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Abstract

High-resolution ¢ 0.22 A) spectra of the north jovian aurora were obtained in the 905-1180 A window with the Far Ultraviolet Spec-
troscopic Explorer (FUSE) on October 28, 2000. The FUSE instrument resolves the rotational structuresoépleetth and the spectral
range allows the study of self-absorpti@elow 1100 A, transitions connecting to thé < 2 levels of the H ground state are partially or
totally absorbed by the overlyingtmolecules. The FUSE spectra provide information on the overlyingdtumn and on the vibrational
distribution of K. Transitions from high-energy HRydberg states and treatment of self-absorption are considered in our synthetic spectral
generator. We show comparisons between synthetic and observed spectra in the 920-970, 1030-1080, and 1090-1180 A spectral windov
In a first approachgngle-layer model ), the synthetic spectra are generated in a thiitterg layer amd the emerging phons are absorbed
by a layer located above the source. It is fourat the parameters of the sieglayer model best fitting the three spectral windows are 850,
800, and 800 K respectively for thesHjas temperature and3lx 1018, 1.5 x 1020, and 13 x 1079 cm~2 for the H, self-absorbing vertical
column respectively. Comparison between theddlumn and a 1-D atmospheric model indicates that the short-wavelength FUV auroral
emission originates from just above the homopause. This is confirmed by the higividrational temperatures, close to those deduced
from spectral analyses of§—|auroral emission. In a second approach, the synthetic spectral generator is coupled with a vertically distributed
energy degradation model, where the only input is the energy distribution of incoming electrdtiddyer model ). The model that best
fits globally the three FUSE spectra is a sum of Maxwellian functions, with characteristic energies ranging from 1 to 100 keV, giving rise to
an emission peak located at 5 pbar, thati$00 km below the methane homopause. This multi-layer model is also applied to a re-analysis
of the Hopkins Ultraviolet Telescope (HUT) auroral spectrum and accounts fordtselHabsorption as well as the methane absorption. It
is found that no additional discrete sofeetron precipitation is @cessary to fit either the FUSE or the HUT observations.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Ultraviolet spectroscopy of jovian aurorae is a powerful
* Corresponding author. tool to study the H emission produced by the interaction
E-mail address: gustin@astro.ulg.ac.kg. Gustin). between the atmosphere and the precipitated charged parti-
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cles. The H auroral lines are the result of inelastic collisions ated slant Clj column varied from 2.3 to 7& 10 cm=2,
between primary and secondary electrons with the ambientrespectively.

H> ground state molecules. The far ultraviolet (FUV) auroral Spatially resolved spectra obtained with the Space Tele-
emission is dominated by the;Hlyman (B X+ — Xlzj;) scope Imaging Spectrograph (STIS) were employed to char-
and Werner(C1m1, — Xl;;;) system bands. Low reso- acterize the interaction beeen the precipitated electrons

lution spectra £ 30 A) between 875 and 1500 A were and the. atmospher&ustin et al. (2002)Jsed'two pairs of
first obtained by the ultraviolet spectrometer (UVS) onboard 50-A wide G140M spectra at 1 A resolution to deter-
Voyager(Broadfoot et al., 1979¥ollowed by observations ~ Mine the CH column, h temperature and mean energy of
with the International Ultraviolet Explorer (IUEyung etal. ~ the Precipitated electrons. They applied the synthetic spec-
(1982)compared the IUE spectra between 1200 and 1700 A tral generator coupled with the one-dimensional model of
with synthetic spectra and established that below 1400 A, (Grodent et al., 20QIprivate communication, 2001), as de-

the Hp auroral emission is attenuated by methane and otherSCibed in Dols et al. (2000). The coupled model that best
hydrocarbons. They introduced the concept of color ratio, fitted the observed Hline intensity distribution had a mean

C = 1(1550-1620 A/1(1230-1300 A, which is a quantita- glectron energy of- 80 keV. Gérarq et aI.' (2003) analyzeq

tive measure of the Fabsorption by the overlying hydrocar-  ime tagged STIS spectra of the high latitude auroral emis-
bon layer. The color ratio is thus related to the altitude of the Sion- They showed that the color ratio associated with these
emission and may be used asiadicator of the penetration polar emissions is consistent with mean electron energy pre-

depth of the electrons in the atmosphere relative to the hy-CiPitation ranging from 40 to 120 keV, a range of values

drocarbon homopause (Livengood et al., 1998rris etal.,  close to those deduced for the auroral oval. _
1996; Gérard et al., 1998The color ratio is equal to- 1.1 While the long-wavelength far ultraviolet auroral emis-

for an unabsorbed spectrum in units of photonsést?. sion is dominated by the Hlyman and Werner bands
Observations with the Goddard High-Resolution Spectro- @nd the Lyman continuum, the short-wavelength FUV spec-
graph (GHRS) on board the Hubble Space Telescope (HST)rum between 900 and 1200 A includes the higher energetic
i i Rydberg transitions§*x+ — x'x+ plr, — x'xt
have been used to determine the effective,€elumn over- ydberg transitions ™%, PE u g
lying the auroral source and the;iemperature. The mea- B"' X — X'XF, and D11, — X' X). The relative in-
sure of color ratios in different 35-A bands from GHRS tensity distribution of the lines mainly depends on thegds
spectra at~ 0.5 A resolution was used byrafton et al. temperature profile but below 1200 A, the transitions con-
(1994) and Kim et al. (1997) to derive the GHeffective necting to they” =0, 1, 2 levels are totally or partially ab-
column and H rotational temperature. They found a ¢H  sorbed by the overlying column ofHThis self-absorption
column in the range of 1-% 10'6 cm2 and a H temper-  process provides a measure of thed¥erlying column (i.e.,
ature in the range 300-900 K. Spectra~ab A resolution the altitude of the FUV emission) and of the population of
were also obtained by GHRS between June and Septembethe ground-state vibrational levels. Analyzing the Voyager
1996. The 174 x 1.74 arcset GHRS aperture was moved UVS dataset, Shemansky and Ajello (1983) &tmansky
to different latitudes and local times, both in the north and et al. (1985)first pointed out the strong attenuation of the
south aurora. Dols et al. (2000) fitted these GHRS spectra inHz bands due to self-absorption below 1000 A. FUV and
the range 1220-1750 A and sampled color ratios for various EUV spectra of Jupiter aurora were collected by the Hopkins
geometric configurations and auroral regions. The synthetic Ultraviolet Telescope (HUT) and by the Galileo Extreme Ul-
model spectrum they used was coupled with an energy depo-raviolet Spectrometer (EUVS), in the period from 1995 to
sition model Grodent et al., 20Q1private communication, ~ 1997. Analysis of the 3-A resolution HUT auroral spectrum
2001) taking into account the vertical dimension of the au- in the range 850-1700 A provideghantitative results about
rora (temperature, composition and auroral emission distrib- self-absorptionWolven and Feldman, 1998)Volven and
ution with altitude). In this model, a primary electron energy Feldman (1998jleveloped a syntheticHnodel taking into
spectrum is injected at the top of the jovian atmosphere. Theaccount the effect of self-absorption and found that the tran-
atmosphere is divided into a number of layers and the modelsitions connecting ta” = 0 were almost totally absent in
calculates the WUV volume emission rate and the energy the emergent spectrum, while the lines connecting'te- 1
spectrum of the degraded electrons as they penetrate deepandv” = 2 were strongly attenuated. Arpitertical column
into the atmosphere. The densities of the main speciges (H of 1.5 x 10°° cm~2 and a column-averaged temperature of
CHy, CoH>) presentin the auroral atmosphere are also calcu- 900 K provided the best fit between the data and their model.
lated, assuming vertical turbulent and molecular diffusions The ~ 30 A resolution Galileo EUVS data between 540—
in a way consistent with the calculated temperature pro- 1280 A and the HUT auroral spectrum were analyzed with
file. These output values are used by the synthetic spectrumsynthetic spectra bjjello et al. (1998) They modeled the
model to generate ang$pectrum for each layer. The emerg- EUV and FUV emissions by a primary electron distribution
ing synthetic spectrum is the sum of the spectra calculatedfunction composed of Maxwellian and Kappa distributions
for each layer. Assuming a Maxwellian energy spectrum at over the electron energy range of soft (20—200 eV) and hard
the top of the atmosphere, a mean electron energy from 35(5-100 keV) electrons. They concluded that the EUV and
to 80 keV was found to best fit the GHRS data. The associ- FUV emissions are distributed throughout the thermosphere,
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from the homopause to the exobase, near 2000 km. Soft elections. The model parameters leading to the best fit (single
trons (27 eV) were needed to enhance the EUV emission inlayer approach) and the specifications of the best 1-D model
their synthetic model, while the hard electrons contributed (multi-layer approach) are discussed and the implications on
to the main emission peaking near 245 km (Ingersoll et al., the auroral characteristics are considered.
1998;Vasavada et al., 1999

