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Abstract. We use tomographic techniques to make a 3-D r#ude and radius. Voyager 1 and 2 traversed the magnetosphere
construction of Jupiter’s synchrotron radiation belts from Vergown to 4.9 and 10 Rrespectively, Ulysses made a north to
Large Array observations at 20 cm. As in earlier observatiossuth traversal near 8;Rand Galileo’s closest approach so far
with the Australia Telescope Compact Array, this reconstructidwas been 5.8 R The Galileo probe passed from about 10t&
shows that the equatorial belt is not symmetric or planar, buttiee surface as it sped toward its collision with Jupiter. However,
warped. The warp is related to tilecomponent of the mag- it did not obtain measurements of the DC magnetic field and it
netic field, or equivalently the magnetic declination at Jupitetsas proven difficult to infer the magnitude and direction of the
magnetic equatotb.,,,. We show that there is a well definedambient field from the AC measurements.
maximum of intensity at a radius that ranges from about 1.4 to Therefore, there is very little information on how the higher
1.7 Ry, and that the brightness variation with longitude is anterder moments of the field are manifested in this inner region of
correlated with| D, | at the magnetic equator. The observelbw latitude and small radius. The best method at our disposal for
magnetic equatorial radius, jovicentric latitude and brightnestidying the inner Jovian magnetosphere is through the study of
are compared with calculations of radius, jovicentric latitudée radiation belts at radio wavelengths. The synchrotron radia-
and magnetic declination at the magnetic equator on a lodign, which results from relativistic electrons trapped in Jupiter’s
of constantB = 1.2 G in two field models: H4 and VIP4. magnetic field, has maximum intensity at the magnetic equator
The agreement between the observed and model quantitieand at a radius varying from about 1.4 to 1 ;7 Ristorically, im-
generally good. However, there are discrepancies that suggestant advances were made by Roberts and Komesaroff (1965)
inadequacies in the models, particularly at longitudes where thko made observations of total flux and linear polarization of
non-dipolar field elements are pronounced. the synchrotron radiation. They, and Warwick (1964), deduced
Until now, observations have provided very few constrainteat Jupiter’s field is not a simple dipole, and that an offset, tilted
at small radii(R < 2) and low latitudes £ 15°) for the gen- dipole is a better approximation. Later de Pater (1981a, 1981b)
eration of magnetic field models. Therefore it is not surprisiranalyzed 2-D images and inferred that they were more or less
that they are accurate at high latitudes but not at low. The atnsistent with the existing O4 model of the field.
servations of this paper should provide useful constraints for The basic physics of synchrotron radiation and its relation-
improved models. ship with the magnetic field is well understood. Consequently
observations of the synchrotron radiation can provide informa-
Key words: magnetic fields — plasmas — radiation mechanisntgon on the field configuration. In this paper we use the property
non-thermal — planets and satellites: individual: Jupiter — radiwat electrons which are confined to the magnetic equator will
continuum: solar system drift around the planet tracing out a path at a value of fixed field
strength. The position of maximum brightness, as a function
of longitude, is such a path. From the path of the maximum,
1. Introduction we can determine the radius, jovicentric latitude, and a warp
of the magnetic equator at a constant field strength. We show
The magnetic field of Jupiter at low magnetic latitudes and smgdlt the existing field models are in qualitative agreement with
radii (< 2Ry) is poorly known. Spacecraft have usually avoideghe parameters derived from the synchrotron radiation, but there
the region because of the very intense particle fluxes and engk discrepancies that suggest inadequacies in the models. The

gies. Pioneer 10 and 11 acquired the only in situ data during thgiesent observations can be used as constraints in constructing
few-hour traversal of the inner magnetosphere down to 2.9 Eﬁ]%re models of Jupiter’s internal magnetic field.

