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The Galileo Extreme Ultraviolet Spectrometer (EUVS) and the
Hopkins Ultraviolet Telescope (HUT) acquired UV spectra of
Jupiter Aurora in the period from 1995 through 1997. The EUVS
spectra spanned the wavelength range 540–1280 Å and the HUT
spectra measured the extreme ultraviolet and far ultraviolet (EUV+
FUV) wavelength range 830–1850 Å. Both sets of spectra present
evidence of high-altitude, optically thin H2 band emissions from the
exobase region. The analysis of the UV spectra with a two-stream
electron transport model and a jovian model auroral atmosphere
indicates that the primary electron flux is composed of both soft and
hard electrons with characteristic energies in the soft electron en-
ergy range of 20–200 eV and the hard electron range of 5–100 keV.
The soft electron flux causes enhanced EUV emission intensities be-
low 1100 Å. The soft electron flux may explain the high temperature
of the upper atmosphere above the homopause as measured from
H+3 rovibrational temperatures in the IR. For the deep aurora, a high
primary characteristic energy above 5 keV is known to be present.
The Galileo Energetic Particle Detector (EPD) has measured the
electron distribution functions for energies above 15 keV in the mid-
dle magnetosphere. The high-energy distribution functions can be
modeled by a combination of Maxwellian and kappa distributions.
However, the EUV (800–1200 Å) portion of the HUT spectrum can-
not be modeled with a single distribution of hard electrons as was
possible in the past for the FUV (1200–1650 Å) spectrum measured

by itself. The combination of EUV and FUV spectral observations
by HUT serves to identify the amount of soft electron flux relative to
the hard primary flux required to produce the high-altitude aurora
in the neighborhood of the exobase. c© 2001 Academic Press
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Recent studies of the charged particle environment in
Jupiter magnetosphere by the Galileo Energetic Particle D
tor (EPD) (Mauket al. 1996, 1999, Williamset al. 1999) and
the Galileo Plasma instrument (PLS) (Frank and Patterson 2
have served to characterize the behavior of particle source
Jupiter’s aurora. EPD has measured the distribution of h
energy charged particles (electrons, ions) from 15 keV to a
1 MeV over the period of the Galileo Prime Mission in 19
and 1997. The distributions are found to be highly variable
space and time. Powerful jovian injection substorm events
occur at any longitude and local time, but they favor a radial
tance of∼12 Rj with a time scale of five minutes to a few hou
The characteristic primary electron energy, Eo, can change dur
ing this period from 30 to 100 keV. The electron distributi
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functions based on the Galileo EPD observations in the
20 Rj region of the middle magnetosphere can be modeled
a κ-distribution (power law for high energy electrons) with a
isotropic pitch angle distribution. During Jupiter orbit inserti
(JOI) PLS measured a large flux of 100 eV–2 keV low ene
electrons. The electrons formed a field aligned current with pa
cle motions taking place up and down field lines. Electron ene
fluxes observed for radial distances beyond 5.9 Rj are capable of
depositing 9 to 560 ergs/cm2/s into the Jupiter ionosphere. Th
low energy flux is found to increase with decreasing ene
This type of electron flux distribution function can be model
by a power law or an exponential function of energy (Strickla
et al. 1993, Tsurutaniet al. 1997). Both distributions, a high
energy and a low-energy, are probably effective in producing
aurora. Electron acceleration may take place in inverted-V st
tures when field-aligned currents exceed critical values (New
et al. 1991). However, the altitude for peak emission is quite d
ferent for these two types of aurora. Over the wavelength ra
of the Galileo Extreme Ultraviolet Spectrometer (EUVS), t
column-integrated emerging H Lyman series and H2 Rydberg
band spectrum is produced over a wide range of altitudes
both distributions. The EUV resonance band spectrum (tra
tions ending in v′′ = 0) between 800 and 1100̊A is severely
attenuated below 2000 km altitude (altitudes are reference
the 1 bar level) in the exobase region by column densitie
H2 exceeding 1015 cm−2. Deeper in the atmosphere vibration
bands of H2 with v′′ = 1 can also be trapped. The bands end
in v′′ = 1 escape the jovian atmosphere with large intensity, o
if produced above the homopause high in the atmosphere
altitude above 400 km (Ajelloet al. 1998, Wolven and Feldma
1998). The penetration to different column densities of H2 by
a combined soft and hard electron distribution will produc
highly variable combined EUV and FUV spectrum.

A two-stream electron transport model, recently develo
by Grodentet al. (2000), is used in the analysis of the Galile
and HUT data presented here. Grodentet al. (2000) have syn-
thesized the multispectral vertical structure information to pl
constraints on the equilibrium atmosphere produced by the
roral heating, an identical approach to the thermal model cho
here. The constraints in the model arise from a host of re
remote sensing andin situ observations. Thein situ observa-
tions were already mentioned. Remote sensing images in the
(Prangeet al. 1997, 1998, Clarkeet al. 1998), visible (Ingersoll
et al. 1998, Vasavadaet al. 1999) and IR (Drossartet al. 1993,
Kim et al. 1998) aurora made with high spatial resolution ca
eras reveal the morphological details of the connection betw
the planet’s magnetosphere and upper atmosphere in the au
oval region. The mean dimensions of the main aurora oval
found from the Galileo solid state imaging (SSI) observatio
(Vasavadaet al. 1999) to exhibit the following characteristic
(1) a vertical extent of 120± 30 km with a maximum intensity a
245± 30 km above the limb and (2) a horizontal width that var

from 170–1000 km (narrowest in the form of a thin arc near l
cal dawn when the Galileo Ultraviolet Spectrometer (UVS) a
ET AL.
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EUVS obtain most spectra). The vertical temperature struc
is determined by constraints levied by the following finding
(1) hydrocarbon thermal IR profiles of 150–400 K in the 0.1 m
(∼170 km) to 1µb range (the latter pressure corresponds
a range from 280 km in the nonauroral polar atmosphere
380 km in the auroral polar atmosphere) from Voyager IR sp
tra (Drossartet al. 1993), (2) H2 FUV thermal line profiles taken
from high-resolution Hubble Space Telescope (HST) obse
tions of Lyman and Werner band rotational lines yield tempe
tures of 400–850 K (270–650 km) (Liu and Dalgarno 199
Trafton et al. 1994, 1998), which are weighted most heav
by emission at the peak of the hard electron deposition,
(3) near IR H+3 rotation–vibration overtone and fundamen
bands which are modeled by a temperature of 700–1200 K
fine a pressure range between the 1µbar and 0.1 nb level (400–
2000 km) (Kimet al. 1998, Drossartet al. 1993, Lamet al. 1997,
Perryet al. 1999).

The Galileo EUVS observations discussed here were obta
from 1996 to 1997 during the Prime Mission 11-orbit satell
tour G1-E11. The UV subsystem on the Galileo orbiter cons
of two separate spectrometers (Hordet al. 1992). The EUVS
measures radiation from 540–1280Å and is on the spinning sec
tion of the spacecraft. The UVS is mounted on the scan platf
and operates from 1130 to 4320Å. The EUVS acquired aurora
data from Jupiter as the slit aligned with the ecliptic plane drif
across the dawn terminator central meridian longitude during
bits G1 through E11. We have recently reported results on
EUVS and UVS observations of the Galileo aurora (Ajelloet al.
1998, Pryoret al. 1998, 2000, Jameset al. 1998). In the only pre-
vious analysis of the Galileo EUVS observations we used a
model (a layer of emitting gas overlaid with an absorbing gas
fit the EUVS spectral data (Ajelloet al. 1998). Many improve-
ments to the initial approach are considered here. First, we u
two-stream electron transport code coupled to a one-dimens
thermal and composition structure code to determine the alti
of Jupiter’s auroral atmosphere (Grodentet al. 2000). The at-
mosphere is divided into 200 layers of vertical extent 5–20
from 0–4000 km altitude. The emission emerging at the
of the atmosphere from every layer is added together to f
a model emission spectrum. Model line spectra are gener
for molecular hydrogen for the thermodynamic conditions
each layer. Within each layer a model line spectrum is produ
from each differential electron flux element in the second
electron spectrum (really a combined degraded primary+ sec-
ondary electron distribution) from the 11 eV threshold for t
Lyman bands to very high electron impact energy (∼500 keV).
These 70 energy-dependent spectra at each altitude are su
to give the emission from each layer. Self-absorption and hy
carbon absorption from the heated model auroral atmosp
determine the attenuation in the UV spectrum from each la
The emerging line spectrum is convolved with the instrum
line spread function. The model is compared with the sp

o-
nd
tral observations for the north composite spectrum (sum of G1
to E11 north spectra) and for the south composite spectrum to
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SPECTROSCOPIC EVIDENCE FOR

determine the average energy input, Qo, to the aurora. The EUVS
spectrum is not sensitive to Eo, the most probable energy fro
the high-energy component of the auroral flux. The lack of s
sitivity arises from the fact that the EUVS spectrum is produ
high above the deposition peak in the auroral atmosphere.