To further investigate the relation between the population
of the H, rovibrational levels in the auroral atmosphere and 2. Observations
the depth of the energy deposition, we describe in this study
a set of high-resolution spectra 0.22 A) taken by the Far Spectra of Jupiter's north auroral region in the wave-
Ultraviolet Spectroscopicplorer (FUSE) spacecraft. This length range 905 to 1180 A were obtained by FUSE on
resolution allows a detailed study of the kbtational struc- 2000 October 28, starting at 15:10:39 UT. An accumulated
ture, which was not possible with previous instruments in exposure of 9708 seconds was obtained by adding 3 spec-
this spectral range. After an upgrade of the synthetic spec-tra obtained during contiguous orbits. One third of the total
tral generator (addition of the Rydberg electronic states andexposure was acquired during orbit day (not in the Earth’s
numerical treatment of self-absorption), we present compar-shadow). The spectra were obtained using the low resolution
isons between observed spectra and model. Two methodg30” x 30”) LWRS aperture. The center of the LWRS aper-
have been considered to generate the synthetic spectra. Thture was placed on the centnaleridian longitude (CML)
first approach assumes that the aurora is produced in a singlet 60° N at the beginning of each exposure. The motion of
narrow emitting layergingle-layer model ), characterizedby  Jupiter on the sky was then tracked during the exposure. The
a mean rovibrational temperaéu This layer is overlaid by =~ CML varied from 80 at the beginning of the first exposure
an absorbing layer of CHand H. Since the three para- to 230 at the end of the third exposure, as illustrated by the
meters (H column, CH, column and H temperature) are  HST images shown iirig. 1 FUSE does not provide any
linked and influence each othdéhe numerical model per-  spatial information on the distribution of the emission within
forms a series of nested loops with temperature, thedt the aperture but it is apparent frdfig. 1that the jovian au-
umn and the Cll column as variable parameters for each rora underfills the FUSE aperture and also moves within the
loop. Each resulting synthetic spectrum is compared with aperture over the time span of the observation.
the data and the synthetic spectrum that minimizes the chi- Proper tracking was verified by the relative constancy
squares is considered as the best fit. In the second methoaf the integrated count rate with time although there was a
(multi-layer model ), the synthetic spectra are produced by slow change in this rate as the auroral oval rotated through
the spectral generator coupled with an energy degradationthe field of view, and there were occasional 20% enhance-
model, as in Dols et al. (2000) ar@&ustin et al. (2002)Se- ments in the count rate with durations of a few hundred
ries of electron energy distributions are considered, and theseconds. These will not be discussed further here. At the
emerging synthetic spectrum for each case is compared withtime of the observation, Jupiter’s heliocentric distance was
the data. The model that gives the best fit is believed to pro- 5.03 AU and its geocentric distance was 4.17 AU. Details of
vide an accurate estimate of ineident electron energy flux  the FUSE instrumentation have been givenNigos et al.
and of the auroral atmosphere at the time of the observa-(2000)and Sahnow et al. (2000Due to the extended but

Fig. 1. Field of view of the FUSE LWRS aperture at the beginning and a¢tigeof the observation, using two (unrelated) HST/STIS images with proper
CMLs. Since the full aurora fills the aperture, the$E spectra consist of a mixture of features from the different regions characterizing the maioraval,
polar cap, limb), from the jovian disk, and features from the lo torus thasdite line of sight of the observation. The lo footprint was not visibteetime

of the observations.
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Fig. 2. Overview of the FUSE dataset obtained2®00 October 28, smdwd over 7 data points.

finite size of the aurora and Doppler broadening caused bypared to the LWRS and assuming that the jovian airglow

its motion within the aperture during the exposure, the ef- filled 50% of the LWRS aperture during the observations an-

fective spectral resolution is22 A. The data presented here alyzed hereFig. 1), it is found that the airglow contribution

were reprocessed with the FUSE pipeline, calfuse, versionto the observed auroral spectrum is abouit5%. Additional

2.2.1. The data provided by the three orbits were co-addedobservations of jovian aurora, both north and south, were

together, and the extracted fluxes were converted to averagenade on 2000 December 31 and 2001 January 13, near the

brightness (in rayleighs &) in the 30 x 30” aperture. time of the Cassini fly-by of Jupiter. These spectra are qual-
FUSE consists of four separate telescope/spectrographitatively similar to those obtained in October 2000 but have

assemblies, two employing lithium fluoride coatings (LiF) somewhat lower count rates, so we will concentrate our ini-

and two using silicon carbide (SiC). Each of four sepa- tial analysis on the early data.

rate detectors (denoted 1a, 1b, 2a, and 2b) simultaneously

records two spectra, one each from a LiF and a SiC channel

spanning a given wavelength interval, giving a total of eight 3. The spectral model

separate raw spectra. These are showhign 2 The spec-

trum is dominated by electron impact excited emissions of 3.1. Spectral model concept

H> and H, but also includes foreground lo torus emissions,

terrestrial airglow (mainly atomic oxygen and hydrogen), The H, synthetic spectral generator simulates the effects

and jovian disk emission from solar induced fluorescence of the impact of the precipitated electrons on the ambient H

of Hy, principally from Lymang and O VI at 1032 A. The  auroral atmosphere and the resultingFUV spectrum. The

first two contaminants were also seen in the lower resolu- synthetic spectra, described and used by Dols et al. (2000)

tion (~ 3 A) observations of jovian airglow by the Hopkins andGustin et al. (2002)included H lines belonging to the

