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Figure 6. Green to Red ratio for a quadrature view between the
comet, the Sun, and the observer. The comet location is repre-
sented by a black cross.

teresting to look at how this parameter affects the produc-
tion of the O(*D) and O('S) oxygen states through the ab-
sorption of the solar UV flux. We still consider the model
from Rubin et al. (2011) originally designed for 1P /Halley,
considering the same volatiles composition and out-gassing
speeds but varying the water production rate. We then com-
pare the outcomes of the 1.5D model to the 2D model, and
this for several altitudes. Figure 7 displays the ratio 2D/1.5D
for the red-doublet and green line emissions for a line of sight
10 km, 100 km, and 1000 km above the nucleus, considering
the traditional viewing geometry.

For the sake of comparison, we consider several comets char-
acterized by their water production rates (and not by com-
position), for a heliocentric distance close to 0.90 AU, such
as the 73P-C/Schwassmann-Wachmann 3 comet (Q, = 1.7
x 10%® 57!, Decock et al. (2015)), the C/1996 B2 Hyaku-
take comet (Q, = 2.2 x 10%° s7!, Bhardwaj & Raghuram
(2012)) and the C/1995 O1 (Hale-Bopp) comet (Qp = 9.6
x 10%° 57!, Dello Russo et al. (2000)). We also consider the
comet 67P, with Q, = 4 x 10%” s7', but for a heliocentric
distance of 1.25 AU where 67P was at its perihelion in Au-
gust 2015. In the case of observations at 10 km above the
nucleus, the 2D/1.5D ratio is 0.5 for water production rates
greater than 1.5 x 10%° s™*, which includes 1P/Halley and
Hyakutake. The ratio of 0.5 represents a saturation limit,
where the solar UV flux has been completely absorbed. For
production rates lower than 1 x 10?7 s71, the solar UV flux is
not absorbed significantly enough to impact the green and
red-doublet emissions. The 67P comet is slightly affected
with a difference of about 5%. For an altitude of 100 km,
the ratio for 1P /Halley is about 0.65, while for Hyakutake
it is 0.85. For 67P and 73P-C, the difference between the
2D and 1.5D models is negligible. For higher altitudes, at
1000 km above the nucleus, only the green and red-doublet
emissions for 1P/Halley are affected by the solar UV flux
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absorption, with a ratio of 0.96, also depicted in Fig. 2.

It is important to note that these results are correct when
considering the composition of the 1P /Halley comet. Indeed,
the relative abundances of CO, CO2 and O2 differ from those
of 1P /Halley for the different comets taken as examples. The
2D/1.5D ratio profiles would then change slightly but the
overall picture would remain the same. Indeed, the CO2 and
CO abundances are quite similar for the four comets ([1%-
8%)] for CO2 , [5%-22%] for CO), and the water is the major
responsible for the solar UV flux absorption. This strongly
suggests that a 2D model such as developed here, is neces-
sary for various cometary activities above @, = 1 x 107
s~ ! for calculations close to the nucleus.

4.2 Outgassing speed

In the previous subsections, only the water production rate
was varied, leaving the composition and outgassing speeds
unaffected. This latter parameter is however critical in the
neutral distribution along a radial profile. The Haser model
is traditionally used to provide a simple neutral atmosphere

(Haser 1957). However, a constant outgassing speed is of-
ten considered along the radial profile, with typical val-
ues ranging from 700 m.s™' (e.g. for 67P) to 800 m.s™'
(e.g. for Hyakutake). The DSMC model results presented
by Rubin et al. (2011) provide, however, the outgassing ve-
locity as a function of the distance to the nucleus. Due to the
gas expansion the bulk velocity of the parent water molecule
ranges from 200 to 700 m s~ ! for altitudes lower than 100
km, as displayed in Fig. 8. The velocities of the other neutral
species are very similar to those of water due to collisional
coupling of the neutral species in the innermost part of the
coma. For a constant water production rate, @, = 7.2 X
10%° s7', the water density for the 1P/Halley comet using
the Haser model, with 800 m s™!, is lower than that of the
DSMC model. The ratio between the two atmospheric mod-
els is displayed in Fig. 8. At 10 km above the nucleus for
instance, there is a ratio of about 1.5 between the Haser and
DSMC model, while the ratio is 0.99 for an altitude of 1000
km.

