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ABSTRACT

The Alice far-ultraviolet imaging spectrograph onboard Rosetta observed emissions from atomic and molecular species from
within the coma of comet 67P/Churyumov-Gerasimenko during the entire escort phase of the mission from 2014 August to 2016
September. The initial observations showed that emissions of atomic hydrogen and oxygen close to the surface were produced
by energetic electron impact dissociation of H,O. Following delivery of the lander, Philae, on 2014 November 12, the trajectory
of Rosetta shifted to near-terminator orbits that allowed for these emissions to be observed against the shadowed nucleus that,
together with the compositional heterogeneity, enabled us to identify unique spectral signatures of dissociative electron impact
excitation of H,O, CO,, and O,. CO emissions were found to be due to both electron and photoexcitation processes. Thus we are
able, from far-ultraviolet spectroscopy, to qualitatively study the evolution of the primary molecular constituents of the gaseous
coma from start to finish of the escort phase. Our results show asymmetric outgassing of HO and CO; about perihelion, H,O
dominant before and CO, dominant after, consistent with the results from both the in situ and other remote sensing instruments

on Rosetta.
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1. INTRODUCTION

We have previously (Feldman et al. 2015) described the
initial observations of the near-nucleus coma of comet
67P/Churyumov-Gerasimenko made by the Alice far-
ultraviolet imaging spectrograph onboard Rosetta in the first
few months following orbit insertion in August 2014. These
observations of the sunward limb, made from distances be-
tween 10 and 30 km from the comet’s nucleus, showed emis-
sions of atomic hydrogen, oxygen, and carbon, spatially
localized within a few km of the nucleus and attributed to
electron impact dissociation of H,O and CO, vapor. This in-
terpretation was supported by measurements of suprathermal
electrons by the Rosetta Plasma Consortium (RPC) instru-
ments on Rosetta (Clark et al. 2015; Galand et al. 2016).

In our initial report we noted that following lander deliv-
ery Rosetta shifted to a ~30 km near-terminator orbit that
enabled observations of the illuminated coma along a short
line-of-sight to shadowed regions of the nucleus. In addition
to the high solar phase angle associated with this orbit that re-
duced the light from illuminated regions of the nucleus, this
geometry also removed contributions to the observed atomic
emissions from the extended coma and, in the case of H1I, the
interplanetary emissions. Under these observing conditions,
the observed relative intensities of H I Lyman-3, Lyman-o,
O1A1304, and O 1A1356, are found to be consistent with the
laboratory spectra produced by electron impact dissociation
of H,O (Makarov et al. 2004), confirming this mechanism as
the source of the cometary emissions. Based on coma models
(Combi et al. 2004), we calculate that solar resonance scat-
tering by H and O atoms along the line-of-sight contribute
negligibly to the observed emissions.

In this paper we examine several other observations made
against the shadowed nucleus at relatively close range both
before and after perihelion that exhibited unique spectral
signatures of other coma molecules, CO;, CO, and O,.
These are then used to interpret limb observations to in-
vestigate the longer term evolution of the coma of 67P
over the entire escort phase of the Rosetta mission, up
to the penultimate mission day, 2016 September 29. Our
analysis complements and confirms the results of several
other teams (Bockelée-Morvan et al. 2016; Biver et al. 2016;
Hansen et al. 2016; Gasc et al. 2017; Hoang et al. 2017).

2. OBSERVATIONS
2.1. Instrument Description

The Alice instrument has been described in detail pre-
viously (Stern et al. 2007). It is a lightweight, low-power,
imaging spectrograph designed for in situ far-ultraviolet
imaging spectroscopy of comet 67P in the spectral range
700-2050 A. The slit is in the shape of a dog bone, 5.5° long,
with a width of 0.05° in the central 2.0°, while the ends are
0.10° wide, giving a spectral resolution between 8 and 12 A
for extended sources that fill its field-of-view. Each spatial
pixel or row along the slit is 0.30° long. All of the spec-
tra presented in this paper are averages over portions of the

narrow center region of the slit, providing the best spectral
resolution possible with Alice.