Ultraviolet TelescopéFeldman et al., 1993)t the higher  Lyman (B*X,” — x'¥) and WernerC'11, — X'x})

resolution of FUSE they are easy to separate from the disktransitions. The population of the B and C states is con-

emissions. FUSE spectra of the jovian airglow were recently trolled by the direct primary and secondary electron impact

obtained with the medium resolution’(# 20") MDRS aper- on ground state fimolecules (assumed to be in thermody-

ture. Taking into account the resolution of the MDRS com- namic equilibrium). It is alsassumed that the populating of
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the B and C electronic states bigetron impacts follows the
same rules as for radiative transitions (Born approximation).
The line transition probabilities bybgrall et al. (1993a,
1993b)are used to calculate théeetron impact excitation
cross-section. The cross-$ea dependence on electron en-
ergy uses the formulation @hemansky et al. (198%)ith

the updated coefficients hyiu et al. (1998) The popula-
tion of the B state by théE, F1 X, — B'X,") cascade

J. Gustin et al. / Icarus 171 (2004) 336-355

controlled conditions. A synthetic spectrum was compared
with the high-resolution¢ 0.1 A) electron-impact spectrum
described in(Jonin et al., 2000)This laboratory spectrum
was produced with electrons of 100 eV at a pressure of
1.2 x 107° torr, at room temperature (300 K). The com-
parison with a synthetic spectrum generated at 300 K with
100 eV electrons is presented kig. 4 The model is in
excellent agreement with thaboratory spectrum in these

process is also included in the code. Cascades transitionsonditions of negligible self-absorption. Note that the model

from G, K*x;, and H' T} states are neglectd®ziczek

et al.,, 2000)The (E, F — B) cascade terms are calculated
from Shemansky et al. (198%9r the vibrational levels and
from the Hénl-London factors for the rotational population.

does not include the lines belonging to the H Lyman series
(Lya,Ly B, Ly v, Ly s, Ly ¢).

3.2.2. Self-absorption modeling

The total cascade cross-section is updated to the value found The formulation used to model the;delf-absorption is

in Dziczek et al. (2000)The Lyman bands mentioned here-
after include both the direct and cascade contributions.

3.2. Updates and new features

3.2.1. Addition of the Rydberg transitions
Spectra at wavelengths longward of Lymar(Ly «) at

1216 A can be described and reproduced with models in-

cluding only the Lyman and Werner banSlarke et al.,
1994; Kim et al. 1997; Trafton et al., 1998; Dols et al., 2000;
Gustin et al., 2002)Shortward of Ly, the lines belong-

ing to the Rydberg bands need to be considered to provide a *

detailed description of the Hspectra. In order to study the
short-wavelength FUV domain, t' =+, D111, B* £},
and D111, electronic states of Hwere added to our spec-
tral model. As for the B and C states, the population of the
B’, D, B”, and D’ states by electron impact is determined
by the Shemansky formulation. The line transition probabil-
ities of B’=X and D—X have been calculated Wbgrall et

al. (1994)and the corresponding dissation probabilities
are reported ibgrall et al. (2000)New calculations have
been performed for thé&” and D’ states by extending the
coupling between excited electronic states of Hhe elec-
tronic potentials and radial couplings Bf andD’ are taken
respectively fromReinhold et al. (1999pmnd Spielfiedel
(2003) Details of the calculations can be foundihgrall et

al. (2004)in relation with experimental studies of the elec-
tron impact emission spectrum of,HFigure 3shows the
contribution of each band system to the Eimission, cal-
culated for 100 eV electron impact withoHnolecules at
500 K. It is seen that the Lyman and Werner bands, which
are the only source of Hines longward of Ly, still remain
significant in the 950-1200 A domain. Below 950 A, the
Rydberg bands dominate the spectrum while B:eX and
C-X transitions have minor contributions. Note tlég. 3
shows the H lines without the effect of self-absorption. The
relative contribution of each band system will be altered
by self-absorption: below 1000 A, most of the Lyman and

based oWolven and Feldman (1998They use a method
where the branching ratio of each individual line from a
given (v, j') level is multiplied by a transmission factor de-
fined by

fjo%o (1— eTv )y gy
[y () dx

wherert; is the slant optical depth at line centér(x) is the
line profile of the transition. In this expression:

T(z) =

(1)

(2)

wheren is the relative population of absorbing Ifholecules
in the (v”, j”) state, assumed to follow a Boltzmann distri-
bution, S is the H column, ando; is the line absorption
cross-section.

Our new code that includes self-absorption was vali-
dated using a laboratory spectrum obtained at high pressure
(2.2 x 10~ torr, corresponding to an4column of ~ 1 x
10 cm~2) for which self-absorption is present (Ajello, per-
sonal communication). The comparison between the (self-
absorbed) laboratory spectniand a synthetic spectrum cal-
culated with the same parameters is showrFig. 5. For
better legibility, the fits displayed iRigs. 4 and fare con-
volved with a Gaussian function of 0.3 A FWHM. As for the
low pressure laboratory spectrum, the agreement between
the model and the laboratory spectrum is excellent. Com-
paringFigs. 4 and 5the effect of self absorption is clearly
seen below 1030 A, where all the spectral lines are strongly
attenuated. A straightforward comparison between the com-
plete (EUV+ FUV) Hy synthetic spectrum with and without
self-absorptionKig. 6) illustrates the intensity redistribution
of the H lines. Strong absorption below 1100 A is clearly
seen inFig. 6. The energy absorbed at short wavelengths
is redistributed at longer wavelengths by self-absorption.
Since self-absorption is a redistribution of the line inten-
sity rather than an effective absorption, the total intensity of
the UV spectrum must be conserved. Tests were made on

T ZHUAS

Werner emission will be self-absorbed and will become sec- self-absorbed/unabsorbed pairs of synthetic spectra and the
ondary compared to the Rydberg bands emission. A gooddifference between the total line intensity does not exceed
way to validate the bisynthetic spectral generator is to com- 1%. Since photons from the Lyman continuum are in the
pare the model with a laboratory spectrum obtained under wavelength range 1200-1750 A, they cannot be absorbed by
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Fig. 3. Contribution of the Kl electronic states included in the synthegjoectral generator. The Rydberg statB$ (D, B”, D’) were recently included to
study the EUV and short-wavelength FUV observed jovian spectra BHie spectrum contains both the direct afd F' cascade contributions. This model
was obtained at 500 K with 100 eV electrons.

H» through a radiative process. Accordingly, the continuum 4.1. Onelayer analysis
photons are not influenced by self-absorption.
In a first approach, we used a simple model to analyze
the FUSE data. The syntheticesyiral generator described
4. Analysisresults in the previous paragraph is driven by two parameters: the
H> rovibrational temperature (that we will refer to &sn),

We now examine three spectral regions of the FUSE spec-which controls the population of the vibrational and rota-
tra obtained on October 28, 2000. In order to obtain the besttional levels of the ground-state;lmitting molecules, and
signal to noise ratio, the spectra obtained during the threethe energy of the precipitated electrons which populate the
contiguous orbits where summed to a total exposure of 9708excited H electronic states through inelastic collisions. The
seconds. It should be noted that since the FUSE apertureemitted EUV and FUV photons can interact with the at-
samples the entire auroral region, it is likely that the resulting mosphere in two ways:
spectra account for auroral regions characterized by different
temperature, bicolumn and color ratio. This mixing effect (1) Methane is an active absorber in the 900-1200 A do-
is further increased by the continuous variation of the view main. The shape of the GHcross-section absorption
angle and the line of sight of the observation during the ex- varies with wavelength and thus the geblumn can in-
posure. The view angle is defined as the angle between the fluence the relative intensityetween different spectral
local vertical and the FUSE satellite. regions of a given spectrum.



