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ABSTRACT

Context. Abundance ratios of the nuclear-spin isomers of H,O and NH; have been measured in about two dozen comets, with a mean
value corresponding to a nuclear-spin temperature of ~30 K. The real meaning of these unequilibrated nuclear-spin abundance ratios
is still debated. However, an equilibrated water ortho-to-para ratio of 3 is also commonly observed.

Aims. The H channel of the Visible and Infrared Thermal Imaging Spectrometer (VIRTIS-H) on board Rosetta provided high-
resolution 2.5-2.9 um spectra of H,O vapour in the coma of comet 67P/Churyumov-Gerasimenko (67P), which are suitable for the
determination of the ortho-to-para ratio (OPR) of water in this comet.

Methods. A large dataset of VIRTIS-H spectra obtained in limb-sounding viewing geometry was analysed, covering heliocentric dis-
tances from 1.24 to 2.73 au and altitudes from a few hundred metres to >100 km. The OPR, together with the H,O rotational temperature
and column density, were derived for each spectra using a database of fluorescence synthetic spectra that include both fundamental
and hot vibrational water bands. The weak lines of the v, v; + v3 — v; and v, + v3 — v, bands in the 2.774-2.910 um range were used
to calculate by how much the strong v; band centred at 2.67 um is attenuated due to optical depth effects, expressed by the attenuation
factor faten-

Results. Most ortho-to-para ratio determinations are strongly affected by opacity effects, as demonstrated by the observed anti-
correlation between the OPR and the column density, and the correlation between the OPR and attenuation factor fy.,. Based on
both radiative transfer calculations and OPR values obtained in low-opacity conditions, we derive an OPR of 2.94 +0.06 for comet
67P. Measured water rotational temperatures show a decrease in gas kinetic temperature with increasing altitude caused by adiabatic
cooling. Heliocentric variations are also observed, with warmer temperatures near perihelion.

Conclusions. The water ortho-to-para ratio measured in the coma of 67P is consistent with laboratory experiments showing that water
vapour that has thermally desorbed from water ice has a statistical value of 3, regardless of the past formation process of water ice.

Key words. comets: general — comets: individual: 67P/Churyumov-Gerasimenko — infrared: planetary systems

1. Introduction

Comets are providing interesting clues regarding the history
of the Solar System. Through their mineralogical, chemical,
and isotopic composition, comet nuclei document environmental
conditions and processes occurring from the protostellar col-
lapse phase to the protoplanetary disk phase. The nature and
isotopic properties of their ices suggest inheritance from the
presolar phase (Altwegg et al. 2019; Drozdovskaya et al. 2019),
whereas the presence of high-temperature minerals shows that
comets also incorporated materials that formed close to the Sun
(Engrand et al. 2016, and references therein).

Abundance ratios of nuclear-spin isomers for cometary
molecules having identical protons have been measured in a
number of comets as possible cosmogonic indicators of envi-
ronmental formation conditions (Mumma et al. 1987; Kawakita
& Kobayashi 2009). About two dozen measurements have been
obtained for water (Faggi et al. 2018, and references therein)

and ammonia (Shinnaka et al. 2011, 2016). These two molecules
present two nuclear-spin isomers, so-called ortho and para
species. Most of the ortho-to-para ratio (OPR) determinations
for water have been obtained from near-IR observations of ro-
vibrational lines, using high spectral resolution. In the case of
NH;, the OPRs are estimated indirectly from observations of
NHj; in the optical domain. The nuclear-spin temperatures deter-
mined from OPRs of both H,O and NH; are ~30 K on average
(e.g. Faggi et al. 2018; Shinnaka et al. 2016). The meaning of
these low spin temperatures remains debated. Laboratory studies
of the nuclear-spin conversion of water during thermal des-
orption show fast re-equilibration in the gas phase to an OPR
of 3 (which is equal to the statistical weight ratio and corre-
sponds to a nuclear-spin temperature higher than ~60 K) (Hama
et al. 2011, 2016, 2018; Sliter et al. 2011). However, the equi-
librated water ortho-to-para ratio of 3, corresponding to a spin
temperature higher than 60K, is also commonly observed in
comets.
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Table 1. Results from the spectral fit of datasets S2-S4 and H1-H2.

Dataset te(fg h p® N ézz) Jatten THB T™B OPR @
(h)  (aw (km) (m™?) (K) (K)

2 180 1310 305  (6.50+0.18) x 10'8 _ _ 3842 2794013

S3 70.5 2.292 4.60 (4.76 +£0.08) x 1019 - - 68+2 253+0.10

S4 13.6 1.543 12.0 (4.61 £0.08) x 101 - - 48 +1 2.26 +0.07

H1 72.4  1.319 315 (13.7+0.34) x 10 047+001 1201 136+x4 2.62+0.16

H2 269 1.525 8.83 (1.23+0.15) x 102 0.62+0.12 54+10 59«1 2.73+0.56

Notes. @Total exposure time. ’Mean distance of the FOV to comet centre. “For datasets S2, S3, and S4, the column density is N¥E | derived

H,0°

from the intensity in the MB (2.590-2.760 um) spectral region; for datasets H1 and H2, the column density is N:fov derived from the intensity in
the HB (2.774-2.91 um) spectral region. ”For datasets S1, S2, and S3, the OPR is derived by fitting the MB spectral range; for datasets H1 and

H2, the OPR is derived by fitting the HB range.

In this paper, we present the measurement of the ortho-
to-para ratio of water in the coma of comet 67P/Churyumov-
Gerasimenko (67P) from observations performed with the high
spectral resolution channel (H) of the Visible and Infrared
Thermal Imaging Spectrometer (VIRTIS) on board Rosetta
(Coradini et al. 2007). Because of the low activity of the comet
(water production rate of typically 10?2 s~! at perihelion; e.g.
Biver et al. 2019), this measurement has not been possible from
ground-based telescopes. During most of the mission, VIRTIS-
H acquired 2.5-2.9 um spectra in which ro-vibrational lines of
both ortho and para H,O variants are clearly present. However,
the OPR retrievals are affected by optical depth effects. Hence,
a careful evaluation of these effects has been performed using
lines from weak vibrational bands in combination with radiative
transfer calculations (Debout et al. 2016). In Sect. 2, the obser-
vational dataset is presented. The analysis of the spectra and the
results are described in Sect. 3. Radiative transfer calculations
are presented in Sect. 4, followed by a summary and a discus-
sion in Sect. 5. Results for individual VIRTIS-H data cubes are
given in the appendices.

