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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 A and the HUT
spectrameasured the extreme ultravioletand far ultraviolet (EUV +
FUV) wavelength range 830-1850 A. Both sets of spectra present
evidence of high-altitude, optically thin H, 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 A. The soft electron flux may explain the high temperature
of the upper atmosphere above the homopause as measured from
HZ 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 A) 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 A) 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.  © 2001 Academic Press
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INTRODUCTION

Recent studies of the charged particle environment in tt
Jupiter magnetosphere by the Galileo Energetic Particle Dete
tor (EPD) (Mauket al. 1996, 1999, Williamset al. 1999) and
the Galileo Plasma instrument (PLS) (Frank and Patterson 20(
have served to characterize the behavior of particle sources
Jupiter's aurora. EPD has measured the distribution of higl
energy charged particles (electrons, ions) from 15 keV to abo
1 MeV over the period of the Galileo Prime Mission in 1996
and 1997. The distributions are found to be highly variable i
space and time. Powerful jovian injection substorm events c:
occur at any longitude and local time, but they favor a radial di:
tance of~12 R with a time scale of five minutes to a few hours.
The characteristic primary electron energy, &n change dur-
ing this period from 30 to 100 keV. The electron distribution
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functions based on the Galileo EPD observations in the 18UVS obtain most spectra). The vertical temperature structu
20 R region of the middle magnetosphere can be modeled isydetermined by constraints levied by the following findings
a «-distribution (power law for high energy electrons) with arf1) hydrocarbon thermal IR profiles of 150—400 K in the 0.1 mt
isotropic pitch angle distribution. During Jupiter orbit insertiorf~170 km) to 1ub range (the latter pressure corresponds t
(JOI) PLS measured a large flux of 100 eV-2 keV low energy range from 280 km in the nonauroral polar atmosphere
electrons. The electrons formed afield aligned current with par&i80 km in the auroral polar atmosphere) from Voyager IR spet
cle motions taking place up and down field lines. Electron energy (Drossaret al. 1993), (2) B FUV thermal line profiles taken
fluxes observed for radial distances beyond 5.8rR capable of from high-resolution Hubble Space Telescope (HST) observ:
depositing 9 to 560 ergs/éfs into the Jupiter ionosphere. Thetions of Lyman and Werner band rotational lines yield tempere
low energy flux is found to increase with decreasing energures of 400-850 K (270-650 km) (Liu and Dalgarno 1996
This type of electron flux distribution function can be modeleiirafton et al. 1994, 1998), which are weighted most heavily
by a power law or an exponential function of energy (Stricklanioly emission at the peak of the hard electron deposition, ar
et al. 1993, Tsurutaneét al. 1997). Both distributions, a high- (3) near IR H rotation—vibration overtone and fundamental
energy and alow-energy, are probably effective in producing thands which are modeled by a temperature of 700-1200 K d
aurora. Electron acceleration may take place in inverted-V strdinte a pressure range between theldar and 0.1 nb level (400—
tures when field-aligned currents exceed critical values (NewD00 km) (Kimet al. 1998, Drossast al. 1993, Lanetal. 1997,
etal 1991). However, the altitude for peak emission is quite diRerryet al 1999).
ferent for these two types of aurora. Over the wavelength rangeThe Galileo EUVS observations discussed here were obtain
of the Galileo Extreme Ultraviolet Spectrometer (EUVS), th&tom 1996 to 1997 during the Prime Mission 11-orbit satellite
column-integrated emerging H Lyman series andRydberg tour G1-E11. The UV subsystem on the Galileo orbiter consist
band spectrum is produced over a wide range of altitudes bf/two separate spectrometers (Hatlal 1992). The EUVS
both distributions. The EUV resonance band spectrum (transieasures radiation from 540-128@nd is on the spinning sec-
tions ending in ¥ = 0) between 800 and 1108 is severely tion of the spacecraft. The UVS is mounted on the scan platfor
attenuated below 2000 km altitude (altitudes are referencedatod operates from 1130 to 4320 The EUVS acquired aurora
the 1 bar level) in the exobase region by column densities dédta from Jupiter as the slit aligned with the ecliptic plane drifte
H, exceeding 18 cm=2. Deeper in the atmosphere vibrationahcross the dawn terminator central meridian longitude during o
bands of H with v/ = 1 can also be trapped. The bands endirgjits G1 through E11. We have recently reported results on tt
inv” = 1 escape the jovian atmosphere with large intensity, onUVS and UVS observations of the Galileo aurora (Ajelial.
if produced above the homopause high in the atmosphere atl@&98, Pryoet al. 1998, 2000, Jamex al. 1998). In the only pre-
altitude above 400 km (Ajellet al. 1998, Wolven and Feldman vious analysis of the Galileo EUVS observations we used a sl
1998). The penetration to different column densities efdy model (a layer of emitting gas overlaid with an absorbing gas) t
a combined soft and hard electron distribution will produce fié the EUVS spectral data (Ajellet al. 1998). Many improve-
highly variable combined EUV and FUV spectrum. ments to the initial approach are considered here. First, we us
A two-stream electron transport model, recently developé&go-stream electrontransport code coupled to a one-dimensiol
by Grodentet al. (2000), is used in the analysis of the Galileéhermal and composition structure code to determine the altitut
and HUT data presented here. Grodenéal. (2000) have syn- of Jupiter's auroral atmosphere (Grodettal. 2000). The at-
thesized the multispectral vertical structure information to placeosphere is divided into 200 layers of vertical extent 5-20 kr
constraints on the equilibrium atmosphere produced by the d&tem 0-4000 km altitude. The emission emerging at the to
roral heating, an identical approach to the thermal model chogefrthe atmosphere from every layer is added together to for
here. The constraints in the model arise from a host of recentnodel emission spectrum. Model line spectra are generat
remote sensing anith situ observations. Thé situ observa- for molecular hydrogen for the thermodynamic conditions a
tions were already mentioned. Remote sensing images in the B&th layer. Within each layer a model line spectrum is produce
(Prangest al. 1997, 1998, Clarket al. 1998), visible (Ingersoll from each differential electron flux element in the secondar
et al. 1998, Vasavadat al. 1999) and IR (Drossadt al. 1993, electron spectrum (really a combined degraded prirrasgc-
Kim et al. 1998) aurora made with high spatial resolution canendary electron distribution) from the 11 eV threshold for the
eras reveal the morphological details of the connection betwdgman bands to very high electron impact energp00 keV).
the planet’s magnetosphere and upper atmosphere in the aurdhese 70 energy-dependent spectra at each altitude are sumtr
oval region. The mean dimensions of the main aurora oval acegive the emission from each layer. Self-absorption and hydrt
found from the Galileo solid state imaging (SSI) observatiort@rbon absorption from the heated model auroral atmosphe
(Vasavadaet al. 1999) to exhibit the following characteristics:determine the attenuation in the UV spectrum from each laye
(1) a vertical extent of 128 30 km with a maximum intensity at The emerging line spectrum is convolved with the instrumer
245+ 30kmabove the limb and (2) a horizontal width that varidine spread function. The model is compared with the spec
from 170-1000 km (narrowest in the form of a thin arc near Idral observations for the north composite spectrum (sum of C
cal dawn when the Galileo Ultraviolet Spectrometer (UVS) artd E11 north spectra) and for the south composite spectrum
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determine the average energy inpu, 1@ the aurora. The EUVS ultraviolet spectra from the Astro-2 mission. The data sets shc
spectrum is not sensitive ta,Fhe most probable energy fromsimilar EUV relative intensity spectral characteristics. The be:
the high-energy component of the auroral flux. The lack of sefit-to the spectral intensity is achieved by including two aurore
sitivity arises from the fact that the EUVS spectrum is produceqdimary distribution functions. The dominant hard electron flu;
high above the deposition peak in the auroral atmosphere. (5-100 keV) deposits a great deal of energy in the vicinity ¢
The HUT observation of the Jupiter north polar region odhe homopause. The emerging emission at the top of the atn
curred on March 9, 1995, near local noon and over the centsphere, produced near the homopause region, is greatly we
meridian longitude of 186—20&nd lasted approximategynour ened by self-absorption. EUV spectra from the stratosphere ¢
(Wolven and Feldman 1998). The observation of the auroral owampletely eliminated by self-absorption and by hydrocarbo
underfilled the HUT slit (10 x 56”), which was oriented paral- absorption. The intensity of bands ending dn=v0 and 1 is
lel to the equator. Morrissest al. (1997) estimated the angularredistributed to longer wavelength bands in the FUV radiatin
size of the auroral region from a set of simultaneous HST wide higher vibrational levels of the ground state. The additions
field planetary camera (WFPC 2) images, to x4 10~ %sr. It energy input of very soft electrons- 00 eV) serves to heat the
appears that the entire oval and polar cap regions were visibleabbase through dissociative processes and excite the Rydb
the time of observation. The observation occurred at an Eartbands of H. The excited molecules radiate a nearly optically
Jupiter distance of 5.2 AU. The HUT instrument, part of ththin spectrum, similar in intensity structure to an optically thir
Astro-2 observatory on the Space Shuttle Endeavor Missialectron-excited spectrum of £ H, measured in the labora-
is described in detail elsewhere (Krek al. 1995). The HUT tory (Joninet al. 2000, Liuet al. 2000). The best-fit models of
observations were spectrally unique, since the EUV and FUNe observations estimatg,Ehe characteristic energy, and,Q
wavelength regions were measured atten times higher resolutioa incident energy flux—the two salient auroral characteristic
thanthe Galileo EUVS (BA vs 30A full-width-half-maximum (Stricklandet al. 1993). We then compare the results of the HU
(FWHM)). This set of data will be shown to constrain both Eand Galileo observations to results from a laboratory data st
and Q at the time of the observation. In addition to the previBased on the requirements of a low-electron-energy heat sou
ously reported hard electron flux of 5-100 keV (Delsl. 2000, for the exobase and a high-electron-energy heat source for |
Traftonet al. 1994, 1998, Kinet al. 1995, 1997, Gladstone anddeep aurora penetration we make a case for the importance of
Skinner, 1989, Ajelleet al. 1998), we use the HUT spectrum tosembling a multicomponent primary electron distribution func
show that a high-altitude soft-electron primary beam is needtdn. The distribution may provide the distribution of primary
to model the EUV emissions. This HUT data set was previousiyectrons needed to drive the aurora. This extended primary e
modeled with a single-layer slab model (Wolven and Feldmamgy distribution function (10 eV to 100 keV) in the auroral
1998). We present here our analysis of the HUT spectrum witbne could also be the manifestation of the same type of i
an auroral atmosphere that is constructed on the basis of sanse low-energy electron beams obseimegitu by the Galileo
roral heating. The Grodert al. (2000) model of the auroral PLS (Frank and Patterson 2000). A measured low-energy ele
atmosphere includes chemical heating and cooling based aimom distribution can be modified in the inner magnetosphere |
two-stream electron energy deposition code and the heat condield-aligned electric fields to produce the deep aurora.
tion equation. A multilayered atmosphere distributed by thermal
pressure balance and eddy diffusion leads to a more physically THE GALILEO EUVS OBSERVATIONS
significant description of the auroral source. The previous slab
model of Wolven and Feldman (1998) did show that the intensi-We show the north and south composite EUVS spectra
ties from the Werner (vyv” = 1 and 2) progressions from HUT Fig. 1. The EUVS successfully acquired signal from the aurot
were weaker than the intensity from the model. The upper atmam orbits G1, C3, E4, E6, G7 (south only), C9, and E11 (nort
sphere suprathermal enhancement of populatioat and 2 only). Figure 1a shows the observations as a count rate, whi
and higher levels in the aurora is expected from lifetime considill be compared to a model to give absolute source fluxe
erations of vibrational transitions (Cravesisal. 1975, Cravens Figure 1b shows the total counts achieved over the two-ye
1987). Vibrationally excited Klis created in copious quantitiesmission. The composite spectrum consists of 69 s worth of dz
by slow electron collisions on ground staté= 0 molecules in the north and 74 s in the south. The low integration time is
and by Rydberg state emissions and other processes (Crawamsequence of the fact that the EUVS boresight spins throu
1987, Majeeckt al. 1991). Cravens (1987) has shown that thihe sky with low duty cycle on the aurora. The north and sout
vibrational temperatures of all levels are enhanced above #pectraare seento beidentical to within 10%. The torus spectrt
neutral gas temperature in the aurora. In the region of maximuras been previously shown to be weak (maximum count rate
deposition for the hard electrons the relative population of ti@e5 c/s/channel at 68@) Since each observation contains bott
V' =1 and 2 levels corresponds to a vibrational temperaturetbf aurora and the torus, the torus background spectrumin Aje
about twice the gas temperature. et al. (1998) has been subtracted from these spectra. We p
In this paper we analyze and compare two Jupiter auroral déte 1o statistical error bars for every tenth wavelength elemen
sets—the Galileo EUVS Prime Mission spectra and the HUWNe use the fact that there are on average 2.5 photoelectrc
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FIG.1. The EUVS north and south composite spectra: (a) the composite spectra as a count rate from 529095@36@ composite spectra total counts from
500-1300A. The loerror bars are shown every 20 channelsfgsgigns for the north and triangles for the south. The dashes are an estimated background I