1200 £ 3 1200 £ E
21000 laboratory spectrum = @ 1000 B self-absorbed laboratory spectrum 3
5 go0f synthetic spectrum o =] CAT synthetic spectrum w“ &3

E Y > T3 e E W > =3
2 600 - > ] = E‘ 600 F- 3 - T
£ a0 o T 3 £ a00f T = E
£ Lk T | E g E
< 200F | & 2 200 | =
d A 0 Mna anm Mo N Apiminniah ak [ Y Y ﬂ 3

900 925 950 975 900 925 950 975

Wavelength (A) Wavelength (A)

1200 3 1200 £ 3
21000 > 3 21000 o E
5 800 - 3 S s00E- 3 =

= E T 3
2 600 3 g 600 & 5
-‘E-: 400 ] ; - E 400E- 3
R | | E N VT OrY WP Y Y [ N | o A
0
975 1000 1025 1050 975 1000 1025 1050
Wavelength (A) Wavelength (A)

1200 F 3 1200 £ 7
21000 - 2 1000 & -
£ goo |- 3 S s00E- E
£ 600 - | 3 E‘ 600 - E
= E. 3 £ 400E- 3
Z 400 F 3 3 E 3
= = = E E
< g \JM/WMN\AN’LJU\M k : < M K

ok U\E 0 L)‘J |
1050 1075 1100 1125 1050 1075 1100 1125
Wavelength (A) Wavelength (A)

1200 . 1200 £ 5
21000 - 3 £ 1000 E
5 s00F 3 S so0f l E
2 600 ‘ = E‘ 600E- (] | 3
= E 3 = 400 | -
S I e BV LYY WY1 LT
< 200 = 200 - L\M 4

ok i jl;\ H 0 Bamdand A a M ponnn LWLV WA Pt
1125 1150 1175 1200 1125 1150 1175 1200
Wavelength (A) Wavelength (A)

Fig. 4. Comparison between aHaboratory spectrum obtained at 300 K with 100 eV electron§ig- 5. Comparison between a high-pressurg leboratory spectrum (self-absorbed) and a

and a synthetic spectrum calculated with the same parameters. The H Lyman series lines ageHbPsorbed synthetic spectrum with ap &bsorbing column of- 3 x 10'% cm~2 (T = 300K,
included in the code. E. =100 eV). Self-absorption is clearly seen for lines shortward of 1050 A.

e

GGE-9¢e€ (Y00Z) TLT SNJed| / ‘[e B unsno



Spectroscopy of the jovian aurora with FUSE 343

(2) Hz (mainly in the vibrational ground state) can also ab- state excitation cross-section. Since the three remaining pa-
sorb photons, which results in an increase of the popula- rametersTem, H2 and CH, columns) are interdependent, we
tion of the H upper electronic states. The de-excitation vary one parameter with the other two being held fixed, us-
process by radiative transitions that follows (fluores- ing three nested loops. The first step of the study is to select
cence) produces photons that are less energetic than tha range offem, H, column and CH column that are guessed
photons that were initially absorbed. This degradation to be reasonable. A first series of synthetic spectra is gener-
process changes the intensity distribution of thdihks ated and each model is compared to the observed spectrum.
in the auroral spectra, as illustrated before. Each comparison is characterized by a chi-squafe. (The

second step is to use the parameters giving the minippéim
These two absorption processgre also implemented in  as central value to restrict the range of parameters in a se-

the code where they are controlled by the idlumn and ries of new loops. This iterative process continues until a

the H, column, respectively. Tédtemperature used to cal- good fit is obtained and may not be significantly improved.

culate the population of rovibrational levels of the Hb- In practice the number of models generated in each step can
sorbing molecules (that we will refer to dsa) is assumed  vary from 20 to 1500, depending on the parameters range
to be equal tolem. In order to reduce the number of para- for each loop. The best parameters found with this method
meters, the effective energy of theddxciting electronswas  are summarized iffable 1, where the Clj and H columns

setto 100 eV. The actual energy spectrum of electrons is dis-were converted into vertical values, assuming a mean view

tributed between the primary high energy component and theangle of 78.

secondary (and tertiary) electrons, produced by ionization of

H> by electron impact. The 100 eV value is used as a mean4.1.1. 920-970 A window—SiC2a

value for the H excitation process, found after folding the This first spectral window contains the highest energy

calculated electron energy distribution with the total singlet transitions and is thus composed of a large number of lines
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Fig. 6. Overview of the FUV- EUV synthetic spectrum, with and without absorption. Strong absorption is seen below 1100 A. The total intensity of the
spectrum is conserved and the energy absorbed at short waveignedlistributed in the longer wavelength part of the spectrum.

Table 1

Main quantitative results for the single-layer models

Spectrum H column (vertical value) Corresponding pressure H, temperature CHg column
(cm=?) (Hbar) (K) (cm=?)

SiC2a (920-970 A) 2x 1017 <1.3x 1018 < 32 x 1018 0.003< 0.01 < 0.03 755< 850 < 940 -

LiF1a (1030-1080 A) & x 1019 < 1.5 x 1020 < 2.1 x 1070 0.68<1.20 < 1.67 665< 800 < 890 -

LiF2a (1090-1180 A) Bx 1019 < 1.3x 1020 < 2.1 x 1070 0.59<1.04 < 1.67 760< 800 < 845 21 x 1015

To estimate the error in the parameters, we used the procedure descriivaéton et al. (1994)For the H column for example, we determine a confidence
interval assuming that only thettolumn is uncertain while the temperature is fixed tgifsminimum value ﬁ(ﬁ]m). The difference between the? obtained
when we vary the bl column andxr%m follows a x2 law with 1 degree of freedom. This law allows aelehination of a 90% confidence interval, using the
tabulated statistical tables. The same process is usestémuine a 90% confidence @nval for the temperature.
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connecting ta” = 0. In order to avoid strong features from when the H column is 1x 10?3 cm™2. It is also seen that
non-H; lines, the spectral region longward of H Lymarat for an H column of 13° cm2, the total intensity of the
972.55 A was ignored. As seenfiig. 2 the spectra obtained  v” = 0 lines represents only aboui206 of the intensity of
with the SiC segments are significantly noisier than the spec-the unabsorbed spectrum. If ones defines a group of lines
tra obtained with the LiF segments. Through the analysis of as saturated when the intensity of this group drops tB%
the 920-970 A window, it was found that this spectral region of the unabsorbed intensity, we can consider the lines con-
was unreliable because of its low S/N ratio. It did not allow necting tov” = 0 as saturated for angtolumn higher than
to obtain reliable values of theqtolumn andlem, based on 1 x 10'° cm2. Attenuation of thev” = 1 lines mainly oc-
comparison between the data and model spectra. Thus, onlcurs in the 920-928 A window, which is the noisiest region
the effects of self-absorption and temperature are describedof the whole spectral windowkigure 9also shows that at
here, based on synthetic spectra. For sake of completenes900 K (compared to 400 K), the attenuation increases faster
the H, column andlem, obtained on the base of the best fit, for lines connecting ta” = 1. This is consistent with the
are mentioned but they will not be further discussed. fact that the population of high vibrational levels increases
Figure 7 shows the comparison between the observed with temperature.
spectrum and the best fitting single layer synthetic spec-
trum. In addition to the H lines, features from the Earth  4.1.2. 1030-1080 A window—LiFla
dayglow and the H Lyman series are present in the observed For this spectral window, thLiF1a segment was selected
spectrum. Application of the method described above gives since it has the highest signal to noise ratio. We also ignore
rise to a best fit spectrum characterized by an emitting layer the spectrum below 1030 A to avoid the bright HRyline
at 850 K, with a slant K column of 6x 108 cm2. The at 1025.73 A. As for the 920-970 A region, the spectrum
main lines of the synthetic spectrum used to fit the data areis contaminated by Earth gglow lines, as well as features
identified inFig. 8 This figure also compares the synthetic from the jovian dayglow and the lo torus. The best fit, pre-
spectrum that gives the best fit and a synthetic spectrumsented inFig. 10 is obtained with alem of 800 K and an
at the same temperature with no self-absorption. It is seenH slant column of & 107° cm~2. As for the previous spec-
that almost all the transitioria the spectral window are at-  tral window, the small variation of the methane cross-section
tenuated. Although lines connecting #6 = 0 suffer from does not allow an accurate determination of the;@dl-
the strongest absorption, there is significant absorption forumn. Figure 11compares the best fit model with a model
transitions connecting to” = 1 between 920 and 928 A.  at the samd@em, not self-absorbed. The main discrepancies
At 900 K, the synthetic spectral model predicts that for an between the observed spectrum and the fit are explained by
unabsorbed spectrum, 56% of the total intensity in the 920—the jovian and Earth dayglow and lo torus contamination,
970 A window is emitted in lines connecting t§ = 0 and especially at 1032, 1062.6, 1071.5, and 1077 A. Some lines,
21% of the intensity lies in lines connecting 6 = 1. As such as thé¥ (0, 1) R(1) and L(5,0)P(5) at 1052.6 A and
shown inFig. 9, for an H column of 1x 10'° cm~2, this the L(4,0)P(3) at 1056.3 A, suggest that the model is not

