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Abs t r ac t .
During the Galileo inbound pass through the Io torus
the plasma wave instrument detected intervals of en-
hanced whistler-mode emissions. Over two of these iw
tervals in the inner torus (1, < 6.5), for which ener-
getic particle data is also available, the flux and pitch
angle anisotropy of resonant electrons exhibited a si-
multaneous enhancement consistent with i[lward  adiab-
atic transport from a source region in the outer  torus.
lf’he enhanced electromagnetic emissions are interpreted
as a modulation of cyclotron whistler-mocle  instability
above the normal marginally stable state of the plasma.
I’his suggests that the enl]aucecl  emissions are a seusi-
tive indicator of rapid inward transport associated with
itlterchange  motions in the 10 torus.

1 .  I n t r o d u c t i o n

On December 7, 1995, the C;alileo spacecraft passed
through the Io torus collecting high resolution ficlcfs
ancl particles data from approximately 7.’7h’J to 5.4 ftJ.

During this period the l’la-sma  Wave Suhsystenl  (PWS)
detected intervals of enhanced emissions shove a rela-
tively constant background of whistler-  ~nodc noise. ‘1’he
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c[illaiiccd cll~issiol]s  were  j)revio[l  sly Ucl)ort(.tl as wllistlcr
rtiodc radiatir)ll (C;llr[]ett et al. I!)96) Si[[lilar sigtmls
we’re observed during the Voyager I ])ass tllrougtl  ttlc 10
torus slid were generally illtcrprctcd  as ~~’tlistlt:r-r]loclt>
emissions associated with allisotrol)ic  tral~[)ml energetic
electrons (Scarf et al. 1979, ‘1’llorllc a[ld ‘1’surutani
1979). I“rce energy associated with natural anisotropic
loss cone distributions of electrons wllicll satisfy the res-
onant condition are a potential source of whistler-mode
emission.

A coordirlated  analysis (rl(horne et al. 1997) of onc of
these intervals, at 17:34  Url’, when the spacecraft was
= 6RJ from Jupiter, identified pronou~lccd  crlhance-
Itlents  in the plasma  wave emissions, sharp changes in
the pitch arlgle distribution and phase space density of
the energetic particles and a small abru~)t incrcasc irl
the magnetic field. ‘1’hcse  signatures were identified as
evidence of rapid inward interchange transport.

Due to the hazardous radiation environment present
near Jupiter the energetic particle experiment (EPIJ)
observed with special instrument modes during most of
the inbound torus pass and complete distributions of
the energetic particles are only available inside of ap-
proximately 6.5 R J. We present a coordinated study
of two intervals when both the 1’WS and F; F’1) instru-
ments were operative. Emphasis is I)laced on the pa-
rameters associated with the expected resonant inter-
action between the energetic electrons al~d enhanced
whistler-mode emissions. We discuss the interpretation
of the plasma wave events as part of the coordinated
evidence for rapid transport and interchange motions
in the Io torus. In accompanying papers Kivelsou et al.
(1 997) present the magnetometer observations of this
and other similar anomalous events throughout the irl-
bound torus pass and ‘1’borne et al. ( 1997) present de-
tails of the 17:34 UT event and cliscuss  these signatures
in the context of the rapid inward transport mccllarlism.

2 .  O b s e r v a t i o n s

‘1’he  initial inbound passage of Galileo through the
Jovian syste[ll  providecl  the opportu[lity  to obtain  rnca-
sureme[lts  through the Io torus outside of 10’s orbit.
A 2.5 hour recording inbound provided ]Ilea-surements
at longitudes 210° < ~111 < 270° Ilear the Inagnetic
equator (Ar,, w 3° – SO). A relatively corlstallt  back-
ground of ernissiol~  below 500 I[z, is ot~served  ili l~oth
t h e  e l e c t r i c  a]lcl m a g n e t i c  f i e l d  rlif,,z~(]rrt]lrtlts.  Sev-
eral i n t e r v a l s  o f  el)hancccl  erllissiorls frolll  a few IIz t o
a f e w  k[[z in the e l e c t r i c  field  arid  [Ilagtlctic fie]<l a r e
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o})sccve(l  I)y t,fic l)\VS a s  sIIowi I ill I:igllre I  ljot,l] tllc
(:rlhitricc(l c[niss ions and tile I>ackgro[ltld  e[ilissio[l are int-
erpreted  as whistler-nlode clllissions  due to [)rese[lce  of
the  rr]agnctic corr][)oncnt,  I)ctwecrl  tt)c  [Jrotorl  c y c l o t r o n
frequcr)cy ( 1O-3O IIz) atld tllc elrctroll cyclo t ron f re-
quency (20-60 kllz). No other r]]odc  is possible irl this
frequency range (Gurnett et al. 1996).  All i[ltervals  of
enhancecl emissions clernonstratc  sirt]ilar cl]aractcristics
although the duration of the intervals  range froll]  10
seconds to 15 minutes with most intervals being 5-10
minutes long.

