thus, equation 4 represents the density of the flux of electromagnetic energy from the core 
to the mantle per unit time. 



Let us estimate the energy flux for the Earth, which is associated with precession, assuming 
typical values for the parameters as follows: 

47rRi = 1.5 X 10la cm2 

This yields 

In fact, as MacDonald has shown, the dynamic compression of the core is approximately 
11400 as compared to 11300 for the mantle. Therefore, the core should precess with a rate 
which ' is 314 of that for the mantle and only 1 14 of the Poincare force takes part in the 
generation of the field. Therefore, the energy associated with precession cannot be larger 
than 2.5 X ergsls. 

Let us compare this value with estimates of the energy of the geomagnetic field in different 
models and with estimates of the energy of the field calculated from the data of spherical 
harmonic analysis. According to Verosub and Cox [9] ,  the energy of the dipole magnetic 
field, calculated from the international reference model of 1965, at the boundary of the 
core is 5.4 X 1 025 ergs. The non-dipole portion is 1.9 X 1 025 ergs. The rate of ohmic dissi- 
pation of energy in the core Q, in the model of Bullard and Gellman [ 101 is 9 X 10'' ergs/s, 
while in the model of Braginskii [8] it is 1 019 ergsls. Pekeris et al. [ 11 1 give a value 1016 - 
10l7 ergs/s. 

Thus, the derived value of energy, which is associated with precession, is in reasonable agree- 
ment with the observed external energy of the geomagnetic field and with the rate of dissi- 
pation of energy in the core according to various estimates. Having in mind the largest value 
of Q (1019 ergsls), it can be noted that the efficiency factor for the precession mechanism is 
extremely low. Perhaps a somewhat lower value of electrical conductivity in the core can 
be assumed on the basis of this work and the unknown details of the mechanism. 
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