fraction drops to 0.2% for” = 0 and 18.8% fon” =1, self-absorbed enough, while other features suggest a correct
and reaches only 13% for v” = 0 and 0.03% fon” = 1 attenuation by self-absorption (tig5, 0) P(3) at 1043.5 A
25 ‘ observed spccmu;l — Earth dayglow o
20 synthetic spectrum %, =
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Fig. 7. Spectrum obtained with the FUSE SiGZgment overlaid by the best fit model: Ten850 K, H, column= 6 x 108 cm—2. Note that the observed
spectrum is very noisy.
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Fig. 8. Comparative plots of two single-layer méglm the spectral window of the SiC2a segment. Beest fit model is compadeto a model obtained with
the same parameters but not self-absorbed. It is seen thapfitbst lines, which are the result of transitions connecting’te= 0 andv” =1, are strongly
absorbed.

or the W(0, 1) P(5) at 1065 A for example). This apparent is found that the I column corresponds to a pressure level
contradiction indicates thahe best fit we obtain is a com-  of ~ 1 pbar. To find the pressure level corresponding to the
promise between regions of the spectrum which behave op-CHs column found here, we need to use an atmospheric
positely (some line intensities are improving while others are model. Using the modified NEB model lyladstone et al.
getting worse) when the parameters of the model are varied.(1996) it is found that a CH column of 21 x 10 cm2
Figure 12shows that at 900 K, lines connectingto= 0 are leads to a pressure of 2 pbar, close to the pressure level
saturated near & 108 cm~2 (meaning that the total inten-  calculated from the bl column. These two numbers are
sity of the lines connecting to” = 0 in the spectral window  comparable and show that the parameters derived from the
is about 1% of the non-self-absorbed intensity). The lines single-layer model are consistent, although it should be
connecting tov” = 1 are saturated betweenx110?° and noted that the single-layer model does not reflect the vertical
1 x 10°* cm~2, which implies that in the range of parame- extend of the atmosphere, while photons are likely produced
ters that gives the best fit spectrug? is mainly sensitive and absorbed at different altitudes. The correspondence be-

to lines connecting t@” = 2 (as clearly seen ifig. 1), tween the methane and the ldolumns and their interpre-
which represent between 20 and 30% of the total intensity in tation is therefore biased in the single-layer approximation.
the spectral window. The only way to derive a relationship between the,Gidd

H> columns and the emission peak level would be to use a
4.1.3. 1090-1180 A window—LiF2a spectrum that contains both the short and long-wavelength

The last spectral window we analyzed is the entire LiF2a FUV spectral regions in a 1-D atmosphere. This point will
segment, from 1090 to 1180 A. Though the signal to noise be discussed in the next section with the analysis of the HUT
ratio of the LiF2a and LiF1b segments is comparable, the auroral spectrum.

LiF1b channel is more susceptible to calibration uncertainty ~ The fit so obtained is excellent and the main discrepan-
for non-point sources and was not used. Some differential cies can be explained by the jovian dayglow lines present
wavelength shifts were found in this spectrum and were in the spectrum. The discrepant features at 1092.7 and
corrected by comparing the observed lines with a synthetic 1167 A are not explained. Although t&(0, 2) lines from
spectrum. Using the method described below, the fit mini- 1100 to 1110 A are well reproduced, th&0, 2) R(1) and
mizing x? is shown inFig. 13 In this spectral region, the ~ W(0,2)Q(1) lines at 1098 and 1099.5 A present the main
variation of the CH absorption cross-section with wave- discrepancies in the spectrum. They may be explained by
length allows one to derive a GHtolumn. We find a Ch departure from the therodynamic equilibrium (LTE) dis-
slant column of 1x 10'® cm=2 and an H slant column of tribution of the B molecules in the” = 2 level or by other

6.2 x 1070 for a Tem of 800 K. It corresponds to a verti-  factors, as suggested byolven and Feldman (1998)

cal column of 21 x 10 cm2 and 13 x 10%° cm~2 for At a temperature of 900 K, the lines connectingto= 0

CH, and H, respectively. Applying the hydrostatic law, it  are quickly saturated for columns higher thax 10 cm=2,
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Fig. 9. Influence of the bicolumn and the temperature on self-absorption in
the 920-9970 A window. For better legibility, the brightness is not shown
when the B column= 0. (a) Absolute intensity variation of all the lines
connecting to the”” =0 Hy ground level in the spectral window, using
simulations with synthetic spectra. The lines are quickly saturated near
108 cm2, for both temperatures, though it is felt that the lines are still
strongly absorbed for columns higher that86m—2, because of the Y-axis
log scale. (b) Same as (a) for lines connecting’te= 1. The effect of tem-
perature is more obvious than for thé = 0 lines. At 400 K, the absorption

of the v’ = 1 lines is weak compared to the absorption at 900 K, where
thev” =1 lines reach the saturation level neafi@m=2. (c) Variation,

at 400 K, of thecontribution of the lines connecting to” =0, 1 and> 1

to the total intensity of the 920-970 A spectral window. (d) Same as (c)
for a temperature of 900 K. Near the;lolumn that provides the SiC2a
best fit(6 x 1018 cm~2), the intensity variation of the” = 1 lines is max-
imum thus thev” = 1 lines drive the)(2 behavior. It should be noted that
the increase of the contribution of the lines connecting to vibrational levels
higher than 1 is due to the decrease of the contribution ofthe 1 lines.
There is very little absolute vaiion of the lines connecting to’ > 1 in

this spectral window.

while the lines connecting to” = 1 saturate between 3
10?0 and 1x 10?1 cm~2. Figure 14shows the best fit model
along with an unabsorbed model. Lines at 1090.5, 1104.7,
and 1114 A for example indicate that self-absorption of the
v” =1 lines is well reproduced. Lines connectinguto= 2

are not saturated at theldolumn providing the best fit (the
intensity of all thev” = 2 lines at 1x 1071 cm™2 is 64%

J. Gustin et al. / Icarus 171 (2004) 336-355

of the non-self-absorbed intensity), but their contribution to
the total intensity in the spectral window is only 9%. The
near the best fit parametessdapparently more influenced by
lines connecting ta” = 3, which represent 36% of the to-
tal intensity at 900 K and k 10°' cm~? of H, (Fig. 15.
Figures 14 and 15how that thev” = 3 transitions are not
absorbed, but brighten, for all temperatures anccblumn
values found in the jovian auroral atmosphere owing to the
fact that an important part of the absorbed emission is redis-
tributed to transitions connecting td > 3.