To maintain the sensitivity of the Alice detector over the
course of a long mission, the detector photocathode was con-
figured to minimize the effect of prolonged exposure to H I
Lyman-a radiation. This was done by leaving the detector
uncoated in a strip the width of the image of the spectro-
graph slit at the position of Lyman-a, 1216 A. The detector
was coated on either side of this strip, with CsI on the long
wavelength side and KBr at short wavelengths (Stern et al.
2007). Despite this precaution, there was significant degra-
dation of the performance at Lyman-a over the escort phase
leading to uncertainties in the observed spectral shape and
absolute flux of the observed Lyman-o emission. Another ef-
fect is that long wavelength light from the nucleus, scattered
internally in the instrument, gives rise to uniform background
signals (“red leak™) that differ on either side of Lyman-o. As
these vary with both time and viewing geometry, no attempt
is made to remove this background in the pipeline process-
ing. The Alice spectrograph operated successfully until the
very end of the mission on 2016 September 30.

2.2. Observations Toward the Shadowed Nucleus

The observations presented here are listed, together with
the observing parameters, in Table 1. The first three are pre-
perihelion; the last two post-perihelion. The 2014 Novem-
ber 29 observation was discussed by Feldman et al. (2015),
but the spectra presented here use an up-to-date instrument
calibration. The pre-perihelion spectral images are shown in
Fig. 1, each with a near-simultaneous context image from one
of Rosetta’s navigation cameras (NAVCAM) on which the lo-
cation of the Alice slit is superimposed. The corresponding
spectra are shown in Fig. 2. Similarly, the post-perihelion
spectral images and spectra are shown in Figures 3 and 4.

2.2.1. 2014 November 29

As noted above, since the distant coma and IPM back-
ground are blocked by the nucleus, the observed ratio of
Lyman-f to Lyman-o along the line-of-sight confirms the in-
terpretation as due to electron impact dissociation of H,O
based on laboratory cross section measurements at 200 eV of
Makarov et al. (2004). A synthetic spectrum based on these
cross sections is shown in the top panel of Fig. 2. Only the
O 1 A1152 cross section, which shows a different energy de-
pendence from O I A1304 by Makarov et al., is reduced by
a factor of two to match the Alice spectrum. We note that
the cross section for Lyman-f given by Makarov et al. in-
cludes the nearly coincident O 1 A1025.72 line that is not re-
solved from Lyman-f in their experiment. These lines are
also blended in the Alice spectra and in the following discus-
sion Lyman-[3 will denote the combined emission feature.

The measured brightnesses of the strongest emissions (ex-
cluding Lyman-) are given in Table 2. The absence of C I
emissions indicates a very low relative abundance of CO;
to H,O, consistent with the ROSINA/RTOF measurements
(Mall et al. 2016) that show that H>O is the dominant coma
species at northern latitudes during this time frame (pre-
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Table 1. Log of Alice Observations.

Date Start rp? d® Sub-spacecraft Phase Integration
Time (UT) (AU) (km) Longitude® (°) Latitude® (°) Angle® (°)  Time (s)

Observations Against the Shadowed Nucleus

2014 Nov 29 18:00 2.87 303 180 51.5 93.1 2419
2015 Jan 30 06:34 243 278 -12 -64.2 92.0 2902
2015 Mar 29 11:43 199 923 -93 7.5 83.9 1209
2016 Apr 26 06:06 2.88 212 -107 -33.1 109.1 4452
2016 May 14 14:39 3.00 938 -111 -53.1 89.2 4613
Limb Observations

2015 Aug 19 15:29 1.25 3298 152.8 243 89.7 11410
2016 Sep 25 17:24 3.81 16.8 —66.5 -73.6 114.4 1821

@Heliocentric distance.
bDistance to center of the comet.