produced per detected photon. The photon statistics are befteus, the summed north and south EUVS spectra of Table
than 10% throughout the spectrum. The times of the individuatesented in Fig. 1 are a low-wavelength-resolution record ¢
observations are given in Table I. Six of the eleven orbits yieldéoe “average” EUV aurora on Jupiter over 1996-1997.
measurable signals on each pole. We show the individual spectrélVe describe the instrument performance based on the acc
on a per orbit basis in Fig. 2 for the northern aurora and mulated Very Local Interstellar Medium (VLISM) cruise ob-
Fig. 3 for the southern aurora. All of the observations were servations of He(584\) and H Ly «. The observation of the
the dawn meridian of the planet (incoming trajectory) except fLISM for over 1 s during the Earth One encounter in 1990
the C9 observation of the dusk sector (outgoing trajectory). Thg the Galileo EUVS offered an opportunity to provide an in-
estimated filling factor based on a 200-km wide auroral oval fight calibration of the instrument transmission function (set
given in Table | along with the distances from the spacecrafppendix).
to Jupiter and the cosines of the emission angle, both at thélhe instrument operation has been described previous
center of the observation time. The brightest observed aurorgAqello et al. 1998). In brief, the EUVS duty cycle for observ-
terms of spectral irradiance at the spacecraft in th®tberg ing the north or south aurora during a complete rotation can t
bands occurred in the north on E11 and in the south on Glculated as the 0.1T7ield-of-view (FOV) divided by 360 of
The spacecraft was the closest to Jupiter for these observatisogtion angle to equal.? x 107, This duty cycle is equiv-
about 20 R Adding a ¥R? correction factor for an underfilled alent to an aurora observing timé b s for every 30 min of
field-of-view indicates all the EUV intensities were within 50%observing time in the spin—scan mode of operation. Nominall
of one another. The composite spectra given in Fig. 1 are basleere is about 10 s of accumulated photon counts on each
on the sum of the counts of the individual orbital spectra dividgtle seven orbits spaced over two years. Actual observation d
by the total observation time. ration times varied from 4-22 s. Thus the G1 north observatic
On each orbit the EUVS sampled simultaneously both thiene of 12.1 s was obtained fmo6 h ofobservations on the H
main aurora oval and the diffuse polar cap aurora. The mdRydberg band aurora. The observation times given in Table
oval has persistent bright features that can vary in brightnesssttow a small modification from the times given in Ajedibal.
a long time scale as noted by Prangteal. (1998). Globally (1998) for the “Big Four” aurora set of orbits G1-E4. The tim-
averaged variations of a factor of two can be expected ovag of the observations depended on the orbital period and tl
periods of a year or more. The diffuse emissions poleward of thdentation of the spacecraft spin axis, since tht/ 0.86°
oval also have brightnesses that vary in an image from the lirfilOV EUVS is mounted on the spinning rotor section of the
of detection to being nearly as bright as the main oval (Clarlspacecraft. Twenty-four spatial sectors define the area obsen
et al. 1996). We see large long-term temporal variations in thtring each spacecraft spin. EUVS measured the Jupiter/tor
averaged north and south aurorae with the Galileo EUVS spectgstem usually on the inbound side of Jupiter periapsis. We li
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TABLE |
The Galileo EUVS Aurora Observations 1996-1997
Fill factor
n (%) for
Cosine 200-km Spacecraft Spacecraft Sector
Latitude/  Emission wide  Spececraft Day-of-Year/  Day-of-Year/ clock start clock end Observation Record # (f
longitude angle auroral  distance observation observation time time time (flush number  ze
Orbit Location (mid-time) (mid-time) source R start time end time (RIMS)  (RIMS) (seconds) fromzero) north)
Gl NORTH 58-70N, .24 a7 67.6  96-172068™ 96-173/0207™ 3488375 3488806 121 31-390f101 14
150-220W
Gl SOUTH 76-84S, 17 .53 67.6  96-1721I" 96-173/0808™ 3488315 3488866 155 30-400f 101 17,18
120-270W
C3 NORTH 65-77N, .35 .40 61.7  96-304708™ 96-304/1841™ 3675730 3676059 9.3 41-47 of 90 9
60-120W
C3 SOUTH 70-73S, .30 .68 62.8  96-304108" 96-304/1842™ 3675500 3676179 19. 37-490f90 13,14
331-60W
E4 NORTH 54-74N, A7 1.02 55.2  96-34712T™ 96-348/0833™ 3737516 3738300 22.0 43-570f109 11
100-210W
E4 SOUTH 77S, .33 1.02 540 96-347729™ 96-348/0432™ 3737639 3738180 15.2 45-550f 109 15, 16
308W
E6 NORTH 66N, .22 33 28.8  97-049/UP™ 97-049/1446™ 3833966 3834207 6.8 12-150f19 9,10
310-360W
E6 SOUTH 68S, .26 33 28.8  97-049M4Q™ 97-049/1446™ 3833966 3834207 6.8 12-150f19 18,19
10-330W
G7 SOUTH 65S, .36 3.8 247  97-092134™ 97-092/1720™ 3895444 3895599 3.0 24,250f30 15,16
100-30W
C9 NORTH 69N, .23 438 19.8  97-179M0B™ 97-180/0040™ 4019429 4019937 143 0-4 of 25 19-21
130-90W
C9 SOUTH 66-72S, 31 4.8 19.8  97-179106" 97-180/0040™ 4019429 4019937 143 0-4 of 25 7,8
130-60W
E11 NORTH 60-70N, .19 4.4 214 97-309727™ 97-309/1858™ 4204296 4204445 4.2 24-27 of 37 7,8
240-180W
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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 orbits on which the Galileo EUVS observed the southern aurora.