The HUT observation of the Jupiter north polar region
curred on March 9, 1995, near local noon and over the ce
meridian longitude of 186–203◦ and lasted approximately12 hour
(Wolven and Feldman 1998). The observation of the auroral
underfilled the HUT slit (10′′ × 56′′), which was oriented para
lel to the equator. Morrisseyet al. (1997) estimated the angul
size of the auroral region from a set of simultaneous HST w
field planetary camera (WFPC 2) images, to be 4.5× 10−10 sr. It
appears that the entire oval and polar cap regions were visib
the time of observation. The observation occurred at an Ea
Jupiter distance of 5.2 AU. The HUT instrument, part of
Astro-2 observatory on the Space Shuttle Endeavor Miss
is described in detail elsewhere (Kruket al. 1995). The HUT
observations were spectrally unique, since the EUV and F
wavelength regions were measured at ten times higher reso
than the Galileo EUVS (3.0̊A vs 30Å full-width-half-maximum
(FWHM)). This set of data will be shown to constrain botho
and Qo at the time of the observation. In addition to the pre
ously reported hard electron flux of 5–100 keV (Dolset al. 2000,
Traftonet al. 1994, 1998, Kimet al. 1995, 1997, Gladstone an
Skinner, 1989, Ajelloet al. 1998), we use the HUT spectrum
show that a high-altitude soft-electron primary beam is nee
to model the EUV emissions. This HUT data set was previo
modeled with a single-layer slab model (Wolven and Feldm
1998). We present here our analysis of the HUT spectrum
an auroral atmosphere that is constructed on the basis o
roral heating. The Grodentet al. (2000) model of the aurora
atmosphere includes chemical heating and cooling based
two-stream electron energy deposition code and the heat co
tion equation. A multilayered atmosphere distributed by ther
pressure balance and eddy diffusion leads to a more phys
significant description of the auroral source. The previous
model of Wolven and Feldman (1998) did show that the inte
ties from the Werner (v′, v′′ = 1 and 2) progressions from HU
were weaker than the intensity from the model. The upper a
sphere suprathermal enhancement of population v′′ = 1 and 2
and higher levels in the aurora is expected from lifetime con
erations of vibrational transitions (Cravenset al. 1975, Cravens
1987). Vibrationally excited H2 is created in copious quantitie
by slow electron collisions on ground state v′′ = 0 molecules
and by Rydberg state emissions and other processes (Cr
1987, Majeedet al. 1991). Cravens (1987) has shown that
vibrational temperatures of all levels are enhanced above
neutral gas temperature in the aurora. In the region of maxim
deposition for the hard electrons the relative population of
v′ = 1 and 2 levels corresponds to a vibrational temperatur
about twice the gas temperature.
In this paper we analyze and compare two Jupiter auroral d
sets—the Galileo EUVS Prime Mission spectra and the HU
IGH-ALTITUDE AURORA AT JUPITER 153
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ultraviolet spectra from the Astro-2 mission. The data sets s
similar EUV relative intensity spectral characteristics. The b
fit to the spectral intensity is achieved by including two auro
primary distribution functions. The dominant hard electron fl
(5–100 keV) deposits a great deal of energy in the vicinity
the homopause. The emerging emission at the top of the a
sphere, produced near the homopause region, is greatly w
ened by self-absorption. EUV spectra from the stratosphere
completely eliminated by self-absorption and by hydrocarb
absorption. The intensity of bands ending on v′′ = 0 and 1 is
redistributed to longer wavelength bands in the FUV radiat
to higher vibrational levels of the ground state. The additio
energy input of very soft electrons (∼100 eV) serves to heat th
exobase through dissociative processes and excite the Ryd
bands of H2. The excited molecules radiate a nearly optica
thin spectrum, similar in intensity structure to an optically th
electron-excited spectrum of e+ H2 measured in the labora
tory (Joninet al. 2000, Liuet al. 2000). The best-fit models o
the observations estimate Eo, the characteristic energy, and Qo,
the incident energy flux—the two salient auroral characteris
(Stricklandet al. 1993). We then compare the results of the HU
and Galileo observations to results from a laboratory data
Based on the requirements of a low-electron-energy heat so
for the exobase and a high-electron-energy heat source fo
deep aurora penetration we make a case for the importance
sembling a multicomponent primary electron distribution fun
tion. The distribution may provide the distribution of prima
electrons needed to drive the aurora. This extended primary
ergy distribution function (10 eV to 100 keV) in the auror
zone could also be the manifestation of the same type of
tense low-energy electron beams observedin situby the Galileo
PLS (Frank and Patterson 2000). A measured low-energy e
tron distribution can be modified in the inner magnetosphere
field-aligned electric fields to produce the deep aurora.

THE GALILEO EUVS OBSERVATIONS

We show the north and south composite EUVS spectra
Fig. 1. The EUVS successfully acquired signal from the aur
on orbits G1, C3, E4, E6, G7 (south only), C9, and E11 (no
only). Figure 1a shows the observations as a count rate, w
will be compared to a model to give absolute source flux
Figure 1b shows the total counts achieved over the two-y
mission. The composite spectrum consists of 69 s worth of d
in the north and 74 s in the south. The low integration time
consequence of the fact that the EUVS boresight spins thro
the sky with low duty cycle on the aurora. The north and so
spectra are seen to be identical to within 10%. The torus spec
has been previously shown to be weak (maximum count rat
0.5 c/s/channel at 680̊A). Since each observation contains bo
the aurora and the torus, the torus background spectrum in A
et al. (1998) has been subtracted from these spectra. We

ata
T
the 1σ statistical error bars for every tenth wavelength element.
We use the fact that there are on average 2.5 photoelectrons
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FIG. 1. The EUVS north and south composite spectra: (a) the composite spectra as a count rate from 500–1300Å, (b) the composite spectra total counts from
e d level.
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500–1300Å. The 1σerror bars are shown every 20 channels as (+) signs for th

produced per detected photon. The photon statistics are b
than 10% throughout the spectrum. The times of the individ
observations are given in Table I. Six of the eleven orbits yiel
measurable signals on each pole. We show the individual sp
on a per orbit basis in Fig. 2 for the northern aurora and
Fig. 3 for the southern aurora. All of the observations were
the dawn meridian of the planet (incoming trajectory) except
the C9 observation of the dusk sector (outgoing trajectory).
estimated filling factor based on a 200-km wide auroral ova
given in Table I along with the distances from the spacec
to Jupiter and the cosines of the emission angle, both a
center of the observation time. The brightest observed auro
terms of spectral irradiance at the spacecraft in the H2 Rydberg
bands occurred in the north on E11 and in the south on
The spacecraft was the closest to Jupiter for these observa
about 20 Rj. Adding a 1/R2

j correction factor for an underfille
field-of-view indicates all the EUV intensities were within 50
of one another. The composite spectra given in Fig. 1 are b
on the sum of the counts of the individual orbital spectra divid
by the total observation time.

On each orbit the EUVS sampled simultaneously both
main aurora oval and the diffuse polar cap aurora. The m
oval has persistent bright features that can vary in brightnes
a long time scale as noted by Prangeet al. (1998). Globally
averaged variations of a factor of two can be expected
periods of a year or more. The diffuse emissions poleward o
oval also have brightnesses that vary in an image from the
of detection to being nearly as bright as the main oval (Cla

et al. 1996). We see large long-term temporal variations in
averaged north and south aurorae with the Galileo EUVS spec
north and triangles for the south. The dashes are an estimated backgroun
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Thus, the summed north and south EUVS spectra of Tab
presented in Fig. 1 are a low-wavelength-resolution record
the “average” EUV aurora on Jupiter over 1996–1997.

We describe the instrument performance based on the a
mulated Very Local Interstellar Medium (VLISM) cruise ob
servations of He(584̊A) and H Ly α. The observation of the
VLISM for over 106 s during the Earth One encounter in 19
by the Galileo EUVS offered an opportunity to provide an
flight calibration of the instrument transmission function (s
Appendix).