€ At start time of histogram integration.

equinox). As we had noted previously (Feldman et al. 2015),
photodissociation of H,O was found to be too slow a process
(Wu & Chen 1993) to produce the observed emissions, so we
take this spectrum as a “signature” of dissociative electron
excitation of H>O in the coma. Due to uncertainties in both
electron energy distribution and gas density along the line-
of-sight we do not attempt to fully model these emissions but
solely to use the observed line ratios to identify the source of
the emission.

2.2.2. 2015 January 30

Mall et al. (2016), and also Hissigetal. (2015), from
earlier data, show that at extreme southern latitudes, pre-
equinox, the ratio of CO; to H,O can often exceed 2. Alice
observations toward the shadowed nucleus at southern lati-
tudes on 2015 January 30 show a “picket fence” pattern of
carbon and oxygen multiplets C I A1277, O 1 A1304, C I
A1335, and O 1 A1356 (and weak C I A1260), together with
bands of the CO Fourth Positive system. These were the ear-
liest spectra showing coma emissions from both C I and CO
that are stronger than the HI and O I emissions from the dis-
sociation of H;O, indicative of a higher column abundance
of either CO, or CO. At the long-wavelength end of the
Alice spectral range, where the instrument sensitivity is de-
creasing rapidly, CO Cameron bands, particularly the (3,0),
(2,0), and (1,0) bands at 1868, 1928, and 1993 A, respec-
tively, are clearly seen in the middle spectral image of Fig. 1.
These bands, similar to those seen in the spectrum of Mars
that are characterized by a rotational temperature > 1000 K
(Conway 1981; Jain et al. 2015), are primarily produced by

dissociative excitation of CO, (Weaver et al. 1994), and will
be discussed in a separate paper.

Laboratory spectra of Mumma et al. (1971) show that in
electron excitation of CO, the v = 0 and v = 1 levels of the
CO AT state are comparably populated while for electron
excitation of CO v/ = 0 is a factor of two lower than v = 1.
More importantly, Ajello (1971) showed that electron impact
on CO would produce emission of C Il A1335 much stronger
than any of the neighboring atomic C or O multiplets. Thus,
the observed spectra suggest that the “picket fence” results
from electron-impact dissociative excitation of CO, and not
direct excitation of CO. This spectrum is prevalent when the
comet is far from the Sun when Rosefta is close to the nucleus
and when CO, is abundant relative to HO, i.e., at southern
latitudes. Then contributions of H,O and O, to the O I emis-
sions are minimal and the “picket fence” may be used as a
“signature” of electron impact dissociative excitation of CO5.
Such a synthetic spectrum, based on laboratory cross sections
of Mumma et al. (1971), Ajello (1971), Wells & Zipf (1972),
and Kanik et al. (1993), all normalized to 100 eV, is shown in
the middle panel of Fig. 2. Since the electron flux energy dis-
tribution is known to be variable, both in time and with dis-
tance to the nucleus (Madanian et al. 2016), and not all cross
sections have measured energy dependence, adjustments of
up to 25%s are made to match the synthetic spectrum to the
observed Alice spectrum.

In our earlier report (Feldman et al. 2015), we used the
measured ratio of C I A1657 to Lyman-P, using the ratio
of excitation cross sections at 100 eV of 0.62, to deter-
mine the relative abundance of CO; to H,O along the line-
of-sight. We add the caveat that the observed C I A1657
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Figure 1. NAVCAM context images (left) with the Alice slit superimposed and near simultaneous spectral images (right) for the three pre-
perihelion dates given in Table 1. Observation parameters are given in the table. The white horizontal lines outline the 4 rows used in the
spectral extraction. In all of the images the Sun is towards the top.
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Figure 2. Coma spectra corresponding to the spectral images in
Figure 1. All of the spectra are summations over 4 rows (0.05° x
1.2°) in the narrow center of the slit. The blue line is a synthetic
spectrum of electron impact on HyO. The green line is the same
for CO,. Both are adjusted to compensate for uncertainties in the
energy distribution of both the cross section and electron flux (see
text). The positions of the (2,0) and (1,0) CO Cameron bands are
indicated on the middle panel. Note the scale change at 1750 A by
a factor of 2.5.