2. VIRTIS-H observations and selected datasets

VIRTIS is composed of two channels: VIRTIS-M, a spectro-
imager with a visible (VIS) (0.25-1 um) and an infrared (IR)
(1-5 wm) channel operating at moderate spectral resolution
(A/AA = 70-380), and VIRTIS-H, a cross-dispersing spectrome-
ter providing spectra with higher spectral resolution capabilities
(A/AA = 1300-3500) in eight orders of diffraction covering the
range 1.9-5.0 um (Drossart et al. 2000; Coradini et al. 2007).
To determine the OPR of water, we used VIRTIS-H spec-
tra in order numbered 4 (see Bockelée-Morvan et al. 2019,
for the list of orders), covering the wavelength range 2.432-
3.077 pm in 432 spectral elements with a spectral sampling
Adgamp = 0.0015 pm. VIRTIS-H order 4 has been found to be
best suited for the OPR retrieval, as neighbouring orders either
suffer from stray-light effects or have a less adequate wavelength
coverage. Moreover, the cross-order absolute calibration has
additional uncertainties that increase instrumental errors when
several orders are in use. The nominal spectral resolving power
in order 4 A/AA is ~2200 at 2.67 um, where AA is the grating res-
olution. However, the effective spectral resolution is lower due to
undersampling with respect to the grating resolution (Adgamp =
1.25 AQ). In addition, we used calibrated data cubes where detec-
tor odd-even column readout effects (Raponi et al. 2020) were
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removed by performing spectral smoothing with a boxcar aver-
age over three spectral channels, thereby reducing the spectral
resolution by another factor. From these considerations, a reduc-
tion of the spectral resolving power by a factor ~2.7 with respect
to the nominal value is expected (Debout 2015). For accurate
OPR determinations through spectral fitting, the good knowl-
edge of the instrument spectral response is a key requirement. By
fitting high signal-to-noise ratio (S/N) VIRTIS-H H, O spectra of
the comet with synthetic spectra (Sects. 3.2-3.4) and minimising
the y-square statistics, the effective spectral resolution was deter-
mined to be equal to 779 at 2.7 um (Adeg = 0.00347 um). The
wavelength calibration (found to be off by up to 0.5 X Adsamp)
was also improved by adjusting the wavelengths of the spectral
channels with strong water lines to expected values.

VIRTIS-H acquired data cubes of typically 3—4 h duration
in various pointing modes. For the present study we consid-
ered limb observations during which the instrument stared at a
fixed limb distance, with a line of sight (LOS) at an azimuth
close to the comet-Sun line for most of them. The instan-
taneous field of view (FOV) of the VIRTIS-H instrument is
0.58 x 1.74 mrad? (58 m x 174 m for a Rosetta S/C distance to the
comet of 100km). The version of the calibration pipeline for
the data is CALIBROS-1.2. The calibration process is detailed
in Jacquinod et al. (2015) and summarized in Bockelée-Morvan
et al. (2016).

The considered data are (1) dataset S1: a set of 102 data
cubes (Table B.1) acquired from 3 June 2015 (heliocentric dis-
tance of r, = 1.506au) to 13 January 2016 (r, = 2.120 au)
(the perihelion of comet 67P was on 13 August 2015 at r, =
1.242 au); the mean distances of the FOV to the comet centre (p)
for these data cubes are between 1.65 and 7.13 km; (2) dataset
S2: the average of 5 data cubes obtained at far limb distances
(o = 171 to 444km) and mean r, = 1.31 au; (3) dataset S3: 28
data cubes obtained at r, = 1.561-2.730 au pre-perihelion (mean
r = 2.292 au) that were averaged; (4) dataset S4: average of
four data cubes obtained at r, = 1.543 au post-perihelion and
limb distances p = 12.0km ; and (5) datasets H1 and H2: two
spectra with high S/N obtained by averaging numerous data with
high-intensity H,O lines acquired near perihelion.

The resulting spectra obtained from datasets S2, S3 and S4
provide OPR measurements for a low H,O column density along
the LOS (<5 x 10" m~2). Spectra H1 and H2 allow us to measure
the OPR ratio from the faint v; and hot bands near 2.750 wm and
longwards of 2.774 um. Geometric informations and exposure
times for datasets S2—S4 and H1-H2 are provided in Table 1.
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Fig. 1. Continuum-subtracted VIRTIS-H spectrum of dataset H1 (blue curve) superimposed on the synthetic model that best fits the HB (2.774—
2.910 pm) spectral region (orange curve). Dataset H1 is the weighted average of 22 data cubes obtained near perihelion (see Sect. 3.5.3 and Table 1
for geometric parameters and fitted parameters). The spectral range used to fit the HB region is indicated with a dotted green line. The bottom panel
shows a synthetic optically thin spectrum at T, = 116 K, with different colours for the v; (green), v; (grey), and hot bands (red).

3. Fitting method, data analysis and retrievals
3.1. HoO spectrum in the 2.5-3um range

A typical H,O spectrum acquired by VIRTIS-H near perihelion
is shown in Fig. 1. The intense lines in the 2.55-2.76 um range
correspond to the v3 (001-000) fundamental vibrational band.
The 2.77-2.91 pm region is dominated by the weak v; (100—
000) band, and v; + v3 — v; (101-100) and v, + v3 — v, (011-010)
hot bands (Bockelée-Morvan & Crovisier 1989; Villanueva et al.
2012). These weak bands contribute slightly to the 2.55-2.76 um
water emission. In optically thin conditions, the total H,O flu-
orescence emission rate (g-factor) in the 2.5-3.0 um range at
rn = lau is 4.24x 107*s7! for a rotational temperature in the
ground vibrational state T,y = 100K (fluorescence model of
Villanueva et al. 2012).

