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Abstract

The deposition of energetic electrons in Jupiter’s upper atmosphere provides a means, via auroral observations, of monitoring e
plasma wave activity within the magnetosphere. Not only does particle precipitation indicate a potential change in atmospheric ch
allows for the study of episodic, pronounced flux enhancements in the energetic electron population. A study has been made of
of such electron injections into the jovian magnetosphere and of their ability to provide the source population for variations in
auroral emissions. To identify the source region of precipitating auroral electrons, we have investigated the pitch-angle distribution
resolution Galileo Energetic Particle Detector (EPD) data that indicate strong flux levels near the loss cone. The equatorial sourc
precipitating electrons has been determined from the locations of Galileo’s in situ measurements by tracing magnetic field lines
KK97 model. The primary source region for Jupiter’s diffuse aurora appears to lie in the magnetic equator at 15–40RJ, with the predominan
contribution to precipitation flux (tens of ergs cm−2 s−1 sr−1) stemming from<30 RJ. Variability of flux for energetic electrons in thi
region is also important to the irradiation of surfaces and atmospheres for the Galilean moons: Europa, Ganymede, and Callisto. T
diffuse auroral precipitation flux has been shown to vary by as much as a factor of six at a given radial location. This variability ap
be associated with electron injection events that have been identified in high-resolution Galileo EPD data. These electron flux enh
are also associated with increased whistler-mode wave activity and magnetic field perturbations, as detected by the Galileo Pla
Subsystem (PWS) and Magnetometer (MAG), respectively. Resonant interactions with the whistler-mode waves cause electron
scattering and lead to pitch-angle isotropization and precipitation.
 2005 Elsevier Inc. All rights reserved.

Keywords:Aurorae; Jupiter, atmosphere; Jupiter, magnetosphere
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1. Introduction

The magnetospheric plasma sources at Earth and Ju
are quite different, with terrestrial plasma primarily orig
nating in the ionosphere or solar wind and jovian plas
stemming mainly from the satellite Io. In both systems,

* Corresponding author. Fax: +1 (626) 568 0673.
E-mail address:bhattach@ipac.caltech.edu(B. Bhattacharya).
0019-1035/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.icarus.2005.06.013
r

mospheric precipitation leading to enhanced auroral e
sion serves as a marker for magnetospheric activity. In
ticular, substorm injections into the outer magnetospher
Earth are associated with enhancement in auroral emis
(e.g.,Lyons, 1995). Within the jovian system, both spati
and temporal variability of energetic particle flux play a ro
in atmospheric and satellite processes.Mauk et al. (2002)
have linked jovian auroral enhancements observed by
Hubble Space Telescope with Galileo EPD electron flux
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jections. EPD measurements near Ganymede indicate
while energetic electrons do have direct access to the mo
polar cap regions along field lines that are linked to Jup
the amount of power deposition is insufficient to trigger a
measurable airglow or aurora-like phenomena(Paranicas e
al., 1999). In addition, differential precipitation of energet
electrons across the surface of Europa and on Ganym
polar caps leads to variations in radiolytic chemistry and
been associated with changes in optical albedo(Cooper et
al., 2001; Paranicas et al., 2001).

The time-variability of energetic particle flux in the mi
dle (∼9 � RJ � 27) jovian magnetosphere was discus
by Mauk et al. (1997, 1999), who identified energy-time
dispersed enhancements of up to a factor of ten in
>20 keV electron population using low-resolution (re
time) in situ measurements by the Galileo EPD instrum
(Williams et al., 1992). The episodic injection events a
pear to be associated with an interchange process tha
ries localized flux tubes with high phase space densit
towards Jupiter. These events may also be related to s
scale interchange instabilities such as those identified w
the Io torus(Bolton et al., 1997; Kivelson et al., 199
Thorne et al., 1997)and in the vicinity of Europa’s orbi
(Russell et al., 2004).

The energy precipitation flux required to trigger Jupite
diffuse aurora is predominantly supplied by energetic e
trons from the middle magnetosphere. An initial stu
of Galileo EPD data(Bhattacharya et al., 2001)indi-
cated that ion precipitation flux contributes less than a
erg cm−2 s−1, which is an order of magnitude too weak
account for the diffuse aurora. In contrast, energetic elec
precipitation, which is highly variable, typically exceeds
few tens of erg cm−2 s−1 over a broad region in the midd
magnetosphere (15–40RJ). Quasi-isotropic electron pitch
angle distributions, indicative of scattering into the loss c
and subsequent precipitation, are always evident in the
dle magnetosphere at>15 RJ; distributions in the inne
magnetosphere (RJ � 10) are typically pancaked (peake
in the direction perpendicular to the magnetic field), w
empty or nearly empty loss cones, leading to very little p
cipitation into the atmosphere.