The instrument operation has been described previo
(Ajello et al. 1998). In brief, the EUVS duty cycle for observ
ing the north or south aurora during a complete rotation can
calculated as the 0.17◦ field-of-view (FOV) divided by 360◦ of
rotation angle to equal 4.7× 10−4. This duty cycle is equiv-
alent to an aurora observing time of 1 s for every 30 min of
observing time in the spin–scan mode of operation. Nomin
there is about 10 s of accumulated photon counts on eac
the seven orbits spaced over two years. Actual observation
ration times varied from 4–22 s. Thus the G1 north observa
time of 12.1 s was obtained from 6 h ofobservations on the H2
Rydberg band aurora. The observation times given in Tab
show a small modification from the times given in Ajelloet al.
(1998) for the “Big Four” aurora set of orbits G1–E4. The tim
ing of the observations depended on the orbital period and
orientation of the spacecraft spin axis, since the 0.17× 0.86◦

FOV EUVS is mounted on the spinning rotor section of t
spacecraft. Twenty-four spatial sectors define the area obse
the
tra.
during each spacecraft spin. EUVS measured the Jupiter/torus
system usually on the inbound side of Jupiter periapsis. We list



or
(from

zero
)

8

4

6

9

SPECTROSCOPIC EVIDENCE FOR HIGH-ALTITUDE AURORA AT JUPITER 155

TABLE I
The Galileo EUVS Aurora Observations 1996–1997

Fill factor
µ (%) for

Cosine 200-km Spacecraft Spacecraft Sect
Latitude/ Emission wide Spececraft Day-of-Year/ Day-of-Year/ clock start clock end Observation Record #
longitude angle auroral distance observation observation time time time (flush number

Orbit Location (mid-time) (mid-time) source (RJ) start time end time (RIMS) (RIMS) (seconds) from zero) north

G1 NORTH 58–70N, .24 .77 67.6 96–172/18h52m 96–173/02h07m 3488375 3488806 12.1 31–39 of 101 14
150–220W

G1 SOUTH 76–84S, .17 .53 67.6 96–172/17h51m 96–173/03h08m 3488315 3488866 15.5 30–40 of 101 17, 1
120–270W

C3 NORTH 65–77N, .35 .40 61.7 96–304/08h08m 96–304/13h41m 3675730 3676059 9.3 41–47 of 90 9
60–120W

C3 SOUTH 70–73S, .30 .68 62.8 96–304/04h16m 96–304/15h42m 3675500 3676179 19. 37–49 of 90 13, 1
331–60W

E4 NORTH 54–74N, .47 1.02 55.2 96–347/17h21m 96–348/06h33m 3737516 3738300 22.0 43–57 of 109 11
100–210W

E4 SOUTH 77S, .33 1.02 54.0 96–347/19h25m 96–348/04h32m 3737639 3738180 15.2 45–55 of 109 15, 1
308W

E6 NORTH 66N, .22 3.3 28.8 97–049/10h42m 97–049/14h46m 3833966 3834207 6.8 12–15 of 19 9, 10
310–360W

E6 SOUTH 68S, .26 3.3 28.8 97–049/10h42m 97–049/14h46m 3833966 3834207 6.8 12–15 of 19 18, 1
10–330W

G7 SOUTH 65S, .36 3.8 24.7 97–092/14h44m 97–092/17h20m 3895444 3895599 3.0 24, 25 of 30 15, 16
100–30W

C9 NORTH 69N, .23 4.8 19.8 97–179/16h06m 97–180/00h40m 4019429 4019937 14.3 0–4 of 25 19–21
130–90W

C9 SOUTH 66–72S, .31 4.8 19.8 97–179/16h06m 97–180/00h40m 4019429 4019937 14.3 0–4 of 25 7, 8
130–60W

E11 NORTH 60–70N, .19 4.4 21.4 97–309/11h27m 97–309/13h58m 4204296 4204445 4.2 24–27 of 37 7, 8
240–180W
FIG. 2. The absolute spectral count rates for the six orbits on which the Galileo EUVS observed the northern aurora.
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FIG. 3. The absolute spectral count rates for the six

the aurora/torus data record numbers measured (see Ajelloet al.
1998) with respect to record zero beginning at−9 Rj (Europa
orbit) with respect to Jupiter center and continuing to+9 Rj on
the other side of the orbit. The sector numbers within each re
containing measurable H2 band auroral emission are also liste
The other record numbers contain exclusively torus, H Lyα day-
glow, and/or sky background signal. Extreme intervals rang
from 43 days elapsed time (C3 and E4) to 130 days elapsed
(G1–C3 and C9–E11) occurred between orbit observations

THE MODEL

To our knowledge there has been no previous analysi
Jupiter aurora EUV spectra involving a multilayer model auro
atmosphere. Previous analysis included a thin-slab single
(Wolven and Feldman 1998) and a three-layer model (Aj
et al. 1998). Slab models lead to an average fit that refl
the average atmosphere composition, weighted by percen
of outgoing emission emanating from a given region. Howe
given the fact that the atmosphere is not homogeneous, a
model does not yield or make use of the atmospheric weigh
function. In our work, similar to the work of Dolset al. (2000)
and Pryoret al. (2000) in the FUV, the atmospheric compo
tion and primary electron degradation is explicitly consider
Each atmospheric layer contributes to the emerging spec
by virtue of the interaction of the local secondary electron (p
primary) spectrum with the local H2 density. We choose to us
the same approach to model the EUV spectra as Grodentet al.
(2000) have prescribed for the analysis of HST FUV spectra.
a synthesis of (1) the spectral line H2 Rydberg code
n impact described by Shemansky (1985) and Aje
rbits on which the Galileo EUVS observed the southern aurora.

ord
.

ing
ime

of
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yer
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cts
tage
er,
slab
ing

i-
d.

rum
us

ur

et al. (1984, 1988, 1998), (2) the two-stream electron ene
degradation transport code derived by Waiteet al. (1983, 1988),
and (3) the one-dimensional heat conduction, which include
heating of the atmosphere by the auroral electron precipita
(Grodentet al. 2000). Grodentet al. (2000) recognized that th
thermal constraints placed on the upper atmosphere by th+3
rovibrational temperatures required soft electron impact with
Eo of ∼1 keV to achieve the exospheric temperatures of 7
1300 K. We will show that an even softer electron flux of Eo of
about 0.1 keV is needed to explain the EUV spectrum. Grod
et al. (2000) do not consider heating of the upper atmosph
by protons or ions due to the nondetection of OII or SII lines
the UV. The ion aurora are observed in the X-ray region wh
occur deeper in the atmosphere (Bhardwaj and Gladstone 2

As a starting point we describe the emerging spectrum se
either the Galileo or HUT spacecraft resulting from an incom
distribution of electrons. The emerging integrated intensity
any wavelength is given by

4π Iλ(R)= 10−6
∫ ∞

0
Vλ(z ) exp(−τλ/µ) dz/µ, (1)

where 4π Iλ(R) is the total slant surface brightness in Rayleig
(1 R is a unit of 106 photons/cm2/s into 4π steradians) at the to
of the atmosphere at wavelengthλ. Vλ(z) is the volume emission
rate at any altitude z measured with respect to the bar su
level.µ is the cosine of the emission angle.τλ is the vertical
optical thickness at wavelengthλ between the atmospheric lay
at altitude z and the top of the atmosphere due to the su
llo
effects of self-absorption and hydrocarbon absorption (Ajello
et al. 1998).
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The volume emission rate, Vλ(z) from a spectral line a
wavelengthλ, can be written as

Vλ(z)= gl(z)ωlm(λ)(1− ηl ), (2)

where g1(z) is the excitation rate (excitations per unit volume p
second) at altitude z into an upper state characterized by qua
numbersα, v′, and J′ for the upper electronic state princip
quantum number, the vibrational level quantum number,
the rotational level quantum number, respectively, and den
by index l. The index m refers to the quantum numbersβ, v′′,and
J′′ for the lower electronic, vibrational, and rotational quant
numbers, respectively.ωlm(λ) is the emission branching ratio fo
the transition l→ m at wavelengthλ and is given by

ωlm(λ) = Alm/Al, (3)

where Alm is the Einstein spontaneous transition probabi
from the upper state to a lower state with index m, and A1 is the
total emission transition probability to all lower states. The em
sion branching ratios for the four Rydberg states (B16+u ,B

′16+u ,
C15u, and D15u) observed in the EUV spectra are conside
in the model. The factorη1 is the nonradiative yield of predis
sociation and preionization for the upper state, l (Joninet al.
2000, Liuet al. 2000). The model at the present time does
consider the conservative nature of the self-absorption proc
and as a consequence the model necessarily underestimat
fluorescent emission intensities to v′′ > 1 vibrational for both
the Lyman and Werner bands. This effect may lead to over
mates of auroral energy by∼20% (Wolven and Feldman 1998
However, there is no detectable change in the relative intens
of long wavelength FUV spectra (1100–1650Å) of electron-
excited H2 obtained in the laboratory at foreground abundan
of 1015 cm−2 from laboratory experiments similar to Joninet al.
(2000).