the aurora/torus data record numbers measured (see &fello et al. (1984, 1988, 1998), (2) the two-stream electron energ
1998) with respect to record zero beginning-#t R, (Europa degradation transport code derived by Waital. (1983, 1988),
orbit) with respect to Jupiter center and continuingt®R; on  and (3) the one-dimensional heat conduction, which includes
the other side of the orbit. The sector numbers within each recdrelating of the atmosphere by the auroral electron precipitatic
containing measurableHband auroral emission are also listed(Grodentet al. 2000). Grodenét al. (2000) recognized that the
The other record numbers contain exclusively torus, It day-  thermal constraints placed on the upper atmosphere by fhe |
glow, and/or sky background signal. Extreme intervals rangimgvibrational temperatures required soft electron impact with a
from 43 days elapsed time (C3 and E4) to 130 days elapsed tieof ~1 keV to achieve the exospheric temperatures of 700
(G1-C3 and C9-E11) occurred between orbit observations. 1300 K. We will show that an even softer electron flux gfdE
about 0.1 keV is needed to explain the EUV spectrum. Grode
et al. (2000) do not consider heating of the upper atmosphe
by protons or ions due to the nondetection of Oll or Sl lines ir

To our knowledge there has been no previous analysistB{B UV. The ic_)n aurora are observed in th? X-ray region whic
Jupiter aurora EUV spectra involving a multilayer model aurorQfFcyur deepgr In thg atmosphere (Bhardwaj e_md Gladstone 200
atmosphere. Previous analysis included a thin-slab single IayeﬁS a startm_g pointwe describe the emerging spectrgm Seen
(Wolven and Feldman 1998) and a three-layer model (Ajel _t e_rth_e Galileo or HUT spacecrait r_esu!tmgfrom an incomin(
et al 1998). Slab models lead to an average fit that refle EStr'bUt'on of el_ectr.ons. The emerging integrated intensity ¢
the average atmosphere composition, weighted by percent38¥ wavelength is given by
of outgoing emission emanating from a given region. However, .
given the fact thqt the atmosphere is not homogen.eous', a §Iab 471,(R) = 10—6/ V,(2) explt, /) dz/u, (1)
model does not yield or make use of the atmospheric weighting 0
function. In our work, similar to the work of Dolst al. (2000)
and Pryoret al. (2000) in the FUV, the atmospheric composiwhere 41, (R) is the total slant surface brightness in Rayleigh:
tion and primary electron degradation is explicitly considere@l R is a unit of 16 photons/cri¥s into 47 steradians) at the top
Each atmospheric layer contributes to the emerging spectrofithe atmosphere at wavelengthV; (z) is the volume emission
by virtue of the interaction of the local secondary electron (pluate at any altitude z measured with respect to the bar surfa
primary) spectrum with the local Hlensity. We choose to uselevel. i is the cosine of the emission angle. is the vertical
the same approach to model the EUV spectra as Grazlealt optical thickness at wavelengttbetween the atmospheric layer
(2000) have prescribed for the analysis of HST FUV spectra. Catr altitude z and the top of the atmosphere due to the sum
model is a synthesis of (1) the spectral ling Rydberg code effects of self-absorption and hydrocarbon absorption (Ajell
for electron impact described by Shemansky (1985) and Ajekat al. 1998).

THE MODEL
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The volume emission rate,;{z) from a spectral line at GK, and H states produce cascade excitation to all vibration

wavelengthy, can be written as levels of the B state. The emission cross sections, excitati
cross sections, and predissociation yields found in these rec
V;.(2) = 91(2) om(X) (1 — ny), (2) references represent substantial changes from earlier estime

(Ajello et al. 1988, Shemanksst al. 1985).

where g(z) is the excitation rate (excitations per unit volume per The double integral computer model for the emergent EU'
second) ataltitude zinto an upper state characterized by quanspactrum represented by Eq. (1) combined with Eq. (4) was ¢
numbersw, V', and J for the upper electronic state principallowed to sample a wide range of auroral conditions. Two neutr
guantum number, the vibrational level quantum number, aatmosphere models were studied. First, the north equatorial b
the rotational level quantum number, respectively, and denot@tEB) model of Gladstonet al. (1996) was considered. The
by index|. The index mrefersto the quantum numbgeng’, and NEB photochemical model distributions of,HH, He, CH,