Figure 2 illustrates the two irltervals  wllcn energetic
particle data are available. ‘1’he frec[uency  time  spectro-
gram from the electric antenna is shown  along with the
corresponding count rates in selected c]lergy charlllels
from the energetic particle detector (1;1’1)).  An increase
in the amplitude of the electror[lagnetic  cr[lissions  oc-
curs from 17:09-17:14  U“I’ and at 17:34 U’1’. “Iihe exten-
sion of the frequency range of the enhanced errlissions  is
evident with the peak frequency reaching slightly over
4kH.z with intermittent weaker emission observed to
20kHz.  In comparison, the background whistler-mode
emissions extends to only about 300 – 500 Hz. Two
of the F. PI) electron channels are shown in the lower
part of Figure 2. The two channels correspond to:
93keV – 188keV (11’0) a n d  1.5MeV  – 10.5LfeV (111).
Prior to and after the event the high energy electrons
exhibit a normal loss cone distribution which ca]~ be as-
sociated with the constant background ofwhistler-mode
emissions evident in both Figures 1 and 2,

During the first interval of enhanced whistler-rllode
emissions (17:09  - 17:14)  ill l’igure 2’ Inost 1’}1’1) chan[lels
indicate an increase in phase space density. ‘1’he elec-
tron channels all demonstrate all increase irl anisotropy
}vith a notable greater flux increase irl tile Io\vcr energy
channels. The second illtervai  of enlla[)ced  whistler-
rrlode emissions occurs at 17:34 and lasts only 10 sec-
onds. ‘l’his interval is characterized by a l~roadband
electromagnetic signal from a few IIz to approximately 4
kHz with intermittent emission frc,rn 4kI12-20kf/;  and
a pronounced narrowband  signal at 95 L.1[: as shown in
Figure 2. The event is further characterized by the a~)-
sence of t}le strong upper hybrid erl)ission line at - 550
kllz.  During this event the energetic particle data in-
dicate an abrupt c}lange in the count rate of criergetic
ions and electrons with the most sig[lificant  increase in
the directio[l  perpendicular to the field. ‘1’lle increase
for the highest energy ions is larger tharl for low energy
ions and electrons although all particles cxliil~it  cl~anges
except  the high energy electrons (}’.’ > 300 kc\). ‘1’lle
nlag[)etorneter  observes all abrupt (< 1 s) increase ill
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tile rllagllctic  fielfl ofor(ler  1 –2(Z with  itllllOSt 110 ciiallgc
in dircctiorl,  ‘1’lte rrlagnetic  field rwtlrrrls  10 tlrr [Jrc-cvcrrt
Icvcl less then 1(I sccorlds  later irr ttl(: satlle al)ru~)t  rrlarl-
ncr. ‘1’he rrlagrlctorrlctcr  signature W’ilS  further charac-
terized by ttrc absence  of iorl cyclotron waves Jvllicti arc
present in the surrounding data (Kivclsor)  ct al. 1997).

3. Cyclotron Resonance with
Whistler-Mode Waves

First order cyclotron resonance between whistler-mode
waves and relativistic electrons occurs when 1 — ?t.~  =
Y/T where n. = qll cos c~, 741 is the parallel conl[)onent

of the wave refractive index, ~ = v/c, 7 = (1 – ~2)- 112,
arid  Y = Q_  /W  is the r a t i o  bet~veen  the gyrofrequerlcy

and the wave frequency. We consider electrons n~ov-
ing opposite to the wave T/2  > Q > T and n. < 0.
The enharlced  broadband emission shown in Figure 1
starts below the proton cyclotron frequency, Q+ N 26
I[z, and thus estimates of the refractive index must con-
sider affects from protons. For field aligned waves with
w << n-

(1)

To estimate the minimum energy rcquirecl  for res-
onant interaction we consider electrons moving almost
parallel to the field or a x r. During the 17:34 LJ”l’ event
WP N 570 kltz, Q- = 48 kIlz,  Q+ = 26 IIz, allcl ecluation
(1) yields resonant electron energies of 5A4eb’ > E >
80ke V for waves between 101Jz  < w < 1000}1z,  respec-
tively. For electrons with cr < m the requi red  resonant
energy would be larger. This result suggests we consider
the particle signatures of electrons with L’ >80 keV to
investigate interactions with 1 kHz waves. F,lectrons of
substantially greater energy would be needed to inter-
act with the bulk of the etnission  at w < 40011z.  Duri]rg
the 17:09- 17:14 [J1’ interval the resonant erlergies  as a
function of wave frequency would be slightly less.