The excitation rate, g1(z), is proportional to the total numbe
of molecules in the initial ground state level, the electron fl
and the excitation cross section. The excitation rate is given

g1(z)=N(z,T)
∫

F(ε, z)

[∑
X

fX(T)QlX (ε)

]
dε, (4)

where N(z, T) is the atmospheric H2 density at altitude z with
a local kinetic temperature T, and fX is the fraction of the H2
molecules in the initial ground vibrational level vi and rotational
level Ji (see notation of Ajelloet al. 1998). The sum extends ov
the fine structure rotational branches for6 and5 transitions.
F(ε, z) is the electron distribution function in flux units at ener
ε and altitude z, QlX (ε) is the fine structure excitation cros
section for a rotational line (or continuum transition) X→ l
for an electron impact collision of energyε given by Liuet al.
(1998). The emission cross sections for all Rydberg states an

16+g valence states have been recently remeasured by Joninet al.
(2000), Liuet al. (1998, 2000), and Dziczeket al. (2000). The EF,
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GK, and H states produce cascade excitation to all vibratio
levels of the B state. The emission cross sections, excita
cross sections, and predissociation yields found in these re
references represent substantial changes from earlier estim
(Ajello et al. 1988, Shemanksyet al. 1985).

The double integral computer model for the emergent EU
spectrum represented by Eq. (1) combined with Eq. (4) was
lowed to sample a wide range of auroral conditions. Two neut
atmosphere models were studied. First, the north equatorial
(NEB) model of Gladstoneet al. (1996) was considered. The
NEB photochemical model distributions of H2, H, He, CH4,
C2H2, and other minor hydrocarbon species were calculated
Gladstoneet al. (1996). The densities of the NEB model hav
been scaled to the Galileo Probe results of Seiffet al. (1998) by
adopting the local effective gravity at 60◦N. This gravitational
change converts the NEB model to a polar model. The refere
altitude was chosen to be the 1 bar level at 60◦N where the ef-
fective acceleration of gravity has increased relative to the lo
gravity at the probe descent location near the equator. We
this polar model the initial atmosphere model for the two-strea
electron energy deposition code. The modeled exospheric t
perature is 940 K, based on H+3 IR spectra (Dolset al. 2000).
By way of altitude reference, Vasavadaet al. (1999) have shown
that the auroral primary electron flux penetrates to the 245-
altitude at a polar model pressure of 4µb. The altitude attained
corresponds to an H2 column density of 3.9× 1020 cm−2. It has
been shown that the primary electron flux requires a charac
istic energy of 25 keV for penetration (Dolset al. 2000). The
auroral electrons heat the atmosphere and modify the tem
ature. The output of the coupled two-stream thermal struct
code produces the final atmosphere to be used in modeling
volume emission rate given by Eq. (2). The diffusive equili
rium model atmosphere code for the final auroral atmosph
gas distribution and the heat conduction equations for the n
temperature profile used in the model in Eq. (2) have been
scribed by Grodentet al. (2000).

We have considered a wide range of incoming electron fl
distribution functions. Using a basic model consisting of
summed kappa distribution function plus a Maxwellian we ha
varied the primary characteristic energy, Emax(2 Emaxis the mean
energy in the electron distribution function), of the Maxwellia
from 1 keV to 100 keV. The selected kappa (κ) distribution has a
κ-spectral index of 2.1 and a characteristic energy, Eκ , of 15 keV.
The electron energy distribution measurements from the EPD
strument, which is responsible for theκ-distributions employed
in the two-stream electron transport models, have sensitivity
electrons from 15 keV to the MeV range. The function form
given by

8 = 8max+8κ, (5)

where
8max=AQmaxE/E
3
maxexp(−E/Emax), (6)
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and

8κ = BQκE/Eκ [1+ E/κEκ ]
−κ−1. (7)

We began the modeling by assuming a Maxwellian ene
flux Qmax= 65 ergs/cm2/s and aκ-flux of Qκ = 20 ergs/cm2/s.
The mean pitch angle is 45◦. The final total energy input is give
by

Qfinal = β(Qmax+Qκ ). (8)

The best-fit regression coefficient,β (near unity), is determined
for each observation from fitting the absolute count rate of H
and Galileo observations to a model of the data, once a fill fa
is determined. The ratio of Maxwellian toκ-energy input is held
constant. In addition, a 3-κ distribution is used for one of th
models. It has a unique character with Eκ = 15 keV (κ = 2.1),
30 keV (κ = 7), and 600 eV (κ = 7), respectively, for each
one of theκ-distributions of the sum. The final energy inp
is given by an expression similar to Eq. (8) with the individu
κ-distributions in a fixed ratio determined by Qκ = 20, 30, and
50 ergs/cm2/s, respectively. We show the initial electron distrib
tion functions for the 25-keV Maxwellian in Fig. 4a, and the 3κ
distribution distribution in Fig. 4b, along with the distribution

at three altitudes in the aurora: 300 km (near the homopause),

electron
tribution.

keV incident Maxwellian summed with a 15-keVκ-distribution
ove.
800 km (in the thermosphere), and 3000 km (in the exosphere).

FIG. 4. (a) The differential flux of downward incoming primary electrons (dash–dot curve) at the top of the atmosphere along with the differential
flux of upward plus downward electrons at 300 km (solid curve), 800 km (dotted curve), and 3000 km (dashed curve) for the 25 keV Maxwellian dis

component. The functional forms have been described ab
(b) The differential flux of downward incoming primary electrons (dash–dot
plus downward electrons at 300 km (solid curve), 800 km (dotted curve), an
ET AL.
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The degradation of the primary electron flux with energy
the atmosphere has been described by Grodentet al. (2000).
Note both initial distributions have the high energy 15-keVκ-tail
measured by EPD (R. Thorne, personal communication, 20
The 25-keV Maxwellian distribution masks the 15-keVκ-tail.
A large number of low-energy secondary electrons are ge
ated at all altitudes in the aurora as the primary electrons s
down. The cross section for ionization is the largest of the l
processes in the Bethe high-energy region. The newly cre
low-energy electrons rapidly react with H2 ambient gas through
excitation, further ionization, and dissociation (Cravens 19
Gerard and Singh 1982). However the loss processes are r
inefficient at high altitudes, since the atmosphere is tenuous
explains the rapid buildup of low-energy electrons at 800
and 3000 km altitude. By 300 km, near the peak in energy de
sition to the atmosphere, the loss processes with the atmosp
are capable of rapidly depopulating all electrons with energ
above 11 eV due to the increased atmospheric density.

We show the important characteristics for each of the
model atmospheres in Fig. 5 (the NEB polar model) and Fi
(two-stream electron transport auroral model). In Fig. 5b
show the initial atmosphere for the major atmospheric com
nents: H2 and CH4. In Fig. 6a the total electron flux is shown a
a function of altitude for the cases of a 3-κ distribution and 25-
curve) at the top of the atmosphere along with the differential electron flux of upward
d 3000 km (dashed curve) for the 3-κ distribution.



e

axwe
SPECTROSCOPIC EVIDENCE FOR HIGH-ALTITUDE AURORA AT JUPITER 159

FIG. 5. The NEB polar model. (a) The total electron energy flux for the 25-keV Maxwellian distribution plus the 15-keVκ-distribution (dashed curve) and th
5-keV Maxwellian distribution plus the 15-keVκ-distribution (solid curve) shown as a function of altitude. (b) (Initial) atmosphere of H2 density (solid curve) and
CH4 density (dashed curve) as a function of altitude. (c) The source function (volume emission rate) as a function of altitude is shown for the 25-keV Mllian
p the 5-keV
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(dashed curve) and the 5-keV Maxwellian (solid curve). Note the double
Maxwellian distribution.

