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A BEAMING MODEL OF THE I0-INDEPENDENT JOVIAN
DECAMETER RADIATION BASED ON MULTIPOLE MODELS
OF THE JOVIAN MAGNETIC FIELD

o

Melvyn L, Goldstein
Aharon Eviatar
and
James R. Thieman

ABSTRACT

A geometrical model is presented in which the apparent source

sz Jocations-of the lo-independent decameter radiation are computed.

. The calculations assume thﬁt the radiation is produced by stably

trapped clectrons radiatiné near the lecal electron gyrofrequency

) and that the emission is then beamed onto a conical surface. The

. maximum occurrence probability of noise s;orms is associated
with regions in the Jovian magnetosphere wlere the axis of the |
emission cone is most iﬁo]ined toward the Jovian equatorial plane,
The calculations pti]izé .ﬁn?i 'co’Tnpmfe.two of the octupole spherical
hhrmon:ic ?éxpansion.s of the T o;i:iénn. magnetic ﬁé.la cons;:'uctcd
from data -accumulatea by'the fluxgate and vector helium magne-

tometers on board Pioneer 11,
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[For a recent detailed review of the observations the reader is referred to Carr and Desch

components can be distinct,

" $outh the

A BEAMING MODEL OF THE IO-INDEPENDENT JOVIAN
DECAMETER RADIATION BASED ON MULTIPOLE MODELS
OF THE JOVIAN MAGNETIC FIELD

o -
L INTRODUCTION
Jupiter’s low frequency radio emission at decameter (DAM) wavelengths has two

components, In the first, the occurresice probability of a noise storm depends on both

" the Jovian central meridian longitude (CML) that faces Earth and the orbital phase of

the innermost Galilean satellite, o, Secondly there is a significéjat probability of observ-

ing DAM radiation at particular central meridian longitudes, independent of Io control.

(1976).] In this paper, we concentrate on this To-independent component of the decam-

eter radiation, adopting the viewpoint that although the origins__ of the Io-controlled and
lo-<independent radiation are both profoundly influenced by the local properties of the
Jovian magnetic field, the physical emission mechanisms and sour_oé locations of the two
_ The:Jovian magng"tic field determines the source iocations of the radiation, and
the magne.tic' field _measufements made‘: in tﬁe inner magnetosphere on Pioneer 11 have
greatly increased our knowledgqof the detailed structure of that field, Models have been
;construct_éd \g.vh_iEh permit’ extrapolations of the field down to the Jovian cloud tops. The

measure__men_fs indicate thai ‘within six Jovian radii (R ), models of the Jovian magnetic

-, field Wi_ll_;easonably fit the data if they include internal source terms up to the octupole,

The surface fields ti_mt ore infers in the northern hemisphete reach 14G, while in the

=nléag§mum is approximately 10G. In a 14G field, the local electron gyrofre-
" - : .

Af

quency is 39 Mﬂf — very close to the maximum observed frequency of the Io-controlled

3
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DAM component (Warwick 1964). 'fhe hii;hest electron gyrofrequency in the southern
hemisphere is 29 MHz — close to the maximum of the lo-independent component (Wilson,
Warwick, and Libby 1968; Thieman and Smith 1978). We shall assume that tl}is 29 MHz
cutoff in the lo-independent component is a physical eftect not an obscfvational limita-
- tion ‘(éz\[f‘eated by the combined effects of limited antenna system sensiti\;ity and the pgreater
intensity of the lo-controlled component, as was suggested recently by Desch (1976).
Based on this evidence, we conclude that the decameter radiation js grod'uced near
the local elqsﬁon gyrofrequency and, furthermore, that emission as.éociated‘\;,ith the io-

independéﬁt component originates from electrons stably trapped in the Jovian magneto-

“sphere;for trapped-particles-cannotreach-fields higher than the maximum in the south, ~~ ~

Goldstein and Eviatar (19732) proposed that trapped electrons could produce the lo-inde-

ujé,?_»

pendent DAM via a cyclotron instability driven by a loss-cone distribution, However in

that paper, a centered dipole field was assumed with a field strength far in excess of what

we now know to exist. Thus, clearly our increased knowledge demands some modifi_ca‘_,—.ﬁ__' _
{,'I e ! s -
tion of those ideas, Using the high-crder multipole models of the magnetic field to con-

struct the beaming model .,ciéyeldped ,b‘éfow, we can now estimate the longitudinal locations

of the radiation sources in ,t-hle Jovian magnetosphere. From these source positions, the
longitudes from whicki radiation is beamed toward Barth can be found, and ong ca%lpro-
Py i o )
ceéd to develop more complete theories of the emission mechanism, S&sh a te"}"\eor_y is
pr.oposed. in_ the accompanying paper (G.ol'dstein and E ;;tar 1978).

[mplicit in our dr_lfalysis is the assumption that the DAM escapes in the R-X meode,

near the local electron f_)/clotron frequency. In fact, we will be most interested in the
Fa T ' i
. A\ _
free escape propagation band (Band 11I) for which the apgular freque)f&cy w exceeds wpg,

S
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where (Stix 1962) .
wr = BIRE + (1 + dwp/QNB) oy ()

in which wp, is the local electron plasma frequency, and g = ~{e|B/Mc is the electron

/"

Lnrmor frequency. The emission frequency will then be close to the gyrofrequency as
lonp// as @pp << |l This implies a local electron density, N,, less than 106 cm3, which

seems likely everywhere in and above the Jovian lonosphere (Fieldbo, et al. 1976; and
]

Atreyu and Donahue 197’6)

In the development presented below we exnmme the implications of the assump-

tion that stably trapped electrons are the exciters of the lo-independent DAM. This can

bu done regard!ess of the partlcular mstnblhty ‘mechanism.