4.1.4. Sensitivity to the temperature of H, self-absorption

The approach described above assumes that the temper-
ature controlling the population of the absorbing molecules
(Tsa) is the same as the temperature of the emissiem)
Tests were made to uncouple the temperature of the emis-
sion layer and the temperature of the &bsorbing region.
Nested loops were used witbm, H, column andl'sa as free
variable parameters. For the SiC2a spectrum, a best fit is ob-
tained for aTem of 900 K, an H column of 1x 1020 cm2
andTsa of 600 K. A comparison between this best fit and
the best fit obtained in Secti@nl.1shows that the two mod-
els are almost identical. This result has no physical meaning
since the temperature of the atmosphere rises monotonically
with the altitude in the thermosphere, up to the exobase.
Consequently, any valueem > Tsa is unrealistic, since self-
absorption can only occur above or close to the altitude of
emission. It confirms the ualiability of the 920-970 A re-
gion. The slightly smaller? obtained here is more likely
due to the addition of a degree of freedom in the fitting pro-
cedure than to a significant improvement of the model. For
information, whenTsa is varied withTem and H column
fixed to their best fit values (850 K and>x610'® cm=2, re-
spectively), the model minimizing? is obtained for al'sa
of 850 K.

The same method was applied to the LiFla spectrum.
A best fit is obtained for &em of 750 K, an H column
of 5 x 10! cm~2 and aTsa of 1000 K. Again, a compar-
ison between this best fit model and the best model previ-
ously obtained in SectioA.1.2with Tsa fixed to the value
of Tem shows very little difference between the two mod-
els. As for the previous case, the improvement of the fit
is a consequence of the addition of a new free parameter
rather than a real improvement of the model. WhenTéma
and H column are fixed to their best fit values (800 K and
7 x 10?9 cm~2, respectively)Tsa minimizing x 2 is 800 K.

When applied to the LiF2a spectrum, this method shows
that a best fit is obtained with the same parameter values
as the values obtained wiffsa fixed to the value offem
(800 K).

4.1.5. Summary of the single-layer study

(1) The x2 that determines the best fit parametdia
H2 column and CH column) is mainly dominated by lines
connecting tow” = 1 in the 920-970 A windowy” = 2 in
the 1030-1080 A window,” = 2 andv” = 3 in the 1090—
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Fig. 11. Best fit model of the LiFla spectrum isnepared to a model at the same temperaturerandelf-absorbed. Few lines connectinguto= 0 and
v” =1 are strongly absorbed. Only the main absorbed transitions are identified.

1180 A window. For a given vibrational lower leve!, x?2 at 900 K, these lines are strongly absorbed when thedt

is sensitive to the combination of rapid intensity variations umn exceeds ¥ 10'° cm~2 (Fig. 1).

with Hy column and a significant proportion of lines con- (4) The main effect of the temperature is to modify the

necting tov” in the spectral window. rovibrational population in the felectronic ground state.
(2) “Line-by line” interpretation is difficult because most A temperature increase populates higher vibrational levels

of the lines in the spectra are blended with different transi- (mainly v’ = 1, 2, and 3) and makes transitions connecting

tions. to these levels more sensitive to self-absorption, both in ab-
(3) Figures 9, 12, and 16learly show that the redistri-  sorption and fluorescence.

bution of H, photons from higher transitions to lower tran- (5) Tests were made to uncouple the temperature of the

sitions depends on thexHtolumn andTsa. For example, at  emitting molecules Tem) and the temperature controlling

400 K, lines connecting to” = 2 in the 1090-1180 A spec-  the population of the absorbing molecul@s4). They show

trum become more intense with increasingdélumn while that includingTsa as a free parameter in the fitting procedure
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This is a numerical effect and it does not bring any further
understanding of the jovian atmosphere. We note that with
Tsa as a free parameter, the best fit spectra are obtained with
the same value ofem (within 50 K), as in the case where
Tsa is fixed. Also, whenTem and H column are fixed to
their best fit value listed in Sectiodsl.1-4.1.3the value of

Tsa (as free parameter) that minimizé is the same a®em.
These results suggest that emission and absorption of pho-
tons occur approximately at the same altitude, as expected
from the rapid exponential drop ofaHlensity with altitude.

As a consequence, we find no need to u3ezavalue that is
twice the gas temperaturgéen), as was done iAjello et al.
(2001)

(6) As short-wavelength FUV auroral emission is strongly
absorbed by methane, the; Holumn derived from self-
absorbed short-wavelength FUV spectra is located above the
CHs homopause. Since Hs the major constituent in the
jovian atmosphere, the Hcolumns found from the LiF1lb
and LiF2a spectra~ 1 x 10?° cm~2) can be directly con-
verted in pressure values. It is found that ap ¢blumn
of 1 x 10°° cm~2 corresponds to~ 1 pbar. When com-
pared to the modified NEB modéGladstone et al., 1996)
these values corresponds to an altitude close to the methane
homopause, which is located near 5 pbar in the modified
NEB model. The H vertical column found for the SiC2a
spectrum(1.3 x 108 cm=2) corresponds to an altitude of
~ 0.01 pbar. This suggests that the auroral emission in this
spectral window is far above the methane homopause, but as
mentioned before, the low signal to noise ratio of the SiC2a
spectrum does not allow a definite determination of the H
column. A fit of the SiC2a spectrum was made with the pa-
rameters that best fit LiFla segmeiit £ 800 K and H
column= 7 x 10°° cm~2). The difference by eye between
the two fits in the first half of the spectral window (which
is the noisiest part) is very small and only thé allows a
choice between the two models.

4.2. Multi-layer analysis

The multi-layer approach is more realistic since it di-
rectly combines the synthetgpectral generator and the 1-

H> temperature is in the order of 400 K, the gas has very little effects on D energy degradation model described Gyodent et al.

self-absorption. At 900 K, the population of the hholecules in the” =2

(2001, private communication, 2001) adapted from the NEB

vibrational level increases and it provides a strong absorption of the photons model by Gladstone et al. (1996Yhis 1-D model consid-

connecting to this vibrational level. (d) SameFdg. & in the 1030-1080 A
spectral window. (e) The best fit sppen of the LiF2a is obtained for an
H, column of 62 x 102% cm=2. For this value of the i column, the lines
connecting taw” = 0 andv” = 1 are saturated and the intensity variations
are due to lines connecting id = 2. As for Fig. 9d, the contribution of
the lines connecting to levels higher thati = 2 in the spectral window
is due to the decrease of the contribution of tffe= 2 lines rather than a

significant variation of the lines connecting#6 > 2.