emission also includes the unresolved (0,2) Fourth Positive
band at 1653 A, that can be subtracted using the nearby
unblended (0,1) band at 1597 A and the tabulated branch-
ing ratios of Morton & Noreau (1994). For this spectrum,
using the values in Table 2, we find a C I A1657/Lyman-
B ratio of 4.1+ 1.6, which translates to an abundance ratio
[CO,)/[H,0] = 2.6 £ 1.0. This value is consistent with the
maximum in situ values found by Mall et al. (2016) at ex-
treme southern latitudes, although we note that they do not
report such a high value for this particular day.

2.2.3. 2015 March 29

Following a close-fly-by of the nucleus on 2015 March 28,
the Rosetta star trackers became confused by scattered light
from dust and the spacecraft went into a safe mode at UT
12:15 on 2015 March 29. After the recovery, the orbit dis-
tance was increased to > 100 km as a safety measure which
made it not possible with the spatial resolution of the Alice
slit to resolve shadowed regions of the nucleus until the orbit
distance was again reduced several months after perihelion.
The final spectrum with the narrow center of the Alice slit
centered on the shadowed region of the nucleus was obtained
beginning 30 minutes before the safing and is shown on the
lower panels of Figs. 1 and 2.

The spectrum is again different from the two prior ex-
amples. The O 1 A1304 and O I A1356 multiplets are of
comparable brightness and higher than expected relative to
Lyman-f for dissociative electron excitation of H,O. This
behavior was noted in several instances of gaseous out-
bursts and attributed to electron dissociative excitation of O,
(Feldman et al. 2016). Subtracting an H>O synthetic spec-
trum leaves the A1356/A1304 ratio ~ 2, as expected for elec-
tron impact on Oy (Kanik et al. 2003). Assuming relatively
similar energy dependence on the excitation cross sections
(Kanik et al. 2003; Makarov et al. 2004), and no contribution
from dissociative excitation of CO,, we can then use the ob-
served O I A1356/Lyman- ratio to determine the abundance
of O, relative to H,O along the line-of-sight to the nucleus,
which in this case is 0.07. This is probably slightly under-
estimated as electron excitation of O, will also contribute to
the Lyman-3 + O1A1025.72 blend (Ajello & Franklin 1985).
The relative O, abundance is somewhat higher than the mean
value derived from ROSINA measurements (Bieler et al.
2015), but not inconsistent with absorption measurements
made by Alice (Keeney et al. 2017). The viewing geometry
confirms that the observed O, is emitted directly from the
nucleus. We note that this O, “signature” first appeared in
Alice spectra beginning in late February 2015 and in addition
to being seen in several short outbursts, as noted above, con-
tinued to be seen regularly through the following February.

2.2.4. Post-perihelion, post-equinox, 2016 April 26

Post-perihelion and post-equinox (2016 March 23), as the
orbit distance to the comet was reduced we could once again
observe against the shadowed nucleus. The “picket fence”
spectrum appeared frequently during the last six months of
the mission, up to the last limb observation made on 2016
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Figure 3. Same as Figure 1 for the two post-perihelion dates given in Table 1, except that the context image for 2016 May 14 is from the

OSIRIS wide angle camera.

September 29. At the same time, atomic emissions from the
dissociation of H,O became weaker suggesting that water
outgassing was decreasing much more rapidly as the comet
receded from the Sun than was CO; (Hansen et al. 2016).
The outgassing of both HO and CO; thus appears asymmet-
ric about perihelion. An example is the 2016 April 26 ob-
servation listed in Table 1. The spectral image and spectrum
are shown in Figs. 3 and 4. In addition to electron excited
emission, CO Fourth Positive fluorescence is also present as
indicated by the red synthetic spectrum based on the model
of Lupu et al. (2007), with rotational temperature (75 K) and
outflow velocity (0.7 km s~!) typical of comets near 1 AU.
As we did above, we can use the observed C 1 A1657/Lyman-
B ratio to determine the relative CO, abundance along the
line-of-sight. In this case we must also take into account the
contribution to C I L1657 from the (0,2) band excited by res-
onance fluorescence. The result is [CO,]/[H,O] = 1.1 4+0.1.