3
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E_ and h 1 exterior source coefﬁcnents as recommended by Sm:th et al Ieavmg only

Il, TR_ARPED ELECTRONS IN A MULTIPOLE-FIELD
i }ﬁ U (!
L a) Source Locations

In our analysis we have utilize#d several models of the Jovian magnetic field to

- examine the sensitivity of our conclusions to the: different extrapolations of Pioneer 11

data to the very low altitudes where 10-30 MHz gyrofrequencies are encountered, The
models we have used include the 04 model of Acuna and Ness (1976), con/t;;;ining-fii?jcc
internal (1) and no external (E) sources, and the P11{(I3-E0) and P11{I3-El) models pro-

posa_d by Smith, Davis, and Jones (1976) In the last, because we wished to utilize
Y

a tlme-mdupendcnt model in a frame rotati mg with the mtenor sources, we discarded the

the '§|0 exterior coefficicnts. Surface maps of the magnetic field computed from all the

~ models are very similar, especially in the northern hemisphere. The most significant dif-

ference is the strong tendency of the Smith’ et al, models to place- “the hlghﬂst southern
hcmlsplu_re ficlds at higher System lll (1965) longitude, Apy, than does the 04 model
(330° compared t\\}"SS" in the 04 model). As we shall see, the accessibility of trapped
Llcctrons to rLglons ﬁf high gyrofrequency is quite sens:twe to the relative Jocations of

thc high field regions in the two hemispheres, Conscqucntly, we have found it necessary

to prescnt sor?w of our cd’nclusions in terms of both the 04 and P11(I3-El) models. (In

general, the Pl 1(13-EQ) model is very similar in most respects to Pl 1(13-El)) To simplify o

further refereng:e to the vanous Sm:th et al. models we will denote the Pl 1{I3-E1) model

. as the “JPL” model, and continue to use “04” to designate the Acufia and Ness model.

The locations in the Jovian magnetosphere that give ris® to a particular gyrofre-

quency are found by integrating the equations describing the trace of a magnetic field

T
Lot 4
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line in spherical coordinates.;: The integration begins at some point (r,$) in the zenographic
Equatorial plane and proceeds to calculate B(r,&\,gb) down to tl;e"cloud tdps in the northern
and southern hemispheres, The ma_;:ti_imlim mi;_;or ﬁel;!, By, associated with a particular
field line i then the lower o:f.‘:the m.agnetic field values at one of the two ends of the

field line, {In locating thé foot af a field line, one must include the planetary oblateness.

For +he radial distance of the clou( _' ps we have used (Kahle, Kern, and Vestine 1964)

i

, R/IRy = (1 +ecos2@)y¥% )
with € = 0.14371 (Anderson, Null and Wong 1974), where & is colatitude and Ry =

71,372 km.] The gymfrequency, fm, corresponding to BM, is then the hnghest that

-.can-be-sampled-by 2 tmpped “electron on that ﬁeld lme

If on¢ cvalunt_gs M, begmr}mg the field line integration at various equatorial
radii and azimuths, one can delincate the regions within which radiation above some
predetermirled frequency originates, Given a specific field r;jgodel_, (e_.g_. 04 or JPL), the
possible source locations c;f the decameter radistion can be found:e.as a function of fre-
quency: thigher frequencies coming from increasingly restricted areas and lower al‘tl:-:f? '
tudes within the magnetosphere. In our calculations, we 1;.we f_ound it sufficient to
consider equatorial radii L = 6. Here, L. denotes a magnetié fic;ld line that intersects
the equatorial plane at r/Ry = L. The analysis can be readily exiended to larger L-
values,‘;’if desired, [The reader will note that L has been defined with respect to “%ﬁe
zenographic, ﬁther than the zcnl}magnetic, equétor for computati;mal convenience.

Qur analysis is insensitive to small changes in L that wou’ldg;rcsult if we used the more

customary definition,]




Figure 1 illustrates the results of such a caiculation using the 04 model. Shown
in a two-dimensional polar plot are _},{t’he projections onto the surfas\ga of regions within

which f)y exceeds 10, 16, 20 and 27 MHz in the northern hemisphe;é (Figure la), and

southern hemisphere (Figure 1b), Only those regions accg_s_%ible to electrons on L-shelis

P
Ll

of 2, 3, 4, 5, and 6 are indicated. Also plotted in the figure are the footprints at the

cloud iops of those same L-shells, Finally, the figure includes contours of constant
surface magnetic field intensity plotted in one-Gauss increments, The maximum gyro-
frequency sampled by trzipped electrons at altitudes above the Jovian cloud tops is

found to be nearly 29 MHz — close to the maximum of the lo-independent DAM..

* Several featureson thf'
27 MHz over a small region, very confined in azimuth, accessible to electrons on L-
she[!n between three and six. 1n the northern hemisphere, the fjy = 27 MHz region

. ﬂ

occurs at lower latitudes than the ‘corresponding region ir;j}’the southern hemisphere, As
: : —

the mirror point gyrofrequency decreases, larger emission regions become accessible. By
16 MHz, i?articles on the L = 6 flux tube can radiate from all azimuths, As the mirror
point gyr!éfrequency rcachesﬁlo MHz, electrons on L-shells =2 2 can rad:ate at all azi-
rﬁu%:s.(exjcept. for a small region near Ap ‘= 280°). This is not to say, however, that
radiéxtion at these low frequencies should bé otgéiyable from all CML. The detectabil—
ity of the radiation depends cntn,ally, of course, on the excitation mechanism, beaming

o .
patt/g:n, and on propagatlon_ effects such as refraction. Also, it is not known a priori

which L-shells ar¢ populated with electrons that produce DAM. . Although it is gen-

erally assumed that the Io;contfqiled component originates at L = 6 (tﬁe orbit of Io),

ro such general statement can be made about the cornponeh‘t independent of o control.