J' for the lower electronic, vibrational, and rotational quantur@,H,, and other minor hydrocarbon species were calculated |
numbers, respectivelymn (1) is the emission branching ratio forGladstoneet al. (1996). The densities of the NEB model have

the transition > m at wavelengti. and is given by been scaled to the Galileo Probe results of Ssiil. (1998) by
adopting the local effective gravity at 89. This gravitational
om(A) = Am/A, (3) change converts the NEB model to a polar model. The referen

altitude was chosen to be the 1 bar level atN@here the ef-
where An, is the Einstein spontaneous transition probabilitfective acceleration of gravity has increased relative to the loc
from the upper state to a lower state with index m, andsAhe gravity at the probe descent location near the equator. We ¢
total emission transition probability to all lower states. The emighis polar model the initial atmosphere model for the two-streal
sion branching ratios for the four Rydberg state®{8, B''s;F,  electron energy deposition code. The modeled exospheric te
C'r1y, and DH1,) observed in the EUV spectra are consideregerature is 940 K, based omgHR spectra (Dolst al. 2000).
in the model. The facton; is the nonradiative yield of predis- By way of altitude reference, Vasavagial. (1999) have shown
sociation and preionization for the upper state, | (Jagtiml. that the auroral primary electron flux penetrates to the 245-k
2000, Liuet al. 2000). The model at the present time does nattitude at a polar model pressure ofi#b. The altitude attained
consider the conservative nature of the self-absorption processresponds to angtolumn density of D x 10?°°cm2. It has
and as a consequence the model necessarily underestimatebelke shown that the primary electron flux requires a charact
fluorescent emission intensities t6 » 1 vibrational for both istic energy of 25 keV for penetration (Dot al. 2000). The
the Lyman and Werner bands. This effect may lead to overestisroral electrons heat the atmosphere and modify the temp
mates of auroral energy by20% (Wolven and Feldman 1998).ature. The output of the coupled two-stream thermal structu
However, there is no detectable change in the relative intensiteesie produces the final atmosphere to be used in modeling 1
of long wavelength FUV spectra (1100-16B) of electron- volume emission rate given by Eg. (2). The diffusive equilib
excited B obtained in the laboratory at foreground abundanceésim model atmosphere code for the final auroral atmosphe
of 10 cm~2 from laboratory experiments similar to Jomital. gas distribution and the heat conduction equations for the ne
(2000). temperature profile used in the model in Eq. (2) have been 0
The excitation rate, §z), is proportional to the total numberscribed by Grodergt al. (2000).
of molecules in the initial ground state level, the electron flux, We have considered a wide range of incoming electron flu
and the excitation cross section. The excitation rate is given Bistribution functions. Using a basic model consisting of :
summed kappa distribution function plus a Maxwellian we hav
varied the primary characteristic energy,&(2 Enaxis the mean
%(2)=N(z, T)f Fe, Z)[Z fx(T)Qix (9)} de,  (4) energy in the electron distribution function), of the Maxwelliar
X from 1 keV to 100 keV. The selected kappa distribution has a
where N(z, T) is the atmospheric, Hensity at altitude z with x-spectral index of2.1_an.d apharactensﬂcenergyoEIS kev. :
a local kinetic temperature T, ang fs the fraction of the bl The electron gne_rgydlstr|bqt|on measu_remen.ts fromthe EPDI
strument, which is responsible for thedistributions employed

molecules in the initial ground vibrational leveland rotational T
level J (see notation of Ajell@t al. 1998). The sum extends over" the two-stream electron iransport models, have sensitivity

the fine structure rotational branches randIT transitions. e!ectrons from 15 keV 10 the MeV range. The function form is
F(e, z) is the electron distribution function in flux units at energ9'ven by

¢ and altitude z, Q(e) is the fine structure excitation cross

section for a rotational line (or continuum transition)-X | @ = Pmax+ Py, (%)
for an electron impact collision of energygiven by Liuet al.

(1998). The emission cross sections for all Rydberg states andv#rere

1.+ valence states have been recently remeasured byédiaalin

(2000), Liuetal. (1998, 2000), and Dziczedt al. (2000). The EF, P max=AQmaxE/E2 . eXP(E/E 0. (6)

max
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and The degradation of the primary electron flux with energy ir
the atmosphere has been described by Grodeat (2000).
®, = BQ.E/E [1 +E/kE] 1. (7) Note bothinitial distributions have the high energy 15-ketil
measured by EPD (R. Thorne, personal communication, 200(
We began the modeling by assuming a Maxwellian energye 25-keV Maxwellian distribution masks the 15-keMail.
flux Qmax = 65 ergs/cris and ac-flux of Q, = 20 ergs/criys. A large number of low-energy secondary electrons are gene
The mean pitch angle is 45T he final total energy input is given ated at all altitudes in the aurora as the primary electrons slc
by down. The cross section for ionization is the largest of the los
processes in the Bethe high-energy region. The newly creat
Qiinal = B(Qmax + Q). (8) low-energy electrons rapidly react withp ldmbient gas through
excitation, further ionization, and dissociation (Cravens 198
The best-fit regression coefficiegt(near unity), is determined Gerard and Singh 1982). However the loss processes are rat
for each observation from fitting the absolute count rate of HUefficient at high altitudes, since the atmosphere is tenuous a
and Galileo observations to a model of the data, once afill facexplains the rapid buildup of low-energy electrons at 800 kn
is determined. The ratio of Maxwellian teenergy inputis held and 3000 km altitude. By 300 km, near the peak in energy dep
constant. In addition, a 8-distribution is used for one of the sition to the atmosphere, the loss processes with the atmosph
models. It has a unique character with£ 15 keV (¢ = 2.1), are capable of rapidly depopulating all electrons with energie
30 keV  =7), and 600 eV £ = 7), respectively, for each above 11 eV due to the increased atmospheric density.
one of thex-distributions of the sum. The final energy input We show the important characteristics for each of the tw
is given by an expression similar to Eq. (8) with the individuahodel atmospheres in Fig. 5 (the NEB polar model) and Fig.
k-distributions in a fixed ratio determined by, & 20, 30, and (two-stream electron transport auroral model). In Fig. 5b w
50 ergs/cris, respectively. We show the initial electron distribushow the initial atmosphere for the major atmospheric comp
tion functions for the 25-keV Maxwellian in Fig. 4a, and the 3- nents: H and CH,. In Fig. 6a the total electron flux is shown as
distribution distribution in Fig. 4b, along with the distributionsa function of altitude for the cases of acHistribution and 25-
at three altitudes in the aurora: 300 km (near the homopauday incident Maxwellian summed with a 15-keMdistribution
800 km (in the thermosphere), and 3000 km (in the exospheredmponent. The functional forms have been described abov

100 — T — T T

’/
Lot T Ll Ll

100 10? 102 108 104 10° 108
Energy (eV)

1070 — T —

L4t
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FIG. 4. (a) The differential flux of downward incoming primary electrons (dash—dot curve) at the top of the atmosphere along with the differential ele
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 distrik
(b) The differential flux of downward incoming primary electrons (dash—dot curve) at the top of the atmosphere along with the differential exeatrgowiard
plus downward electrons at 300 km (solid curve), 800 km (dotted curve), and 3000 km (dashed curve) fodth&iBution.
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FIG.5. The NEB polar model. (a) The total electron energy flux for the 25-keV Maxwellian distribution plus the 156-distfibution (dashed curve) and the
5-keV Maxwellian distribution plus the 15-ketdistribution (solid curve) shown as a function of altitude. (b) (Initial) atmosphere afgtsity (solid curve) and
CH,4 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-k&hMax
(dashed curve) and the 5-keV Maxwellian (solid curve). Note the double peak in the volume emission rate from the high- and low-energy parts of th
Maxwellian distribution.