We can look at the impact on the red-doublet and green
line emissions when using either the Haser formula (with a
constant velocity of 800 m.s™!) or the DSMC model. As in
section 4.1, we focus here on three different altitudes above
the nucleus, 10 km, 100 km and 1000 km, for the case where
the observer is located on the z-axis. The red-doublet emis-
sion estimates for various water production rates are dis-
played in Fig. 9 when using either the Haser formula or the
DSMC model. For a comet similar to 67P in terms of water
production rate, i.e. with @, = 4 X 10%*7 s, red-doublet
emissions are estimated about 703 R for the DSMC model,
while it is about 637 R with the Haser formula, which repre-
sents a difference of 9.4 %. Let us note that using the correct
abundances for 67P as described by Cessateur et al. (2016),
with Oz and CO2 abundances of 4 % and 8.3 % relative to
water, respectively, red line emissions have been estimated
at 683 R. For 1P/Halley (Q, = 7 x 10?° s71), red-doublet
emissions are estimated at 3927 R with the DSMC model
compared to 4075 R with the Haser formula, representing
a difference of - 3.8 %. For 10 km above the nucleus, there
are thus clearly two regimes. The first one is where the loss
reactions are dominated by radiative decay (for @, lower
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Figure 7. 2D/1.5D ratio as a function of the water production
rate for a projected line of sight of 10 km (a), 100 km (b), and
1000 km (c) above the nucleus, for the red-doublet (red lines)
and green (black dashed lines) line emissions, for a heliocentric
distance of 0.90 AU for the traditional viewing geometry.
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Figure 8. Velocity from the DSMC model from Rubin et al.
(2011) for water (top figure), with the ratio between the Haser
and DSMC model for the water density (bottom figure), as a
function of the cometocentric distance.

than 1-3 x 10*° s7!')) and then emissions are increasing as
function of the neutral density. And a second regime which
is more dominated by collisional processes with water (for
Q, greater than 1-3 x 10%° sfl). The transition region is
quite broad in terms of water production rate because both
the solar UV flux absorption and collision reactions are in
competition. We obtained similar results with the green line
at 577.7 nm: for a comet similar to 67P, there is a differ-
ence of about 15 %. This is a little bit higher compared
to red-doublet emissions since the collisional processes are
less important for the O(*S), and thus more sensitive to the
neutral number densities. For 1P /Halley, both models give
similar estimates around 1705 R.

A similar profile is obtained for the altitude of 100 km
(dashed lines), with a difference of emission for 67P and 1P
of about 11 % and -3.5 %, respectively. The transition region
between predominance of radiative decay and collisions as
loss reactions is better pronounced, though, at 2 x 102 s~
The solar UV flux begins indeed to be significantly absorbed
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Figure 9. Red-doublet line emissions in Rayleigh using the
DSMC model from Rubin et al. (2011) (black lines) and the Haser
model (red lines), for 10 km (thick lines), 100 km (dashed lines),
and 1000 km (dashed-dotted lines) above the nucleus.

for higher water production rates, for 1-2 x 10°° s7! as de-
picted in Fig. 7 (b). Red line emissions are then saturated for
very high production rates, reaching the same levels of emis-
sions as for the 10 km line of sight, where the solar UV flux
is also fully absorbed. The profile for an 1000 km altitude
above the nucleus is different from the first two altitudes.
The ratio between the Haser and DSMC models is 0.99 for
the number densities, which explains why red line emissions
are a little bit stronger for the Haser model than for the
DSCM simulations. Also there is no transition regime here,
because neither the collisional reactions nor the solar UV
flux absorption are significant yet. But for higher water pro-
duction rates, those two profiles will also reach a saturation
limit and join the other profiles at 10 and 100 km.

4.3 Impact of CO2 Cross Section Uncertainties

The literature values for the reaction rates of the production
of oxygen states O('D) and O(*S) from photodissociation of
COg are actually quite diverse. The yield used for deducing
the partial cross sections leading to the production of O(*D)
and O('S) from the total photoabsorption cross section of
COy can indeed be defined differently leading to signifi-
cant differences. The data from the PHIDRATES data base
(Huebner et al. 1992) have been used in the previous section,
which leads to a O('S)/O(*D) production ratio of 0.53. Us-
ing a different database, such as ATMOCIAD (Gronoff et al.
2011), this ratio increases up to 6.53. Cessateur et al. (2016)
already modeled the impact of this cross section uncertainty
for 67P: a difference of 0.16 for the G/R ratio has been
found for low altitudes. Here we perform the same study for
1P /Halley by looking at the G /R difference when using both
data sets as displayed in Fig. 10 for an observation where
the comet, the Sun, and the observer are in quadrature. The
maximum difference is reached for regions z = [50:100 km]
and y = [-50:50 km] with a value close to 0.035. For altitudes
greater than 900 km, the difference is small with values lower
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Figure 10. Green to red ratio difference using the PHIDRATES
and ATMOCIAD databases for the production of O('D) and
O(!S) oxygen states for observations in quadrature. The comet
location is represented by a black cross.

than 0.01, and probably not detectable. For observations in
opposition, the maximum difference is about 0.034, but very
close to the nucleus (less than 10 km). For altitudes around
100 km, the G /R ratio difference is about 0.032. Those differ-
ences are then lower compared to 67P, the CO2 abundance
relative to water is also less important, 2.5 % compared to
8.3 %.