Jots are noteworthy. First, it is clear that fyy exceeds

== e



For comparison, in Figure 2, a similar plot has béen constructed using the JPL
moder, As mentiancd‘above, the most signifif‘l»',ant difference m this model is the location
of the maximum southern hemisphere field at 3y = 330°. As a consequence, the loca-
tion of regions within which trapped electrons sample gyrofrequéncies in excess of 27

MHz is now a very small area between L = 5-6, at higher Ayyp than in the 04 model. An-

- other difference between the models is that the highest surface field in the JPL model is

greater than 15G, but is about 14G in the 04 model. [It should be noted that this model

seems unique in this respect, The other Smith et al, (1976) ‘models we have examined,

: aswell as that of Smith ¢t al-(1975), predict maximum ficlds of .about 14G, but still

systematically higher than those found in either the 04 model or the unpubtished Acufia
and Ness model 05, which contains the same number of coefTicients as the JPL modél

that we are using.] It is also noteworthy that the highest gyrofrequency that can be

~sampled at all azimuths is 16 MHz in the 04 model and 20 MHz in the JPL model. This

.i;:_'."":&iffer_ence would also hold tfiue for precipitating electrons.

. b) Radiation Pattern
/ If, as we suppose, the decameter radiation is generated by an instability of an elec-
e _ ' ' %
tron in gyroresonance with a wave having w near WR, then the growth rate of such a

wave will have @ maximum in a direction determined by both plasma kinetic processes
and by large-scale gradients in the local magnetic field. Regardless of the instability mech-
anism, there is evidence that the decameter radiation above 10 MHz is beamed into.a

conical surface with a fairty wide half-angle, ¥ (v. Dulk 1967, and Carr and Desch 1976)

- which is about 80° if L = 6 is the flux tube of the source.
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Using vifher agnetic ﬁ;:ld rmodels, it is possible to Tind the epparent sourccri'oca-
tions in CML from which radiation would be received in the ecliptic from the \f;*,'{ sides
ot‘.thc tmission cone. In general, the axis of the cone will be inclined to ihe cquator by
an angle ¢, while the cone will'intcrscc.t the equator along a curve whose asymptotes are

two straight lines intersecting at an angle 2u. Onee p is determined, the source locations

are casily computed, From Goldreich and Lynden-Bell (1969), u can be found from

tan g =/(tan> ¥ cos? ¢ - sin” 2 (3
The angle ¢ is defined by ¢ = cos™! (B./B), where B, is the projection of B onto the equa-

tor. I we deseribe the Jovian field temporarily in terms of a conventional right-handed

spherical coordinate system in which ¢ is Eust Longitude, then B, is given by

Be =v/[Bg2 + (B, sin + By cox)?] “
Dt.‘ii?ning g = sin~l (B¢f8c), the System 11 Jongitude t;qw:u:d which B.(-B.) points in the
northern (southcm* hemisphere 1\ Rli | = Bryp ~P- (B::Vcnusrc System 11 is a West Longitude
convention, ¢Ill =2r - c;}) Fim 1llv the appdiyg nl source lo .11‘ sean {rom the equator,

are A “(j:u)E 7\lll +u, with plm .md minus dtmg ating the 1wo sides of the emission

n

cone, The apparent source locations are thus seen to be rather sensitive Tunctions of ¥

_and ¢

Oncee the gmission cmic unglé, ¥, is chosen, the apparent séurce locations cun be
found for emission gener&i‘eq”af any point on 2 magnetic flux tube. When ¢ is large, the
emisston cone may not interscct the ecliptic at all, wh-ik; for small values of ¢, the cone
points n'eilrl_v directly into the cctiptic, resulting m spurce locations separated by Jp == 29,

} /‘r“ ’1". R . o
LWhether or not radicEion at some lrcq\“‘ m,\' {, will actually be observed in the

ecliptic from a parficular CML will depend on scvé’: Tuctors, First, of course,  cannot
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exceed fM at the apex of the emission cone; and second, given ¥, the emission cone must L:

intersect the ecliptic, _1_9_ ¢ = Y/, But even these conditions may not suffice, The occur-
rence probabi]ity, P, of the various demme"terrsouroes appears to be a very sensitive func-
tion oj t. This has been inferred: md:rectly from thtz large variation of P with Dg. [Dg

i
is “the Jowceninc declination of the earih.~ the. angle of the Jupiter-Earth line with re-
shect to the plane of Jupiter’s equator, varying by + 3.3° during a 11.9 year Jovian orbital
:___peri;)d. We will refum' to a discussion of the Declination Effect below.] The evidence

suggests that P is largest when the magneﬁc field in the emitting regicn is most inclined

toward the earth (v., ¢.g. Dulk 1967, and Schatten and Ness 1971), Wc(a dre thus led to

) thef°“°wmgﬂssumptg5’ﬁalonzagwen L-shell, the highest occurrence probabilities ate

1
B S ey ok
located at minima in plovs of ¢ versus Apjj. Furthermore, there should be a qualitative

=

¥yt

resemblance ‘between ¢ plotted against Apyp, and plots of P versus CML, !

A quantitative justification of this assumption’ must await a more detailed treat-

ment {including' refraction effects) of the emission mechanism. We now proceed to con-

sigi‘er in som'e' detail the variation in ¢ with CML, ¥, L and hemisphere, and itt% relationship

=

to observed DAM r;orphology

r’;fé"fﬁ?i.ocation and Occurrence Probability of the Io-Ihdependent DAM

To fmd the regions of CML where radlatlon is most strong]y beamed mto the o
(

) .BCilpt]C (minima in a plot of ¢ versus Agyp), it is necessary to choose \If Dulk (1967), in

analyzmg the Io-related components, (,onclud d that ¥ = 79° would associate the Ie-A

-x._ -

and B (Main and Ear]y) sources with two sides of a sing_le emission cone, Goldreich and

-
e

Lynden-Beil ('1569) found support for this value from independent theoretic;al a‘rgi.zments.