During Galileo’s first orbit through the inner jovian ma
netosphere,Thorne et al. (1997), identified an isolated in
terchange event in which variations in particle flux we
associated with enhanced plasma wave activity and cha
in pitch-angle anisotropy. They noted a drop in the up
hybrid resonance line in Galileo PWS(Gurnett et al., 1992
measurements, indicative of a decrease in particle den
An associated study of similar events using observat
from the Galileo MAG instrument(Kivelson et al. 1992
1997) identified localized regions of enhanced magne
field, which supported the concept of inward interchan
transported in mass-depleted magnetic flux tubes. A th
related study byBolton et al. (1997)using measuremen
from the PWS clearly identified the electromagnetic wa
evident during this period to be whistlers that are capa
t

s

-

-

s
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of cyclotron resonance with electrons in the range 80 k
5 MeV. This trio of papers makes a strong case for enhan
electron scattering into the loss cone via wave–particle in
actions during injection events in the jovian magnetosph

Here, we address the origin of variations in elect
energy precipitation flux from the middle jovian magn
tosphere that were identified byBhattacharya et al. (2001.
To determine whether these variations are due to temp
changes in the magnetosphere or to spatial variability as
spacecraft moved away from the magnetic equator, the
were mapped to the equatorial source region. This was
complished by field-line tracing using the KK97(Khurana,
1997)magnetic field model (Section2). Substantial varia
tions in precipitation flux at a given L-shell still exist whe
observations are mapped to the magnetic equator, ind
tive of temporal variability. This motivated us to exami
a set of electron injection events that have been ident
in the available high-resolution EPD data. In Section3, we
present PWS and MAG observations that associate enha
plasma wave activity and magnetic field disturbances w
increases in energetic electron flux. Also in Section3, we
show that injection events are associated with pitch-a
isotropization and particle flux enhancements in the vicin
of the loss cone. We also look in detail at small-scale va
tions in the magnetic field and associated changes in ele
density required to maintain magnetospheric pressure
ance. The conditions for resonant interaction between
observed waves and energetic EPD electrons are addr
in Section4, including a discussion of electron resonant
ergies, the required wave amplitudes for strong pitch-an
diffusion, and the anticipated pitch-angle distributions d
to such wave–particle interactions.

2. Field-line tracing with the KK97 magnetic field
model

2.1. Magnetic field model

In order to identify the source region for auroral pa
cles, we have mapped EPD observations to the mag
equatorial using the KK97 magnetic field model(Khurana,
1997). A planetary magnetic field can generally be expres
(Khurana, 1997)in terms of internal and external comp
nentsBi andBe, attributed to currents in the central core
the planet or within the magnetosphere, respectively, as

(1)�B = �Bi + �Be.

The internal scalar potentialVi is usually expressed as
spherical harmonic expansion:

�Bi = −�∇Vi = a

nmax∑
n=0

(
a

r

)n+1

(2)×
n∑{

P m
n (cosθ)

[
gm

n cos(mφ) + hm
n sin(mφ)

]}
,

m=0
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where a is the planetary radius, andr is distance from
the center of the planet,θ and φ are colatitude and lon
gitude,P n

m are Schmidt normalized Legendre functions
degreen and orderm, andgn

m andhn
m are empirically deter

mined Schmidt coefficients. The KK97 magnetic field mo
(Khurana, 1997)provides an expression for the external c
rents flowing in the equatorial current sheet and descr
the internal component using Goddard Space Flight C
ter (GSFC) O6 model(Connerney, 1993), which assumes a
octopolar field (n = 3) and computes a spherical harmo
expansion ofVi with coefficients derived empirically from
Pioneer 11 and Voyager 1 observations. The KK97 mo
defines the equatorial current sheet in cylindrical coordin
in terms of scalar functionsf andg,

(3)�Be = �∇f (r,φ,Z) × �∇g(r,φ,Z),

whereZ is height above the magnetic equator. The functi
f andg are Euler potential functions that describe the ex
nal scalar potential and provide a realistic (e.g., non-infin
value of the radial component of the fieldBr at r = 0. These
functions also account for the radial sweep-back of m
netic field lines away from Jupiter due to field-aligned a
radial currents in the magnetosphere. The external com
nent is empirically constrained by measurements from
Pioneer 10, Voyager 1, and Voyager 2 flybys. The KK
model differs from a dipole at the surface of the planet
to higher order terms in the magnetic moment. In the mag
tosphere, the addition of an external current sheet stret
field lines and gives a non-dipolar field that is clearly no
dipolar within a fewRJ.

