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Abstract

A correlative survey of magnetumeter (MAG) and Planetary Radio Astronomy
(PRA) 1.2 kHz continuum radiation measurements from Voyager 2 provide evidence
for at least eight cistant Jovian magnetotail sightings occurring about once a
month over the first. 2/3 of 1981 at distances of « 5,000 to « 9,000 RJ. The
occurrences of these events are in good agreement with prior Flasma Wave
Science and Plasmy !icience ideniifications, Observations of these distant
magnetotail, or tail filument encrunters appear most prevalent in both MAG
and PRA data sets when the spacecraft was closest to the Jupiter-Suii axis at 5
6,500 HJ from the planet; the PRA events are also most intense during those
times, A specific Lail encounter occurring in mid-February 1981 is analyzed
and shown to posses: a remarkably symmetric magnetic field signature and to
have a bipolar field stricture in its central region., The bipolarity is
characteristic f most of the eight events,




Introduction

Voyager 2 Plunetary Radio Astronomy (PRA) and magnetometer (MAG) data
were examined for approximately the first eight months of 1981 in order to
provide possible evidence for the existence of an extended (distance
2 9,000 RJ) Jovian magnetotail; RJ¢71.372 m is Jupiter's radius, Examples of
distant Jovian tail encounters have been recently cited by members of the
Voyager Plasma Wave Science (PWS) and Plasma Sciences (PLS) teams, e.g., See
Kurth et al., 1381 und Scarf et al.,1981. The possinLility that Voyager 2

would encounter Jupiter's tail at distances of the order of 6,000 R, wus

Jd
pointed out by Scart (1979)., He ziso called sttention to the interesting
pussibility of Voyaper 2 encountering Saturn at a time when that planet was

ilmnersed in the Jovian tail,

In this paper we survey data from the luwest frequency channel of PRA
(Warwick et al., 1977), centered at 1.2 kHz, as well as data fron the
sensitive low field MAG (Behannon et ai.. 1977) onboard Voyager 2. The
initial purpose was twofold: (1) to search for a correlation between the PRA
and MAG data, especially for times when the MAG cata indicated the maximum
1ikelihood of the presence of a tail field (Jupiter-spacecraft field
alignment) and (2) to examine the structure of the magnetic field for
candidate tzil sightirgs as defined by PRA. Only the mid-February, 1981 event
reported on by sScart et al, (1981) will be discussed here with regard to
detailed structure. Another important goal was to see how well the PRA-MAG
tail identifications agreed with PWS-PLS candidate tail sightings, whose times
of cocurrence were kindly provided to us by W, Kurth of PWS before our survey

crnmenced (see Kurtnh et al., 1982).

Survey of Data

One indication of the presence of the Jovian tail is the occurrence of low
frequency continuum radistion. Such emissions (PRA observations at v 1.2 kHz)
are shown in the top panel of Figure 1 in the form of 2-hour averages of the
intensity tor the tirst 230 days of 1981 with still unprocessed data shown as
gaps. Below the top panel are horizontai bars lsbeled 1 through 8 identifying
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interveals in which the intensity of this continuum radiation i3 significamtly
enhanced above Lackyground noise (10'1“ V2/m2 Hz). Shown beslou these numbered
intervals are the locations (dots) of the center “imes of teil sighiings
provided by Kurth:; no. 7 is also from Scarf et al., 1982. Tnese continuum
emisaions are characteristic of ordinary mode, LF continuua redistion feund in
the nightside tail Lobes af Jupiter and are consistent with being strongly
letft=hand polarized, it they are coming from a source upstream of the
spececraft with respec® to the solar wind flow direction,

Another indication of the presence of the Jovian tail is the ocourrence
of magnetic fields that .re nearly aligneud with the direction of solar wind
flow, which must be close to being parallel to the planet-spacecraft line when
such fields are observed at the spacecraft for the times of interest here. Ue
define a as the acute angle between the magnetic field and the Jupiter-
spacecraft direction, independeni of the sens of the field polariiy (see
bottom of Figure 1). Hence, we consider that a high percentage of hours in a
given day for which a is less than 30° is a good indicator for the possible
presence of a tail field. Thias critarion is obviously motivated by our
knowleage of the geometry of necar-planet tail fields generally (Behannon,
1968, Ness, 1969, and Ness et al., 1979b) as well as that of the distant (>
1.000 earth radii) tail field of the earth (Ness et al., 1967). The a < 30°
criterion is an especially good discriminator botween tail and interplanetary
nagnetic fields (IMF) for the period of interest, since the IMF is mast likely
to be approximately perpendicular (i.e. o s 900) to an expected tail-like
field (where a » 0° is most likely) at the spacecraft's distance fram the sun,
The percentage of hours in a day with g < 30° is shown in the bottom panel of
Figure 1 for each of the 230 days in the period,