- However, as there is no a, gridri reason for the non-lo-components to be generated by the

T

. “*-—-__/./ ’
-
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. sen to give the observed separ:iﬁtio:n between the non-lo A and B sources in the northern

e
‘__)

R
B

» v
1 ) = ’\;ﬁ J

same mechanism, we treat ¥ fPr the moment as a free parameter. The angle will be cho-

hemisphere. At 10 MHz we have found it necessary ‘to choose a value for ¥ in the south-
ern hcmisphere which differs from the onéutha't gi@es the best fit for the northern hemi-

i Ny

0 here sotirces, | . Y

Desch et al, (1975) and Desch (1976) ha¥e disciissed the distinction between the
lo-controlled and Io-independent sources at various frequencies. fl1ey noted that at any
given frequency, the lo-independent radiation is less lntense than the Io-controlled Thus,

D
for exdmplc at 26.3-MHz, DAM noise storms having peak fluxes of less than 2 x 104 Jy

(I Jv.'" 10“26 Wm? Hz'l) are predommdntly independént of To control, At that fre-

quency, high occurrence probabilities are centered near 110° and 250° CML; non-lo
B and A, respectively, . & ‘.

We begin ot mterpret:vc discussions at high frequencies (27 MHz) where the

analysis is relatlvely sm;ple and then progress by staﬁ»s to the more complicated situation

‘a

ut lO MHz, A gyrofrcq.uency of 27 MHz (and by implication, the apex of the emission

sides of the emission cone will only l?tcrcept the echptlc over a i:mlted range of Ay
\
& Vhen the Cy model is used, the longitude range w1tlun which one can obtam f=

r;-';

27 MHz in, the gnorthem hemnsphere cmncxdes with the greatest mclmatlon of the emission

. cone toward the equator (e, e, -t attains its:minimum values).. In the south the conjugite

!

\

Iongtude range ocﬂurs near the maxxmum values of t. Hence, even before choosing a
# ¢
; value for ¥, it is clear tha't emission at 27 MHz w.lll-be most easily beamed into the equa-

5
Jtor fromthe northern hemlsphere This is encouraging because, as mentioned above, ™
\\ 7
N\
10 L .
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studies of the locontrolled sources have led to the conclusion that the source locations
are correlated with small values of ¢,
In choosing ¥, it was natural to try first the value of 79° obtained by Dulk (1967).

The results are shown in Figure 3, where ¢ is plotted against Ajj for various L-values and

for both hemispheres. Note that there is no curve for L = 2 because fyy < 27 MHz every- -

where on that L-shell. The two symmetric curves (App = Afjy * u) stand out clearly,
Be'c_ause t in the southern hemisphere is large, radiation from there would not easily reach
the ecliptic; nor is there observational evidence f& left-polarized radiation at 27 MHz,

\tElectromagnetic waves propagating in the R-X mode would be received at Earth as right-

o,
1'“‘/

south.) In the non;l;eén ﬁemispherc, with ¥ = "796, the two sides of the emission cone

along L = 6 intercept the equator at Ajj centered near 120° and 270°, This corresponds
4

closely to the observed Iccations of non-lo B and A, respectively. When L-values less than =

- six are considered ¥ = 60° fits somewhat better. In general, it will not be possible to

use this beaming model to determine the L-shell on which !o~i?rd_epg1ment radiation

il

originates.
Thus, with ¥ = 79° (or 60° for L < 6), minima in ¢ are located where AIU' equals

the observed CML of the non-fo A and B sources. However, as expected, the resemblance
of Figure 3 to observations of occurrence probability is only qualitativé. In particular,

\

the observed occurrence probabilities of Sources A and B are never equal, and generally .

nono A occurs more frequenﬂy than non-lo B, Whether this asymmetfy may bE'a con-

sequence of refraction is dq_uestion to which we return below. |
. : ' Y

\\-

P l?‘_ﬁi?:*?‘! if emitted from the northern hemisphere and left-polarized-if-emitted from the =~

N



A jsimilar plot can be constructed using the JPL model. However, at 27 MHz, only

L values o‘t\\S and 6 allow fyy > 27 MHz, and then only over a very narrow range of lon-

gitudes (cf. Flgur\\'l) In fact, ¢ = 50° in both hemispheres. l"hus m this mode] and at

Il“ i’ﬁl
this frequency, radlako\n\is not readily . bedmad mto the ecliptic at an‘y longitude.
Ry f

In general, as fpy 1s decreased and as the altitude of the source region increases,
the differences between the 04 and JPL models become smaller, disappearing altogether
by 10 MHz. These dlscrepancu,s probably result from the large extrapolation of the Pio-

neer 11 data from the region where thay were obtained to he very low altltudes at which

quencles of 27 MHZ are found only tlose to the cloud. taps and-

fy < 220 MHz Gyrofx

the octupole contnbutlons which are the least well-determined, are very important, while
lower gyrofrequencies (~10 MHz), are found at considerably higher altitudes where the

extrapolations of the Pioneer 11 data are not as severe, Thus it is not surprising that the
i
magnetic field models tend to become similar at lower frequencies. One should also keep
_-':-" “/-—«
n mmd that 27 MHz is very cIose to the observed upper limit of the nonfr- DAM. lo-

independent radiation is clearly present at.26.3 MHz (Desch et al. 1975}, and has proba-
bly been seen at 27.6 MHz (Thieman and Smith 1978} but thus far no definitive identi-
fications have been made at higher frequencies (v. Wilson, Warwick, and Libby '1968).
At 20 MHz, ¥ = 79° again appears to locate the minima in ¢ versus Ay closer to
the observed source locations of non-Io A -and B, than does, say ¥ = 60°, at least for

).

radiation originating neat L =2 5-6, In Figure 4, the computed values of ¢ are shown using

the 04' model. For clarity, northern and southern hemispheres are plotted separately. In

the northern hemisphere, broad minima in ¢ occur near Ay & 80°~150° and 240°—330°"

at L = 6, Lower values of ¢ occur at lower L-values, again suggesting the possibg'i?l_ty_ﬁhﬁt

1%
= L

e
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the ron-lo DAM may originate inside a large region of the magnetosphere bounded by L
between 2 and 6, If the radiation is dominated by sources at low L-values, then ¥ = 60°
provides a better fit for the location of non-lo A and B. There is no way to distinguish
between these two possibilities ‘within the context of this model.