Field-line tracing is begun by computing (Br , Bθ , Bϕ) at
a location where an EPD observation is available. From
point, an incremental step dθ is taken and equations for th
field-line

(4)
1

r

dr

dθ
= Br

Bθ

and sinθ
dφ

dθ
= Bφ

Bθ

are applied to determine the direction of the field. At
new position (r + dr , θ + dθ , ϕ + dϕ), the components o
the field are again calculated. This process is repeated
the magnitude of the field| �B| = (B2

r + B2
θ + B2

ϕ)1/2 reaches
a minimum value. The position where this occurs is defi
as the magnetic equator.

The Galileo spacecraft travels close to Jupiter’s rotatio
equatorial plane, which is tilted from its magnetic equa
ial plane by approximately 9◦. This tilt results in motion of
the spacecraft relative to the magnetic equator with a p
odicity equal to the rotational period of the planet (∼10 h).
Note that the magnetic field is appreciably stretched out
yond 15RJ. As Galileo moves in its trajectory away from th
planet, the field becomes more distorted from a dipole,
small excursions from the magnetic equator at greater ra
distances result in the spacecraft moving onto magnetic
lines that map to the distant, outer magnetosphere.
s

l

l

2.2. Precipitation energy flux

The field-line tracing method described above has b
employed to map results presented byBhattacharya et al
(2001) to the magnetic equator. We have also includ
record-mode observations from the G28 and G29 orb
which were not available earlier, as well as all real-time
servations at 15–40RJ at the magnetic equator (as defin
by local magnetic field minima). The relation for ener
precipitation flux inBhattacharya et al. (2001), Eq.(2), inad-
vertently contained a typographical error, although the
culations presented therein were performed correctly.
correct relation for energy precipitation fluxε in units of
ergs cm−2 s−1 is provided here:

(5)ε = π

Ek,max∫
Ek,min

Ekjp(Ek)dEk = πE2
0

xmax∫
xmin

xJ0

(x + 1)n
dx,

whereEk is the kinetic energy of the particle in keV an
Ek,max, andEk,min correspond to the maximum and mi
imum energies over which EPD data shows evidence
precipitation into the loss cone. The relationjp(Ek) =
J0/(1+ Ek/E0)

n is a Lorentzian fit to the differential flu
measured by EPD,J0 andE0 are scaling factors, andx =
Ek/E0, as described inBhattacharya et al. (2001). Typi-
cal values forE0 are 45–60 keV.Ek,min = 15 keV in the
majority of EPD observations, meaning the quasi-isotro
distributions are seen down to the lowest energies mea
able by the instrument. The upper electron energy value
quasi-isotropy,Ek,max, ranges from 188–527 keV and is n
correlated with distance from the planet.

The electron precipitation flux calculated from Galil
data is shown inFig. 1 as a function of magnetic equatori
crossing distance. Energy deposition of tens of ergs cm−2 s−1,
which is required to account for the diffuse auroral emiss
(Prangé et al., 1998), is evident from particles that origina
in the region<40 RJ. Discrete auroral emission at Jupit
requires energy deposition that is ten times greater(Prangé
et al., 1998), and we see no evidence of such a high leve
energy precipitation in either the precipitating or the trap
particle distributions in the Galileo EPD data. Consequen
the discrete arcs in the main auroral oval must be du
particles that are accelerated by field-aligned potential d
close to Jupiter (e.g.,Cowley and Bunce, 2001) that are asso
ciated with field-aligned current flow in the sub-corotatio
magnetosphere at 20–30RJ (Kane et al., 1999).

It is assumed in this study that the energetic electron
tensity measured outside the loss cone by EPD is compa
to that within the loss cone itself. The presence of electr
in the loss cone is attributed to resonant interactions w
plasma waves, and whistler-mode waves in the approp
frequency range to resonate with EPD electrons are id
fied in Fig. 3 below. As discussed in Section4, in order for
“strong pitch-angle diffusion” and a filled loss cone to occ
these whistlers must be intense enough to scatter a s
cient number of electrons. If strong diffusion is not prese
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J
Fig. 1. Electron precipitation energy flux vs equatorial crossing point of magnetic field lines. Primary contribution to diffuse auroral emission inupiter’s
atmosphere comes from energetic electrons that originate in the magnetosphere at 15–40RJ.
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the precipitation flux values present here represent an u
limit.

