N

N

Sensitivity of upper atmospheric emissions calculations to
solar/stellar UV flux
Mathieu Barthelemy, Gaél Cessateur

» To cite this version:

Mathieu Barthelemy, Gaél Cessateur. Sensitivity of upper atmospheric emissions calculations to solar/stellar
UV flux. Journal of Space Weather and Space Climate, 2014, 4, pp.A35. <10.1051/swsc/2014033). <insu-

02938761)
HAL Id: insu-02938761
https://insu.hal.science/insu-02938761v1
Submitted on 15 Sep 2020
HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-

for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Distributed under a Creative Commons CC BY 4.0 - Attribution - International License


https://insu.hal.science/insu-02938761v1
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

J. Space Weather Space Clim., 4, A35 (2014)
DOI: 10.1051/swsc/2014033
© M. Barthelemy & G. Cessateur, Published by EDP Sciences 2014

SWSC

RESEARCH ARTICLE OPEN @ ACCESS

Sensitivity of upper atmospheric emissions calculations

to solar/stellar UV flux

Mathieu Barthelemy"" and Gaél Cessateur”

! UJF-Grenoble 1/CNRS-INSU, Institut de Planétologie et d’Astrophysique de Grenoble (IPAG), UMR 5274,

38041 Grenoble, France

*Corresponding author: mathieu.barthelemy@obs.ujf-grenoble.fr
2 Physical-Meteorological Observatory/World Radiation Center, Davos, Switzerland

Received 19 September 2014 / Accepted 20 October 2014

ABSTRACT

The solar UV (UltraViolet) flux, especially the EUV (Extreme UltraViolet) and FUV (Far UltraViolet) components, is one of the
main energetic inputs for planetary upper atmospheres. It drives various processes such as ionization, or dissociation which give
rise to upper atmospheric emissions, especially in the UV and visible. These emissions are one of the main ways to investigate the
upper atmospheres of planets. However, the uncertainties in the flux measurement or modeling can lead to biased estimates of
fundamental atmospheric parameters, such as concentrations or temperatures in the atmospheres. We explore the various prob-
lems that can be identified regarding the uncertainties in solar/stellar UV flux by considering three examples. The worst case
appears when the solar reflection component is dominant in the recorded spectrum as is seen for outer solar system measurements
from HST (Hubble Space Telescope). We also show that the estimation of some particular line parameters (intensity and shape),
especially Lyman «, is crucial, and that both total intensity and line profile are useful. In the case of exoplanets, the problem is
quite critical since the UV flux of their parent stars is often very poorly known.
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1. Introduction and motivations

Solar irradiance in the UV (UltraViolet) range is a key param-
eter for space climate studies (Lilensten et al. 2008; Mikhailov
et al. 2012). Nowecasting the solar UV variability is extremely
important for numerous applications as we shall see throughout
this paper. The solar UV flux is indeed the main driver of upper
atmospheres dynamics and chemistry, along with the magneto-
spheric energetic input, leading to ionization, excitation, and
chemical processes.

In solar physics, the most energetic part of the solar UV
spectrum is conventionally divided into middle UV (MUYV,
200-300 nm), far UV (FUV, 122-200 nm), extreme UV
(EUV, 10-121 nm), and soft X-rays (XUV, 0.1-10 nm;
Lilensten et al. 2008). The solar spectral variability in the
UV is dynamic, and affects the thermosphere/ionosphere
system differently on various time scales. The top panel of
Figure 1 displays the solar spectrum. The bottom panel
displays its variability, computed over the 11-year solar cycle,
as follows:

U= (Imaxu) - [min(l))/Fmean(;”)- (1)

Long-term variations, such as the solar magnetic cycle
modulation, have a more marked impact on the shorter wave-
lengths, especially in the XUV and EUV ranges where the
intrinsic variability can reach 100%-1000% as shown in
Figure 1. The variability on a 27-day solar rotation time scale
is mostly related to the appearance and disappearance of active
regions at the solar surface. The center-to-limb variation also

causes a 13.5-day modulation, with an excess of emission
for spectral lines that exhibit limb brightening (e.g., coronal
lines) and a deficit for wavelengths that exhibit limb darkening,
such as the 168210 nm range (Crane et al. 2004).