4 .  Discussion

T h e  coordiriatcd d a t a  s e t s  showli  in l’igure 2 ilidi-
cates the  cc)rrelation b e t w e e n  the erlbanced whistfer-
mode emissions and the behavior the energetic electrons
during two intervals of cnhauced  clnissions.  Iktails of
the E1’D data are provided by ‘1’borne et al. (1997)
in a report on tile distributions of e[lergetic particles
f o r  t h e  17:34 evt’llt  at 6.()~[/J. ‘1’lIe 1;1’1) data show
pronounced increases in tl]e  fllrx levels [Jrinlarily in the
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dircctiotl [Jcrl>clldicular  to llie ficl[l. ‘1’llcy rcljort  Illc
Iligtlcst illcrcascs  for high energy ions with t]]orc  lr]odcst
illcrcascs  for low energy ions atld clc’ctrolls. ‘1’tlc Iligllcr
cucrgy electrons (E > 300 kcV) snow tl]c least cllangc
before, during, and after tllc cvcllt. Our analysis of tile
cyclotron rcsonancc  eucrgy suggests that ~llc relatively
constant loss corlc distribution of tllc I]igll crlcrgy elec-
trons  is responsible for the backgrourld  clilissiou bclo~w
500 Ilz throughout the torus.

The 17:34 Url’ event allows a corllp]etc arlalysis  of the
physics of the enhanced whistler-rnodc  emissions due to
the availability of coordinated observations from both
the magnetometer and energetic particles, During this
10 second interval the characteristic changes observed
in the magnetic fielcl, high cllergy particles, and elec-
tromagnetic emissions are an indication of arl abrupt
change in the plasma conditions. Thornc et al. ( 1997)
suggests the events are relatecl to a flux tube originat-
ing from a source region in the outer torus which has
been transported inward with little or no change to the
phase space density of the energetic particles.

If the event is associated with an inwarclly  trans-
ported structure the time for electrons to gradient drift
across the interchange structure can be estimated EM
TD = AZ/U~C  where Ax is the size of the structure and
vg~ is the gradient drift speed. Near 1,=6 vf~ % 4km/s
for high erlergy electrons with T = 4 A structure of
Ax w 103kT71  (rlhorne  et al. 1997) gives T~ w 250s .
The distance that electrons are transported inward can
be estimated by considering AR = VRT1~. I;or VI{ =
102kT71/s (r~horne et al. 1997)  w e  f i n d  A}t - ().35/~J

imply ing  the  1 .5  hfcV elcctrous measured during tl]c
17:34 event (channel 111 in 1+’igure  2) nave beerl trans-
ported in from x 6.35RJ.

Assuming IL and 3 are conserved an estimate of
the expected increase in electrorl anisotropy  during the
transport can be obtained. ‘1’he differcutial  flux j = pzj
w i t h  pzl - B - l / L3  a n d  pll - l/lJ. A s s u m i n g
that j is conserved (Thorne  et al. 1997) energetic,
h’. > 1.5MeV,  electrons will experience au increase
in jl of li’% and an increase iri jll of 10% durirlg the
transport from 6.35RJ  to 6.03RJ.  ‘1’his suggests that
high energy electrons will generally exr)erience a nlod-
est increase in flux and anisotropy associated with the
inwarcl radial tralvsport. I,ower energy electrons will
drift slower and may thus originate from a source re-
gion further out in the torus. Spending more tilne  in the
structure they will experience a Iargcr relative itlcre:~sc
irl both anisotropy and flux. We estimate electrons of
f“ -,- 100ke V will experience at] increase in j~ Z 240(X,
a n d  jll % 18070 assurlling  a illw:trd radial trarls[)ort of
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a~)[)roxilllatcly ‘211!J.  ‘[ ’liis is :Ll)l)roxirilatcly  wlIal is ol)-
scrvcxl b y  h; f’f)  (I>igurc  2). ‘1’llc illcreasr ill clcctrol]
rrnisotropy  A–  dllrirlg tlic cvr ILt tvill [Iiocii[y b o t h  tllc