While the KK97 model is considered accurate at all lo
times in the inner magnetosphere, it assumes azimuthal
metry at all radial distances and consequently is only relia
on the nightside for the middle and outer magnetosph
regions(Khurana, 1997). EPD observations obtained fro
the dayside may therefore be less accurate in defining
origination point of precipitating electrons. We have co
pared magnetic field values predicted by the KK97 mode
observations made by the Galileo (MAG). Energy flux c
culations based on record-mode observations that are t
at locations where measured magnetic field values are w
10% of the KK97 model are identified by a “+” symbol
Fig. 1. Tracings at these locations more precisely identify
magnetic equator. The remaining record-mode observa
are indicated with diamonds. Solid dots indicate trapped
ticle populations from the J0, C20, C22, and C23 reco
mode datasets; these place an upper limit on precipita
flux in the inner magnetosphere. The open circles indic
energy fluxes derived from lower-resolution real-time d
and represent a probable upper limit to precipitation flux
distributions in the vicinity of the loss cone cannot be clea
identified in these data. The EPD is known to respond
non-linear fashion to high counts, an issue that is curre
being studied further by the instrument team. The EPD
likely to saturate at the lower energies (seeFig. 5below), and
the spectral distribution provided there may not fully prov
a measure of the number of electrons present. Consequ
the higher precipitation flux values reported here repre
r

-

n

,

a lower limit for the region 10–20RJ, where particle coun
rates are highest.

Lower energy electrons measured by the Galileo Pla
Subsystem (PLS) have not been included in this study. T
contribution to diffuse auroral atmosphere may be sign
cant, as the spectral distribution of electrons in the jov
magnetosphere indicates a higher prevalence of lower
ergy particles, as seen inFig. 5. Paranicas et al. (1999)have
extrapolated PLS and EPD data during the G2 and G7
counters to estimate particle precipitation in the polar
regions of Ganymede. Their findings make the case tha
position due to lower energy electrons is appreciable.
shown in their Fig. 8, PLS electrons at 0.1–3.0 keV dep
∼0.5 ergs cm−2 s−1 of energy, which is just below 10% o
the total energy contributed over the whole energy rang
0.1–100 keV electrons. While estimates of energy precip
tion required to induce auroral emission at Ganymede h
not been made, no detectable airglow has yet been rep
(Paranicas et al., 1999).

To consider longitudinal location and its affect on p
cipitation flux, we have binned the high-resolution (reco
mode) data as a function of local time. The number of p
cipitating distributions for each sector, as well as the m
dian, minimum, and maximum energy flux for each or
are summarized inTable 1. The statistics show that var
ation from the median is considerable, and the flux ra
(Eprecip,max/Eprecip,min) varies by at least a factor of two i
six of 11 recordings (neglecting the G2 recording which
only one measurement). The available data do not ev
sample the jovian magnetosphere, and repeated observa
are only available in the dawn and midnight sectors. I



410 B. Bhattacharya et al. / Icarus 178 (2005) 406–416

y towar
Table 1
Galileo EPD observations of precipitating electron pitch-angle distributions

Sector Observation(s)* (YYYY:DOY) (MLT) Dist. ( RJ) No. of precip. dists Energy precipitation flux (ergs cm−2 s−1)

Median Max Min Max/min

Pre-dawn (0130–0430) None – – – – – – –
Dawn (0430–0730) G8 recording (1997:126) 0600 25.2 25 6.4 8.8 0.4 22.54

C9 encounter (1997:176) 0500 26.2 6 3.4 3.4 2.9 1.18
C10 encounter (1997:259) 0500 26.1 9 2.3 9.9 1.6 6.25
C23 encounter (1999:257) 0630 6.9 5 43.3 43.7 42.1 1.04

Morning (0730–1030) G2 encounter (1996:250) 1045 15.2 1 29.6 29.6 29.6 1.00
C20 recording (1999:123) 1000 9.4 3 50.4 76.3 39.5 1.93
C22 recording (1999:224) 0830 7.4 5 48.2 52.1 42.6 1.22

Noon (1030–1330) None – – – – – – –
Afternoon (1330–1630) E14 encounter (1999:088) 1430 9.6 3 57.8 76.2 35.4 2.16
Dusk (1630–1930) C9 recording (1997:179) 1800 18.3 23 3.9 5.38 1.87 2.88
Evening (1930–2230) None – – – – – – –
Midnight (2230–0130) G2 recording (1996:255) 2400 39 2 1.1 1.2 0.9 1.29

G28 encounter (2000:141) 2400 15.0 50 33.7 54.8 14.6 3.74
G29 encounter 2000:363 2200 15.4 14 18.5 18.9 18.5 1.02

* Observations designated as “encounter” were taken near a Galilean satellite, and those labeled as “recording” were taken along the trajectords or
away from the moon.
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not possible to draw conclusions about longitudinal v
ability with this dataset, as the radial distance of meas
ments at the dawn and midnight sectors differs consi
ably. Within these two regions, the precipitation flux fro
one encounter to the next, for the same radial distance
vary appreciably. In the dawn sector at 25–26RJ, the me-
dian flux ranges from 2.3 to 6.4 ergs cm−2 s−1. In the mid-
night sector at 15RJ, the median flux varies from 18.5 t
33.7 ergs cm−2 s−1. Although the available EPD data a
limited, measurements from these two sectors suggest
temporal variability does play an important role. In additio
changes in magnetic latitude of Galileo’s position over ti
cannot account for the variations in energy precipitation
are observed at any given radial position. The lack of a c
relationship between location in the magnetosphere and
ergy flux has led us to examine temporal variation as a so
of changes in precipitation flux. We discuss sudden incre
in energetic electron flux in the section below.