In Fig. 5a the total electron flux is also shown as a function
altitude for the cases of a 5-keV incident Maxwellian distrib
tion summed with a 15-keVκ-distribution and a 25-keV inciden
Maxwellian distribution summed with a 15-keVκ-distribution.
The altitude-dependent product of the electron flux (weigh
with the emission cross section in Eq. (4) and the H2 density
is an important quantity reflecting the volume emission ra
In this regard the volume emission rate of Eq. (2) is shown
both Fig. 5c and Fig. 6c for only the EUV emissions (850–12
Å) from the Rydberg band systems. The 25-keV Maxwelli
electron flux penetrates to 300 km and is completely stop
by 150 km. A single peak in the volume emission rate is o
served for Maxwellian characteristic energies from 15 keV
50 keV, since the very high energy primary beam is compose
a Maxwellian and aκ-distribution, both distributions with sim-
ilar mean energies. The peak in the volume emission rate
the 25-keV Maxwellian occurs very close to 250 km for bo
Fig. 5c and Fig. 6c. The profile for the volume emission ra
for the 5-keV Maxwellian plus energeticκ-flux in Fig. 5c has
two peaks. The 5-keV Maxwellian plus energeticκ-peak volume
emission rate for the NEB polar atmosphere occurs at 480
in Fig. 5. The 15-keVκ-component by itself has a peak volum
emission rate near 190 km. The total electron flux for the

κ distribution shown in Fig. 6a has a predominant energy flu
component of 600 eV. The low-energy 600-eV component
eak in the volume emission rate from the high- and low-energy parts of
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stopped before the homopause and a double peak in the
volume emission rate is found. The two peaks in Fig. 6c
cur at 210 and 870 km, the former from the 15- and 30-k
κ-distribution and the latter from the 600-eVκ-distribution. In-
cident primary beam fluxes with characteristic energies belo
keV will be stopped above the homopause as Fig. 6a indic
for the 600-eVκ-component and serve to heat the thermosph
The smaller the primary energy for the incident primary flux,
higher the altitude location of the peak emission rate. At an
termediate incident primary energy of 10 keV (not shown)
5-keV and 25-keV primary flux the Maxwellian volume em
sion rate peak has decreased in altitude to 290 km and main
the smaller 15-keVκ-distribution volume emission rate pe
near 190 km. At 25-keV incident Maxwellian energy the t
volume emission rate peaks from the 25-keV Maxwellian
the 15-keVκ-distribution merge near 250 km in both Fig.
and Fig. 6c. This column density of H2 is near 5× 1020 cm−2 in
both the atmosphere model cases. The emission profile (FW
is broad,∼110 km (from 210 to 320 km) in Fig. 6c for th
two-stream electron transport auroral model. This profile w
a peak near 250 km seems to duplicate the description o
aurora visible profile from the SSI observations (Vasavadaet al.
1999). For the NEB polar model the halfwidth is less, o

x
is
80 km. The other major difference is that the CH4 column density
has changed dramatically at this same altitude of 250 km with
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FIG. 6. The two-stream electron transport model. (a) The total electron energy flux for the 25-keV Maxwellian distribution plus the 15-keVκ-distribution
(dashed curve) and the 3-κ distribution (solid curve) are shown as a function of altitude. (b) (Final) atmosphere of H2 density (solid curve) and CH4 density (dashed
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curve) as a function of altitude. (c) The source function as a function of altit
curve). Note the double peak in the volume emission rate from the high- a

values of 3.4× 1016 cm−2 for the initial model (NEB polar
model) versus 1.2× 1015 cm−2 for the final model (two-stream
aurora model). Thus, an analysis of an FUV spectrum by the t
stream electron transport aurora model atmosphere will requ
higher primary energy to penetrate to the same hydrocarbon
umn density and match the same FUV color ratio (Livengooet
al. 1990). The secondary plus primary 25-keV electron fluxes
shown in both Fig. 6 for the two-stream electron transport mo
as a function of altitude and Fig. 5 for the NEB polar mod
The cooler exospheric temperature of the NEB polar mode
lows the primary beam to penetrate to a lower altitude. Thi
particularly obvious in the case of a 5-keV Maxwellian. T
two exospheric temperatures differ, with values of 1340 K
the two-stream aurora model and 940 K for the NEB po
model. A comparison of the peak volume emission rates sh
the peak volume emission rate has shifted upward in altit
from 480 km (see Fig. 5c) to 530 km (not shown). The tw
atmospheric models are similar below 250 km. However
400 km the two H2 distributions are divergent by a factor o
10. The hotter two-stream thermal structure model allows
H2 distribution to expand, producing 10 times the H2 density
at 400 km. The two-stream electron transport aurora mode2

distribution density at 400 km is 9.6× 1012 cm−3 with a local ki-
netic temperature of 577 K in contrast to the NEB polar mod

which has a density of 9.6× 1011 cm−3 and a temperature of
464 K (compare Fig. 5b and Fig. 6b).
de is shown for the 25-keV Maxwellian (dashed curve) and the 3-κ distribution (solid
d low-energy component functions of the 3-κ distribution.
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Since we are dealing with the EUV (800–1200Å) portion
of the auroral UV spectrum, there is a large difference betw
the altitude location of the maximum in the volume emiss
rate and the altitude, or layer, producing the maximum in
emerging flux. The effects of both self-absorption and hyd
carbon absorption tend to move the altitude of the emiss
layer, which produces the maximum EUV signal measure
the spacecraft, far above the layer producing the maximum
the ‘red’ region of the FUV (near 1600̊A—see the next section
for a definition of the ‘red’ region). The FUV ‘red’ region has n
significant self-absorption or hydrocarbon absorption. The la
wavelength region tends to have the layer producing the m
imum in the emerging flux signal at the identical altitude w
the maximum in the volume emission rate in the UV. We sh
in Fig. 7 the plot of the count rate contribution to Galileo EUV
from the 3-κ and the 25-keV distributions for the two-strea
aurora model. The maximum contribution to the signal in
EUV arises from the atmospheric layer at 273 km (FWHM=
130 km) at an H2 column density of 4.6× 1020 cm−2 for a
25-keV Maxwellian primary electron beam. The maximum s
nal contribution to the signal in the EUV occurs from the lay
at 1040 km for the 3-κ distribution at an H2 column density
of 7× 1017 cm−2 for the lower primary energy of 600 eV an
255 km for the two higher primary energies. The latter FWH

is exactly 100 km. It is clear that the 245 km altitude of the
sharp visible emission peak observed by SSI (and necessarily
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FIG. 7. The two-stream electron transport model. (a) The emerging spectrum EUV count rate produced at the EUVS from each of the 200 layers that
every 5–20 km from 130–4800 km. The mean layer thickness is 10 km. The 25-keV Maxwellian count rate is shown (dashed curve) with the 3-κ distribution (solid
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curve). (b) The fractional running sum emission is shown as measured fro
(solid curve). (c) The integrated column density of H (solid), H2 (dashed curve)

the ‘red’ region of the FUV [Clarkeet al. 1998, Traftonet al.
1994, 1998, Liu and Dalgarno 1996]) could be explained
∼25 keV characteristic energies for each of the Maxwellian+
kappa distributions composing the primary beam. In addition
softer primary energy component, with a characteristic ene
between 1 keV and 5 keV, will produce a diffuse second
emission high in the thermosphere. At incident energies
low 600 eV a softer primary component will deposit its e
ergy near the exobase. The exobase is located at approxim
2000 km above the 1 bar level for an exospheric temperatur
1340 K. The molecular H2 density and atomic H density from
the two-stream thermal structure model for these two hyd
genic species are the same within a factor of two at the exob
with a value close to 2× 108 cm−3 and a foreground abundanc
of about 6× 1015 cm−2. The column distributions of H, CH4,
and H2 aurora gases are plotted in Fig. 7. We will show th
the EUV spectrum can only be fitted with an auroral mod
that has a contribution from very low-energy electrons bel
∼200 eV.

To fully understand the importance of the EUV portion of th
spectrum we show in Fig. 7 for both the 3-κ and the 25-keV
Maxwellian cases the running sum of the fraction of the EU
radiation from 800–1200̊A from the top of the atmosphere tha

is collected by Galileo or by HUT. The altitudes where the bu
of the EUV radiation arises are dramatically different. The 3κ
m the top-most layer for the 25-keV Maxwellian (dashed) and for the 3-κ distribution
, and CH4 (dotted curve).
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distribution (solid line) has produced 75% of the total emerg
intensity by integrating altitudes above 400 km, whereas
25-keV Maxwellian plus energeticκ-distribution (solid) makes
a 75% contribution for altitudes above 267 km. The 50% le
for the 3-κ distribution is produced for altitudes above 827 k
while for the 25-keV Maxwellian the same level is reached
300 km.