Weak emission lines from OH v(1-0) prompt emission have
been observed in this spectral domain in cometary spectra
observed by the Infrared Space Observatory (Crovisier et al.
1997, 1999), and ground-based telescopes (e.g. Bonev et al.
2006). The strongest OH line is expected at 2.8 pum, blended with
water lines (Bockelée-Morvan & Crovisier 1989). Weak excess
emission with respect to expected H,O emission is observed
at this wavelength in VIRTIS-H spectra with a high S/N (e.g.
Fig. 1), consistent with the detection of OH prompt emission
from comet 67P. Therefore, the 2.7991-2.8018 um region of the
VIRTIS-H spectra was excluded from the fit.

3.2. Synthetic H»O spectra

Synthetic H,O spectra were computed using the model devel-
oped by Crovisier (2009). This model computes the full fluores-
cence cascade of the water molecule excited by solar radiation,
describing the population of the rotational levels in the ground
vibrational state by a Boltzmann distribution at T (the rota-
tional temperature T;, is expected to be representative of the
gas kinetic temperature in the inner coma of 67P). This model
assumes optically thin conditions. We verified that excitation by
solar radiation scattered by the nucleus and by the thermal radia-
tion of the nucleus can be neglected. The model, which includes
fundamental bands and hot bands, uses the comprehensive H,O

ab initio database of Schwenke & Partridge (2000) and describes
solar radiation as a blackbody. The synthetic spectra closely
resemble those obtained by the model of Villanueva et al. (2012),
which uses the BT2 ab initio database of Barber et al. (2006)
and includes a more exact description of the solar radiation field
including solar lines. However, in the 3 um region, the excitation
of the water bands is not affected by solar Fraunhofer lines (Vil-
lanueva, personal communication). When we compare spectra
from the models of Crovisier (2009) and Villanueva et al. (2012),
the total water emission rates in the 2.5-3 um region differ by
about 1% (Tyor = 50K) to 4.5% (Tyo=150K). The most sig-
nificant differences occur in the hot bands, whose fluorescence
excitation and emission rates are underestimated in the model of
Crovisier (2009). The total emission rates in the 2.774-2.910 um
region (referred to as the hot-band domain in Sect. 3.4) are
underestimated by 4.4%, 8.4%, and 9.1% for T, =50, 100, and
150 K, respectively. We checked that OPR and T retrievals are
similar when the model of Villanueva et al. (2012) is used. First,
by fitting synthetic fluorescence spectra from Villanueva et al.
(2012) with our model as described in Sect. 3.4, the retrieved
OPR and T,y values are consistent within 1% with the cor-
rect values. A second test consisted of modifying the fitting
procedure to fit VIRTIS-H spectra with synthetic spectra from
Villanueva et al. (2012) instead of spectra from Crovisier (2009):
the retrievals are consistent within the uncertainties for all the
output parameters of the fitting procedure (see Sect. 3.4).

Figure 2 shows a synthetic H,O spectrum at the effective
spectral resolution of VIRTIS-H. The ortho and para lines are
plotted separately.

3.3. Baseline subtraction and data combination

The water lines are observed atop an underlying continuum due
to dust scattering and thermal emission (Bockelée-Morvan et al.
2019). This continuum presents significant short-term variations
in the time interval covered by the data cubes. In order to remove
the baseline of the spectra in the best possible way, we split
the observing data into cells of 32 acquisitions (the acquisi-
tion exposure time is typically 3 s). The acquisitions constituting
each cell were then averaged, and the baseline was fitted by a
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Fig. 2. Synthetic optically thin fluorescence H,O spectrum at the effective spectral resolution (and channel spacing) of VIRTIS-H. The blue and
orange lines show the ortho and para lines, respectively. The total spectrum is plotted in grey. The ortho and para lines at infinite spectral resolution
are shown at the bottom. The ortho-to-para ratio is equal to 3 and T}, = 100 K.
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Fig. 3. Illustration of data combination and background subtrac-
tion. The grey spectra show the 1728 acquisitions of cube TI-
00400765976 acquired on 13 September 2015 from 11h:46m:19.3s to
15h:24m:49.8s UT. The orange spectrum is the averaged spectrum, and
the blue spectrum is the average spectrum obtained after subtraction of
the continuum background, following the method explained in the text.
This cube, which shows extreme variations in dust continuum because
it was acquired during an outburst (Bockelée-Morvan et al. 2017), was
not considered for this paper.

fifth-order polynomial function considering wavelength ranges
with limited H,O fluorescence emission. All the baseline-
subtracted cells were then averaged using a sigma clipping
algorithm (with threshold of 3) to dismiss noisy spectral pixels.
Figure 3 shows the individual acquisitions for a selected data
cube and the final background-subtracted spectrum (in blue).
The average spectrum without background subtraction is also
shown (orange line).

The standard deviation for each spectral channel was evalu-
ated using five data cubes obtained at limb distances >900 km,
which present no detectable H;O emission. The statistics was
performed on continuum-removed average spectra.

3.4. Fitting procedure

The fitting procedure consists of fitting the background-
subtracted VIRTIS-H spectra with synthetic spectra
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parametrised by T, OPR, and a normalisation factor, and
convolved to the effective spectral resolution of VIRTIS-H
(Sect. 2). The 2.590-2.760 and 2.774-2.910 um ranges, which
we refer to as the main-band (MB) and hot-band (HB) domains,
respectively, were independently fitted. The fitting procedure
also corrects for small baseline residuals. In a first step, the
whole fitting procedure was applied to the HB domain (plus the
2.523-2.590 um region with negligible water emission), using
a third-order polynomial function for the baseline. Next, the
MB region, without this baseline, was fitted. The derived OPR
values are found to be very sensitive to baseline removal, and
we optimised the removal in the best possible way.