3. Electron injection events

Not only can variability in electron flux in Jupiter’s ma
netosphere be linked to auroral phenomenon, it may be a
ciated with observed variations in satellite albedo(Paranicas
et al., 1999; Cooper et al., 2001). A greater presence of ene
getic electrons in the magnetosphere may lead to enha
precipitation onto the moons, causing changes in sur
chemistry and optical reflectivity(Cooper et al., 2001). We
present in this section a summary of noted enhancemen
Galileo EPD electron flux through the I32 encounter.

From a survey of all high-resolution (record-mode) E
data, we have identified a series of electron injection eve
Ten of the 32 record-mode datasets indicate sudden incre
in energetic electron flux by factors of two to eight (Ta-
ble 2). Some events show energy dispersion, which sugg
t

-

-

d

s

that they occurred at a different jovigraphic longitude a
that EPD detected the enhancements as particles gra
drifted to the position of the spacecraft(Mauk et al., 1997).
Other injection events are evident in all EPD energy ch
nels simultaneously, suggesting that they occurred clos
the location of Galileo.

An example of electron flux enhancement observed
ing the C23 orbit (day 257 of 1999, 7.7–6.5 RJ) is shown
in Fig. 2. There is a strong correlation between intens
cation of plasma waves (top panel) and the enhancem
of energetic (29� E � 304 keV) electron flux (bottom
panel). EPD record-mode measurements begin at 14
when the injection event is already underway. Both elec
flux and plasma wave intensities are anomalously high
tense whistler-mode emission can be seen during this pe
extending up to∼2 kHz. The solid white line near 20 kH
is the electron gyrofrequency. The lower band cutoff of
whistler-mode emissions is difficult to identify because
low frequency noise and possible Doppler broadening
the large velocity differential between the Galileo spacec
and the plasma frame. At 15:06, a drop in 22–42 keV e
tron flux is immediately accompanied by diminished plas
wave activity. The next electron injection (15:10-15:16)
evident in both the 29–42 keV and 174–304 keV EPD ch
nels and is accompanied by enhanced whistler-mode e
sion that cuts off near 2 kHz. During the period 15:16–15:
Galileo returns to normal conditions found in the quiet-ti
background Io torus. Electron flux is reduced and exhibi
pronounced pancaked distribution, and whistler-mode wa
are much weaker.

The record-mode pitch-angle measurements made in
are shown inFig. 3. The background count rate due to pe
etrating particles that lie outside the measured energy r
has been removed. Because of detector saturation issue
distributions presented here indicate relative variations
tween different time periods, not changes in absolute c
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Table 2
Galileo EPD record-mode observations of electron injection events

Orbit (YYDOY) Dist.
(RJ)

MLT Injection
period(s)

Energy
range
(keV)

Injection
intensity
(× nominal
flux)

Energy/time
dispersed?

J0 encounter
(95341)

7.1 10.9 16:07–16:10 15–10,500 5 No
6.7 11.2 16:37–16:40 15–10,500 5 No
6.5 11.3 16:50–16:55 15–10,500 5 No
6.3 11.5 17:07–17:15 15–10,500 5 No

C3 encounter
(96309)

26.1 7.8 13:47–13:59 15–884 3 No

E6 encounter
(97051)

9.5 12.9 16:47–16:49 15–188 3 No
9.5 12.9 16:42–16:55 174–884 3 No

C10 mag. eq. rec.
(97261)

9.2 1.1 23:06–23:12 15–188 2 No

E11 encounter
(97310)

9.2 11.2 20:51–21:24 15–29 6 Yes
9.2 11.2 20:51–21:24 29–42 6 Yes
9.2 11.2 20:52–21:26 42–55 6 Yes
9.2 11.2 20:57–21:24 55–93 4 Yes
9.2 11.2 21:25–21:42 93–188 2 Yes
9.2 11.2 21:26–21:35 15–188 3–5 No

C20 perijove rec.
(99123)