does not lead to significant improvement. The similarities
between models witfsa fixed or freely varying indicate that

ers an electron energy flux at the top of the atmosphere and
self-consistently calculates the vertical temperature profile,
the composition structure, and the degraded energy flux of
the electrons as they penetrate deeper into the jovian at-
mosphere. In this scheme, the main input parameter is the
energy spectrum of the precipitating electrons. Among other
results, the 1-D model calculates the local electron energy
distribution, the H, CHy, and GH> density profiles, and the
gas temperature at 200 pressure/altitude levels. These out-
puts are rebinned to fit in the 20 atmospheric layers consid-

a given value of the transmission coefficient can be obtainedered in the spectral generator. The resulting spectrum, which

with different sets of values of the gHtolumn—Tsa) pair.

consists of the sum of the 20 spectra weighted by the elec-
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Fig. 13. Comparison between the LiF2a spectrum and best fit model:=Té®d K, H, column= 6.2 x 107 cm—2.

tron energy flux, is then compexd to the observed data (Dols layer analysis and therefore are not shown. The similarity
et al., 2000Gustin et al., 200R In this approach]sa and of the one-layer and the multi-layer model spectra indicates
Tem were fixed to the K temperature provided by the 1-D  that the best fits reached by the multi-layer approach give
model. Several energy distributions were tested in order to fit a good estimate of the energy spectrum of the precipitating
the three FUSE spectral windows described above. The mainelectrons. An important point is that the scaling factors ap-
observational constraints imposed on the energy distribu- plied to the synthetic spectrum to fit the data are identical
tion were to obtain a 1-D atmosphere providing sufficiently within 2% for each spectral window. This implies that fitting
self-absorbed synthetic spectra. In this scheme, simultanethe overall FUSE spectral window would lead to the same
ous high values for the JHcolumn and temperature near the result. It also implies that the temperature, the,Qdlumn
homopause were required, along with a reasonable value ofand the H column associated with the three studied spec-
the color ratio (see Fig. 2 iGérard et al., 2002 These con-  tral windows reach a consistent value and provide an overall
straints allow us to considerably restrict the specifications of good fit to the data.
the primary precipitated electrons, in terms of energy flux  Figure 16 shows the characteristics of the model at-
(@) and characteristic energ¥o). mosphere used in this study. The initial electron energy dis-
The best fit spectra obtained for the three windows are tribution is given inTable 2 It combines a series of six
very close to the best synthetic spectra obtained with the one-Maxwellian distributions. The addition of several Maxwel-



350 J. Gustin et al. / Icarus 171 (2004) 336-355

o >
%

60 Fo—mm e synthetic 800 K without self-absorption B

50 — synthetic 800 K self-absorbed (H,= 6.2x10% crri:) |
2 o E
5 40 — W(0,2 = = - —
=] £ 2 > = 3
2 30 a4 2 =
g 0E = = ]
3 C L5, PG) L{3.1) P3) ]
= il -
z 20 ]

1095 1100 1105 1110

1090
Wavelength (A)
SOE e 2 = 3 &
50 L@ &= o = ~
E wa3) P P e = = =z I g

2 F =2z |5 |8 < z z = e
= g
g F
£ e
< =

o b b b e

'. ’\J MAMJ\J%‘/ :

1120 1125 1130
Wavelength (A)

[
[

o o
TT — T
o?

g
[

£
g

T
R(0)
R(3)
P@)

[
Q5)

)

Q3 & P(2)

L(L1)YP(3)

Arbitrary Units
)
<

Il R R FET ST A

ISR RR R R R R

0 PUSIN P o P Y\ . L M
1135 1140 1145 1150 1155
Wavelength (A)
60 F T -
Ewes) P P _ 3
50:— W(IA\: SR = = = - :g c:y ~5 % _:
s F EEL ° = = = B
= s =
=) [ <z 3
g 30 E
Z _E B
220 ! E
10 ! =
oc : ) A VD
1160 1165 1170 1175 1180

Wavelength (A)

Fig. 14. The single-layer model that béis the LiF2a spectrum is compared to a single-layer nhatithe same temperature and not self-absorbed. &/¢hd
lines connecting to” = 2 can be both absorbed or more intense by adiscence process, the lines connecting’te: 3 are also influenced by self-absorption.
They are brighter and get the energy from self-absorbes looming from the shorter wavelength part of the spectrum.

lian components allowed to easily modify the shape of the mosphere. The 25 keV component is included to enhance
energy spectrum of the primary electrons. Since theléh- the temperature gradient and emphasize therHission rate

sity and temperature profiles of the atmosphere (and thus thgust above the methane homopause. The 100 keV component
resulting synthetic spectrum) arery sensitive to this input,  slightly changes the fHemission profile below the altitude
our best electron energy distribution was obtained after somepeak and refines theaprofile in order to keep the color ra-
trial shots, until a good fit was achieved. An energy distribu- tio in the range of previously observed values. Consequently,
tion composed of multiple Maxwellians is always somewhat the low altitude emission mainly controls the color ratio (2.9
arbitrary, but it provides a suitable, though not unique, de- at 60 zenith angle), while the high altitude emission near
scription of the primary electron’s energy spectrum. Each 500 km is necessary to provide, at the same time, a hot com-
Maxwellian used here has a physical meaning that can be in-ponent, characterized by highly populatéd= 1 andv” = 2
terpreted as follows. The dominant Maxwellian component vibrational levels of the bl ground state, and aztolumn
(100 ergcm?s~1) has a characteristic energy of 40 keV that is sufficiently large to account for the self-absorption of
and determines the altitude of the UV emission peak. The the FUSE spectra. It should be mentioned that although the
components at 1, 4, and 9 keV contribute to the emission total energy input flux is considerable (278 ergd@s 1),
appearing above the 10 pbar level and heat up the upper atit is in the range of the 45 to 450 ergcis! determined
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Figs. 9b and 12b(c) Same agigs. 9c and 12¢(d) Absolute variation of
the lines connecting to” = 3. The effect of self-absorption is to increase
the intensity of these lines (at temperatures apdélumns found near the

aurora produced by the multi-layer model is 2.8 Mega
Rayleighs (MR). On the other hand, taking the LiF2a spec-
trum as a reference, the total intensity in the 1090-1180 A
spectrawindow is- 1.1 kR. An estimate of the observed au-
roral brightness in the 800-1700 spectral A window can be
obtained using the synthetic spectrum that best fits LiF2a.
This synthetic spectrum shows that the intensity ratio be-
tween the 1090-1180 and the 800-1700 A windows is 54.8.
The total brightness is thus 61 kR for the 800-1700 A
observed spectrum, attenuated by methane. Taking into ac-
count the ratio of 5 between the absorbed and unabsorbed
H> volume emission rate in the present case Ege 1),

the total unabsorbed intensity of the FU\ lémission is

~ 305 kR. This brightness needs to be corrected for the fill-
ing factor, as the aurora does not completely fill the LWRS
aperture. Considering that the auroral emission is defined
by the pixels enclosed by the main oval, the mean ratio be-
tween the auroral area and the total LWRS area i8.1.