However, the long-term monitoring of the UV irradiance is
a major challenge. Measurements must be carried out in space,
where instruments suffer from aging, degradation, and signal
contamination particularly severe in the EUV and FUV spectral
range (BenMoussa et al. 2013). The first observational mis-
sions began in the early 1960s with some sporadic measure-
ments, but it is only recently that continuous monitoring of
the complete UV spectrum is available with the launch of
two satellites: TIMED in 2002 for the EUV spectral range
(Woods et al. 2005) and SORCE for the FUV and MUYV parts
(Rottman 2005). The data in the 27-115 nm range come from
the EUV Grating Spectrograph (EGS), which is part of the
Solar Extreme Ultraviolet Experiment (SEE) on board TIMED
(Thermosphere lonosphere Mesosphere Energetics and
Dynamics). The instrument has a spectral resolution of
0.4 nm, but has been rebinned to 1 nm for the present study.
The 115-250 nm range is covered by the SOLar Stellar Irradi-
ance Comparison Experiment (SOLSTICE) instrument on
board the SOLar Radiation and Climate Experiment (SORCE),
which also has a binsize of 1 nm. Finally, the data in the
127 nm range come from the XUV Photometer System
(XPS) instrument on board SORCE, which is not a spectrom-
eter but a radiometer using several broad bandpasses.
The XUV data are then processed with an algorithm using
the CHIANTI spectra models (Woods et al. 2008). Although
ideal, this approach relies on good calibration of the

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


http://www.swsc-journal.org/
http://dx.doi.org/10.1051/swsc/2014033
http://www.edpsciences.org/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

J. Space Weather Space Clim., 4, A35 (2014)

Irradiance (W.m™2nm™")

FUvV MUV

50 100

150 200 250 300

Wavelength (nm)

Relative variability [%]

50 100

150 200 250 300

Wavelength (nm)

Fig. 1. Upper Panel: the solar spectrum as observed. Lower Panel: relative variability of the solar spectrum for the UV spectral range over the

11-year magnetic cycle. Adapted from Cessateur (2011).

instruments, which are largely debated in the solar community
as discussed by these two papers (Haigh et al. 2010; Lean et al.
2011).

Direct UV measurements are not always available during
certain epochs. Several empirical approaches for estimating a
reconstruction of the solar UV variability have been developed,
and planetary modelers often rely on such approaches. They
either use some simple UV models based on old reference
spectra from cycles 21 or 22, while we are currently in the
24th cycle. An interpolation is performed using different solar
proxies (such as the radiometric index F10.7 or the magnesium
index Mg II) to infer the solar irradiance at a specific date.
Linear combinations of these proxies and their 81-day running
mean, or nonlinear functions of them (such as the E10.7 proxy)
are today used in many models (Hinteregger 1981; Richards
et al. 1994; Tobiska et al. 2000; Lean et al. 2003). In the
following, we will use the HEUVAC model as described by
Richards et al. (2006) as an empirical model reference for
comparing with others solar spectra in the following.

Dudok de Wit et al. (2009) have shown that most of the
solar proxies do not capture the salient features of the solar
UV variability, which leads then to the development of other
approaches. A physical approach consists in considering that
the solar spectrum variability in the UV can be described by
only a few physical terms. The variability of the solar spectrum
is indeed coherent. One particular manifestation is the similar
time evolution of the irradiance as observed at different wave-
lengths. Solar emissions coming from different solar regions
across the solar atmosphere (upper photosphere, chromo-
sphere, transition region, and lower corona) are very well cor-
related on time scales greater than the dynamic time of
transient events such as flares (Floyd et al. 2005). This high
correlation resides in the strong structuring of the solar atmo-
sphere by the magnetic field (Domingo et al. 2009). Based on
this remarkable property, we have developed a strategy for
reconstructing the solar spectral irradiance from a measure-
ment of a small set of correctly chosen passbands (Cessateur

et al. 2011, 2012b). We will use the solar spectrum as recon-
structed with this particular method in the following sections.

