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ABSTRACT

Context. High-resolution spectra of comets permit deriving the physical properties of the coma. In the optical range,
relative production rates can be computed, and information about isotopic ratios and the origin of oxygen atoms can
be obtained.

Aims. The main objective of the work presented here was to obtain information about the chemical composition of
comet C/2013 R1 (Lovejoy), a bright and long-period comet that passed perihelion (0.81 au) on 22 December 2013.
Methods. We used the HARPS-North echelle spectrograph at the 3.5 m telescope TNG to obtain high-resolution spectra
of comet C/2013 R1 (Lovejoy) in the optical range immediately after its perihelion passage during four consecutive
nights in the period December 23 to 26, 2013.

Results. Our results demonstrate the ability of HARPS-North to efficiently obtain cometary spectra. Very faint emission
lines, such as those of ">’NHg, have been detected, leading to a rough estimate of the **N/*®N ratio in NH,. The '2C/**C
ratio was measured in the Cs lines and is equal to 80+30. The oxygen lines were studied as well (green to red line
intensity ratios and widths), confirming that H2O is the main parent molecule that photodissociates to produce oxygen
atoms. This suggests that this comet has a high COs abundance. Relative production rates for Co and NHy were
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computed, but we found no significant deviation from a typical NHs/C> ratio.
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1. Introduction

Comet C/2013 R1 (Lovejoy) (hereafter R1 Lovejoy) is a
long-period comet discovered on 7 September 2013 by Terry
Lovejoy with a 0.2 m telescope (Guido et al. 2013). The
comet passed perihelion on 22 December 2013 at 0.812 au
from the Sun. It is a high-inclination (inclination=64°)
long-period comet originating from the Oort Cloud. It was
a bright comet that was visible with the naked eye. This
brightness offered the possibility to investigate its composi-
tion with a high-resolution spectrograph and a four-meter-
class telescope.

These observations constituted both a study of the
chemical composition of comet R1 Lovejoy and a test for
this instrument because our observations were the first suc-
cessful cometary observations performed with this spectro-
graph.

Observational data are presented in Sect. 2 below, the
data analysis follows in the next sections. We have investi-
gated the Co and NHy production rates, the oxygen emis-
sion lines, and the 12C/13C and N /1°N isotopic ratios.

* Based on observations made with the Italian Telescopio
Nazionale Galileo (TNG) operated on the island of La Palma by
the Fundacién Galileo Galilei of the INAF (Istituto Nazionale
di Astrofisica) at the Spanish Observatorio del Roque de los
Muchachos of the Instituto de Astrofisica de Canarias.

2. Observational data

The observations were performed with the 3.5 m telescope
Telescopio Nazionale Galileo (TNG) located in the Roque
de los Muchachos observatory (Canary islands, Spain) and
the High Accuracy Radial velocity Planet Searcher in North
hemisphere (HARPS-N), an echelle spectrograph similar to
HARPS at the ESO 3.6 m telescope. It is designed to mea-
sure stellar radial velocities with the aim of detecting extra-
solar planets. It covers a spectral range of 383 to 693 nm,
with a spectral resolution R = A/d(\) = 115,000, and uses
the light provided by a circular aperture of 1.5 arcsec in di-
ameter (Cosentino et al. 2012). The observational settings
of this instrument cannot be changed to optimize its sci-
entific output for the detection of extrasolar planets. The
data are automatically preprocessed by a pipeline-reduction
software located at Trieste (Italy), and they are available
online for the observer a few hours after observations.

Table 1 provides the observing log. We observed R1
Lovejoy immediately after its perihelion during four suc-
cessive nights, from 23 to 26 December. At that time, the
comet was very low above the horizon and had to be ob-
served in the morning astronomical twilight. During the
observing run, the Doppler shift was high enough to allow
studying the OI lines.