The total auroral brightness derived from the observation is
thus ~ 3 MR. This estimate is close to the brightness of
~ 2.8 MR deduced from the flux of precipitated electrons.
The value of the filling factor is the key point, as it cannot
be determined from the FUSE observations. Though this fill-
ing factor is uncertain, a value of 10 is reasonable since the
geometry of observation is well known from HST images, as
well as the morphology of the main oval, which is known to
remain stable with timéGrodent et al., 2003)

Also, the outputs resulting from the energy degradation
model meet the observational constraints described in Ta-
ble 2 of (Grodent et al., 2001)rhe value of 1020 K found
for the Hj temperature weighted by thejHemission pro-
file (Table 2 is in the upper part of the observational range
(700-1100 K ), although values up te 1500 K are sug-
gested from Echelle spectra obtained with the Infrared Tele-
scope Facility (IRTF) spectrometé8tallard et al., 2002)
The exospheric temperature of 3600 K obtained at the top
of the 1-D model is significantly higher than values pre-
viously calculated, but no actual measurement of the ex-
ospheric temperature in the auroral region is available. Our
Table 2also shows that the Hgas temperature weighted
by the FUV auroral emission (305 K) is significantly lower
than the H temperature weighted by the auroral emission
above the methane homopause (810 K). The FUSE spec-
tra studied here are characterized by temperatures in the

jovian homopause). That is, the lines that are self-absorbed in the shortergrder of 800 K, which demonstrates that short-wavelength

wavelength part of the UV spectrum aelistributed at longer wavelength.
(e) The contribution of the lines conrter to all vibrational levels remain
nearly constant up to angtolumn of 5x 107 cm™2. (f) The effect of
temperature is clearly seen. The absorption of lines connecting to 3
becomes effective near 4Dcm—2 and the lines connecting t¢ = 3 dom-
inate in this spectral window. They contribute35% of the intensity near
the best fit values of temperature ang ¢blumn.

by Clarke et al. (1996from FUV images. Assuming that an
electron flux of 1 ergcm?s~1 produces an auroral bright-
ness of 10 kilo Rayleighs (kR)Gérard and Singh, 1982;
Waite et al., 1983)the total unabsorbed brightness of the

FUV auroral spectra probe the higher altitude part of the
auroral UV emission and are not indicative of the bulk of

the auroral energy deposition. The analysis of two GHRS
high-resolution Echelle spectra in the 1216-1220 A win-

dow in (Dols et al., 2000) pointed out that the 20-layer

models used to fit the G140L low resolution spectra (from
1200 to 1700 A) were too cold to reproduce the Echelle
spectra (from 1216 to 1220 A), taken close in time to the
G140L spectra. At that time, a single Maxwellian was used
to produce the models, with characteristic energies of 17
and 40 keV for each model, respectively. A best fit was
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Table 2
Main characteristics of the multi-layer model used in this study (display&tginl6)

Maxwellian

#1 #2 #3 #4 #5 #6
@2 50 30 8 80 100 10
EqP 1 4 9 25 40 100
H» temperature from the 1-D model, weighitby the UV volume emission rate 305 K
H, temperature above the methane layeigiveed by the volume emission rate 810K
Hz column above the altitude ofcyy,, = 1 12 x 1020 cm=2
H3 temperature weighted by thejHorightness 1020 K

2 @ is the energy flux of the Maxwellian components at the top of the atmosphere (in E?gﬂ‘:ﬁﬂ).
b Eg is the characteristic energy (in keV).
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Fig. 16. Main characteristics of the best 1-D model atmosphere used te fibtbe FUSE spectra and the HUT spectrum. (a) Energy distribution of the
primary electrons precipitating at the top of the atmosphere. The flulzamcteristic energies of the Maxwellian components that compose tiisiudisn

are displayed irTable 2 (b) Vertical thermal profile, logy of the H, FUV volume emission rate and Iggof the I-g volume emission rate as a function of
pressure/altitude. Itis seen that the short-wavelength FUV emission and the bulk @T gmaiision probe approximately the same regions of the atmosphere.
(c) Hy and CH, densities and column densities as a function rekpure/altitude. The mean value of the methane cross-section between 900 and 1200 A is
used to define the altitude ofcp,) = 1 (marked up with a horizontal dash-dot line).

obtained with a single layer model at 600 K, suggesting 4.3. Analysisof the HUT auroral spectrum

that the emission above the homopause needed to be higher

in order to raise the mean temperature of the multi-layer A detailed comparison between single-layer models and
model. the HUT jovian auroral spectrum can be foundWolven
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put together, degraded at the resolution of HUT, acaled to the HUT brightness. The two spectra are almost identical—the main differences ael@gen b
1000 A where the HUT signal to noise is very low.

and Feldman (1998)Iheir best fit spectrum was obtained coupled two-stream model and synthetic spectral generator
with a Hp slant column of 3x 10?° cm~2, a temperature of  to the observed spectra and found that the observed spectra
900 K and an overlying methane column ok2L0® cm~2. displayed excess emission in the EUV and short-wavelength
Applying our single-layer model with the same value for FUV portion in comparison with their best synthetic spec-
the methane column, we obtain a best fit spectrum for an trum. An optically thin flux of electrons (with characteristic
H, slant column of 5x 10°° cm~2 and a temperature of  energy of 27 eV) was included in the input of the two-stream
800 K, which are close to the values obtainedWglven model to best fit the data, leading to the conclusion that the
and Feldman (1998Yhe best 20-layer model we used to fit aurora was composed of two sources: a deep aurora result-
the FUSE data was also applied to the HUT spectrum. Theing from 5-100 keV electronand a high-altitude aurora

fit is shown inFig. 17a, where the complete FUV and EUV  resulting from 20-200 eV electrons, near the exobase. The
domains were taken into account in the fitting procedure. observational constraints provided by the HUT spectrum do
The ratio between the unabsorbed part and absorbed part (byiot impose the addition of a discrete soft electron component
methane) of the spectrum isell reproduced, which indi-  to fit the data. Therefore, the energy distribution presented
cates that the modeled depthtbé emission peak is correct. here is likely to be more appropriate to specify the charac-
Self-absorption is also well reproduced, as demonstrated byteristics of the primary electrons precipitating at the top of
the correct intensities of the features at 1050 and 1100 A. the jovian atmosphere. The multi-Maxwellian energy distri-
As was the case for the FUSE LiF2a spectrum, the 20-layerbution we used contains soft electrons: the total energy in the
model overestimates the intensity of the lines connecting to range 0—-200 eV is- 1.4% of the total energy precipitating

v” =2 near 1100 A (cfFig. 13. The color ratio of the model  at the top of the atmosphere. The main effect of the low-
is slightly too large and since the model is slightly too ab- energy electrons< 200 eV) is to warm up the atmosphere.
sorbed by methane, the fit routine tends to raise the syntheticTheir contribution to the blvolume emission rate is low, as
spectrum in order to minimize the?, as if the model did not  seen inFig. 16b: there is no secondary emission peak near
include sufficient self-absorption near 1100 A. Single-layer the exobase.

models were not able to solve this problem, whatever the H

column,Temor Tsawe used. At this point, it should be noted

that each single Maxwellian component used in the 1-D 5. Conclusions

model to generate the best synthetic spectrum leads to an

auroral emission peaking below the<1.0~° bar level. Con- The high spectral resolution of the FUSE spectra makes
sequently, no additional discrete low-energy component is it possible to resolve individual rotational lines belonging
needed to fit the EUV and short-wavelength FUV portions of to several Rydberg states of the Iholecules. Numerical
the spectra. This conclusion is at variance wijello et al. simulations show that the three spectral windows analyzed
(2001)who analyzed EUW- FUV auroral spectra from the  in this study are dominated by transitions connecting to
Galileo EUVS spectrometer and from HUT. They applied a v” =1, 2, and 3 which saturate for self absorption at dif-
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