4.4 Impact of the solar UV flux variability

In the framework of planetary space weather
(Lilensten et al. 2014), the impact of the solar UV flux
variability on planetary and cometary atmospheres is an
important aspect. More generally, planetary space weather
is nowadays a growing research area of interest especially
for the preparation of exploratory mission of the solar
system (see review from Plainaki et al. (2016)). Following
Cessateur et al. (2016), we consider two additional solar
UV flux spectra in order to explore high solar activity (with
an index Fig.7 of about 195) and solar flares conditions.
An X-class solar flare (X17) observed in October 2003 by
the SEE instrument onboard TIMED (Woods et al. 2005)
is considered. As inputs of the 2D approach, we consider
here the DSMC model and the PHIDRATES data base
for the cross sections. Figure 11 displays the calculated
red-doublet line emissions for the three different solar UV
fluxes along the z-axis for two different altitudes along the
y-axis, 10 and 1000 km. Compared to the values obtained
with moderate solar activity, the red-doublet emissions
have increased by 13% for high solar conditions and by
up to 70% for a X-class flaring Sun. Regarding the green
line, emissions have increased by about 30% and 137% for
high and flaring solar conditions, respectively. Since the
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Figure 11. Red line emissions (in kR) profiles in the (yz) plan for
two y-altitudes, y= 10 km (thick lines) and y = 1000 km (dashed
lines) for different levels of solar activity: moderate conditions
with a solar proxy Fio.7 of 104 (green lines) and 195 (red lines),
and for an X-17 solar flare (black lines).

variability of the solar UV flux is more pronounced at short
wavelengths (see e.g. Fig. 1 from Barthelemy & Cessateur
2014), emissions variabilities for which the cross section
domain is in the EUV (from 1 to 120 nm, i.e. O('S)) will
have more impact than those with a cross section in the
FUV (from 120 to 200 nm, i.e. O('D)). We can also look
at the G/R ratio distribution when using a different solar
UV flux. We choose here a quadratic view, with flare Sun
conditions, as displayed by Fig. 12. The overall distribution
remains similar compared to Fig. 3, but the values are
shifted by about 11%. When the G/R ratio reaches its
maximum of 0.44 using moderate solar conditions, the G/R
ratio reaches 0.50 in solar flare conditions. For high solar
conditions, the G/R ratio maximum is about 0.46.

5 CONCLUSIONS

This paper presents a 2D photochemistry model for comet
1P /Halley in order to provide key parameters such as emis-
sion intensities in the visible red-doublet and green lines at
630, 636.4, and 577.7 nm. Using a DSMC model which pro-
vides the neutral atmospheric composition, the production
reactions, the loss reactions, and the transport of atomic
oxygen have been considered for 1P/Halley. Using a 2D ap-
proach also allows us to provide more realistic estimates of
the visible emissions: those values are indeed overestimated
when considering a 1D model, by a factor of 2 in case of
1P /Halley for instance. Interestingly, the G/R ratio is not
affected by the solar UV flux absorption. We also compared
the outcomes of the 1.5 model to the 2D model for various
water production rates. The model is, however, based on the
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Figure 12. Green to Red ratio for a quadrature view between
the comet, the Sun, and the observer when considering the X-17
solar flare. The comet location is represented by a black cross.

simplification of a spherically symmetric coma. A significant
improvement would be to consider a more realistic neutral
atmospheric model (see e.g. Fougere et al. 2016, for 67P).
As outcome of the 2D photochemistry model, emission maps
are provided for several angles of observation for different
solar UV flux inputs for taking the solar variability into
account. Some differences occur while considering two ob-
servation angles that might be useful for better constraining
the cometary atmospheres. Indeed, emission maps are excel-
lent tools for a direct comparison with some observations,
from ground and/or in-situ observations such as the OSIRIS
imaging camera (Keller et al. 2007) aboard ROSETTA.
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