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A B S T R A C T 

Observing the vibrational/rotational lines in a comet’s optical spectrum requires high-resolution spectroscopy, as they are 
otherwise seen as a blended feature. To achieve this, we have obtained medium and high-resolution (R ( λ/ �λ) = 30 000 

and 60 000) spectra of several comets, including C/2015 V2 (Johnson), 46P/Wirtanen, 41P/Tuttle–Giacobini–Kres ́ak, and 

38P/Stephan–Oterma, using the Hanle Echelle Spectrograph (HESP) mounted on the 2-m Himalayan Chandra Telescope (HCT) 
in India. The spectra ef fecti v ely co v er the wav elength range 3700–10 000 Å, allo wing us to probe the v arious vibrational bands 
and band sequences to identify the rotational lines in the cometary molecular emission. We were also able to separate the 
cometary Oxygen lines from the telluric lines and analyse the green-to-red (G/R) forbidden oxygen [O I ] ratios in a few comets. 
For comets C/2015 V2, 46P, and 41P, the computed G/R ratios, 0.04 ± 0.01, 0.04 ± 0.01, and 0.08 ± 0.02, respectively, point 
to H 2 O being a major source of Oxygen emissions. Notably, in the second fibre pointing at a location 1000 km away from the 
photocentre of comet 46P, the G/R ratio reduced by more than half the value observed in the first fibre, indicating the effects 
of quenching within the inner coma. We also measured the NH 2 ortho-to-para ratio of comet 46P to be about 3.41 ± 0.05 and 

derived an ammonia ratio of 1.21 ± 0.03 corresponding to a spin temperature of ∼26 K. With these, we present the results of the 
study of four comets from different cometary reservoirs using medium and high-resolution optical spectroscopy, emphasizing 

the capabilities of the instrument for future cometary studies. 

K ey words: methods: observ ational – techniques: spectroscopic – comets: general. 
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 I N T RO D U C T I O N  

omets are the primordial remnants of the protoplanetary disc that 
ormed the Solar system (Morbidelli & Rickman 2015 ). These icy 
odies containing the pristine material from the early protosolar 
eb ula would ha ve probably undergone less internal and external 
volution due to their small masses and long orbital periods. 
ence, they can provide vital clues to the early history of the
olar system. Understanding the chemical composition of a comet 
nalysed from the various molecular emission bands in different 
av elength re gimes is among the different aspects of a comet that
eeds to be studied. The rotational lines of a particular vibrational 
and in a comet’s molecular emission cannot be resolved with low- 
esolution spectroscopy since they will be blended with each other. 
n the case of some molecules (C 2 ), the bands arising with the
ame change in vibrational quantum number in going from one 
lectronic state to another have wavelengths close to each other, 
esulting in a blended feature (Swan bands) (Swan 1857 ). High 
esolution is required to separate various bands from this blended 
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eature. Even much higher resolution would be required to resolve the 
otational structures (Swamy 2010 ). Lambert & Danks ( 1983 ) have
iven a detailed study of the (C 2 ) Swan bands using high resolution
pectroscopy. 

From the high-resolution spectroscopic observations of comets 
wift-Tuttle and Brorsen-Metcalf, Brown et al. ( 1996 ) have identified
997 lines including those of H, C 2 , O, NH 2 , CN, C 3 , CH, H 2 O 

+ ,
nd CH 

+ . High-resolution spectra of Comet C/1996 B2 (Hyakutake) 
nd Comet C/1995 O1 (Hale-Bopp) were obtained by Morrison 
t al. ( 1997 ) and Zhang, Zhao & Hu ( 2001 ), respectively. Similar
bservations have also been done for comets 153P/Ikeya–Zhang 
Cremonese, Capria & de Sanctis 2007 ), 21P/Giacobini–Zinner 
Shinnaka, Kawakita & Tajitsu 2020 ) and C/2000 WM1 (Picazzio 
t al. 2002 ). Cochran, Nelson & McKay ( 2020 ) used high-resolution
pectroscopy to illustrate what it means to be a highly depleted comet
nd compared it with a comet of typical composition. Also, high-
esolution spectroscopy was used by Opitom et al. ( 2021 ) to study
he emissions present in the first interstellar comet, 2I/Borisov, in 
etail and to establish the comet’s similarity with the Solar system
omets. Ho we ver, the high-resolution spectra of comets still contain
any unidentified lines. With the help of a resolving power of

0 000, Cochran & Cochran ( 2002 ) have identified 12 219 lines in
he wavelength range 3800–10 192 Å for the comet 122P/de Vico 
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Table 1. Orbital characteristics of the observed comets and their 
classification. 