The outputs of the fitting process are the band intensities
and rotational temperatures deduced for the two domains. The
OPR is a free parameter when the MB domain is fitted. It is
a fixed parameter (equal to 3) when the HB domain is fitted,
except for the analysis of the HI-H2 datasets with a high-S/N
(Sect. 3.5.3). The column density NI“{/IZ% (Ng?o) is inferred from

the wavelength-integrated band intensities /MB (Wm™2sr!)
(I"B) using

MB
JMB _ "G hin B )
T4 RO
HB
JHB _ "G ihin » 1B ?)
T 4 HRO

where g)'® and gy are the sum of the fluorescence emis-

sion rates (g-factors) of the individual lines in the MB and HB
: ; MB HB

wavelengths domal'ns, resppctlvely. Iiin and gy were calcu-

lated from the optically thin model of the water fluorescence

(Sect. 3.2) using the rotational temperatures TP and 7B

deduced from the fitting process, and scaled according to r;; 2,
The presence of optical depth effects can be evaluated
through the attenuation factor fyen (<1 for an optically thick

coma),

MB

H,0

HB °
NHZO

fatten = 3)
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Fig. 4. Continuum-subtracted VIRTIS-H spectra (blue) superimposed
on the synthetic model that best fits the MB (2.590-2.760 um) spec-
tral region (orange). Top: H1 dataset. Botfom: H2 dataset. The standard
deviation for each spectral channel is shown at the bottom of the plots
(and vertically offset with respect to the measured radiances for better
clarity). The MB spectral region is shown by a horizontal green line.

Indeed, in optically thick conditions, the effective g-factor
gefr, Which relates the measured band intensity 7 (W m=2 sr™')
to the column density Ny,o along the LOS, is smaller than the
fluorescence g-factor gy, (Debout et al. 2016). Hence, the water
column density derived from the MB using Eq. (1) underesti-
mates the actual column density by the factor gpin/ges. On the
other hand, the intensity of the v; and hot bands contributing
to the HB domain, which are typically one order of magnitude
fainter than the main v3 band and are therefore much less affected
by optical depth effects (Sect. 4.2), provide a good estimate of
the actual column density through Eq. (2). To first approxima-
tion, futen 1S therefore equal to the ratio geg/gmin of the whole v3
band.

Spectral fits to the HB and MB wavelength ranges are shown
in Figs. 1, 4-6 for datasets H1, H2, S2, S3 and S4. The inferred
parameters are given in Table 1. We note that the poor fit of the
MB part of datasets H1 and H2 regarding relative line intensities
(Fig. 4) is characteristics of optical depth effects. A good fit is
obtained when optical effects are much less significant: HB part
of H1 and H2 datasets (Figs. 1 and 5) and MB part of dataset S2,
S3, and S4 (Fig. 6). The attenuation of the v3 band due to opacity

is clear on Figs. 1 and 5, especially for the H1 dataset. Spectral
fits for selected' S1 data cubes are shown in Appendix A.

3.5. Results of the fitting process
3.5.1. Dataset S1: Optically thick spectra

Dataset S1 consists of 102 individual data cubes covering the
period from 3 June 2015 (r,=1.506au) to 13 January 2016
(rn=2.120 au). Most spectra (92 out of 102) have been obtained
at azimuth angles with respect to the comet-Sun line PAp g of
less than 45° (Table B.1). This dataset has been selected for its
spectra with detected signal in the HB spectral region with an
S/N > 10. During this time interval, the water production rate of
comet 67P is seen to vary by a factor of ~30, from typically
3x10% to 8x 10?7 s7! according to observations carried out
with the Microwave Instrument for the Rosetta Orbiter (MIRO)
(Biver et al. 2019). Table B.1 provides geometric information for
all the individual data cubes of dataset S1, and it lists the results
obtained from spectral fitting.

With limb distances spanning a few hundred metres to ~5 km
above the nucleus surface, this dataset is a representative sample
of the spectra obtained under highly variable LOS water column
density (1.8 x 102°-1.9 x 10*' m~2) and rotational temperature
conditions (60-150K) (Fig. 7A). High (small) rotational tem-
peratures are obtained for high (low) column densities, and
correspond to small (large) limb distances (Fig. 8A). Rota-
tional temperatures differ only slightly from the (number-density
weighted) average of the gas temperature along the LOS (Debout
2015). This decrease in gas temperature with increasing altitude
results from adiabatic cooling, and it was also measured by the
MIRO instrument (Biver et al. 2019). A temperature dependence
on perihelion distance is clearly observed (Fig. 8A).

Figure 7A shows that many water spectra are somewhat
optically thick, with minimum fy., values of ~0.4 (equivalent
optical depth 7=0.9, with 7=-In(fyen))- As expected for optical
depth effects, there is a clear anti-correlation between fyye, and
Nij%- Because bands with lines in the HB spectral region are
one order of magnitude fainter than the v; band, they are prob-
ably optically thin to first approximation, so that Ngfo provides
the effective water column density along the LOS. A temper-
ature dependence of fyuen 1S also marginally observed (see the
data points for column densities >10?! m~2 in Fig. 7A). This
trend is consistent with radiative transfer calculations (Sect. 4).
We note that THB should be representative of the LOS aver-
age of H,O rotational temperature, whereas T2, although much
more accurately derived, is expected to be higher than T11¥ when
optical depth effects are significant. Indeed, faint ro-vibrational
lines excited from weakly populated high-energy rotational lev-
els are relatively less affected by optical depths than lines formed
through low-lying levels. The relative intensities of the lines
in the spectra are then modified and mimic a warmer environ-
ment. This trend is observed, as is clear in Fig. 8B: the ratio
TrI‘/ImB/TrI;I%3 increases with decreasing fyuen, reaching ~1.35 in the
most optically thick cases corresponding to low fyuen values. For
the highest values of fyen, the rotational temperature measured
from the lines of the v; band matches the value measured from
the much thinner v, and hot bands within 10%.