1.6 Ry respectively, sampling a limited range of longitude, lat-
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In addition to tracing out Jupiter's magnetic field, our obseB.1. 3-D reconstructions: method and assumptions

vations permit us to understand how changes in the declinatix_)gr 2 rotating obiect like Juiter. a 3-D reconstruction can be
of the Earth as seen from Jupitélg, affects the brightness vs. ating oo € Jupter, X . :
ade using tomographic techniques. As described in detail by

longitude of the magnetic equatorial radiation. That is not agd- . :
dressed in detail here, butis the subject of Paper . FurthermoglaluIt et al. (1997), we have implemented a method of using the

in this paper we do not study the radiation from high Iatitudelrgef‘érferometnc measurements directly to reconstruct the bright-

on the planet which results from electrons with smaller pitCrP]ess distribution in a c_ub.e with Jupiter at its center. We recapit-
ulate the method heuristically as follows:

angles than are of concern here. : g
9 The technique of aperture synthesis in 2-D as employed at

In Sect. 2 we bngfly rewewJuplt(_ars synchrotron em|SS|orthF ATCA and VLA consists of making measurements of the
In Sect. 3 we describe the observations, where we concentrate

on the brightness of the magnetic equatorial radiation as a fugr relation between the signals received at each pair of anten-

tion of longitude. In Sect. 4 we evaluate the fidelity of our 3- as. These correlations are actually samples of the 2-D Fourier

reconstructions. In Sect.5 we compare our observations Wiriﬁnsform of the 2-D brightness distribution of the source, with

calculations from different magnetic field models and deriveeei':lCh pair of antennas measuring a different Fourier sample (the

set of constraints for improving future field models at small raa%oordm?te of the sample in the Fourle_r plane is given by the
separation between the antennas). Using many antennas, or by

and low latitudes. In Sect. 6 we summarize and give conclusions; . . .
g aﬁowmg the Earth’s rotation to change the separation between
antennas (as seen from the source), many different Fourier sam-
2. Review of Jupiter’'s synchrotron radiation ples can be measured. If there are sufficient measurements then

o ) o ) the 2-D brightness distribution can be recovered using a 2-D
The synchrotron radiation of Jupiter's radiation belts is presqyrier transform.

duced by relativistic electrons with energies between about 10 pygyiding that the source is optically thin, then each corre-

and 100 MeV. The radiation from one such electron is highlytion contains information from all depths within the source.
beamed in the direction of its motion as it spirals around in th&anerally this information cannot be recovered. However for a
magnetic field. Jupiter contains two populations of electroRsiating source, such as Jupiter, a full three-dimensional recon-
within the inner magnetosphere: an equatorially confined pagryction is possible.
ulation with large pitch anglesit, ~ 90°), and a second pop-  Consider alarge array of antennas observing Jupiter, initially
ulation with much smaller pitch angle (de Pa’_[er & Jaffe 1984hove longitude\;;; = 0°. The Fourier transform of these
Leblanc et al. 1997; Sault et al. 1997). In this paper we COpfeasurements gives the 2-D brightness distribution of Jupiter as
centrate on the electrons that produce the magnetic equatagidn, from that longitude. Now consider the array to be located
component of radiation. Their mirror points g€ 0° northand gpgve longitude\;;; = 90°: the image is orthogonal to the
south of the magnetic equator, where the “magnetic equatoridgia| one, corresponding to what was initially depth. By getting
the warped surface where the magnitude of the field is minimwyficient images at different aspects of Jupiter, a tomographic
along each and every field line. Thus the synchrotron radiatifgbhnique can be used to piece these images together to form
from these electrons of large pitch angle is concentrated in the_p brightness distribution. As is well known, tomographic
plane perpendicular to the field at the magnetic equator.  yeconstructions can be implemented using Fourier techniques.
The relativistic electrons gyrate around the field lines QRgeed, the individual correlations sampled by an interferometer
a time scale of a micros_econd _and they _oscillate between the in fact samples in a 3-D Fourier space, and so in practice a 3-
northern and southern mirror points on a time scale of & secoff:ourier transform algorithm is used to form the 3-D brightness
In addition, because of the radial gradient of field strength, thg)tripution.
drift around Jupiter in the direction of increasing system Il ag detailed by Sault et al. (1997), there are several assump-
longitude in a period of a few days. tions required for a 3-D reconstruction of Jupiter. Firstly, the re-
gion of interest must be optically thin. This is correct except for
the body of Jupiter itself, which hides the radiation from behind.
This problem is not serious because the effects are easily mod-
We have four sets of observations at or near 20 cm from Jlfed and removed during the 3-D reconstruction process. More
1995 to November 1997, three with the Australia Telescoperious is the assumption presently made that the radiation from
Compact Array (ATCA) and one with the Very Large Arraya given point in the 3-D volume is emitted isotropically. This is
(VLA). During that time the jovicentric declination of the Earthnot the case for synchrotron emission from a non-isotropic dis-
Dg changedfrom-2.9° t0+0.03. Inthis paper we concentratetribution of relativistic electrons. To first order, the effect of this
mainly on the observations made with the VLA in B array imssumption is that each point in the reconstructed 3-D bright-
May 1997, wherDr, = —0.04° (i.e. we observed from an angleness distribution should be interpreted as the average apparent
just south of Jupiter’s rotational equator). The observations wenaission of a point when it is not occulted by the planet. Sim-
made for about 8 hours per day on four days, 6, 7, 11, and dliations presented later in this paper demonstrate that no large
May, thus covering more than two complete Jovian rotationserror is introduced by this averaging process. In addition, work
in progress will further investigate the question by computer

