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1. INTRODUCTION 

·Jupiter, the largest planet in the solar system, is 

not only an emitter of thermal radiation like any othe~ 

planet. Jupiter also emits relatively high-intensity 

non-thermal radiation in two bands, the decimetre 

wavelength range and the decametre wavelength range 

( 5 Wrlz<. f <. 40 MHz) . The decimetric radiation is believed 

to be due to synchrotron radiation of electrons trapped 

in a kind of Jovian "Van Allen belt". This thesis d9als 

almost exclusively with the decametric radiation. 

Although the decametric radiation has been observed for 

15 years since its discovery by Burke and Franklin in 

1955, there is no generally accepted theoretical model 

of its generation to be found in the literature as yet . 

This i s not surprising, as there are many complex and 

confusing aspects of the radiation. And since our 

knowledge of the Jovian ionosphere, magnetosphere and 

magnetic field is very limited indeed, every theoretical 

mod e l must be based on some more or less well justified 

assumptions. It is, ho>vever , possib le to drmv some 

conclusions from the observed properties of the decim e tric 

and decametric radiation , 

1. The radiation in both bands i s polarized. It 

has been shown that at least part of the polarization is 

an intrinsic property of the radjation s ource at Jupiter , 

Thi s indicates the existence of a Jovian magnetic field. 

The magnitude and shape of the magnetic field, hmvev er, 

i s open to discussion, a lthough a dipole field does seem 

to be a good approximat ion at leas t for l arge di stances 

from Jupiter . There are observations, both in t h e 

dec a metric and decimetric range , that can be interpreted 

to indicat e a n equ atoria l field strength BE between 5 

a nd JO G. 

2. The high intens ity of' the non-thermal decametric 
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radiation calls for some coherent radiation mechanism. 

(This argument is partly based on the small source size 

of the radiation.) There are basically three radiatioh 

mechanisms suggested to be responsible for the decametric 

radiation. Warwick (1961, 1964, 1967, 1970) believes 

that energetic electrons travelling along magnetic field 

lines emit Cerenkov radiation slightly below the local 

electron gyrofrequency. This model calls for a thin, low-

density Jovian ionosphere. Ellis (1965) and also 

Goldreich and Lynden-Bell (1969) s u ggest Doppler-shifted 

cyclotron radiation as the radiation mechanism. Ellis' 

theory involves beaming due to refraction, thus calling 

for an extended dense ionosphere, \vhereas Goldreich and 

Lynden-Bell propose a radiation mechanism which provides 

for an intrinsic beaming '"'i thout the n eed for refraction. 

A thin low density ionosphere seems to fit their model 

b et t er than an extended one. Gledhill (1967), suggests 

transformation o:f plasma waves into electromagnetic ''aves, 

a possibility also mentioned by Zheleznyakov (1970). 

Thi s model calls for a hi gh-density ionosphere and, for 

reasons which \vill be described later, an extension of' 

the ionosphere out to Jupit er ' s innermost Gallilean 

sattelit e Io, ;,rhich orbits Jupiter \vith a mean r adius of' 

~ 5. 9 R Je::: 400 000 km ( R J = Jupiter Radius). All three 

mechanisms requir e the existence of a magnetic field i n 

some way or other . The e qua torial field intensity in 

the various mod e ls l ies b etween 10 - 30 G. Even a crude 

comparison of these model s , shows t h at the problem of the 

Jovian ionosphere and magnetosphere is one of great 

importance . A mod el of the Jovian iono s phere and 

magn etosphere will b e d escrib e d in d etai l in Chapter J. 

J. The mo st puzzling aspect of the dec a metric 

radiation is the strong control of Io over most of the 

higher frequency ( f > 20 MHz) decametric radiation. 
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Some observations of this effect will be presented in 

Chapter 2. Gledhill (1967) suggests that the radiation. 

is emitt ed in Io' s vicinity. This rqeets \-lith some 

difficulties which ldll be described lat er. If the 

radiation is genera~ed in Jupiter's ionosphere, one 

faces the problem of explaining how such a relatively 

small satellite as Io can exert a strong influence over 

a distanc e about 150 times its o•-m diameter. Except for 

Goldreich and Lynden-Bell (1969 ) , who assume that Io 

acts as a sort of unipolar generator driving currents 

along field lines into the ionosphere, no serious attempt 

has be en made to account for the influence of Io over 

such a large distance. This thesis is mainly concerned 

with this aspect. It is suggested that Io emit s 

hydromagnetic waves of considerable amplitude travelling 

along the magnetic field lines into the Jovian 

ionosphere . It is knm-m (lvar,dck , 1967 and Montgomery, 

1958) that l arge amplitude hydromagne tic w·aves steepen 

into shock waves, an effect which is likely to occur in 

the Jovian magnetosphere. Part of the ene rgy of these 

s hock '\vaves will be transformed into radio ,.,aves lvhich 

can b e receive d at earth. These processes '\vill be 

described in more detail in Chapters 5 and 6. 

In Chapter 6 it will be sho,.,rn how the model can be 

applied to the explanation of a considerable number of 

observed properties of the decametric radiation, 

Although the proposed model is still based on a number 

of assumptions and some of the calculations only hav~ 

approximative value, it is believed that the agreeme nt 

between observations and theoretical predictions in 

some areas , as de s cribed in Chapter 6 , is quite encoura­

ging. 
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2. Some Observations of Jupiter's Decametric 

Radiation 

In this chapter some o:f the observed properties o:f 

Jupiter's decametric radiation will be described. Since 

this thesis deals with a theoretical explanation o:f the 

To-related radiation, only a limited selection o:f 

observations will be presented. Most o:f these have been 

published and extensively described by other authors. 

Thus only short descriptions and references to the 

original p a pers are believed to be su:f:ficient . The 

selection of some aspects as the more important ones is, 

o:f course, open to prejudice. On the other hand, the 

collected data, are so nume1~ous that some kind o:f 

selection must be done, to keep this purely descriptive 

chapter at a reasonable length. 

For a more detailed review o:f experimental results the 

reader is referred to the excellent review articles by 

Warwick (1964~ 1967, 1970) and Carr and Gullds (1970). 

2.1 Intensity and Source Size 

Jovian decametric radiation has been observed 

between 5 MHz and 40 MHz . No storms have been detected 

above 42 MHz. The average power spectrum o:f the 

radiation :from Jupiter is sho,..,rn in :figure (1). Although 

individua l bursts involve much h igh er powe r d en sities , 

a n average power dens ity o:f JOO watt s /Hz seems to b e a 

:fair estimate o:f the po\v er d ensity involved in a storm. 

The average bandwidth o:f a storm is about 1 MHz, giving 

a value o:f 3 x 108 W :for the power involved in an 

average burst . 1va rwick ( 1964), assuming beaming o:f the 

radiation, derives a value o:f 107 W :for an individual 

st orm. In this thesis the average pm..,rer will thus be 

8 
t a k e n as 10 W. 
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Average s p ectrum of Ju·pi ter in the frequency 
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range 3 to 10.) :!-1Hz . The fi e;ure is a dopt ed 

from Schma hl (1970 ) . 
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In 1969 Dulk reported long-baseline interferometer 

measurements of Jupiter's decametric radiation at 34 Hliz. 

His results are basically in agreement 1-ri th several 

previous measurements (Bro>vn ~ al, 1968 and Slee and 

Higgins, 1966), \vhich are, however, all less accurate 

than the ones reported by Dulk. Dulk's results allow 

for two interpretations: 

1. If the source of radiation were incoherent, 

its size would be less than 0 1
' .1 \vhich corresponds to 

400 km at Jupiter; 

2. The upper limit of a coherent s ource would be 

1 11 or 4 000 km at Jupiter. 

The stability of the fringe pattern sho\\1 S that in 

any case the sourc e is highly stable to within 700 km at 

Jupiter on a time scale of at least 10 seconds. 

The first interpretation would call for an extremely 

high brightness temper ature (T > l01 7K). Coherent 

radiation would be po s sible 'vi th much smaller brightne s s 

temperatures. Dulk himself suggests an interpretation 

of these results in terms of a coherent source emitting 

near the feet of the field lines passing throuc;h Io. 

Without going into further details , we will use the 

following results, on which we will base our theoretical 

mod e l: 

a) The average po1ve r involve d i n a d ec ame tric 

8 burs t i s ~ 10 1{. 

b) The s our c e rad i a tes cohe r ently. 

c ) The source s ize i s l ess tha n 1 11 or 4 000 km 

at Jupiter . 

2 . 2 The Io Con~rol 

Before de s cribing the Io effe ct, the nomenc latu re, 
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which will be used throughout this thesis, must be 

explained. Figure 2 shows the geometry of the Jupiter­

.Io-Earth sys t em. The longitude of Jupiter, facing 

Earth, is called CML ( Central meridian longitude). If 

not otherwise stated, the 1967 system for longitude 

specification will be used (Donivan and Carr, 1969). 

The position of Io relative to the Earth-Jupiter line is 

characterised by {:3. {j = 0 means that Io is at superior 

geocentric conjunction. The Jupiter longitude below Io 

is called sub Io longit ude ( or: ~ Io) . 

2 . 2 . 1 Sources 

Histograms of the occurrence probability as a 

function of C:t>fL have been publi s hed b y many observers . 

Figure ;J sho,.,s such a histogram. The various p eaks are 

usually called 11 s ourc es ''. In 19 65 the following 

nomenclatur& was adopted by the Jupiter Observers' 

Conference at the Goddard Space Flight Center. 

Cl'fL range Designation 

0 - 70 D 

70 - 190 B 

190 - 280 A 

280 J60 c 

A histogram showing the occurrenc e probability as a 

function of J3 is sho\m in figure 4 . It is clearly 

visible from this :figure t h at the probability for 

receiving radiation is great l y enhanced \vhen Io i s 

within t\.;o Hell defined regions n a mely 

80 !5 {) ~ 120 

220 <::. (3 ~ 260 

In figure 5 the ·p:J?obability is plotte d as a :function of 

bot.h CML and {3 for various frequencies . 

1968). It is important to realize that t h ere arch 
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Io-controlled sources. 

CML (3 ~Io Designation 

95 110 195 Bl 

95 160 245 B2 

240 240 180 A 

240 J20 260 c 

It is also evident that the To-control is more 

pronounced for higher frequencies . A small drift of the 

CML of the A source towards larger CML with increasing 

fr equency can also be seen. 

The separation of the B source into two sources 

might seem artificial, as they are hardly separated ruid 

only noticeable as a drop in the . probability curve. 

But sinc e there i s some theoretical reason for expecting 

two slightly separated source s the dip is taken as a 

real effect. It i s remarkable that the )\To values for 

0 
the 4 s ourc es are symmetrical about )\ Io = 220 . 

The important re s ult s ;v-hich any the oretical mode l 

must explain are therefore: 

1. There are :four· Io-controlled sources which 

are placed symmetrically about 220 ° A Io. 

2. The To-control b ecomes more pronounced for 

h igh fr equencies. 

2 . 2.2 The Maximum Frequency Var iation 

Baart et aJ . . (1971 ) have made an investigati on into 

the max imum cut-off frequency of the decame tric r adiat ion 

as relat ed to Io co-ordin ates . They showed that the 

highest cut-off frequ ency (f""' 40 MHz) is observe d only 

when Io is 0 above 230 J avi a n longitude . This the s is 

d eals '"i th the effect of Io on the decametric radiation. 

I n order to investigate this important aspect of 



maximum cut-off frequency variation, it was found 

necessary to make a distinction bet1..re~n Io-controlled 

radiation and that radiation over which Io has no 

control. Only with this distinction will a comparison 

between theoretical predictions and observations be 

relevant. 

8 

When considerating Io controlled radiation we will 

only consider radiation occurring when Io is within the 

r egions 70° - 110° and 200° - 260° from SGC. All other 

radiation i s classified as "non-Io controlled" r a diation . 

It must be no ted that in using thi s procedure some 

11 non-I o controlled" radiation has been clas sif'ied ,,ri th 

the To-controlled r adiation, esp~cially in the r egi on 

70° <.. {) < 110° and 200° < Cf.IL < J60°. However, the 

probability of emission in thi s region is v ery much les s 

than tha t in the vicinity of the To - controll e d " s ources " 

and we would not expect radiation from this region to 

have a great effect on re s ult s when examining the 

effect of Io on the radiation. 

Microfilm records of the Boulder High Altitude 

Observ~tory observations, which were kindly suppli e d to 

Rhode s University by Dr. Dulk, 1..rere analyzed as described 

previously by Baart et al. (1971) . A computer program 

was u sed to sift through the frequency st or m d ata , and 

count the numb er o f time s a particul a r fr equ ency occu rs 

within a p articular f ive degree interval of I o )\ III 

co-or dinates. ·Thi s frequ en cy count is printed out i n a 

t~o x 72 matri x , 1..rh ereb y t h e I o ),. III axis i s divided up 

into 72 - five degree interval s . 

Puttin g i n condi t ions s o as t o exc lude a ll radiation 

which was c l assified as non-Io controlled , frequency 

count an a lyses vere made for six app ari ti ons from 
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1961 - 1967. (Haschiclc, 1970). As the number of 

storms occurring during one apparitio~ i s rather small 

and therefore does not allow for a statistically 

significant analysis, the.number of storms occurring 

9 

\vi thin a particular 5 degree Io A III interval at a 

particular :frequency \vas added over all six apparitions 

(1961 - 1967). In order to get a picture of the average 

behaviour vle divide the numbers in each segment of the 

40 x 72 matrix b y 5 . This ratio is then rounded to the 

nearest integer , \vhich is printed out in the final 

l+O x 72 matrix . Thus a number 1 in a particular segment 

of the final matrix represents at least 3 storms occurring 

in the particular Io A III interval and at the particular 

frequency during the time 1961 - 1967. The result is 

shmvn in figure 6 . 

A simi l ar procedure is followed for the non-Io 

controlled radiation . All radiation occurring when Io 

i s \.rithin the intervals 70° - 110° a nd 200° - 260° away 

from SGC is excluded for the non-Io controlled 

radiation plot , which is sho'vn in figure 7. 

Figure 6 reveals a frequ ency peak occurring beb·Jeen 

Io A III v,alues of 215° - 235° ,.,ith a maxi mum 

frequency of 39 ~!z . Frequencies of greater than 

39. MHz only occurred in one apparition. Figure 6 

re semble s the figures s ho,vn by Baart et al , except 

that the peak is more pronounced. 

A seconda~y peak with a maximum frequency of 28 ~fl{z 

occurs between values of Io ~III 325° to 20°. 

Figure 7 shows th~t there is no obvious correlation 

bet\veen the maximum cut-off f"J~equency of the non-Io 

controlled radiation and the Io III co-ordinates. 'J'i1is 

would tend to s upport the hope that we have separated 
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most of the Io related radiation from the non-Io con-

trolled radiation. The drop off in cut-off frequency 

0 ·above 350 To A III, however, seems to indicate that 

some non-Io controlled radiation has been removed from 

this region ~-nd included with the Io controlled 

radiation. Thus a little less significance should be 

attached to the secondary peak in :figure 6 occurring 

0 0 \. between 325 and 20 To t\ III. 

The heavy lines in figures 6 and 7 indicate the 

variation of highest cut-off frequency, hereafter 

called f'M . 

There are two the ories predicting a highest cut-

off fr equency variation with Io ~III co-ordinates. 

Gledhill (1967) predicts two peru<s of hi gh es t cut-off 

frequency at 230° and 150° Io ')\III respectively. 

1ifhereas the .peal< at 230 ° is supported, the absence of 

0 
a peak at 150 seems to be in direct contradiction to 

Gledhill ' s predictions. 

Another theory, often referr e d to as the unipolar 

theory , dealing with the high frequency cut -of'f 

variation was published by Goldroich and Lynden-Bell 

(1969). A comparison of' the result s 1vith the 

predictions made by the unipolar theory 'vill be made 

b e lO\v. 

In this sec tion 1ve will rel ate the highest cut-off' 

frequ ency v a r iati on to a vari ation of the h eight above 

J upiter's surface at 'vhich the particular fr equency 

( fM ) is emi tt ed. All deductions made in thi s section 

are based on the follo,v-in g 3 assumptions . 

i) The frequency of the radi ation received on 

earth is the elt'~ctron gyro frequency at the point of 

emission. 
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ii) The Io controlled radiation is emitted 

close to Jupiter's surface along the wagnetic flux tube 

.passing through I o ( IFI'). The magnetic field of 

Jupiter is assumed to be that of a magnetic dipole. 

iii) The foot of' IFT leads Io by approximately 

0 15 , as has been suggested by several other authors 

(Marshall and Libby, 1967 and Carr and Culkis, 1970). 

As the magnetic field is a.ssumed to control the 

observed frequency, a change in frequency corresponds to 

a change in magne tic field strength at the point of 

emission . A change in the observed frequency could thus 

correspond to a change in the h e i ght above the surface 

of Jupiter from which the radiation is emitted. Assuming 

a dipole field one '"auld expect a change in emission 

radius {i.e. hei.ght plus Jupit er radius), of approximately 

20% for a frequency change of roughly 60%. 

A change in the magnet ic fie ld strength and hence 

gyro frequency due to the rotation of Jupiter 1vould also 

·cause a variation of fM with Io A III. Changes in t he 

magne tic fi eld strength at a fixed height above Jupiter 

could be caused by either a dipol e displac ement along or 

perpendicular to the rotational axis or a change in L 

value of Io' s flux tube ( IF'I' ) and thus the co-latitude 0 

due to a tilt of the magnetic dipole axis of Jupiter 

with respect to the rotational axis. These magnetic 

field " anomalie s " ( dipole displ acemen t and tilt) are 

believed to exis t. The variation of fM with Io )\ III 

could also be due to beaming of the radiation. Thi s 

idea i s incorporated in the unipolar model, the 

pre dic tions of '"hich will b e examined below. 

It is fou11~ that one cannot account for the v ariati on 

in terms of "kno1vn" magneti.c field "anomalies" alone, a s 

deduced from ob s ervations of the decimetric radiation 
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from Jupiter. We thus conclude, considering the 

assumptions made, that the radiation is generated at 

.different heights above the surfa«e of Jupiter depending 

on Io ~III. The followin g parameters are used to 

describ e the magnetic field anomalies 

1. S is the displacement of the dipole axis 

in the equatorial plane. 

2. A
0 

is the longitude to1-rard s 1vhich the dipole 

is displaced by S 

J. BE is the (magnetic) equatorial fi e ld 

s tr en gth at longitude 

4. S is t h e north-south displacement of t h e 

magnetic_ dipole centre. 

5. d.. is the t il t of the magnet ic d i pole axis 

wi th respec t to Jupiter ' s rotational axis. 

6. ~T is the longitude towards which the dip ole 

axi s is ti l ted in the northern h e misphere of Jupiter . 

From figure ( 6) a smooth curve is dra1vn t o represent 

the variation of fM as a function of' I o ~ III co­

ordinates. The height of emission (h) corresponding t o 

fM at a particular sub Io longitude is then calculated 

give n a p arti cular set of the 5 parame ters described 

above. ( see Appendix A). 

This i s repeated for a d ifferent Io A III and h i s then 

plotted as a function of' Io A III . For a ll sets wh ich 

we have tried, t h e h eight variation is very similar . 

Figure 8 shows examples of' these c u rves . The p arameters 

u sed to deduce these curves are indicated on the figure . 

It i s interesting to see , that the variation of h e ight 

from which the hi gh est cut-of'f' rrequency is e mi tted 

shC·IvS some degre e of symmetry . 
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Figure 8: The v ariation of h e i gh t a bove Jupi t er ' s 
surf.ace (in R 3 ) at which fM ( see f igure 

6) i s emitted . See text for explanation of 
symbol s . The r adiati on is generated i n the 
northern h emi s phere . 
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Figure 9: Same as figure 8, except that the radiation 
i s assumed to be generated in the southern 
hemi·sphere. 
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It must be noted that the curves shown in figure 

(8) were calculated on the assumption. that the radiation 

is generated at the foot of I:FT in Jupiter's northern 

hemisphere. Figure ( 9) shovrs the variation of h for the 

radiation b eing generated in the southern hemisphere. 

Both sets of curves sho"l.-.r some dec;ree of symmetry. The 

model of the Io controlled radiation developed in this 

thesis requires a symmetrical variati on of h vs. A Io 

(that is: the t'-.ro height maxima and two minima should 

each h ave the same values and the maxima and the minima 

should b e separated by about 180°). The curve whi c h 

fits these r equiremen ts best is obtained for the 

followi ng set of p arameters. 

S = 0.15 RJ ( RJ =Jupiter'~- radius ), A
0 

= 235°, 

BE= lOG, S = -0.2 RJ (that is: t he dipole centre is 
5 

di splaced ~•louth,,rard with respect to the planet's centre) 

' J 0 ' 0 ~ = 10 and AT = 210 . The 11 best 11 curve is obtained 

if t h e radiation at fM is as s umed to be generated in t h6 

nor t hern hemisphere of Jupiter. It is interesting tha t 

these values agree well \-.rith values deduced from c om-

pletcly different observation s (Carr and Gulkis, 1970). 

Goldreich and Lynden--Bell ( 1969) use the same 

three assumptions (i to iii) mentioned a bove as a basis 

for p redicting a fH variation with A Io. Accordi n g to 

Goldreich and Lynden-Bell the radiat ion is emitt ed into 

a conical s h eet of opening angl e 1 = 79° . The axi s of 

the cone is parallel to the magnetic field at the 

position of e mission. If the magnetic field make s an 

angl e r l arger than 79° with the ec liptic the conical 

s heet 1-.ril l not intersect the ecl iptic and no radiation 

will be received on earth. The nor thern end of Io ' s 

flux tube makes ' an anglo r. = 53° with the ec l iptic . As 

Jupit er rotates, taking into acc ount a 10° tilt of the 
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dipole axis, 1: \vill vary between 43° and 63°. In order 

to explain the distinct s ources, Goldreich and Lyden-

Bell, assume · that the conical sheet is not uniformly 

filled with r adiation. For rec eption of radiation, the 

ru1gle z must b e smaller than 46°. At high frequencies 

the radiation is emitted close to the planet where ~ 

is large. Only v.rhen the dipole is very nearly po i nting 

t o\vards the foot of Io 1 s flux tube 'vill the high 

frequency radiation be received on earth. As Jupiter 

rotates the angle 1: increases and the high frequency 

radiation '"ill not be received on earth , w·hereas 1m., 

frequency radiation cru1 still be detect ed , as it is 

generated :further away from the planet v.rhere r: i s 

smaller. 

The an g le -c. 1 lJ e t,.;een the magnetic field line and 

the magnetic equator plane is related to the colatitude e 

by the fol l owing relation: 

( 2.1) " I 
co.s r: 

( 2 . 2) 

The relation of the magnetic field to the anglt"! G i s 

wher e :f is the frequency corresponding to the 
0 

magnetic fi~ld BE . With: 

( 2. 3) 

(2. 2 ) b ecomes 

( 2 . h) 

From the variation of f/f ( asswning f to be 
0 0 

l~o HIIz) "'ith A Io (1igure 6) e as a f unction of' " Io 

can b e calculated . Ins ertin G this j_nto :formula ( 2 . J.) 



Be= 8G 

100 200 300 360 

Figure 10: The variation of' the angle -z: 1 between the 
magqetic f'ie l d l ine and the magnetic equator 
plane .required to produc e the variation of' 
f'M displayed in figure 6 . 
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the vari ation of 'Z: 1 beh•een the magnetic field line 

and the magnetic equator plane \vhich corresponds to the 

observed variation o:f fH can be determined. The result 

is shown in figure 10. The angle ~ between the magnetic 

I _/ I field and the Jovian equatorial plane is -c =- -r: - v. 

\vhere f:J. 1 ::: \A cos (I o A III - AT) is the angle behv-een the 

magnetic dipole axis and the rotational axis as measured 

in the meridional plane Io A III. For radiation to be 

received, C: must be smaller than a critical value Tc 

(46° in Goldreich and Lynden-Bell's model). f.,.. should 
1''1 

ahrays be emitted at points a long a field line whe re 

Thus the v ariati on of o( 1 due to Jupiter ' s 

rotation should be balanced by a variation of -z:; 1 • 

Figure 10 indicates a variation of z:. 1 less tha n 6 d egr ees 

in magni t ude . Increasing the value of f' does not have 
0 

any great ef':fect on the relative variation of the ru1gle 

~·. Nor does inclusion of a dipole displacement 

alter the mag:nitude of the -r: 1 variation considerably. 

The variation of 7:. 1 is always smaller than the variation 

0 f o(_ I by 20 O • 

If the angle L did happen. to have the modula ting 

eff'ect on the maximum frequency as predicated by the 

unipolar model we would expect a maximum frequency 

variation 1v-ith an e xtremely sharply s loped p eak occurring 

around 230° Io A III with the modulating effect extending 

right belO\'' 10 MHz. Thi s tn)e of frequency variation 

does not seem to h ave b een observed. 

A possible interpretation of th e maximum frequency 

v ariation in terms of a change of -c 1 would require a 

dipole which is til ted by less than J 0 \vi th respect to 

the rotational axis. It would then seem to b e 

difficult to explain the sh~rp s ources observed. 

Furthermore, a til t of 10° seems to be experiment a lly 
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established lvith great certainty by nmv- . 

The following results are considered to be 

important and the proposed model is m1 attempt to 

account for these 

1. The maximum frequency reached by an Io 

controlled storm varies lvith sub Io longitude. 

2. The variation corresponds to a change of 

source height above the planet's surface. 

3. The r adiat ion is generated close to the 

planet 1-:h e n Io is above 220° and 30°. 

4. The radiation is generated furthest a way 

0 0 from the planet when Io is e.i ther above 130 or 300 . 