THE ANALYSIS OF THE HUT EUV OBSERVATIONS

The original goal of this paper was solely the evaluation
the Galileo EUVS composite north and south spectra show
Fig. 1. We planned to analyze the observations with the m
given in the previous section. We compared the data and m
using a multiple linear regression analysis technique. The s
general method of least squares was presented in Ajelloet al.
(1998) for the initial three-layer analysis of the Galileo UV
and EUVS observations. The simplest linear regression mo
based on our knowledge of the source of the aurora emis
is composed of two independent physical vectors, which s
together to give the measured spectrum. The first spectral v
is composed of the H2 Rydberg bands, which fill the 80 wave
length channels from 800–1250̊A (EUVS channels 41–120)

lk
-
The second spectral vector is the H Lyα auroral line. The best
measure available for the Galileo EUVS slit function behavior at
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FIG. 8. The Galileo EUVS composite spectrum absolute count rate for the south aurora fitted with a 25-keV Maxwellian plus a 15-keVκ-distribution electron
flux incident upon an auroral atmosphere from a two-stream code. The best fit of the data to the regression model is based upon a linear regression as with
shown for a portion of the Galileo spectrum. Excess EUV emission is seen between
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by
foreground abundances below 5× 10 cm . The laboratory
independent vectors of the H2 Rydberg band and H Lyα. The 1σ error bars are
880 and 980̊A.

H Ly α is the broad Lorentz-like interplanetary H Lyα line (see
the Appendix). The way the H Lyα fills the detector array nea
1215.7Å defines a vector which serves as a surrogate to the H
α line in the aurora (channels 95–120 with peak signal equ
divided between channels 112 and 113 on superpixel 39).
ond, the two interplanetary lines at H Lyα and He 584Å were
used to define a wavelength-dependent slit function (see the
pendix). The fitting requirements are much more stringent in
present regression model than in the earlier three-layer m
since there is only one H2 EUV Rydberg spectrum emergin
from the top of the atmosphere as opposed to the three i
pendent spectra from three layers plus H Lyα in the previous
publication (Ajelloet al. 1998). Thus, there is no fitting adjus
ment possible to the relative intensities to the EUV portion
the spectrum from 800–1100̊A, away from the H Lyα line.

We show in Fig. 8 and Fig. 9 the best-fit regression mod
to the Galileo south composite observations. The atmosph
model is the final auroral atmosphere produced by the t
stream thermal structure code. In Fig. 8 the Maxwellian co
ponent is 25 keV with the energetic EPDκ-distribution, and
in Fig. 9 we use the 3-κ distribution. The best-fit models ar
almost identical. In fact, a total of a dozen models with ch
acteristic energies of Eo varying from 2 to 100 keV were tried
for both the north and the south. The extremes of the chara
istic energies in the models include the 3-kappa distributio
of Fig. 9, which has a strong 600-eV component to a 100-k
characteristic energy. In all the models the fit is quite good

excellent from 1000–1200̊A. However, the region from 850 to
Ly
lly
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ter-
fit
V

1000Å appears to have “excess” emission for all characteri
energies, which is unaccounted for in the model. The prob
is the same for models that make use of the initial NEB po
atmosphere rather than the two-stream electron transport au
atmosphere.

At this point, for further guidance and verification of th
Galileo EUVS auroral spectral behavior, we compared the H
UV observations of the northern aurora (P. Feldman and
Wolven, personal communication, 2000, see also Wolven
Feldman 1998) to the Galileo EUVS observations. We show
Fig. 10 the HUT spectral data degraded to the EUVS resolu
and instrument transmission function. The spectra are nor
ized at 1150Å, a wavelength large enough to preclude se
absorption in the H2 Rydberg bands. In addition, we show wi
similar resolution the optically thin laboratory spectrum of e+
H2 electron-impact-induced fluorescense at 100 eV (Joninet al.
2000). With the same resolution the HUT spectral data disp
similar relative intensities as does the Galileo spectrum fr
1000 to 1200̊A. It is clear from both Fig. 8 and Fig. 9 that a low
resolution model of the HUT observations would also disp
excess emission from 850 to 1000Å, although not as severe a
for the Galileo EUVS. The relative intensity of the optically th
laboratory spectrum (Joninet al. 2000) is dramatically differen
than the relative intensity of the Galileo or HUT aurora spec
The laboratory H2 foreground abundance was 3× 1013 cm−2. A
low-resolution laboratory spectrum remains weakly affected

13 −2
spectrum displays the same effect as the planetary spectra with
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FIG. 9. The Galileo EUVS composite spectrum absolute count rate for the south aurora fitted with a 3-κ distribution electron flux incident upon an auror

atmosphere from a two-stream code. The best fit of the data to a regression model is based upon a linear regression analysis with independent vectors of the H

11
Rydberg band and H Lyα. The 1σ error bars are shown for a portion of the G

considerable excess emission in the EUV from 850 to 1000Å.
The effects of self-absorption in the Rydberg bands are dram

in the Jupiter aurora. The excess auroral EUV emission is nearly

y optically

are based on the transition probabilities and wavelengths
he
optically thin and must arise high in the atmosphere.

FIG. 10. The Galileo EUVS composite spectrum relative count rate for the south aurora compared to the HUT auroral EUV spectrum and a laborator
thin 100-eV spectrum. The HUT and laboratory spectrum have been degraded to the Galileo EUV spectral resolution of 32.6Å FWHM with Lorentzian wings.

of Abgrall et al. (1994, 1999 and references therein). T
The calibrated comparison spectra have been multiplied by the Galileo EU
at 1150Å.
2

alileo spectrum. Excess EUV emission is seen between 880 and 980Å.

atic
We show the H2 Rydberg line v′′ = 0 resonance emission

structure in Fig. 11. The line positions and intensities of Fig.
VS sensitivity to convert to relative count rate. The three spectra have beennormalized
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FIG. 11. Model line spectrum of the resonance bands (v′, 0) of the B16+u → X 16+g ,C15u→ X 16+g ,B′ 16+u → X 16+g , and D15u→ X 16+g band systems

at 300 K and 100 eV without self-absorption. The model is based on the line positions and transition probabilities of Abgrallet al. (1994, 1999) and the electron

2
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is
emission cross sections of Liuet al. (1998).

dominating Rydberg resonance structure arises from the We
bands, whose emission cross sections peak in the 920–10Å
range. The EUV laboratory spectrum used here has been rec
discussed (Joninet al. 2000, Liuet al. 2000).
It is more useful to study the HUT spectrum in its entirety andcomposed of two independent auroral sources. The aurora mul-
y
at full resolution. The HUT data spans both the EUV and FUV.tiple linear regression model includes H2 bands generated b
FIG. 12. The HUT UV spectrum from 850 to 1650̊A fitted with a linear r
auroral atmosphere, (2) a 27-eV optically thin H2 model with 3× 1015 cm2 foreg
rner
0
ntly

It is a unique data set in that the FUV gives information on
characteristic energy and the EUV gives information on the
cation of the high-altitude aurora. We show in Fig. 12 the mo
regression fit to the HUT data. The best-fit model spectrum
egression model that includes (1) a 100-keV Maxwellian and two-stream model
round abundance, and (3) H Lyα.
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FIG. 13. (a) The HUT EUV spectrum from 850 to 1250Å fitted with a linear regression model from Fig. 12. The HUT spectrum and EUV regression m

are normalized near 1180̊A. (b) The HUT FUV spectrum from 1250 to 1650̊A fitted with a linear regression model from Fig. 12. The HUT spectrum and EUV
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regression model are normalized near 1610Å.

two primary Maxwellian sources of electrons, a 100-keV de
Maxwellian aurora summed with the usualκ-function (Eq. (8))
and an optically thin 27-eV low-energy shallow aurora w
foreground abundance of 3× 1015 cm−2.

The color ratio, C, of the FUV, is defined as the ratio of in
grated intensities in the ‘red’ region to the ‘blue’ region of t
FUV.

C= 4π I1556–1619Å/4π I1230–1300Å (9)

is found to be 2.18 for the HUT observation compared to 1.0–
for the approximately 50 Galileo north observations (Ajelloet al.
1998) and a laboratory color ratio of 0.92 for pure H2 gas (Liu
et al. 1998). An extensive number (229) of IUE north au
ral zone observations have been analyzed by Livengoodet al.
(1990), who found a range of color ratio variations from a bit l
than 1 to slightly more than 4. The HUT observation captu
a deep aurora and a strong aurora. The two-stream atmos
requires a primary Maxwellian energy of 100 keV. Using t
NEB polar model (which has more CH4), a lower primary en-
ergy of 40 keV is required to model the HUT data to a sim
degree of accuracy (0.94 correlation coefficient). The root-me
square (RMS) fit is limited by residual Earth airglow emissio
at 1025Å and other weak airglow features found in the sp
trum below 900Å. The low-energy aurora component excit
by the soft electrons is about 16% of the intensity of the total
rora as judged by comparing the intensities in the optically

red region of the FUV spectrum, described above in the co
ratio determination. The deep aurora dominates the FUV sp
ep
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trum. The shallow aurora dominates the EUV spectral region
wavelengths less than 1100Å. The two auroral components con
tribute roughly equal intensity from 1100 to 1300Å. The deep
aurora model employs a vibrational temperature that is twice
gas temperature to explain the enhanced self-absorption
v′′ = 1 and 2. This effect has been observed by Wolven
Feldman (1998) and described by Cravens (1987) and Ma
et al. (1991). Wolven and Feldman have noted the strong eff
of self-absorption near 1054̊A and 1100Å from the C(v′, 1)
and C(v′, 2) rovibronic lines, respectively. We show in Fig. 1
the EUV and FUV regions of the HUT spectrum in an expan
plot to demonstrate the quality of the fit (0.94 correlation
efficient). The two regions have been separately normalize
Fig. 13.