3. Observations and reconstructions
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modelling of the radiation belts with the magnetic field and
energy and pitch angle distributions of the relativistic electre

3.2. The 3-D reconstruction of the VLA observations

Views of the 3-D reconstruction from earlier observations by
ATCA at 20 cm have been published by Leblanc et al. (1€
and Saultetal. (1997). They clearly show the emission frorr
two populations of electrons: a thick, non-uniform disk, anc
extension to high latitudes. The disk outlines Jupiter's magr
equator and is the result of emission from the electron popule
with large pitch angles near., = 90°. The extensions to higl
latitudes are due to the electron population with smaller p
angles.

Here we concentrate on the VLA observations of May 1€
After conventional flagging and calibration, the data were u
to produce a 3-D reconstruction. The process includes adjLﬁ -

. . . . 1. Three views of Jupiter's magnetic equator, i.e., the brightness
ments to give a reconstruction at a standard distance of 4{2imum in the 3-D reconstruction of the radiation belts made from

AU (i.e. Ry = 24.4"). The resolution of the final cube isy| A observations at 20 cmin May 1997. The rotational axis is vertical.
0.24 x 0.24 x 0.24 R; in the Jovianr, y andz directions. The thermal emission from the disk of the planet has been removed.
From the 3-D reconstruction we have extracted the 2-D stihe views correspond ©© M L = 110° (bottom), 210 (middle), and
face of maximum brightness which outlines the magnetic eque®0 (top), and each shows the warp of the magnetic equator.

tor. To show the major features we have taken the region from
1.45 to 2.2 R where the signal to noise is highest and have

smoothed it to 20in longitude and 0.2 Rin radius. is that the probability ofquatorial electrons that are lost in

Fig. 1 shows three views of the result. The perspective igs way is negligible on the few-day timescale of a drift period
from 20° above the rotational equator, at central meridian logathough not necessarily on the inward-diffusion time scale of
gitudesCM L = 110°, 210°, and 290. The important feature 3 month or two).
seen in Fig. 1 is that the equator is not cylindrically symmetric The analysis that we perform is based on the position in
or planar, but is warped, with some portions being distinctlyyicentric latitudeZ.,,, radiusR,, and observed brightne®s,.,
tilted relative to the “average” magnetic equator. The most irgf maximum intensity, measured as a function of longitude from
portant deviation from a plane is af;; ~ 130°, located inthe oyr 3-D reconstructions. Note that tii,, that we observe is
lower-right quadrant in the bottom view, upper-rightin the midyot constant with longitude: because of the warp of the magnetic
dle view, and upper-leftin the top view. In the next few sectiongyyator, the observer lies closer to the plane in which radiation
we will relate the warp to the “magnetic declination” that existg concentrated, i.e. the beaming peak, at some longitudes than
at Jupiter's magnetic equator (see also Dulk et al. 1997). 4t others.

Information on the radius, latitude and warp of the magnetic
equator is contained in magnetic field models, and as empha-
sized above, the models have uncertainties in the region of small
To make a quantitative comparison of the reconstructions witldius and low latitude of interest here. We consider two models:
field models, we concentrate on a very specific part of the recafiP4 (Connerney et al. 1998) and H4, which is an unpublished,
structions — the location of the point with maximum brightnegsreliminary version of the VIP4 model. We also considered the
as a function of longitude. The theory of magnetically trappedé model (Connerney 1992; 1993) which has multipole ex-
particles indicates that equatorially confined particles, i.e. wigfansion coefficients up to octupole while H4 and VIP4 have
pitch anglenq = 90°, will drift around the planet on a path of coefficients up to hexadecapole; however the results for O6 are
constant equatorial magnetic field strength. The locus of masistinctly poorer than for the other two, so we do not show them
mum intensity as a function of longitude, being determined lhere.
electrons withneq =~ 90°, outlines one such path. This applies
even when the f|eldl has significant nop-dlpolar cqmponents,fi 3-D reconstructions and simulations
is the case for Jupiter. The path carries the particles to larger
and smaller radii and to higher and lower latitudes. Several effects can cause the location and brightness of the max-