From the preprocessed data provided by the reduction
pipeline (1D spectra wavelength calibrated), we computed
spectra calibrated in relative flux and removed the dust-
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scattered solar light. This processing was made by using
spectrophotometric standard stellar spectra obtained at dif-
ferent airmasses during the observing run and a solar spec-
trum degraded to the same spectral resolution. The wave-
lengths were also corrected for heliocentric and topocentric
velocities. Because of the low blue sensitivity and the high
airmasses, the spectra were not scientifically useful below
about 390 nm, which prevented us from using the CN(0,0)
band, which is located at 388 nm, to measure the 12C/13C
isotopic ratio.

Table 1. Observing circumstances. r: heliocentric distance (au);
A: geocentric distance (au); V,: heliocentric velocity (km s™%);
Va: geocentric velocity (km s™'); Exp.: exposition time (s); M:
airmass. The UT date corresponds to the mid-exposure time,
and the airmass is also computed for mid-exposure.

UT Date r A V. Va Exp. M
23 Dec. 6h37 0.812 0918 0.41 33.68 1200 3.4
23 Dec. 6h57 0.812 0.918 0.42 33.68 1200 2.8
23 Dec. Th15 0.812 0918 0.43 33.69 925 2.4
24 Dec. 6h34 0.812 0.937 1.19 33.41 900 3.5
24 Dec. 6h52 0.812 0.937 1.20 33.41 1200 2.9
24 Dec. 7Th12 0.812 0.938 1.21 33.41 1200 24
25 Dec. 6h41  0.813 0.957 1.96 33.10 900 3.2
25 Dec. 6h59  0.813 0.957 1.97 33.11 1200 2.7
25 Dec. 7Th17 0.813 0.957 1.98 33.11 1000 2.3
26 Dec. 6h33 0.815 0976 2.73 32.77 900 3.6
26 Dec. 6h51 0.815 0.976 2.74 32.77 1200 2.9
26 Dec. Th12 0.815 0.976 2.75 32.78 1200 2.4

3. Relative production rates

In a first step, we estimated the relative flux for the main
species appearing in our spectra. Uncertainty in the calibra-
tion curve prevented us from investigating all features ap-
pearing in the cometary spectrum, therefore we decided to
focus on the radicals with emission lines redward of 4500 A.
Two main species can be studied in this range: Cs (sequence
Av = 0 in the range of 5100-5170 A) and NH, ((0,10,0)—
(0,0,0) band in the range of 5675-5775 A).

The relative emission fluxes were computed taking into
account the solar dust continuum derived from the regions
of the spectra that were free of molecular emission fea-
tures. To calculate the relative production rates, we used
an approach similar to that presented by Langland-Shula &
Smith (2011). The gas production rates were derived using
the Haser model (Haser 1957). Comparing the absolute val-
ues of the column densities calculated with the Haser model
to those derived from the observed fluxes, we determined
the gas production rates. The g-factors and scale lengths
for parent and daughter molecules are listed in Table 2. We
also adopted an outflow velocity relationship of 1.0r~0:?
km s™1, where 7 represents the heliocentric distance (au).

Table 3 presents our results, computed for each obser-
vation night (by averaging the three different spectra ob-
tained during each night). The average Q(NH2)/Q(Cz) ra-
tio for the four nights is 0.71. This ratio can be compared
to similar measurements in comets. Fink (2009) computed
an average value of 0.86 for a set of 35 comets typical in Ca,
CN, and NH; composition (see data from their Table 4) or
0.90 for a set of 21 long-period comets (see data from their
Table 5). According to our data, comet R1 Lovejoy appears
to have a typical NHs production rate relative to Cs.
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Table 2. Parameters used to determine the gas production rates
(for » = 1 au) and their dependence on the heliocentric distance
r (Langland-Shula & Smith 2011).

Molecule g-factorx10~13, Ip, la,
erg s~ mol~! 104 km 10* km
Cy (Av=0) 4.5 x r=20 22 xr%0 6.6 x 20
NH; (10-0)  0.185 x =15 0.7 x 15 6.1 x 15

This relative production is similar to the one given by
Naka et al. (2014), who found Q(Cz)/Q(H20)=0.26% and
Q(NH,)/Q(H20)=0.27% (i.e., Q(NH3)/Q(C3)=1.04). We
point out, however, that a small field of view like the one of
HARPS-N is not suited for accurate determination of gas
production rates, as explained by A’Hearn et al. (1995),
because observations with a small field of view are more
sensitive to the parameters used in the Haser model.