2.2.5. 2016 May 14

A particularly interesting case is the 2016 May 14 ob-
servation, in which both the H,O and CO; signatures ap-
pear weak or absent while CO Fourth Positive emission is
strong. This suggests a concentrated source of CO at the
sub-spacecraft point on the nucleus, as well as a very low
flux of suprathermal electrons in the inner coma. In both
of these spectra, emission from the CO C'Z* — X 'ZF (0,0)
Hopfield-Birge band at 1087 A, also excited by solar fluores-
cence (Feldman et al. 2002) is seen.

CO; was definitely present as evidenced by ~20 rayleighs
of (1,0) Cameron band emission at 1993 A, produced pri-
marily by photodissociation. Taking the photodissociation
rate at solar minimum for the (1,0) band from Feldman et al.
(1997) of 8.3 x 10~ photons s~! molecule™" at 1 AU, we
find a CO, column density of ~ 2 x 10'> cm™2. The fluores-
cence model of Lupu et al. (2007) gives a CO column den-
sity of 1.0 x 10'* cm ™2, and thus a CO/CO; ratio of ~0.05.
The C 1 A1657 multiplet is also produced in photodissocia-
tion of CO, and Wu & Judge (1988) give an excitation rate
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15

Flux (photons cm™2 s A™)

Table 2. Observed Muliplet Brightnesses (rayleighs).

Date Start Time (UT) HILyman-B  OIA1304 O1A1356  CIAl1657
2014 Nov 29 18:00 223+£2.6 7.93+£094 2.73£0.60 0.89+£1.02
2015 Jan 30 06:34 1.35£0.31 1.91£043 2.85+£0.58 595+1.24
2015 Mar 29 11:43 12.34+2.1 9.18+1.96 7.24+1.63 3.11£1.93
2016 Apr 26 06:06 4.58£0.88 393+0.66 5.86+£1.09 12.6+14
2016 May 14 14:39 3.07£0.31 —-0.47£046 0.01£042 1.90£0.64
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Figure 4. Coma spectra corresponding to the spectral images in
Figure 3. The blue line is a synthetic spectrum of electron im-
pact on HyO. The green line is the same for CO,. The red line
is a synthetic CO Fourth Positive fluorescence spectrum following
Lupu et al. (2007) for a CO column density of 1.6 x 10'* cm—2
(April 26) and 1.0 x 10" cm~2 (May 14). Note the distorted
Lyman-o line shape due to detector degradation effects described
in Section 2.1.

of ~ 1.0 x 1072 photons s ! molecule ™! at 1 AU. This would

give only ~0.25 rayleighs of C I A1657, about one-tenth the
amount observed in the lower panel of Figure 4. Wu & Judge
also note that the rate for photodissociation of CO to produce
C1A1657 is an order of magnitude higher than for CO,, but
the lower relative abundance of CO does not make this a sig-
nificant additional source. Thus the remainder of this emis-
sion must come from electron impact on CO,, as shown by
the green synthetic spectrum in the figure.

2.3. Limb observations around perihelion

We can compare the spectra described above, which were
made against the shadowed nucleus, to limb observations
made in the several months around perihelion (2015 August
13.09) when Rosetta was >150 km from the comet. NAV-
CAM images showed strong activity above the sunward limb
and the Alice spectra showed a strong sunward-anti-sunward
asymmetry in both the gas emissions and dust reflected sun-
light. Two examples are listed in Table 1. A spectral image
from 2015 August 19 is shown in Fig. 5. The correspond-
ing Alice spectrum, shown in Fig. 6 is unlike any of the ex-
amples discussed above. CO Fourth Positive and Cameron
bands are present but atomic emissions, other than those pro-
duced by resonance scattering, particularly O I A1304 and
three S I multiplets identified in the figure, are significantly
weaker. The atomic sulfur emissions are resonantly scattered
radiation from the dissociation products of the many sulfur-
containing molecules identified by ROSINA (Calmonte et al.
2016), and will be discussed in a separate paper. Like the
S I multiplets, both O 1 A1304 and Lyman-f3 show emission
from resonance scattering on the anti-sunward side of the nu-
cleus from the extended coma, whose presence complicates
the extraction of the electron excited emissions on the sun-
ward side.