That the locus of the maximum with longitude traces a patmum that we measure to differ from what is first expected. We
of constant field strength is true providing that there is no subave undertaken a series of simulations to evaluate these effects
stantial loss of electrons at particular longitudes. However itésd examine the fidelity of our 3-D reconstructions; details are
probable that electrons entering the loss cone or being absorgieeén in the Appendix. Briefly, the simulation method utilizes
by the ring do so at preferred longitudes. Our assumption herenagnetic field model (O6, H4 or VIP4) and a given electron

4. Reconstructions and models of the magnetic field
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pitch angle distribution in the L shell whei., = 1.2 G, to The middle panel of Fig. 2 shows similar curves for the lati-

construct an “input model” of the 3-D brightness distributiortude of the magnetic equator. The input and simulated latitudes
It then computes the visibilities produced by that input modale very similar, showing that no bias is introduced by the 3-D
for each interferometer of the VLA and each rotational phasermfconstruction process.
Jupiter, and then reconstructs the 3-D brightness using the stan-
dard technique described above (with its implicit assumptiong) : . :
Finally, the resulting radius, latitude and 3-D brightness at thél'z' The relationship between brightness 2
magnetic equator are compared with those of the input modé&he brightness of a particular location, at a particular rotational
phase, is closely related to the anglebetween the direction
of maximum beaming and the observer. At locations where
is zero, the observer lies along the line of maximum beam-
Fig. 2 summarizes the results of the simulations using the ¥, and sees the maximum brightness. WHetés large the
and VIP4 models. In the top panel, the smooth, solid line givebserver lies off the beaming peak, and the brightness is di-
the radius of the magnetic equator in the H4 model, and thenished. However, the quantitative relation between this angle
jagged, solid line gives it after the simulation/reconstructicend brightness is not known. It depends on the electron pitch
process. The equivalent radii for the VIP4 model are given laygle distribution: the more tightly the electrons are confined to
the dot-dashed lines. We see that the input radii are well repeq; = 90°, the more severe is the concentration of the radiation
duced by the simulated ones, except that the latter are displaicethe plane perpendicular to the field. Neither the energy dis-
downward by a near-constant 0.03.R he cause of the dis- tribution nor the pitch angle distribution is accurately known.
placement is related to the spread in pitch angles, as discuddedever, for a pitch angle distribution that is strongly peaked at
in the Appendix. aeq = 90°, amonotonic decreasing function relating brightness
with || is expected.

4.1.1. Radius and latitude of the magnetic equator
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To determiney, consider the magnetic field vectd@# = 5.1. Comparison of radius and latitude

(B:, By, B,) at some point on the magnetic equator, whigre Fig. 3, the top two panels, compar&s, and L., with the ra-

By and By are the radial, colatitudinal and azimuthal compo-. o . .
nents of the field respectively. The preponderant componentd(') s and jovicentric latitude calculated from the H4 and VIP4

the field is By, and B, is negligible relative taBy. By, while magnetic field models foB = 1.2 G. While the observations

small, is important because it describes the warp of the fieﬁfd model curves are similar, there are important differences.

The magnetic declination is the angle between the jovicent(rai[:s Lhﬁ]r?r?jtrjé'ilﬂgg_ﬂ]fgeE)ebl(;\tl):évgit?S?Sﬁr:/:ﬁgrnzarg%mg?;
true north and magnetic north, ' 9

distinctly asymmetric, whereas the models predict it to be sym-
Dinag = arctan(By/Bg). metric. Furthermore, the model curves are displaced from the
e ¢ observed one by about 2(H4 model), and 35(VIP4 model).