THE ANALYSIS OF THE GALILEO OBSERVATIONS

We now return to the Galileo north and south compo
spectra described earlier. We show in Fig. 14 and Fig. 15
regression model for the south and north composite spe
with the addition of a high-altitude layer from soft electron p
mary energy deposition. The high-altitude layer includes em
sion from both e+ H and e+ H2 excitation with foreground
abundances of 1× 1015 cm−2 and 3× 1015 cm−2, respectively.
The Galileo EUVS observation requires the addition of a sm
amount of emission from the high Rydberg series member
the e+ H Lyman series (n> 4) to achieve best-fit to the exce

lor
ec-
EUV emission. The mixing ratio of H/H2 is highly uncertain in
the neighborhood of the exobase and probably highly variable
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FIG. 14. The Galileo EUVS composite spectrum in units of absolute count rate for the south aurora fitted in linear regression analysis with (1) a 3-κ distribution
electron flux incident upon an auroral atmosphere with an altitude-dependent secondary electron distribution and atmospheric distribution from a two-stream code,
(2) a nearly optically thin H2 Rydberg band spectrum excited by a 27-eV Maxwellian with a 3× 1015cm−2 foreground abundance in H2, (3) an H Lyman series
(n> 2) from e+H excitation with 1× 1015cm−2 foreground abundance in H, and (4) H Lyα from electron impact dissociative excitation of H2 and direct electron
excitation of H. The multiple linear regression model best-fit estimation of the observational data is based upon a linear regression analysis with four independent
vectors just described: (1) the H2 Rydberg band, (2) H2 27-eV nearly optically thin Rydberg band emission, (3) H Lyman series (n> 2), and (4) H Lyα (n= 2).
The 1σ error bars are shown for a portion of the Galileo spectrum.

FIG. 15. The Galileo EUVS composite spectrum in units of absolute count rate for the north aurora fitted in linear regression analysis with (1) a 3-κ distribution
electron flux incident upon an auroral atmosphere with an altitude-dependent secondary electron distribution and atmospheric distribution from a two-stream code,
(2) a nearly optically thin H2 Rydberg band spectrum excited by a 27-eV Maxwellian with a 3× 1015cm−2 foreground abundance, (3) an H Lyman series from e+
H excitation with 1× 1015cm−2 foreground abundance, and (4) H Lyα which is modeled based on the VLISM spectrum. The regression model to the observa

data is based upon a linear regression analysis with four independent vector components just described. The 1σ error bars are shown for a portion of the Galileo
spectrum.
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depending on the ratio of soft/hard electron fluxes. Both soft
hard electrons are very effective in dissociating H2 to create a
flux of chemically reactive H-atoms. A large soft electron ene
flux, Q, could lead to winds in the upper atmosphere and af
the atomic hydrogen density on a global basis. Therefore,
distribution of atomic hydrogen near the exobase is conside
a free parameter since the two-stream transport model doe
include the effect of the transport of atomic hydrogen propo
here (Grodentet al. 2000). Additionally, the chemical model
of the auroral atmosphere are not well established. The qu
of the correlation coefficient is 0.98 in the south and 0.93 in
north. Figure 14 employs the 3-κ distribution in the south and
Fig. 15 uses 3-κ distribution in the north. Both models use th
higher vibrational temperature from the HUT models of the p
vious section. The energy deposition required to model the d
aurora component of the observation in Fig. 14 for the south i
ergs/cm2/s. Similarly, the energy deposition required to mod
the deep aurora component of the observation in Fig. 15 for
north is 75 ergs/cm2/s. The output intensity of the Rydberg ban
in the south and north for the emerging spectrum is near 1.8
in either case for a 200-km-wide oval source. In order to fit
Galileo spectrum, the regression model requires the additio
both a deep and a shallow aurora. In a similar fashion to the H
spectrum, the Galileo composite north and south EUV spe
present spectroscopic evidence for a high-altitude auroral c
ponent. However, fitting the Galileo EUVS spectrum requi
both the e+ H and the e+ H2 sources in the vicinity of the
exobase. Higher primary energies up to 100 keV can be u
for the characteristic energy with a similar degree of accurac
the models. The EUV spectrum by itself is simply not capa
of giving information on the characteristic energy of the de
aurora. For example, we find for 25-keV characteristic prim
energy that the energy input is 61 ergs/cm2/s for the south and
41 ergs/cm2/s for the north with a similar energy emerging i
tensity to the 3-κ distribution and a similar RMS fit in each cas

DISCUSSION

We have presented spectroscopic evidence from both
Galileo EUVS and the HUT EUV+ FUV observations demon
strating that there is a persistent high-altitude aurora in
vicinity of the exobase (∼2000 km above the 1 bar level). Th
evidence supports the interpretations of the high vibrational t
peratures of H+3 by Grodentet al. (2000). Grodentet al. found
that the high exospheric temperatures of H+3 could be maintained
by a soft electron flux. They chose to model the HST obse
tions with an energy of 350 eV for the soft electron compone
The EUV data verify their assertion and indicate that the ch
acteristic energy is even lower,∼20–200 eV. The addition of a
second strong auroral emission source high in the atmosp
serves to explain the observation of strong H+3 fundamental and
overtone IR emissions from high temperature regions ab

the homopause (Kimet al. 1997, Drossartet al. 1993). It was
originally assumed that all the UV emission in the main ov
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came from deep in the atmosphere and that the UV and
sources were separate entities. It is clear that there is no dis
region where the UV emissions occur. Rather they are distrib
throughout the thermosphere starting near the homopause
a peak at 245 km (Vasavadaet al. 1999, Ingersollet al. 1998)
and attaining altitudes of the exobase, near 2000 km. Both
UV spectra and visible SSI photometric images arise from
same source process of electron excitation of H2. A preponder-
ance of the UV emissions results from the deep aurora, w
explains the 200–800 K UV rotational temperatures in the FU
The low-energy precipitation has as a natural result the hea
of the thermosphere. This heating provides a source for the u
atmospheric thermal excess (Emerichet al. 1996). The turbu-
lence created by the low-energy electron precipitation may l
to the low-latitude supersonic velocities of H-atoms as revea
by asymmetric H Lyα line profiles (Emerichet al. 1996, Prange
et al. 1997).

The true measure of the characteristic energy associated
each of the different auroral regions is a model of the individ
FUV spectra that spatially resolve the polar cap and the m
oval. Such spectra will be forthcoming from HST STIS (Spa
Telescope Imaging Spectrograph) and have been obtaine
HST Goddard High Resolution Spectrometer (GHRS) (D
et al. 2000). It is important to point out that the composite sp
tra observed by Galileo EUVS and HUT and analyzed in t
work are a time average and spatial average of the two princ
auroral features—main oval and polar cap. Both the main o
and polar cap are present in each instrument’s field of view.
high-resolution spatial and temporal dependence of auroral m
phology has been clearly depicted by WFPC II and faint ob
camera (FOC) images described by Clarkeet al. (1996, 1998)
and Prangeet al. (1998). It is not possible to say if the low-energ
distribution is associated with only the auroral oval or the po
cap or both. Both the polar cap and auroral oval aurora GH
spectra (Dolset al. 2000) have similar GHRS FUV spectra wit
characteristic energies of 17–40 keV and a color ratio as hig
5.5 in the polar cap. The lower energy component modeled
may be present in both the main oval and polar cap aurora.

We suggest that the electron distribution in the main auro
oval (and/or polar cap) atmosphere can be represented b
least three distinct components: (1) a low-energy tail resemb
a power law from 0.01 to 0.2 keV, (2) a primary Maxwellia
distribution with characteristic energy of 5–100 keV, and (3
high-energy tail in the form of aκ-distribution as measured b
EPD (Mauket al. 1996, 1999) with a characteristic energy
15 keV. This type of distribution has been discussed from a th
retical point of view by Stricklandet al. (1993). The rise in the
population of low-energy electrons below 10 eV, is described
the low-energy tail, and is shown in Fig. 4. This large populat
of very low-energy electrons at all altitudes is caused by the
in energy loss processes with thresholds approximately betw
4 and 10 eV. Above 11 eV, energy loss begins to increase rap
al
from excitation of the large number of singlet and triplet states
of H2. The total loss function peaks near 100 eV from the large
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ionization cross section of H2 (Cravenset al. 1975) and thereafte
continually decreases with increasing electron energy.