9.0 10.0 16:08–16:10 15–93 3 Yes
9.0 10.0 16:09–16:12 93–304 3 Yes
9.2 10.1 16:09–16:37 15–55 3 Yes
9.2 10.1 16:12–16:38 55–188 2 Yes
9.0 10.1 16:14–16:17 174–527 2 Yes
9.2 10.2 16:12–16:43 304–527 2 Yes
9.4 10.2 16:38–16:46 15–55 2 Yes
9.4 10.2 16:39–16:47 55–93 2 Yes
9.4 10.2 16:32–16:46 174–188 2 Yes
9.4 10.2 16:42–16:44 174–527 2 Yes
9.4 10.3 16:48–16:51 42–304 1.2 Yes
9.4 10.3 16:48–16:52 304–527 4 Yes
9.4 10.7 16:49–17:00 527–884 4 Yes
9.4 10.7 17:13–17:35 15–304 3–4 No
9.4 10.7 17:38–17:52 15–304 2 No

C22 perijove rec.

(99224)*
7.3 9.9 11:10–11:16 15–527 1.3–5 –
7.3 10.3 11:50–11:53 15–527 1.3–5 –
7.4 10.6 12:27–12:32 15–527 1.5–5 –

C23 perijove rec.
(99257)

7.7 6.1 14:36–14:40 15–188 4 No
7.6 6.2 14:42–14:50 15–527 4 No
7.6 6.3 14:55–15:05 15–93 2 Yes
7.5 6.3 14:52–15:12 93–527 3 Yes
7.5 6.3 14:58–15:05 1500–10,500 3 Yes
7.5 6.3 14:59–15:01 15–304 1.3 Yes
7.5 6.4 15:10–15:14 304–884 2 Yes
7.4 6.4 15:12–15:16 15–93 2 Yes
7.4 6.4 15:15–15:17 93–188 2 Yes
7.4 6.4 15:16–15:18 174–304 1.2 Yes
7.4 6.4 15:17–15:19 304–527 1.5 Yes
7.4 6.5 15:18–15:22 527–884 1.5 Yes

I27 encounter
(00053)

5.9 7.4 11:40–11:52 15–29 2 Yes
5.9 7.4 11:40–11:52 29–42 2 Yes
5.9 7.4 11:40–11:57 42–55 2 Yes
5.9 7.5 11:42–11:59 55–93 2 Yes
5.9 7.5 11:43–12:00 93–188 2 Yes
5.9 7.6 11:44–12:02 174–304 2 Yes

I32 encounter
(01288)

8.3 23.3 16:10–16:52 15–527 2 No
5.8 3.4 23:02–23:48 15–304 3 No

* Data taken in limited mode to protect EPD from intense radiation in vicinity of Io torus.
dif-
gle
es.

ons
eld
rate. For the two energy ranges shown here, the marked
ference in electron distribution as a function of pitch-an
may be indicative of resonance with whistler-mode wav
During the initial injection at 14:37–14:44 (Fig. 3a), com-
plex distributions are present. At 14:39, these distributi
provide a signature of rapid variations in magnetic fi
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Fig. 2. Galileo PWS and EPD observations during an injection event during the C23 orbit. Electron enhancements are clearly associated with inteations
in plasma wave activity.
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strength and electron flux that occurs during a spin pe
(19 s) of the Galileo spacecraft. A sharply varied pit
angle distribution is evident at 14:39 as the spacecraft s
from 0◦–180◦ relative to the magnetic field. Also evide
is the development of butterfly distributions (extending
energies above 100 keV) at 14:39 and 14:42. These dis
utions could be evidence for a potential acceleration so
region at higher latitudes, closer to the jovian atmosph
Subsequent observations at 15:07 and 15:10 (Fig. 3b), when
there is a reduction in plasma wave activity inFig. 2, show
weakly pancaked distributions. After the injection event
subsided at 15:26 (Fig. 3c), electron fluxes are substantia
lower at all energies and pitch-angle distributions beco
pancake-shaped in the energy ranges shown.

The top four panels inFig. 4show Galileo MAG observa
tions during the first set of injections discussed above.
spacecraft is moving closer to Jupiter, leading to an ove
increase in the measured magnetic field strength. This
eral increase is superimposed on intermittent variation
-

the field. Although the overall magnetospheric dynamic
this location is governed by the large-scale electron in
tion, small-scale variations in electron flux also take pla
Localized changes in the magnetic field, in response to v
ations in thermal pressure, are evident. A sudden rise in
strength from 14:40–14:42, where the radial componen
the field drops, is associated with a drop in energetic elec
flux, as shown in the bottom two panels ofFig. 4. Shorter
periods of field enhancement are evident at 14:39 and 14
where the radial component of the magnetic field either
creases or does not change appreciably. There is a no
drop in 29–42 keV electron counts at 14:38, but the cha
in counts at 14:14 is less apparent.