However, if the angle Earth-Sun-Planet becomes too large,
solar proxies as estimated from terrestrial measurements or
earth orbit-based measurements do not reflect at all the vari-
ability of the solar UV flux at the considered planet, which
receives different UV irradiances and variability than Earth.
It must be stressed that better results will always be obtained
with a local solar UV flux measurement, which underlines
the need for small UV radiometers on board each planetary
missions.

The solar UV flux with the magnetospheric energetic
inputs induces a large panel of processes such as ionization,
dissociation, or excitation of the gases in the upper atmosphere.
These processes induce electron production and photo excita-
tion that can be measured remotely, and give rise to a large
panel of observable quantities. This opens the possibility to
diagnose the upper atmospheres of solar system objects but
also, in the near future, of exoplanets (Menager et al. 2013).
In most cases, except for the Earth case and space missions,
information about planetary upper atmosphere is derived from
remote sensing of the light emissions and thus the
photoexcitation.

These diagnostics can be made through models such as the
TRANS* family models, developed to study planetary
ionospheres such as Earth (Lilensten & Blelly 2002), Mars
(Witasse et al. 2002, 2003; Simon et al. 2009), Venus (Gronoff
et al. 2008), Titan (Lilensten et al. 2005a, 2005b; Gronoff et al.
2009a, 2009b), and Jupiter (Menager et al. 2010).
The TRANS* family models are 1D kinetic models which
solve the Boltzmann equation for the suprathermal electrons
along a vertical (or a magnetic field line) in the atmosphere.
Some modules allow us to calculate the effects of these
supra-thermal electrons including ionization, dissociation, or
excitations and thus light emissions. Gronoff et al. (2012)
recently explored the uncertainties induced by the cross sec-
tions using this kind of model. Some other simulations have
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also been performed for example by Galand et al. (2011) for
Saturn. Grodent et al. (2001) explored the jovian case but
with only two streams, contrary to the family Trans* model,
which is a multistream simulation (16 angles in most cases).
Shematovich et al. (2008) also did similar calculations for
example on Mars but using a Monte Carlo model.

All these models need the solar UV flux as an input.
The solar flux is estimated by both measurements and models
as we shall elaborate in the following sections. One goal of this
paper is also to compare different solar UV models. However,
for most cases studied in this paper, we will use the measured
solar flux as a “reference spectrum”. The aim of this paper is
to explore the sensitivity of the models to different estimations
of the solar flux, the resulting uncertainties on the atmospheric
emissions and thus on the atmospheric parameters. Let us note
that uncertainties due to solar flux are not always the major
component compared to other sources of uncertainties.
For example, some studies explore the uncertainties on the
cross sections or reaction rates, which can be really important
reaching, for example, 50% for the quenching of the O'S state'
(Gronoff et al. 2012). However, the solar flux is one of the
sources of uncertainties, and cannot be neglected in most
cases. We will work on three “typical examples”, and focus
for each case on the specific problems caused by the imperfect
knowledge of the solar flux. These examples are chosen
because each reveals one specific problem. The aim is not to
review all the atmospheric emission processes but to extract
the main type of problems, which can be caused by a lack
of knowledge of the solar UV flux. The case of Ganymede
is interesting because due to the thin atmosphere, the link
between the solar flux and the atmospheric emissions is as
direct as possible. The transport of electrons is almost negligi-
ble for Ganymede. The case of Uranus is critical since
the FUV solar reflected flux represents the dominant part of
the Earth-based observations. The study of specific solar lines
(especially H-Lyman o)) is important since it reveals the need
for very high resolution for specific lines and radiative transfer
simulation. In a last section, we will extend this problem to the
exoplanet cases.

