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ABSTRACT

Aims. We study the formation of the [OI] lines — that is, 5577.339 A (the green line), 6300.304 A and 6363.776 A (the two red lines)
— in the coma of comets and determine the parent species of the oxygen atoms using the ratio of the green-to-red-doublet emission
intensity, Iss77/(Is300 + l6364), (hereafter the G/R ratio) and the line velocity widths.

Methods. We acquired high-resolution spectroscopic observations at the ESO Very Large Telescope of comets C/2002 T7 (LINEAR),
73P-C/Schwassmann-Wachmann 3, 8P/Tuttle, and 103P/Hartley 2 when they were close to Earth (<0.6 au). Using the observed
spectra, which have a high spatial resolution (<60 km/pixel), we determined the intensities and widths of the three [OI] lines. We
spatially extracted the spectra to achieve the best possible resolution of about 1-2", that is, nucleocentric projected distances of 100
to 400 km depending on the geocentric distance of the comet. We decontaminated the [OI] green line from C, lines blends that we
identified.

Results. The observed G/R ratio in all four comets varies as a function of nucleocentric projected distance (between ~0.25 to ~0.05
within 1000 km). This is mainly due to the collisional quenching of O('S) and O('D) by water molecules in the inner coma. The
observed green emission line width is about 2.5 km s~! and decreases as the distance from the nucleus increases, which can be
explained by the varying contribution of CO, to the O('S) production in the innermost coma. The photodissociation of CO, molecules
seem to produce O('S) closer to the nucleus, while the water molecule forms all the O('S) and O('D) atoms beyond 10° km. Thus we
conclude that the main parent species producing O('S) and O('D) in the inner coma is not always the same. The observations have
been interpreted in the framework of the previously described coupled-chemistry-emission model, and the upper limits of the relative
abundances of CO, were derived from the observed G/R ratios. Measuring the [OI] lines might provide a new way to determine the
CO; relative abundance in comets.
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1. Introduction

Comets are among the best-preserved specimens of the primi-
tive solar nebula because the nucleus composition did not evolve
much since their formation 4.6 billion years ago. Studying the
composition of comet nuclei is thus essential to understand
the formation and evolution of material within our solar sys-
tem. Oxygen is one of the most abundant elements in comets
since most of the cometary ices consist of H,O, CO, , and CO
molecules. All these molecules generated by the sublimation of
cometary ices can produce oxygen atoms in the coma by pho-
todissociation. Oxygen atoms in comets are analyzed through
the three forbidden oxygen lines located at 5577.339 A for the
green line, and at 6300.304 A and 6363.776 A for the red dou-
blet. These emission lines are a result of the electronic tran-
sition of the oxygen atoms from the 'S state to the 'D state
(green line) and from the 'D to the ground state (red doublet).

* Based on observations made with ESO Telescope at the La Silla
Paranal Observatory under programs ID 073.C-0525, 277.C-5016,
080.C-0615 and 086.C-0958.

** Tables 3 and 4 are available in electronic form at
http://www.aanda.org

Article published by EDP Sciences

In previous papers (Cochran 1984; Cochran & Cochran 2001;
Cochran 2008; Capria et al. 2010, and references therein), oxy-
gen atoms were found to come mainly from the photodissocia-
tion of water molecules at a heliocentric distance of about 1 au.
Decock et al. (2013) analyzed about 50 spectra belonging to
12 comets observed at r ~1 au and compared the theoretical
ratio of the green-to-red-doublet emission intensity (G/R ratio;
see 'S/'D in Table 1) with the observed ratios. This work con-
firmed that H,O is the main parent source of atomic oxygen in
the cometary coma within a radial distance of 8000 km from
the nucleus. The observation of these emission lines at larger
heliocentric distances (>2.5 au) has shown a higher G/R ratio
caused by significant CO, contribution to the production of oxy-
gen atoms (Decock et al. 2013). A similar higher G/R ratio value
on comets has also been observed by McKay et al. (2012, 2013).
In the present paper, we study the three forbidden oxygen lines
in the inner coma as closely as possible to the nucleus to deter-
mine the parent species that produce oxygen atoms at different
nucleocentric distances. This analysis was made for four comets
of different types (New, Jupiter family, Halley type) observed
with the ESO Very Large Telescope with a good spatial resolu-
tion and high signal-to-noise ratio. We also study the effect of
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Table 1. Calculated O('S) and O('D) photo rates and 'S/'D ratios for
the main oxygen-bearing species by Raghuram & Bhardwaj (2013) for
quiet-Sun condition and at 7 = 1 au.