Comet e a q i P T j Type 

46P 0.658 3.09 1.055 11.75 5.39 2.82 JFC 

C/2015 V2 1.001 – 1.648 49.8 – – LPC 

38P 0.8596 11.24 1.578 18.4 37.7 1.811 HTC 

41P 0.6604 3.085 1.048 9.23 5.42 2.817 JFC 

Figure 1. 2D image of HESP single exposure observation (raw HESP data) 
of Comet 46P/Wirtanen. 
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1 https:// www.iiap.res.in/ hesp/ hesp pipeline manual.pdf
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sing a laboratory molecular line list. This has been the most
 xhaustiv e line list until Cambianica et al. ( 2021 ) observed C/2020
3 (NEOWISE) at a resolving power of 115 000 to identify and
atalogue 4488 cometary emission lines in the wavelength range
830–6930 Å. 
In this work, we discuss the results from using the Hanle Echelle

pectrograph (HESP) on the Himalayan Chandra Telescope (HCT)
or the high-resolution spectroscopic observation of comets. We
riefly describe the various aspects regarding the instrument, obser-
 ation in v ariable (non-sidereal) tracking mode, and data reduction in
ection 2 . Section 3 briefs the various emissions detected in different
omets during distinct epochs and lays down a comparison among
he observed band sequences and line ratios identified with the help
f the available catalogues. 

 OBSERVATION  A N D  ANALYSIS  

e observed multiple comets during distinct epochs using the HESP
nstrument mounted on the HCT operated by the Indian Astronomical
bservatory (IAO), Hanle at an altitude of 4500 m. The HESP

nstrument is a bench-mounted, dual fibre-fed spectrograph (Sriram
t al. 2018 ). Using an R2 echelle grating, two cross-dispersing
risms, and a 4K × 4K E2V CCD, it co v ers an ef fecti v e wav elength
egion 3700–10 000 Å at two modes of spectral resolution, λ/ �λ =
0 000 (medium-res) and λ/ �λ = 60 000 (high-res). A 2.7 arcsec
nput fibre is used in the low-resolution mode, while an image
licer helps achieve the high resolution. It possesses two pinholes
eparated by 1.25 mm (corresponding to ∼ 13 arcsec on the sky) to
ncorporate multiple modes of observation like star -sky, star -calib,
nd calib-calib. Comet observations deploy the star-sky mode where
he cometary emissions will also fill the sky fibre due to the close
istance of the fibres. Hence, in principle, data from both fibres can
e used to analyse the emissions from the comet at two different
ocations in the coma. Separate sky frames (telescope mo v ed about
 de gree a way from the photocentre) of exposures similar to comet
bservation are also obtained routinely. ThAr lamp is used as a
alibration lamp for wavelength calibration, while Quartz blue lamp
s used for flat fielding. 

Comets being Solar system bodies, cannot be tracked in the normal
bserving mode (sidereal tracking). Hence, the comet was placed on
he object pinhole with the help of feedback, and its position was
djusted manually for its varying motion from time to time using
he direction keys in the keystone mode. We have now developed a
ew tracking technique currently being implemented effectively for
bserving comets using the HFOSC instrument on the HCT. It uses a
rack file consisting of the comet’s altitude, azimuth, and their rates
t equal intervals to point the telescope to the exact position of the
omet at an y giv en time. This same method is now being applied to
ESP observations so that the continuous manual correction of the

omet’s position would not be required. 
Most of the observations were carried out in the medium-res mode

30 000). Comets being extended objects, observation in the high-
es mode (60 000) requires the comet to be bright enough in order
o obtain the necessary signal-to-noise ratio (SNR). Hence, only
6P/Wirtanen was observed in the high-resolution mode at the time
f closest approach to Earth during its 2018 apparition. The complete
ist of observed comets along with their orbital parameters are given
n Table 1 and the basic information related to the observations are
rovided in Table 2 . Multiple frames were obtained for most of the
omets during each epoch. Fig. 1 illustrates a snapshot of the raw data
btained for a comet in the HESP instrument. All the observed data
NRAS 530, 393–404 (2024) 
ere reduced with the help of HESP PYTHON pipeline. 1 The spectrum
xtracted from multiple frames for each comet was combined to
ncrease the SNR. A Doppler shift correction was incorporated with
he help of DOPCOR module in IRAF to account for the shift in emission
ines due to the geocentric velocity ( ̇� ) of the comet. Since the HESP
ipeline does not perform flux calibration, each extracted order was
ormalized to the underlying continuum to remo v e the instrument
esponse. 