2. Example using Ganymede: study of the
importance of specific lines

We will perform some simulations using different models of
solar irradiance and direct measurements from SORCE and
SOLSTICE which will be considered as the reference
spectrum except when the line shapes are important. The con-
sidered models are: (i) the HEUVAC model, using the radio-
metric index F10.7 (Richards et al. 2006), and (ii) an
empirical model based on the direct observation with band
passes looking at specific spectral ranges as previously
described.

The effects of the solar UV flux on Ganymede have
recently been modeled by Cessateur et al. (2012a). Production
of different excited states of the atmospheric species has been
calculated in various geometries at different latitudes as well as
electron production. We focused here on the role played by a
specific solar line to the electron production and airglow emis-
sion. We used the same hypothesis for the calculation, i.e., the

"' The O'S state is responsible for the oxygen green line in
terrestrial planets’ upper atmosphere emissions by ground state
atomic oxygen.

Fig. 2. Line of sight for the Ganymede case.
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Fig. 3. Electron production rate for three different solar irradiance
spectra: the reference spectrum (in black), the one obtained with a
bandpass model (in green), and the HEUVAC model (in blue).

atmospheric model, built by Marconi (2007) and a line of sight
parallel to the equatorial plane reaching the ground at a solar
zenith angle of 82° (Fig. 2). The atmosphere close to the
equator is dominated by water coming from ice sublimation,
while molecular oxygen dominates in the polar regions.
The exobase is at the ground except near-equatorial regions
where it reaches 50 km.

2.1. Electron production

In the case of electron production, the part of the solar spec-
trum which plays an important role lies between 1 nm and
105 nm. We consider here moderate solar activity, i.e., with
F10.7 = 172 (November 1, 2004). Let us stress that similar
conclusions regarding the disagreement between the three dif-
ferent solar spectra are obtained regardless of the level of solar
activity.

Figure 3 displays the electron production rate within
Ganymede’s atmosphere. Due to its very thin atmosphere,
the maximum of electronic production is close to the ground.
Let us start with the HEUVAC model: the electron production
at the ground reaches 5 electrons cm > s~ '. This model then
underestimates the electron production by about 13%, while
the disagreement reaches only 3% with the bandpass model.
More interestingly is the evaluation of the Total Electronic
Content (TEC) in Ganymede’s atmosphere. Using a steady-
state equilibrium model, we can evaluate the TEC by consider-
ing that the loss reaction involves only O% and H,. While the
bandpass model overestimates the TEC obtained with the
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Fig. 4. Contribution to the electron production for five solar lines.

reference spectra by about 1.8%, the HEUVAC model underes-
timates it by about 11%.

For each case, a significant part of the ionization is created
by a reduced number of solar lines. We considered here five
solar lines, which are dominant within the solar UV flux: Fe
XV (284 nm), He II (30.4 nm), He T (58.4nm), O V
(62.5 nm), and C III (97.5 nm). Those five solar lines contrib-
ute around 20% of the electron production as displayed by
Figure 4. In terms of altitude, two regions can be identified
with a border around 100 km related to the predominance of
specific molecular species. At low altitudes, the He II line plays
the major role, followed by the C III line representing respec-
tively 11.5 and 7% of the total electron production on the
ground. While at high altitudes the O V and He I lines both
contribute for 9% of the production, the He II line is still
representing 6%.

Those five lines are of strong importance in the case of
Ganymede. Nevertheless in the HEUVAC model, these lines
are systematically overestimated, sometimes by a factor of 2,
leading to an overestimation of the production. Considering
that the global error is negative, it has to be compensated by
another bias in the HEUVAC model. The continuum in the
spectral region between 40 and 70 nm is underestimated, and
can partly compensate the overestimation of the previously
mentioned lines.