Apparent OPRs derived from MB fitting are strongly data
dependent, reaching values as low as 1.2-1.5 for LOS sampling
high column densities (Fig. 7B). These low apparent OPRs are
due to opacity effects, because lines from ortho-H,O species

I https://zenodo.org/record/6279865#.YhjXiibjI34 for the
whole set.
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Fig. 5. Continuum-subtracted VIRTIS-H spectra (blue) superimposed
on the synthetic model that best fits the HB (2.774-2.910 um) spectral
region (orange). Top: H1 dataset. Bottom: H2 dataset. The HB spectral
region is shown by a horizontal green line. See the caption of Fig. 4 for
other details.

are more efficiently weakened. OPR and fye, follow similar
trends with the H,O rotational temperature and column density
(Figs. 7A, B). The decrease in optical depth effects with increas-
ing rotational temperature is clearly visible in Fig. 7B: the trend
for higher OPRs at higher rotational temperatures is clear over
the full range of the water column density. The strong correlation
between the derived OPR and the attenuation factor is shown in
Fig. 7C.

At low opacity levels (fagen > 0.65), that is, at low column
densities, there is significant scatter in the derived OPR. The val-
ues lie between 2.0 and 2.6. This is presumably related to spectra
with low S/N.

3.5.2. OPRs derived in low column density cases

In the spectra of dataset S1, the H,O MB is optically thick
(fatten < 0.65), affecting the determination of the OPR. For these
spectra, the column density is higher than ~1.8 x 10** m=2. Con-
sequently, we attempted to derive the OPR from datasets S2,
S3, and S4, for which the column density is lower by a factor
3 to 30, using the MB (the signal in the HB region is too weak
to be analysed). The results are given in Table 1. The derived
OPR varies between 2.3 (S4) and 2.8 (S2). The low OPR value
for S4 (2.26 +0.07) suggests that this spectrum is more severely
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Fig. 6. Continuum-subtracted VIRTIS-H spectra (blue) superimposed
on the synthetic model that best fits the MB (2.590-2.760 pm) spectral
region (orange). Results for the S2, S3 and S4 spectra. See the caption
of Fig. 4 for other details.

affected by opacity effects. The low-temperature conditions for
this set (TMP =48 K) compared to those for set S3 (TMB =68 K),
but similar column densities, is consistent with a higher optical
depth for S4. The highest measured OPR value (2.79 +0.13) is
for dataset S2, which samples a very low column density. The
attenuation factor for these datasets is estimated in Sect. 4.2

using radiative transfer modelling.
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3.5.3. OPRs derived from the H>O hot-band spectral region

Near the perihelion of 67P, lines in the 2.774-2.910 um HB
spectral region are detected with a high S/N (Fig. 1). These
intrinsically weak lines from the v; and hot bands are thinner
than ro-vibrational transitions from the vz band, by typically
one order of magnitude to first approximation if we scale the
opacity according to the relative pumping rates (Crovisier 2009;
Villanueva et al. 2012). Hence, OPR values retrieved from the
fit of HB spectral region are an alternative way to determine the
effective H,O ortho-to-para ratio for comet 67P.

The H1 dataset averages 22 data cubes that satisfy the fol-
lowing geometric conditions: r, < 1.4au, 2.0 < p < 4.0km,
and position angle PAj os < 10° with respect to the comet-Sun
line. The H2 dataset is a combination of 9 data cubes acquired
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from 30 May 2015 to 1 June 2015 (r, = 1.52 au, 8.3 < p < 9.4 km,
and PA| ps =3°. The HB domain of the H,O spectrum is well
detected for both sets (cf. Fig. 1 for H1). Fitted parameters are
given in Table 1. The OPR determination with the best accu-
racy gives 2.62 +0.16 (H1 dataset), in agreement with retrievals
obtained from S2 and S3. The attenuation factor of the HBs is
estimated in Sect. 4.2 from radiative transfer modelling.

4, Radiative transfer calculations and 67P water
OPR

In the previous section, the VIRTIS-H data were analysed using
optically thin synthetic H,O fluorescence spectra. Variations in
retrieved parameters OPR, Tyo, and fygen With column density
and correlations between these parameters have been qualita-
tively explained by optical depth effects. In this section, the
results of radiative transfer calculations are compared with the
data and are used to derive the water OPR in the coma of 67P.
Our approach consists of computing synthetic spectra with a
model considering optical depth effects both for the excitation
of H,O and for the received radiation. These optically thick syn-
thetic spectra are then analysed with a fitting procedure similar
to that used for VIRTIS-H data (Sect. 3.4), that is, by adjusting
optically thin synthetic spectra to derive the apparent OPR and
rotational temperature and the attenuation factor. The approach
consisting of directly fitting optically thick spectra to VIRTIS-
H measured spectra was not possible, in particular, because of
the CPU time requested per model run, the variety of the coma
conditions, and the large number of data cubes.

4.1. Radiative transfer model

We used the dedicated radiative transfer model of Debout et al.
(2016), which was developed for the purpose of analysing H,O,
CO; and CO vibrational spectra of comet 67P from VIRTIS.
Only the v3 band is considered for the H,O model. The calcu-
lations are made for an isotropic coma, with physical parameters
(number density, gas kinetic temperature and expansion veloc-
ity) derived from fluid models. As shown by Debout et al. (2016),
optical depth effects in the solar excitation rate vary not only with
the cometocentric radial distance, but also with azimuthal angle
due to the unidirectionality of the exciting source (the Sun). They
are maximised along the comet-Sun direction and minimised in
perpendicular directions. The received radiation is also altered
by opacity effects, which are maximum (minimum) when the
phase angle (S/C-comet Sun angle) is 0° (90°). These results can
be explained by the structure of the coma gas flow.