In Fig. 5a the total electron flux is also shown as a function sfopped before the homopause and a double peak in the EL
altitude for the cases of a 5-keV incident Maxwellian distribuolume emission rate is found. The two peaks in Fig. 6¢ oc
tion summed with a 15-ke¥distribution and a 25-keV incident cur at 210 and 870 km, the former from the 15- and 30-ke
Maxwellian distribution summed with a 15-ke¥distribution. «-distribution and the latter from the 600-eMlistribution. In-
The altitude-dependent product of the electron flux (weighteilent primary beam fluxes with characteristic energies below
with the emission cross section in Eq. (4) and theddnsity keV will be stopped above the homopause as Fig. 6a indicat
is an important quantity reflecting the volume emission ratéar the 600-e\iki-component and serve to heat the thermospher
In this regard the volume emission rate of Eq. (2) is shown iFhe smaller the primary energy for the incident primary flux, th
both Fig. 5¢c and Fig. 6¢ for only the EUV emissions (850—-120figher the altitude location of the peak emission rate. At an ir
A) from the Rydberg band systems. The 25-keV Maxwelliatermediate incident primary energy of 10 keV (not shown) to
electron flux penetrates to 300 km and is completely stoppBéekeV and 25-keV primary flux the Maxwellian volume emis-
by 150 km. A single peak in the volume emission rate is olsion rate peak has decreased in altitude to 290 km and mainta
served for Maxwellian characteristic energies from 15 keV tihe smaller 15-keVk-distribution volume emission rate peak
50 keV, since the very high energy primary beam is composedrafar 190 km. At 25-keV incident Maxwellian energy the twc
a Maxwellian and a-distribution, both distributions with sim- volume emission rate peaks from the 25-keV Maxwellian an
ilar mean energies. The peak in the volume emission rate toe 15-keVk-distribution merge near 250 km in both Fig. 6¢
the 25-keV Maxwellian occurs very close to 250 km for botland Fig. 6¢. This column density obkk near 5x 10?°cm=2in
Fig. 5¢c and Fig. 6¢. The profile for the volume emission rateoth the atmosphere model cases. The emission profile (FWH]
for the 5-keV Maxwellian plus energetieflux in Fig. 5¢ has is broad,~110 km (from 210 to 320 km) in Fig. 6¢ for the
two peaks. The 5-keV Maxwellian plus energetigeak volume two-stream electron transport auroral model. This profile wit
emission rate for the NEB polar atmosphere occurs at 480 knpeak near 250 km seems to duplicate the description of t
in Fig. 5. The 15-ke\k-component by itself has a peak volumeurora visible profile from the SSI observations (Vasawetdd
emission rate near 190 km. The total electron flux for the 3999). For the NEB polar model the halfwidth is less, only
« distribution shown in Fig. 6a has a predominant energy fllBO km. The other major difference is that the Qidlumn density
component of 600 eV. The low-energy 600-eV component igs changed dramatically at this same altitude of 250 km wi
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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 theci8idteution
(dashed curve) and the3distribution (solid curve) are shown as a function of altitude. (b) (Final) atmospheredgsity (solid curve) and CHlensity (dashed
curve) as a function of altitude. (c) The source function as a function of altitude is shown for the 25-keVV Maxwellian (dashed curve) aulisthié®ion (solid
curve). Note the double peak in the volume emission rate from the high- and low-energy component functionscadisieB4tion.

values of 34 x 10 cm~2 for the initial model (NEB polar ~ Since we are dealing with the EUV (800—12@9) portion
model) versus 2 x 10'° cm~2 for the final model (two-stream of the auroral UV spectrum, there is a large difference betwee
auroramodel). Thus, an analysis of an FUV spectrum by the twthe altitude location of the maximum in the volume emissiot
stream electron transport aurora model atmosphere will requine@ge and the altitude, or layer, producing the maximum in th
higher primary energy to penetrate to the same hydrocarbon aaherging flux. The effects of both self-absorption and hydrac
umn density and match the same FUV color ratio (Livengeiod carbon absorption tend to move the altitude of the emissic
al. 1990). The secondary plus primary 25-keV electron fluxes deger, which produces the maximum EUV signal measured
shown in both Fig. 6 for the two-stream electron transport modéle spacecraft, far above the layer producing the maximum
as a function of altitude and Fig. 5 for the NEB polar modethe ‘red’ region of the FUV (hear 1608—see the next section
The cooler exospheric temperature of the NEB polar model &br a definition of the ‘red’ region). The FUV ‘red’ region has no
lows the primary beam to penetrate to a lower altitude. This $gynificant self-absorption or hydrocarbon absorption. The latte
particularly obvious in the case of a 5-keV Maxwellian. Thevavelength region tends to have the layer producing the ma
two exospheric temperatures differ, with values of 1340 K famum in the emerging flux signal at the identical altitude with
the two-stream aurora model and 940 K for the NEB poldine maximum in the volume emission rate in the UV. We shov
model. A comparison of the peak volume emission rates shoind=ig. 7 the plot of the count rate contribution to Galileo EUVS
the peak volume emission rate has shifted upward in altituffem the 3« and the 25-keV distributions for the two-stream
from 480 km (see Fig. 5¢) to 530 km (not shown). The twaurora model. The maximum contribution to the signal in the
atmospheric models are similar below 250 km. However, BUV arises from the atmospheric layer at 273 km (FWHEM
400 km the two H distributions are divergent by a factor 0f130 km) at an H column density of 4 x 10?°° cm~2 for a
10. The hotter two-stream thermal structure model allows tB&-keV Maxwellian primary electron beam. The maximum sig
H, distribution to expand, producing 10 times the #ensity nal contribution to the signal in the EUV occurs from the laye
at 400 km. The two-stream electron transport aurora mogel Bt 1040 km for the 3¢ distribution at an H column density
distribution density at 400 km is® x 10*>cm~3with alocalki- of 7 x 107 cm~2 for the lower primary energy of 600 eV and
netic temperature of 577 K in contrast to the NEB polar mode?55 km for the two higher primary energies. The latter FWHM
which has a density of.8 x 10'* cm—3 and a temperature of is exactly 100 km. It is clear that the 245 km altitude of the
464 K (compare Fig. 5b and Fig. 6b). sharp visible emission peak observed by SSI (and necessat
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FIG.7. Thetwo-stream electron transport model. (a) The emerging spectrum EUV count rate produced at the EUVS from each of the 200 layers that a
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)wisttigdion (solid

curve). (b) The fractional running sum emission is shown as measured from the top-most layer for the 25-keV Maxwellian (dashed) and thsttfiteu8on
(solid curve). (c) The integrated column density of H (solid),(Hashed curve), and GHdotted curve).

the ‘red’ region of the FUV [Clarkeet al. 1998, Traftoret al.  distribution (solid line) has produced 75% of the total emergin
1994, 1998, Liu and Dalgarno 1996]) could be explained bgtensity by integrating altitudes above 400 km, whereas tt
~ 25 keV characteristic energies for each of the Maxwelian 25-keV Maxwellian plus energetic-distribution (solid) makes

kappa distributions composing the primary beam. In additionaa75% contribution for altitudes above 267 km. The 50% leve
softer primary energy component, with a characteristic enerfpyr the 3« distribution is produced for altitudes above 827 km

between 1 keV and 5 keV, will produce a diffuse secondawhile for the 25-keV Maxwellian the same level is reached &
emission high in the thermosphere. At incident energies &30 km.

low 600 eV a softer primary component will deposit its en-

ergy near the exobase. The exobase is located at approximately THE ANALYSIS OF THE HUT EUV OBSERVATIONS

2000 km above the 1 bar level for an exospheric temperature of

1340 K. The molecular Hdensity and atomic H density from  The original goal of this paper was solely the evaluation c
the two-stream thermal structure model for these two hydrthe Galileo EUVS composite north and south spectra shown
genic species are the same within a factor of two at the exob&$g. 1. We planned to analyze the observations with the mod
with a value close to % 10 cm~2 and a foreground abundancegiven in the previous section. We compared the data and moc
of about 6x 10'° cm~2. The column distributions of H, CH using a multiple linear regression analysis technique. The sar
and H, aurora gases are plotted in Fig. 7. We will show thageneral method of least squares was presented in Ageli
the EUV spectrum can only be fitted with an auroral mod€1998) for the initial three-layer analysis of the Galileo UVS
that has a contribution from very low-energy electrons beloand EUVS observations. The simplest linear regression mod
~200 eV. based on our knowledge of the source of the aurora emissic

To fully understand the importance of the EUV portion of thes composed of two independent physical vectors, which su

spectrum we show in Fig. 7 for both thex3and the 25-keV together to give the measured spectrum. The first spectral vec
Maxwellian cases the running sum of the fraction of the EUVs composed of the 5iRydberg bands, which fill the 80 wave-
radiation from 800—1208. from the top of the atmosphere thatlength channels from 800— 1259 (EUVS channels 41-120).

is collected by Galileo or by HUT. The altitudes where the bulkhe second spectral vector is the H dyauroral line. The best
of the EUV radiation arises are dramatically different. The 3-measure available for the Galileo EUVS slit function behavior ¢
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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 & dBskéhution 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 regressitn an:
independent vectors of the;HRydberg band and H Ly. The I error bars are shown for a portion of the Galileo spectrum. Excess EUV emission is seen betw
880 and 98A\.