2.3 Polarization 

It i s found that most o f the decametric radiation 

is highly polarized, The polarization seems to vary 

with frequency and source position. For detail s of 

polarization measurements and the results thereof the 

read e r is refe rred to Green and Sh erri ll (1969), 

Sherrill (1965). 

The followi ng result s are believed to be important 

for a theoretical discussion of the Io effect. 

1. Mo s t of' the dec ametri c radiation is 

elliptically polarized. 

2 . Low f requency decametric radiation s how s 

both R. H. and L. H. polarizat ion \vh ereas high frequency 

radiat ion s hows exclusively R . H. po l arization. 

Time Structure o f t h e S tor ms 

Jovi a n radio emi ssion exhibits a time structure on 

d ifferent scales. 
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2.4.1 

hours 

minutes 

seconds 

milliseconds 

The variation of the radiation on a time 
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scale of hours is due to the geometry of the emission 

sources . The emission geometry changes from favourable 

to unfavourabl e on a time scal e of hours ( see section 

2 .2.1), as the rotation period of Jupit er is about 

10 hours, and only c ertain ranges of CHL arc favourable 

for r eceivi ng radiation on earth. 

2 .4. 2. The variation on a time scale of minutes is 

probably due to a change of ionospheric conditions in 

the vicinity of the earch. 

2.4 . J The vari a tion o:f the r adiation over times 

of the order of seconds i s mo st likely due to inter­

planetary sc i ntillations (Dougl as and Smith, 1967) . 

2 . 4. 1.~ The millisecond pulses or spitting ( s) 

pulses are believed to be intrinsic properties of the 

emitting source at Jupiter, a s there i s a strong 

correlation of the spitting pulse activity >vi th C:t-'IL and 

~ Io. 

Figure 11 (Hill, 1969) sho,vs the probability of' spitting 

pulses and normal bursts as a function of CML, '"hile 

figure 12 (Rihiirno.a , ~ al, 19 69 ) sho,.;s the number of 

spittin g pulses during the yeRrs 1963 - 1968 as a 

function of A Io. There are 2 weakly d efined peaks of 

S pulse activity 8.t A Io 245 and 260 '"hich evidently 

coinc ide '"i t h the H2 and C source. Th ese figure s s ho,..­

clearly that S pulses are To related . The S - pulses 
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Receiving probability of S-pulses ( shaded 
area) and normal pulses as a function of 
CML. Frequency range: 16-22 MHz (Hill, 19 69 ). 
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et al. 1970) . 
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exhibit a rapid ne~ative ~r equency drift, 

d~ -1 
- ~- 2 0 MHzs , dt 

and a narro,.,r bandHidth of about 

6 f = 5 0 - 100 kHz. 

The phenomenon of S pul ses could point to some transient 

emission process . Ellis had predict e d the n e gative 

frequency drift on the basi s o f his theory in 19 65 

b efore the actual disc overy of the drift . The drift is 

supposed t o b e due to ~ast electrons spiralli ng along 

magnetic fie ld lines away f'rom the planet \vi th a 

v e locity p arallel to the field lines of '\J"11 ~ 0 . 1 c. 

Although this prediction lt.'as b eautifully confirmed by 

lat er observations, i t is no t without the somewhat 

artjficial assumption of' electron "blob s " of a certain 

d i men sion that the narro\v band1vidth can b e explained . 

The duration of the bursts is related to the mean 

collision t ime of the electrons . This explanation, 

h O\vever, still d e mands a n irregular and intermi ttE:nt 

appearance of e lectron blobs. 

Th e important result s of thi::; sec tion are then : 

1. Only the l ong time scale ( hours ) and the 

mil l isecond time scal e variation of the radiation are 

intrinsic properties of the Jovian radiation source . 

2 . The hourl y variation i s due to the radiation 

ge ometry. 

J . S pulses appear to b e strongly Io r e l ated 

and occur ma inly in th e B2 and C s ourc e . 

4. The S pul ses are of narrow- bandHidth and 

exh i bit a negative fr equency driJ-t. 
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2 . 5 11 Year Cycle 

There are t'vo main aspects of the Jovian d ecametric 

radiation 1vhich seem to be related to an 11 year cycle. 

2 . 5.1 The Variation of Occur rence Probability . 

Grub er (1966) inves tigates the variation of occurrence 

probability on a time scal e of y ears and he shows that 

correlation of probability 1vi th declinat i on ( that is 

the angle of declina tion at which the earth appears as 

seen from Jupiter) is b e tter than that with the sunspot 

number . A clear cut decision as to '"hether the 

probability vari ation on an 11 year time scale is due 

to solar activity or d ec l ination , h owever , is not 

possible at the mom ent, because the radiation h as only 

been ob~erved for some 15 years , which doe s not even 

cover 2 sunspot cycl es , and bec a u se the s unspot cycle 

( 11.2 years)" i s very close to on e Jupiter year 

( 11.9 years). 

The Variation of the Source A Position 

In 1969 Donivan and Carr reported a sinusoidal 

vari ation of t he source A position with time . The 

analysis was repeated u s ing Boulder data , distingui s hing, 

however , b etween the Io contro l led and non Io controlled 

radiation . 

Th e definition of the Io controlled A source is 

2 2 0 < (3 I o ( A sour c e ) <:. 2. 6 0 

Figure l J shows the resu lts . 

It appears that the variation is much more pronounced 

for the n on Io controlled than for the Io controlled 

source A. Figure · J. h s hotvs thE' variation :for the non-

Iu controlled A source . Donivan and Carr expl ain the 

variation of source A pesiti on as due to t h e boamj.ne o~ 
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the radiation into a conical sheet . In order to explain 

the large amplitude of the variation ~ great di~tortion 

of the magnetic field had to be assumed. The author 

(Goertz, 1971) has shown that a distinction between Io 

and non Io controlled radiation removes the need for a 

distorted magnetic field. He bas also shown that 

figures lJ and 1~ can be explained easily, if one assumes 

that the Io related radiation is generated in Jupiter's 

ionosphere along IFT whereas the non Io radiation is 

generated in the ionosphere at high latitudes . 
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J. Jupi t er ' s Ion osphere and Magn etosph ere 

The determination or the plasma d i stribution in 

Jup iter' s ion osphere an d magne t osphere is of major 

imp ortan ce for the explanation of' the Jovian decameter 

' r a d iation. Many author s have constructed variou s 

ion ospheric mod els ranging from a v ery col d and thi n 

( War wick, 1967) to a hot and extended ionosphere 

( Piddington , 1967). Th e Io effect makes it necessary 

to know the plasma distribution in Jupiter' s 

magnetosphere out to a t least the radius of' Io's orbit 

around Jupiter ( this is about 6 R J.) in order to allo\v 

for a reasonabl e evaluation of Io ' s influence over part 

of t h e decameter radiation. Values suggested ror the 

-1 I plasma density at Io ' s orbit vary from 10 particles 

cm3 ( Warwick, 1967) to some 107 particles /cm3 

( Gledhill , 1967) . The most thorough analysis or the 

plasma distribution in Jupiter's ionosphere was done by 

Gross and Rasool ( 1964). During the years following 

their · article important n e1-.r observations of Jupiter have 

' been made . The se observations together 1-.ri th the cal-

culations of Hogan et al. ( 1969) (see their paper for 

reference of recent infrared (IR) and microwave 

measnremen:ts of Jupi te:r3 s u ggest the follo,-ving points 

1--.rhich are of' relevance to the · estimation of' the density 

of the Jovian ionosphere . 

1 . It appears th a t the atmo s pheric composition 

o f' Jupiter is similar t o that of the s un . It seems 

likely that th~ II2 : He ratio is as large as 5. 

2 . The brightness temperature of Jupiter in 

the IR atmospheric windo1-,r of Jupiter ( lf- - 9 fl ) may b e 

as hi~t a s 230 K . This temperature jg like ly to be 

characteri s tic of' the temperature at the top of the 

dense clnud l ayer . 

J. Gillet et a l. (196~ ) interpret their IR 
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observations of Jupiter as indicating the existence of 

a temperature inversion in Jupiter's ~tmesphere. They 

suggest that· the absorption of solar radiation in the 

-1 J020 em cu4 band may be-responsible for the formation 

of this temperature inversion. The calculations by 

Hogan~ al. (1969) confirm this. 

4. Hogan ~ al. ( 1969) suggest that the best 

fit of the IR and micro\vave brightness temperatures 

calculated by them with observations is obtaine d if the 

following conditions at the cloud top level are adopted . 

The atmo s pheric temperature (TN) is 220 K. The amount 

of H2 above this level i s 150 km atm , that of He 20 

km atm; for CH4 it is o,l5 km atm and for 1'-JHJ it is 

o,o21 km atm. The H2 press ur e a:t cloud top level is 

4 atm. They obtain thermal profiles by cal cul a ting the 

balance of energy at each atmosphf\ric l evel. Their 

models differ from those by Trafton (1967) in that they 

include the opacity due to CH4 . The temperature TN 

decreases to a value of about 110 K at 65 km above the 

cloud top l evel. The temperatur e invers ion mentioned 

above occurs at this level. TN increases to 150 K at 

about 150 km. Eventually the tempe r a ture increases up 

to at l eas t 400 K at levels where photochemical 

processes occur. These have not been inc luded in the 

calculation by Hogan ~ al. ( 1969). The effective 

t emp erature of the radi a tive losies to s pace correspond-

ing to the boundary conditions a t the cloud top l evel ,.,ras 

calculated a t 127 K, which i s higher than the range 

88 - 105 K estimated as th e solar equilibrium effective 

t emperature for t h e a lb edo measurements of Jupit er . 

Thus the presen ce of an intern a l h eat source on Jupit er 

, is indicated b y these calcul a tions . 

The atmos]Jheri c d e n s i ty a bove the cloud top s d ecreases 

\vith an average scale h eiGh t 0f ab out 20 km. Tl1is i . .;; 



somewhat larger than the maximum value o:f Hawn and 

Code (1953) of 12 . 5 km which was derive d .from 
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occultation measurements. This experiment is, however, 

now considered as unpreci$e (McElroy, 1969, as quoted by 

Encrenaz et al, 1971) . 

Rec ent occultation measurements ( unknm.,rn author in 

Science, 1971) shmv that the atmospheric scale h eight 

of Jupiter i s most probably l arger than the one given 

by Baum and Code. 

Thus we see that calcul ation s of the ionospheric 

ioniza tion b ased on a cold atmo s phere (T f:. 100 K) a re 

probably not realistic. In the fo llo,.,ring we "\vill adopt 

Hogan ' s results as the lower boundary conditions :for 

the calculation of the ionization and variation of the 

temperatures of the neutral atoms and molecules, 

electrons and ions at h eights larger than 200 km 

above the cloud top l a y er . 

3.1 Jupit er ' s Ionosphere 

The distribution of ionization i n the Jovian 

ionosphere can b e determined by solving simu.ltaneou~ ly 

the momentwn and chemical equations for electrons, ions 

and neutrals together "·i th. their respective heat 

transport equations. The equations and parameters u sed. 

for this work are given in the Appendix B. 

A similar set of equations was applied to the 

earth ' s ionosphere by Herman and Chandra (19 69) . The 

present prob l em is greatly s implified. by t he fact that 

at h eights o.bove 200 1~m the amount o f CH4 and mr
3 

is 

very small compared ,.,rith that of H2 and Ilc. Thus the 

contributions of CH4 and NH
3 

to tl;e ionization is 

neglected in the cal culations. 

The set of' differ entia.l equations o:f heat trans fer "\·/as 
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solved by using a modified Runge - Kutta me thod employing 

Kutta-Simpson formulae . It i s kno-...,rn that the integr ation 

of the heat trans f e r equ.ations is difi'icul t because 

of stability problems . This ,.,as overc orne by a dopting 

a variable integrating step method . T. have integrated 

the equations by f ixin g the b ound ary conditions a t the 

bottom of the ionosphere . Geisler and Bowhill ( 1965) 

so l ve a similar set of equations by int egrating doHn-

'"a rds from the topside ionosphere , varying the boundary 

conditions at some h eight above '"hich the t e mperatures 

r emain n early constant ( say 5 000 km or so) until 

stability at the lower boundary of the ionosphere is 

obtained. I h ave done the same and the r esults of this 

calculation a re close to the ones obt ained from the 

method de s cribed above except in the very lmv parts of 

the ionosphere '"h ere b oth method s are hi ghly unstable 

becau se of relatively large temperature and density 

gradients . The results arc s h o'm i n figures ( 15 ) and 

(16 ). A variation of He : H2 ratio h as v e ry little 

effect on the e l ec tron density and tempera ture variation 

in the ionos phere. The e£fect of variation of atmospheric 

pressure at the cloud l evel is due to the variation o f 

TN with c l oud level pressure . 

It mus t be n oted that the calculation s were don e 

· only for the steady state. They are characteristic of 

maximwn solar radiation ( i . e. for the Jovian ionos phere 

a t noon). 1H thout f urther knowledge about the composi -

tion of the Jovian a tmosphere cal culation of the 

variation of the ion ization with time does not seem to 

b e justified. 

I t can b e seen from figu1e 1 6 , that the maximum 

6 d e n sity of the Jovian ionosphere i s about 6 x 10 

e lectron cm- 3 . This is somewhat larger than the value 

cal culated by Gros s and Rasool (1964) . It agrees , 
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ho\vever, well with the value for the maximum electron 

density estimated by Har,vick ( 1970) . 

The plasma distribution in th'e topside ionosphere 

is mainly determined by diffusion . For a static 

ionosphere in diffusive equilibrium the density decreases 

exponentially with the plasma scale height Hp 
2kT 

= _____E 

mi g 

where Tp = l (Te + Ti)' and mi is the average ionic 

mass. In the Jovian iono sphere the main ionic component 

in the topside ionosphere isH+. There is thus no 

up,.,rard diffus i on flux of H+ like the polar ·v.-ind or 

polar breeze in the terrestrial ionosphere, 'lvhich is due 

to the acceleration o:f the minor ionic constituent in 

th.e upvardly directed electric field created by the 

separation of the heavy and l ight ions and electrons. 

In the following I will show that nevertheless the 

Jovian ionosphere cannot be strictly static. It has 

been suggested by several authors (Gledhill, 1967 , 

Melrose, 1967, and Piddington, 1967) that, if the 

magnetosphere is corotating with Jupiter, the combined 

action o:f the gravitation and centrifugal force ,.,rill 

lead to an outward force along a magnetic line of force 

beyond some distance from the planet. 

This force can be expressed as the gradient of a 

pot ential V (Gledhill, 1967) . 

(J.l) V V n { l R / ) I 1"'\4 ( ' . l. n l. . l. ) .:: o 't ~o "'l - J f' - 2. .>I. 'f Sl''t"\ G)- K.J $1'1\ 0 1 

where g is the gravitational acceleration at the 
0 

surface of the planet, RJ Jupiter's radius, ~.the 

angula:c velocity of Jupiter, and 0 is the colatitude. 

The variation of V along J:FT is sho"-'11. in :figure 17. 

I:f the plasma is controlJ e d by colli s ions , i.e. if' 

tlH:. plas ma velocity distribution is Jvfaxwellia:n, th:i.s '"ill 
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lead to a density variation along a line of force with 

a minimum at the position where the P?tential along a 

field line has a maximum. The density will reach a 

maximum value in the equatorial plane. The plasma 

den"si ty in the equatorial plane will increase ' vi th 

distance (r) from the planet. Melrose ( 1967) suggests 

that this cannot be a reasonable magnetospheric model 

and that the plasma distribution in the magnetosphere 

should not be calculated on the assumption of a 

Max,,Tellian plasma. Indeed the mean free path of the H+ 

ions ( ~ H+ = v th 
4 

( J x l0-
12

)/N lnA where .A.= 

1. 24 x 104TJ/2 /N~-) is larger than the plas ma scale 

height if the density drops belo'' a value of 10
4 

.particles em -J. In the ionosphere shm·m in figure 16, 
. 4 -J 

the plasma density will decrease below 10 p art i cles em 

at a di stanc e of about l. JRJ from the planet's centre. 

At this point the hydrodynamic approximation breaks 

dO\in and the plasma dens ity must be calculated by 

methods similar to thos e given by Johnson (19 61) for a 

collisionless neutral atmo sphere. The escape flux, that 

is the flux of plasma having gained sufficient energy by 

collisions to overcome the gravitational attraction, can 

b e calculated u sin g a corrected Jeans formula as given 

by Marubashi (1970). 

( J. 2) 

where v n stands for the particle ve locity component 

p arallel to the magnetic field line a nd v .L is the 

component perpendicular to the magn etic field . v is 
0 

an upward diffusion velocity, '\vhi c h can be determined 

by the following method : Below I will show that the 

excape flux is actually l ost from the ionosphere beca u se 
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of trapping in the outer parts of the magnetosphere, 

i. e. v ery little of t h e flux escaping from one 

hemisphere will contribute to the ionization in the 

other hemisphere. There is thus a loss of p artic l es 

( from both the northern a n d southern h emispheres) \vhich 

must b e replenished by an up\va.rd diffusion of plasma 

in the ionosphe r e . Hence the ionosphere will not be 

static but >vill have al'l upward flow , the velocity ( v ) 
0 

of which at the level where the hydrodynamic approxi-

mation breaks do,.,rn can be determined by equ ating the 

escaping ~lux to F = N A v , where N is the plasma 
0 0 0 0 

d ensity at that level and A a n a rea . Thus the ballisti c 
0 

l oss of particles given by ( 3.2) is equated to the upw·ard 

diffusion flux A N v at that level (r 
0 0 0 

= r ) . 
0 

At the 

height ,.,here N 
0 

= 104 particles cm- 3 F = N A v gives 
0 0 0 

rv 104 -1 v _ em s \vhich is much less than the thermal 
0 

speed of tho protons at that level ( T. = 1500 K). The 
1 

loss A N v over an area A = l cm2 is thus 108 
0 0 0 0 

p art i c l es per second . The total pr oduction r a te of 

ion-el ectron pairs below that l evel b y solar UV radiation 

. is r .. o Q(r)A(r)d, .. where Q( r ) i s the local productiou 
t:o 

rate of ion-electron p a irs ( see Appendix B) , A(r) is the 

area of' the flux tub e and r is the distance from the top 

of the cloud l evel along the f l ux tube . r is the 
0 

4 -3 value of r at the leveJ. where N = 10 em ; i.e. "ivhere 

collisions become negligible . The upper estimate of 

) ,-

0 

Q(r)A( r)dr can be obtained by noting that Q 
r=o 

decreases Hith r at about the same rate as the 
ro 

~ Q( r )A( r)dr = atmosphere density . Thus 
r:.o 

- 9 l A HN ~ 5 A x 10 particles s-

neutral 

2 -3 -1 = 3 x 10 em s . , I~ !:::!. 160 km at the l eve l wh ere 

Thus the escape f'1ux amounts to less than 2% 

of the total production rat: (~ ~A ). 
0 
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The inclusion o:f the di:ffusion :flux \vill, however, 

decrease the density below the value whiGh one would 

obtain for a . static iono sphere for r L 1.3 RJ. The 

density will decrease mor~ steeply for the nonstatic 

ionbsphere. The distribution of plas ma along a magnetic 

field line passing through Io (L = 5. 9 ) is shown in 

figure 18. This figure includes the up"'ard diffusion 

flux. 

In the follo,ving we will see that Alfven waves 

propagating along the field lines are of major importance 

in the model of the Io cf:fcct presented in this work. 

I have therefore indicated the variation o:f AJ.:fven 
1 

speed VA = Bj ( ~ f·o ) -2 along IFT assuming a f'i eld 

BE = 8 G . g is the plasma density and flo is the 

permeability o:f free space. Tt is obvious that the 

Alfven speed changes rapidly in the region 1.05- 1.20 RJ 

and is nearly constant for larger distances . 

3 . 2 Jupi ter 1 s Hagnetosphcre 

The treatment , described in the last section, is 

adequate only for the ionosphere itself , '"here 

Jupit e~ 1 s rapid rotation h as only a smal l influence on 

the plasma distribution. Ellis (19 65) pointed out that , 

i:f the magnetosphere corotates with the plane t, beyond 

about three Jupiter radii the net acceleration on a 

corotating particle is directed away from the p l anet. 

Also the rotational kinetic energy d en s ity exceeds the 

thermal energy density at some distance. One would 

expect the rotational kinetic energy to be the dominant 

term in any magneto s phere . 

The c entrifugal acceleration i s included in the 

model magne to sphcrcs of Angerami and Thomas ( 19Gl1), 

Gledhill (1967), Piddington (19 67) and Melro se (1967). 
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As s uming a ~1axwellian velocity distribution, the plasma 

density increases with distance in the region where the 

centrifugal force exceeds the gravitational force . 

Clearly a density wh ich increases above all limi t s at 

l arge distances is unrealistic. One must therefo~e 

look for physical conditions "'hich limit the density :i.n 

such a way that it decreases with distance in some 

r egul ar manner. The following physical conditions have 

been suggested to be effective in l imiting the density. 

1. Gledhill (1967) assumes that the maximum 

plasma density able to corotate 1vith J upiter is d etermined 

b y the ability of the magnetic field to exert enough 

force on the plasma to provide the require·~ centripetal 

acceleration for corotation.- He estimates the maximum 

number density of plasma in the equatorial plane by 

e_quating the magnetic and rotational kinetic energy 

densities, which leads to 

( J .4) N -
t-~o.x - fAo m ..o_). R 2. l 8 

J 

Thus the density decreases as N ~ l/r8 ( where r = R3L) 

in the equatorial plane, 

2 . Piddington ( 1967) cal culates the maximum 

d ensity by assuming , t h at the force exerted on the plasma 

by the magnetic fie ld just cancels the centrifugal force . 
~ _, 

The force is a j x B force , as in a curved f i e ld, 

e l ectrons and ions execute drift motions p erpendicular 

to both the field and the radius of curvature . The 

current density is given by 

( 3 . 5) J -

He then makes an order of magnitude estimate for 

stabi l ity by requiring that the magnetic field gradient 
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d u e t o the current j mus t be less than the gradient of 

t h e dipole fi e ld. This leads to 

2. 

( J.6) 
3 B t;. · 

This is very s imilar to Gledhill ' s condition , The 

8 p l asma densi ty also drops as N ~1/r . 

J , Mel rose ( 1967) requires the magnetosphere 

to be stable against interchange motion . I1 the density 

falls off too fast then the interchange motion of flux 

t ubes 'vill tend to decrease the density gradient by 

replacing inner, denser flux tubes by outer , le ss d ense 

flux tubes . The condition for this not to h appen, can 

be '"ri tten, as Melros e has shoH11. ( assumin g constant 

pressure in the magnetosphere) 

( 3 . 7 ) I clN --
N dr' 

(3'- 'f c1' ( V:- I) 

r' ( b r 1
?..- l.. -T- ~ 't / o..) 

1"' 

~ is 1 plus the exponent in the radial dependence of the 

magnetic induction. For a dipole field r is 4. 

the ratio of specific heats . 

't is 

a = R3/Hp '"here Hp is the plasma scale h eight . 

A 2 R 6 -2 b = ~~ J = 8, X 10 

go 

r ' is the radius normalize d to R
3 

r 1 = r/R3 

At the point r ' = 2 . 3, where br 12 - 1/r ' = o, the 

gravitation al force just balances the centrifugal force . 

At this point the dens ity cannot fall off faster than 

( 3 . 8 ) N o(_ 
-4 

f 

For r ' ~ 10 the d ens i ty should , accordin g to equation 

( 3 , 7), b e n early constant . Melro se (1967) calculates 

the density a long any given field line and find s 



a s s uming a c ollion l ess p lasma: 

( J . 9) 

where 

X 'l.. ­
).. - (I-

0.. 

2 

Vis the potential energy per unit mass ( see formula 

( J.l)). 

At r 
m 

- (1 - 2 
2 _ 1 

b sin e . ) 1f 
J.. 

V has a maximum. The p l asma density at this point is 

N , B is the magnetic induction and V t h e potential 
m m m 

energy density . For r "> 2 r one can t ake the 
m 

asymptotic form of ( J . 9 ) and write 

( J.lO) 
f 
-r 
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For the field lines passin g thr ough Io ( r 1 ~ 6), the 

density i n a col lionless plasma model should fall off 

faster than allow·ed by this interchange instabi l i ty con-

dition. Thus the r e must be some plasma trapped in t h e> 

out e r r egi on b e tween the pot enti a l maxima in the northern 

and southern hemisphere, i n order to make the whol e 

magnetospher e s table against int er chan ge motion . A 

similar conclus ion i s reached by Gledhill ( 19 67), 

a l though on di fferen t grounds. The question, how ever, 

i s : by w·ha t physical mechani sm can plas ma be supplied to 

the outer r egions of the rna@letosphere? 

Brice ( 1968) s uggests tha t untherma li zed photo -

electrons released high in the ion o sphere cause a flux 

of e l ectrons which can fill the cen tri f u gally domi n ated 

region. He finds that the minimum density in the 

magnetosph ere due to those photoelectrons a lone ,.,rill be 

o,l cm-J at a few R
3 

with a n increase to N~lO c m- 3 

at r > 10 R3 . P iddington (1967 ) has s u ggested that 



heating of the ionosphere plasma may supply large 

electron fluxes which will fill up the outer parts of 

the magnetosphere. In the following section, the 

possibility of filling the outer regions of the mag-

net.osphere -v.ri th plasma by a t'vo stream instability 

process will. be investigated. 

Beyond r the net force (centrifugal plus 
m 

gravitational) accelerates particles outwards . The 
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resulting electron velocity distribution wil l be double -

humped . The particles '"ill flo'" along the field lines 

with a velocity u = (2 There are two 

streams penetrating each other, one flowing from the 

n orthern to the south ern hemisphere and the other 

flowing in the opposite direction. Su ch a distribution 

is unstable against the b.ro stream instability. The 

conditions for this instability to set i n 'vill be in-

vest i gated iQ the fo l lowing. Basical ly the 

ins·tabili ty leads to a flow of energy from the streaming 

motion of the particles into electric fields. El ectron 

bunches '•ill be formed which vTill move wi t h a smaller 

velocity than u a long the field line . 