Table 3. I(Cz) and I(NH;): relative intensities (ADUs) for Cz
and NH; emission lines. Q(Cz) and Q(NH;): relative production
rates (molecules s™1).

UT Date I(C2) I(NH2) Q(C2) Q(NHa) Qé?cii)

23 Dec. 3952 29.9 103 3.19 0.79

24 Dec.  675.8 38.6 6.89  4.14 0.60

25 Dec. 4154 23.7 424 256 0.60

26 Dec.  661.0 53.5 6.74 5.81 0.86
4. [Ol] lines

Oxygen atoms are produced in cometary coma by photodis-
sociation that is a result of the solar radiation of one or
several parent molecules coming from the sublimation of
cometary ices. These atoms have been studied through the
three forbidden oxygen lines [OI] observed in emission in the
optical range (5577.339 A for the green line and 6300.304 A
and 6363.776 A for the red doublet lines) in all the spectra
of comet R1 Lovejoy. The green line is due to the elec-
tronic transition of the oxygen atoms from the 'S to the 'D
state, and the red lines come from the 'D state. The ve-
locity width as well as the flux ratios Ig300/Ig364 and G/R
= Iss577/(Tss00+16364) were measured. The latter permits
determining the parent species of oxygen atoms by com-
paring our results with the theoretical production rates
provided by Raghuram & Bhardwaj (2013). However, an
accurate measurement of the green line requires decontam-
inating this line from two Cs lines that are blended with it
at 5577.331 A and 5577.401 A. This decontamination was
made by substracting a Cy synthetic spectrum fitted on an-
other Cy cometary line that appears to be close to the [OI]
green line (at 5577.541 A). More details about the creation
of the Cy synthetic spectrum and its subtraction are given
in Rousselot et al. (2012) and Decock et al. (2015). Figure 1
presents a spectrum of the 5577.339 A cometary oxygen line
region.

Using the software IRAF, we measured the intensities
and widths of the three [OI] lines by making a Gaussian fit.
From the line fluxes, the corresponding red doublet ratio
and the G/R ratio were evaluated for each spectrum. The
results are provided in Table 4.
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The average values over the whole sample are 3.01 +
0.06 and 0.10 + 0.01 for the ratio of the red doublet and that
of G/R, respectively. The errors correspond to the standard
deviation of the 12 spectra. Considering the theoretical pro-
duction rates of Raghuram & Bhardwaj (2013) (see Table 1
of Decock et al. (2015), the 1.S/1D ratio corresponding to
the G/R ratio), these results confirm that HoO is the main
parent molecule that photodissociates to produce oxygen
atoms when the comet is observed at a heliocentric distance
of r ~1 au. This agrees with previous analyses reported for
other comets (Cochran 1984, 2008; Capria et al. 2010; De-
cock et al. 2013, and references therein).

The intrinsic line widths corrected for the instrumen-
tal broadening were obtained from the measured observed
FWHM using Egs. (7) and (9) of Decock et al. (2013). The
results for each spectrum are listed in Table 4 and are plot-
ted in Fig. 3. The average value of the two red lines are equal
within the errors (2.06 + 0.03 km s~ for the 6300.304 A
and 2.06 + 0.02 km s~! for the 6363.776 A). The oxygen
green line (2.91 & 0.06 km s~!) is wider than the red lines,
although the C, lines have been removed. This was shown
in Decock et al. (2015) and was explained by a contribution
of the photodissociation of COs in addition to HoO in the
production of oxygen atoms in the 'S state, leading to for-
mation of the green line (and, indirectly, to the !D state).
In Fig. 3, the red line widths are highly dispersed from
~1.2 km s~! to ~2.6 km s~!. This dispersion might depend
on the CO;y relative abundance in the comet. Indeed, the
higher the COs relative abundance, the more numerous are
the oxygen atoms in the 'S and 'D states that can be pro-
duced by the photodissociation of COs and the greater the
green and red lines widths. Consequently, our data seems to
indicate that comet R1 Lovejoy had a relatively high CO»
production rate at the time of our observations. This hy-
pothesis is, nevertheless, difficult to confirm because of the
small number of comets with known CO49 abundance in our
previous dataset that were analyzed in a similar manner.