H Ly « is the broad Lorentz-like interplanetary H ipine (see 1000A appears to have “excess” emission for all characteristi
the Appendix). The way the H Ly fills the detector array near energies, which is unaccounted for in the model. The proble
1215.7A defines a vector which serves as a surrogate to the Hisythe same for models that make use of the initial NEB pola
a line in the aurora (channels 95-120 with peak signal equabiymosphere rather than the two-stream electron transport aurc
divided between channels 112 and 113 on superpixel 39). Satmosphere.
ond, the two interplanetary lines at H kyand He 584A were At this point, for further guidance and verification of the
used to define a wavelength-dependent slit function (see the Amlileo EUVS auroral spectral behavior, we compared the HU
pendix). The fitting requirements are much more stringent in th#/ observations of the northern aurora (P. Feldman and [
present regression model than in the earlier three-layer mod&blven, personal communication, 2000, see also Wolven ar
since there is only one HEUV Rydberg spectrum emergingFeldman 1998) to the Galileo EUVS observations. We show i
from the top of the atmosphere as opposed to the three inéiéy. 10 the HUT spectral data degraded to the EUVS resolutic
pendent spectra from three layers plus HeLyn the previous and instrument transmission function. The spectra are norm:
publication (Ajelloet al. 1998). Thus, there is no fitting adjust-ized at 11504, a wavelength large enough to preclude self:
ment possible to the relative intensities to the EUV portion @bsorption in the HiRydberg bands. In addition, we show with
the spectrum from 800-110%) away from the H Lyw line. similar resolution the optically thin laboratory spectrum of e
We show in Fig. 8 and Fig. 9 the best-fit regression modet electron-impact-induced fluorescense at 100 eV (Jenit
to the Galileo south composite observations. The atmosphe2@00). With the same resolution the HUT spectral data display
model is the final auroral atmosphere produced by the twsimilar relative intensities as does the Galileo spectrum fror
stream thermal structure code. In Fig. 8 the Maxwellian com00 to 120QA. Itis clear from both Fig. 8 and Fig. 9 that a low-
ponent is 25 keV with the energetic EREdistribution, and resolution model of the HUT observations would also displa;
in Fig. 9 we use the &-distribution. The best-fit models areexcess emission from 850 to 10Q0although not as severe as
almost identical. In fact, a total of a dozen models with chafer the Galileo EUVS. The relative intensity of the optically thin
acteristic energies of Evarying from 2 to 100 keV were tried laboratory spectrum (Jongat al. 2000) is dramatically different
for both the north and the south. The extremes of the charactian the relative intensity of the Galileo or HUT aurora spectre
istic energies in the models include the 3-kappa distribution fite laboratory Hforeground abundance was3103 cm=2. A
of Fig. 9, which has a strong 600-eV component to a 100-kdbw-resolution laboratory spectrum remains weakly affected b
characteristic energy. In all the models the fit is quite good foreground abundances belowx510' cm~2. The laboratory
excellent from 1000—1208. However, the region from 850 to spectrum displays the same effect as the planetary spectra w
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FIG. 9. The Galileo EUVS composite spectrum absolute count rate for the south aurora fitted witldiatBbution electron flux incident upon an auroral
atmosphere from a two-stream code. The best fit of the data to a regression model is based upon a linear regression analysis with independér tctor
Rydberg band and H Ly. The I error bars are shown for a portion of the Galileo spectrum. Excess EUV emission is seen between 880%and 980

considerable excess emission in the EUV from 850 to 1000 We show the K Rydberg line ¥ = 0 resonance emission
The effects of self-absorption in the Rydberg bands are dramatdtoucture in Fig. 11. The line positions and intensities of Fig. 1
in the Jupiter aurora. The excess auroral EUV emissionis neaalg based on the transition probabilities and wavelengtl

optically thin and must arise high in the atmosphere. of Abgrall et al. (1994, 1999 and references therein). The
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FIG.10. The Galileo EUVS composite spectrum relative count rate for the south aurora compared to the HUT auro[al EUV spectrum and a laboratory c
thin 100-eV spectrum. The HUT and laboratory spectrum have been degraded to the Galileo EUV spectral resolutioh BY\B2\6 with Lorentzian wings.
The caliprated comparison spectra have been multiplied by the Galileo EUVS sensitivity to convert to relative count rate. The three spectradrewealizeen
at 1150A.
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FIG.11. Modelline spectrum of the resonance bands@yof the B'S | — X 'z4, CMly — X =7, B '3 — X 57, and D'y — X T band systems
at 300 K and 100 eV without self-absorption. The model is based on the line positions and transition probabilities oeABD(a994, 1999) and the electron
emission cross sections of Lat al. (1998).

dominating Rydberg resonance structure arises from the Werftés a unique data set in that the FUV gives information on th
bands, whose emission cross sections peak in the 920-4026haracteristic energy and the EUV gives information on the Ic
range. The EUV laboratory spectrum used here has been receaditjon of the high-altitude aurora. We show in Fig. 12 the mode
discussed (Joniat al. 2000, Liuet al. 2000). regression fit to the HUT data. The best-fit model spectrum |
Itis more useful to study the HUT spectrum in its entirety andomposed of two independent auroral sources. The auroram
at full resolution. The HUT data spans both the EUV and FUVple linear regression model includes Hands generated by

20 L — HUT DATA 4
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- 2-STREAM MODEL(100 keV) )
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INTENSITY (kR/A)
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FIG. 12. The HUT UV spectrum from 850 to 1658 fitted with a linear regression model that includes (1) a 100-keV Maxwellian and two-stream mo«
auroral atmosphere, (2) a 27-eV optically thip iodel with 3x 10 cn? foreground abundance, and (3) H &y
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FIG.13. (a) The HUT EUV spectrum from 850 to 1280fitted with a linear regression model from Fig. 12. The HUT spectrum and EUV regression mot
are normalized near 11890 (b) The HUT FUV spectrum from 1250 to 1630fitted with a linear regression model from Fig. 12. The HUT spectrum and EU\
regression model are normalized near 1810

two primary Maxwellian sources of electrons, a 100-keV degpum. The shallow aurora dominates the EUV spectral region f
Maxwellian aurora summed with the usuafunction (Eq. (8)) wavelengths less than 1180The two auroral components con-
and an optically thin 27-eV low-energy shallow aurora witlribute roughly equal intensity from 1100 to 1380 The deep
foreground abundance ofs3 10 cm=2. aurora model employs a vibrational temperature that is twice
The color ratio, C, of the FUV, is defined as the ratio of integas temperature to explain the enhanced self-absorption fre
grated intensities in the ‘red’ region to the ‘blue’ region of th&” = 1 and 2. This effect has been observed by Wolven ar
FUV. Feldman (1998) and described by Cravens (1987) and Maje
etal (1991). Wolven and Feldman have noted the strong effec
/47 535 13008 (9) of self-absorption near 1054 and 1100A from the C(V, 1)
) . and C(V, 2) rovibronic lines, respectively. We show in Fig. 13
is found to be 2.18 for the HUT observation compared to 1.0-14& Euv and FUV regions of the HUT spectrum in an expande
forthe approximately 50 Galileo north observations (Ajellal. ot to demonstrate the quality of the fit (0.94 correlation co