Their y e locity is thus not s ufficient to allow them to 

move over the potential barrier set up by the 

combination of centrifugal and gravitational forces . 

These electrons will consequently be trapped in the 

outer region of the magnetosphere and increase the 

density above that given by a collisionl ess model . 

Collisions within these bunches will lead to fast 

thermalization . One would expect the plasma in the 

magnetosphere to consist of two components: 

a) Two plasma streams streaming with a 

velocity u and 

b) a thermalized plasma trapped b e tween the 



potential barriers in the ou ter regions of the 

magnet o sphere . Thi s plasma might not be uni formly 

·distributed but r ather be made up ·of i rregularl y 

occurr i n g 11 b l obs 11
• 

3. 3 The T\vO Stream Instability 

33 

It is known that the possibility of instability or 

grm.,rth of \vaves is as s ociated \vi th plasma streams . 

( For a definition of instabili t y see Clemmow and 

Dougherty (1969)). There are various instabilities 

possible in the case of two plasma streams penetrating 

each other. For a number of plasma parameters a \vave 

( longitudinal or transverse) may have a speed 

appreciably less than the speed of' light in vacuum. I t 

may then be possible that the charged particles in the 

stream move ••i th a speed close to that of' the \vave. As 

a consequenc'e of thi s they are under the infl uence of 

a nearly constant electric field . Under some 

circumstances the particles may steadily convert their 

macroscopic streaming energy to the field energy of the 

1-.rave . In this case the 1-.raves are ampli:fied or, in 

other words , the wave s are uns table . If the field 

energy of the wave accelerates the particles , the wave 

is damped. A different possiblity of wave amp l ification 

may be due to the follO\ving process : the \..rave field 

accelerates the particles away from some region and they 

are returned to the region \vi th a different density by 

the macroscopic streaming motion . If this bunching of 

the partic les i s phased appropriately the wave may be 

amplified. The first process i s analogous to a travelling 

\Yav e amplif'ier \vhereas the second process is analogous 

to that of an. o scillator. 
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The analysis of instabilities is conveniently 

done by iineari ~ing Max>,'ell' s equations and looking for 

harmoni c solutions in t i me and space . This method only 

allo>vs for a prediction of an inst ability but not for a 

description of the inc r e ase of the lvave amplitude in 

time or space . This can only be done by nonlinear 

analysis. Here we >vill adopt the fol lmving argument. 

If the plasma b eam sys tem in the J ovian magnetosphere 

allmvs for an instability the (linear ) growth rate of 

1-rhich i s large e nough, then the plasma b eams 1vill lose 

energy in such a Hay that the 1-rhole system is driven 

toHar ds a stable situation. \v e are interested to find 

instabilities >vhi c h feed on the macroscopic streaming 

2 
ener gy f '5 U of the plas ma beam. For U = 0, t he plasma 

is Hax1vellian and stable. If U i s i n itially l arger than 

a critical velocity U instabilities will s tart. The 
c 

instability Hill reduce the s treaming v e locity to a 

v a lue less than U . I n the limiting steady state case 
c 

the plasma beam Hill h ave a velocity U , b e cause if 
c 

U > U the instability Hill decrease U t o U~ U. 
c c 

If U d ecreases b e low U the agent responsib l e for the 
c 

init i a l streaming motion 1vill accelerate t h e particles 

to larger values of U until at U the instability 
c 

sets in again . 

There are t1vo streams in the Jovi an magnetosphere , 

each of 1-rh ich i s neutral and of -Ghe same density. There 

may a l so be plasma at rest with r espect to the magnetic 

fi e ld ( this , of c ourse , means a t res t Hith respect to 

Jupiter if the plasma corotates with Jupit er). Each 

stream lvil l make a contribu tion to the conducti vity 

rutd the conductivi ty of' the Hhol e system i s simply 

<6 . . 
~J 

obtained by the ·addi tion of' the contribution s from each 

con:·~onent of the w·hol e magneto spheric plasma system . 
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The perturbation is assumed to vary as e 

where x is the direction of t h e magnetic f'iE>ld 

-'> ~ 
B = (B, O,O). The velocities of the streams are U1 = 

~ 

(u,o ,o) u
2 

= (-u,o,o). ( u <<. c) • The density of each 

stream is N and the density of the stationary plasma is 

N • The pres s ure force per unit volume in the non­
a 

relativ istic f orm is given by - t KT grad n, 'vhere '1: 

is the specific heat ratio, and n is the excess number 

d ensi ty of p articles over the equilibrium value N. 

The linearized current density i s then gi ven as (ne -

glecting the motion of the heavy ions) 

( 3.11) 
~ 

e. u. n. 

the charge continuity equation is : 

(-3 .12) 

The components o f the current density are then: 

. 
=-eN (u Vx 

( 3.13) h. w- ~u. 

)'&- =-eN '\)"~ 

Je =-eN Vi. 

. The non-rel ativistic equation of motion of the electrons 

can be written as 

vhere a 2 = KT/m is a velocity of sound. The Fourier 

t ransform of' this equ ation gives for the perturbat ion 

of the s trerun (u,o,o) 

( 3. 15) '\)')( = .t e. w - h. U .. t:)l 
m { w- R U.V·- 0..2. R.,_ 

[ t; 'a iluf.:-U.h,) \;11.] 
- \ 

'l]d ~ ). .§... -1' A "rt\W 

r " ] -\ 1):1 = ; ..:w r-_ • .ll.. f f\ 
~ "" " ' L ~;c_ - .{.(C>I.>-Ll.~) -r: 

where .il = e B /m a nd A= (Cw-U\\): ... 1) / (w- t.1.~)4 
0 

with equ ations ( 3. 13 ) and (3.15) one obtains 
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2 2 
where W = Ne /c

0 
m is the square of the plasma 

p 

frequency times 2 11 . 

The conductivity tensor is thus 

(J.l7) 6n 0 C> 

.£ = 0 622... 6.2..3 

0 ~32.. ~33 

where: 
, . 

611 - tWc0 
~ \ 

(J.l8) - Co2.. ( 1- r.t uy-_ o..4n.~ h.>2-
"> 

6 - tcvc0 
we- A-I 

633 22.. : = 
(,:}2.. 

623 
(.J 2. -\ 

= -ii.U£0 ~l~ n.~A= - 6'32.. w'" I.)-~' 

Including the stream (-U,O,O) ,.,.ith the same plasma 

density (i.e. 0~, = CJp2.) and the stationary backeround 

plasma with a plasma frequency 0 po gives: 

(3.19) 
6,\ =- (u-~ ~)2-_. o~'r{f~?.+ 

1<.• 
2. 

~ I 
w' I- o..o ).'R"2,.1w ~ 

= - .icuco t ~z. (A:' ~ A~t) + 0?~ ev~- n_2.1 

'"here A =A and A = ((w + 'R\A. ) 4
- Sl-2.. )/(w+ RU. )2... 

+ 

The e quivalent di e lectric t e n s or 

easily deri ved from tho se equ a tions 



(J.20) 0 

0 

0 
where 

·1 w2.t A-' K2?>=-t -? ... 
~4 w- RU. 

+ 

From Maxwell's equations 
.., ~ 

(J.2J) \! X E - - i. w f ·O \-\ 
-"'> -'> 

\J X \i ~ fv W E.0 K t:. 

-'> 
we get by e limination of H 

1\ 
'"here k is a unit vector a long the direction of wave 

-'y A 

propagati on (k = k k) and jJv is the refractive index 

J7 

p- = C 'R/w. For waves propagating along the x-axis one 

obtains 

(J.25) 

The solution of this equation yields the secular deter-

minant 

( J.26 ) 
Kn 0 0 

K:l."l.-f '2. 
\<.2.3 0 0 -

0 \(~2. \(33-p.2-
The di s p ers ion equations for the characteristic waves 

are then given either by 
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(3 . 27) 1- ~ = 0 

or by 

(3.28) 

The '"ave described by ( 3. 27) is a purely longitudinal 

w·ave as can be seen from ( 3. 25) . For the plasma 

system with two beams and a stationary background plasma 

(3 . 27) is written as 

( 3. 29) \ - + 

where the indices 1, 2, 0 refer to beam 1, beam 2 and 

the stationary background plasma respectively. 

In the case of the Jovian magnetosphere '"e have ( as 

above) 01 = 0 2 = CVP, ul = -U2 = u, al = a2 =a. p . p 

Then the dispersion equation reads: 

+ 

The analysis of this equ ation with respect to possible 

instabilities is conveniently done if we rewrite it by 

introducing \v = Go/k (the phase ve locity of the wave 

under consideration) 

' -l 4 - ':?. ""po K. 

Suppose first that Dl <:<. Ll then figure ( 19 ) shmvs 

G( w) as a function of U. Clearly for ().0 <: U. there is 

always a pair of conjugate complex values for W for 

all real values of k for which k
2 

is less than a 

minimum value. These correspond to an instability. 

According to the criteria for instabilities given by 

C,Glemmow and Dougherty (1969) this instability is a non-

convected instabi1ity. This case corresponds to a c uld 

beam and a cold stationary plasma. Figure ( 20) shows 
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- Figure 20 : 

' 1 G ( w) 

l 

' 2-(..).L-~ 
U' a~ 

u VI 

G ('of) for hot backg:.>:'ound plasma, a > U , but 
0 

cold ~ treaming plasma, a x 0. 
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that for Q 0 > U. the instability is prevented if the 

background plasma density becomes larger ·than the 

density of the plasma in the beams ( exactly : 

COpo > J? ~ Wp). 

This case corresponds to a cold beam but a hot background 

plas ma (a refers to a velocity of sound in the beam and 

a refers to the same quantity in the stationary back­
o 

ground plasma) . 

Along IFT the velocity U is given by 

(J.J2) _oo R - - - - _n_ r Sl'f\ e - T Srn e 2. ( I I ) \ "2.( 2 
· ' 1. • 1 ) 

J J r~ r' 2 m m 

The index m again stands ~or the potential maximum. 

The maximum value of U accurs for sin 8 = I . 
I 

r "- 2 , 6. Thus 
m 

For IF'l' 

The velocity U is calculated from this as 50 kmls. 

Thus in thi s case the electron temperature of the 

stationary plasma in the magnetosph ere should be less 

than 1 00 K, for the instability to b e active. This is 

very unlikely, if the ionosphere ("'here T '2 1 000 K) e ~ 

is the only source of magne tospheric plasma. If the 

plasma beams have finite temperature whereas the 

background plasma is cold, the condition for ins t ability 

is U > a as can b e seen from figure s ( 2 la) and (2lb). 

If' both the plasma and the background plasma have a 

finite temperature the conditions for instability is 

again U > a I see figure ( 22 ) I . From this discussion 

we conclude that the e l ectrons in the beams 

propagating through the Jovian magnetosphere 1vill not 

exci tA long i tudinn.l 1-1aves . The treatment above has, 

howev er , completely neglected the perturbation of the 

ion motions. Longitudinal 1-1aves can also be excited by 



Figu re 2 1: 

G ( w) 

:v: 
I I 
I 

a ) G (\ol ) for a <<.. U and a ~ U, i. e . cold 
0 

b ack ground and beam plasma. 

b) G (w) for a <.<. U but a 7 U , i.e . cold 
() 

background but hot beam p las ma. 
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Figure 22: 
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G[w] 

U-a u~a w 
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G (1of) for equal temperature of' the back­
ground and beam plasma, a = a • a) a <. U 
b) a > u. 0 
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the ions i n the two streams which flow with the same 

average velocity as the electrons (the velocity U is 

.related to the change in potential ener gy p er unit mass 

which is , of cour se , independent of the particle's 

mass). A treatment exactly like the or..e above must be 

appli ed to the ion motion. 

The dispersion relation (J,Jl) is then 

( J,J4 ) 
2. ( \ ¢ ( W) = (Ufe. \w- UY~_- ()..2 + lW+~)•-o.4J 

2. 

+ 
l0peo 

\\j :~._ 0.02.. 

+()'l \ . ~ ) + ~P~oz.. 
Pi (\~-U) .. _ b2. ... ~+UY=-b2 \~ 2.- b:-

z:: Gel w) G~ ( W) 

w. 2 2 b2 = '( KT/m. where = Ne /c 0 ffli 
PJ. J. 

The s ubscript i refers to ions and the index e to 

electrons. Figure ( 23) sho1vs a plot of cp (1v) versus 1v. 

It is seen t~at the ion contribution G. (w) a llows for 
J. 

an instability. 

In this case the condition for the instability . to 

set in is U? b, at IFT ~he ion t emperature must be 

larger than 4 000 K to prevent the instability. T . will 
J. 

most likely be less than 4 000 K in the beam a nd in the 

s tationary plasma and the ions will excite the 

longitudinal waves . 

The initial growth rate (0po ~ wp) is a maximum at 

Wt>.i..t/2. 
and has the value e At Io ' s k = tD -Cv /U 

pi 
orbit the plasma streams h ave a d ensity of N = 10 cm-J 

and U = 50 km/s. The e-i'olding time of the instability 

is Te~5 X 10-
4 

l s 1 and k = 7 . J X 10-1 l m-1 ]. This 

ins t ab i lity >vil1 gro'v rapidly in its initial stage until 

eithe r non-linear ef'fects limit the further growth or 

th,=. back ground plasma becomes dens e e nough to prevent 

the ins tability. 

The condition for instability U '> b can be 
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written as (t aking U in the equatorial plane, i.e. at 

sinG = 1, .from (J.JJ) and 

'C' I ) 2.( 2. . ~ RJ2. L') > ~\(T - 2~() R - ~ - Q. "" St"ff O'Yl'l-~ T Wl· 
""" ~ 

or 

( _RJ . R'J \ 'o ( r;: s;.,..> e..,- L~)) > '!KT _I_ -- ml~ 2R.:J fm L 2.. J 

no'\v r = R JL sin
2 E) along a magnetic field line 

(J.J5) (~ -~- 1 b [ r,,,> L~ J )> '{ \1 - ---
'"" L.. 2- ~.:? L 2 QJ 

~~;sC> Rj = 4.6 -2 
= x 10 for Jupiter where b 

and H = KT /m;.~ is the scale hei. ght of' the positive 

ions. Taking T ~ 1 5 00 K as in the ionosphere the RHS 

of (J.J5) is 3,6 't x 10-3. For 't= J (1 dimensional 

particle motion) one obtains the condition for 

instability: 

(J.J6) ( RJ . -

''"' 
Figure ( 24) is a plot of the LHS of (J. J6) as a 

function of' L i.t i s seen that only for L 2.3 will the 

condition for instability (u ':> b) be f'ulf'illed. i.e . 

only that plasma which moves a l ong field lines '"i th L 

values larger than J will h ave a sufficiently high 

s treaming v e locity to trigger the ins tability. 

The di s p ersion equation (J. 28 ) describes a trans -

verse wave. Wi t h the notations (3.22) e quation (J.28) 

can b e re,vri tten as : 

(J.J7) 
'2. 'l. 

( \ - )A,_- c) = D 

or 



(i) 
,.0 
~ 
Pl 
c:+ 
f-1· 
0 
::1 



(J.J9) 2 1. .. ?­
Ct<.= 

Thi s can be written in a general f'orm 

(J.40) 

In this expression ( J . 40) w and k may both b e 

positive or negative. If the electri c f'i e ld vector 

rotates clockwise when the observer looks in the 

positive x-direction(i. e . in the direction o f B ) 60 is 
0 

positive. The phase velocity o:f the \vave is W /k. The 

wave propagates in the direction of' B if W /k > 0 and 
0 

opposite to B when ~/k < 0. Including the 
0 

perturbation of the ions in the stationary plasma 

( as U >> V. we may n e glect the e:f:fect o:f the ions in 
~ 

the beams) y,Jilds the :follo1dng dispersion equation: 

where 

G (w) - c.u- UQ.. 

w-U.'R± ne.. 
+ 

Figure ( 25a) is a plot of G(~) :for a f'ixed positive 

value of' k . n is seen that there are four resonance 

frequencies 
'V 

(..o 

rv 

wi = Uk + n. 
e 

l'v 

~2 = Uk - n e 
"-

WJ =-Uk + .ne 
"v 

04 =-Uk - n e 
'V 

In :first order nonresonant \vaves ( w ::f:. L0 ) c annot 

be excited by the b eams ( see Neu:feld and 'vright, 1963) . 

We will there:fore only consider re s onant waves , i . e . 

those \vaves \vhich have the :freque n c i es ~ in the 
e 

:frame of' eith er o:f the b eams. The freque ncy of thes e 

wav0 s in t h e :frame of' the back ground plasma is W = w + 6 
l'v 

wl1e r e th e rea l p art or & i s much s ma ller than~ • If' ~ 
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is complex, then \m& 
4J 

, if positive, represents the 

growth rate of the excited waves. 

The dispersion reJ.ation (J.41) c an be split into 

two parts, the first one F(w) describing the effect of 

the stationary plasma whereas the second G(li>) describes 

the effect of the two plasma beams 

( J. 42) 

where: 

( J. I+ J) 

where, again, w can be positive or negative 

(J.44) G(w) - + 

"' 1\.. 'V 

'"here (Oi/k are the resonance frequencies U>i or W k 

respective l y . 

In the neighbourhood of QA.(L::\
1
1)

1 
+(w) can be 

approximated by a Taylo:r series 

Now: 

(J.46) 

Thus at C.O= ~ ... ~· ~ the dispe r s ion relation ~(w) = 0 

reads: 

(J.47) 

where A~ ::: 

For small & for which ( J .47) holds thi s can b e re-

written a s : 

c J . 4s) ce2. 2!- cC)i. > -'" b -v cw.t.) * ,Q~ 4) 'r2 
_ a 

'OL0 



which gives :for ~ 

(3.49) 

Thus the conclution :for instability is immedi ately 

written as: 

(3.50) 

'2. 

(F U;)JJ 
'dF cw._) 
oc.v 
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Figure ( 25b) shows a plot of F(~) as a :function of 

W. It can be seen that the c ondition 

. -v "-' 
only fulfilled for C.U L.. 0 and only \vhen - ~(.. ~ 6J..:. ~ 0 

(for i = 1, 2). Thus the electron beam moving along 

'V 

Bo, for \vhich 011-2. are the resona.J;lt f'requencies , can 

only excite transverse \vaves travelling opposite to the 

field ( ~ ~(/ ) • This conclusion was also arrived at by 

Bailey (19 50 ) and Neu:feld and lvright ( 1963 ), vho have 

first investigated disp ersion relations of the type ( 3 .41) 

by the me thod used above . For the other electron beam 

the condi tion for instability is 
~ 

0i ( i = 3, 4) must then be between 0 and + .Qi. The 

second condition o:f (3.50) limits the range of 
,_; 

frequencies ( W = 0 ) still further . If W 
2 

is very 
p 

s ma ll, this condition can, however, ah.,rays be fulfilled 

We can now \vrite d01..m the conditions for U under 

which the ins tability \vill be present. Since 

it follo,.,s that 

Let us write :for the :fr equency at \vhich instability 

is presentL,U = -U i.-\- 0. Then, ne g lecting the electron 

term in F (w) 



F'(u:>) ~2 \:tL '2-
~ Q~~ + ~:1.. + 

2- n.:. = \.. + nt -+ r::J.. (.,) po 
~ 

fdt- ·- ~ (o(cu?!') + 2. rL-4. ~~ 
~(0 ~L 

From ( 3 . 50 ) 

\ ~ (c.' 'R'l-

for ~:::() l i . e . - Sl. e. 

r).. LV po2.. -U i. L.. .2 C.V p 0po ~ ~U.e.0.~ '='" 2 0{10~0 52 i.. 

and h ence 

( J.51 ) 

Thus this instabili ty w·ill be present, as long as 

the density of' the background plasma is small enough. 

On the other hand for ~ = Sl~ , i . e . LV ~ 0, the 

condition for instabili ty is 'vritten as 

( 3 . 52) 
- \ };L. 

c:.. .n.e ( lVpc, l 2 W~ - ti 0~0 ) J 

wh ich at Io ' s orbi t where _o_ e~8.8 x 105 - 1 sec 

( this figure is based on an equatorial fie l d strength 

( as will be sho\\rn in the next sect i on) reduces to 

U -:::. 6 x 10- 2 C -v 18 000 km/ s 

-1 
s 

Thus the instabi l ity will be present only near~= -S2~, 

where the growth rate is , however, very small because 

The growth rate of' transverse waves excited by the 

electron beams is cert ainly much smaller than that for 

longitudina l wave s excited by the protons. 1-Te ,.,ill not 

calculate the exact values of the growth rate for the 

transverse waves excited by the· protons . 

The analysis of the transverse wave instability 

produced by the protons in the beams is very similar 

to the one given above. Again the growth rate is 
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smaller thrul that for the longitudi nal waves excited by 

the protons. A detailed investigation of one plas ma 

beam penetrating a stationary plasma under the 

condition Wp t..~ Wpo can be found in the articles by 

Neufeld and lvright ( 1963) and Bailey ( 1950). The reason 

for including the discussion of this transverse wave 

instability was to show that not only the protons in 

the beam 1vill feed their energy into waves but a l so the 

electrons, although at a much smaller rate. 

From the discussion above v e conlude that the 

plasma streams travelling along the magnetic field lines 

through the Jovian magnetosphere will excite both 

longitudina l 1vaves (due to the protons travelling 'vi th 

a speed greater than their thermal speed) and transverse 

waves. Since the energy contained in these ,.,raves is 

derived from the macroscopic streaming energy , growth 

of '"'aves means l oss of streaming energy and hence de­

crease of U. The e - folding time of the longitudinal 

waves is less than a second. The growth of the 

transverse 1vaves is much s lo,ver . I will, therefor'3 , 

only consider the longitudinal 1vaves in the f'ollo,ving . 

From ( 3.36) it can be deduced that the longitudinal 

wave instability 1vill only be present on field line5 

for 1vhich L '> 3. For L .( 3 the plasma distribution 

should be similar to the one described by Helrose 

(1967), which was based on the assumption of 

negligible collision effects in the magnetosphere. 

For L > 3, however, the distribution will differ 

considerably from that given by He lros e . The 

instabilities , de s cribed above, 1vill lead (mainly) to 

a loss of' ion energy parallel to the magnetic field . 

The ions will not be able to get over the pot8ntial 

barrier any more and hence must accumula te in the outer 



----------------------------------------------------------------

47 

parts of the magneto sphere. The e lectrons are only 

subject to the trans v erse wave instability which has a 

much smaller gro1..rth rate. The loss · of electron energy· 

will. not be as fast as that of' the ions. They will 

retain a sufficient energy to overcome the potential 

barrier. The accumulation of positive particles in the 

outer parts of the magnetosphere will build up an 

electric fi eld. This field will speed up the electrons 

which move towards the equatorial plane and d e crease the 

velocity of the ions moving in the same direction. The 

acceleration of electrons however, 1vill be much larger 

than that of the massi ve ions. The streaming velocity 

of the electrons henc e wil l increas e above U g ive n by 

(J.J2 ) ~ The electric field will prev en t the electrons 

from passing over the potential barrier . The exact 

treatment of the magne tosphere including this electric 

field is too complicated to be worked out in detail 

here. It requires the nonli near treatment of 

ins tabilities ; i . e . the exact behaviour of the energy 

loss from the particles to the 1..raves . It seems likely , 

' however, that the electrons will eventually acquire the 

same Gnergy as the protons i.e. U = 
e u .. 

J.. 
If 

this happens , the electrons wi!.l also excite longitudina l 

waves as described above . The final result will be a 

trapping of the plasma in the outer parts of the 

magnetosphere . The trapped plasma particles will 

collide with each other {even though the collision 

frequency i s small) and after some time the plasma 1dll 

b e approximately thermalized {by this I mean: its 

velocity di stribution ""lvi ll b e v ery nearly Max1..rellian). 

The t e mperature of thi s plasma will b e of the order of 

Tp = f {Te + Ti )~ mi..'llt../'t2K ( equating t h e streamin g 

energy of the protons to t h e thermal energy of the 

plasma). Assuming T = T . = T, one obtains a particle e J.. 
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temperature Tat Io's orbit of about 2 000 K. 

The plasma density in the magnetosphere will be 

limited by recombination, In an equilibrium state the 

loss due to recombination must be balanced by the flux 

supplied by the ionosphere. The recombination loss 

per unit volume is given by L = <X,~ N e 
2 

,.,here ot,3 

is defined in Appendix B. Thus in a volume element 

A(s) ds, s is a length along the field line, the 

recombination rate is cX 1~ N 
2 A( s ) ds, The total re­

e 

combination rate in the entire flux tube is 

( S"" d..r~ N 
2 A( s ) ds where s = o is taken in the equatorial 

\ e 

plane and s is the distance between the equatorial 
m 

plane a nd the ionosphere along. a field line. This lo ss 

rate must be balanced by the flux F = N V A , We thus 
0 0 0 

get: 

(3.53) 

where A is the area of the f lux tube a t the level from 
0 

whi ch the flux originates. If we assume that the bulk 

o f the plasma is thermalised the variation of N 
e 

magnetosphere is given by Gledhill (1967 ). 

(3.54~ 

i n th e 

whe re T is the particle temperature and N is the 
eo 

maximum plasma d ensity a long a particular field line 

with an L val ue L. The thermali sed plas ma will form a 

s ort of discus. 

( 3.55) .n..2.) 3--
2. 

~ S i s measur e d a~ong the field l i ne with s = o at the 

ma~ne tic equatorial pla n e . 