Kivelson et al. (1997)have suggested that small-sca
density depletions and associated magnetic field enha
ments may be indicative of inward-moving flux tubes as
ciated with interchange processes. To examine whethe
data presented here are indicative of such a process, con
the time period 14:40–14:42 inFig. 4. Energy spectra ar
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o
Fig. 3. Representative pitch-angle distributions during the C23 orbit. (a) During an injection, there is an enhancement in the vicinity of the loss cnes, and
short-term variations in magnetic field are evident. (b) In between injections, lower particle fluxes exhibit pronounced decreases, especially in the vicinity of
the loss cone at lower energies. (c) During a quiet period in the background Io torus region, distributions are more pancaked.
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provided for this period inFig. 5. Spectra are shown befo
the magnetic field increase at 14:39:58, at the onset of
enhancement at 14:40:18, and during the period of m
mum change in magnetic field at 14:40:38. At the high
energies,E > 527 keV, particle flux does not vary apprec
bly during the event. While electron flux at lower energie
comparable before and after the interchange, there is a
ticeable drop at the onset of magnetic field change an
even sharper decrease in flux when the rate of increas
magnetic field is greatest.

Fig. 4 shows an intensification of�B = 20 nT in field
strength from 14:40–14:42. A change in magnetic pres
can be attributed to variations in plasma density, plasma
perature, or both. As a drop in the upper hybrid resona
line has been associated with previously studied intercha
processes(Gurnett et al., 1992), we assume that magnet
-

f

pressure changes noted here can be attributed to primar
density variations. To assess whether the associated inc
in magnetic pressure is offset by a comparable decrea
thermal pressure of EPD electrons, consider

(6)�Pmag= (�B)2/2µ0 and �Pth,EPD= �nEPDkT .

The number density above can be expressed in term
particle flux and velocity,�nEPD � �jEPD/vEPD for the rel-
ativistic EPD electrons.Fig. 5 shows the change in flu
�j = 7.0 × 106 countscm−2 s−1 for 29–42 keV electrons
and �j = 3.50 × 107 countscm−2 s−1 for 174–304 keV
electrons, which are the two energy ranges presente
the bottom two panels inFig. 4. The change in flux repre
sented by EPD spectra in the lower energy range ma
affected by detector saturation issues. If the counts m
sured are taken at face value, the total change in the
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with
Fig. 4. Galileo MAG and EPD observations during an injection event during the C23 orbit. Increases in total magnetic field strength are associateda drop
in energetic electron counts.
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pressure over the EPD range can be determined from th
tal change in energy density,�Pth,EPD = 1.71× 10−11 Pa.
This can be compared to the total change in magnetic p
sure,�Pmag = 1.59× 10−10 Pa. The EPD electron popu
lation by itself may not supply a sufficient density dep
tion to offset the observed�Pmag. EPD ion data during
this time do not demonstrate any variation in flux and c
sequently do not contribute to the thermal pressure va
tion. Lower energy particles, measured by the Galileo P
may also contribute to the total drop in particle pressu
and these data need to be included to gain a complete
derstanding of the role of electron depletion in intercha
events.

4. Wave–particle interactions

The large variability in precipitation energy flux at fixe
radial locations (Fig. 1) could either be an indication of vary
ing degrees of pitch-angle scattering into the loss con
of increased flux due to injections. If energetic electrons
-

-

-

supplied to the Io torus by inward radial transport while c
serving the first two adiabatic invariants, their pitch-an
distributions are expected to become pancake-shaped
distributions inFig. 3a clearly provide evidence to the co
trary during injection events.

Violation of the first two adiabatic invariants can o
cur when particles are subject to force fields that vary
timescales shorter than the particle gyroperiod or bou
period (e.g.,Schulz and Lanzerotti, 1974). A variety of
processes contribute to the non-adiabatic behavior in the
ian magnetosphere. Current sheet scattering(Birmingham,
1984)due to field-line curvature comparable to electron L
mor radius, can occur in the outer magnetosphere (>30RJ),
where magnetic field-lines are substantially distorted(Khu-
rana, 1997). In the middle and inner magnetosphere (<30RJ),
which maps to the auroral zone, the magnetic field is less
torted, and pitch-angle scattering can occur during reso
interactions with plasma waves (e.g.,Thorne, 1983). Such
scattering can rapidly modify electron pitch-angle distrib
tions during an injection event, when the waves are enha
(Fig. 3).
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Fig. 5. Galileo EPD electron energy spectra before an injection, at the
of an injection, and at maximum dB/dt . In all but the two highest energ
channels, fluxes change by approximately a factor of two. It should be n
that the EPD does not respond in a linear fashion in the lower energy c
nels shown here, and the “scooped out” appearance of the spectra m
in part due to saturation effects.