The CO Cameron bands lie at the long wavelength end
of the Alice spectral range and are superimposed on a ris-
ing solar continuum of reflected light from the dust seen
in the NAVCAM images. They are consistent with labora-
tory measurements of photodissociatve excitation of CO; in
which the bands appear narrower (7;,; ~ 400 K) than those
produced by electron dissociative excitation (7;,; ~ 1600 K)
(Conway 1981). There are calibration issues in this part of
the spectrum as seen the the ratio of the (2,0) to (1,0) bands
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Figure 5. The blue line is a synthetic spectrum of electron im-
pact on H>O. The green line is the same for CO,. The red line
is a synthetic CO Fourth Positive fluorescence spectrum following
Lupu et al. (2007) for a CO column density of 1.8 x 1014 cm—2.

which does not track the predicted value but may be due
to the presence of the unresolved C I A1931 line. Never-
theless, we can compare the Alice data to VIRTIS-H mea-
surements of CO, column density made during a number
of long (2—4 hours) off-limb stares made between 2015 July
through September in which Alice observed simultaneously
(Bockelée-Morvan et al. 2016). The extracted brightness of
the Cameron (1,0) band, despite the many uncertainties and
scaled by r,%, tracks very closely with the VIRTIS-H measure-
ment of CO, column density with time during this period as
shown in Fig. 7. A quantitative comparison is given below

in Section 3.3. With a few exceptions, the Fourth Positive
bands fit very well to the resonance fluorescence model of
Lupu et al. (2007), and the derived column densities, shown
in the lower panel of Fig. 7, are also found to track the CO;
column densities.

2.4. Observations near the end of mission

As the Rosetta spacecraft prepared to touch down on the
nucleus on 2016 September 30, there was little opportu-
nity for spectroscopic observations of either the nucleus in
shadow or the near-nucleus coma. The final off-limb spec-
trum was obtained by Alice at UT 02:16 on 2016 September
29. It is extremely noisy but recognizable and quite similar
to the spectrum obtained four days earlier which we show in
Fig. 8. For this spectrum the limb is at the bottom of the Al-
ice slit and the mean distance of the center of the slit from
the limb is ~0.5 km. The sub-spacecraft latitude was —74°
and the spectrum is almost identical to the electron excited
CO; spectrum observed on 2015 January 30 (middle panel,
Figure 2), also at far southern latitude. Again we can use
the observed C I A1657/Lyman-f ratio to determine the rel-
ative CO, abundance along the line-of-sight and this gives
[CO,]/[H20] = 1.8 +0.6. However, this should be regarded
as a lower limit as the Lyman-f3 brightness may include up to
half from resonance scattering in the coma, based on off-limb
observations on 2016 September 27.

3. DISCUSSION
3.1. Variability of electron excited emissions

The Alice spectrograph obtained a large number of diverse
far-ultraviolet spectra of the coma of comet 67P/Churyumov-
Gerasimenko over the entire escort phase of the mission. As
we have demonstrated above, much of the observed emis-
sion, particularly for r, > 2 AU is produced by electron im-
pact dissociative excitation of primary coma molecules, H,O,
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Figure 7. Top: Derived '3CO, column densities from VIRTIS-H
spectra from long limb stares (Bockelée-Morvan et al. 2016). The
dotted line shows the distance of Rosetta to the comet. Middle:
Brightness of the (1,0) Cameron band scaled to the square of the
heliocentric distance. Bottom: Derived CO column density assum-
ing resonance fluorescence and the model of Lupu et al. (2007).