Parents Emission rate (s™!) Ratio

0o('S) o('D) 1S/'D
H,O 3.78x107%  9.5%x 1077 | 0.040
CcO 4.0x 1078 6x1078 0.667
CO, 8.5x 1077 6.2x1077 | 1.371

Notes. © This rate comes from Huebner & Carpenter (1979).

the collisional quenching of O('S) and O('D) with the ambient
cometary species (mainly water) on the G/R ratio profile close
to the nucleus (<1000 km).

2. Observations

We carried out the observations on four comets, C/2002 T7
(LINEAR), 73P-C/Schwassmann-Wachmann 3, 8P/Tuttle, and
103P/Hartley 2 (hereafter C/2002 T7, 73P-C, 8P and 103P, re-
spectively), using the high-resolution UVES spectrograph at
ESO (VLT). The observations of comet C/2002 T7 have been
made in May 2004 shortly after its perihelion (April 2004). In
1995, comet 73P/Schwassmann-Wachmann 3 was very active,
and the nucleus split into several fragments (Bohnhardt et al.
1995). The oxygen emission lines have been observed on the
brightest fragment, which is 73P-C. Spectra of comet 8P were
obtained on three different nights during January and February
2008. The Jupiter family comet 103P/Hartley 2 was studied in
great detail by the EPOXI NASA mission and many telescopes
from September to November 2010 (A’Hearn et al. 2011; Meech
et al. 2011). Our observations were scheduled at the Paranal
Observatory during the EPOXI flyby period.

All the data correspond to spectroscopic observations made
with the high-resolution UVES spectrograph mounted on the
UT2 of the VLT (Manfroid et al. 2009; Jehin et al. 2009;
Decock et al. 2013, and references therein). The peculiarity of
these observations is that these comets were observed close to
Earth, from 0.61 au for C/2002 T7 down to 0.15 au for 73P-C.
These small geocentric distances provide a high spatial resolu-
tion (from 400 to 100 km per arc second) and permit us to ana-
lyze the coma species very closely to the nucleus. The complete
sample consists of five spectra for C/2002 T7, eight for 103P,
three for 8P, and one for 73P-C. The 0.4”x12” slit is usually
centered on the nucleus. For C/2002 T7 and 103P, we also ob-
tained spectra at offset positions, enabling us to study the [OI]
lines at large distances from the nucleus. All the observing de-
tails and the offset values are given in Table 2.

3. Data reduction

The extraction of the 1D spectra and the reduction procedure
are described in Sect. 3 of Decock et al. (2013). To study the
[OI] lines as closely as possible to the comet nucleus, we spa-
tially extracted the spectra line by line. We divided the slit of
each spectrum into different pixel zones corresponding to differ-
ent distances to the nucleus. As shown in Fig. 1, various subslit
zones are represented by different symbols and are also used in
Figs. 3 to 6. We obtained 14 spectra for comets C/2002 T7, 73P-
C, and 103P along the 64 pixel slit, while for comet 8P, five
spectra were extracted for the 52 pixels slit length. For the spec-
tra taken at large offset positions, we used the average value over
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Fig. 1. Representation of the slit subdivision. Different symbols for dif-
ferent pixel zones are used in Figs. 3 to 6. The numbers given above the
symbols correspond to the size of the subslit in pixels. The central pixel
is represented by the red diamond symbol above the slit.

the whole slit to increase the signal-to-noise ratio, because in this
case the change of distance from the nucleus is small within the
slit.

3.1. C, emission line subtraction

Many C, lines are located in the vicinity of the green line, and
we have identified two of them at 5577.331 A and 5577.401 A
that are blended with the oxygen line. The C, contamination be-
comes stronger at large distances from the nucleus because the
[OI] flux decreases faster than C,. This blend can affect both the
flux and the width of the green line. To remove this contamina-
tion, we used another C; line close to the oxygen line (the P3(25)
line of the (1,2) Swan band at 5577.541 A) and created a syn-
thetic C, spectrum by fitting both the intensity and the profile of
the lines. This synthetic spectrum was built using a Boltzmann
distribution of the respective populations of the rotational lev-
els with a temperature of 4000 K. Because of the very close
energy levels involved (same rotational number value for both
the upper and lower vibronic states, see Rousselot et al. 2012,
for more details of the Swan band structure) the exact rotational
temperature value has very little influence on the final C; fit. The
spectrum considered in our work is the spectrum observed after
subtracting the C, synthetic spectrum (see Fig. 2). This step was
not necessary for 73P-C because there is no C, feature detected
around the green line. This comet is a C-chain depleted comet
(Schleicher et al. 2006) and thus very poor in Cj.