Clearly, it appears that the models mainly based on the
F10.7 proxy cannot be used for ionospheric calculations if
the needed accuracy is better than 15%. Moreover, this also
shows that some solar proxies based on the integrated solar
EUV flux cannot be used for assessing the solar variability
in the EUV range. However, it is important to keep in mind
that the uncertainties on the cross sections or on atmospheric
models are often larger than 15% as mentioned in Cessateur
et al. (2012a). In parallel to these solar studies, much more
effort needs to be spent clarifying these last points.

2.2. Effect on the atomic oxygen red line production

In our study, we focus on the red line production, mainly
because of its role in the interactions between molecular oxy-
gen and the solar UV flux above 115 nm. More specifically, at
high altitudes the solar Lyman-o represents more than 25% of
the red line production (cf. Fig. 5).

In comparison, the O I triplet at 130 nm represents less
than 2%. The rest of the red line production is mainly due to
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Fig. 5. Contribution to the red line emission from Lyman .

the continuum above 130 nm. This result reveals how impor-
tant it is to estimate carefully the irradiance intensity for spe-
cific solar lines, such as Lyman « in our case. In terms of
atmospheric diagnostic, uncertainty on irradiance variability
or even on the shape of one solar line can lead to quite biased
derivation of atmospheric parameters like the precipitated elec-
tron flux or the atomic oxygen concentration. However, in the
case of the transport calculation done with a transport code, the
line profile is not critical, and only the integrated intensity is
important.

3. Example of Uranus: FUV continuum and solar
reflection

Recent HST (Hubble Space Telescope) observations of Uranus
in the FUV allowed an Earth-based detection of an auroral
event on November 29, 2011 (Lamy et al. 2012). Interpreta-
tions of the recorded spectra between 130 and 170 nm have
been made, giving an estimation of the precipitating electron
flux (Barthélemy et al. 2014) during the auroral event.
The light recorded from Uranus by HST is composed of three
main components: the solar reflected part, the airglow, and the
H, emission induced by energetic electron precipitation. In this
study, the solar reflected component is by far the most impor-
tant, and represents ~90% of the signal as shown in Figure 6.
Thus any uncertainties in the solar flux will strongly modify
the estimation of the other components of the signal. The con-
cerned spectral region corresponds to the beginning of strong
solar continuum added to important spectral lines. At these
wavelengths, the total intensity variation over a solar cycle is
around 15% (Curdt & Tian 2010).

The two last components of the Uranus spectra strongly
depend on the solar UV flux both in the FUV and EUV while
the solar reflected one depends only on the FUV part. In order
to interpret these dominant contributions, Barthélemy et al.
(2014) used albedo data from Yelle et al. (1989) deduced from
Voyager data, and solar flux data from the TIMED-SEE instru-
ment. They considered no uncertainties on the solar flux, and
thus deduced both a new albedo of the planet in the studied
spectral range and electron fluxes.

The conclusions from Barthélemy et al. (2014) are accurate
only if the confidence in the solar UV fluxes is good. Since
the solar reflected component represents 90% of the signal,
the error on the solar flux becomes critical: an error of 1%
on the flux can give rise to an error of at least 10% on the
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Figure adapted from Barthélemy et al. (2014).

estimation of the airglow and precipitation contributions,
which contribute to planetary upper atmosphere and auroral
processes. This error is in fact enhanced since the Uranus data
are faint and thus noisy. If the solar absolute flux data are less
accurate than a few percent, the absolute values deduced from
this study are uncertain. This forces the question: Is the detec-
tion of the auroral event reported in Barthélemy et al. (2014)
significant?

Studies of the spectral shape of the additional emissions
could give interesting additional information. However, the
error bars when looking at the spectral component are much
larger than in the case of integrated intensity. In the case of this
study, they are as large as the additional spectral signal, and the
spectral shape is very uncertain: only the integrated values are
really significant.