5. 12C/13C ratio

Because of the high-resolution of our spectra, it has been
possible to search for '2C'¥C emission lines. These lines
are blended with bright Cs emission lines and, as shown in
Rousselot et al. (2012), only two bandheads can be used.
They correspond to the (2,1) and (1,0) bands (d*I1 — a3II
transition), located around 4723 and 4745 A. Unfortu-
nately, a strong solar Fraunhofer line, which is difficult to
remove completely, prevents using the (1,0) bandhead (also
blended with NHy emission lines). For this reason, it has
been possible to search only for the (2,1) bandhead, which
has been clearly detected in our spectra.

From this bandhead we computed the 12C/13C ratio. We
followed the method described by Rousselot et al. (2012).
In a first step we estimated the best parameters to fit the
Cs emission bands with a mix of two different Boltzmann
distributions. We found that a mix of 85% of Cy radicals
with T,.,; = 4000 K and 15% with T,,; = 800 K correctly
described the observed Cg spectrum (in the Av = +1 band
sequence). In a second step we applied these parameters
with different 2C/13C ratio to search for the best fit with
the observational data.

At the end we estimated the 12C/13C ratio to be 80+30.
Figure 4 presents the resulting fit with this ratio. This ra-
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Fig. 1. 5577.339 A oxygen line and subtraction of Cy lines from
the spectra of comet R1 Lovejoy. The black spectrum corre-
sponds to the data not corrected for C, , the green spectrum
shows the data after decontamination by the Cs lines. The red
dotted line represents the C» synthetic spectrum. The positions
of the Cs lines at 5577.331 A, 5577.401 A and 5577.541 A are
indicated with small vertical tick marks. The bright line that ap-
pears at ~5576.7 A is the telluric oxygen line Doppler-shifted by
the geocentric velocity (all the wavelengths were shifted so that
the cometary emission lines were in a common rest frame). This
is the last spectrum obtained on 24 December; it corresponds to
a geocentric velocity of 33.41 km s~

tio is compatible, within the error bars, with the ratios ob-
tained either from the Cy or from the CN emission lines
for other comets (see Rousselot et al. (2012) and Wyckoff
et al. (2000) for Cy and Manfroid et al. (2009) for CN). It
is also compatible with the terrestrial value of 89 and the
value detected in other solar system objects, such as the
Sun, Venus, the Moon, Mars, Jupiter, Saturn, Titan, Nep-
tune, meteorites, or interplanetary dust particles (Woods
& Willacy 2009). This means that comet R1 Lovejoy does
not seem to present any significant difference in its 12C/*3C
ratio compared to other comets.

6. Search for 1°NHy emission lines

The 'NH, emission lines are weak and were only recently
detected for the first time thanks to new laboratory data
(Rousselot et al. 2014). The lines allow measuring the
N /15N isotopic ratio by comparing their intensity to the
14NH, counterpart emission lines. It was interesting to find
out whether cometary spectra obtained with a four-meter-
class telescope could reveal these faint emission lines. Af-
ter combining the spectra to obtain a single spectrum with
the best signal-to-noise ratio and computing average in-
tensities in 0.03 A spectral bins, we were able to detect
four different '>NH,y emission lines, located at 5710.959,
5711.275, 5762.995, and 5763.076 A (these last two lines are
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Table 4. Intensities (ADU), measured Is300/Is362 and G/R ratios, measured observed FWHM, (A) and intrinsic velocity widths