( --  . ,1 ,  -) ali(l tile [Ilaxi[[lulllwave growth rttte ~ N 7~rc~ A
frequency of t,llc elnissiol] w,,,a,r/fl  _ ~ /1– /( 1 + ~1– )
(Kennel and Pctschek,  1966). Inward transl)ort  should
thus  result in a preferential cnllalicel]lc]lt  ill the growth
rate of high frequency whistler- ]nodc e[llissions corlsis-
tent with the PWS data shown in I’igures  1 ancl 2.

In order for the electrons to maintain the anistmpy
gained from the inward transport ttle scattering due to
resonant interaction must be small  l)OOTD << 1 w h e r e
the pitch angle diffusion coe~cierlt  l)Oa W (IJti,/IJO)~CQ_  /7.
For the 17:34  UT event, 110 = 1700n7’ s u g g e s t i n g
[{u - 0.7717’  would be required for significant scatter-
ing. Since the observed whistler-mode emission anlpli-
tude is x 10–371T at 1 kI[z we do not expect resonant
interaction with the waves to change the anisotropy of
the electrons significantly during transport.

The similarities between the other intervals of CII-
hanced  whistler- mode emissions shown in Figure 1 sug-
gest each of these intervals represent regions of inter-
change motion. The overall co~npactness of the 17:34
UT event may imply uniclrreness related to the prox-
irnit,y  to 10. Tile longer duration of so~ne intervals
may suggest slower transport speeds or larger  scale
size structures. ‘lWO of the anc)malous magnetic field
events reported by Kivelson et al. (1997) arecorrelatecl
\vith drops in the upper hybrid emissiorl (16:46  U’1’ and
17:10  U1’) which suggests density drops on tirnescales
of a few seconds. This is consistent with the 17:34 UrJ’
event and may provicle clues to the typical scale size of
the interchanges tructures. If the intervals of enhancecl
whistler-mode emissions are actually many small inter-
vals close together, thesamplingr  atcofthe  I) WSswecp
frequency receiver would be insufficient to separate in-
dividual events. We expect further detailed analysis
c)f these events and a comparisc)n with data from the
Plasn]aArlalyzer  (PLS)  will bc required to nlore fully
understand the transport of plaslna  in the Io term and
interchange motion.

5 .  Surnnlary

The enhancecl emission intervals observed by I’WS
show a strong correlation to changes in tile energetic
electrorrs measured by the 1’;1’1)  during  ti]nes when both
data are availat,le.  [ktir[lates of tile resollal]t e n e r g y
for electrons to interact with tl]e }vliistlf:r-lnode  waves
suggests electrons wit]]  F.’ > 80ke~’ ivould interact wittl
waves of w x 1LI12  nnd }Iigller energy electrons tvould
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interact with lower frequency ctllissiotls. ‘1’IIc i[lcrcase
in resonant electron anisotropy a[ld flux associated with
the enhanced PWS emission is consistent, i[]ward radial
transport. Thehigher frequency extent oftllee[lhanctxl
emissions compared to the background elllission is also
consistent with the energy clepenclcnt effects of inward
radial transport. Based on the analysis of the intervals
when both PWS and EPD data are available we suggest
the enhanced whistler-mode emissions are arl indicator
of regions of inward interchange motion in the Io torus.
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Figure Captions

[’igure 1. I~requenc.y  time spectrogra[ll  of the electric  field
intensities measured by the C,alilco Plasrua  Wave Subsystenl
dur ing  the  inbound  Io torus [,ass. Il,tervals  of enhanced
whist  ler-lnode  elrlissions  f rom a  fcw I[z to a few k[[z a r e
present throughout the torus. Upl)cr I(ybrid emission Wtlictl
is a measure of electron dcrisity  is seelI to increase slowly
across the  to[)  of the  figure.



Figure  2. Observations from tllc I’lasma  WilVC  Sulwystcllt
(upper panel) and Energetic l)article [)etector (lower panels)
showing two intervals of enhanced whistler-rnorle emission
(17:09 -17:14 UT and near 17:34 UT). ‘1’he particle chanr,els
shown indicate electron count rates for energies of 93kelz  –
188ke V (F(l) and 1.5Me  V – 10.5 fife V (111).
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