The main input parameters of the model are the total produc-
tion rate and the nucleus surface temperature, which determine
the radial profiles of the gas kinetic temperature and veloc-
ity (respectively decreasing and increasing with the distance
to nucleus), and the gas number density (see Debout et al.
2016). We performed calculations for water production rates
from 2x 10%° to 4 x 1023 s~!, heliocentric distances of 2 and
1.3 au and surface temperatures of 284 K (r, =2 au) and 353 K
(rm =1.3 au). The observational geometric conditions we consid-
ered are terminator orbits and an azimuthal angle PAjos=0°,
which correspond to most of the observing circumstances for
VIRTIS-H data. Calculations were made for limb distances from
125m to 20km above the surface. Hence the set of computed
spectra covers a wide range of column density and gas tempera-
ture conditions. We considered ortho-to-para ratios of 2.5 and 3.
The spectral resolution of the synthetic spectra was 750, that is,
similar to VIRTIS-H spectra.
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attenuation factor fRI =0.61, and rotational temperature TX! = 157 K.

atten

These H,O synthetic spectra (referred to as RT spectra) were
analysed with a fitting procedure similar to that used for the
VIRTIS-H data. However, because the RT spectra only include
the v3 band, the synthetic optically thin fluorescence spectra we
used for the fitting only included this band. The fitting was per-
formed in the MB spectral region, with 7RI and OPRRT as output
parameters. The attenuation factor fN. was deduced from the
ratio of the integrated intensity of the whole v3 band to that of the
expected intensity under optically thin conditions. We defined
TSs" as the rotational temperature obtained by not consider-
ing opacity effects in the radiative transfer model, because it is

close to the LOS weighted-average of the gas temperature. 77 a"

LOS
corresponds to 712, measured on the VIRTIS data.

Figure 9 shows an optically thick RT spectrum and the
fitted optically thin spectrum. The strong similarity with the
fit obtained for the MB part of H1 spectrum (Fig. 4, top) is

remarkable.

4.2. Comparison of RT model and data outputs

The apparent OPR (OPRRT) is shown in Fig. 10 as a function of
water column density and mean LOS temperature 7753" for the
two assumptions of the effective OPR. This figure can be com-
pared directly to the data (Fig. 7), taking into account that the
colour-coding is different. The same trends are observed: the val-
ues of the apparent OPRs converge to the value of the effective
OPR for water column densities significantly below 10?° m=2.
Hence, this confirms that the determination of the effective 67P’s
OPR requires using results from the low-column density datasets
(Table 1). The extent to which these data are affected by residual
opacity effects must be examined.

4.2.1. Direct comparison of optical depth effects in modelled
and observed spectra

In the radiative transfer model, the assumption is made that the
water coma is isotropic, which is not realistic. The water distri-
bution observed around the nucleus of 67P looks like a broad
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Fig. 10. Results from radiative transfer calculations. Apparent OPR as
a function of LOS mean temperature (77S5") and column density (A,
B), and as a function of the attenuation factor (C). Plots A and B refer
to calculations with an effective OPR of 2.5 and 3, respectively, with a
colour-coding according to the derived apparent OPR. For C plot, the
colour-coding is according to the column density (in base-10 log scale).
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Fig. 11. Direct comparison of optical depth effects derived from model
and observations. The column density (blue dots) obtained by fitting the
synthetic RT spectra (fRT X Ny,0) is plotted as a function of the effec-
tive column density Ny,o. The values plotted as red dots are obtained by
considering that the radiative transfer model underestimates the opacity
effects by a factor f=2.3 (see text). The dashed line shows the two-
line fit of (Nlﬂ’[z%, Nﬂfo) values from dataset S1 (see text). The plain line

shows optically thin conditions.

fan approximately oriented towards the Sun (Biver et al. 2019).
Moreover, the assumed velocity field, though physically real-
istic for an isotropic coma, should deviate significantly from
the one in the complex coma of 67P. For these reasons, one
can expect optical depth effects to be quantitatively different in
the synthetic and real H,O 67P’s coma. Figure 11 shows that
this is indeed the case. We plot in this figure (dashed black
line) a fit of Ng{% versus Ng?o from dataset S1. This curve is
a pair of two linear regressions, one obtained by fitting data

with NPB{% <32x 1090 m—2 (Eq. (4)) and the other with NPI\I’% >

3.2x 10*°m™ (Eq. (5)),

Nifo = 1.761 X Ni'é) — 1.666 x 10", 4)
Nipp = 2.482 x Ni'§) — 2.710 x 10%. 6))

The trend of N}I‘I/IZ% versus Ngfo is nicely reproduced by this two-
line fit.

In Fig. 11, the results from the radiative transfer model are
plotted by blue dots. Opacity effects are underestimated by the
model, as is best seen for Ny,0 > 5.0 X 10 m~2. The attenua-
tion factor fyn as measured from the data is about 18% lower
than for the model results. Since it is beyond the scope of this
paper to change the description of the water coma in the radia-
tive transfer model, we empirically assigned the model outputs
to a column density 2.3 times lower. When this factor f=2.3
is applied, the attenuation factor given by the model (red dots
in Fig. 11) becomes consistent with the data (dashed line) for
N0 > 5.0 X 102 m=2. A slightly different factor, £=3.0, is
found to reproduce the data for Ny,o < 5.0x 10%° m~2 best. Inter-
estingly the knee observed in the Ng% versus NII-—I{?O correlation
is also apparent in the model results (Fig. 11). This behaviour is
expected when the band opacity 7, defined as fyuen =€7", varies
proportionally to Ny,o.
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corresponds to the two-line fit of (NVME Ngfo) values from dataset S1
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shown in Fig. 11.

4.2.2. Opacity as a function of column density and LOS
temperature

Figure 12 displays the opacity as a function of water column den-
sity for the model outputs (dots), applying f=2.3 as described
above, and for the data (dashed line). A colour-coding is used
for the model outputs to show how the opacity varies with mean
coma temperature along the LOS. The opacity increases with
decreasing LOS mean temperature. There is a non-linear correla-
tion between opacity and water column density at fixed tempera-
ture; instead the trend with column density is correctly described
applying a polynomial function of degree two (Fig. 12). Com-
paring in this figure the VIRTIS results from dataset S1 (dashed
line corresponding to the two-line fit) to the model, the agree-
ment is satisfactory overall. The opacities derived from the data
vary weakly (7 in the range 0.5-0.8) with the column density,
especially for low column densities, because the rotational tem-
perature in the coma of 67P is lower on average for low column
densities (Fig. 7).