Thu s \ve get the ma.'Cimum plas ma d en.>i ty N a t Io' s e o 

orbit ( L = 5 . 9) • 



(3.56) N 
eo 

2 
= 

s"" e "l. -- s 
N Y A I I f ~ 2r!T 

0 0 0 C1-\~ ) '- Ats) <ls 
0 

If the variation of A(s) is negle~ted we get, taking 

an average A(s) =A out of the integral 

(3.57) N 
eo 

2 
= 

J ( KT )''.1:._ 
B 7 1\ 

For Io 1 s flux tube NV = 1012 (particles 
0 0 

-2 
m 

-}) 
s ' 

which gives N = 5 x 103 particles/cm3 . If the 
eo 

magnetic dipole is displaced along the rotational axis 

of Jupit er from the centre of the planet the plane of 

maximum den sity will not co i ncide with t h e equatori al 

plane but with the magneti c equatorial plane ( sin G= 1). 

I f the dipol e is a l so tilted the plane of ma ximum 

plasma density will b e s omewh e r e betHeen the equ atori a l 

and magne tic equ ator plane. Gledhill (19 67) has made a 

d e t ai l ed invest i gation of this case . His results are 

u sed to calcul ate t h e variation of p l asma density a long 

Io 1 s orbit for various magnetic dipole di splacement 

p arame t ers as sho'vn in figure ( 26a). Figure (26b) 

s hows the variation of the Alfven velocity a long Io ' s 

orbit. This figure is based on BE = 10 G (for 

d efinition of BE see section 2.2.2) 

3.4 The Plasma Distri but ion in the Magnetosphere 

The d en s i t y of plas ma in t h e magn e to s p h ere i s 

d e t ermined by the b a l a nce b e tHeen the flux of p l a s ma 

s upplie d by the iono s phere and r e c ombinat ion. The 

r e combina tion process will b e come important only if the 

plasma rema ins in the magn e to s pher e long e nough, t h at is , 

longer tha n . the time cons t ant for d en s ity chan g e s due to 

rec ombina tion . The recombination in the l ow d en sity 

mar:neto s pher e is an extreme ly s lo'" process . If no 

e l ectron- ion p a irs '"e r e formed, t h e d en s ity N would 
e 
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decrease as The time for the density 

to decrease by a factor of 2 is then t 

N ~ 103 particles em - 3 gives t = 2 .x 
0 

_, 
=IX,} N which 

0 

8 10 seconds .. 

The characteristic time for variation of the plasma 

distribution is the electron ion collision rate 

for. 

For T = 2 x 103 K this gives several 

hours. Collisions of the particles in the beam should 

therefore be entirely negligible. (As '"e have assumed 

all the way). Thus the presence of the bv-o stream 

instability as described in the last section is essential 

for the trapping of a considerable plasma density in the 

outer parts of the magnetosphere. It was shown in the 

l ast section that trapping of plasma will become 

important along field lines which have L values larger 

than 3. The maximum plasma density in the equatorial 

plane can then be calculated with formttb (3.57). For 

L > 8 ( 3. 57) can be approximate,·Lby 

'l. 

(3.58 ) Nc:o -

where 
(\ 112 
1~ = 1\ ~\!. \<. is a canst ant. 

· A is inversel y proportional to the magnetic field 

s trength B o< 1 lr3 , T is proportional to u2 ( see above 

discussion) and B' is proportional to L-3. In the 

equatorial plane U IX L 2 , thus T/B ' 0( L5 and the 

density N varies as N ~ (NV \t L- 2 · 75 
eo eo o o 1 

For L > 8 the flux of plasma supplied by the ionosphere 

is nearly constant, as the escape velocity v 2 ex: V 
esc max 

( the height of the potential barrier) is constant. 

(v - v ionosphere = ..!. m. Qo Q~ ) • max 2. "" o ~ 

Thus one would expect the equatorial plasma density N 
eo 

to decrease as r-
2

• 7 5 f'or r > 8 n
3

• For L <. 8 the 

density decrease will be faster. Calculating N for 
eo 

different f'ield lines in4icates a decrease of equatorial 

plas ma dens i ty at Io' s orbit N ( r) o.( r -3 a nd 
eo 
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N (r) 9( r-4 at L = 4. Taking Melrose's calculations eo 

to be valid for f ield lines with L ~ 3 we finally 

arrive a t an equatori a l plasma di s tribution as sho,.rn in 

figur e ( 27). The dens ity decrease in the equ a torial 

plane indicated by ( J.58) is fas t er than the decr e a se 

a llowe d by the condition Melros e (1967) has d e rived. 

He argues tha t only tho se magnet ospheres will b e stable , 

for which by interchangin g two magnetic flux tub e s at r 

and r + Sr, the e n e rgy for a flux tub e E=(.'l~l ?+~V(r))\1 1 

increases. V' i s the volume of a flux tube assume d to 

vary as r~. For large distances from the planet t h e 
() 2. 2. 1'2. 

pot entia l v( r ) can be approximated by v( r) ~- l. ~~.D.. f • 
2.. 

Then ~E _ ~'IJ' + h Sf' + Y(r)&~ + ~ bY(-r) _ R k + ~N J _ Nk&\e+ ~bY!~) - , -r, N~ 
£: V _y_ o + P 'V(-r) L?• 3 VC.r) 

~- \ I ~ ¥-1 · 
It "\vas argu ed above that Tp ~ m Y(r)/¥ 1<. fo r l arge r. 

Hence N k bTp = ~/Y; b VCv-) and 

<"r c (N li-+\/ 'i2.) ~ VCr) =- f R + 2 'i+: '\ h · J. ~ 
~ = · (?> a; + ~ + \J(T) \I"' '!"" I ,- -. N 

l t can b e seen tha t in this c ase, \vhere the plasma 

·temperature of the magnetospheric plas ma is allo,v-ed to 

v ary as a function of r , the magnetosph ere i s s t ab l e if 

the density does not d ecr ease faster than 
- ( ().. + 2.. 'i+ \ ) N I>( -r ,- 7 

He nce the magnetosphere d escribed above should be 

stable against the interch a n ge motion. 

---........ . ,, 
I 1 ,.- \ 

I I ' \ 
l' I 

·--
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Figure 2'7: Equatori a l plasma density variation as a 
func tion of' distance r from the centre 
of t.h e plane t. 
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4. Io 1 s Interaction with the Magnetosphere 

4.1 Review of Existing Theories 

A number of authors have considered Io's interaction 

with its plasma environment. The majority of their 

theories regard Io as a g ood conductor. 

lvarwick ( 1967, 1970) assumes that the induced emf 

due to the motion of Io through Jupiter's magnetic 

field drives currents in closed loops inside the 

satellit e . These currents distort the external field 

whi ch then cleaves around I o : the distortions are 

propagated away in the form of l arge - amplitude Alfven 

wave s . Schmahl ( 1970) expands lvanvi ck ' s ideas and 

cons iders Io's movement through . the magnetic field, 

which varies along Io's orbit. (Thi s variation is due 

to the tilt of Jupit er ' s magn.3ti.c dipol e and its displace-

ment from the centre of the planet.) The motion of Io 

through this magnetic field causes Io to have a sizeable 

magnet ic dipole moment, the magnitude and direction of 

which a re r e l ated to Io's core conductivity and the 

amplitude of variation of magnetic field as seen by Io . 

Io \vil'l then act as a source of dipole radiation of 

Alfven \vaves . The powe r of these waves is of the 

10 
order of 10 W. Both authors assume that the Alfven 

waves propagate along the magnetic field lines connecting 

Io \vith the ionosphere. lvar,vick (19 67) mentions the 

poss ibility of steepening of the Alfven waves fronts 

a nd the d evelopment of instabilities i.n the steep wave 

fronts leading to the emission of strong e lectromagnetic 

radiation in the decameter band. No detaile d attempt 

was made to account f or the major characteristics of 

the decametric :r;a di at ion in t erms of these models. 
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Goldreich and Lynden- Bell (1969) regard the flux 

t ube passing through Io as frozen into the satellite . 

In contras t to lvar,vick' s theory the y require currents 

to f l ow out of Io, along fie l d lines into the 

ion osphere, across the field lines in the ionos phere 

and b ack towards Io. The satellite thus acts as a 

unipolar generator whereas the ionosphere can be thought 

of as a motor. The current i s carried by h igh energy 

electrons whi c h are accelerated at Io. Th e flow of 

these high en ergy e l ectrons through the ion ospheric 

plasma can lead to an instability. Go l dre i ch and 

Lynden- Bell then argue i n favour of coh eren t cyclotron 

radiation as the radiat ion mech ani s m. It h as b een 

point ed out b efore ( see section 2 . 2 . 2 ) that some 

aspects o f the decametric r adiation cannot easily b e 

exp l a ine d by this model. 

The ab ove t h e ories regard the interaction of Io 

'vi t h the magn etosphere as of the induction typ e . Carr 

and Gul1cis ( 1970), in their excellent review artic l e , 

describ e other types of int er~action. These will not 

b e described here for two r easons . None of these 

the ories h as been worked out in great detail; and the 

' theory of Io's interaction with the magnetosphere 

described below only incorporates some of the e l e ments 

of the three models mentioned above. 

4. 2 Deformation of t h e External Magnetic Field 

Let u s consider the conductor of Io movi ng through 

a regi on of uniform magn etic field . Su ppose , firstly, 

that no plas ma s urrounds t h e satellite . Then , in a 

frame of reference moving with Io, the re will b e an 
-) 4 4 -"> -> 

e l ectrostatic field EL given by EL = V x B , where V s 0 s 

is the vc l oci ty ·of t h e satellite a.s measured in the :frame 



reference in which the current sources of the magnetic 

field are stationary; that is, in a frame of reference 

.corotating with Jupiter . In the frame of referenc e 

moving with the satellite, Io appears to b e immersed in 
-'> 

the practically homogenous e lectric field EL. We then 

have the simple problem of a conducting spher e immersed 

in a uniform electric fi e ld: charges accumulate on the 

~ 
surface of Io , cancelling in the field EL inside the 

satellite exactly and outside superimposing an 

electrostatic dipole fi eld onto the field EL ' giving a 

total electric field EM outside Io (as measured in Io 's 

frame), such that (see Jefimenko (1966) p. 154) 

(4.1) 

~ ~ 

EM= 'C\- -t 1 ~\.. 12.. 

A A 
where G is the polar angle and r and G are unit vectors. 

The field E is shown in figure ( 28) . Because there is 

no e lectric field i n Io ( as measured in Io ' s frame), 

there can be no steady ohmic currents in the satellite . 

I assume that Io has been immersed in Jupiter ' s 

magnetic field for long enough to ensure that any eddy 

currents "\vhich would act to keep the magnetic field out 

of the satellit e have long since died out. The 

external magnetic field, which was assumed uniform 

a long Io's orbit, permeates Io . 

Suppose now that the satellite has a conductivity 

6 Io and the medium ( assumed to corotate with Jupiter) 

outside the satellite has the conductivity 6M. 

This problem has been s tudi e d by several authors ( see 

Jefimenko ( 1966) p . 426). It can be shown that the 

electric potentials i n the s atellit e ( 'f I) and in the 

medium ( f H) are given by: 
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Figure 28 : Io 1 s interaction with the magnetosphere . 
The sat ellite is assumed to be a perf'ect 
conductor . See text for explanat ion. 

The geometry o~ the problem . 
The Lorentz field as seen from 
Io ' s 1rame. 

c) The d:i.pole f i eld. 
d) Superposition of' Lorentz and dipole 

~ield. 

c 

d 
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( 4. 2) 
6 x:o "~ Bo 'f" cos 0 

6ro+ 26M 

'3 

Vs \3 R:ro cos e 
0 2.. 

r 

Thus the electric field inside the satellite is 

(in Io 1 s frame) 

( 4. 3) -----

and the field outside the satellite is (in Io's frame) 

_.., ?. ...... ~ 2 6ro 'Js~o Rro (4.4) EM= - V'Pt-\ + Ys x Bo - ~ 
CoS 9 

6ro + 2~,.,. 

3 1\ 

6 T.o Ys Bo Rrc s\'11 e e + Ys Bo ~ + 
cS:z:o + 2 61"\ r3 

It is seen that (4.J) and (l+. 4) reduce to (4.1) if 

6M = o .• 

Although the treatment given neglects the ani-

sotropy of the surrounding medium i t s hows a number of 

importan t effects . If I o '1-rere surrounded by plasma 

but no current were allowed to flow in the plas ma 

( 6 M = 0) the electric field outside Io 1-1ould cause an 

A 
"f" 

-+ ~ 2 
Ex B/B drift of the plasma around Io. For r >> Rio the 

....) -drift velocity will be VD = _v s· The flo1-1 field of the 

plasma for this case is s ho1m schematicall y in 

figure ( 28d ). In this case the plasma would move 

around Io smoothly and continue to corotate with 

Jupiter. 

The s olution is, however, quite unrealistic. The 

plas ma environment of Io \vill certainly a llo,., charges 

to leak out of or into I o. 1ve then have a current 

d en sity 

-") 

) r.o = 

passin g through the conducto~:', sup erimposing its 
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Figure 29: Io ' s jnte r ac tion with t h e magneto s phere 
when Io is not a perfec t conductor . 

a ) 

b) 

The e l ectric field and str eam 
lines (\?D) 

The di s tortion of the magnetic field. 



magnetic field on the underlying field (see figure 29b). 

The field in front of Io will be enhanced while that to 

·the rear is reduced. It can be seen from (4.J) that 

this effect will be important only if the conductivity 

of the surrounding medium is larger thru1 Io's 

conductivity. If 6 M >) 6 Io '"e can write 

( 4. 6) 

and the magnetic field due to this current (neglecting 

end effects, that is: treating Io as an infinite 

cylinder of area ~ 

(4.7) 
~ 

H -

6:ro Vs Eo f"f. Ric 

2-

If hmvever , 6M << ¢Io '"e have 

. ( l.j. 8) 4 

)Io ~ 0 
) 

-;. 

H ~ 0 

Thus we see tha t it i s essential for Io's 

conductivity to be smaller than that of the s urr ounding 

me dium to cause a large distortion of the extern a l 

magnetic fie ld. 

In contrast to the ideas o~ Goldreich and L}~den-

Bell (1969) I do not require a specific topology of 

magn etosph eric current flow fixed to Io. I envisage 

the follmving proc ess . The charge density ()() on the 

surface of Io is giv en by 

(4.9) 
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for a condu cting sphere, wher e the index n stands for 

the component normal to the surfa ce . With (4.3) and 

(4. 4) we see that : 

'""'- ot cos e 

Thus the maximum surface charge density occurs in 

the vicinity of M and N in 1igures (28-JO). The charges 

leaving the satellite frou1 these r egions will move onto 

and from magnetic field lines which have at most a 

fleeting contact with the satellite. This is because 

there is no mechanism to tie the magnetic field line to 

Io ' s sides M and Nand the charges leaving the 

~ ~ 2 
satellite "'\vill be blmvn a1vay iiiL"Jlediately by the E x B/B 

drift. Io is not in contact with a magnetic field line , 

along 1vhich the current might flow, long enough · " feel" 

the d.c . re s istance across the ionosphere. Io d eposits 

its charge not onto one but onto many magnetic field 

lines . The current density through Io is determined 

chiefly by its o1vn conductivity and that of its 

immediate s urroundings . 

C,omparing (4.1) and (4.4) we see that the e lectric 

field outside Io is reduced i f ~M is not zero and 

charges are allo1ved to l eak away. The plasma drift 

~ ~ 2 
E x B/B wi ll be reduced and the plasma >vill now 

impinge onto the satellite . If no current were a llowe d 

to flow out of Io (thi s is equivalent to s e tting 6M = 0) 

there could n eyertheless b e currents in the plasma due 
~ 

to the field EM(4.1) . These currents (which are, 

ho>vever , not co11 ... nected_ to Io, i . e . they flow only in the 

plasma but not through Io ) would caus e the magnetic 

field lines to cleave around the satellite . Or, in 

other 'vords , the magneti c f ield due to the current s i n 



0 
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0 

Figure JO: The motion of e lectrons (~) and 
protons (,\{_'Z _Q) in the plas ma impinging 
onto Io, w·hen 

a ) Io is a perfect conductor and 
b) Io j.s not a perfec~ c onduc tor. 
c) Side view f'or the case '"hen I o is not 

a p er~cct conductor . 
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the plasma strengthens the field at the sides M and N 

of Io and weakens it along the line OX (figure JO). If· 

the currents in the plasma are connected to currents in 

Io, i.e. if there is an electrical connection between 

~ 
Io and the surrounding plasma, the field E and hence the 

currents in the plasma are reduced (compare 4.1 and 4.4) 

and the magnetic field lines -..v-ill no longer cleave around 

the satellite but impinge on Io. The plasma pressure 

increases in the front of Io much as in the hydrodynamic 

case. Because the plasma density at Io's orbit is low 

(P = NKT <<. B
2

/ 2fo' the magnetic pressure) the plasma, 

-'> ~ 2 
unaided by the E x B/B drift -..vill not be able to move 

perpendicular to the magnetic field lines at Io. There 

is, however, no magnetic force along the field 

(
..,.. ->-> 
) X B:B = o) to inhibit the flo\v of plasma along the 

magnetic flux tube. This flow is, of course, driven 

by the plasma pressure P. 

Figure (JO) is meant to illustrat e the above 

discussion. 

It should also be noted that the above treatment 

does not require electrons to be released from Io by 

photoionization. The contact between Io and the plasma 

in a particular flux tube is so short that only small 

deviations from charge neutrality wil l appear in the 

plasma near Io. Any excess charge in the plas ma near 

M and N moving with Io relative to Jupit er will be 
~ -7 

blown mv-ay by a V x B force. 

It can be seen fr om ( 4. 7) that if 6 ') 10-5 ..D.. - l 
Io 

the current s through Io will generate a magnet ic field 

the magnitude of which at Io 1 s s urface is larger than 

B (the Jovian magnetic ~ield a t Io's orbit). The 
0 

conductivity of' the Earth's upper mantle is 

-1 
m 

5 x 10-J ..0.. -l m-l (Bullard , 1967) and Ness et al. (1969) 
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give 10-5 lL -l m-l as an upper limit of the Moon's 

conductivity. I will assume that Io's conductivity is 

indeed larger than 10-5 ~ -l m-l In this case the 

magnetic field topology in Io's vicinity is shown in 

figure (34) and (35). At A there is a region of zero 

field at which the limiting field lines are perpendicular 

to each other. 

4. 3 The Generation of Alfven 1vaves 

In the last section I have shown how the magn etic 

field lines immediately in front of Io are trapped by 

the satellite. If they cannot easily diffuse through 

Io mhd waves will be generated in the fol l owing way. 

Consider the movement of Io . through the magnetosphere 

now as seen in a frame of reference which rotates with 

Jupiter, i.e. in which the plasma far from Io i s at 

rest whereas Io is moving. 1rnen the plasma impinges 

an Io it will b e accelerated by the satellite. As seen 

from Jupiter this will appear as a motion of the plas ma 
_, 

perpendicular to B • 
0 

There is a V x. Y as can be seen 
{-4 ~ 

b y integrating ) V· dQ around the contour ABCDA in 

figure (31). In a perfectly conducting plasma 

--"> -> 
v x B = 0) thi s will imply a c.wtl of electric 
~ 7 

field E as can be seen by integrating E around the 

contour ABEFA. 
OB ~ 

By Faraday 1 s la'" ('at =- \l x E) there v.rill 

b e an increase of B • If B was initially zero, B will 
y y y 

at a l a t e r time point in a directi on opposite to t h at of 

v • B a nd v are in antiphase for X> 0. For ')(. t.... 0 y y y 

B and v will be in phase. This is exactly the p r oc ess y y 

which l eads to the generation of Alfven waves ( see 

Kraus, 1969). I t can be shmv-n from b asic magn e tohy dro-

dynamic relations that 

(4.11) 
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Figure 31: The generat ion of V x E i n Io 's vicinity. 
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(4.12) ~ 
'd'1J'f \ \)a 'dEy Bo 'dE'f f or f=\ - -- -'H fof 'dx fo vx 

Thus '"e ge t a wav e equat ion : 

'02. 8-y ~-- By 2. 2. / 
( 4 . 1 J a ) 0 with VA= ~o 'fo ~ 

'd )C.2· y2.. 'dl:2.. A 

2 

( 4 . lJb) 
(/""lJy '0 1Jy 0 -
~ xz. VA2. ~ t 2. 

Assumin g a p l ane wave solution we can wri t e the 

Fourier transform of (4 . 11) as 

( 4 . 13) w/R 

where v . is the amplitude of the v w·ave and B
0 

the s y y 

amplitude of the B "\vave . We thus get: 
y 

( 4 .14) B~ = + ( ~ ) to (- fo r X '> 0 1 for x <. o) 

The Alfven. disturbance propagates away from :T.o 

along the magnetic field lines in both the positive 

and negative x- directi on . The velocity gradient 

wi ll be annihilated by tho induction drag between 

adjacent regions of the plasma as indicated in figure 

( J2a) . Figure ( J2a) shows t h e condition for a 

momentary displacement of the plasma region ABCD and 

subsequent deceleration of the region. I n the case of 

Io the plasma region ABCD cannot penetrate the satellite 

·~·t .. , 
and is forced to move by Io 'vi th a con t:rast velocity v 

s 

as seen from Jupiter . It was shown above that the 

plasma cannot go around Io smoothly i f Io has a nonzero 

conductivity and currents ro'e allo,.,red to flow through Io. 

Th us the Alfven waves generated by Io w·ill be more of 

the type shown in figure (J2b) where v (x 
y 

constru1t = v and also B (x = 0) = const . s y 

= 
= 

o) = 
Bo • 

y 

Al :fvcn ,.,aves are often compo.red with waves on a stretched 
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Figure 32: The generation of Alfven waves . 

a) 

b) 

The plasma is only illoment arily dis­
p laced a t x = 0 . 
!he plasma i s constantly di spl~ced 
a t x = 0 . The con stant force F is a 
contact for ce exerted on t h e p lasma 
b y Io . 

--fl 

y 

b. 
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string. Figure (J2a) would then correspond to a 

displacement pulse of finite duration. whereas figure 

(J2b) would correspond to continuous displacement of the 

stri ng at one end. The propagation of the Alfven waves 

along the field line will accelerate the plasma near Io 

in the flux tube affected by Io until it acquires the 

velocity of the satellite. At the same time the magnetic 

field line is set at a tilt arctan ~ = ByjB
0 

where 

By=~ (vs/VA (x)) B
0 

(x). The tiltinG of the field 

line i s shown in figure ( JJc). In figure(JJc) I have 

made th e following approximations : 

1. The underlying field line is a ssumed to be 

a straight line. Deift ( 1971) has s ho'm that for the 

frequencies of the waves releva~t in the Io - Jupiter 

situation ( f ~ 
the curvature of the dipole field lines and the effects 

o f the Corioli s force due to corotation can be 

n eg:lected. 

2. The local Alfven velocity VA was assumed to 

be constant. This is equivalent to a constant tilt angle 

•• In reality the tilt o f the fie ld lines will vary 

considerably along Io 1 s flux tube. After about t = 6 
~lO'A . 
\ cAx/Vp..(x) G s second ( t - '\.. ) where the 

"' 
() 

v ariati on of Alfven v e locity is calculated from the 

d en sity variation along IFT described in chapter (J) 

the Alfven disturbance reache s the d ense parts of the 

iono sph ere . The flux tub e h as then attained a s t eady 

velocity v = v ( as measure d in Jupit er ' s frame) at y s 

each point . The transverse velocity component v in 
y 

the Alfven distu rbance will t ry to impart transverse 

momentum to the plasma in the ionosphere. But th e 

ionosphere is very dense and hence immobile! Currents 

will b e generate'd which eventually negate an y moveme!lts 

of the ionospheric plasma with respect to Jupit er ( Deift, 
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1971). In order to keep v = 0 in the ionosphere a 
y 

velocity pulse - vs is generated in the ~onosphere which 

travels back_ along IFT with its associated B field. In 
y 

contrast to the original d isturbance travelling in the 

direction of the underlying field \vi th v and B in 
y y 

antiphase (this holds for x > 0· ' for x <. 0 v and B are y y 

in phase) this return wave has v andB in phase for y y 

X/ 0 (but in antiphase for x .( 0). Thus the return 

cancels the transverse motion v at each point along 
y 

IFT but doubles the magnetic tilt ( s ee figure (JJf)) . 

By the time the return \vave reaches Io the whole 

of IFT \vill again corotate \vith Jupiter; i.e. move 

with respect to Io. But the trapped flux tube cannot 

move appreciably with respect to . I o. Thus \vhen the 

return \.rave reaches the satellite, an impulse is 

vave 

immediately imparted to the tubeJ accele rating it back 

to the velocity v = v . This situation is identical 
. y s 

to the initial action , and a second Alfven wave s e ts 

out from Io towards the ionosphereJ where another 

return wave is generated etc. These v1aves will always 

add to the field B . Thus if B 0 is the disturbance o1 
y y 

B in each wave then after n reflections there will be a 

tilt n2(B 0 /B ) in the field . 
y 0 

Simultan e ous ly \vi th this process, ho•.rever, the 

trapped flux tube diffuses through the satellite due to 

the latter's finite conductivity. The diffusion time 

tD = jJ.. ..6 Io 4 R10 
2 

( ).1... is the permeability of the 

satellit e ). More than one reflection of the type 

discuss ed above along one particular field line will 

occur only if tD is greater thrut at least 2 x 6 = 12 

seconds. For a non-magnetic satelli te ( }J- = fo = 41\ x 

10-7 H/M) thi s r~quires a minimum conductivity for I0 o1 



.6 = ~ min '+ 

-1 
m I will assume that Io's 

conductivity is substantially larger ~han this: then 

many reflectiQns occur along one field line. The dis-

cussion above is somewhat-different from the treatment 

of Alfven wave generati on by Io as given by 

Schmahl (1970). He considers the case "\vhen Io has a 

strong induced magnetic dipole moment perpendicular to 

the direction of the undisturbed field . The movement 

of this dipole through the plasma constitutes a current 

source for the generation of Al fven waves. He does, 

ho"\Vever, not consider the trapping of IFT by Io but 

rather assumes Io to move through the magnetized plasma 

without inducing cu1.y plasma currents . The currents 

constituting the magnetic dipole flow inside Io. They 

are caused by induction effects, that is: they are 

basically non-steady c urrents . Schmahl mentions the 

possiblity of currents generat e d in the plasma by Io's 

movement . He says that such currents ,.;ill also 

generate Alf'ven waves , In the discussion above exactly 

these currents in the plasma (or more precisely: the 

change of plasma flmv velocity v ) are the ones 
y 

responsibl e for the generation of Alfven waves. The 

non-stea dy currents inside Io have been neglected. 