There is remarkable agreement betweeen the periods of PRA continuum
intensity enhancements and those days with a high percentage of fields with
a < 30°. Furthermore, in all cases where information exists, the PWS tail
encounter times are in good agreement with these PRA-MAG event times, It
should be pointed out that over the interval shown there are no significant
MAG data gaps, i.e.,, a value of 0% for a given day faithfully represents a
condition in which there were no hours during that day in which the average

tield direction satisfied & < 3o°. Notice that the period during which a high
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percentage of o < 30° cases ocourred, from $ day 47 to 145, corresponds to
that of the most intense PRA events: 2 through 5. The middle of this region
is day 96. Closest approach (C.A.) to the sun-Jupiter axis occurred on day
77, only # 2-1/2 weeks awsy from this mid-point day., Finally, we note that
the eight events ocuurred quasi-periodically with an average separation of
about one month,

The Voyager 1 magnetic field was examined for the first 200 days of 1981
to determine the percentage of hours in a day for whioh the field was aligned,
within 3o°. with the sun-Voyager 1 line, in order to compare the results with
the MAG-panel of Figure 1, Preliminary Voyager 1 data was used, but for only
about 20 percent of the time did significant data gaps exist; the gaps
occurred over the last quarter of the 200-day period where the probability of
a tail encounter for Voyager 2 was low according to Figure 1, The comparison
showed a striking contrast to the Voyager 2 results: "radial®™ fields at
Voyager 1 occurred only about one-sixth as often as at Voyager 2, there was no
apparent menthly quasi-periodicity, and even after a delay correction of about
one week the occurrence pattern did not resemble the Voyager 2 continuum
radiation occurrence pattern, Jupiter's distant tail wa. probably not seen at
Voyager 1 for this period in 1981, and this contrast in observations
strengthens the case for identifying ths 8 events of Figure 1 as Jupiter tail
encounters, and not as interplanetary events,

The spatial locations of the Voyager 2 tail-crossings relative to the
Jupiter-sun line (X-ax1s) are shown in Figure 2, The trajectory of Voyager 2
is plotted in cylindrical coordinates for the period October 1980 to late
August 1981, Distances are given in units of R, = 75 RJ. which is the average
subsolar magnetopause distance at Jupiter based on Pioneer 10,11 (Suith et
al., 1976) and Voyager 1, 2 (Ness et nl,, 1979 a,b) observations. Events 1
through 8, as given in Figure 1, are shown on the trajectory, as well as the
positions of earlier apparent tail sightings (K) of QOctober, November, and
Decemter 1980 (W, X'wth, private communication). At the C.A. point the
trajectory is as much as 4.3 R, (or 320 RJ) off the sun-Jupiter axis., Notice
how events 2, 3, and 4 closely group around C.A.; all are within « 3.5° ot the
X-axis. All eleven events occur within 12° of the X-axis, with number 8
occurring about one week before the spacecraft reached closest approach to
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Saturn’, It should be noted that the aberration: of the tail in the ecliptioc

plane due to plaretary motion for a solar wind: spesd:of 400 im/s 18 expected
to. be’ only 1,8%,

Struevure of Mid-February: 1981 Event

The" mid-Februsry - 1981. event. (no.. 2). observed. 1n' the: PWS and PLS: dats cf
Voyager 2 has been iissussed: by Soarf et al.. (1991) and will be exemined. here.
in terms or 18 PRA and MAG features,. In psrticular, an attempt is made to
understand’ its magnetio risid structure, Figure: 3 shows the. fiedd: (\1G-min.
averuges) in the: vottom three panels (dark curve) for 8 days, Because of an:
obvious symmetry: in the f'ield data ocentered late on day. 50, we also: show the:
field date: plotted. with time going. backward (Jdight curve) sush. that: it agrees
in time with the forward running dats: at the point 1700 UT on day 50. ("CENTER*
in Figure. 3)... This mirror symnetry point was determined- by optimally,
correlaving the cartesian components of th field as well as its magnitude. for
the forward. and: baokward running data; all quantities reashed a maximum
correlation simultaneously. The top panel shows the associated. 1.2 kHz PRA:
data which is asymmetric in intensity but is apparently geometrically centered
at the field. CENTER point, 7This voint i: remarkably close to the middle of
the irst (and lamger) of twe regions in which Scart et al, (1981) estimate
the elettron density to fall below 'w T cm'3, within a few hours at each end
point. This region, henceforth called the core region, lies between the
vertical lines shcwn in the Ba.panel (see the larger croashatched bar). It
lasts about 2-1/8 days, from hour 17 of day 49 to hHour 20.5 of day 51, and is.
located within the overali > 11-day tail/wake identification of Scarf et al.;
the core start/stop times are given by Kurth et al., 1982.