(km s™') for the three forbidden oxygen lines

UT Date Intensity (ADU) % G/R FWHM,pbserved (A) FWHMiptrinsic (km s™1)
5577 A 6300 A 6364 A 5577 A 6300 A 6364 A 5577 A 6300 A 6364 A
2013/12/23 H 65 503 166 3.04 0.097 0.091 0.074 0.073 2.914 2.090 2.037
06:37
2013/12/23 H 70 489 160 3.06 0.109 0.089 0.073 0.073 2.849 2.076 2.046
06:57
2013/12/23 ; 65 420 135 3.11 0.12 0.089 0.072 0.073 2.836 2.047 2.034
07:15
2013/12/24 H 40 314 103 3.05 0.097 0.088 0.072 0.073 2.824 2.036 2.032
06:34
2013/12/24 ; 61 429 145 2.951 0.106 0.092 0.072 0.074 2.945 2.024 2.072
06:52
2013/12/24 ; 69 458 153 2.99 0.113 0.092 0.072 0.073 2.928 2.044 2.043
07:12
2013/12/25 ; 37 299 103 2.90 0.091 0.091 0.073 0.075 2.895 2.053 2.094
06:41
2013/12/25 H 59 467 153 3.04 0.094 0.093 0.074 0.073 2.974 2.088 2.034
06:59
2013/12/25 H 55 411 137 2.99 0.100 0.091 0.074 0.073 2.892 2.090 2.049
07:17
2013/12/26 ; 34 286 97 2.94 0.089 0.093 0.072 0.074 2.973 2.036 2.063
06:33
2013/12/26 H 49 409 137 2.99 0.089 0.093 0.074 0.075 2.986 2.079 2.103
06:51
2013/12/26 H 52 438 - - - 0.092 0.073 - 2.943 2.070 -
07:12
Average 3.01 + 0.10 + 2.913 + 2.061 + 2.055
0.06 0.01 0.055 0.024 0.025
Notes. For the last spectrum, the 6363.776 A line was not used because it is contaminated by a strong cosmic-ray event.
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Fig. 2. G/R intensity ratio as a function of the heliocentric
distance (au). Results for 12 other comets obtained from the
UVES spectrograph and analyzed by Decock et al. (2013) are
also plotted for comparison. The solid line represents the av-
erage value for the R1 Lovejoy spectra, and the corresponding
standard deviation (o) range is denoted with horizontal dashed
lines.
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Red lines average FWHM(v) (km s~!)

Fig. 3. 5577.339 A FWHM(v) against the red line average
FWHM(v). Results for 12 other comets obtained from UVES
spectrograph and analyzed by Decock et al. (2013) are also plot-
ted for comparison.

blended). Figure 5 presents the lines detected at 5710.959
and 5711.275 A.



P. Rousselot et al.:

T T T
Observational data
Synthetic spectrum

12C13C spectrum =====---

NH2 lings

Relative intensity

4721.4 4721.6 4721.8 4722 4722.2 47224 4722.6 4722.8 4723
Wavelength (A)

Fig. 4. C and >C'3C emission lines corresponding to the (2,1)
bandhead. Some NH> emission lines also appear in this region.
They have been fitted with ad hoc intensities. The 2C*3C fit
corresponds to a *2C/*3C ratio of 80. To improve the signal-to-
noise ratio, the intensities have been averaged on 0.03 A spectral
bins. The (2 1) 2C*3C bandhead appears clearly at 4722.8 A.
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Fig. 5. 15NHs emission lines that were detected with our ob-
servational data at 5710.959 and 5711.275 A ((0,10,0)-(0,0,0)
band)). The intensities have been averaged on 0.03 A spectral
bins, and we fitted the lines ad hoc with the NHj lines located
at the above-mentioned wavelengths.

The signal-to-noise ratio obtained for the ’NH, emis-
sion lines is poor (~3), but we tried, nevertheless,
to compute an average ratio of the '’ NH, emission
line intensities with their equivalent '“*NH, counterpart
(as was done by Rousselot et al. (2014)). We found
I(1*NHy)/I(**NHz)=100+50. This ratio is compatible with
the 14N /15N ratio that was previously mesured either from
the NHy (Rousselot et al. 2014) or from the CN (Manfroid
et al. 2009). We point out, however, that, in view of the lack
of a complete fluorescence model with known "NH, transi-
tion probabilities, it is not necessarily really representative
of the 1“NH,/1°NH; ratio (because we cannot exclude a
significant influence of Fraunhofer absorption lines in the
intensity ratio, the heliocentric velocity being nearly con-
stant for our four observation nights).