That s, at any given point on Jupiter'’s magnetic equaipy,, We do not expect significant loss of electrons to the planet (in-
is the angle between the plane perpendicular to the magnefed the loss cone is smallest at longitudes neaf)160r do
field and the plane perpendicular to Jupiter's rotational aeise  We expect significant losses to the ring (the maximum lies well
Fig. 3 of Dulk et al. 1997). When the Earth’s declinatibg is inside the main ring), so we believe this discrepancy cannot be
zero, as for the VLA observations of interest here, and for a pofifPlained by changes in the electron density function, and in-
onthe limb of Jupiter, the angle is simply= +D,,.,.. Between stead, is due to inaccuracies at low latitudes and small radii in
limb passages, the anglevaries between- Dy, and+D,y,,,. 1€ magnetic field models. . _
(Here, a point on the “limb” is in the plane perpendicular to the The jovicentric Iatltudells quite well predlctgd by both field
observer's line of sight that passes through Jupiter’s center.ynodels, with Othe largest discrepancy being WLth the H4 model
In view of the above, and of the effect of the “isotropic asdtAzrz < 300° and the VIP4 model at;;; < 50°.
sumption”inthe reconstruction process, itis not evidepttiori
how the brightness vs.;;; at the magnetic equator is related t&.2. Comparison of brightness with,,, |

Diyag- Therefore, we investigate it using the simulation procesgs shown aboveTy,,, is strongly anti-correlated withDy.|,

The bottom panel of Fig. 2 gives the results, a comparisgjt the exact physical relationship between the two is unknown.
Of [Dinag| from the magnetic field model with's 5151, the  Therefore we adopt the following method to generate an “ad-
simulated 3-D brightness. While the simulated brightness SCjﬂgtedleagl" that can be directly compared with,,,. Firstwe
is arbitrary, there is no arbitrary offset, i.e. the ratio minimum t9mnooth the value 4D 05| to 40° in longitude, scale it, and add
maximum is not arbitrary. We see that, for both the H4 and VIR$, offset so that the maximum value of the adjusted..| is
models, there is a very good correspondence betwBgn,| 15° at the minimum off},,, (the value of 15 is chosen because
andT’s,s1a - Fromthis we conclude that, indeed, the warp of thejs the same in all field models). The offset is chosen to give
magnetic equator is the major cause of the variation of brightnggs pest fit of the adjusted, .4 | to the observed,,.
with A\;;7, and that the variation of brightness is well described |, the bottom panel of Fig. 3, the observations show the main
by the parameteiD |- brightness maximum to be a;; = 190°; this peak occurs at

Summarizing this section, we find that the radius of the maghe |ongitude of a zero crossing Bk, in all field models, i.e.,
netic equator from our 3-D reconstruction is biased downwagghere the beaming of the synchrotron radiation is a maximum
by a near-constant 0.02;Rand henceforth we correct the objp, the direction of the Earth. However, the observations show no
served radius by that amount. We do not find any bias in tB@ak at\;;; = 60-80°, where there is another zero crossing.
latitude of maximum brightness. We find that the longitude Pr@ccording to the 06 model (not shown) and VIP4 model, this
file of simulated brightness is strongly anti-correlated with ”}?eak should be as high as the one ar19Mereas the H4 model
parametef D, | in the magnetic field models; therefore Weyregicts it to be lower. The reason for the difference is in the
can comparey,g with the observed brightness to see hoW|ope ofD,,,, at the zero crossings: in the H4 model the slope at
well the models fit the observations. Ar11 ~ 60° is steeper than the oneat;; ~ 190°, and steeper
than at either zero crossing in the O6 and VIP4 models. When
changing fromD,,,.¢ 10 | Dinag |, €ach zero crossing produces a
peak whose width is inversely proportional to the slope at the
Earlier we discussed how the path of the maximum brightneg®ssing. With a steep slope, as in the H4 model;at ~ 60°,
around Jupiter traces a fixed value Bf However, that fixed the width of the peak inDy,.¢| is small, and its amplitude is
value of B is not known from the observations. It dependg'lUCh reduced after any convolution due to limited resolution.
slightly on the radio frequency because the most energetic eleé the other hand, with a shallow slope such asaf ~
trons that emit the higher frequency radiation are at small radi?0° in the H4 model and both zero crossings in the O6 and
For the VLA observations, comparison of the obserigdwith ~ VIP4 models, the peaks i, | are relatively wide, and their
the radial variation calculated using field models lead to an estmplitudes are little reduced by convolution. The fact that the
mate of B ~ 1.2-1.5 G (the upper value of 1.5 G assumes th&bservations show no distinct peak néay; = 60° implies
the measured value dt,, is about 0.1 R larger than the true that the slope at this zero crossing is even steeper than in the H4
radius of the maximum). model.