In the southern hemisphere, narrow minima in ¢ occur near A = 15° and 160°,
The narrowness of these minima suggests that it might be comparatively difficult for rad-
intion excited in the southern hemlsphen to reach the ecliptic plane, From L= i & there
is an additional area of small ¢ near A = 90° and 300°,

The works of Desch (l 976), Bozy.m and Dougias (l 976), and Thleman ( 1977)

componeuts are most likely to be observed near 160° CML {non-lo B), 250° CML (non-
lo A) and 320° CML (non-fo C or Late Source), As before, the Early qnd Main Sources
(B and A) have a natural explanation in terms of thi§ beaming model, In addition, based
on the 04 model, the radintion from Source C may also originnte in the northern hemi-
sphere,' because small vulues.of t é:f;tend to 330° on the L = 6 plot, Howcver; Kennedy -
(1969) has“ reported that Source C is often left-circularly polarized, which suggests that it
originutes in the southern hemisphere. Thé southern hemisphere mininﬁun onL=6at
300° in Figure 4b is close to Source C, while the second minimum néar 90° could be an
indication of an lo-independent Source D,

Support for the idea that Source C comég from the southern hemlsphen. can be
found from thc JPL model (Figure 5). The northern hemisphere minima in ¢ (Figure Sa) -
are similar, though narrower than those in Figure 4a. In particular, for the region near
App = 240° the minimum in ¢ no lon;,er extends into tm. Source C n.gmn [Also note

i

13



that fy, < 20 Q{j/l{ﬁirtuﬁlly everywhere on L = 2.] In this model, the southern ,l‘e'llif f
sphere ¢ minima are found near Ay = 130° and 330°. Emission beamed Imm 130° CML

in the southern hemisphere could be masked by emission from the same CML in the

north. Emission beamed from the minimum in ¢ at Ay = 330° in Figure 5b is is-within - ,,:.;ﬁ""

.; ‘

the observed non-lo C source, it is also interesting to note that nondo C is vtot observed =
above 22 MHz; and in neither of the magnetic ficld models is there any possibility of
beaming into the ecliptic from that source region in either hemisphere at 27 MHz, In fact,

there is a general tendency in the southern hemisphere for the highest frequency source

north the highest fri qu UCNCY source regions are Iocam.d whcrc ¢ is smatll, T
’l"lm two nrmltnpolt, magnetic ficld models both su&,ut an unhnnccd probabahty
that radiation emitted into a 79° (L = 6) or 60° (L = 3) emission cone angle will be seen
in the ecliptic as coming from the observed source locations of non-le A and B. Concern-
’ing Source C, the information provided by these models is ambiguous. Tuken togethc;,
they argue for non-lo C coming from the southern hemisphere, with some contribution
front an extcnds-:__d Source A in the northern hemisphere, However, while this gcometrical
construction prt;vidcs & clear framework within which the northern heiuisphere SOUFCes carn

be understood, the location of Source C is not as well determined. The reasons for this

asymmetry are considered in detail in the accompanying paper by Goldstein and Eviatar

- (1978), but we will mention one difficulty here. Because there are so many similarities

between the ‘i_o-controlled and lo-independent DAM sources, it is nutuml to assume that
regirdless of the Spcmﬁc mcmt.mon nmclmmsn !ln. source loecations should be closely re-

lated. The lo-C source is observed \vhuu;fi-he phasu of 1o is near 240° as meusured from

(‘l

H
i

4




ﬁ:g”f‘

superjor geocentric conjunction, This places the lo-C source on the +u side of the emis-

£ :

sion cone, However, in both ficld models the small vaiues of ¢ in the southern hemisphere
o : l -

are found near Appp = 50°, thus placing the non-lo C beaming pattern on the - side of

the cone. No more can be said about this in tli‘éﬁprcsent context, and further discussion

wili be deferred to the companion paper.

At 16 MHz, both the observed source morphology and plots of ¢ versus Ayyy are
qualitatively the same as at 20 MHz.

Before describing the beaming model at 10 MHz, we shguld review the following
/. '

____observations, . THS observed.source loeations have- shifted-noticeably at-10 MHzThis ™

shift has been investigated in some detail by Thieman and Smith (1978), who suggest that
bc(ween 15 and 10 MHz, Sources A and B have gradually moved together, mcrgiﬁg by
10 MHz into a single source at_?lb" CML. .Bctwcen 22 and 10 MHz the position of
il

Source C increases l:inem’ly, reaching a CML of ubqut' 350° at 10 MHz._ The Fourth Source,
D, 1193(_60°.CML becomes apparent below 18 MHz, though lo-independent radiatziog from™
that source has not been observed, ! “

The thcoreﬁcal situation at 10 MHz is also more complicatedh than at higlg&r fre-
quencies. To fit the model to the observatio; that there is a single source at Ay = 200°,
some change in W is necessary. The minimum value of ¥ that still rcsultais‘. rin lemission into

the ecliptic ftom L S 6 is ¥ = 40°, Emission from the northern hemisphere from [ =

5--6 is then concentrated around Ajpp = 200° (Figure 6a). [Note thdt at 10 MHz, the 04

~ and JPL models are essentially identical in all respects in both hemispheres.] With ¥ =

40°, however, the emission cone in the southern hemisphere barely intersects the

ecliptic at all at L = 6. It is possible that very little emission from a 40° cone could