 DI SCUSSI ON  

n this work, three short-period comets, 46P/Wirtanen (hereby 46P),
8P/Stephan–Oterma (hereby 38P), 41P/Tuttle–Giacobini–Kres ́ak
hereby 41P), and one long-period comet C/2015 V2 (Johnson)
hereby V2) were observed in the medium/high-resolution mode
f HESP instrument. Emissions from various bands of CN, C 3 , CH,
 2 , and NH 2 were observed in all the comets, while emissions from
H 

+ and CO 

+ were not strong enough to be distinguished from
he noise in the spectrum. The most prominent cometary emission
eatures correspond to CN and C 2 . 

Taking advantage of the very long wavelength range of the HESP
nstrument, we were able to observe the two different electronic band
ystems of CN, the violet system (B 

2 � 

+ -X 

2 � 

+ ) (see Section 3.2.1
nd the red system (A 

2 � 

+ -X 

2 � 

+ ) and the Swan system of C 2 (see
ection 3.2.2 ) which is most dominant in the green, orange, and red
egion of the cometary spectrum. The lines corresponding to NH 2 

missions are most prominent in the red region of the spectrum but
ostly blended with C 2 emissions when observed in low resolution

 λ/ δλ ∼ 1000). The instrument’s high resolution helps us split these
missions from the different Swan bands of C 2 . Efforts have been
ade to identify the Ortho and Para lines of NH 2 present in the

ifferent bands. Gaussian curves are fit to the respective lines to
xtract the intensities and hence compute the corresponding Ortho-
o-Para ratios (OPR) for certain comets (see Section 3.2.5 ). The
trength of the emission lines depends on the activity in the comet,
hich directly affects the number of lines identified (at 3 σ level). 

https://www.iiap.res.in/hesp/hesp_pipeline_manual.pdf
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Table 2. Basic observational details. 

Object Date Exposure time ∗ � �̇ r ṙ Resolution 
(UT) (s) (au) (km s −1 ) (au) (km s −1 ) ( λ/ �λ) 

46P/Wirtanen 2018-11-28T17:08:13 1800[5] 0.13 −8.32 1.07 −4.23 30 000 
2018-12-15T20:44:25 1800[5] 0.08 −0.32 1.05 0.90 30 000 
2018-12-28T15:56:46 1800[5] 0.11 7.6 1.08 4.70 30 000 
2018-12-28T20:31:29 2700[4] – – – – 60 000 
2019-01-11T21:58:57 2700[6] 0.18 10.32 1.13 8.20 30 000 

C/2015 V2 (Johnson) 2017-02-22T23:21:42 3600[5] 1.78 −21.2 2.18 −14.2 30 000 
2017-05-02T22:33:52 1800[5] 0.99 −16.35 1.72 −7.23 30 000 
2017-05-28T17:57:08 2400[4] 0.82 −4.57 1.65 −2.74 30 000 

38P/Stephan–Oterma 2018-11-28T23:02:27 1800[1] 0.76 −5.34 1.60 3.10 30 000 
41P/Tuttle–Giacobini–Kres ́ak 2017-02-22T16:47:47 3600[2] 0.25 −10.1 1.23 −11.80 30 000 

Note . ∗ Numbers in the parentheses represent the number of frames obtained for each exposure time. 

Figure 2. Cross identification of the rotational transitions present in the CN (B 

2 � 

+ -X 

2 � 

+ )(0-0) band of comet 46P observed on 2018-11-28. Dashed lines 
mark the emission lines belonging to the R branch, while the solid lines mark those belonging to the P branch. 
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The instrument’s high resolution, aided by the comet’s geocen- 
ric velocity, helps in separating the forbidden Oxygen lines of 
ometary origin from the corresponding telluric lines. Gaussian 
rofile fitting is performed using PYTHON (also confirmed using 

RAF ) to measure the intensities and FWHM of the Oxygen lines
nd compute the Green-to-Red doublet ratio (see Section 3.2.6 ). 
dditionally, a larger number of lines have been identified in certain 

pochs of comets 46P and C/2015 V2 owing to their brightness as
ompared to the fainter comets 41P and 38P (at the time of their
bservation). 
Even though there are infinite possibilities in using such a data 

et for a detailed study of the comets, this paper aims to discuss
n brief the various emissions detected in different comets observed 
nd provide a general idea regarding the capability of the HESP
nstrument in observing comets in high resolution. 