Plasma waves may be excited by sudden injection
energetic plasma during interchange interactions suc
those described byBolton et al. (1997), Kivelson et al.
(1997), and Thorne et al. (1997). During an interchange
event, mass-loaded magnetic flux tubes containing ioge
thermal plasma are centrifugally driven outwards and
replaced by inward-flowing, mass-depleted magnetic
tubes that contain adiabatically energized plasma. The r
influx of anisotropic, energetic electrons provides a sou
of free energy for the generation of observed whistler-m
waves (e.g.,Bolton et al., 1997). Gyroresonant interaction
between electrons and whistler-mode waves occur when

(7)ω − k‖v‖ = Ω−
γ

,

whereω is the wave frequency,k‖ andv‖ are the wave num
ber and parallel velocity,Ω− (=qB mc−1) is electron gy-
rofrequency, andγ = (1−v2/c2)−1/2 is the relativistic mass
enhancement factor. The relativistic resonance condition
fines an ellipse in velocity space (e.g.,Xiao et al., 1998).
Using the standard dispersion relation for low freque
(ω/Ω− � 1), field-aligned whistler-mode emissions, o
may solve(7) for the minimum resonant electron ener
(which occurs whenv⊥ = 0). Over the upper portion of th
whistler-mode wave band (0.01 � ω/
− � 0.1) shown in
Fig. 2, the minimum resonant electron energy lies betw
383 and 46 keV, assumingωp/
− ∼ 7. These whistler-
mode waves are therefore able to resonate with the elec
detected by EPD. As long as the waves are of suffic
amplitude to lead to “strong pitch-angle diffusion,” res
e

s

tant scattering could be responsible for the quasi-isotr
distributions seen during the injection event (Fig. 3). The
degree of isotropization at different energies in this fig
may be indicative of waves that resonate with particles
a particular energy range. For a dipolar magnetic field,
wave amplitude required for strong diffusion scattering
proportional toL−7/2 (Thorne, 1983). At 7.6 RJ, this corre-
sponds to wave amplitudes ofB ′

SD ∼ 65.5 pT for 100 keV
electrons. At larger radial distances, the required wave
plitude for strong pitch angle scattering falls off rapidly, a
relatively modest wave intensities may be sufficient to
duce quasi-isotropic pitch-angle distributions in the mid
magnetosphere (B ′

SD � 6.2 pT,L � 15), which maps to the
main auroral region at Jupiter.

5. Concluding remarks

By tracing field lines to the magnetic equator, we have
tablished the source region of auroral electrons measure
Galileo’s EPD. Quasi-isotropic distributions observed at
ferent magnetic latitudes appear to originate in the mid
magnetosphere at 15–40RJ. There is appreciable variabi
ity in precipitation flux, which can be related to tempo
changes in the energetic electron particle population. W
longitudinal variations of electron flux cannot be ruled o
in the dataset presented here, temporal variations at a g
location are clearly evident. There is a strong correla
between periods of enhanced electron flux and incre
whistler-mode wave activity. The intensification of wav
can also be associated with pitch-angle isotropization
addition, we have identified small-scale magnetic field d
turbances that are associated with the inward transpo
mass-depleted magnetic flux tubes as part of the interch
transport process. The change in plasma density requir
offset measured field disturbances may not be supplie
electrons in the 15 keV–10.5 MeV energy range alone.

Although the injection event presented here is meas
in the extended torus region, it may originate in the ou
magnetosphere (e.g.,Thorne et al., 1997). Magnetospheric
electrons are known to be responsible for surface chem
processes on Europa, Ganymede, and Callisto(Paranicas e
al., 1999; Cooper et al., 2001). Injections may also play
role in variations of optical reflectance on the surfaces
Europa and Ganymede(Cooper et al., 2001). Jupiter’s dif-
fuse aurora may be the result of magnetospheric proce
that are related to the pitch-angle anisotropies assoc
with electron injection events. The injection events trig
the generation of plasma waves, which in turn resonate
ambient electrons. Resonant interactions lead to pitch-a
scattering and enhanced atmospheric precipitation. We
thus able to associate electron injections in the jovian m
netosphere with increased diffuse auroral emissivity.
appearance of field-aligned distributions during injectio
could be a signature of field-aligned currents that flow
response to the injection events.
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In the future, we plan to quantify the rate of electr
pitch-angle scattering to determine if strong diffusion occ
in the jovian magnetosphere’s auroral zone. We will exa
ine in detail the effects of Doppler broadening on the low
frequency waves measured by PWS as well as the dispe
properties of waves during EPD electron injection eve
Specifically, we plan to determine if the measured waves
capable of inducing strong pitch-angle scattering, thus le
ing to the observed isotropic electron distributions that
responsible for diffuse auroral emission in Jupiter’s up
atmosphere.
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