15



be beamed into the ecliptic. But if emission from the south were beamed into a cone
with ¥ = 60° (Figure 6b),‘then the preferred directions (small F:f;)uld t?e A = 19°
and 360°, close to positions of lo-D and non-lo C, respectively. One imJiEation of this
“ scenario at 10 MHz is that whatever the emission mechanism, more intense radiation should
be produced as ¥ dec‘reéﬂses from 79° to 40°, at least at low frequencies. Or, alternatively,
radiation emitted locally at relatively large ¥ and low frequency is focugcd by _ref raction.
into a smaller emission cone as the radiation leaves the Jovian environment. (At high fre-
quencies — 20 MHz and above, Figures 4 and 5 — emission l‘rbm L = 6 cannot intéi'cept
“the ecliptic from either hemisphere if ¥ is as smallas 40°)
’i
If one takes L < 3 as the Approprmtc source location of the lo-mdbpciﬂunt DAM,
then ¥ == 20° would be necessary to produce a minimum in ¢ at Ay between ille[O °-230°
from the north, but ¥ = 60° would still suffice in the south. Furthermore, radiation
{from L = 2 is beamed almost directly into the ecliptic, and should show little, it agy, de-
peadence on CML. In fact, although the occurrence probability of the Io-independe;nt‘*z;,/-f T
"DAM (peak flux <4 x 106 J'y;:.Deschd 976} is modulated in CML, there remains hearly
a 50% occurrence probability of detecting radiation at any CML (v. Dulk and Clark 1966
dnd Thieman 1977) This iHustrates a systt.matlc trend that is supported by thuse },eo-
metrical constructlons viz., that while the minima in tas a function of Alll mdlmtc re-
g.lons of preferred bea gg;z/mto thc ecliptic, as ¢ decrw%s with dccreasmg frequency for a.

_4._._#

given L-value, an mcrcasmg_irachon of the emission: should become independent of CML.

d) The Dcclmatlon Effect

It has be(,n known for some time thdt the longltude of thc center of Source A is .

closely correlated with Dg t@ Carr and Gulkis 1969, and Carr and Desch 1976, for reviews).

16
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This sinusoidal drift of Source A is t!}.\ough;{”to occur oniy in the non-lo controlled source
(Register and Smith 1969, Goertz 19211). 'ﬁe variation with Dg is not a simple shift of
the center of the occurrence probability pattern, but is rather more intricate. Source A
emission usually begins at the same CML (200°) independent of Dg. However, as Dg,
becomes more positive, the high longitude boundary of Source A moves fr_onl 280° '(\;ML
to higher longitudes, reaching 320° CML when Dy = +3.3°, a change of some 40°X
The centroid of the source also drifts, bg,t-‘-‘ by a lesser amount (= 15°) (Bozyan and Doug-

: g
las 1976). Although Donivan and Carr h}l 969) have reported finding a weaker shift of the

a hint of an in phase .drift for non-lo B, which may not have been statistically significant,
The geometrical beaming model we have p;oposed for the lbmticms of the various
non-:liﬁifr sources can also explain this variation in Sources A and B with DE One of them
effects of varying Dg is intuitively obvious, though unimportant as we shall""{\%ge. As Dé
increases, the two sides of the emissi_on cone that intersect the ecliptic will tend to mii)ire
apart; x_e_,2uwﬁl ténd to increase, producing an anti-phase variation in the centroids of
Sources A and'":f?., contraty to observation. That this is actually a very small effect, an
order of maghitﬁse ‘é}naller than the observed 40° expansion in Source A, can be seen by “
noting that the centroids of non-lo A and B. at_, say, 20 MHz, are separated by some 140°,
while the maximum .a_llowed separation, aésuming a 79° emission cone, is 158°, The
change in 2u is éctually much less than this maximum of 20°, for Dg chahges by ﬁt most
6.6° and so the maxizﬁum cannot be reac’lied. | With ¢ = _45° (cf. Figures 5a and 6a) and

using equation (3), the variation in 2y is found to be of order 5°, The variation is even _

_ smaller if the radiation originates at lower L-values,

5
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There is, however, another explanation, For the suke of this exposition, assume
that non-lo DAM origi:ﬁitcs at L, = 6, that the Jl;l', model givos thc; appropriate variation
of t with CML at 20 MHz, and ¥ = 79°, [This argument can be modified to l:ﬁliic the
04 model and/or a source location inside L = 6,] When Dg = -3.3°, the extent of non-lo
Als somé 80°, In Figure 7, part of t'hc!_‘L = Gccun’c from Figure 54 is redrawn, A line,
Iclcuo!cd Dg =-3.3% at (= 44 intersects the Sourcc, A region at points (4) and {(b) sepa-

rated by 80°, Assume that above thc linc radiation is received in the ecliptic, but radia-

tion emitted below the line with larger ¢ is not. thn Db is mm:uat.d to +3 3". n scunnd o

““Tne can be drawn uf L SO wlncl;-mt&xwuta the SOlere A region at points (c) and (d)
The high longitude boundary of Source A Imq moved some 50°, while the beginning of
Source A has moved at most by 25“ (prohubly loss because of potential interference from
Source B), Furthermore, the Iongitu;k:s of the Source A and B ventroids will increase in phase,
Thi;\‘ argument is only meant to be suggestive.  Qur present knowledge ot" the near-
surface Jovinn magnetic field is too imprecise for more detailed modeling, Furthermore,
refraction and other propagation effects are likely to play an tmportant role in any com-
plete explanation of this phenomenon. However, several general featurcs are germane,
ﬁ_Fimr‘ the fact that the high longitude béundnr.i‘s.‘s of Sources A and B may move in phase
by us much as 40° does not necessarily contradict predictions based on Dulk’s (1967)
conical sheet smadel, singe the mf‘iﬁon praposed here is not caused by a tilting of the
- cone axis, Second, there is ampli reason to expect that inhomogeneities in the near sur- |
i e : .
tace Jovinn fields will produce the very asymmetrical drifts of the low and high longitude
sides of Source A that are bf)servé(i, and that we have described ut least qualitatively i.n

terms of this beaming model, Two caveats should be noted. One is that we cannop. osti-

5
S ST

mate how much the thlt‘!‘Old‘s of non-lo Aawd B wﬂl drift, except to say that for non-lo

4( o
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A_,,it should be more than the 5° that results from the change in 2 discussed above;' pf
[;;;l;lo B, thedriit J.'..lue to changes in.2u will tend to cancel the change in the centroid
produot.d by the asymmetrical expansion of B to higher longitudes. The expected result

is that the drift of the centmld of B wlll bt.- |LSS than that of A, as observed. The qccond
is that, although this construction implieéfi’?:atﬁthe low longitude side of A {and B) should
drift much less than, and in a direction opposite to, the high longitude side, there is no

\\
observational evidence to sugA) yest that the low longitude side of Source A (or B) drifts at all,

i

N ' ' {
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[ll. CONCLUSIONS
4 i
The theoretical model we have presented is, we believe, usg\fu! for explaining some.