CO,, and O3, close to the nucleus. While the electron flux
at the spacecraft can be determined from in situ measure-
ments by the various instruments of the Rosetta Plasma Con-
sortium, the variation of the excitation along the Alice line-
of-sight is not known a priori, so we cannot directly extract
molecular column densities from the spectra, only relative
abundances. Variability of the observed emissions is thus
due to both the coma gas density at a given position rela-
tive to the nucleus, but also the plasma environment at that
time and position. An example of the correlation between
the two can be found from a comparison of the Alice spectra
from 2014 October 18-19 (Feldman et al. 2015) with electron
flux models for the same dates based on RPC-LAP data from
Galand et al. (2016). The Alice data were taken during off-
nadir limb stares that coincided with the interval “T2” dis-
cussed by Galand et al. in their Figures 15 and 16. The vari-
ation in observed Lyman-[ brightness closely follows that of
the electron model, both showing a sharp maximum at UT
00:00 on 2014 October 19.
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Figure 8. Alice limb spectrum from 2016 September 25, five days
before the end of the mission. The observing parameters are listed in
Table 1. The spectrum is due almost entirely to dissociative electron
excitation of CO,.

3.2. Comparison with coma models

A number of models have been developed to describe
the heterogeneous distribution of volatiles in the nucleus
using the in situ mass spectrometer measurements from
the ROSINA instruments (Fougere et al. 2016; Hansen et al.
2016; Kramer et al. 2017), together with shape and illumi-
nation models. The DSMC models of Fougere et al. (2016)
are accessible through the ICES web site at the University
of Michigan', which additionally provide integrated column
densities along the Alice field-of-view using reconstructed
trajectory and spacecraft NAIF/SPICE kernels. As noted
above, we cannot extract absolute column densities from ob-
servations of the electron excited emissions, but we can com-
pare the relative abundances derived above with the predic-
tions of the models, and we do so for the three pre-perihelion
observations listed in Table 1, averaging the model over the
narrow center of the Alice slit. For 2014 November 29 the
model predicts [CO,]/[H,0] = 0.035, consistent with the
very weak C I A1657 seen in Figure 2, similar to what was
found by Feldman et al. (2015) for 2014 October 23. For
2015 January 30 the model predicts a much higher value of
[CO,]/[H20] = 0.6, but lower by a factor of 4-5 than found
above. This discrepancy was also noted by Fougere et al.
(2016) for the near-perihelion VIRTIS-H observations re-
ported by Bockelée-Morvan et al. (2016) The model ratio
is consistent with that found by Mall et al. (2016) for this
time period but it should be noted that the model is based on
the same dataset presented by Mall et al. Finally, for 2015
March 29, the model ratio of [O,]/[H,0] = 0.07 is in perfect

Uhttp://ices.engin.umich.edu
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agreement with the value deduced from the Alice spectrum
above.