4. Results and discussion

We used the software IRAF to measure the intensities and widths
of the three [OI] lines by making a Gaussian fit.

4.1. G/R ratio

When collisional quenching is neglected, the intensity / of an
emission line, expressed in Rayleighs' (R), is given theoretically
by Festou & Feldman (1981),

I= 10" 7,'apN, (1)

where 7, is the photodissociative lifetime of the parent species
in seconds, « is the yield of photodissociation, 8 corresponds to
the branching ratio for the transition, and N is the column den-
sity of the parent species in cm™2. The measured green and red-
doublet emission intensities and the corresponding G/R ratios
for each spectrum of our observations are listed in Table 3. The

L' 1R = 10° photons cm2 s7! in 47 steradians.
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Fig. 2. Subtraction of C, lines from the spectra of comets C/2002 T7
(LINEAR), 8P/Tuttle and 103P/Hartley 2. The black spectrum shows
the data not corrected for C, while in the green one is after removing the
C, lines contamination. The C, synthetic spectrum is represented by the
dotted red line. The positions of C, lines at 5577.331 A, 5577.401 A and
5577.541 A are indicated with small vertical thick marks. The telluric
[OI] line (@) is visible in the spectrum of comet 103P/Hartley 2.

G/R ratio is displayed for the four comets with respect to the nu-
cleus distance in Figs. 3—6. It is given in Table 4 with the errors
on the y-axis estimated from the rms of the N spectra available

0.25 T T T —
FE €/2002 T7 (LINEAR) C0,=2%; Seeing=0.7 —— 1
F 2004/05/26, 23:47 1
C - C0,=0%; Seeing=0.7 ——— ]
~ 02F 2004/05/27, 01:06 -
3 E COy=0%: Seeing=0.7 +s- ]
8 E 4 2004/05/06, 10:15 ]
= E 2004/05/28, 23:24 ]
2 015 - 2004/05/29, 00:09 3
= E 1
N E E
3 E E
n £ ]
2 E ]
g ol ? i
z E ]
5 F F S
] E E
0.05 —
oL Ll Cl Ll Ll L

10° 10! 102 10° 10*

Nucleocentric Projected Distance (km)

Fig.3. G/R ratio for each subslit and offseted spectrum for comet
C/2002 T7 (LINEAR). The range of the nucleocentric distances cov-
ered by each point and the error on the G/R ratio are represented. The
seeing is included in the x-errors and is indicated in km. It corresponds
to the smallest size that can be resolved and explains the plateau found
for the smallest spatial bin close to the nucleus. The G/R ratios as a
function of the projected nucleocentric distance are plotted with solid
curves. An H,O production rate of 5.2 x 10% s~! and a 5% CO relative
abundance were used with different seeing values and different CO, rel-
ative abundances. The fits give the CO, relative abundance of the comet.
Only data points that were not offset were considered to computate the
G/R profile provided by the model. The black dash-dotted curve repre-
sents the calculated G/R ratio not accounting for collisional quenching
with 0% CO, relative abundance. The pentagon symbols are the data
points for the offset observations.
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Fig.4. G/R ratio for each subslit spectrum for comet 73P-C/
Schwassmann-Wachmann 3. The range of nucleocentric distances cov-
ered by each point is indicated. The model-calculated G/R ratio as a
function of projected distance is plotted with a solid curve. An H,O
production rate of 1.7 x 10% s~ and 0.5% CO relative abundance were
used. The fit gives the CO, relative abundance of the comet. The blue
dash-dotted curve represents the calculated G/R ratio not accounting for
collisional quenching with 0% CO, relative abundance.

for a given comet. Errors on the x-axis correspond to the spatial
area (in km) covered by the considered subslit. The atmospheric
seeing limits the spatial resolution and defines the smallest nu-
cleocentric distance that can be resolved. This smallest nucle-
ocentric distance is provided in the last column of Table 2 and
is also included in the x-axis errors. In Figs. 3—6 the G/R ra-
tio decreases monotonically with the projected distance from
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Comet UT date r i A A Exptime Offset Slit Slit Seeing Seeing