Q
of thé significant features of the lo-independent Jovian decameter radiation.
s It is based on four assumptions, which hopefully will be tested cxperimcnfally' on
future space probes to J ppiter. The first of these is that the lo-independent DAM is pro-
duced by electrons stabi‘y&t"\{ppcd in- Jupiter's inner magnetosphere (L < 6); second, that

the fidiation i§ excited near the local gyrofrequency in the R-X mode; third, that the

{7 radiation is beamed into a conical surface; and-last, that the beaming of radiation into

the Jovian equatorial plane.
The first two assumption.s ifnply that the lo-independent sources radiate below
“ 29 MHz, for only precipitating particles can reach higher gyrofrequencies, Thus we do
-‘Q@-not expect fo-independent radiation to be scen !;\nuch above 29 MHz.
Above 10 Mz, this model suggests that ‘c.iecamcter radiation is beamed into a
conical surface with a hult-angle, ¥, that is between 60°—80°, The lower value obf}ljns

Ve

i .
it radiation originates at small L-values (L 2£3), while emission near L 2= 6 requires ¥ ==

Pl

NS

80°. At 10 MHz, it was necessary to choose qiiﬁlsdclmendent.lyr in the twq hemispheres —~

40° in the north, and 60° in the 'sm;‘ii‘h. y
. A )/

i

Tive model,«~constructed is then consistent with several features offDAM morphol-
ogy. The association of low valies of ¢ with high occurrence probabilities leads to the

EaE . ’
conclusion that at 27 MHz, mdiation is preferentially beamed into the ecliptic from only

the northern hemisphere, and only at the central meridian longitudes of the non-lo°A and

B sources. Below 27 MHz, two additional regions of smali '« become apparent, originating

o

“the ecliptic-dcpends-sensitively on The magnitude of the Till of The ¢mission conc toward

Y



W\ -
in the southern hemlsphere One of these lies near the llacatlon of nondo C, But, as

i
z’} N

mentioned above, there are difficulties with this mterpretatlon.
At 10 M;_Hz,-fwith suitable variation in W, the beaming pattern shifts so that there

is a single source from the northern hemisphere, near the observed location (200° CML),
while- two sources remain in the soufh, one .Q_f which may comespond to f.non-lo Cv'i?e-
cause of the generally low values of ¢ at a{l i;)ngitudes, the mode! is consistent with The_..?_,-.,: y
observed tendency at low. freﬁuencies for fhere to be considerable DAM noise indépendént'
. of CML,
____ An additional success of the model 15 thn suggested: exp!anatlon of tiie large drift™
of the hlgh longitude boundary of non-lo A with changes in DE.

| The mod@& also suggests the possible existence of DAM features that have not yet }
” “heen observed, '_I‘hcse include a  second southern hemisphere _(lt;f-t-clrcularly polanzed) ’
séurcc near 150° CML (t_' > 10 MHz), as well as Io-.inaependenfér;ission from 120°
CML (Sour{cjﬁ D) at 10 MHz. Because of the sensitivity of the beaming pattern to small
changes in l'..., it is also expj?cted that when Jupiter is observed by space probes at high =
northern and/or southern lantu?fzs “two tre nds wﬂl appear, One is an mcreased occurrence
probability at high frequencie$ éf =27 MHL z) that is sim strongly modulated ‘\;mh Emg:tude

This is expected, because althoug’ﬁ'_bne will be well inside the emission cone as it mter—

cepts the receiver, the restricted azimuthal region within which, say, fm = 27 MHz will

Tr

continze to produce a strong modulation with longitude, The second effect, most notzce— ,
able as the frequency decreases below 16 MHz, wou]d be a declme in the modulatlon of

P wnh CML as the emitting region gradually 'Exp_a_nds to encompass nearly all fongitudes,

21
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One limitation of this geometrical model is the absence of an explanation for the
significant differences in occurrence probability ar;mng the various lo-independent sources,
For example, non-fo A generally has a higher occurrence probability than non-lo B (Carr
and Desch 1976). fl'he. explanation for these differences may well depend on exactly how
the inhomogeneities in the local magnetic fields affect both the amplification and propa-
gaticn of the radiation in the source region, In geneml,.these strong gf_adients in the near
surfaca:- magnetip fields; where the high order multipoiéiterms are very important, will not
" be smmetric about the emission cone. This is suggested b;/ even cursory examination of
Figurgs 1 and 2, and cin be confirmed by more de_tailed calculations using either magne-
tic Tield model.” Similatly, the effects of these gradients in the iﬁz’igneﬁc field cn an elec-
tromagnetic ‘\'.vzi'vc .propagating through this und.e-_rdenfs;a %l_asma (miJc << 1821 should ex- .
| ceed the ef;‘ ects of any gradients in the density at tilBSﬁ altiturdes, Thus, refraction will

tend to bend the wave number i.rector, k, toward the direction of -9¢nB/dr (Stix 1962,

Ay

Smith 1973),

SRS
The maximum gradient in B at these low altitudes lies close. o the direction of B
Mt s '!V Lo

itself, Consequently, a ray initially launched at W= 80° will be'bentﬁ toward the axis of

tire gmission cone, Unless ¢ is small (just .;D\v small is difficuit to estimate without doing

-

4 complete ray-tracing calculation, which is beyond the scope of this paper), refraction
‘towsrd the cone axis will have the effdct of d:im_inishing the amount of radiation that is

beamed into the ecliptic, Because the gradients in B are asymmetric about the emission

cone axis, the amount of radiation beamedi\_ into the ecliptic should differ on the two sides
- : 4’.' . : :-;.;’ .