This analysis of the Galileo and HUT EUV spectra was
first to include detailed energy loss processes in the aurora
mosphere. The relative intensity distribution of the auroral sp
trum depends on the mix of deep and shallow aurorae. D
aurorae are characterized by an EUV relative intensity that
pends chiefly on the foreground abundance of H2. The emerg-
ing EUV spectrum is independent of depth of penetration
characteristic energies greater than 500 eV. The shallow au
spectra are similar in relative intensity to Saturn where fo
ground abundances of 3× 1015 cm−2 were found (Shemansk
1985, Shemansky and Ajello 1983). The Voyager Saturn spe
also show a sharp peak at 920Å characteristic of e+ H Lyman
series excitation. A similar excess emission at 920Å was found
in the Galileo Jupiter observations. The high order Lyman se
Rydberg transitions are stronger than even the H Lyβ emission
because they remain optically thin at the foreground colu
densities (∼1015 cm−2) present near the exobase.

The importance in accurately knowing the slit filling fact
of the emissions in analyzing the Galileo and HUT sets of E
data is illustrated with the factor of 10 difference in the ene
input to the atmosphere. The pixel spatial resolution of WFP
on the surface of Jupiter is about 380 km. The primary arc o
width of 170–460 km measured by Galileo on G7 would s
gest a smaller fill-factor than the HUT estimate (3.7× 10−11 sr
for a 200-km-wide source [Vasavadaet al. 1999]). On orbit
C3, an SSI photograph also indicated an auroral arc FWHM
270 km in the same range as G7 (Ingersollet al. 1998). How-
ever, another SSI image on C3 indicated a wider auroral
∼1000 km FWHM. The WFPC II image (Morrisseyet al. 1997)
shows an irregular emitting region of varying width, and p
tions of the oval are narrow and unresolved. The emission is
broad where it is very intense. This region fills about half the p
els. On the other hand, using the SSI observation which sh
the width of the dawn terminator region as being approxima
200 km yields an average energy input of∼40–80 ergs/cm2/s.
Thus the HUT observations would have yielded a similar
ergy output to that of Galileo had we used the G7 size crite
for the oval. The WFPC II picture, which is simultaneous w
the HUT spectral observations, yields a 10 times broader au
with an average energy input of∼4 ergs/cm2/s. This energy flux
is also in contradistinction to the Galileo G7 analysis (Pr
et al. 2000), which finds a Qo of 425 ergs/cm2/s. We do however
agree with one of the primary HUT results that the vibratio
temperature is elevated with respect to the kinetic tempera
(Wolven and Feldman 1998). The mechanisms for the pro
tion of vibrationally excited H2 have been discussed by Crave
(1987). Radiative loss by vibrational–rotational transitions
dipole-forbidden. Hence important chemistry is initiated by
brationally excited H2 reactions with H, H2, and H+.

The PLS measurements (Frank and Patterson 2000) of fi

aligned electron beams in the equatorial middle magnetosp
would support a large energy flux of 100 ergs/cm2/s or greater
ET AL.
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conveyed by electrons of 0.1–2 keV, whereas the corresp
ing high-energy EPD measurements (Williamset al. 1999) of
field-aligned electron beams find a much lower energy flux
∼15 ergs/cm2/s for Eo > 15 keV in the vicinity of Io. Based on
this variation in the middle magnetosphere the low-energy e
tron distribution below 15 keV in the 20–30 Rj region may be
very important in exciting the aurora. This energy region from
to 15 keV in the Galileo fields and particles database shoul
a very important region for increasing our understanding of
aurora. The energy flux measured by PLS above 10 keV is
small and of the same order of flux intensity as EPD indica
in the middle magnetosphere near the orbital plane of the s
lites. The flux requirements for the 25-keV deep aurora loca
at 245 km as measured by the combined SSI and UVS/H
results can be reconciled by field-aligned potentials in the
ner magnetosphere. The down-going primary electron beam
may be accelerated in the region of 1 Rj by analogy to that on the
Earth (Akasofu 1991). The upward field-aligned current is
process that produces the strong FUV emissions. The Earth’
rora has similar acceleration processes (Mauk and Meng 19
Upward-going electrons (downward current) may contribute
the optically thin EUV emissions in either or both the main o
and polar cap auroral regions. The upward-going electrons
associated with the ‘black aurora’ on Earth (Carlsonet al. 1998).
The acceleration process, if present, probably begins nea
exobase at the top-side of the ionosphere. Although energy
position on the Earth can attain 10–100 ergs/cm2, the emissions
on Jupiter tend to be 100–1000 times more intense (1 MR
Jupiter compared to 10 kR on Earth). Alternatively, the aur
may be temporally variable and spatially patchy and may re
itively switch from the high-energy particle beams to the stea
drain of hot isotropic plasma sheet ions and electrons from
middle magnetosphere. The observations presented herei
an average over sufficiently long time scales, compared to au
temporal variability, so as to represent an average over both t
of aurorae. Another important point from this analysis is that
color ratio measured in the FUV by a UV spectrometer is an
erage of the spectra from both soft and hard electron auro
Figure 12 indicates that approximately half of the blue int
val (1230–1300Å) HUT integrated intensity in Eq. (9) can b
attributed to the soft electron component. Based on the mo
the color ratio prediction would be close to 4 for an obser
tion of the hard component by itself. The primary high-ene
electron beam would reach column density levels of appr
imately 2× 1017 cm2 in CH4 corresponding to an altitude o
about 200 km (above the 1 bar level in Fig. 7) to account for
color ratio. On the other extreme, clearly spectra were obse
by Galileo that were unaffected by hydrocarbon absorption (m
imum FUV sensitivity in CH4 of 1× 1016 cm2) corresponding to
penetration altitudes above 250 km (Ajelloet al. 1998). These
spectra from shallow aurora were entirely generated by l
energy electrons stopped above the homopause.
hereBased on modeling the HUT spectra, the deposition of 1–
10 ergs/cm2/s of heat energy into an atmospheric region of low
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specific heat capacity near the exobase by the soft elec
needs to be modeled to understand the changes in the
mal structure and global dynamics. SSI has searched fo
high-altitude emissions from acquired images with no succ
(Vasavada, personal communication, 2000). Pryoret al. (2001)
have pointed out that the visible emissions are generally sm
than the FUV emissions by a factor of approximately 50, ren
ing them difficult to observe. The next important step to be
understand the brighter (in the FUV) and deeper aurora from
hard electron distribution is to synthesize the complemen
databases of Galileo EPD and PLS to cover the entire elec
energy range from 1 eV to 1 MeV. A unified electron distributi
function can be used to model the acceleration processes i
inner magnetosphere.

APPENDIX: EUVS TRANSMISSION FUNCTION

The observation of the VLISM by the Galileo EUVS for over 106 s during
the Earth One encounter observation period in 1990 offered an opport
to provide an in-flight calibration of the instrument transmission function.
show in Fig. 16 the long-term measurement and model of the interplan
glow at the multiplet lines He(584.2̊A) and H(1025.7, 1215.7̊A) with a small

FIG. 16. The Galileo EUVS line transmission function (counts per pix
based upon observations of the interplanetary H Lyα and He (584̊A) glow. The

VLISM spectrum is modeled by including emissions from H Lyα, H Ly β, and
the diffuse interstellar background.
IGH-ALTITUDE AURORA AT JUPITER 169

ons
her-
the

ess

ller
er-
ter
the
ary
tron
n
the

nity
e

tary

l)

amount of diffuse scattered star light. The signal in H Lyα amounted to over 3×
106 counts. The transmission function has a trapezoidal core of 32.6Å FWHM
and a peak HM of 0.2̊A. The underlying broad exponential wings are waveleng
dependent. The FWHM of the wings are wavelength dependent varying
96Å at H Ly α to 44Å at He 584Å. Based on the peak to peak separation of H
α to He 584Å the instrument dispersion was reduced by 0.6% from the prefl
value (Hordet al. 1992) from 5.91 to 5.87̊A/ch. The H2 model of Rydberg
lines were convolved with the VLISM-based EUVS transmission function
the preflight calibration (sensitivity in c/s/kR) to give the model count rate
the 126 active pixels. The EUVS was programmed to use 44 superpixels i
Galileo low gain mission (Ajelloet al. 1998). Photon counts were divided equa
among the 2–4 channels composing the superpixel element.
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