3.3. Comparison with VIRTIS-H

The position of the small VIRTIS-H slit relative to the long
Alice slit is indicated by “H” in the NAVCAM image in Fig-
ure 5. To compare the emissions seen by the two instru-
ments requires the use of a spatial model of the gas emis-
sions in the coma, and for this purpose we again turn to the
DSMC models of Fougere et al. (2016). Fougere et al. com-
pare their model line-of-sight integrations with the VIRTIS-
H measurements discussed in Section 2.3. They find good
agreement with the observed CO; column densities (assum-
ing CO,/ 13C0O, = 89), but overestimate the H,O column den-
sities by a factor of ~4. From a model for UT 16:00 on 2015
August 19 we find that the geometric factor between the nar-
row center of the Alice slit and the VIRTIS-H aperture is
0.28 for the CO, column density. Using the results in Ta-
ble 3 of Bockelée-Morvan et al. (2016), and the photoexcita-
tion rate of the (1,0) Cameron band given in Section 2.2.4,
we would then expect Alice to observe 480 rayleighs of
(1,0) band emission. From the spectrum of Figure 6, sub-
tracting the dust scattered solar radiation, we find only 70
rayleighs. The time period shortly after perihelion was the
time of maximum activity and the highest H,O column tab-
ulated by Bockelée-Morvan et al. The photodissociation of
CO; to produce CO Cameron bands peaks between 900 and
1000 A (Lawrence 1972) and the cross section for H,O ab-
sorption reaches a maximum of ~ 2 x 10~!7 ¢cm? in this same
wavelength band (Watanabe & Jursa 1964). With a column
density of 1.2 x 10'7 cm~2 from Bockelée-Morvan et al., as-
suming a similar column along the line-of-sight to the Sun,
we find an optical depth of ~ 2, which would be sufficient to
reduce the (1,0) band excitation to the observed level. The
problem is in fact more complicated in that CO, and H,O
are mixed along the line-of-sight to the Sun, requiring a more
detailed calculation. However, the spatial distribution of the
(1,0) band emission along the slit, relative to that of CO fluo-
rescence, is relatively uniform, consistent with this behavior
although it is also possible that there is significant collisional
quenching of CO (a>II) molecules in the innermost coma.
The derived abundance of CO relative to H>O is ~ 0.5%,
consistent with the limit of Bockelée-Morvan et al. of <1%.
While the DSMC models overpredict both the CO and H,O
column densities, the relative abundance is in accord with the
observations.

4. SUMMARY

The identification of distinct spectral signatures arising
from multiple dissociative excitation processes of H,O, CO»,
03, and CO, allows Alice to achieve one of its primary sci-
ence objectives, the study of the evolution of the gaseous
coma of comet 67P/Churyumov-Gerasimenko over the en-
tire escort phase of the Rosetta mission. Although our initial
report started with data from 2014 September 21, emission
due to electron impact on H,O was first detected by Alice on
2014 August 18 when 67P was 3.53 AU from the Sun and

Rosetta was ~85 km from the comet. The spatial distribu-
tion along the slit showed that the emission was concentrated
within a few km of the limb of the nucleus. This pattern was
repeated throughout the first eight months of the escort phase.
CO,, also excited by electron impact, was not detected un-
til late 2015 January (Section 2.2.2), even at extreme south-
ern latitudes where ROSINA data show [CO,]/[H,0]~2 dur-
ing the same time period (Mall et al. 2016). This appar-
ent discrepancy is understood by the fact that both H,O
and CO; were below the detection limit of Alice at these
times, Mall et al. showing that the HyO density measured
by ROSINA was much lower than at other points in the or-
bit of Rosetta. The emissions observed by Alice also depend
on the energetic electron flux near the nucleus which, in turn,
depends on several variables including the neutral gas density
(Galand et al. 2016).

Similar viewing geometries were obtained during the final
eight months of the escort phase as the comet receded from
the Sun. During this period the observed spectrum was dom-
inated by electron impact excitation of CO,, which as noted
above, was detected in the final off-limb spectrum obtained
at a heliocentric distance of 3.84 AU on 2016 September
29, one day before the end of the mission. The dominance
of CO;, over H;O during this period is in accord with the
ROSINA measurements of Gasc et al. (2017). Qualitatively,
the Alice observations of gas emission close to the nucleus
give the same picture of the evolution of the H,O and CO,
coma as the in sifu mass spectrometer measurements.

Rosetta is an ESA mission with contributions from its
member states and NASA. We thank the members of the
Rosetta Science Ground System and Mission Operations
Center teams, in particular Richard Moissl and Michael
Kiippers, for their expert and dedicated help in planning
and executing the Alice observations. We thank André Bieler
and Nicolas Fougere for their help and advice using the ICES
models. The Alice team acknowledges continuing support
from NASA’s Jet Propulsion Laboratory through contract
1336850 to the Southwest Research Institute. The work at
Johns Hopkins University was supported by a subcontract
from Southwest Research Institute.
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