1998) and a laboratory color ratio of 0.92 for purg ¢iés (Liu  efficient). The two regions have been separately normalized
et al. 1998). An extensive number (229) of IUE north aurogjg 13,

ral zone observations have been analyzed by Livengbad

(1990), who found arange of color ratio variations fromabitless THE ANALYSIS OF THE GALILEO OBSERVATIONS

than 1 to slightly more than 4. The HUT observation captured

a deep aurora and a strong aurora. The two-stream atmosphek&e now return to the Galileo north and south composit
requires a primary Maxwellian energy of 100 keV. Using thepectra described earlier. We show in Fig. 14 and Fig. 15 tf
NEB polar model (which has more GH a lower primary en- regression model for the south and north composite spec
ergy of 40 keV is required to model the HUT data to a similawith the addition of a high-altitude layer from soft electron pri-
degree of accuracy (0.94 correlation coefficient). The root-meanary energy deposition. The high-altitude layer includes emi:
square (RMS) fit is limited by residual Earth airglow emissionsion from both e+ H and e+ H; excitation with foreground
at 1025A and other weak airglow features found in the spe@bundances of & 10'> cm™2 and 3x 10" cm2, respectively.
trum below 900A. The low-energy aurora component excited he Galileo EUVS observation requires the addition of a sma
by the soft electrons is about 16% of the intensity of the total aamount of emission from the high Rydberg series members
rora as judged by comparing the intensities in the optically ththe e+ H Lyman series (n- 4) to achieve best-fit to the excess
red region of the FUV spectrum, described above in the colgkJV emission. The mixing ratio of H/&is highly uncertain in
ratio determination. The deep aurora dominates the FUV spéte neighborhood of the exobase and probably highly variab

C=4rl 5616108
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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 witthi1rjlaugion
electron flux incident upon an auroral atmosphere with an altitude-dependent secondary electron distribution and atmospheric distributiorsireana tode,
(2) a nearly optically thin K Rydberg band spectrum excited by a 27-eV Maxwellian with>a0'5cm~2 foreground abundance ingH(3) an H Lyman series
(n> 2) from e+ H excitation with 1x 10'5cm2 foreground abundance in H, and (4) Hdrom electron impact dissociative excitation of Bind direct electron
excitation of H. The multiple linear regression model best-fit estimation of the observational data is based upon a linear regression anatysisdejplefaent
vectors just described: (1) thesHRydberg band, (2) KH27-eV nearly optically thin Rydberg band emission, (3) H Lyman series 2), and (4) H Lyx (n = 2).
The I error bars are shown for a portion of the Galileo spectrum.
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FIG.15. The Galileo EUVS composite spectrum in units of absolute count rate for the north aurora fitted in linear regression analysis wittigt)ibugion
electron flux incident upon an auroral atmosphere with an altitude-dependent secondary electron distribution and atmospheric distributiorsiremn tode,
(2) a nearly optically thin bl Rydberg band spectrum excited by a 27-eV Maxwellian withaB)°cm~2 foreground abundance, (3) an H Lyman series from e
H excitation with 1x 10'5cm~2 foreground abundance, and (4) Hayvhich is modeled based on the VLISM spectrum. The regression model to the observatic
data is based upon a linear regression analysis with four independent vector components just descrilbedrrdhédrs are shown for a portion of the Galileo
spectrum.
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depending on the ratio of soft/hard electron fluxes. Both soft andme from deep in the atmosphere and that the UV and |
hard electrons are very effective in dissociatingtbl create a sources were separate entities. It is clear that there is no distil
flux of chemically reactive H-atoms. A large soft electron energggion where the UV emissions occur. Rather they are distribut:
flux, Q, could lead to winds in the upper atmosphere and affebroughout the thermosphere starting near the homopause w
the atomic hydrogen density on a global basis. Therefore, thgeak at 245 km (Vasavada al. 1999, Ingersolet al. 1998)
distribution of atomic hydrogen near the exobase is consider@ud attaining altitudes of the exobase, near 2000 km. Both t
a free parameter since the two-stream transport model doesgtspectra and visible SSI photometric images arise from tt
include the effect of the transport of atomic hydrogen proposedme source process of electron excitation ofAdpreponder-
here (Grodenet al 2000). Additionally, the chemical modelsance of the UV emissions results from the deep aurora, whi
of the auroral atmosphere are not well established. The qualk#yplains the 200—800 K UV rotational temperatures in the FU\
of the correlation coefficient is 0.98 in the south and 0.93 in thiéhe low-energy precipitation has as a natural result the heati
north. Figure 14 employs the @distribution in the south and of the thermosphere. This heating provides a source for the upj
Fig. 15 uses 3= distribution in the north. Both models use theatmospheric thermal excess (Emergthal. 1996). The turbu-
higher vibrational temperature from the HUT models of the préence created by the low-energy electron precipitation may le:
vious section. The energy deposition required to model the deeghe low-latitude supersonic velocities of H-atoms as reveale
aurora component of the observation in Fig. 14 for the south is BY asymmetric H Ly line profiles (Emericlet al. 1996, Prange
ergs/cm/s. Similarly, the energy deposition required to modegt al. 1997).
the deep aurora component of the observation in Fig. 15 for theThe true measure of the characteristic energy associated w
northis 75 ergs/chts. The outputintensity of the Rydberg bandsach of the different auroral regions is a model of the individuz
in the south and north for the emerging spectrum is near 1.8 MRV spectra that spatially resolve the polar cap and the ma
in either case for a 200-km-wide oval source. In order to fit thwsal. Such spectra will be forthcoming from HST STIS (Spac
Galileo spectrum, the regression model requires the additionT@lescope Imaging Spectrograph) and have been obtained
both a deep and a shallow aurora. In a similar fashion to the HHIST Goddard High Resolution Spectrometer (GHRS) (Dol
spectrum, the Galileo composite north and south EUV spec#tal 2000). It is important to point out that the composite spec
present spectroscopic evidence for a high-altitude auroral cotra observed by Galileo EUVS and HUT and analyzed in thi
ponent. However, fitting the Galileo EUVS spectrum requiresork are a time average and spatial average of the two princif
both the e+ H and the e+ H, sources in the vicinity of the auroral features—main oval and polar cap. Both the main ov
exobase. Higher primary energies up to 100 keV can be usatt polar cap are present in each instrument’s field of view. Tt
for the characteristic energy with a similar degree of accuracyhi@h-resolution spatial and temporal dependence of auroral me
the models. The EUV spectrum by itself is simply not capabjghology has been clearly depicted by WFPC Il and faint obje
of giving information on the characteristic energy of the deggamera (FOC) images described by Clagkal (1996, 1998)
aurora. For example, we find for 25-keV characteristic primagnd Pranget al. (1998). Itis not possible to say if the low-energy
energy that the energy input is 61 ergsfsifor the south and distribution is associated with only the auroral oval or the pole
41 ergs/cri/s for the north with a similar energy emerging incap or both. Both the polar cap and auroral oval aurora GHR
tensity to the 3¢ distribution and a similar RMS fit in each casespectra (Dol®t al. 2000) have similar GHRS FUV spectra with
characteristic energies of 17-40 keV and a color ratio as high
DISCUSSION 5.5in the polar cap. The lower energy component modeled he
may be present in both the main oval and polar cap aurora.
We have presented spectroscopic evidence from both théVe suggest that the electron distribution in the main auror
Galileo EUVS and the HUT EUM- FUV observations demon- oval (and/or polar cap) atmosphere can be represented by
strating that there is a persistent high-altitude aurora in theast three distinct components: (1) a low-energy tail resemblir
vicinity of the exobase~+{2000 km above the 1 bar level). Thisa power law from 0.01 to 0.2 keV, (2) a primary Maxwellian
evidence supports the interpretations of the high vibrational teriistribution with characteristic energy of 5-100 keV, and (3)
peratures of Bl by Grodentet al. (2000). Grodenét al. found high-energy tail in the form of a-distribution as measured by
that the high exospheric temperatures gf¢duld be maintained EPD (Mauket al. 1996, 1999) with a characteristic energy of
by a soft electron flux. They chose to model the HST observa5 keV. This type of distribution has been discussed from a the
tions with an energy of 350 eV for the soft electron componenttical point of view by Stricklanat al. (1993). The rise in the