If Io does , hovever, have an induced magnetic dipole 

moment, Schmahl's generation mechanism cannot be 

neg lected. 

4. 4 The Formation of a Neutral Point 

As the number of r eflections increases along a 

particular magnetic fie ld line it will be tilt ed more 

and more. As B has different -signs for x "> 0 and x <. 0 
y 

respectively this will correspond to a curl B behind Io. 

-'> ~ 
A current j = \1 x B must flow in the plasma ( see 

p 

figure 34) . 
...,. 

Thi s current jp 'vill separate charges which 
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-"> ~ 

create an ohmic electric field E = jp/ .6 M where ¢ M is 

the conductivity of the plasma medium. This electric 

~ 
field E begins to drag the plasma across the field 

lines towards the current region at a velocity 

~ ~ 2 
E x B/B • These are precisely the conditions under 

which magnetic ·field energy can be dissipated at a 

neutral point (see Dungey, 1958 and Petschek, 1964). 

At this time it is necessary to state exactly what is 

meant by a magnetic field line. Consider the two points 

C and Din figure (34). Suppose that at a time t a 

three dimensional curve satisfying dx = Q.y = dz 
B B B 

X y Z 

passes through both points. '{e then say that this curve 

is the magnetic field line B (x,y,z) that connects 

C and D. Suppose the entire plasma evolves in tim e in 

such a 1-.ray that at a time t 1 > t the plasma at C moves to 

C 1 and that at D to D'. If the points C' and D1 can 

still be connected by a curve dx/B = dy/B = dz/B we 
X y Z 

say that the magn e tic field line has moved with the 

plasma '-.rhereby , of course , its shape may be drastically 

distorted. This is the case for an infinitely 

conducting plasma. In this case the magnetic fi eld 

line can be .visualized as an elastic string extende d 

between C and D. Connection of two points by a 

magnetic field line means that charged particles can 

mov e from one point to the other without viola ting t h e 

first adiabatic invariant . Thu s if' C and D remain 

magnetically connec ted the same particles will move 

between the two points . (This neglec t s violation o~ 

any adiabatic invariant s due to e . g . magnetic fj.e ld 

gradient or nonmagnetic forces ). Thes e particles can 

therefore be us e d to l abel the magnetic field line. If , 

however , it is not possible to c onnect C' and D1 

magn e tically, we say that the field slips relative to 

the plasma. The rat e of slip is inversely proportional 



to the plasma conductivity. 

The problem of the neutral point is best discussed 

by cons idering the growth of curl B to a v ery large 

v alue. The discussion follows the arguments given by 

Dungey ( 19 58) • Consider the fi e ld behind Io (see figure 

(34) and (35a) ) in the vicinity of the neutral point . 

The neutral point is of the X - type. The field there 

can b e expressed in a Taylor expansion about the neutral 

point a.s the origin of the co-ordinate system. To 1. 
~ 

_.., 
~ 

order B = ·()B. ~ X . w·here ~X. is a position v e ctor. 
l. J 

ax. 
J 

....... 
If curl B = 0 the tensor B . . 

l.J 

J 

= 6 B 
i 

'dx . 
J 

is symmetrical 

~ 

with its principal axes orthogonal. As d i v B ::;: 0 the 

3 diagonal elements cannot all have the same sign. 

As s ume B
11 

and B
22 

to have opposite signs . Suppose 

then that a current i s started in the x
3 

direction (th is 

current may be due to a n external gen eration of a small 
~ 

curl B) . In this case the l ines of force will no l onger 

b e perpendicular to each other. 

The current produces a magne tic fie l d directed 

clockwise round it and the magnetic force density in 

(B' • V) B - f 'l ( B
2/JA

0
) force s the material to move as 

indicated by the arrm-1s in figure ( 34) and ( 35b). As the 

field moves ,.,i th the plasma ( we are negl ecting the 

resi s tivity of the plas ma ) the limiting magnetic field 

lines will be rotated towards each other which 

~ ~ 
corresponds to a n i n crease of curl B and hence j. If 

the plasma was infinite l y conductin g the current density 
~ 
j would grow b eyond all limits .. This reversal of Lenz ' s 

l aw can be d emonstra ted as follows. The con servation of 

mass and equation of motion can b e written as : 



The zero order fie~d b ehind IO • 

The zero order ~ie~d P~~s the By 

-p ertnrbat:i.011 f-ield· 



( 4.15·) 

with 

wh ere n = n . m. + n m 
;'> J.. J.. e e is t he mass density , }J.= e( ne 

-I? 
the charge density, j = e 

--11 -'!> 
(n v - n .v.) t h e current e e J.. J.. 

density and 1 = (n .m .~. J.. J.. J.. + n m .J )/ o is the mean mass e e e ~ 
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velocity of t h e plasma. n stands for the particle con-

centr ation and m is the mass of the particle. The i 

and e subscripts indicate positive and negat ive 

particles . Mechanical stresses have been neglected. 

Near the neutral point equations ( 4.15) give 

(4.16) 

n . ) 
J.. 

assuming ( i . e . infinite conductivity) 

(4 .17) 

(4.18) 

"\vh ere the u s ual Einstein convention for summation is 

adopted . Now assume that _'L~_1_=0 
Q?: '0'1~ 

initially. 

Equations (4.16) and ( 4.17) then s ho1v that 

for a ll times . This can be seen by setting j = J and 

a ll quanti ties with s ubscripts ij ~ iJ, where i can b e 

l, 2 or 3 5 equ al to zero on the right h and sid es of 

( 4.16) and (4. 17) . Both equations then show that 

d Bi J = 0, i. e . BiJ = 0 ( as 1vas a ssumed), and 
d t 

likewise that o~V~J = 0 i . e. ViJ = const = O. 

rest of the equatJ..ons can then be written as: 

The 



( 4 • 1 9) ( 1 ) ~SllJot = V1t BJ1- \l:u Bll. - B\\ ( "'•1 + \Jt~) 

. ( 2) '<>Bu. /~t= - '""l Bl1 + '\Jll Bn.- B11 ( v,, + '\Jn) 

( J) oB,l)'dl. = v\, l s,4- ~") - 1 '\)1.2. ~)\2., 

(4) 'OBJi]1t. = 'U~~tBu- Bn) .2'\.ln B2.t 

( 5) ~Utl/()t = - -u,~ - v,2.1.>u +( 'B ll.. - s~l) 82\ I~ fo 

( 6) ?ru1.~/dt = - '\J2.~ - ~2,V11. + { S2, - B1,) Br2. J ~ fo 

( 7) 'dV,1./'&t. = - Vtl(~~ + '\J:z.2.) ·+ ( 131'1. - B21) \322./ ~ fo 

(8) 'dv21 }'at.= - ~1 ('04,_+ 'UI\) -r (~~'- B,<.)'Bn/~.fo 

~ 
. Nmv assume that in the initial state, ,.,here j = 0, 

the orthognal axes are chosen in s uch a \vay that 

B
12 

= B
21 

= 0, B11 is positive and B22 negative. 

Let all velocity gradients (v .. ) vanish initially. 
1J 

Consider now a pert~rbation of B
12 

(either positive or 

negative ). 

Let us ,.,rit e the changes in form of a table 

B12 Bll B22 B21 v11 v22 v12 v21 

+ + 0 0 0 0 0 initially 

+ + 0 0 0 by (7) and 
(8) of ( 4.19) 

+ + by (J) and 
( 5) of (4.19) 

or 

+ 0 0 0 0 0 initially 

+ 0 0 0 + + by (7) and 
( 8) of ( IL 19) 

+ + by ( J ) and 
( 5) of (iJ.l9) 

We see that derivative of every component h as the 

same s i gn as the component itself. Thus all components 

~ 
grow in magnitud e . As B21• B12< 0 always , curl B 

grows and h ence the current d ensity continues to grm.,r . 

This i s of course due to the assumptions made in 



(4.15) and (4.16) of negligible mechanical forces and 

infinite conductivity. 

It is obvious that this cannot be tru e . If the 

~ 
plasma has a conductivity 6 the ohmic field j/ 0 m m 
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causes a motion of plasma across the field lines w·i th a 

~ --"' ~ 2 ~ ->, 2 
v e locity v = E x B/B = j x B/ ~ B • This velocity has 

m 

a singularity at the neutral point where B-?0. The 

effect of the motion is, that the plasma at points 

P , Q,R initially connected by a field line '"ill move to 

the points P 1 , Q 9 , R 9 respectively of 'v-hich only 

P 1 and R 1 are magnetically connected. In other ,.,rords: 

the magnet i c field line through P,Q,R appears to have 

been broken and reconnected -to from the two lines, one 

of ,.,hi ch connects P 1 and R 1 and t h e other forms a 

closed loop around Io . The effec t of this rearrangement 

. t d 1 ~B d h -!'J ' n.... th d t . f J.S o re uce cur an ence J• IVHen e re uc :t.on o 

~ 
j by this process is balanced by an external motion of 

plasma across the magnetic field or by an external 

-7 
production of curl B the neutral point will be steady 

and the magnetic field in its vicinity will not vary in 

time , As the total l ength of the fie ld line i s reduced 

i n thi s process the magnetic field 

a l so reduced . This magnetic field energy is thus 

dissipate d in the neutral point, the energy being carried 

away either by accelerated particles, turbulent plasma 

motion or ,.,aves. The rate of energy dissipation 

depends on the rate of slippage of the plasma with 

r espect to the fie ld, '"hich is dependent on the 

resistivity of the ma t eri a l . It has been suggested by 

Friedman and Hamberger (1968) and Bratenahl and Yeates 

( 1970) that turbulent ,.,ave motions are mainly re s pons ible 

for the increase of resistivity ove r the value for the 

resi s tivity due only to binary collisons. The increa..sed 



resistivity is necessary to explain the fast 

dissipation rate observed experimentally by Bratenahl 

and Yeates (1970) and others. Petschek (1964) and 

Petschek and Thorne (1967) explain the rapid 

dissipation as due to the emi ssion of intermedi ate 

(Alfven) waves and a slow wave shock as indicated in 

the figure ( J5b ). This allows for a rapid transport 

of plasma across the field lines as will be shown below. 

Bratenahl and Yeates (1970) have found strong evidence 

for the emission of these waves. The dissipation or 

magnet i c energy is due to a number of different 

processes , of which 'vave turbulence , particle 

acceleration (Tverskoi , 1962) and Alfven 'v-av e emission 

are of major importance . 

The importance of the reconnection and magnetic energy 

dissipation can be estimated in the fol lowing way. 

Petschek ( 1964, 1967 ) shmvs that the minimum time for 

reconnection of the magnetic field l ines is given a s 

( 4. 20 ) = 
L 
VM ) 

' v"M _ MC> \J,.. 

where L is a scale length, V is the velocity of the 
m 

I 

plas ma tovrards the n eutral point, and VA is the 

Alfven velocity cal culated from the magnetic field 

out side the n eutral point, taking only that component 

which is antiparall el across the n e utral point (i. e . B ). 
y 

Mo is a number given for the compressib l e case by 

(4. 21) 

where ~ i s a numb er between 0 and 1 and ~ is the u s ual 

(~ = · 6 P.o I 

L) magnet ic Reynolds number . v 
A 

(4. 22) 
I 
~ v,.. 

0 

.VA= 2Y' Jh_ VA 2:n Ys - -
Bo Bo 



and 

(4.23) 
L 

"'C -
2n Vs Mo 

For the plasma at Io 1 s orbit (T~ 2 000 K, N ~ 
e 
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10 103 electrons /cm3 ) M is between 1/20 .... 1/40 
0 

for L = 1/30 , -z:: is about 
-\ 

r = (3 420 n. 

f-> is a numerical factor between 1 and possibly 10 

indicating the length of t h e neutral s h eet ( see f i gure 

(35b)). It should be noted that this time is almost in-

dependent o~ the plasma density and magnetic field at 

Io 1 s orbit. 

Certainl y reconnection ·of a magnetic field line 

will become important if -z: is less than a round trip 

time for the Alfven w·aves. If T <( 12 seconds 

reconnection will occur before the field line can be 

distorted f'u;r·ther by the generation of Alfven waves as 

d escribed in the last section. Thus for "tl > 35 {?; 

reconnection cannot b e neglected . This corresponds to 

35 x 12 x ~ = 420x ~ seconds = 7~r minutes ~rom the time 

that a flux l ine first feels Io until it eventually re-

connects at the neutral point. Or more accurately : 7 

minut es is approximately the time for the points C and D 

( or the plasma at points C and D) which were initially 

magnetically connected to b e di sconnected by the advent 

of Io and then be reconnected in the neutral point. 

The whole discussion i s , of course , only valid if 

the fi e ld lines do not d i ffuse through Io in a time 

shorter than 7 ~ minutes . Thus 6 Io should be greater 

than about 3 {3 -5 -1 -1 x 10 n. m . 

i s , indeed , such a good conductor . 

I will assume that Io 

In order to investigate the time scal es involved 

in the magnetic field line reconnection across the 
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neutral point it is necessary to look into the neutral 

point generation in mor e detail. Suppose that Io ' s 

- -4 ~-1 -1 conductivity is as large as 5.10 ~4 m Then the 

currents through Io generate a magnetic field the 

magnitude of which is l arger than the underlying 

magnetic f i eld a t Io's orbit (due to currents in Jupiter) 

at distances r ~ 6 Rio f rom Io in the plane of Io's 

central meridian. ( See formula 4. 7)) . There 'vill thus 

be a point at r ~ 6 Rio behind Io ,.,here the magnetic 

fields due to currents in Io and those in Jupiter 

cancel. Figure ( J5a) is a hv-o dimensional representation 

of the field due to thes e currents. In three 

dimensions there will be a neutral line in the z -

direction. (The neutral line j_s probably curved tmv-ards 

Io approaching Io at its sides M and N. ) 1ve h ave seen 

above that a change of B
21 
~ 'dB !0 due to some y X 

~ 
external agent will lead to an increase of curl B at 

the neutral point . The field lines will be rotat e d 

tmvards each other. In the limit of infinite conductivity 

the bv-o l i miting field line s will approach each other 

and form an infinitely thin sheet across which the field 

chang es di s continuous ly. This requires an infinite 

current in the z direction; i.e . a mathematical current 

sheet . If, however, the conductivity of the plasma is 

not infinite the region of magnetic fie ld change will 

have a thicknes s ~ and the magnetic field topology 

will look something l ike the one shown in figure 

( J5b ). s ,v-eet (1958) and Parker (1963) h ave shown that 

such a magnetic fi eld configuration will lead to an 

e j ection of plasma out,vard a long the boundary. Thi s i s 

due to the fact that in. the region ,.,here the magnetic 

field goes through zero the plasma pressure must be 

.higher than that of the surrounding medium . The steady 

flow of plasma into the bolmdary and out a long the 
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boundary is analysed easily. For a steady flow the 

balance of inflow of plasma requires 

(4.24) U'Xo l - '\f S 

where U is the flow velocity outside and towards the 
xo 

boundary v is the velocity along the boundary, and L and 

6 are the l ength and thickness of the boundary 

respectively. 

For the steady state we have (;t = 0) for the 

equation of motion: 

(4.25) 
~ 

( 
~ ) -» I n \ ~ o V•\1 V=--vp+-)~ lJ 

~ ~ 

-1 1 -4 -~ 
"\vhich is r e,.,rri tten as (noting that J = - \\7 x B)~~ · 

(4.26)" ~ ) ~ \ (v• \1 v=-- \fa + 
~ I 

f o 

· As both the magnetic field and velocity are smal l 

in the neighbourhood of the n eutral point, Ohm 1 s l a'" 

i s 

(4.27) = 

(we are dealing 'vi th a 2 dimensional magnetic field 

configuration in which B 
z 

~ 

a = 0 and­
d~ 

= 0 ) 

Outside the boundary j = O, and as for steady flow 
~ 

\I x E = 0, ,.,e have E const 
z 

( 4. 28 ) 

Where B i s the zero order magnetic field in the yo 
-) 

.y-direc tion outside the boundary. \1 x B can b e estimated 

from the fact that the fie l cl. must change by 2 B 
yo 

across the boundary which gives 



73 

( 4. 29) 
. 
)1: X 2 Syo 

)Ao $ 

Combining {4. 27), (4. 28) and {4.29) gives 

{4.JO) U'Co -

In the vicinity of the neutral p oint we can 

neglect the second term in (4. 26 ) and , noting that 

\lp = - \J ( B~0/2 f 0
)' and combining ( 4 . 24) to ( 4. JO) we 

can write : 

(4.Jl ) 

where VA is the Alfven velocity for a magnet ic field B yo 

For the c onditions at I o ' s orbit 

107 m = 4 

we get 

For 

1 

U = (1. 5 x 10-J VA ( B )) 2 
xo yo 

\le have argu ed before that 

B ~ 2n ( vs/VA ( B ) ) B yo o o 

u = 140 xo 
-1 

m s 

Thus 've see that the flow o f plasma towards the 

n eutra l point i s very s low i ndeed. 

Petschek h as .modified the picture by introducing 

a slow wave shock. I n the following I will briefly 

d escrib e Petschek ' s basic ideas and rewrite hi s 

H/m 
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calculations in SI units. I do this rather than 

referring the reader to the excellent original paper, 

because I hope to point out some basic physical 

concepts which have been used earlier in this thesis 

and which are intimately related to Petschek's ideas. 

In the compressible case (p = NKT <<. B
2

/ 2 p-
0

) the 

relevant shock is basically a switch-off shock across 

which the tangential magnet field component is switched 

off. The magnetic field topology is shown in figure 

(J5b). The boundary split s up into two shocks across 

which the tangential magnetic fi e ld component vani s hes. 

If B (that is the y component of B) i s independent yo 

of y and if the d ensity in the boundary l ayer ~b is 

cons tant it follows from symmetry that the field bebv-een 

the waves is entirely in the X-direction. Switch-off 

shock '"aves propagat e at a speed equal to the Alfven 

speed based on the normal component of the magnetic field 

(i.e. B ). Let us assume that the ratio of the d ensity 
X 

~ 
0 

far from the boundary to ~ b is o(. For a 

monoatomic p erfect gas OC = 2/5 if energy i s conserved. 

( r::L.. = 1 for the incompressible case) . The continuity 

equation is now ''ri tten as 

(4.J2) 

and the y - component of the momentum equ ation is 

(4. JJ ) 

From this we get: 

where M and b are defined as 
0 X bv _\3-.: ) ,.-



The plasma moves -towards the boundary with a 

velocity U and is accelerated in the y direction in xo 

·the shock front. In order to maintain a steady state 

flow the rate at w·hich the plasma in the propagating 
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slow wave shock is accelera ted must be equal to the rate 

at which it is pushed in by the external flow . 

(4.35) 

or 

lie h ave taken the absolute v a lue of B because the 
X 

waves travelling in the direction of B have B and yo x 

U in antiphase '"'hereas waves travelli n g in the opposite 
X 

direction have them in phase. Substituting (4.35) 

into (4. 34) we get 

(ll-.36) 

If M is to be constant ( whicl1. is true for small 
0 

distortions of the external field) the magnitude of b 
X 

must be constant. Now, for an X - type neutral point 

bx munt b e an odd function of y . If lbxl istobe 

constant a long the bou.'>l.dary this would require a 

di scontinuity of b at the neutral point. This cannot 
X 

b e allowed for by the w·ave mechani sm. This indicates 

that near the neutral point the magnetic field 

annhilation mus t be due to some other process than ,.,rave 

propagation, i. e . to diffusion , which can account for a 

continuous variation of b with y . 
X 

It may be convenient to point out the physics 

b ehind the mathematics a t this point. In section 4.1 

and 4. 2 we have seen ho·w Io traps the field lines 
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impinging on it. The currents through Io lead to the 

formation of a region of zero field behind Io, with B 
X 

.having different signs on both sides of the neutral 

point. The tilting of the field lines due to the 

emission of Alfven "\-laves by Io and their subsequent 

reflection in the ionosphere produces the B fields, yo 

which have different signs on both sides of the neutral 
....l) ~ 

point. There is a curl B and hence a current j in the 
--? 

plasma. The associated E field pulls the plasma irJ.to 

the neutra l point. The pressure and magnetic field 

gradients in the vicinity of the neutral point squeeze 

the plasma out along the_boundary (i. e . in they 

direction). This los s of plasma is balanced by an inflow 

of plasma towards the neutral point in the x direction. 

This velocity is correlated with the velocity in the 

y direction by the continuity equation. s ,.,eet 1 s model 

-'> ~2 1 -7 ~ 2 
give; U only as due to an E x B/B =- \1 x B x B/B 

xo ~0 
drift. Petschek 1 s mechani s m fixes U essentially by 

xo 

allo-.;-ling the plasma to be convected along the y direction 

by the propagation of a hydromagnetic wave. This i s 

v ery similar to the situation d escribed in section 4.2. 

There we had a velocity gradient being cancelled by a 

h ydromagneti c wave producing a magnetic field component 

p erpendi cular to the underlying field . Here ,.,e have a 

magnetic field gradient being cancelled by a 

hydromagnetic wave producing a velocity component 

p erpendicular to the underlying field . This velocity 

is i ndependent of the conducti vity and only related to 

the change of the m~gnetic field across the wave front 

and the rate of magnetic fi e ld cancella tion is proportional 

to the wave v elocity i . e . to the magnetic field component 

normal to the wave front. In the vici nity of the 

neutral point thi s component is essentially zero and t he 

rate of field cancella tion due to this process is very 



77 

small. Sweet's mechani s m is, however, independent of 

this field and will thus be more important (i.e.· faster) 

than the field cancellation due to the wave propagation. 

The wave mechanism will, however, become faster when 

the normal component is large enough. The interplay of 

the two processes will thus decreas e the length L over 

which diffusion must produce the magnetic field . 

annihilation. 

Close to the neutral point w·e have from ( 4. 31) 

(4.37) 2 

,.,rhlch replaces (1+.35) for small y. We assume that b 

is nearl y constant in this region. Substituting (4.32) 

into (4.34) gives 

( 4.38) 

Thus we see that for small y b varies linearly 
X 

with y. Now wave propagation will b ecome important 

when b according to (4. 38 ) is equal to b according 
X X 

to ( 4.35) . This gives the l ength of the region con-

trolle d by diffusion y* . 

(4. 39) * 'I -
\ 

Equation (4. 39) is s imilar to (4. 31) if y* and L 

are interchanged. As y* ~ L we see that the rate of 

plasma flm.,r into the boundary (M ) is greatly enhanced. 
0 

The above d iscussion r elates entirely to the flow 

in the region between the shocks . The flow tm.rard s the 

boundary was taken into acc ount by introducing M • 
0 

( More or l2ss as an unspecified variable .) (h .39) 
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contains two unknown's M andy* in contrast to (4 .31) 
0 

which allows for the calculation of M for a s pecified 
0 

L. In Petschek' s model L is only of minor significanc·e. 

It is the unknown quantity y* which determines the rate 

of plasma flow into the n eutral point. It is thus 

essential to find conditions which e ither fix y* or M • 
0 

In the vicinity of Io we h ave the following situation. 

In a frame of reference moving with I o the zero order 

magnetic field is the superposition of Jupiter's magnetic 

field and that due to the currents through Io. The 

field lines cannot diffuse through Io and cannot be 

carried around Io by the plasma motion (or currents in 

the plasma) or at least not comp l etely. This trapping 

results in the emission of hmd w~ves propagating into 

the ionosphere and back. The field lines are tied to 

massive conducting bodies at both ends and in the 

process of Io 's motion r elative to the ionosphere they 

will be s tre tched. In Io' s frame this is seen as an 

addition of a B component 'to the zero order field . Th e 
y 

more reflections the l arger will this component b ecome. 

The stretching will be stopped either by a diffusion 

of the field line through Io or its diff'usion through 

the neutral point . Diffusion through Io is a gradual 

process, '\vhereas diffusion through the neutral point is 

a rapid one. The plasma in the neutral boundary traverses 

the di s tance L ("' 6 RI) in a time t = Lfv- = L/V A ( By
0

) = 

L/2n V where n indicates the number of reflections which 
s 

occur along a particular field line between the time of 

t h e first encount er b etween the fie ld line and Io and 

its subsequent reconnection in t h e neutral point . 1'he 

inverse of t gives a characteristic frequency of the 

Alfven waves inv olved in the merging process in the 

neutral region. I n the £allowing n i s related to M 
0 

whi ch indicates the flow velocity into the neutral 



point. 

Petschek finds the maximum value of H by calculating 
0 

the x component of the magnetic field perturbation at 

the boundary required for large enough flow 

velocities so that y* can be smaller than L. He then 

uses this B to specify a distribution of magnetic 
X 

sources along the y - axis . As the perturbation of the 

zero order magnetic field must satisfy Laplace's 

equation in Petschek's model, he then solves for the 

y component of the p erturbation field B ' • Adopting 
y 
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a maximum value forB' at the neutral point as B' (0)= 
y y 

f B then fixes M to a value given by (4.21). In 
yo o 

the case of Io we know the variation of the x component 

of the zero order field along the y axis. The zero 

order f~eld is due to the currents through Io and the 

underlying magnetic field of Jupiter. 

(4.40) 

·where 

c-
2. 