The. core region shows a distinct. mirror symmetry about the CENTER peint in
all three parameters B,A, and §, although the § symnetry is of lower quality.

Imnediately bracketing this core region, for about 3/4 day on each side,, the
field maintaans a clear mirror symmetry in § but. shows an »180° flip in
longitude (A), as denoted in Figure 3; this difference is, in fact, one of the
main reasons for choosing the specific boundaries of the core region., (Even
the RMS deviation, not shown, ates a rough symmetry for s 6 days around
day 50, corresponding to the 6 deys of the enhanced 1.2 kHz continuun
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radiation), A proposed model, givin in the next section, will attesmpt to
explain these symmetric features., First, we point out some specific
charucteristics of the core and external regions separately.

Probably the most outstanding feature of the core region is the bipolarity
of the field: A s 180° on average around the CENTER of the core tor % 12
hours (i.e., tor the latter hialf of day 50) and A & 0" on either side for % 1
hours each, The magnitude of the field differs significantly between these
two regions of opposite polarity with the region with A 4 0° having @
significantly higher magnitude than either the central region or the external
regions immediately outside the 2-1/8 day core region, on either side, Notice
also that where A is & 0°, & is on average -25° to -30°, and that where ) is %
180°, » i3 on average & 30", This correspondence indicates that the bipolar
fields are close to being truly antiparallel. Another interesting
characteristic of the core region is the interval between hour 17 of day 49
anid hour 0 of day S0 where A « 9o° and § is very southward which violates the
symmetry seen elsewhere and appears to be a boundary etfect.

The 3/4-day externzl intervals bordering the core region (where A flipped
by 4 1800) do indeed appear to b® outside of the magnetotail proper (or tail
filament) in that they have the nppearance of near-maghetopause southward
draved magnetosheath fields. Such near-magnetopause field line draping 1is
commonly seen in sheaths around all known magnetospheres, Scarf et al. (195iJ
point out that during days 43 through 48 (i.e,, just prior to the core region)
the spacecraft appears to have been in a region of streaming low-density solar
wind, or possibly a wake region around a tail filament (See Siscoe et al.,

1970).

What appears to be a brief filament encounter (or re-encounter),
identified by "MAG" in the A-panel, occurs approximately from hour 18 of day
52 to hour 6 of day $3, the early part of which coincides with the second
(shorter) crosshatched bar from Scarf et al., (1981). In the "MAG" interval
the magnitude of the field is slightly greater than in the adjacent regions,
Asain both polarities appear, with A=0° predominating. Also on day 48, hours
7 to 12, another brief encounter may have occurred but for A s 0° only.



The lateral extent of the overall wake/shesth has not been determined,
since no distant planetary dow shook has been identified., This should not be
surprising, since any bow shook which might exist at these distances would be
very weok and probavly very distant from the Sun=Jupiter axis and possibly
would not be encountered at sll during 1981. It 18 interesting that Pioneer 7
observations made in the distant tail of earth (+ 1,000 earth radii) alsoc did
not reveal distant bow shock signatures, although magnetotail or wake
identifications st that distance are well known (Wolf et al,, 1967, and
Villante, 1977); see Scarf (1979) on the issue of comparing the eartn's tail
length to that of an eoxpected Jovian tail in terms of a day-side magnetosphers
size, as we did in Figure 2 by using units of Ry.