(aw (kms™") (aw) (kms™) (s @) ("x") (kmxkm) () (km)
C/2002 T7 (LINEAR) 2004/05/06, 10:15 0.68 15.83 0.61 -65.62 1080 5  044x12.00 195x5309 1.0 458
C/2002 T7 (LINEAR) 2004/05/26, 23:47 0.94 2558 0.41 54.98 2678 0 030x12.00 89x3568 0.7 198
C/2002 T7 (LINEAR) 2004/05/27, 01:06 0.94 2559 0.42 5520 1800 0 030x1200 91x3655 0.7 206
C/2002 T7 (LINEAR) 2004/05/28, 23:24 0.97 2590 048 59.15 487 70 0.44 x12.00 153 x4178 1.0 354
C/2002 T7 (LINEAR) 2004/05/29, 00:09 0.97 2590 0.48 59.26 3600 70 0.44 x12.00 153 x4178 1.0 205
73P-C SW 3 2006/05/27, 09:28 0.97 —4.17 0.15 12.31] 4800 0 0.60x12.00 65x2611 1.4 151
8P/Tuttle 2008/01/16, 01:00 1.04 429 0.36 21.64 3600 0 044x10.00 115x1305 1.0 261
8P/Tuttle 2008/01/28, 00:58 1.03 040 052 24.72 3900 0 0.44x10.00 166x3771 0.9 319
8P/Tuttle 2008/02/04, 00:57 1.03  3.16 0.62 24.16 3900 0 044x10.00 198 x4497 1.0 450
103P/Hartley 2 2010/11/05, 07:18 1.06 253 0.16  7.08 2900 0 044x1200 51x1393 13 148
103P/Hartley 2 2010/11/05, 08:19 1.06 2.55 0.16 7.19 3200 0 044x1200 57x1567 1.8 205
103P/Hartley 2 2010/11/10, 07:17 1.07 4.05 0.18 7.96 2900 0 044x1200 57x1567 0.8 102
103P/Hartley 2 2010/11/10, 08:19 1.07 4.07 0.18 8.07 3200 0 044x1200 51x1393 0.8 97
103P/Hartley 2 2010/11/11, 05:53 1.08 433  0.19 7.94 4500 30 044 x1200 60x1654 0.6 76
103P/Hartley 2 2010/11/11, 07:18 1.08 435 0.19 8.08 3600 20 044 x12.00 60x1654 0.6 81
103P/Hartley 2 2010/11/11, 08:16 1.08 4.36  0.19  8.19 2400 10 044 x12.00 60x1654 0.6 82
103P/Hartley 2 2010/11/11, 08:57 1.08 437 0.19 8.27 900 0 044x1200 60x1654 0.7 92

Notes. r is the heliocentric distance, A is the geocentric distance. /- and A are the heliocentric and geocentric velocities. Exptime corresponds to
the exposure time in seconds. Offset (arc seconds) corresponds to the distance between the slit and the center of the cometary nucleus. The slit-tail
orientation provides the direction of the slit with respect to the cometary tail. Slit is the size of the entrance slit of the spectrograph in arc seconds.
The next column gives the projected area covered by the slit. The last two columns present the seeing values in arc seconds and in km during the

observations.
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Fig.5. G/R ratio for each subslit spectrum for comet 8P/Tuttle. The
range of nucleocentric distances covered by each point and the error
on the G/R ratio are represented. The model-calculated G/R ratios as a
function of projected distance in the comet are plotted. An H,O produc-
tion rate of 1.4 x 10% s~! and 0.5% CO as relative abundance were used
with different seeing values and different CO, relative abundances. The
fits give the CO, relative abundance of the comet. The black dash-dotted
curve represents the calculated G/R ratio not accounting for collisional
quenching with 0% CO, relative abundance.

the nucleus. This is due to strong collisional quenching of the
excited oxygen atoms by H,O (Bhardwaj & Raghuram 2012).
Since the lifetime of O('D) atoms is ~100 times longer than
the lifetime of O('S), the O('D) is destroyed more frequently
by quenching (Raghuram & Bhardwaj 2014), which implies an
increase of the G/R ratio close to the nucleus. This is what
we see in our observations. Without accounting for collisional
quenching of O('S) and O('D), the model-calculated G/R ra-
tio profiles are plotted with dash-dotted curves in Figs. 3 to 6.
The G/R ratio is almost flat throughout the projected coma of
all these comets and is significantly loweer than the observed
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Fig.6. G/R ratio for each subslit and offset spectrum for comet
103P/Hartley 2. The range of nucleocentric distances covered by each
point and the error on the G/R ratio are represented. The model-
calculated G/R ratios as a function of projected distance are plotted.
An H,0 production rate of 1.18 x 10%® s~' and 0.5% CO as relative
abundance were used with different seeing values and different CO, rel-
ative abundances. The fits give the CO, relative abundance of the comet.
The black dash-dotted curve represents the calculated G/R ratio not ac-
counting for collisional quenching with 15% CO, relative abundance.
The pentagon symbols are the data points for the offset observations.