_)}:.o 6 :ro Y s RTo 
2 

for x = 0 

The zero order y component B near the n eutral 
yo 

point has the same magnitude as D 
xo 

-) 

(The zero - order 

field has c u rl B = 0 at the neutra l point.) 
0 

Now, in 

the steady state , the p erturbation of the field must be 

produced by the extern a l flow or an external 

p erturbation of the fie ld. We have seen in section 

4.2 that the trapping of the magn eti c field lines by 

Io will l ead to a generation of B • We equ ate this with 
y 

. the perturbation necessary to maintain the s teady state 

flow 

( 4. 41) Bxa + 



thus 

(4.42) Bx -- B() ( \ - ~,-) 

B-,o 

Near the neu tral point 
I I 

'io='f- Yo=O 
this can be expanded as 

(4. 43 ) 

Combining this '"i th ( 4. 38) gives 

(4. 44) 

or , as 

( 4 .4 5 ) 

For VA = 3 x 107 

4 - 1 

- 1 m s 6 = 1 . 7 x 10 m, 

.Vs = 5 , 6 x 1 0 m s , 6 I 
0 

= 5 x 10- 4 .U. - l m - l and 

1 
- 3. 
M 

0 
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From ( L~ . 45) '"e see that even for n = 1 the neces sary 

M will be smaller than the maximum r e connection rate 
0 

for stea dy f l ow in P~tschek's mod e l. ( M ~ 1 /30 for 
o max 

./ 2 -1 -1 I ) <>m= 10 .n_ m and L ~IJRio • lve conclude that if 

more than one r e f'lection occurs along one particular 

field line before it r econnects through the neutral 

point, the merging rate M will adjust to a value less 
0 

than tha t given by Petschek. · 

Tb e characteristic frequency of the Alfven '"ave 

emi ttod from the neutral point vras s hown above to be : 

f - 21"1 Vs 

L 

-3 
\ 1 ~5,._ ,0 Vs ·-----·-

f'v\o 'J/2.. L 
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It is difficult to estimate the steady state value 

of M. It is probably smaller than Petschek's maximum 
0 

value of 1/30. In the following we will adopt a value 

for M
0 

which 'gives the best agreement between the model 

of the Io controlled decametric radiation and the 

observations of that radiation and check whether that 

value leads to a consistent model. In chapter 5 ,.,e will 

shm.,r that the maximum frequency of the Alfven waves 

from the neutral point should be of the order of 

1-3Hz. This value should correspond to the maximum 

value of VA 

m/s). This 

+7 encount ered along Io's orbit (VA= 3 x 10 

4 -4 -4 gives M between x 10 and 2 x 10 • 
0 

These values are smaller than Petschek 1 s maximum values 

by a factor of about 100. 

- 4 ( Hz) Let u s adopt a mean value M = 3 x 10 f = 1,5 
0 

in 

the following calculations . According to (4.48) this 

gives n ~ 130 1'lhich means that there ,.,rill be about 130 

reflections along a particular field line bet\veen the 

time of the first Alfven wave emi ssion by I o along this 

line and its final reconnection through the neutral 

boundary. 130 r eflections take place in a time 

130 x 12 = 1 560 sees= 26 min. Jupi t er 's angular 

(", -4 -1 velocity i s ~L= 1,77 x 10 S and Io 1 s mean motion 

is n = 4,13 x 10-5 s-1 . Thus Io 1 s motion relative to 

( ) 6 -4 -1 Jupit er i s W = .0..- n := 1.3 x 10 s • In 1 560 see s 

Io will h ave mov e d w x 1 5 60 = 0. 21 2 ~ 1 2 , 5°. Thu s the 

Alfvcn \vaves gen erated in the n eutra l point ,.,rill im-

pinge onto the iono s phe r e a t a longitude whi c h is about 

1 2 ,5° a way f rom Io. This i s in g ood agreement wi t h 

the r equired l ead of the foot o f IIT by about 1 2 ° - 1 5 ° 

( see cha p t er 1 and 5). Thu s the adopted v a lue of' M 
0 

l ead s to a cons i s t ent picture. 

The above di scu ssion i s , of c ourse , only v a lid if 

the di f fu s ion time of the magnetic field lines through 
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2 
Io { tD ~ 4f

0 
6 Io Rio ) is larger than the time between 

:first encounter and reconnection (i.e . tD > nt, where t 

-is the time :for one reflection~ L2 sees) . This 

condition reads: 

with 

4 c I 
0 

RI 
0 

2 JA 
0 

= 6 I 
0 

x 1. 6 x 10 7 ;> n t 

M 
0 

= 2 X 10-4 
VA= 3 x 107 m 

-1 
s 

we get 

-1 
m 

6 -4 -1 
Our calculations 1vere b ased on Io x 5 x 10 Sl. 

A serious shortcoming of Petschek's model is the 

fact that with the maximum recombinati on rate M the 
0 

diffus ion l engthy* ( see (4 .39) ) b ecomes very s mall, 

smaller even than an ion gyror adius. With our estimate 

of M we get y* = 2.6 x 103m which is larger than the 
0 

e l ectron a nd · p ro t on gyror adii of the thermal p artic l es 

at Io's orbit. Thus the treatment of the n eutral point 

in the way described above seems to be valid. 

4.5 Results 

In the last sections it "\vas s hown that hmd ',vaves 

-1 
m 

will b e generated by. Io . These waves travel in the form 

of pulses a long the field lines into the ionosphere of 

Jupiter . The ch arac t eristic frequency f-:::: 'lv d.'\Tfd.t 

in the pulses is given by (4.46 ). This fr equency 

change s while Io moves around Jupiter through regions 

of v arying plasma density ( see figure 26a). Th e 

variation of f normlized to the v alue at Aio = 220° as 
/l 

a :function of sub I o longitude "Io is sho'\Vll in figure 

(J6 b) for different mav1etic dipole displacements. The 

"\vaves will be inci'dent on t h e top of the ionosphere at 

a longitude which is ~ d egrees ahead of Io. Thi s l ead 

angle ~ i s simply rel ated ton. Fi gure (J6c) sh ows the 
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variation of ~ as a function of the sub Io longitude 

~Io again for different magnetic dip_ole·displacements. 

The waves are emitted at Io with a (magnetic) 

amplitude b = B 
y 

= 2n Vs 
VA 

B • 
0 

It was shmvn above 

~ 

(equation 4.45) that no<. VA 2 
• Thus the amplitude b 

1 

should vary as b ~ VA-2 B
0 

Figure (J6n) shows the 

variation of b normalized to the value at 'A Io = 220°. 

The average power contained in these "\vaves can be 

easily estimated as 

The amplitude b has a minimum at )..Io = 220° of 

about 2.5 x 10-
6 

T. With the area 2LRI
0 

= 12 RI
0

2 = 
36 x 10

12 
m

2 
the po1ver P is at least P = 9 x 1 0 7 VA = 

2.7 x 1015 /W/ . This is much larger than the power 

involved in an average d ecametric storm, which is about 

108 
\v (see sec.tion 2. 1). 

In 'the following ,.,e will argue that the decametric 

radiation d erives its energy from the magnetic energy 

of the hydromagnetic waves . We will therefore be 

int erested in the amplitude b of the hmd waves when 

they a+e incident on the J ovian ionosphere where the 

decametric radiation is generated . In the next chapter 

the propagation of the hmd ,.,raves through the magnetos-

phere of Jupiter is described. 
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5. Propagation of Alf'ven Waves Along Field Lines 

Schmahl ( 1970) sho,..rs that transverse Al:fven waves 

can be damped. 

( 5. :I.) 

The damping rate k. is given by him as: 
1. 

-'1 _Q.,_ 
2 2.) .2. 

Wpi.. ( \ + n-t IG.Jp;.. a. e 
c 

k is the wavenumber o:f the Al:fven \..rave travelling along 
X 

the direction o:f the underlying :field B = (B , O, 0). 
0 

At Io ' s orbit, where a is a minimum and hence k . is a 
1. 

( S -1) max imum, the damping rate i s W = 2 lT :f ~ 10 

k . ~ exp (-1010) m- 1 • 
1. 

Collisionless drunping, to which.(5.1) applies, should 

therefore be entirely n egligibl e . Schmahl (1970) and 

Dei:ft (1971) h ave also investigated the e:f:fect o:f the 

magnetic :fieLd l ine curvature on the propagation o:f 

Al:fven '"aves. Schmahl ( 1970 ) derives a critical 

angular :frequency w ~ 0.5 s~ 1 (:for slightly di:f:ferent 

plasma pal~ameters at Io ' s orbit) b elo'" '"hich hrnd waves 

will not propagate their energy beyond the bend o:f the 

:field line. Waves o:f much lm.,..er :frequency will be 

partially reflected and set up a standing wave pattern 

in the outer parts o:f the magnetic :field tube . As the 

'"aves generated i n the neutral point have l arger 

:frequencies than 0 . 5 -1 sec , the standing wave 

pattern 'vill not be :formed and the e n ergy can propagate 

around the ben~ o:f the magnetic :field line :from Io down 

into Jupiter's ionosphere . 

Thus in the approximation o:f the waves propagating 

through an incompressible , inviscid and perfectly 

conducting medium the hmd disturbance propagates only 

along the magnetic :field lines vhi ch pass through it . 
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These waves should not s uffer any attenuation with 

distance. Non-collisional effects, however, alter the 

·unidirectional, unattenuated propagation of the 1vaves. 

Lighthill (19 59) has included the ~on-collisional) 

effects of resistivity, compressibility and Hall current. 

He investigated the directional distribution of Alfven 

waves from a local source . The Hall-current effect was 

shmm to be much more important than the electrical 

resistivity when the magnetic field is so large that the 

electron gyro-frequency greatly exceeds the collision 

frequency. This condition reads B>? 10-6 N 
e 

T 
- "?:./2 

e 

"Hhere N is the electron density in cm- 3, T the 
e e 

electron temperature in K, and B the magnetic field in 

G. Every1vhere a long II''T B i s always larger than 
- 6 -3/2-

10 NT . The effect of finite compressibility 
e ~ 

introduces t1vo ne1v hmd waves, the fast 1vave which 

propagates lvi th a velocity v = VA 
2 + b 2 and the s lo1v 

"'ave '"hich propagates with v = b (b is the velocity of 

sound b
2 = ~KT/m.). The intermediate wave propagating 

l. 

with v = VA s till p r opagates in a 11nidirectional way 

along the f ield line . We are interested in this wave 

and neglect the other 1vaves which are geometrically 

a tt enuated , because they do not propagate uni-

directionally but in a ll directions . In the case of 

negligible resistivity the relations between the 

disturbances of v and B are in 1. order 

( 5. 2 ) 

( 5. J) 

_., 
- 'V X E 

-"> 

~0 'd v =-\Jp + 
~t 

Where B is the undisturbed magnetic ~ield and 
0 

B = B + b is the disturbed field. 
0 

Since we are only 

interested in the intermediate waves we can ignore the 



compressibility and analyse the waves by assuming 

~ = const = ~0 From the continuity equation 

we get 

(5.5) di v ( v) - 0 

Taking the divergence of equation (5.J) yields 

--'!> -) 

(5.6) Bo · B ) = 0 
fAo 

Now· , a s B = (B ' o, o), \ve get 
0 0 

-) -'> 
-) 

( 5. 7) 'OS = Bo ~ ( tr- ~)( B } 'dv Bo 'dB 
- .=. --

~t 'dx fJ.o e Ne ) ()1: fo~ ()X 

\f (\2.. 

/J..b eN e. .Q...i. 

Following Light hill (1956) we int roduce the x 

-) 
component of the vorticity, curl v 

( 5. 10) 1= 
a nd 

-"> 
6..= cliv V' - 0 

( 5. 11) 
'dV'J( r= 
'dx 

Wit h these e qua t ion s ( 5. 9) read s 

(5.12) ~" ~ \J2. 'd 2. 2. 'd2-! A. \! r = \JA. --
d t 1.. ..n. . 

A. 
'at (}X 2. 
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(5.14) 

The second term on the left hand side of (5.14) 

represents the Hall-current effect and indicates that 

the vorticity component J cannot be propagated one ­

dimensionally. Assuming a periodic solution for S 
of the form ! o<. exp( iWt) exp ( i ( ()(. x + ~y + '{e. ) 

we get 
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( 5 . 15) ( 
'2. 2 l.. \ 2.. \1 4 _/ 2. \....2. ( 2../ 2.) G = w - \J A. r:/.. J - A cr.. K w Sl.L = 0 

or 

·( 5.16) 

Thus the ,.,rave number surface G = 0, ( S ), is the 

plane cl.. = W/V A onl y if U::J/SL;._ = 0. Thi s corresponds 

to the case of 11 the perfectly conducting fluid 11
, 

t ransmitting waves one-dimensionally in the x-direction . 
-') 

In this case the group velocity of the wave VG = 
-'>) ./\ A 

"VG/( 'd G/()w) i s V G = VA x where x i s a unit v ector in 

the x-direction. If w/St;. '> 0, the lvave number s urface 

splits into two s urfaces ancl the resulting b,ro waves 

will propagate their energy (in the direc tion of the 

group velocity) into two con es the semi-angl es E)
1

,and 

02 of which are given by Lighthill ( 1956) as : 

( 5 . 17) 2 +o..'V\ e, 
- $\1'(\ 82.. 

For the Haves e tni tted by Io (A) is smaller than 10 

sec -l and ..Q. i s l arger than 5 x 10 2 sec -l Thus 
1 

u)/Sli L... 2 x 10-
2

, and ( 5 .. l7) can b P- approximated as 
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(5.18) 

The cone angle of the waves (subscripted) 2 is 

twice as large as that of ·the waves (subscripted) L 

The derivations above are for purely harmonic waves. 

Lighthill ( 19 53) has shown, that the results for waves 

of finite duration are not basically changed. The wave 

packet at any point can be obtained by a superposition 

of waves with different frequencies so that the initial 

disturbance a ( t) = ~ ~c.u f( <.:J) e -it'.)t where f' (w) is the 

frequency spectrum of the disturbance. Each individual 

wave component will spread into a cone the semi - angle of 

which will be given by (5.17). The resultant amplitude 

will, of course, decrease accordingly. 

The waves emitted by Io 1vill thus not fol low the 

magnetic field lines exactly but they '..rill be spread 

over an area,· the diameter of '\vhich can be calculated 

in the follo,-ring '-ray . Assume the field line s to be 

straight (the effects of' curvature have been shown to 

negligible above). The direction of B is taken as x, 

with Io at x = 0 and the top of Jupiter's ionosphere at 

x = x ~ Any direction p erpendicular to x is y . The 
0 

cone angle e ( g i ven by ( 5.17) ) will change because 

.Q. changes a long x. The •·,raves will thus follov.r a path 
l 

y = y ( x ) where y(x) is given bx. 

( 5. 19) ~ = trune _ 
clx 

lW - -- :.::--
?_ .U..:. 2.. 

We can integrate this equation along x if B is 

assumed to vary as the · field of a magnetic dipole 

J 2 ~ B (r) =BE (R3/ r ) (1 + 3 cos" E)') 2 where BE i s the 

magneti c field s tr en gth. at ~Tupiter' s s urface . Inser-ting 

thi s into (5.19) a nd uot:l..ng that 



d X ::: . ( ~ X\ 2 + cJ. y12. ) 11
2. 

where E)' is the magnetic colatitude, we obtain 

\vi th K = f ( w/Sl. . ) evaluated at the point where the 
~ 

waves are generated. The integration constant y is 
0 

the distance of the initial disturbance from the x-

axis . Assume that the \vaves are generated on all 

magnetic field lines in IFT. The radius of IFT at Io 

89 

is approximately R
10 

whereas IFT has an average radius 

of 100 ~n in the ionosphere. Then y ,..... 100 km in and 0 ........ 

at the top of the ionosphere. The diameter of the area 

over \vhich the energy contained in the wave s is spread 

is thus 

( 5 . 21) A 

Deift ( 1971) has shown that the propagation of 

Alfven \vaves \vi th frequencies of the order of several Hz 

can b e treated, in the magnet osphere , to a high degree 

of accuracy by u s ing WKB solution. This can be seen 

quite easily by the following argument . In the low 

frequency limit ( w/ D... ~<. 1) ( 5 . l 7) and ( 5 . 8) 
~ 

reduce t o 

the well-kno,,rn Alfven ( \vave ) equ ation s 

'dv \3o 'd b 
( 5 . 22 ) ~ - = --

'()t. f'c> 'Ox 

~'db 'Bo ~ \1 
= 

() t ()x 

( assuming 
I I 

which g ive a linear nolarize d 
f • wave v = (o,v,o)) 

( 5.23) 



The solutions are s upposed to h a v e the form 

iCvt v = c u(x) t hus : 

(5. 24 ) 

+i~ If U = e we get 

where cp'= d(j) 
dx 

i f we get the familiar l\TJCB solution 

¢= ~ ) ~A 
The condition 1 Q>'' \ (.(. 

(0 d (1/y~>.) (( l~ \~ 
d x v,..J or : 

(5 .26) << G0 

dx 

(~l. 
v" -J 

is then 

No,.,. in the magnetosphere d VA is a maximum at 

dx 

· the edge of the plasma disk, where it has the value 

( see formula (3. 54)) 
Jv t{ ('IN''~' ~....... J 
clx - clx 

C&'/4KI) y.,'­
~ e. 

90 

5 x 107 m 

assuming 

T = 2 500 K jVAO = 3 000 km 
- 1 s 

In the magnetosphere the i·TK13 solution should thus 

be completely adequate . The 1VI<B solution for the 

v elocity and magn etic field amplitude of the vave is : 

-\ 

COY\St. ~ 
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(Parker, 1955), where B is the {varying) magnetic field. 

If we assume that the power is conserved we get 

for the amplitude of the wave impinging on the 

ionosphere of Jupiter. 

( 5. 28 ) 

'l 

b 2.. ) l j A ( \ 2.. O{ol)) (V \ --!2. \J = - . u. + ·-- . I . A ioYI 2 ~lOll lOY\ 11 o A AOY) 
]J.o Io r 

where A is the area over \\rhich the wave is spread . The 

subscript 11 Io 11 indicates that the value is to be taken 

at Io ' s pos ition and the subscript 11 ion11 indicates 

the value at the top of the ionosphere. With ( 5. 29) 

thi s gives for the flux F (energy per unit area) 

incident on the top of the ionosphere and the amplitude 

b at the top of the ionosphere . 

(5. 29) T. -
A.O'Y\ 

Figure ( J7) shows the variation of flux F and the 

amplitude b of the "\vave incident on the top of the 

ionosphere as a function of sub-Io longitude , again 

normali sed to the value at }.. Io = 220° . 

In the ionosphere , ~ ::A I can b e larger than (0. 

this case l¢'1 is small and '"e get fr om ( 5. 25) that 

¢' ::; A. ))(~)2. d.w2 
• The condition I¢' I s mall is 

/¢'/=I )Ctv/vA)\J.'l(j L<t.J/vAi.e. 

( 5. JO) 

l\rhen (5. 26 ) holds , ~ i s r eal and one obtains 

In 

elementary s olutions to the Alfven "\·Tave equation ( 5 . 2J ) 

'"hich are travelli n g waves . If', h owever , ( 5 . JO) holds, 

~ is pure imaginary and the s olution to (5. 23 ) represent 
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standing waves. One may int~rpret this in the following 

way: when a wave (or pulse) impinges on a region in 

which VA changes gradually (so that 5.26 holds) the 

wave generates (1vKB) waves in the medium which can carry 

the energy through the medium. 1vhen, on the other hand, 

the change of VA is precipitous (and (5.30) holds) 

standing waves will be established in the medium (in a 

time of order IJ w) and all the energy incident on the 

medium will be reflected. 

Deift (1971) h as investigated the transmission 

and reflection of hmd waves at the Jovian ionosphere . 

For frequencies o:f several Hz the magnetosphere allo1vs 

the propagation of' ( \VKB) travelling waves. The 

ionosphere, hmvever, is pervious only to waves of high 

enough rrequencies (that is in excess of 1Hz). Deift 

(1971) h as approximated the variation of Alfven velocity 

in the ionosphere by power la,·TS. 

,(5.31) 

where x is the height of the top of the ionosphere 
0 

above the cloud l eve l , and VA (x ) 
0 

is the Alfven speed 

at tha~ level. He has investigated three cases, for 

m = 1, m = 2/J, m = 2. He derived a transmission 

coefficient for the energy flux defined as 

(5.J2) T 

where F. is the energy flux transmitted into the 
1 

ionosphere and F. the energy flux incident on the top 
1011 

of' the ionos phere . In figure (38) the variation of' VA 

as a function of' height above the cloud level according 

to the model dev e lope d in chapter J is shown. Also 

inc luded are the model variations of' VA for different 
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m. It is seen t h at the best agreement between a power 

la\v and the actual variation is obtained for m = 2/J . 

The transmission coefficien ts (5.32) are functions 

of frequency and are given by 

( 5 . JJ) T = \- w + ( wl..- \) '';,. w > \ 

.... 
\ = 0 

for m = 1 

( 5. J4) for m = 2/J 

( 5 . J5) T- for m = 2 

2'\T f l 'X where Ct..>=- 0 is a normalised frequency with f 
YA ( Y.o) 

the real frequency of the waves . 

It i s seen from ( 5 . JJ) that for the variation of 

VA with m = 1 there is a (normali sed) cut-off 

frequency Cu = 1. "\'laves \vi th frequencies f for which 

W < 1, will be totally reflected and no energy will be 

transmitted into the ionosphere . 

Combining (5. 29) and one o~ · ( 5 . JJ) to ( 5 . J5) 

a l lows for the calculation of nower transmitted into 

the ionosphere as a function of s ub-Io longitude. The 

variation of frequency f of the \vaves as a function of 

sub-Io long i tude is taken from figure ( J6a) . For the 

calculations belO\v f 220 "\vas taken as 1, 5 Hz. Figure 

( J9) is based on the :follmving magnetic field parameters 

( see section 2 . 2 . 2) . 
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It is obvious that the energy flux transmitted 

into the ionosphere shows two distinct peaks for all 

variations of' VA. Figure (39) includes the lead angle· ~ 

which was defined in section 3 . 4 . The x-axis of' 

figure (39) indicates the longitude above which Io is, 

when the hmd waves propagate in the dense parts of the 

ionosphere. Thus the longitude at which the hmd 

disturbance reaches the ionosphere is ·'A Io-~, (it 

should be not ed tp.at ~ is a function of' ~ Io). In the 

n ext chapter we will relate these results to the ob­

s erved "sources" of the Io controlled radiation. 
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6. The Relation Between the Model a nd 

Observations 

In chapter 4 it was shown , how ·Io interacts with 

Jupiter's magnetosphere. Io emits hmd '"ave pulses, the 

characteristic frequency of which varies as Io orbits 

the planet in a way sho\m in figure ( J6). These waves 

do not strictly propagate along the magnetic field but 

spread over an area, '"hich depends on their frequency. 

The energy flux contained in the s e waves incident on 

the top of the ionosphere at a h e i ght h above the cloud 
0 

level, is then partly transmitted into the ionosphere 

and partly reflected. The en ergy flux which is trans-

mitt ed into the dens e parts of the ionosphere vari es 

as Io moves around Jupiter. The variation shows two 

distinct p eaks \vhen the sub-Io longitude is close to 

the longitude to \vhich the northern end of the magnetic 

dipole i s tilted (AT). 

In this chapter we will relate the energy f lux of 

the hmd waves to the activity of decametric radiation 

observed on earth. We will, hovever , not attempt a 

d etailed description of the actual gen e r a tion 

mechanism of the d ecametric radiation. It has been 

suggested by variou s authors , that the plasma di s tri-

bution function in the fro~t of a large amplitude 

Alfven wave pulse \dll be considerably different from a 

Maxwe llian one . One would hence expect the exi stenc e 

of microins t abilities in the s t eep front of such Haves 

which may be able to amplify EM radiation either at the 

plas ma frequency ( w / ?.. 11 ) or gyro fr equency ( .n.. / 21\) or 
p 

harmonics and combinations ( e . g.. upper hybrid) thereof'. 

The f'ollmdng is meant as an indication of the type of 

instability that could be e:::pec t ed in the front of a 

propagat ing hmd \¥ave . 
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I n the frame of reference moving with the wave the (cold) 

background plasma is incident on the wave - front with 

the Alfven velocity. An individual ·particle moves 

~ ~ 
under the influence of the q (v x B) force. It 

describes a semi circular path, as indicated in figure 

{40a), and will hence be reflected. Incident protons 

have much larger momentum than the electrons and 1-:ill 

penetrate into the hmd wave much further than the 

electrons. The resulting charge separation produces an 

electric field '\vhich has the effect of slmving down the 

protons and accelerating the e lectrons. Then both 

particles penetra te to almost the same depth into the 

hmd '\vave as indicated in figure {40b). The electrons 

gain energy in this process nearly equal to that of the 

protons outside the hmd pulse . Thus the electrons will 

move with considerable v elocity through the almost 

stationary protons (as seen in the frame of the moving 

hmd wave). The velocity of the electrons may even attain 

relativistic values. The process outlined i s very 

similar to '\vhat is s uppos e d to h appen in the geomagnetic 

· boundary of the magnetosphere (Piddington , 1969). One 

-w·ould therefore expect the plasma in the hmd front to 

consist of slowly moving protons and fast electrons. 