4.3. HoO OPR for 67P: Final steps
4.3.1. Attenuation factors of the S2—S4 main-band region

We used the opacity variation with column density and rotational
temperature shown in Fig. 12 (i.e. the polynomial functions
shown by the solid lines) to estimate the attenuation factor fyyen
for datasets S2—S4. Following previous discussions, calculations
were also made for a correction factor f'=3, as the data suggest
that at low column densities the opacity is still underestimated
with a model using f=2.3. For example, for column densities
~3.0 X 102 m~2, the opacity derived from the data is 0.50 for a
rotational temperature of 85 K, whereas the models with f=2.3
and f=3.0 give 7=0.43 and 0.51, respectively. However, the
derived fyen values are not very different for the two models (see
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Fig. 13. Apparent OPR as a function of the attenuation factor fyen-
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ble underestimation of f, for these datasets. The curves show the
polynomial regressions that fit the OPR®T versus fRI  values shown in
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Fig. 10C: red and green represent OPR =2.5 and 3, respectively.

the small error bars of fyen for S2-S4 in Fig. 13). Mean fygen
values are 0.92, 0.85, and 0.79 for S2, S3, and S4, respectively.

4.3.2. Attenuation factors of the H1-H2 hot-band region

To estimate the attenuation factor for the sum of the emission
lines in the HB region (about 50% are from v; and 47% are
from v; + v3 — v; and v, + v3 — v»), one has to consider that
optical thickness has two sources: (i) attenuation of the solar
pump (ASP), and ii) absorption of emitted photons (AEP) along
the ray path towards the observer. These two effects scale pro-
portionally to g, excitation and g, emission rates (g-factors),
respectively, where u and [ are the upper and lower vibrational
states of the bands, respectively. Concerning ASP, the weighted
average of the gy, excitation rates of v; and hot bands is ~15 times
lower than the v3 excitation rate (Villanueva et al. 2012). As for
AEP, the g,, emission rate for v; is ~10 times lower than for v;
(Villanueva et al. 2012). For the hot-bands, AEP is very weak
since the lower vibrational states (e.g., v; for the v; + v3 — v;
hot-band) are weakly populated (Bockelée-Morvan et al. 2004).
The attenuation factor for H1 and H2 was calculated from the
polynomial functions applying a multiplicative factor of 1/15 to
the column density. The derived attenuation factors (~0.88 for
H1, ~0.95 for H2) might be slightly underestimated since AEP
is weak for the hot bands.

4.3.3. H,O OPR for 67P

The apparent OPRs as a function of fye, for all datasets (select-
ing S1 data with the highest S/N in the HB domain) and for
the RT models with OPR=2.5 and 3 are shown in Fig. 13.
For clarity, the results from the radiative transfer model are
displayed using the polynomial regression that fits the OPRRT
versus fRI ~values shown in Fig. 10C (instead of plotting the

individual results of Fig. 10C). This figure shows that the data
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points for datasets S2—-S4 and HI1-H2 are consistent with the
RT model results obtained for OPR =3.0. In order to estimate
the OPR in the coma of 67P and its uncertainty, we searched
for the polynomial regression that provides the best fit to these
data points. Specifically, we assumed that the polynomial regres-
sion linking OPRRT/OPR versus fRI that we obtain for OPR =3
(green curve in Fig. 13), is valid for OPR values slightly different
from OPR =3. The water OPR ratio in 67P is finally estimated
to 2.94 £0.06. It is worth mentioning that the same result was
obtained regardless of whether we considered the H1 and H2
data points because their overall weight is low.

5. Summary and discussion

Through spectral fitting, we have investigated the H,O ortho-
to-para ratio in the coma of comet 67P using 2.5-3 um spectra
obtained with the VIRTIS-H instrument on board Rosetta from
3 June 2015 to 13 January 2016. We took advantage of the detec-
tion of faint lines from the v, vi + vz — vy and v, + v3 — v,
bands beyond 2.774 um to assess optical depth effects affecting
the strong v3 band. Most of the spectra are affected by optical
thickness, and the derived apparent value for the OPR is found
to decrease with increasing opacity. In the most severe condi-
tions (H,O column densities Ny, > 10*! m~2), the intensity of
the v3 band is reduced by a factor of ~2.5 and the apparent
OPR is found to be as low as ~1.3. Optical thickness also affects
the ground-state rotational temperatures derived from the v;3 ro-
vibrational lines: the values are found to be up to 50 K higher
than those obtained from spectral fitting of the faint v; and hot-
bands. Observed trends with H,O column density and mean gas
coma temperature along the LOS are consistent with radiative
transfer calculations, although quantitative differences persist,
presumably related to the simplistic description of the coma of
67P that was used for these calculations.

Three spectra (S2, S3, and S4), corresponding to the
average of data cubes fulfilling low-opacity conditions
(Nm,0 <5 % 10" m~2), were used to infer the effective water
OPR. In addition, we combined numerous spectra with high
S/N (dataset H1), to measure the OPR from lines of the v; and
hot-bands. According to our radiative transfer calculations, the
range of OPR values derived from these datasets (2.26 to 2.79)
corresponds to small to moderate optical depth effects. The
H,O OPR in comet 67P was finally estimated to be 2.94 + 0.06,
which is consistent with the statistical value of 3.

The H,O OPR has been measured in numerous comets (see
Faggi et al. 2018; Faure et al. 2019, for the most recent compila-
tions). For several comets, values are near 2.5, corresponding
to a spin temperature of ~30K. However, in other comets,
estimates are consistent with the statistical value. Faure et al.
(2019) found that whereas the mean value in a sample of 19
comets is 2.62 + 0.03, the median value is 2.86, which is not far
from the statistical value. Unequilibrated and equilibrated val-
ues are found for both Oort cloud and Jupiter-family comets.
Most OPR determinations are from ground-based observations
of ro-vibrational lines from H,O hot bands near 2.9 um. These
determinations should not be significantly affected by optical
depth effects, but a quantitative investigation remains to be per-
formed. Interestingly, spin temperatures measured for NH; are
also clustered near 30 K, and a good correlation between spin
temperatures of H,O and NH3 is observed in the range of spin
temperatures from 24 K to >40 K (Shinnaka et al. 2016).