5. Comparison of observations and magnetic field models
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With the VIP4 model there are two other zero crossings Two features are notable: 1) There is a well-defined maxi-
of Dn.g, and consequently two more predicted peaks in timeum of intensity at a radius that ranges fromabout1.4t0 3,7 R
Thm, ONe neat\;;; = 10° and the other near 380While the depending on longitude. The largest radius, ngay ~ 100°,
observations show a secondary peak at’38@& will show in is related to the position of the major non-dipolar anomaly in
the next section that there are no zero crossings. Insigagd, Jupiter’s field. 2) The maximum of brightness differs greatly
approaches zero at 3306ut remains negative. from one longitude to another.

Overall the H4 model is more nearly consistent with the Superimposed around the periphery of Fig.2 is a plot of
observations than the others, but deficiencies remain, especidlly,,, | from field model H4. The thin line show®,,,.| with
in the radiusRk,,, at \;;; < 180°. a resolution of 10 in longitude and the thick line shows it
smoothed to 42 The outermost circle correspond$ i, .| =
0°, when the observer is centered in the synchrotron beam and
receives maximum brightness. Progressing inward there are two
dotted circles labelled tpD,,,,,| = 5° and 10, and the mini-
An advantage of 3-D reconstructions is that we can extract timeim brightness corresponds10,,,.,| = 15°, i.e. the observer
brightness distribution on any arbitrary surface, and this alloweing at the maximum, 25from beam center of emission from
us to better visualize the brightness variation with longitude addpiter’s limbs.
radius and to compare with,,,,. As Jupiter's magnetic field The strong anticorrelation of brightness with,,, | shown
is, to first order, an offset dipole with the northern pole tilted byarlier is particularly striking here, notably the deep valley near
10° towardsA;;; = 200°, we project the maximum brightness\;;; ~ 120° and the maximum neaX;;; = 190°. The effect
onto a plane perpendicular to this tilted dipole. The result ¢§ convolving narrow vs. wide peaks iDy,..| (Sec. 5.2) is
shown in Fig. 4. evident by comparing the curves gt;; ~ 60° and 190: the

5.3. Brightness distribution ant),; .,
at the magnetic dipolar equator
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Fig. 5. Comparison of the brightness temperature at east and west limb
passage for each longitude;;. The 1995 and 1997 observations were
Ay 0° made with the ATCA and the VLA respectively. The brightness tem-
r%eratures were measured on 2-D images obtained evérgfZOML,

lIJdc,ing data at-20° of that CML. The symbol sizes represebns un-
Certainties as estimated from comparing results from two independent
gata sets.

Fig. 4. Two dimensional brightness distribution in the magnetic dipo
equatorial plane from the 3-D reconstruction of the VLA data. The sol
curves represenDn.g| calculated from the H4 model, WitfD o
increasing inward from approximately zero at the outer circle,’to
and 10 at the intersection with the two dotted circles, and t6 46
the minimum of the solid curve. The thin curve has a resolution #nd for those with the VLA in 1997 wheby = —0.04°. The
longitude of 10 and the thick one has been convolved by a runningymbol sizes were chosen to represent the uncertainties in mea-
average of 40, surements of},,,,.
The curves for west and east limb passage are very different
for 1995 whenDg = —2.9°, but little different in 1997 when
maximum at 60 is attenuated much more by convolution tha®g ~ 0°. In particular, whenDg = —2.9°, the brightness at
the one at 190 west limb passage is the larger only in a relatively small range
of longitudes from\;;; = 50° to 180 ; this is the range of
longitudes whereD.,,,, is positive. Similarly the brightness at
eastlimb passage s largerin the range feamy = 180° to 50°.
As the VLA observations were taken whén; ~ 0°, the av- In particular, there is no reversal nedi;; = 0° whereD,,,q
erage angle between the beaming direction and the observés jgositive according to the VIP4 model but negative according
proportional tg Dyag|; hencelt,y, is afunction of Dp,.e| Only.  to the H4 (and O6) models.
Thus we are not able to deduce the sigigf,, fromthesedata.  Therefore, these 2-D observations of 1995 demonstrate that
However whenDg, is non-zero, the viewing geometry is somethere are only two zero crossings, with the zero crossing from
what more complicated, and the angle between the observer agdative to positiveD,,,, occurring at about 50and the one
the beaming peak depends B, and Dy . from positive to negative occurring at about $8hdependent
When Dy, # 0, the brightness is higher when some Joviameasurements of the zero crossings are available from similar
longitudes\;;; are crossing the east limb than when the sanodservations with the ATCA in 1996 whdbg = —1.6° (Pa-
Arr1's are crossing the west limb. As detailed in Paper II, 2-Per Il). Combining the two data sets we conclude that the zero
images formed from observations whdbg + 0 clearly show crossings occur &t5° & 10° and190° £ 10° respectively.
this east-west asymmetry, and how it changes Wigffbecause
the 3-D reconstructions are an average over all rotational pha
they are not useful in analyzing this east-west asymmetry).
longitudes wheré).,, is positive, the synchrotron radiation isHere we summarize the previously unavailable information
beamed northward of Jupiter’s rotational equator on east lirmbout Jupiter's magnetic field at small radii and low magnetic
passage and southward on west limb passage. When the Eattiisides that we obtained from the 3-D and 2-D images de-
south of Jupiter's equator, regions of positivg,., are brighter scribed above, information that can be useful as an additional
on west limb passage than on east limb passage. For longituckasstraint in the construction of future models of the field.
whereD,,,, is negative, the opposite is true. Fig. 6 shows the longitude variations of radius, jovicentric
Fig. 5 shows the variation with;;; of brightness of a re- latitude andD,,,, that are deduced from our observations to
gion on west limb and east limb passage. Curves are shogxist on the magnetic equator Bfa: 1.2 G. The data points are
for observations with the ATCA in 1995 whely = —2.9°, smoothed versions from Fig. 3, except that additional informa-