Assume the magnetic field in the wave to be uni~orm. 
-) 

B = (B , b , b ), where b is the·amplitude of the wave 
0 y z 

and B » b the magnetic f ield produced by currents in 
0 

Jupiter . Tverskoi (1962 ) and Trakht engerts (1965 ) 

have investigated the motion of electrons and ions in 

the front of such a hmd 1vave propagating alon g t h e 

-"'> 
undisturbed magnetic field B = ( B , 0, 0). Both sho'\v 

0 

that the e l ectrons acquire velo6ities of the order of 
• 1 

( nn) 2 in the frame mov ing with the wave, 
me 

b 2)"t) . 
z 

Their ~reatment is valid for mildly 

relativistic Alfven velocities (v A 2 <. c 2 ) and for 1vave 
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pulses of thickness smaller than the mean free path of 

the electrons. Both conditions are m~t at the time the 

Alfven waves · impinge onto the top of the Jovian 

ionosphere ( v A 
2 ~ 0. J c 

2
) .- The \vaves will also have 

steepened their fronts on their way through the 

magneto sphere . Montgomery (1958), showed that the 

front of a plane--polarised 

infin~ely steep in a time t~~ 
I 

where~~ is evaluated at t = o. At Io b '.:::t ( 2n Vs/VA) B
0 

( see chapter 4). If b/13
0 

were constant along the path 

o~ the wave as well as B and ~ , t would be 
0 s 

( clbJclx ?-6 b/R-ro) ts ""> 9 x 10-J VA/V~ ( s1 which is ahvays 

l ess than 6 sees , the travel time of the waves from Io 

to ·· the ionosphere . Thu s Alfven .waves impinging onto 

Jupiter's ionosphere \vill have developed steep fronts . 

Far from the front of the advancing waves the 

i onospheric plasma \vil l be relatively undisturbed ( it 

cons ist s of the background plasma plus particles re-

fJ.ected from the wave front.) Inside the front one \vould 

find energetic electrons , moving perpendicular to the 

undisturbed field B , and s lmv protons . Trakhtengerts 
0 

( 1965) points out that e l ec trostatic oscillation at the 

plasma frequency should develop . This i s an 

instability very much of the s ame typ e as described in 

section J . J . Goldre ich and Lyden- Bell (1969) have 
I 

pointed out that a beam of electrons whose momentum 

di stribution is a function in both P 11 and P .1. is 

uns table to \vaves at the electron gyrofrequency. The 

coherent cyclotron instability has a linear growth rate 

( 6 . 1) 

where 0 is the a.ngle bet\veen the propaga tion v ector ,-, f 

the unstable ( extraordin ary mode ) wave and B 
0

• 
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It was shown above that 

( 6. 2) 

The amplitude b of the wave i s 

( 6.J) 

The s ubscript "Io" indicates that the subscripted 

quantity has to be evaluated in the vicinity of Io, 

where the hmd waves are generated . Inserting (6. 2) 

and (6. J) into (6.1) it can b e seen that along a 

magnetic field line 

(6.4)" w. o( 
J.. 

Along this field lin e the growth rate of the 

unstable extraordinary \vave \vill increase \-Jhen the 

Alfven wave moves into regions of increasing magnetic 

fie l d·and density; i . e . when it moves into the dense 

parts of the ionosphere . The emission of the 

elec t romagnetic radiation does of course decrease the 

amplitude b of the wave and h ence the growth rate . The 

exact variation of the gro·vth along a field line can 

only be d e termined b y a nonlinear extension of the 

theory of the coherent cyclotron instability. This would , 

hm,Tever , require an exact kno\vledge of the distribution 

of e l ectrons in the hmd wave front. In order for the 

i n s tability to lead to a sufficiently rapid growth of 

the cyclotron radiat ion so t hat it can b e detect ed on 

I 
earth (U. s hould exceed a certain critical limit , say 4). • 

1 1 
I 

Only whe n CO . ~ C.V . , will an observer on earth d etect 
1 1 

d ecametric radiation. 

An order of magni tude calculation shows that the ab -

sorption coefficient k = W./c is typically of the order 
1 . 



k = 7 X 10-
6 -1 

e m The total amplification ove r a 

l en~th L :::: IOO km is then ekL ~ e 70. Of course, this 

figur e , based on a v ery crude mode l,. n egl ecting non-
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lineari ties, inhomogcni ties of ~ an d B, can only . indicate 

that there is an amplification which could expl ain the 

h igh intensity of the observed d ecametric radi a t ion. In 

this thesis, we will b e satisfied by noting that an 

instabili ty may exi st in the front of the hmd "'\vaves which 

may l ead to a fairly r apid growth of extraordinary 

electrom"agnetic waves . 

The follo"'lving results arc important : 

1. The growth rate is proportional to the 

2/3 
6th root of the p l asma density , and also to B 

2. In the frame of reference moving with t h e 

Alfven wave the gro,•th is restricted to directions of 

propagation very n early perpendicular to B . ( see 
0 

Goldreich and Lynden-Bell , 19 69 ). 

J. The amplified \vave is in th e extra-

ordinary mode . The frequency of the amplified "'lvave as 

seen in a frame moving with the Alfven wave is the 

( relativistic ) e l ectron gyrofrequcncy . 

4 . The amplif ::i_cation is proportional to the 

magnetic field amplitude of t he Alfven wave 

(because v .L o( b). 

From thes e we can deduce a number of important 

consequences . 

In chapter 3 it "'\vas shown that the amplitude of 

the Alfven wave gen erated a t Io is b = B 
0 

1 

It vas a l so shm,'"Il that n 0<:. VA 2 , . where VA is t h e Alf'ven 
J_ 

v eloci ty at Io ' s orbit . Thus b 0( B/VA2 • Also : at a 

p e rp endicular level in the ionos phere where ~ has a 

certain value ~0 , the ampli t ude b of' t h e Alf'ven wave 
1 

depend s on the ratio (~ 0/~Io)~ . As ~ Io varies with 



)\ Io (see figure ( 26a)), 'vhereas Bio remains almost 

constant, the amplitude b of the Alfven wave at a 

particular level in the ionosphere (that is where . 

100 

1 -1/4 
~ = ~ 

0 
= const) should be independent of ~ Io (v A 2 o(. ~ ) 

if the energy flux and hence b \vere not reduced by: 

( a ) the spreading of the Alfven wave due to 

Hall-current and 

(b) by partial reflection at the top of the 

ionosphere. Thus the growth rate of the electromagnetic 

o( kL cons t T .2./
3 B 2.13 

wave should by e = e , where k = 

L 
4/3 . 

thus: 

(6. 5) (.oY\St. 

at a particular l evel 

\vhere ~ is ) 
0 

T ,L, and B vary as a function of >--. Io. 

(B varies if the magnetic dipole is displaced from the 

centre of the planet.) The trans mi ssion coefficient T 

is given by one of the formulae (5.33) to ( 5.35). The 

( average) diameter L of the region over which the 

Alfven disturbance i s spread is given by (5.21). 

Figure ( 41a) sho\vs the variation of r:/... as a function of 

~ Io for the magnetic dipole displacement indicated in 

the figure. The three curves shown are base d on the 

three d ifferent forms of T . This figure shows the 

variation of the logarithmic decrement of the decametric 

radiation for waves generated in the northern 

hemisphere of the planet . (T and L were calculated for 

Alfven waves travelling to the northern hemisphere ) 

Figure ( L~lb) shows the variation of o( for decametric 

radiation generated in the southern hemisphere. Both 

figures indicate that there should be a large variation 

of Io control led decametric radiation intensity as Io 

orbits around Jupiter . The hvo main peaks of o( around 
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·see figure 4la. 
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AI~ ~ 210° are promi nent. It mus t b e noted that the 

lea d ·angle ~ has been taken into accou..."Ylt. When Io is 

above Aio the radiation is 
I 

actual~ generated at a 

longitude Aio - ~,B and T are evaluated at this longitude, 

whereas the value of the Alfven wave frequency was 

calculated at a position _corresponding to Aio. Figures 

{42) and (4J) show the variation of OC for a different 

thickness of the ionosphere. (The thickness of the 

ionosphere determines T.) When Io is above the mor~ing 

side of Jupiter , i.e. "\.rhe n radiation is received from t h e 

Bl or B2 source, the Alfven waves impinge onto a cold 

and hence thin ionos phere . When Io triggers the A or 

C source the Alfven \.raves i mpinge onto a ,.,arm afternoon , 

and hence thick, ionosphere . If we r e late the peaks in 

the c( v s 'A Io curves to the "sources", we expect the Bl 

and B2 sources to b e closer together than the A and C 

sources . This is indeed observe d ( see section 2.2 .1). 

Figure (44) shows the variation of the number of I o 

controlled storms as a function of sub-Io longitude 

( .f_ r o). The two peaks around ~ Io = 210° are clearly 

visible . 

6 .1 Sources 

The relation between these fi gures and the four Io 

controlled "sources " i s now easily est ablished . The 

amplification of the E . M. r adiation c onsidere d above 

was treat e d in a frame moving with the Alfven velocity. 

In thi s frame the radiation propagates predominantly 

at r ight angles to t h e undisturbed magnetic field. In 

Jupiter's frame the radiation i s confin~d to a conical 

sheet above the magnetic field direction with opening 

angl e 

13 e ll, 

'f = ii - :iA_ , ( see also Goldreich and Lynden­
~ c 

1969 ). The r adi a tion i s beamed towards the 

planet . It is reflected at l evels where the upper 
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..n. ( 2. 2. 'h .. 
hybrid frequency WH = -r · ~ .n./4 + Wp0 ) is the same 

as the Doppler shifted frequ ency W=.Q.(I. + VA4../c..l.). 

"' l. l. Since ~- _£__ me the condition for the escape of 
...Ql.- v"'2. m.t:. ' 

the Doppler-shifted radiation ( w> WH) is v A "'> 3 X l0-
2c. 

This is true e,.rerywher e in the ionos phere except very 

near the level w·here the electron density h as a 

maximum. 

After reflection the d~ametric radiation propagates 

away f rom the planet in a conical sheet with the same 

opening angle 't . ( There may also be some refracti em of 

the decametric radiation when i.t propagates away from 

the p l anet. An evaluation of thi s effect '"ould require 

a detailed ray tracing through the Jovian ionosphere . 

The result s \vould only be as " go.od " as the model o:f the 

ionosphere .) These ideas are exactly the same as those 

incorporated by Go ldreich and Lynden-Bell (19 69) in 

their model of the Io controlled radiation . The essen-

tail difference between their model and the present one 

is the fol lowing. In their model e l ectrons are 

accelerated at Io whereas here the e lectrons are 

acce l erated in t h e Jovian ionosphere. The actual 

amplification mecha nism of the observed decametric 

radiation is the same , namely the coherent cyclotron 

instability. In both models the radiation is beamed 

into a conical sheet . The sheet, sho\·!n in figure 

( h5 ), inter~ects the ecliptic plane along bvo lines 

making an angle 2 fJ-- , \vhich i s related to the angle 't by 

( 6 . 6 ) 

\vhere the angl e -c. is the angl e bet\ve en the axis of the 

cone ( the magnetic field direction at the point of 

emission) and the ecliptic (essentially t h e Jovian 

equatorial plane) . Z: i s re l ated t o the co l atitude 0 by 
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Figure 46 : ~ as a £unction o£ Jovian longitude 
( A~II) £or radiation generated in the 
north~rn hemisphere . 

\III 



cos 1:.- I ~ ~~ 3 ~ \"1\ e c..o s e c \ + '3 c.os e ) 

In the ionosphere VA is typically VA = 0.1 c 

lOJ 

0. 5 c. In the northern hemisphere G ~ e. ~ 24 °. For 
1 

VA= O.J c, t ~ 75° this gives~~ 69°. Since the 

magnetic dipole is til ted by d-.~ 10°, ~ vari8s betwE:en 

0 6 0 78 and 0. Figure ( 46) shows the variation of }J- as 

a function of Jovian longitude, assuming that the dipole 

is til ted towards 210° )\ III. 

The rs.diation is beamed towards the earth if Io is 

eithe r ~ + ~ or }A- - ¢ on either side of CHL. 

lead angle '-rhich varies as a function of 'A Io, (see 

section 4. 6). Thus '"e can immediately calculate the 

position at which Io lies relatiye to ero~th (i.e. its 

angular deviation from SGC : ~) '-rhen radiat.ion is 

received on earth as a function of A Io. The result 

is sho"m in figure (47). There are two regions of Io's 

position at ,.,rhich radiation can be received on earth. 

Figures ¢tl-4J) show that the decametric radiation will 

be generated with large amplitude in certain )... Io 

range s . These are marke d in figure (47) by shading. I 

have assumed tha t the thicknes s of the ionosphere is 

somewh a t larger in the afternoon side of Jupiter than 

in the morning. This is to be expected because the 

plasma temper ature Tp, '"hich d e termi ne s the thicknes s of 

the ionos pher e, s hould b e hi~1er in the a ft e rnoon. Not e 

tha t f i gure ( 47) i s relevant for ,.,ra v es gen e r a t e d in the 

northern hemi s phe r e . F i gure ( 48) s how·s the s ame f o:c 

waves genera t e d in the s outhern h e mi s phere. The CML 

value g iven by 

(6.8) 
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where the + stands for the B
1 

and B2 sources and the -

for the A and C sources. 

We can construct a plot of lines of constant 

receiving probability like the one shown in figure ( 5 ) 

if the probability is assumed to be proportional to ~ 

(see formula (6.1)). Figure (49) includes radiation 

both from the northern and southern hemisphere. The 

agreement between figure (49) and figure (5) is very 

good. 

6.2 The Maximum Fresuency Variation 

The control of Io over the maximum observed fre -

quency of the decametric radiation can be explained 

quite easily in terms of the pre~ent model. In 

section 2 .2.2 it was shov.'11. tha t the variation of fM 

can be explained in terms of variation of height above 

Jupit er ' s cloud level at which fM is emitted ( see 

figure 8). 

The discussion in the l ast sections dealt with 

average conditions. Only Alfven ,,raves which have la.rge 

enough frequencies can enter the dense parts of the 

ionospliere. But , independentl y of the frequency, all 

Alfven 1-1aves will propagate until they reach the top 

of the ionosphere. Waves which are transmitted lose 

energy in t h e ionosphere. But sometimes the power 

contained in these waves may be so large that they can 

travel through the ionosphere and still retain enough 

energy to trigger the generation of decametric 

radiation at the bottom of the ionosphere. Hence the 

Alfven waves are either reflected at the top of the 

iono s phere or they may go dmm to the bottom (if they 

are generated at.Io with large enough power or if thny 

do not lose too much en ergy on their path through the 

ionosphere) . The transmission c . ..:• efficient T determines 
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assumed to b e generat e d in the northern 
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whether they are reflected or not. When T is small 

the waves will be mostly reflected at the height h
0 

ru1d hardly any decametric radiation ·will be received 

from within the ionosphere. If T is large, radiation 

will be received from within the ionos phere and perhaps 

one or two times per apparition also from the bottom 

of the ionosphere . 

Figure ( 8) shmvs the variation of height above 

Jupiter 1 s cloud level (h) ,.,here the maximum frequency 

is generated. In t erms of the present model a l arge 

h eight should correspond to a small T and a small 

height to a l arge T. Figure (50) shows the v ari at ion of 

T ru~d h superimposed. The expected anticorrelat i on 

b etween h and T is indeed shown by this figure. Also: 

the maximum height of h, h = 12 000 km, is in very 
m 

good. a greement -vri th the thickness of the ionosphere 

(h ) described in chapter J. 
0 

6.3 Polarization 

The present model predicts the radiation to be in 

the extraordinary mode . (Thi s conclusion has also been 

reached by many other a uthors. ) Radiation from the 

northern h emisphere should be more frequent thru1 from 

the s outhern. ( Compare figures ( 41.a ) and ( 4lb).) The 

present model does predict, however, that for certain 

s ub-Io longitudes the radiation should cont ain radiation 

from both h emisph eres (not necessari ly at the same 

fr equency). The ratio of the two s hould b e related to 

a polarization ratio. Figure ( 51) shmvs the predicted 

variation of R.H. to L.H. polarization as a function of 

)\ Io, assuming that the radiHtion from the northern 

h emi sph ere is right h and (R, H. ) polarized and the 

radiHtion from the southern hemisphere to be p olarized 
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in the opposite sense. To the present author's 

. 
knmvledge no investigation of the pol~.rization 

as a function of A Io has been publi shed. 

6.4· The Time Structure of the Storms 

In the last sections it was shown hOiv the decametric 

radiation may be generated in the steep front of the 

Alfven waves propagating through the ionosphere . 

Radiation of sufficient amplitud e to be detected on 

earth will be emitted vlhen the amplification controlling 

quantity d.. is large enough. rJ.. increases with increasing 

magneti c field strength and plasma density. Only those 

Alfven waves which reach the dens er parts of the 

ionosphere could trigger intense decametric radiation. 

The frequency at which the radio •v-aves are emitted is 

the Doppler shifted gyrofrequency f = fe (1 + VA
2
/c

2). 

The fact that f d epends on VA is significant. In 

chapter 3 we have seen, that VA varies 1vith height in 

the iono sphere. Along a fie ld line VA decreases towards 

·the planet. Thus, although f 
e 

1 
=2 

e B 
m 

e 
increases 

towards the planet, the frequency of the radiation 

l eaving J·upi ter after reflection may actually decrease 

while the Alfven wave moves towards the planet. The 

Alf'ven waves moving ·towards the plane t' s surface emit 

EM radiation at a frequency the time variation of which 

can be written as 

( 6. 9) cAt 
--= 
clt 

dB 
+ 

clt 

d d 
Now: dt =VA dx for the advancing hrnd wave. (x 

i s counted positive towards the planet .) Thus dx =- dh, 

where h is the height above the cloud levels . (6.5) is 

·then re1vri tten as: 
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{6.10) l..i£ VA ( \ cl B ( ' 2 2
) V 2 \ dN ) - --- c.+ v,.. + "'- --

{ dt v,..L+c. l. ~ dh N cth 

where we have used the relation be"tween VA and plasma 
1 

density N (VA= B (~0 Nmi)-2 ). Along a field line of a 

magnetic dipole field 

In the ionosphere N d e creases nearly exponentially 

with height. Thus: 

_\ i!! ~ -\-\ 
N clh 

where H j_s a characteristic scale height (6.6) is then: 

( 6.11) \ 

t 
df 
-- /'V o\t: rv 

The r e lative frequency drift rate c an be 

positive or negative, depending on vrhether ( h + R J) is 

smaller or larger than 
1 '2.. 

JH ( 1 + 2. c I v A ) • The Alfven 

veloci~y at the top of the ionosphere is 0.5c. The 

·frequency drift is thus negative si~ce JH (1 + ·2. c"2.f y:) 

i s then always less than RJ . As the Alfven waves travel 

do"~wards , the Alfven speed decreases and the frequency 

drift b ecomes positive . The frequency of a decametric 

storm should thus exhibit first a negative and then a 

r eversal to positive frequency dri ft . As the negative 

frequency drift should occur at height l evels where the 

plasma density and magnetic fi e ld intensity are lo>v, 

the amplification (~) may not be large there and the 

negative frequency drift may not be observed on earth . 

The range of d ecametri c frequencies excited in one storm 

depends both on the >vidth of the Alfven wave front 

{which is probably of the order of the mean free path 

of a plas ma particle 1d th thermal velocities) and the 

rate at which the en ergy of the Al:fven >vave is di ssipated. 

In order to evaluate the second effect a non-linear 
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analysis of the generation mechanism of the coherent 

cyclotrori radiation would be required. It seems, 

however, likely that the length over which the energy 

of the Alfven wave is dissipated is larger than the 

width of' the Alfven wave, because the mean free path 

of the thermal protons in the ionosphere is of the order 

of 10
6 

/N [km). For N = 104 cm-3 the width of the 

front is about 100 km. Assuming that all the electrons 

in the front radiate at the local gyrofrequency this 

corresponds to a range of frequency 

6f' ~ 0.1 :MHz. This is the average b andwidth of a 

decametric storm. 

The frequency time spectra on earth repres ent a 

superposition of many events, because Io continuously 

emits hmd waves. Assume that the grm.,rth rate of the 

d ecametri c radiation becomes 1 arge enough for the 

radiation to be detected on earth, when the density 
I 

increases above a value S 
0

• Denot e the height a ·c which 

o -- o'
0 

as h 1 • If t d 1 d > -- ) the magne ic ipo le i s disp ace 

tm.,rards a longitude 'A = 235° then the magnetic field 
0 

at h 1 l.vill vary as a function of longitude. Thus the 

frequemcy f at which the radiation i s observed 

( e B 
f :.: 211 m 

e 
will also vary. It will be 

a maximum when the radiation i s generated at the 

longitude )\ and a minimum 180 ° away . 
0 

\{hen the r a -

di a tion is generated at A. , Io is above ~ + ~ longitude . 
0 0 

Whe n Io moves a way from this position the frequency a t 

which the Io controlled storms s tart decreases. Now , 

the frequency range which can b e excited d epend s on the 

length over which t h e en ergy of the Alfven waves is 

di ssipat ed . Certainly thi s is related to the energy 

containe d in the. hmd wave when it enters the d ense 

p arts of the ionosphere. Since the energy flux of the 



frequency 

Time 

AIO 

Figure 52: Theore tical frequency- time structure of' a 
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hmd waves has a maximum value when Io is above 200° ~ III 

(in the morning side of Jupiter) the rru~ge of decamctric 

frequencies excited should be large .at this A Io and · 

smaller everywhere else. Thus one would expect a 

frequency- ~Io spectrum from ' the early (B) source as 

shown in figure (52). This is indeed observed. 

(Warwick 1967, Carr and Gulkis, 1967.) The main (A) 

source does not show this effect very clearly, although 

it should be expec ted in terms of this model. The lack 

of this characteristic frequency spectrum in the A 

source is probably due to the fact that the A source 

does not only contain Io controlled radiation but also 

a l arge amount of radiation independent of Io. 

6.4.1 S-Pulses 

One of the most puzzling aspects of the Jovian 

decametric radiation is the existence of' drifting 

5 
millis econd (s) burst~ 

1\ 
The drift rate of df -1 

- - L -25 MH7, ~ dt ,_. -- . ) -

may be explained as due to keV elec trons spiralling 

through Jupiter's magnetic field (Ellis, 1965). If the 

observed frequency is related to the local magnetic 

field 9 i.e. if the radiation is assumed to be emitted 

at the electron cyclotron frequency, then the negative 

drift rate requires electrons moving away from Jupiter. 

The velocity of these electrons p arallel to the magn etic 

field line s mus.t be about 0.2 c (Warwick , 1970). There 

are , however, some objection s to this i nterpret a t ion of 

dri:fting millisecond pulses as Warwick (1970) pointed 

out . 

There are 6 major characteristic features connected 

-with the S-bursts, which any satisfactory model should 

be able to explain. 
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1. "The duration of a single 3-burst at a fixed 

frequency is 4 ms or even much less. 

2. · The repetition rate of the bursts at a 

-1 
fixed frequency is about 100 s • 

J. The bursts drift in fr equency with a 

drift rate b etween -10 and -so MHz s 
-1 

4. S-bursts are of extremely high intensity; 

their intensity is greater than that of ordinary Jovian 

emission by a large factor. 

5. The S-burst activity is restricted to a 

narro1v Io - Jupiter - Earth geometry range . They are 

only ob served when Io is close to the Jovian ~ongitude 

{Riihimaa et a J., 1970) . ---
6. Some S-burst events sho,., the phenomena of 

polarization diversity (Gordon and 1varwick, 1967). 

The fact that S -burst, often appear to be super­

' 
in1posed on normal Jovian emission makes it unlikely that 

S-bUrsts are uue to a completely different eeneration 

mechanism from that of normal emission events. 

The first ~spect can be explain e d as due to the na~row 

band1vidth of' the S-bursts and their drift rate . The 

band,vic;l t h of the milli second bursts seems to be 100 kHz 

or less . Thus the bursts 'dll appear for l ess than 4 ms 

( ~t/d.t = -25 MHz/s ) on a fixed frequency receiver with 

bandwidth less than 100 kHz . Thus, if' one can explain 

the narro1v b andwidth and the drift rate of S-bursts, 

one can a l s o explain their short durati on. 

The high intensity of the S -pulses appears to be 

either due to a focusing or b eaming effec t of normal 

radiation. This together with point 5 indicates that 

S-pulses could b e norma l ev ents taking place in a 

certain region o'I~ Jovian longitude which allows for ~~ 

particular kind of focusing or beaming. Only when Io is 
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above this longitude range will the disturbance created 

by Io cause radiation which appears as S-burst 

activity. 

The polarization diversity could be due to mode 

coupling of the extra ordinary mode in regions of a 

rapid change of the index of refraction and subsequent 

Y- 1 Faraday effect . ( Warwick , 1970.) 

The following is a rather speculative attempt to 

explain the major features of the S-bursts in terms o1 

the present model . 

In the last sections it was shown that the 

decametric radiation is emitted into a conical sheet 

making an angle of t = 75° with the direction of the 

magnetic field, as seen from Jupiter. The angular 

( 
\1' o o·. 

thickness of that cone may be l arge or small b:. b: 0 ••. • 20 1 . 

The radiation is travelling tow·ards the planet . In 

order to be observed by an obs~~ver on earth it has to 

b e reflected at the level where the Doppler shifted 

frequency f equals the upper hybrid frequency . If the 

radiation is reflected at one level, the radiation cone 

will just reverse its direction 'vi thout a major change 

of intensity (if anything the intensity will decrease) 

or beaming characteristic . If , however, the plasma 

exhibits some kind of regular stratification , i.e. layers 

of increased plasma density ( or increased magnetic 

fi e ld intensity) perpendicul~r to the magnetic field, one 

would expect multiple refl.ections from the different 

layers . The waves reflected at different layers will 

form a far field interference pattern which sweeps 

across the fuitenna of an observer on earth. The fro· 

field interference pattern can be described by treating 

the layer structure as a kind of "lattice". The con-

di tion for an interference maximum to be observed at <:>.n 
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angle 0 in the frame can be written as (see figure 53)). 

( 6. 12) 

where JL is the index of refraction, L the "lattice 

constant" and A the wavelength of the radiation. 1fe 
0 

thus get 

(6.13) t- c. 