=
i

of the cone, at least partially accounting for the;di"ffering occurrence probabilities of the

various sources.



In the accompanying paper, the features of this gedmetriml model are combined

with a specific instability mechanism in an attempt to reduce the number of assumptions
=
needed to descnbe the Io-mdependent DAM. That analys;s retains the a&qumpt:on of

exmtaxtlon of DAM by trapped electrons. It is then tound that 1‘1e value of ¥ and the
i

cone thickness, A¥, can be determmed as a function of frequency, and that the L-shell
.of the source region can be localized within some fairly well defined Iimits, The theory

+-is also able to account for the excellent correlation in: the northern hemisphere between

R

small. values of ¢ and the source locations, A solutlon to the difficulties encountered in

expla,mng the geon\etry of the southem henusphere source 1s also suggestcd m wluch 7

both the lo and non-lo C sources.are emitted into the +u side of the emtss:on cone.

S
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 Figure 2, Similar to Figure 1, but using the JPL model,
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O4 MODEL Y = 79°
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( Figure 3. A plot of ¢ versus Ay 1 at 27 MHz, using the 04model wnth ¥ =79, Gaps in the
"B ry_e:/fgr =3 and 5 result from localized regions where {3 is less than 27 MHz, Curveson’ '
the right are soiutions of A = ?\”[ + u while those to the left are obtained. from A = 7\1”
M. Thc curves represent the central meridian longitude directions of the intersection lines of
the emission cone with the ecliptic. Note ifiat there is no longitude for L = 2 at which
fyp = 27 MHz (cf. Figure 1), Preferential beaming into the ecliptic — small vatues of ¢ —
occurs at the positions of the lo independent Early and Main Sources {3 and A, respectively).
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Fighre 7. A possible explanation of the Dé\clination Effect is shown. AsDg changes from

-3.3° to +3.3°, the width of non-Io A can increase from AAyyp = (b) =(a) to AAgy =(d) -
(c). (JPL model on L = §, northern hemisphere), '

[
=,

3_2_

B DA ol I Tl TR ghyiy” mare=Timaae: (Wl thvea s oy sye TaptmreraTmrors



FIGURE CAPTIONS

Fig_urs__l; Two dimensional contour piots showing regicns within which, fy, the maximum
electfon gyrofrequency at the mirror field By, exceeds 27, 20, 16 or 10 MHz (shadec_l
areas and dashed ling), The contours are projected onto the altitude of the cloud
tops. Also drawn ;re isointensity contours in 1G increments of Jupiter’s surface field,
Footprints on the surface are plotted for L = 6 (*+), L =5 (*X"), L =4 (**"),
L=300" :;nd L =2 (“#") field lines, The azimuthal spaciﬁg of the field lines in

the equatorial plane is 10°, Conjugate points at any longitude can be found by noting

— — eueon—thatin the two-hemispheres; near Njjj = 0°, footprints denoted “S™are conjugate.

A

i
%

(04 mode\i\)\

Figure 27 Similar to Figure 1, but uéing the JPL model,

Figure 32:A plot of ¢ versus Ayyy at 27 MHz, using the 04 model with ¥ = 79°, Gaps in the
curves for L = 3 and 5 result from/iocalized regions where fyy is less than 27 MHz.
Curves op the right a;e solutions of Ajgy = Ay ;' + i, while those to the l'{i:.f_t are obtained
from A s )\m'. ~ . The curves represent the central meridian longiti&ie directions of
the intersection lines of the emission cone with the ecliptic. Note that there is no

 longitude for L = 2 at which fy > 27 MHz (cf. Figure 1). Preferential bearning into
the ecliptic — small values of ¢ — occurs at tt_xe positions of the o iﬁd_ependent Early
and Main Soﬁrcgs (B and A, respectively). ” |

Figure 4, Similar to Figui;e 3, but .for 20 MHZ. For ciarity, curves are not plotted for L = 4

dr 5;and, é_qrthem and southern .hemisphéres are plolted separately (Figures 4a and

4b, respectively). In the north, minima in ¢ (peaks on the curves), occur near the

Cm of the non-lo A and B sources. Note that a-t L =6, the preferred emission region
By

“

Voo _ o 33



for non-fo A exténds to Third Source (C) long“iiudes. See the text for a discussion
of the southern hemisphere sources. .

Figure 5. Similar to Figure 4, but using the JPL model, Note that for‘\}L =2, the allowed
range ofsAs._i_i»fis-‘m.l.;ch less than it was using the Qg4 model (cf. Figil\,-ge 3). In addition,
at L. = 6 in the north (Figure 5a), small values of ¢ 'iio no;:extend to non—lo_g longi-

= tudes, See the text for a discussion of the southern hemisphere sogzce:loc;;fons
(Figure 5b).

F.iguré 6. A plot of ¢ versus Ajgy at 10 MHz, using the 04 model, Use of the JPL model pro-

duces identical curves, In the north (Figure 6a) ¥.=-40%; irthie south (Figure 6b)
N e g T TR AT : \\\.‘\

ST NG 60°, See the text for a discussion of the source locations,

[a

* Figure 7. A possible explanation of the Declination Effect is shown, As Dg changes from

o e
I
it
- -~

~3.3° to +3.3%, the width of non-lo A can increase from AAyyp = (b) -(a) to AAy =

(@) - (c). (JPL model on L = 6, northein hemisphere).
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