5.4. The sign oD,

§t§ Constraints for a new model of the magnetic field
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o

tion of the sign ofD,,,,, (+ Or —) has been incorporated inthe  Physical arguments also show that the brightness variation
third panel. A comparison is made with calculations from thaith longitude is the result of the warp of the magnetic equator.
VIP4 field model forB = 1.2 G. Particularly notable are differ- We have been able to deduce values for the paranigigg in
ences in where the radius increases and reaches a maximunmthéenagnetic equator.
early and very steep zero crossinglof.., at A;;; ~ 55°, and We have compared the observed radius, jovicentric latitude,
the fact thatD,,,, remains negative from about 19t 55°. brightness and deriveD,,,», Of the equatorial maximum with
two field models, H4 and VIP4 (plus O6, whose results are
poorer and were not shown). In general the agreement is suf-
6. Summary and conclusions ficiently good to assure us that the relationship between the
Observations of Jupiter's synchrotron radiation belts provideogserved ql_Janptles an(_j the field is understood. The dl_scre_p-
. . ! ancies provide information that can be useful as constraints in
unigue view of the warped form of the magnetic equator. The . : !
) L . . calculating an improved field model.
population of relativistic electrons of pitch angle neat 86pict

, : . ; AR . Detailed simulations are in progress that will investigate
a well-defined maximum of intensity whose radius, jovicentri . . o 2
. . . . ; the relationship between the magnetic field and the relativistic
latitude and brightness vary with longitude; ;. From physical

. . . ctrons. Comparison with observations will be possible in a
arguments and simulations presented here, we establish tha .
. . . . ) idér range of parameter space than considered here, notably
path of maximum intensity traces a fixed value of field streng

B, and that the path depends almost entirely on the field and high latitude extensions of the radlatlon. bglts. .
. . o To our knowledge the synchrotron radiation provides the
little or not at all on the energy or pitch angle distribution of

L . o main means to probe the inner, low-latitude Jovian magneto-
the relativistic electrons. From comparisons with field models S

: : sphere. Indeed, the relativistic electrons that produce the syn-
we estimate the value db relevant to the locus of maximum

intensity in our VLA observations at wavelength= 20 cm to chrotron radiation are s_uff|C|entIy e_lbundant asto have prevented
beB — 1915 G. spacecraft from exploring the region in any detalil.
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ment by Associgted Universities Inc._ RJS and YL acknowledge gragi$ather beaming of the synchrotron radiation might introduce
from the Australia-France Cooperative Program. biases or artifacts in our reconstruction (recall that the recon-
struction process assumes isotropic, rather than beamed, emis-
sion). To this end, we have performed a number of simulations
of the observations and synchrotron emission process. Because

An important issue in an analysis such as presented in this B reconstruction process is alinear one, we need only simulate
per is to understand limitations and biases in the reconstructfbg emission received from the electrons populating a single L-
technique. For example, the positions of the brightness pe&kell. We have considered the L-shell with, = 1.2 Gauss.