values very close to the nucleus. This calculation shows how
important collisional quenching is in determining the G/R ra-
tio in comets. The destruction rate profiles of O('S) and O('D)
by H,O in the innermost coma depend on the size of the col-
lisional coma of the comet, which is proportional to the water
production rate. The higher the H,O production rate, the more
extended the collisional coma and the stronger the quenching by
H,O molecules. That is why comet C/2002 T7 (LINEAR), with
a higher Qy,0 ~ 5 x 10% s7!, reaches the lowest G/R ratio at
larger distances (~1000 km) than the other comets (~500 km).
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Table 5. Water production rates around the observing dates. Comets Hyakutake and Hale-Bopp are included for comparison.

Comet r OH,0 (1028 571y Date Reference for On,0
C/2002 T7 (LINEAR) 0.68 355 2004 May 5 DiSanti et al. (2006)

0.94 52.1 2004 May 27 Combi et al. (2009)
73P-C/Schwassmann-Wachmann 3 0.95 1.70 2006 May 17 Schleicher & Bair (2011)
8P/Tuttle 1.04 1.4 2008 Jan. 3 Barber et al. (2009)
103P/Hartley 2 1.06 1.15 2010 Nov. 31 Knight & Schleicher (2013)
C/1996 B2 (Hyakutake) 0.94 26 1996 Apr. 1 Combi et al. (1998)
C/1995 A1 (Hale-Bopp) 0.93 957 1997 Mar 26 Dello Russo et al. (2000)

Table 6. Input parameters used in the model and the derived CO, abundances relative to H,O.

Comet Ou,0° r Relative abundance (%)
(102 57 (au) [CO] Model [CO,]
C/2002 T7 (LINEAR) 52 0.94 5t 0-2
73P-C/Schwassmann-Wachmann 3 1.7 0.95 5t 5
8P/Tuttle 1.4 1.03 0.5¢ 0-5
103P/Hartley 2 1.15 1.06 0.15-0.457 15-20

Notes.  Taken from Table 5. » Assumed by the model of Raghuram & Bhardwaj. ¢’ Bonev et al. (2008). ” Weaver et al. (2011).

We also analyzed the theoretical estimates of production
rates for O('S) and O('D) atoms, which depend on the water
production rate (Raghuram & Bhardwaj 2013,2014). For comets
73P-C, 8P, and 103P with Oy,0 ~ 108 g1, O(IS) comes from
both CO, and H,O, while O('D) is only produced by the pho-
todissociation of H,O. However, for C/2002 T7 (LINEAR) the
O('S) atoms are formed by the photodissociation of CO; close
to the nucleus (<50 km) and, beyond, by both CO, and H,O.
Therefore, the O('S)/O('D) values in Table 1 should report a
higher G/R ratio below 50 km for this comet. Unfortunately, the
atmospheric seeing does not permit us to resolve the coma at
such small distances to the nucleus. Beyond 10° km, the main
contribution to both O('S) and O('D) is the photodissociation of
H,O molecules. As shown in Figs. 3—6, at these distances the
G/R ratio reaches a constant value of ~0.05, which is very simi-
lar to the O('S)/O(' D) value for the pure water case (cf. Table 1).

4.1.1. Estimation of CO, relative abundances

We used the coupled-chemistry-emission model of Bhardwaj &
Raghuram (2012) to estimate the CO; relative abundance (i.e.,
the CO,/H,0O abundance ratio) in these comets by comparing
the observed slit-centered G/R data points. The model accounts
for the main production and loss processes of O('S) and O('D)
atoms in the inner cometary coma. It also includes the colli-
sional quenching of O('S) (4 x 1071 molecule™" cm? s~!, Stuhl
& Welge 1969) and O('D) (2.1 x 107'° molecule™! cm? s7!,
Atkinson et al. 2004; Takahashi et al. 2005) by H,O in the in-
ner coma. More details about the model calculations are given
in Bhardwaj & Raghuram (2012) and Raghuram & Bhardwaj
(2013, 2014). We took the atmospheric seeing effect into ac-
count, which is especially strong very close to the nucleus. For
this, we convolved the spatial profile provided by the model with
a Gaussian of FWHM equal to the seeing value. The seeing val-
ues were obtained from the Paranal seeing monitor. The H,O
production rates and the seeing values used in the model as well
as the corresponding heliocentric distances are given in Tables 2
and 5. The CO relative abundances for comets C/2002 T7 and
73P-C are assumed to be equal to 5% in the model. However,
earlier works (Bhardwaj & Haider 2002; Raghuram & Bhardwaj
2013, 2014) have shown that the role of CO in the determining
G/R ratio is insignificant. The derived CO; relative abundances

obtained by fitting the observed G/R profiles with the model are
provided in the last column of Table 6.