The albedo data time scale is much longer than the time
scale of an auroral event. Despite the albedo data being uncer-
tain, it is possible to consider them as constant on the time
scale of one measurement campaign.” Such is not the case with
the solar flux. In Barthélemy et al. (2014), the auroral event is
detected by an enhancement of 6% of the flux in the spectral
region considered. During the period of the observation, the
integrated solar flux varies up to about 1%. This enhancement
is significant only if short time scale variability of these instru-
ments is much lower than the variation measured which is the
case when averaging the data over few days. Thus the detection
is significant, as stated in Barthélemy et al. (2014).

This point underscores the view that if the absolute values
of the solar flux are important, the relative variation over a few
days has to be much more accurate by at least one order of
magnitude. Otherwise uncertainties would increase, and the
interpretation of dayside data would be meaningless.

This particular case, namely where the reflected spectra of
the planet are the major component of the detected emission, is
one of the most unfavorable cases of all. However, such is the
case for all the outer planets, including Mars, measurements
taken from Earth’s orbit. The jovian and saturnian cases are
less critical since the auroral emissions are more intense but
the martian auroras have only been detected by the SPICAM
(Spectroscopy for Investigation of Characteristics of the
Atmosphere of Mars) instrument on board Mars Express

2 This is not the case for comparison between 2011 HST data and
Voyager 2 data recorded in 1986 (Barthélemy et al. 2014).

(Bertaux et al. 2005). Attaining a detection of an aurora on
Neptune from Earth’s orbit with HST is a strong challenge,
which will necessitate a very high precision on the solar flux.
This shows that long-term measurements of the solar fluxes are
mandatory since the models cannot reach accuracy of the order
of a few percent. The stability of these instruments within a
few days has to be better by at least one order of magnitude,
as compared to the few percent mentioned previously.

It is also important to mention that uncertainties on the solar
EUV part can also give rise to a bias in the dayglow and auroral
intensity calculations. In Barthélemy et al. (2014), the Trans*
code family is used to calculate the dayglow and the auroral
components. As for Ganymede, the EUV part is important,
and is used as an input for the calculation of the processes in
the upper atmosphere and their emissions. It appears to be less
critical, but the uncertainties on instrumental solar EUV mea-
surements are much larger compared to those in the FUV spec-
tral range (30% versus 2%—3%) as described in Woods et al.
(2005) and Rottman (2005); the variability is also more impor-
tant (40%—100% versus 2%—3% over the solar 11-year cycle).
The uncertainty on the solar EUV flux thus cannot be totally
negligible even if the uncertainties on the cross sections are
often more important (often up to 50%).

4, Optically thick cases: example of the planetary
H-Lyman « emissions and the O 1 130 nm
triplet

In planetary atmospheres, some spectral lines are scattered by
the upper atmosphere such as O I 130 nm or H-Lyman o.
These lines are optically thick in such atmospheres and reso-
nant with the solar spectrum. The intensity and line shape of
such emissions can also give information on the upper atmo-
sphere thermodynamics (Barthélemy et al. 2014) or composi-
tion (Chaufray et al. 2009). Since Lyman « is by far the
most intense line in the FUV solar spectrum, this line, alone,
can significantly modify the atmospheric structure and thermo-
dynamics. Recent models showed that the Lyman o cooling
can significantly modify the temperature of the upper atmo-
sphere of hot Jupiters (Menager et al. 2013).

In these cases, the problem is to know precisely the full
solar disk intensity and the profile of one particular emission
line. H-Lyman « has been extensively studied and measured
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especially the line profile and intensity by instruments like
0OSO8 or SUMER (Curdt et al. 2008 and references herein).
Even if it seems to be quite symmetric in allowing a double
Gaussian shape, some variations over the solar cycle occur
(Lemaire et al. 2005). Since the SUMER instrument failure,
no high resolution instrument is recording any Lyman o line
profiles. SORCE and LYRA both have measured the Lyman
o flux. However, LYRA is not well calibrated in terms of abso-
lute flux, and has no spectral resolution (Dominique et al.
2013), and SORCE presents a small spectral resolution of
about 1 nm at these wavelengths. Thus they cannot provide
information on the line profile.