of the radiation belts in 2-D images is influenced by the imag¥e have tried a variety of equatorial pitch angle distributions.
resolution, and so significant care is needed in comparing dif-particular, we tried

ferent observations. Here we consider effects that might affect
the location of maximum brightness that we derive from 3-8

reconstructions. , _ where the exponent has been varied between 30 and 60, and
Resolution effects must also be considered in 3-D recaf gistribution is cut off at a value af,, where the electrons

structions. Consider the electron density and brightness agdyiq pe lost to the planet. The distribution with= 60 closely
function of radius: this is an asymmetric function. It builds UR,responds to the pitch angle distribution favored by de Pater
gradually with decreasing radius, reaches a maximum, and thgn, (1997) in this region, but we find that= 30 gives better
there is a sharp inner cutoff (e.g. Fischer et al. 1996). The gy its. The plots presented in Fig. 2 arerfor 30. Because the
fect of convolving a sharp cutoff with a response function is 9.3 muidth of the emission from a relativistic electron is very
displace the maximum brightness outward by up to half a regs || radiation is only received from those electrons whose
olution element, i.e. 0.12 RThe actual bias will be smaller, yiich angles are such that they are travelling along the line-of-
depending on the detailed variation of the brightness distrityjg¢ 1 the observer. That is, radiation comes only from those
tion with radius. Importantly, because the radial variation @fiectrons whose pitch angle equals the angle between the ob-
electron density is, to first order, azimuthally symmetric, the,rer and the local field line. Most of the radiation is emitted
bias is essentially the same at all longitudes. by electrons when they are near their mirror points where they

A competing resolution effect to this “radial cutoff” bias is &peng most of their time. Hence, the observed flux density at a
“spread in pitch angles” bias. This results from our limited resP

Appendix

(Qteq) = 0.08 + 0.928In" teq

X . ) osition is proportional to
lution and the existence of electrons that mirror off the magnetic

equator, and hence mirror closer to Jupiter than those with 90« Bsina n(a) o« Bsina neq(teq)-
pitch angles. To determine the approximate order of this effect,
we note that our latitudinal resolution at 1.5 R 9, and con- Heren(«a) isthe local pitch angle density function with pitch an-
sider an electron with equatorial pitch anglengf, = 90° — 6. glea. Thisis equal to the equatorial pitch angle density function
For small to modest in the dipole approximation, this elec-atceq, Wherea.q anda are related by
tron mirrors at magnetic latitudeisy/26 /3. So an electron with B
Qeq = 80.5° (i.e.6 = 9.5°) will mirror at a magnetic latitude sin® Qeq = % sin? .
of £4.5°. This is completely within a resolution cell, and so we
cannot separate the response of such an electron from one Witihe simulations, we used the H4, VIP4 and O6 models to com-
aeq = 90°. Yet this range is believed to encompass the majoripute magnetic field parameters. Shadowing of the synchrotron
of electrons in the innermost part of the magnetosphere. For eraission by the planet was included in the calculations.
ample, describing the pitch angle distribution to be proportional With this model of the synchrotron emission, we have com-
to sin"(aeq), Bolton et al. (in progress) suggest thats 50, puted the visibilities that would be expected during the VLA
whence half the electrons have pitch angles greater than 8dbservations, and we then performed 3-D reconstructions as
whereas de Pater et al. (1997) favor abolit &t » = 1.5 Ry, with real data. Because we are including electrons from a sin-
an electron withaeq, = 80° mirrors 0.012 R closer to the gle L-shell, the simulations are not sensitive to the “radial cut-
planet than its equatorial distance. The amount of displacemefitbias”, but they are sensitive to the “spread in pitch an-
inwards is again the same at all longitudes. gles” bias as well as to any beaming effects. After the simu-
The above biases result from the electron density functi@tion/reconstruction/analysis loop, using the pitch angle dis-
being asymmetric with radius. There are no such asymmetrigbutions given above, the measured jovicentric latitude in the
in latitude — the very nature of mirroring guarantees that tleconstruction does indeed agree with the latitude of the mag-
electron density function must vary symmetrically with latitudeetic equator of the models. However the measured radius is
about the magnetic equator. Without an asymmetry, resoluticiased low by a near-constant 0.02, Rvhich is related to the
effects cannot bias the latitude of the maximum brightness. Fapread in pitch angles.
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