The comparison between the observed and computed G/R
profiles of comet C/2002 T7 shown in Fig. 3 indicates that
the relative abundance of CO, in this comet is lower than 2%.
The computed G/R profile for comet 73P-C with 5% CO; rel-
ative abundance is presented in Fig. 4 together with the obser-
vations. The model calculations for comet 8P suggest that for
8P/Tuttle, the CO,; relative abundance probably is between 0 and
5%. In comet 103P (shown in Fig. 6), the required CO, relative
abundances necessary to reproduce the observations are about
15 to 20%, which agrees with the CO, measurements obtained
by EPOXI observations (A’Hearn et al. 2011). This is the only
comet with such a high CO, abundance in our sample. The ob-
served data close to the nucleus are very well fitted with the
model calculations for all these comets, which indicates that the
O('S) and O(' D) collisional quenching rates measured by Stuhl
& Welge (1969) and Takahashi et al. (2005) lie in a plausible
range.

4.1.2. 103P/Hartley 2

Two data points very close to the nucleus (observed on
2010/11/11, 8:57) appear to be relatively high in Fig. 6, while
the other points farther away from the nucleus have G/R val-
ues similar to those of the other spectra. First, we considered a
possible contamination by a cosmic rays, but an analysis of the
three [OI] lines in the 2D spectra shows no cosmic-ray event
(see Fig. 7). Figure 7 also confirms that there was no problem
during the acquisition of this spectrum by comparing it with the
spectrum taken the day before. This suggests that the CO,/H,O
abundance sometimes strongly varies close to the nucleus. These
variations might be generated by icy particles that evaporate very
fast in the first ten kilometers and/or by the rotation of the nu-
cleus, because it has been shown that the CO, comes from a
localized region (the small lobe) of the nucleus (A’Hearn et al.
2011).

4.2. Line widths
Using relation (9) given in Decock et al. (2013),
FWHMinLrinsic (/l) c

FWHM(®v) =
2 A[OI] Vin 2

@)
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Fig.7. [OI] lines in 2D echelle spectra of 103P/Hartley 2, on
2010/11/10, 09:19 (right) and on 2010/11/11, 08:57 (left). From top to
bottom, the 5577 A, 6300 A and 6364 A lines. The positions of the [OI]
lines are indicated. No cosmic-ray feature contaminates the [OI] lines.
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Fig.8. 5577.339 A line width against the distance to the nucleus for
all comets. The errors on the distance and widths are represented. A
decreasing width with nucleocentric distance is observed for all comets.
Within about 300 km, there is a plateau because of the convolution by
the seeing.

the intrinsic line widths (FWHM(A)) corrected for the in-
strumental broadening are evaluated from the measured
FWHM gpserved (A). The results are listed in Table 3, the errors
on the velocity widths are provided in Table 4. Figures 8-10
plot the intrinsic width of the three forbidden oxygen lines as a
function of the nucleocentric distance. Our observations clearly
show that the green line is wider than the red lines (~2.5 km s~
versus ~1.5 km s7!) even after the subtracting the C, contami-
nation. This was first reported by Cochran (2008) and confirmed
by Decock et al. (2013) for a large sample of comets. We empha-
size that 73P-C presents, like all comets, a wider green line, but
is very poor in C,. Therefore, the greater width of the 5577 A
line cannot be explained by the C, blends alone. A blend with
another species cannot be excluded, but is unlikely. The width
of the green line decreases when the distance to the nucleus
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Fig. 9. Same as Fig. 8, but for the 6300.304 A line.
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Fig. 10. Same as Fig. 8, but for the 6363.776 A line.