In terms of planetary radiative transfer, and hence upper
atmosphere diagnostics, this full disk spectral line profile is
the relevant input. For most of the simulations a double
Gaussian intensity is used as in Menager et al. (2010). If we con-
sider that the upper atmospheric temperature is much lower than
the emission temperature of the stellar line (around 30,000 K for
the center of the line and between 4000 and 7000 K for the line
wings; Vernazza et al. 1981), only the center of the line is scat-
tered by the planetary atmosphere. Regarding this, we point out
that a small change in the line shape or an asymmetry as shown
in Tian et al. (2009) can change the intensity effectively scat-
tered by the planet, and if not taken into account, leads to bias
in the derived atmospheric parameters. It is in particular critical
when the H-Lyman o self-reversal becomes more important
since it will significantly change the intensity at the center of
the line. Since only a thin part of the center of the line is absorbed
or scattered when the atmosphere is cold, it is more critical for
cold exospheres like in Mars or Venus where the planetary line
width is much smaller.

As an example we tested the sensitivity of Jupiter’s
H-Lyman o planetary line to the solar line profile. We used
the radiative transfer code mentioned in Barthélemy et al.
(2005) and Menager et al. (2010). In these studies, the Lyman
o line is used as a diagnostic tool for the upper atmospheres.
The same double gaussian lines were used as in these previous
articles i.e. an offset of each peak equal to 0.022 nm for the
line center and a width of each line equal to 0.0216 nm. The
line of sight is at the nadir in the equatorial plane with a solar
longitude of 20°. We tested the sensitivity of the total intensity
regarding the width of each line of the double gaussian shape
using a constant integrated flux. The enhancement of 15% to
the line width infers an enhancement of 5% of the total inten-
sity. On the contrary, an enhancement of 15% of the offset
between the two gaussian peaks leads to a diminution of the
planetary emitted flux but it is much more important than in
the previous case representing 20% of the total intensity.
The sensitivity to the line profile means that an uncertainty
on the line shape can lead to errors in the calculated intensity
and thus on the deduced conclusions. For example, Barthélemy
et al. (2005) deduced the vibrational temperatures to be 40%
larger than the kinetic ones in the jovian upper atmosphere
from absorption of a small part of the line due to H,. A change
of 15% on the line width will enhance these absorptions, and
can lead to the conclusion that the vibrational temperatures
are around 60% larger than the kinetic ones.

In the previous example, only atmospheric lines resonant
with solar lines are considered. This is mainly the case with
H-Lyman lines and O I 130 nm triplet. This means that a
reduced number of EUV/FUV solar emission are concerned.
However, the dayside emission of the upper atmosphere of a
planet can also be induced by fluorescence of intense solar
lines on atmospheric molecular lines when wavelength

coincidences exist. For example, this is the case with a number
of solar lines between 80 nm and 120 nm with H, Lyman and
Werner bands for the case of giant planets. This can also be the
situation with the fourth positive band of CO (A'TT — X'Z")
for Mars (Feldman et al. 2000). The fluorescence on H, has
been for example calculated in the case of Jupiter by Liu &
Dalgarno (1996), and gives rise to an airglow emission, which
can represent the half of the total H, airglow. It is also the case
for Uranus where it represents more than 20% of the airglow
(Barthélemy et al. 2014). Since these fluorescences are due
to coincidences between solar atomic or ionic lines and thin
planetary molecular lines, the solar line profile is really
important. Unfortunately, except for the H-Lyman o« and f
lines, the profiles are poorly known. Liu & Dalgarno (1996)
and Barthélemy et al. (2014) used a simple gaussian shape with
a standard deviation of 0.1 A to model all the other solar line
widths. As an example, we choose the N III solar line at
99.155 nm, which shows a close coincidence with the 9-0
R(1) with a wavelength difference of 0.17 A. With a width
of 0.1 A the fluorescence will be nonnegligible. However, if
the width is twice smaller 0.05 A, the intensity of the
fluorescence is divided by more than 200, and becomes totally
negligible. This shows that the solar line profile is really critical
in this case since the fluorescence needs very close coinci-
dence. Until present date, the spectrometer with the highest
resolution was SUMER with a resolution of ~0.045 A, and it
was not able to measure full disk emission lines. In order to
measure line shape with width of the order of 0.1 A a
future instrument will have to reach a spectral resolution of
0.01 A (considering that 10 points is a minimum to get the line
profile). Currently in the FUV, only HST STIS (Space
Telescope Imaging Spectrograph) with the echelle grating
E140L can reach such a resolution. FUSE (Far Ultraviolet
Spectroscopic Explorer) also had a resolution of 0.02 A in
the EUV (not far from this requirement), which is not the
case for EXCEED (Extreme Ultraviolet Spectroscope for
Exospheric Dynamics) where it only reaches 0.3—0.5 nm.