Comet C/2013 R1 (Lovejoy)

7. Conclusion

Comet R1 Lovejoy was among the brightest comets visible
in the last few years, which offered a good opportunity to
perform high-resolution spectroscopic observations with a
four-meter-class telescope to obtain information about its
physical composition. Our observations, performed with an
advanced instrument designed to obtain stellar radial veloc-
ities, demonstrate that it can be used efficiently to perform
cometary observations and obtain physical data from them.

Our main results can be summarized as follows.

e The ratio Q(NH3)/Q(Cz) for R1 Lovejoy does not
deviate significantly from that of typical comets.

e For the oxygen emission lines the study of the G/R
ratio confirms that HoO is the main carrier of oxygen atoms
in comet R1 Lovejoy. The width of the green and red lines
seems to indicate that comet R1 Lovejoy had a relatively
high COs9 production rate at the time of observation.

e 12C/13C=80+30 for Cy radical, which is similar to
other measurements performed so far in other comets.
Comet R1 Lovejoy does not seem to present any specific
depletion or enrichement in 3C.

e Four different '°NHs emission lines can be detected in
our spectra (two of them are blended). The signal-to-noise
ratio is poor, and it is not possible to derive an accurate
14N /15N isotopic ratio in ammonia. A simple computation
of the intensity ratio of these lines, with their 1*NH, coun-
terpart, leads to *NHs /15 NH,=100+50, which is compati-
ble with the 14N /15N ratio derived so far both from the CN
and NH5 radicals.

Acknowledgements. The research leading to these results has received
funding from the European Community’s Seventh Framework Pro-
gramme (FP7/2013-2016) under grant agreement number 312430
(OPTICON). E. Jehin is FNRS Research Associate, Jean Manfroid is
Honorary Research Director of the FNRS, D. Hutsemékers is FNRS
Senior Research Associate.

References

A’Hearn, M. F., Millis, R. C., Schleicher, D. O., Osip, D. J., & Birch,
P. V. 1995, Icarus, 118, 223

Capria, M. T., Cremonese, G., & de Sanctis, M. C. 2010, A&A, 522,
A82

Cochran, A. L. 2008, Icarus, 198, 181

Cochran, W. D. 1984, Icarus, 58, 440

Cosentino, R., Lovis, C., Pepe, F., et al. 2012, in Society of Photo-
Optical Instrumentation Engineers (SPIE) Conference Series, Vol.
8446, Society of Photo-Optical Instrumentation Engineers (SPIE)

Conference Series, 1

Decock, A., Jehin, E., Hutsemékers, D., & Manfroid, J. 2013, A&A,
555, A34

Decock, A., Jehin, E., Rousselot, P., et al. 2015, A&A, 573, Al
Fink, U. 2009, Icarus, 201, 311

Guido, E., Howes, N., Sato, H., et al. 2013, Central Bureau Electronic
Telegrams, 3649, 1

Haser, L. 1957, Bulletin de la Societe Royale des Sciences de Liége,
43, 740

Langland-Shula, L. E. & Smith, G. H. 2011, Icarus, 213, 280

Manfroid, J., Jehin, E., Hutsemékers, D., et al. 2009, A&A, 503, 613

Article number, page 5 of 6



A& A proofs: manuscript no. output

Naka, C., Ogawa, S., Shinnaka, Y., et al. 2014, in Asteroids, Comets,
Meteors 2014, ed. K. Muinonen, A. Penttild, M. Granvik, A. Virkki,
G. Fedorets, O. Wilkman, & T. Kohout, 382

Raghuram, S. & Bhardwaj, A. 2013, Icarus, 223, 91

Rousselot, P., Jehin, E., Manfroid, J., & Hutsemékers, D. 2012, A&A,
545, A24

Rousselot, P., Pirali, O., Jehin, E., et al. 2014, ApJ, 780, L17
Woods, P. M. & Willacy, K. 2009, ApJ, 693, 1360

Wyckoff, S., Kleine, M., Peterson, B. A., Wehinger, P. A., & Ziurys,
L. M. 2000, ApJ, 535, 991

Article number, page 6 of 6