A Model of the Nid-February Event

Here we give two versions of a model of the mid-February event, We will
refer to che core region as a tail filament, keeping in mind that it
conceivably could be the tail itself, since we do not have direct knowledge of
its cross-sectional size. Figure 4 shows two sketches, both representing
simplifications of what Voyager 2 appeared to observe during part of this
event (i.e., for » 4 days centered around hour 17 of day 50); there is one for
each of two types of filament motion, The upper gketoh (TIME SYMMETRY)
represents the cross-section of a bipolar maghetotail filsment which moves
reftative Lo the spacecraft dn an approxleately osclillatory manner, 8o that the
spucecral’t appears neurly to retrace its path., The cross-sectional plane is
perperdicular to the local axis of the filament, but the axis is inclined by ¢
30° with respect to the orbital plane of Jupiter, being higner behind the
figure and lower in front, as & in Ficure 3 indicates for both "lobes." The
projection of this filament axis on the orbital plane is, however, closely
aligned with the Jupiter direction, ‘ne spacecraft spends about 2/3 of its
time in ihe upper lobe where A « ¢°, and about 1/3 of its time 1in the lower
lobe where )\ s 180°. OQutside of the boundary of the tilament and close to it
the draped, "external” (i.e., sheath/wake) field Lies approximately in the
plane of the figure and paraliel to the boundary. fhe flip of » 180° in
longitude of this external field is then apparently due to the change in the
slope of the field lines as s result of curvature of the boundary between the

entrance and exit points,
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The lower sketch (SPACE 3YMMETRY) represents a similar cross-ssction of »
tail filament but which move: approximately slong a straight line relative to
the spacecrafti, so that the spacecraft sppears to obaserve a spatial profile of
Liie Cllanent, Otherwide most comeenld made abuve tor Lhe Lime-symmetry sketoeh
told (e.g,, tilament inclination, lobe - durations, external field
characteristics, etc,). Here, however, the A-change of the external field
nust be due to an IMF polarity change (which we explicitly show by the dashed
vector projections onto the Jupiter orbit.l plane) that occurred over the
2-1/8 day period of filament passuge. Such a sector change i3 not unlikely
based con inspection of plots of many 25-day cycles of the IMF; these A-changes
were common at the same phas¢ of the other cyocles,

In the lower iobe of the filament, wnere B is toward Jupiter (A 4 1800).
i.e., for £ 6 hours around the CENTER, recall that the field drops to .»“cut
1/3 to 1/2 of its value in the upper lobe, Figure 3 strictly shows that
around hours v20-24 of day 50 weak fields exist during a transition of A: from
~180°, through »0°, to - 18¢°, and finally back to «0°, Although it favors
the lower lobe, the low-{ield region occurs mainly aroun. the transition
region from one lobe to the other, as the dashed curve in Figure 4§ indicates
and, in fact, resembles a plasma sheet, If there exists a plasma sheet, s
yet undetected, in this transition region, its presence could explain the
lower fieid obscrved there, If the plasma in such 8 layer were subsonic, or
if it were flowing well outside of the antisolar direation, it might be
difficult to detect. This low-field region cannot easily be explained by a
sudden expansion of the tail field, since then it would be expected that the
outbound passage through the upper lobe would show a lower B value also, and
it does not,

To explain the apparent orief filament encounter, approximately
delineated by the second (shorter) crosshatched bar in Figure 3, we can
imagine that both lobes of a second (pos:ibly thinner) filament were observed,
congirstent with the spirit ot the bottom sketch of Figure 4§, Alternately, the
brief encounter may have been a return visit by tiie same "core" filament, in
the spirit of the upper sketch of Figure 4, Similar explanations may be used
for other possible brief encounters,



10

& preliminury review of the field structures of all of ths events shown in
Figure 1 indicates that these structures are compley and €0 oot genarally ahow
such atriking symmetry as the mid-Fgbruary event, They do, howsver, veveal
the bigolar field cheracteristic in most cases, and soms evests sShow 8
persistant field polarity for loag perinds, with #rief eemanme of sppesite
polarity. Event 5, for example, hed A % 190° peraisteniiy for ovar § days
(149, 142, 143+) and ouly very brief durations of & £ 0° during sarlier asd
later perieds. There 43 » tandency for events 2, 3, and 4 to fawor Ghe ang®
iobe and for events 5, 6, 7, and 8 to favor the Anaoo lobe,

The monthly quasi-periodicity (213 days/(8-1) events = 30 days, average
period from Figure 1) implies that the tail is appurently driven
dongitudivally by solar wing (atream) pressure gradients; the soler notabion
period of 25 days (for a negligible langitudinal spacecraft spesd) is close 40
this guasi-paried. For this reason we stress sideuways tail motion, as shoun
in Figure 4, but the model does not necessarily mean Lo preclude the
posasibility or isportance of latitudinal tail motions.,