increases (Fig. 8). This trend is more obvious for comets C/2002
T7 and 103P, for which we have spectra taken at large distances
from the nucleus. The width of the green line at large distance
also becomes similar to the width of the red lines. From extrapo-
lating the linear regression for the width of the green line of 103P
and C/2002 T7 with distance, we expect that the width of the
green line will become equal to width of the red line at ~5000 km
for 103P and at ~35 000 km for C/2002 T7. More observations at
larger distances from the nucleus are necessary to confirm this.
We cannot explain this behavior by the collisional quenching
because this is not observed for the red lines. Indeed, as already
mentioned by Raghuram & Bhardwaj (2014), the O('D) atoms
are more quenched than the O('S) atoms because of their longer


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201424403&pdf_id=7
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201424403&pdf_id=8
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201424403&pdf_id=9
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201424403&pdf_id=10
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lifetimes. Therefore, the collisional quenching should make the
red line wider than the green line, which is not observed. The
greater width of the green line close to the nucleus might arise
because the O('S) atoms are mainly produced by CO, very close
to the nucleus. Indeed, the solar flux responsible for the produc-
tion of O('S) from CO, comes from the 955-1165 A region
(Bhardwaj & Raghuram 2012), which is more energetic than the
Lyman-a photons, which are considered to be the main source
of oxygen-atom production from H,O dissociation. These ener-
getic photons can penetrate the thick coma more deeply than the
Lyman-a photons. Since the line width is related to the value
of the excess energy after the photodissociation, an excitation
by higher energetic photons produces greater widths, as is ob-
served for the green line close to the nucleus. The excess energy
of different parent molecules has been evaluated by Raghuram &
Bhardwaj (2014). They found that the excess energy from CO,
is higher than that from H,O. When the O('S) atoms are ob-
served far away from the nucleus, they come from both CO; and
H,O, but with Lyman-«a photons as the main excitation source,
followed by a stronger contribution from the water molecules,
which results in a decreasing width of the green line.

Bisikalo et al. (2014) investigated the greater width of the
green line and provided a different explanation. They developed
a Monte Carlo model to study the [OI] line widths and suggested
that the observed line profile also depends on the thermalization
by elastic collisions. However, the thermalization process leads
to a broadening of the red lines, not of the green line, which
disagrees with our observations.

Figures 8 to 10 show that the widths of the three forbidden
oxygen lines of C/2002 T7 (LINEAR) are always greater than
the widths of the other comets. We explain this by the higher wa-
ter production rate of this comet. Tseng et al. (2007) have shown
that the expansion velocity of the molecules increases when the
water production rate increases.

5. Conclusions

Four comets were observed at small geocentric distances with
the UVES spectrograph (VLT). Seventeen high-resolution spec-
tra were collected when the comets were very close to Earth
(<0.65 au), allowing us to study the [OI] lines as closely as
100 km to the nucleus. Some of them were also recorded
with an offset from the nucleus corresponding to a distance of
10000 km. The 11 centered spectra were spatially extracted and
binned per pixel zones to obtain 1D spectra at various distances
from the nucleus. Finally, we studied the forbidden oxygen lines
in 63 sub-spectra and 6 offset spectra corresponding to different
nucleocentric distances. The G/R ratio and the velocity widths
were computed and analyzed to better understand the production
of oxygen atoms in the coma. The results can be summarized as
follows:

1. In this analysis, C; blends were identified and removed from
the oxygen green line. This subtraction, made for the first
time, is important because this contamination modifies the
intensity and the FWHM of the 5577.339 A line for comets
rich in C, and more specifically for the analysis made far
away from the nucleus?. However, the C, blends do not ex-
plain the greater width of the green line compared with the
width of the red lines.

2 Note that the C, correction has no influence on our previous results
(Decock et al. 2013).

2. Thanks to the high spatial resolution of the data, we found
that the G/R ratio as a function of the nucleocentric dis-
tance displays the same profile for all the comets: a rapid
increase below 1000 km up to typically 0.2, and a constant
value of about 0.05 at larger distances. The G/R value of
about 0.1 found in previous studies is thus an average of
the values obtained both close to the nucleus and at larger
distances. This particular profile is mainly explained by the
quenching, which plays an important role in the destruction
of O('D) atoms in the inner coma (<1000 km). The par-
ent molecules forming oxygen atoms can also contribute to
this trend. Indeed, O('D) atoms are only formed by H,O,
while O('S) are produced by both CO, and H,0. With in-
creasing distance from the nucleus, the relative H,O contri-
bution becomes stronger and thus the intensity of the green
line decreases. In the extended coma, oxygen atoms are only
formed by the photodissociation of water molecules. The
G/R value of 0.05 agrees well with the pure water case
(Table 1).