5. Stellar UV flux in the case of exoplanets

Since the discovery of a large panel of exoplanets (940 at the
end of August 2013; www.exoplanet.eu) and the detection by
transit absorption of two atmospheres (Vidal-Madjar et al.
2003; Lecavelier Des Etangs et al. 2010), the question of a
diagnostic of their upper atmospheres using the thermospheric
emissions is open (Menager et al. 2013). As stated in Menager
et al. (2013) for exoplanets and in Section 5 of this paper for
giant planets, the problem of the intensity and shape of the
Lyman o line is critical to model the emission coming from
the planet considering the fact that it represents the main part
of the planetary emission. It is also important to notice that the
exosphere or hydrogen corona of these planets can reach very
high temperatures above 10* K, and thus enhance the planetary
line width.

In order to explore possible future auroral or dayglow diag-
nostic of exoplanets, the calculations in Menager et al. (2013)
also used the family of Trans* code simulations, calculating
the transport of the electrons through the atmosphere. This
simulation thus needs the EUV and FUV flux (the stellar wind
and the magnetospheric interactions also) of a large panel of
stars hosting planets. This faces several problems: since FUSE
(decommissioned in Oct. 2007), no EUV instrument except
EXCEED is flying. In the FUV, only HST can give information
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from exoplanetary systems. In addition, large uncertainties
remain on the line profile emitted by the stars since it is largely
absorbed by the interstellar medium.

However some recent studies give important information
on these EUV/FUV fluxes. Sanz-Forcada et al. (2011) tried
to estimate the EUV flux from the X ray flux for a panel of
stars with planets. Linsky et al. (2013) reconstructed the
Lyman o flux for a panel of nearby stars from M5 V to
F5 V spectral types with estimated uncertainties up to 30%.
France et al. (2013) reconstructed the radiative UV environ-
ment around M dwarf stars hosting planets with high UV
fluxes. Clearly, these efforts must be continued, and they
underline the need for future UV space telescopes (Gomez
de Castro et al. 2014). In the EUV range between 55 nm
and 145 nm, the satellite EXCEED built by JAXA (Japan
Aecrospace Exploration Agency) can be a useful tool to get
some stellar spectra even if it has not been designed for this.

6. Conclusion

From the study of three examples, we have shown the impor-
tance of an accurate knowledge of solar and stellar UV fluxes
for planetary upper atmospheres studies. The most critical case
appears when a strong reflected component of the solar light is
mixed with the atmospheric data. As shown, the needed preci-
sion is of the order of few percent with a time stability within
few days better than 1%. The other cases are less critical. How-
ever due to the strong variability of the UV fluxes, which is
really important for space weather purposes, they also need
good accuracies and stabilities. This study also underlines
the need for long-term measurements with very high resolution
line profiles and large spectral coverage. Considering the
recent discoveries of exoplanets, it appears that a strong effort
for the study of a large panel of nearby stars is needed.
Approximately 100 known planets are at less than 20 pc from
the solar system. Future UV space observatories will be needed
for this extensive analysis.
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