Discuasion

The cembined observations from RWS, PLS, PRA, and MAG onboand Voyager 2
discussed here, or referred Lo, stroggly indicate ‘that the spacecraft
cncoutitered Juplter's magnetovtarl/smalke on pumerous occasions in 1981 and Late
1980. #flsc the events were more intense or more protable in the vicinity cf
the closest approach point to the Jupiter-Sun line. The important question
remains: Are these encounters with tail filaments or with the tail itself?
‘The .answer is not obvious, but we can inter that the distant tail probably
dogs not have a very large overgll crossectional radius (i.e.. prabebly not >
800 RJ) nor vonsist of numeruus tine-scale filamentary structures, The
event-signatures (Figure 1) and spatial distribution of events (Figure 2) .seem
Lo lead to Lhese inferenoes,

On the controversial issue of mhether or not Saturn was in Jupiter's
magnetotail/wake during the Voyager 2 Saturn encounter, two important points
have been put forward (J. Sullivan, RLS, private communication) to .argue that
such an occurrence probably did not take place: (1) Saturn's magnetosphere,

ORIGINAL PAGE IS
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although unusually expanded during the outbound leg of the encounter (Neas et
al., 1982), had dimensions within estimated possible limits assuming its
expansion was due to a very low solar wind ram pressure (at a 5% probability),
and (2) no continuum radiation was observed in Sesturn's magnetosphere
(puzzling in itself) as would be expected, if the magnetosphere were in the
Jovian talil, due to le2:..ge of the radiation from the tail. To these
arguments we add another, weaker, one: that the August 1981 event (no. 8 in
Figures 1 and 2) occurred one week betore Voyager 2 reached closest approach
to Saturn as stated earlier, and since the proposed tail-encounters were
arriving rather faithtully with a quasi-period of » one month, the spacecratt
planetary encounter peridd of s 4 days was not expected Lo occur during a
Jovian-tail encounter. (And, in fact, PRA data examined for many weeks
post=Saturn encounter reveals no significant continuum radiation,)
Furthermore, the lower intensity of the PRA events and lower occurrenca
probability of the MAG events prior to, and later than, events 2 through 5
(Figure 1) also weakens the credibility ot such an occurrence, On the other
hand, the PRA investigators (Warwick et al,, 1982) report on a dramatic
decrease 1n emission intensity of Voyager 2 Saturn kilometric radiation
lasting for about two days, ending at 0800 UT on day 241, 1981. They
speculate that it might have been due to the expansion of Saturn's
magnetosphere and the possible concomitant diminution of particle population
in the cusp regions (probable source: of the emissions), if the expansion was
the result of Saturn's immersion in Jupiter's magnetic tail. Obviously, none
of these arguments is definitive, and the case for Saturn being in Jjupiter's
tail during encounter is still open,
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flgure 1

Figure 2

Figure 3

Figure §

L]
Figure Captions

The resuits al av survay: of Vayagan 2 Blanetary, Radin Astronamy and
wagnetoineter data for the firsh 230 daya of 1981. The top panel
shows the intenality off PRA continuum radiation centered at 1,2 kiiz,
tslow. which. prominent eventa are labelsd 1 through 8§, The bottom
panel shuuwa the parcentage of hours in ¢ ‘¢ for which the magnetio
tiold: antistins a < 3092.unoru a 13 defined by the sketoh at the
bottum; see texk,

The Vayager 2 crajectory in aylindricai caordinates in upits af Rﬂ
for the period covered in Figure 1 plus saveral previous months.
iﬁ'rururw Lo Lhe average Jovioeentric subiolar maghetopause
dlstance,  Voyager 2 encounter with Saturn accurred sbout one week

atter event .

The top panel presents U48-3 averages of PRA continuum radiation
centered at 1.2 kHz. The bottom three panels (dark curves) show 16
min, averages ot the maghetic tield 1n terms of 1Ls megnitude (B),
longitude (1), and ilabitude § in helivgraphic coordinates, such
that A = 0° is antisolarward. The lighter curve is the same field
data running backward in time such that the two curves agree
exactly at day 50, 1700 UT (CENTER). ‘The two crosshatched bLars
shown above the U-pianel i1ndicated regions in which the electron
density hus oeen estimated to be bulow .4-10"2 an™3 (Scart et al,,
1941) .

Twe sketches representing variations of a mrdel to explain the main
feagures of the magneiic tield signature around day 50, 1981 £ 2
days. The care region is shawn enclosed by a boundary, and Eln and

Buuc are external (i.e. waMe/sheatn) fle.ds; see text,
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VOYAGER 2 FEBRUARY EVENT
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Figure 3
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