Whereas in the past, OPRs in comets were believed to be of
cosmogonic significance, that is, related to the formation history
of cometary ices (e.g. Bockelée-Morvan et al. 2004), their real

meaning is now unclear. Sliter et al. (2011) measured the OPR
of H,O monomers thermally desorbed from ice. They isolated
H,O in an Ar matrix at 4K and left the condensed sample for
about a day to obtain almost purely para isomers of H,O. Sub-
sequently, the Ar matrix was sublimated by rapid heating, and
the IR spectrum of the water vapour sublimated from the ice at
250K was recorded. It was found that the relative intensities of
the rovibrational lines were equivalent to those of a H,O vapour
at room temperature. Thus, it was concluded that the conversion
from para to ortho in ice is considerably fast. Hama et al. (2016,
2018) prepared H,O ice at 10K in two different ways: vapour
deposition of H,O and hydrogenation of O,. In both cases, the
OPR of H,O0 photo or thermally desorbed from ice at 10K and
150K, respectively, was found to be the high-temperature-limit
value of 3. Theoretical studies suggest that nuclear-spin conver-
sion results from intermolecular proton-proton magnetic dipolar
interactions and occurs on very short time scales (~107-107% s;
Buntkowsky et al. 2008) in ice. In other words, the OPR of H,O
desorbed from cometary nuclei should have the statistical value
of 3, regardless of the past formation process of the ice.

As discussed by Shinnaka et al. (2016), some processes in
the coma might change the OPR after the molecules subli-
mated from the cometary surface. Nuclear-spin conversions by
radiative transitions are strictly forbidden, but might occur by
interactions with protonated ions such as H3O%, water clus-
ters, ice grains, and paramagnetic materials (e.g. O, molecules
and some minerals in dust particles) in the near nucleus colli-
sional region (Irvine et al. 2000; Hama et al. 2013). Boneyv et al.
(2007, 2008) measured the water OPR as a function of come-
tocentric distance in comets 73P-B/Schwassmann-Wachmann 3
and C/2004 Q2 (Machholz) and did not observe any change
in the ranges 5-30km (73P) and 50-800 km (C/2004 Q2). For
these two comets, the OPR is close to the statistical value.
Most of the VIRTIS-H limb data have been acquired within
p =10km from comet centre. OPR variations that could be due to
nucleus-spin conversion, if any, cannot be brought out from these
close-nucleus data, which are affected by optical depth effects.
However, the sensitive measurement obtained at p =300 km near
perihelion (dataset S2, at r, = 1.31 au) is consistent with the other
low-opacity data acquired much closer to the nucleus (Table 1),
and does not support significant ortho-to-para conversion in the
inner coma of comet 67P. Some comets present unequilibrated
OPR values at close cometocentric distances. For example, a
value of 2.59 +0.13 was measured for comet 103P/Hartley 2
from near-IR data sampling projected distances <66 km from
the nucleus (Bonev et al. 2013). Hence, nuclear-spin conversion
might occur in the very inner coma of some comets (and possi-
bly on the surface by interaction with paramagnetic impurities)
by a process that remains to be identified. This is not observed
for comet 67P, however.
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Appendix A: Example of spectral fits to S1 cubes.

T1_00391940035 model fitting (MB)

54 —— VIRTIS-H observation
—— model
uncertainty [x5]
4
TH? = 98.78K (1.84)
E OPR = 2.16 (0.09)
3
= 3
E
=
E 2
Y
c
3
o 14
o
01 W
o :::1}1}}:1}{}:‘“
2.55 2.60 2.65 2,70 2,75 2.80 2.85 2.90
Wavelength [um]
T1_00394373257 model fitting (MB)
—— VIRTIS-H observation
15.0 4 —— model
uncertainty [x5]
12.59 THE = 146.35K (3.80)
T OPR = 1.72 (0.10)
§ 10.0 1
-
£ S5
3 .
E
g 50
pl
h=l
T
T 2.5
0.0
r Ll I J bousictlol
a4 T I T oy
_2.5 B
2.55 2.60 2.65 2.70 2.75 2.80 2.85 2.90
Wavelength [um]
T1_00398603680 model fitting (MB)
20
—— VIRTIS-H observation
—— model
uncertainty [x5]
157 ™8 = 158,62K (6.51)
E OPR = 1.37 (0.12)
2
[~
“‘Q 10
s
£
8
I
as
0 L |
g . Lk I L i 1 Rl
+ Lo |
2.55 2.60 2.65 2.70 2.75 2.80 2.85 2.90

Wavelength [um]

Radiance [mW/m?/sr/um] Radiance [mwW/m?/sr/fum]

Radiance [mw/m?/sr/jum]

T1_00391940035 model fitting (HB)

—— VIRTIS-H observation
~—— model
uncertainty [x10]

THE = 106.51K (3.22)
OPR = 3.00 (fixed)

2
&

e Tll‘
o

el d s e |

2.55 2.60 2.65 2,70 2,75 2.80 2.85 2.90
Wavelength [um]

T1_00394373257 model fitting (HB)

2549

20 4

159

104

—— VIRTIS-H observation
—— model
uncertainty [x10]

THE = 136.20K (2.45)
OPR = 3.00 (fixed)

FY

2.55 2.60 2.65 2.70 2,75 2.80 2.85 2.90
Wavelength [um]

T1.00398603680 model fitting (HB)

204

10 4

—— VIRTIS-H observation
—— model
uncertainty [x10]

THE = 132.10K (2.30)
OPR = 3.00 (fixed)

.

4 s

2.55 2.60 2.65 2.70 2.75 2.80 2.85 2.90
Wavelength [um]

Fig. A.1. Spectral fits to the MB (left) and HB (right) spectral region for individual data cubes from dataset S1. See the caption to Figs 4 and 5.
The observation identification number is given above the plots. Observing and model output parameters are listed in Table B.1.
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Fig. A.2. Spectral fits to the MB (left) and HB (right) spectral regions for individual data cubes from dataset S1. See the captions to Figs 4 and 5.
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The observation identification number (ObsID) is given above the plots. Observing and model output parameters are listed in Table B.1.

Appendix B: Results from spectral fits of dataset S1.
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