The EUV data verify their assertion and indicate that the chgrepulation of low-energy electrons below 10 eV, is described k
acteristic energy is even lower,20—-200 eV. The addition of a the low-energy tail, and is shown in Fig. 4. This large populatio
second strong auroral emission source high in the atmosphefeery low-energy electrons at all altitudes is caused by the g:
serves to explain the observation of stronfgfdindamental and in energy loss processes with thresholds approximately betwe
overtone IR emissions from high temperature regions abo%and 10 eV. Above 11 eV, energy loss begins to increase rapic
the homopause (Kimet al. 1997, Drossarét al. 1993). It was from excitation of the large number of singlet and triplet state
originally assumed that all the UV emission in the main ovailf H,. The total loss function peaks near 100 eV from the larg
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ionization cross section of{Cravengtal. 1975) and thereafter conveyed by electrons of 0.1-2 keV, whereas the correspon
continually decreases with increasing electron energy. ing high-energy EPD measurements (Williagtsal. 1999) of
This analysis of the Galileo and HUT EUV spectra was thigeld-aligned electron beams find a much lower energy flux c
first to include detailed energy loss processes in the auroral att5 ergs/crivs for E, > 15 keV in the vicinity of lo. Based on
mosphere. The relative intensity distribution of the auroral speitis variation in the middle magnetosphere the low-energy ele:
trum depends on the mix of deep and shallow aurorae. Detegn distribution below 15 keV in the 20-3Q Region may be
aurorae are characterized by an EUV relative intensity that dery important in exciting the aurora. This energy region from:
pends chiefly on the foreground abundance gf Fhe emerg- to 15 keV in the Galileo fields and particles database should |
ing EUV spectrum is independent of depth of penetration farvery important region for increasing our understanding of th
characteristic energies greater than 500 eV. The shallow aurataora. The energy flux measured by PLS above 10 keV is ve
spectra are similar in relative intensity to Saturn where foremall and of the same order of flux intensity as EPD indicate
ground abundances ofs3 10'® cm~2 were found (Shemansky in the middle magnetosphere near the orbital plane of the sat
1985, Shemansky and Ajello 1983). The Voyager Saturn spedites. The flux requirements for the 25-keV deep aurora locatio
also show a sharp peak at 98@haracteristic of - H Lyman at 245 km as measured by the combined SSI and UVS/HU
series excitation. A similar excess emission at 828as found results can be reconciled by field-aligned potentials in the ir
in the Galileo Jupiter observations. The high order Lyman serigsr magnetosphere. The down-going primary electron beam fl
Rydberg transitions are stronger than even the I8 lgmission may be accelerated in the region of Il analogy to that on the
because they remain optically thin at the foreground colunitarth (Akasofu 1991). The upward field-aligned current is th
densities £10 cm~2?) present near the exobase. process that produces the strong FUV emissions. The Earth’s ¢
The importance in accurately knowing the slit filling factorora has similar acceleration processes (Mauk and Meng 199
of the emissions in analyzing the Galileo and HUT sets of EUMpward-going electrons (downward current) may contribute t
data is illustrated with the factor of 10 difference in the energie optically thin EUV emissions in either or both the main ova
input to the atmosphere. The pixel spatial resolution of WFPCahd polar cap auroral regions. The upward-going electrons &
on the surface of Jupiter is about 380 km. The primary arc ova$sociated with the ‘black aurora’ on Earth (Carlsbal. 1998).
width of 170-460 km measured by Galileo on G7 would sudhe acceleration process, if present, probably begins near t
gest a smaller fill-factor than the HUT estimate7(% 101 sr exobase at the top-side of the ionosphere. Although energy c
for a 200-km-wide source [Vasavaad al. 1999]). On orbit position on the Earth can attain 10-100 erg/dime emissions
C3, an SSI photograph also indicated an auroral arc FWHM o Jupiter tend to be 100-1000 times more intense (1 MR ¢
270 km in the same range as G7 (Ingersolbl 1998). How- Jupiter compared to 10 kR on Earth). Alternatively, the auror
ever, another SSI image on C3 indicated a wider auroral owvahy be temporally variable and spatially patchy and may repe
~1000 km FWHM. The WFPC Il image (Morrisseyal. 1997) itively switch from the high-energy particle beams to the stead
shows an irregular emitting region of varying width, and pomdrain of hot isotropic plasma sheet ions and electrons from tt
tions of the oval are narrow and unresolved. The emission is venyddle magnetosphere. The observations presented herein
broad where itis very intense. This region fills about half the pixan average over sufficiently long time scales, compared to aurc
els. On the other hand, using the SSI observation which showemporal variability, so as to represent an average over both typ
the width of the dawn terminator region as being approximatedf aurorae. Another important point from this analysis is that th
200 km yields an average energy input040-80 ergs/ciis. color ratio measured in the FUV by a UV spectrometer is an a\
Thus the HUT observations would have yielded a similar emrage of the spectra from both soft and hard electron aurore
ergy output to that of Galileo had we used the G7 size criteridfigure 12 indicates that approximately half of the blue inter
for the oval. The WFPC Il picture, which is simultaneous witlval (1230—1300&) HUT integrated intensity in Eqg. (9) can be
the HUT spectral observations, yields a 10 times broader aurattributed to the soft electron component. Based on the mod
with an average energy input 6 ergs/cri/s. This energy flux the color ratio prediction would be close to 4 for an observa
is also in contradistinction to the Galileo G7 analysis (Prydion of the hard component by itself. The primary high-energ;
etal. 2000), which finds a Qof 425 ergs/crfis. We do however electron beam would reach column density levels of appro»
agree with one of the primary HUT results that the vibration@hately 2x 10 cn? in CH4 corresponding to an altitude of
temperature is elevated with respect to the kinetic temperatat@out 200 km (above the 1 bar level in Fig. 7) to account for thi
(Wolven and Feldman 1998). The mechanisms for the produmlor ratio. On the other extreme, clearly spectra were observi
tion of vibrationally excited H have been discussed by Cravenby Galileo thatwere unaffected by hydrocarbon absorption (mir
(1987). Radiative loss by vibrational-rotational transitions isnum FUV sensitivity in CH of 1 x 106 cn?) corresponding to
dipole-forbidden. Hence important chemistry is initiated by vipenetration altitudes above 250 km (Aje#tbal. 1998). These
brationally excited H reactions with H, H, and H". spectra from shallow aurora were entirely generated by low
The PLS measurements (Frank and Patterson 2000) of fiedthergy electrons stopped above the homopause.
aligned electron beams in the equatorial middle magnetospher8ased on modeling the HUT spectra, the deposition of 1
would support a large energy flux of 100 ergs#sror greater 10 ergs/cri/s of heat energy into an atmospheric region of low
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specific heat capacity near the exobase by the soft electransunt of diffuse scattered star light. The signal in Hdgmounted to over &
needs to be modeled to understand the changes in the tAdtcounts. The transmission function has a trapezoidal core of SE\WHM
mal structure and global dynamics. SSI has searched for ﬂtilgapeak HM of 0.2. The underlying broad exponential wings are wavelength

high-altitude emissions from acauired image ith no succ dependent. The FWHM of the wings are wavelength dependent varying fro
9 I ISSI0NS qui Images wi su atH Ly o to 44A at He 584A. Based on the peak to peak separation of H Ly

(Vasavada, personal communication, 2000). Pet@l. (2001)  to He 584A the instrument dispersion was reduced by 0.6% from the prefligh
have pointed out that the visible emissions are generally smalleite (Hordet al 1992) from 5.91 to 5.8A/ch. The H model of Rydberg

than the FUV emissions by a factor of approximately 50, renddipes were convolved with the VLISM-based EUVS transmission function an
ing them difficult to observe. The next important step to bettg}e preflight calibration (sensitivity in ¢c/s/kR) to give the model count rate fo

. . he 126 active pixels. The EUVS was programmed to use 44 superpixels in t
understand the brlghter (m the FUV) and deeper aurora from ileo low gain mission (Ajell@t al. 1998). Photon counts were divided equally

hard electron distribution is to synthesize the complementai¥ong the 2—4 channels composing the superpixel element.
databases of Galileo EPD and PLS to cover the entire electron
energy range from 1 eV to 1 MeV. A unified electron distribution ACKNOWLEDGMENTS
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