3. We fitted our observational [OI] emission lines data with
coupled-chemistry-emission model calculations. The com-
parison between observations and model calculations indi-
cates that the collisional quenching of O('S) and O('D) by
H,O molecules is significant in the inner coma and cannot be
neglected when the G/R ratio is determined. With the mea-
sured G/R values close to the nucleus, an estimate of the rel-
ative abundance of CO, was also derived for all the comets
of the sample.

4. The green line has a much greater width, typically 2.5 km s™!
, compared with the 1.5 km s~! found for the red lines. The
greater width of the green line is most likely a result of the
involvement of different parent molecules in producing the
0O('S) and O('D) atoms (as already suggested by Bhardwaj
& Raghuram 2012; Decock et al. 2013): the green oxygen
lines are produced by oxygen atoms coming from the pho-
todissociation of both the CO, and H, O molecules, while the
red lines are mainly produced by H,O molecules. While the
O('S) atoms are mostly provided by CO,, the contribution
of water molecules increases with the nucleocentic distance.
This explains the decreasing width of the 5577.339 A line at
distances larger than 500 km.

5. Measuring the green and red-doublet emission intensities
and their line widths is a new way to constrain the CO; rela-
tive abundances in comets.
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A. Decock et al.: [OI] lines in comets at various nucleocentric distances

Table 4. Average values of the G/R ratio and the intrinsic line FWHM for each spatial bin.

Comet UT Date N Average nucleocentric G/R FWHM pinsic(km s™1)
distance range (km) 5577339 A 6300304 A 6363.776 A
C/2002 T7 (LINEAR) 2004/05/06* 1 2212 0.049 2.329 1.819 1.795
2004/05/26-27 2 0-29 0.147 +£ 0.036  2.664 + 0.043 1.730 +£0.042 1.752 + 0.026
2 0-141 0.155 +£0.039 2.741 £ 0.072 1.759 £ 0.030 1.785 +0.015
2 141-423 0.134 + 0.028 2.645 +0.144 1.689 +0.064 1.875 + 0.054
2 423-706 0.079 £ 0.007 2.649 + 0.037 1.702 = 0.021 1.706 + 0.015
2 706-988 0.066 + 0.006 2.589 + 0.048 1.620 +0.034 1.731 + 0.027
2 988-1806 0.054 £ 0.003 2.512 +£ 0.060 1.683 +0.000 1.734 + 0.006
2004/05/28-29* 2 24522 0.068 + 0.004 1.955 +0.123 1.846 = 0.034 1.684 + 0.105
73P-C/SW 3 2006/05/27 1 0-10 0.200 2.278 1.493 1.369
1 0-51 0.202 2.253 1.475 1.419
1 51-153 0.178 2.214 1.421 1.594
1 153-255 0.115 2.204 1.493 1.312
1 255-357 0.092 2.143 1.396 1.211
1 357-653 0.033 2.077 1.390 1.266
8P/Tuttle 2008/01/16-28, 02/04 3 0-35 0.072 £ 0.019 2.064 + 0.032 1.514 +0.060 1.451 +0.109
3 0-174 0.074 £ 0.018 2.060 = 0.077 1.519 +£0.057 1.492 +0.101
3 174-523 0.042 + 0.009 2.063 + 0.037 1.350 +0.175 1.442 + 0.086
3 523-872 0.032 £ 0.003 1.935 +0.150 1.485 +0.059 1.353 +0.040
3 872-1813 0.030 + 0.003 1.948 + 0.134 1.505 +0.022 1.383 + 0.040
103P/Hartley 2 2010/11/05-10-11 5 0-12 0.262 + 0.058 2.362 + 0.036 1.330 +£0.071 1.307 = 0.074
5 0-59 0.302 + 0.068 2.420 + 0.070 1.276 +0.047 1.187 + 0.089
5 59-178 0.198 £ 0.022 2.351 £ 0.107 1.279 £0.180 1.258 +0.177
5 178-296 0.129 £ 0.027 2.252 +0.119 1.324 £0.193 1.182 + 0.088
5 296414 0.104 £ 0.015 2.192 £ 0.103 1.328 £ 0.061 1.263 + 0.038
5 414-757 0.085 +0.010 2.016 + 0.092 1.314 +0.025 1.282 + 0.037
2010/11/11, 05:53* 1 4134 0.064 1.739 1.338 1.269
2010/11/11, 07:18* 1 2756 0.046 1.833 1.300 1.195
2010/11/11, 08:16* 1 1378 0.042 1.825 1.228 1.183

Notes. The errors listed are the rms of the N spectra available.
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