For J-l~ l and ~ between 5° •.•.•• 20° one will pick 

up only a limited number of interference maxima at a 

particular frequency. Formul a (6.12) allows u s to 

calculate the frequency dri:ft an observer ,.,rould observe, 

when the far field interfer.ence pattern moves across 

his telescope . 

Formulae (6.12) to {6.14) relate the frequency and 

. its drift to a change of either the "lattice constant" 

L or the diffrac tion angle ~ • They are valid in the 

frame in which the lattice is stationary. Then the far 

field interferenc e pattern consists of two parts : the 

first is due to the superposition of the radiation 

t ran s mitted at each l ayer (corresponding to lattice 

diffraction in transmission) and the other i s due to 

the superposition of the reflected beams . The reflected 

radiation, howev er , will b e reflected into the source 

of the radiation where it interacts with t h e plasma in 

a way det ermined by the plasma. It will either be 

reflected or re-emi tted. The interference pattern '"ill 

probably be de s troyed in th:i s process . Hence only the 

trans mitted radiation will form an interference pattern. 
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Figure 53 : Th e gen e r ation of S- b ursts . See text 
fo r explan a ti on. 
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This beam will find a conical sheet in Jupiter's frame 

with an opening angle r = if ( v A_ + . f.> ) . 
2 v c 

The 

zeroth order beam has 
\J __ JL A 
4o 2 The beam reflected 

c 

from the "lattice" ..:ill be-contained in the zeroth order 

beam. When the Alfven waves move towards the planet VA 

decreases and 't increases. 't is related to f- in such 

a way that increasing 'I increases f . An observer on 

earth receives radiation only when the radiation is 

beamed to\vards him. Neglecting the rotation of Jupiter 

on t ime scal es of milliseconds, the observer on earth 

will only remain in the beam if the increase of '(due 

to the decrease of VA is cancelled by a change of 

or by a change of ~ • For the interference pattern p 
must increase and according to (6.13) the frequency f 

must decrease. Thus if an observer on earth is in the 

transmi tt e d beam he ivould observe a negative frequency 

drift. 

A frequency drift can also be produced by the 

( d~ rotation of Jupiter then dt = 1. 6 x J.0- 4 rad/s). For 

S-bursts 1 
f 

df ..... 
dt - - 1. Thus ~~ due to the rotation 

of Jupiter is much t oo small to exp lain the S-bursts. 

It may,·however, be large enough to explain the slow 

frequency drift observed by Riihimaa et al. ( 1970). 
d~ Furthermore, dt is of different sign for the B and C 

source , which both s how a negative frequency drift. 

In order to ev alu a te (6.14) we must look for a mechani s m 

~1ich could produce the required stratification of the 

plasma in front . of the advancing wave. It is knmvn that 

in the front of l arge amplitude hydromagnetic wave 

pulses the ma gnetic field intensity does not ch a n ge 

continuously from its undisturb e d value to the value 

in the wave but r.ather exhibits an oscillatory s tructure 

(Karpman, 1964, and Cavaliere and Engelmann, 1967). 



114 

The magnet i c profile of the wavefronts starts with small 

osci~lations which are converted into a series of rare-

faction waves. These convert the magnetic field from 

the undi sturbed value to the value in the wave pulse. 

The separation of the crests in these rarefaction waves 

is o~ the order (Tverskoi , 19 62 also Karpman, 1964). 

(6.15) L -
\J p. - 'IJ.. 

~ = Co'nSt. N 
.s).,L 

The rare faction 1-raves are dampe d due t o electron-

ion collision. The length over which the amplitude of 

the rarefaction waves decreases by 1/e is 

( 6. 16) 

\l ei i s the electron ion col l ision frequency. A 

well-define d stratification will only be formed if 

L <.t... 1, i . e . if .D. . >> 'Y . mi • 
l. el. 

In the ionosphere 
m 

e 
V ei ~ 1 0 - 3 N (for a temperature of T = e 

where N i s the par ticle densit y in cm- 3 

T. = 1 500 K), 
l. 

The c on-

dition for the s tratification in f ront of the Alfven to 

exist is thus 

(6.17) when .Q..i. is measured jn 

/S-l / and N in /em - 3 I 

If the magnetic dipole is displac e d towards the 

l ongitude 2.3_5° A III the ratio .Q... /N at a particular 
l. 

h e ight a bove the planet' s surface ( that i s where N has 

a certain value independent of l ongitude) has a 

maximum at the longitude 235°, If the regular s tra-

tification forms at a ll, it 1vill form whe n the 

Alfven '-raves i mpinge onto t he i ono s phere at a longitude 

I f the S-pulses are relat e d to the dif~raction at the 
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regular stratification, they should predominantly occur 

around 250° )\. Io. 'I'his is indeed the case (see figure· 

( 12)). As the Alfven waves move towards the pla net 

!l./N becomes smaller, and the condition (6.17) may not 
~ 

be fulfill ed "'vhen the waves pass a certain level. This 

indicates that S-bursts should only appear "'vi thin a 

certain frequency range, the upper limit of which is 

determined by (6 .17) and the lower is determined by the 

conditicn ol.. > D(ti" ( c<.. is the amplification coefficient 

of the cyclotron instability). 

The drift rate of the S-bursts which is to be expected 

from ( 6.1~- ) and ( 6.1J) ~d ( 6.15) 

~~=--t-VA . 

l d£. = \' _1 _1 d.N 1 ccr\ ~ d-YA 
T cH. L 2 N dt ~ + c.. cit 

No"'v: 

d -clt 

( 6. 18) 
= _ _ VA d N VA cotf~ cl V ~ 

2 N cl.\1 - C. r' dJ) 

In the ionosphere the variation of VA is mainly 

-~ determined by the variation of N ( v ~ N 2 ) because 
A 

the magnetic fie ld intensity B changes only by a factor 

of 2 in the ionosphere as compared "'vi th a factor of 103 

for the density variation. Assuming B to be constant 

in the ionosphere ( 6. 18) is then rewritten as : 

(6 .19) \ 

t 
Yt>. 
c.. 

The drift rate i s negative when "!; c()'\-~ > \ • ~ 

can be estimated as follows: 
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_The observed S-pulses appear at different 

frequencies at the same time. The separation in fre-

quency of two pulses is 6f - l ~!l Z:· where t: is the 

time between the appearance of two pulses at a fixed 

frequency . 1 ~! I = 25 MHzs - l and 't ~ 10 -
2s gives 

Y = 0. 25 HHz. Then Af 6. n X _ _l_ 
f -- 11 100 with D. n = 1 this 

yields n = 100 . 

From ( 6 .12) 
1 2Lf 

en - ----- = 
sin~ 

m. 
1 

m 
e 

for n = 100 . Then the drift rate is accordin g to (6 . 19)) 

1 df 
f dt 

d VA 
- . dh ( 1 -

2 
6 (VA ) ) 

c 

An observer on earth will; however , see the Doppler 
2 

shifted frequency f = fe ( 1 +VA /c
2

) and a drift 

rate 

( 6 . 20) 
.')_ \ 

( \ -2. (3+ -·)KJ 
\ +X 

where x = 
v 2 

( A/c ) • The drift rate will be n egative only 

for large values o f x , i.e. at the top of the ionosphere, 

where x ~ 0.16 and cJ.VA~ J •• · ••• 5 cth 
I -1; sec . 

The drift rate calculated from (6.20) is then 

1 df 6 · /s -1; 
f dt :.: -1. . . • •. -2.6 I 

This i s only slightly larger than thE! observed drift 

rate. The observed drift rate seems to be constant 

throughout a particular S-pul se event . The predicted 

drift rate ( 6. 20) is not constant along a. p articular 

field l ine . The change in drift rate predicted by 

( 6. 20) may, however, not be obs_ervable because the 

gen eration of S -0ursts is restricted to a n arrow range 

of heights over 1-1hich the change of d:f is small. d.t The 

determination of the drift rate from swept-frequency 
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r ecordings of the decametric radiation is not very 

df accurate and a s light change of - may well have been dt 

-overlooked . The narrow band width. of the S-bursts can 

be related to the " resolving power" of the "latticen. 

If there are m planes at 1.vhich reflection of the 

radiation occurs the frequency resolution in the nth 

diffraction maximum is ~f = 
f 

1 . The bandwidth mus t be 
nm 

much smaller than ~ f in order for the S-bursts to be 

observable . The bandwidth of S-pulses seems to b e ~maller 

than 100Y~z . That is ~: < 1/250. n was estimated at 

100 . In order to account for the narrow bandwidth 

there must be at least 3 well defined l ayers in front 

of the hydromagnetic waves, i . e. ~ ~ JL . Since this 

explanation of the S pulses invol ves the superposition 

of many '"aves as any interference phenomenon does, the 

increased intensity of the S-burst is to be expect ed. 

I t has been l)lentioned by lvar,vick ( 1970) that the 

polari zation diversity of the S-pulses may b e due to 

mode coupling at steep gradients of the plasma density 

or the magnetic field intensity. Exact ly thi s is 

e ncountered in the layers. The S -pul ses occur on time 

scales of millisec onds and are possibly due to i.nterfer-· 

ence effects in the front of a single advancing hmd 

wave . But Io continuously emit s hmd waves. There may 

also be effects producing far-field interference p at t ern 

1.rhich are stable on time scal es of minutes. 'T'hese may, 

of course , contain the interfer enc e pattern stable only 

on time scal es of milliseconds . If t he interference 

pattern produced by many hmd waves i s indeed stable over 

minut es; that is: if there i s coher ence between t h e 

Alfven waves emitted by Io over the times of the order 

of minut es , we expec t the interference pat tern to be 

s wel>t across the antenn a beam of an observer on earth 

by Jupiter ' s rot a tion . In this case d (j - 1 6 , o-L~ dt - • X -
-1 s 
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It is tempting to r elate this to the lanes in the 

frequency time spectra observed by Riihimaa et al . (1970). 

They have been observed Af/f = 1
/75 ; i.e . n = 75. 

The lanes are observed in the frequency range 20 - 25 MHz . 

I'n the ionosphere thi s corresponds to a level where 

> 0. 4 c. Thus cot ~ tv 10 and the drift rat e 

df (l. d~ IV • 6 - J -1 dt - cot 1 dt _ 1. x 10 s This is slightly 

less than the observed drift rate but not entirely wrong . 

The drift rate for the Bl and B2 sourc e should be positive 

and negative for the A and C source. This is indeed 

observed. The lanes have a larger bandwidth than the 

S- bursts. Thus the requirement that there should b e a 

sufficient number of layers in front of the Alf'ven ·waves 

does not apply here. The lanes are then not restricted 

to sub-Io longitudes where ~. /N is large. They also 
J. 

appear when the Alfven '"aves excite cyclotron 

radiation in ' regions ,,,here.q/N is small. · 
J. 

It should be mentioned, that diffraction at a 

iattice-li.ke s tratification of the Jovian ionosphere , 

h as a l r eady been sugges t e d. by Riihimaa e t al. ( 1970)' 

as a possible explanation of the lanes in the frequency 

time spectra. The present model does allow for this 

"lattice" in a simple way, whereas it 1vas only postuJ_ated 

by Riihimaa. et al . There is also a difference b etween 

the t'vo models in s o far as the present model is bas ed 

on a moving "lattice" 'vhereas the "latt ic e " is stationary 

in the mode l by Riihimaa ct al . 

The explanation of the S-bursts described above 

has many 'veak points . The drift rate should not be 

strictly constant . The exact value for the drift rate 

is d erived from the mode l only through squeezing the 

right numbers . It is also questionable that the 

oscillatory s tructure in front of t he Alfven wave pulse 
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prDduces strong diffraction effects. The reason for the 

inclusion of the above speculation into this thesis is 

only the fact that the explanation of many of S-bursts 

would be possible if the described stratification has 

the correct size and produces strong diffraction effects . 
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SUMMARY 

A new model of' the To - contro l led Jovian decametric 

r adiation is proposed. The model incorp orates the 

:fo l lowing ideas 

1 . Th e Jovian i onosphere is not isothermal and 

cold. Due to absorption of' solar U.V.-radiation 

the temperature of' the plasma increases with height i11 

a way similar to the increase of plasma temperature 

in the terrestrial ionosphere . The maximum plasma 

density in the ionosphere is about J x 106 particles 

cm-J. The plasma temperattrre in the top- side ionos-

phere may be as high as 1 500 K. 

2. There i s a considerabJ_e loss of thermal 

plasma from the topside ionosphere . This loss must be 

balanced by an up,vard diffusion of particles. The 

Jovian ionosphere is not in static equilibrium. 

J. The thermal plasma in Jupiter ' s mae;netosphere 

is unstable against the bvo-streeh11 instability. Gro,ving 

waves feed on the streaming energy of' the plas ma. This 

energy loss of' the plasma leads to a trapping of' plasma 

in the outer parts of' the magnetosphere . 

4. The trapped p l asma forms a Gledhill d isk 

corotating with Jupiter . The plasma density in the 

disk is limited by recombination. At Io 1 s orbit the 

, plasma density may be as high as lOJ particles cm-J. 

The magn etosphere so d erived is stabJ.e against i nter-

change motions . 

5. Io 1 s interaction with t h e magneto s phere is 

considered. Io ·impedes the c orotatin g plasma and 

magnetic field. Lo1v frequency Al:fven Haves transmit 

the information about Io ' s contact wi th the magnetic 
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field line along the field line into the ionosphere. 

The Alfven waves -are reflected there ?J1d ·propagate 

back to Io, where they are regenerated again and so 

forth. The magne tic field lines inter¢sected by Io 

wili be tilted in this process. This tilting continues 

until the field lines either diffuse through Io or are 

r ec onnected through a neutral point formed on the 

downstream side of the satellite. If Io's conductivity 

is larger than 5 x 10-5 ~ -l m-l reconnection will 

take place b efore diffusion. The reconnection rate i s 

enhanced by the emission of large amplitude Alfven '"aves 

with frequencies of the order of one Hz. 

6. The amplitude and frequency of' these Alf'ven 
. 

waves generated at t h e neutral point vary as Io orbits 

around Jupiter due to the varying plasma density 

encountered by Io along i ts orbit. 

7. The propagation of these Alfven 1vaves through 

the magnetosphere along the field lines is investigated. 

The magnetosphere can be trated as a iVKB medium. The 

inclusion of the Hall effect predicts a spreading of the 

energy contained in the Alfven '"aves into a conical 

sheet about the magne tic field line . This spreading 

together 1vi th the ivKB solution of the Alfven \vave 

equation is u sed to determine the (magnet ic) amplitude 

of t h e Aliven w·aves hy the time they reach the topside 

ionosphere . 

8. ·The A],fven waves will b e p art ly reflected at 

roJd p artly transmitted across the boundary region 

bet1-.reen the ionosphere . and magnetosphere. Trans missi on 

coeff'icients are u sed to predict the ( magn.et i c ) amplitude 

of the Alfven waves trans mitt e d into the dense parts of 

the iono s~here . The ionosphere i s p e rvious only to 

higb f'requencics. 
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9. The amplitude is t h en related to the growth 

rate of coherent cyc l otron radiation ~n ~he fronts of 

the Alfven waves propagating through the ionosphere . 

The variation of the grm..rth rate as a function of sub -

Io longitude is then calculated. This is compared with 

the observed "sources" of the Io-controlled decametric 

radiation. The agreement is found to be good. 

1 0 . The variation of.' highest cut - off frequency is 

explained in terms of the model. Observed frequency-

time spectra are also found to be in agreement with the 

pred~ctions of the model. 

11. It is tentatively proposed that there are 

regular stratifications in the :t:ronts of the advancing 

Alfven waves. These stratifications may give rise 

to interference effects 'vhich could explain the S-burst s 

and the lanes observed in the frequency-time spectra of 

the dec<=~metric radiation. It is shmm that the model 

predicts the observed duration, band-vidth and frequency ,.... . 

drift of the S-bursts. The restriction of S-bursts to 

the B2 and C "source s " can also b e acc ounted for by the 

model. 
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APPENDIX A 

If' we assume that fM is the electron gyrofrequency 

·at the point of emission, '"e can calculate from the 

observed variation of fM •vi th A Io the variation of 

emission radius r. Let us first calculate r in a 

coordinate system S" 'vi th the magneti c dipole as the 

origin. In this frame the equation of a magnetic line 

of force for a dipole field is: 

where L is a constant '"hich gives the d istance f'rom the 

dipole axis , in e quatorial planetary radii (R 
3
), ·at 

which the line of force cuts the (magnetic ) equatorial 

plane . 0 is the (magnetic ) co l atitude . For IF1' L 

varies as a function of A Io due to the tilt o f the 

magnetic dipole axis (M) '"i th respect to the rotational 

axis (R) of the plane t (see f i gure 54). The di s tance 

(r••) from Io to the centre of the magnetic dipole i s 

given by 

~ 2 
- ( 2 X 5 , 9) X h 

A 0)) RJ2 

(Io orbit s J upiter at a distance 5,9RJ) 

The magne tic co.lati tude of Io varies as the 

satellit e orbit s around the planet in the follo,ving way 

( J) cos 0 = sin~ sin ( ~Io AT) 

From ( 1) , ( 2) , and ( J) LIFT can b e calculate d as 

(4) 
1 

0 2 .J 
- sJ.n ll'-

1 

For a dipole f"i e ld the magn e ti c field intensity 

B at a point ( r ., 8 ) along IFT i s given by 

( 5) B = B 
0 

2 1 
( 1 + J cos G ) 2 



j ; 

i 
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with (1) this can be rewritten as 

B is the magnetic field intensity at the magnetic 
0 

equator. As fM is assumed to be proportional to B ,.;e 

can write 

, 
( 7) f'M == B 

f' B 
== ( 1 + J ( 1 - r" /LIFT R J.) ) ;r 

0 0 

From ( 7) the variation of' r" with )..Io can be 

determined from the observed variation of' fM with ,\ -[ 
.0 

if a particular f' (usuallv f == 40 MHz) is assumed. 
0 - 0 

The point of' emission P has the position(X") in the 

cartesian coordinate system - •~i th the magne t ic axi.s (M) 

as the 2 axis, the y a nd 2 axes define the meriodi anal pla-:! E:' 

~T. The x axis completes a normal cartesian co-· 

ordinate sys tem. Then : 

(8) r sinE) s in ()\T (..Io) 
~ 

({\ - Aio) X" = r sin E) cos 
T 

r cos 8 

The position ( X) of' Pin a coordinate syst em · ( s ) 

vJi th the planet's centre as t he origin can be d e te:cmined 

easily by noting that S" is derived f rom S by a dis­

placement through (~) and a tilt by r:J... about the x 

axis of' S "e In the sys tem S ' which is untilted but 

displaced P has the p osi tion X ' 

(9) ( 1 0 0 

-7 ~ 

X' = 0 co s r/.. 0 X" 

0 0 cos r/.. 

...!) 

In the sys t e m s P h as the position X 

~ -') -) 
(10) X == X' + a 
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where~ is the position of the magnetic dipole centre in 

the systemS (see figure 54) : 

(11) 

[

sin 

cos -:> 
a = 

(}. ->-) T o 

The height (h) of P above Jupi ter' s surface is 

then 
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APPENDIX B 

Gross ru1d Rasool (1964) give the following reactions 

as important in the Jovian ionosphere: 

1) 
. -t 

6 (H2) (4.10-18 ) 2 
6 = 6 ({\) H2 + h -y-"> H2 + e = em 

2) H + 
+ 6 (H) (2.10-18 ) 2 6 =6 (/\) h\) ·-? H + e = em 

3) He + 6 ( He) (3.10-18) 2 6 = ~ ( >--) H + h\1 ~ + e = em 
'- e 

4) 
+ 

+ H2 -> He H + r/ q. 10-13 cm3 -1 He + = s 2 

5) He+ + H2 -> HeR+ + H 0( 5 = 10-12 cm3 s -1 

6) H + + H -> H + + H c.( 5 X 10-1.0 cm3 -1 
= s 

2 2 3 6 

7) H + H -Y H+ H2 ()(7 10-10 cm3 -1 + + = s 2 

8) H + + He -> IIeH+ H o(8 10-10 cm3 -1 
2 + = s 

9) H + 
2 + e --"i> HY + H" ()(9 10-8 cm3 -1 

= s 

10) HeR+ He + H c(lO 10-8 cm3 -1 + e ~ = s 

11) He+ e~He h))- o( 11 5 X 10-12 cm3 -1 + + = s 

12) H + 
3 

+ e -'> H2 + h \)" c<l2 
10- 8 cm3 -1 

- s 

1 3) H+ -> II + hV' ()(13 5 X 10-12 cn-.3 -1 + e = s 

]_!~) H + H + X-> H2 + X D( 14 
10-32 6 -1 

= em s 

The amount of H produced by the absorption of sola r 

UV radiation can be caJ.culated by noting that each 

ionized H2 and He will produce 2 H atoms ( reactions 

5, 6, 8, 10, 12). The variation of neutral d ensity w·i th 

h eight z is calculated by assuming diffusive equi.librium 

·for each component. This may l ead to densities which are 

too l a rge at l arge heights. (The decrease of density due 

to escape :from the planet i.s negle ct ed.) At these 

h eights the ionization i s lto,.rever d e ter mined mainly by 

diffus ion. 

The continuity equation h as the ~eneral for m for ~ 

static iono sphere bela'" thn l eve l o:f maximum densj ty ~ 



15) 
'dn 

s 
"'dt 

B 2 

= Q (X ) - L (X ) = 0 for equilibriwn s s 

where Q (x ) i s th e ionization rate of the componen t X 
s s 

and Lis the los s rate by one of the reac tions (4) - (14). 

. . . 2n For equ11J .. br1um (.
0

t = 0) the e lec tron d ensity i s given b y 

(see Gross and Ras cal (1964)). 

16) 

l0
12

(Q(Hc ) + 

Q(H2 ) 5n( H2 ) + n(He ) ) 

5n (H2 ) + n (fi ) + n(He) 

n( H) Q(H2 ) 

5n(H2 ) + n(H) 
l) 

,,,_ 

+ 

where the ionization r a te i s g iven by 

17) Q( Xs ) = n ( x ) 
z s 

~ (x ) 
;.. s 

- Z:z(A) 
e 

n (x ) d en s ity of component X at l ev e l z lcm- 3] 
z s s 

6,_ (:X: s ) Ionizati on cros s sec t ion at the 'v-ave l eng th l c m
2

} 

¢
00 

(A) Solar UV flux inci d en t on top of ionos phere 

lphot ~ns cm- 2 s-1) 

7: (>-.) optical d epth a t the l ev e l z, whi ch is a 
z 

func tion of sola r zen ith angl e . 

The h e a t transp ort e quations for t h e e l ectrons , i ons 

and n eut r als are of the fo r m 

18 ) n k C 'dT s - '0 
s v -0 t oz (k (T ) 

s s 
()Ts)= Q L L 

s - j s j 
d z 

k : Boltzmann' s cons t ant 

C : s p ec i fic h eat at c onstru1t vo lume 
v 

T : t emp erature of spe cies s ( K) 
s 

( - 1 
8
-l k-1 ) k : therma l conductivity of spe c i e s s ergs e m 

s 

Q : the h eating rate of the speci e s s ( ergs cm-l s - 1 K- 1 ). 

s F or electr on s t h e he~ing r a te cons i s ts of b oth It 

local and non local h eating ( see Gei s ler ru1d 

Bow'11i ll (1965)). 
t 
r 
! 
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19) 

20) 

21) 

B J 

L . : the heat exchange rate due to collisions between 
SJ 

( -1 -1 -1) 
the species s and j ergs em . s · K . 

electrons: 

k = 2.6 X 10-6 T 5/2 
e e 

Qe = t. z. Q(X.) + QNL (ergs em-· J s-1) 
z J J 

£ is the energy •·rhich an electron, just being 
z 

stripped off from the atom (or molecule) j, has. 

It is e. frunction of height z and is typi caJ.ly 

of the order of 1 ••.. 10 eV. 

QNL: is the rate of non local h eating due to 

nnt herrnalized electro:nf; pa.s.sing through the 

plasma. The non local heatinG rate ,.,.as 

calculated by a method similar to that _ gi~en by 

Geisler and Bo,.,rhil1 ( 1965). 

L . = 8. 2 ~ lO-l9 N n. (T 
e1 e 1 e 

- T. )/(A. T J/2) ln A 
J . 1 e 

lnA ~15 

(Herman et al. 1971) 

The los ses :from electrons to the neutrals are given by 

1 J7 i _,6 
n(H

2
) T0-~ ~ 2 .46 x 10- · n(He ) Te 2 + 9.63 x 10 ~-

n(H) (1 ·· 1.35 x 10-
4
Te) Te-} 3 

(Hermcm e t al . 1971 ) 

The e n ergy + loss from H to the n e utJ'al gas i s given 

by 
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23) LH+n = n(H+) ( TH + -TN) (h x 10-
26 

n(H) ( TH+ + TN) f 

+ 1.4 X 10-2 5 n(II
2

) + 4 . 65 x l0- 26 n(He) 

+ + The energy losses of' H2 and He are n eglected b~-

c ause of' the small concentrations of theso species . 

The ther mal conductivity of H+ i s g iven by 

The h eat conductivity of the neutrals is given by 

3 

L F n ( x ) 
s:::. I S S 

L~ n ( x ) 
s 

.S=. I 

2080 all in cgs units. 

.1. 
T 2 

N 

( see e. g . Herman et a l. 1971) 

The momentum and continuity equations have the 

gen eral form i n the steady state = o) 

26 ) 

27) 

v 
s = 

'dP s 
() z 

m n ( x ) ~ + e n (x ) E 
s s s 

= Q(X ) - L (X ) . s s 

wi t h N = Z N. ( charge neu~rality) which was u sed to e 1 

derive (16) as a solution to the set of equations ( 15), 

and P = n ( X ) k T • 
s s s 