.1 Line identification 

s mentioned in Section 1 , from the other high-resolution spectro- 
copic observations carried out on comets, there are few cometary 
missions line catalogues available which can be used to identify 
he emission lines present in the comets observed in our work. Even
hough the molecular line list provided by Cambianica et al. ( 2021 )
s the latest and more e xhaustiv e one, we hav e used the emission
ine catalogue provided by Cochran & Cochran ( 2002 ) due to the
imilarity in the wavelength range being considered along with the 
omparability of the resolution used. Since certain orders of the 
pectrum do not have very high SNR, special care has been taken
o a v oid matching noise as a detected line. We have considered the
tandard deviation in the continuum of each order as noise (1 σ )
nd selected those lines with signal abo v e 3 σ lev el to be matched
ith the catalogue and identified (see Fig. 2 for cross-identified 

ines). Also, similar to what has been done in Cambianica et al.
 2021 ), the catalogue lines have been matched with the observed
mission line only if the wavelength coincidence was within the 
pectral resolution (i.e. ±3 �λ = λ/ R , where R is the resolving power
f the instrument). The skylines present in the observ ed sk y spectra
ave also been referred to avoid incorrect identification in regions of
ncertainty. 

.2 Detected strong emissions 

his subsection discusses the strong emission bands detected in the 
arious comets. 
MNRAS 530, 393–404 (2024) 
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Figure 3. CN( �ν = 0) emission observed in 46P during few observational 
epochs. 

Figure 4. CN( �ν = 0) band observed in Fibre 1 and Fibre 2 for 46P on 
2018 No v ember 28. 
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Figure 5. CN( �ν = 0) emission observed in C/2015 V2 during all the 
observational epochs. 

Figure 6. CN( �ν = 0) band observed in Fibre 1 and Fibre 2 for C/2015 V2 
on 2017 May 28. 
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.2.1 CN(B 

2 � 

+ -X 

2 � 

+ ) emission 

s mentioned earlier, we are able to observe the violet and red
ystems in the CN emission. The violet band is the strongest among
oth detected bands and clearly shows the P and R branches of
mission (see Fig. 2 ). Swings effect (Swings 1941 ) plays a major role
n the observed differences in the relative strength of the emission
ines in different epochs. As mentioned in Manfroid et al. ( 2009 ), a
ew CH lines blended in the P branch of the CN emission require a
uch higher resolution to be resolved. The CN emission detected in

he different comets observed is discussed below. 
46P : The CN B-X (0-0) emission was the strongest band observed

n all the epochs (see Fig. 3 ). The observation on 2018 December
5 has been excluded in this case due to the comparati vely lo w SNR
n the band. Strong variations in the relative strengths of different
mission lines are observed in spectra obtained from Fibre 1 and 2.
 or illustrativ e purpose, Fig. 4 shows the CN band in the spectra
btained from both Fibre 1 and 2 for the epoch 2018 No v ember
8. Such comparisons can be further used along with modelling to
nderstand in detail the physical conditions and the photochemistry
ccurring at two different locations in the coma. 
V2 : Strong emissions from the CN violet bands were observed

n V2. Fig. 5 represents the B-X (0-0) emission band observed
cross the observation dates. Even though the Swings effect plays a
ajor role in creating differences in the relative strength of different

mission lines from one epoch to another, a clear increase in the
trength and definition of the P, R branches are observed as the comet
pproaches perihelion. Fig. 6 represents the difference in emission
NRAS 530, 393–404 (2024) 
etween spectra extracted from Fibre 1 and Fibre 2 observed on 2017
ay 28. 
38P and 41P : Due to the comparatively weaker emission strength

nd the lower blue sensitivity of the instrument, the observed CN
missions were not strong enough in comets 38P and 41P as
ompared to 46P and V2. 

.2.2 C 2 emission 

or most comets observed within a heliocentric distance of 2 AU,
he C 2 Swan band system (Swan 1857 ; Lambert & Danks 1983 ) is a
ominant emission co v ering the cometary spectrum’s green, orange,
nd red regions. Most of these bands are also highly blended with
arious NH 2 bands when observed at a resolution less than ∼ 10 000.
arious swan band systems like C 2 ( �ν = 1), C 2 ( �ν = 0), C 2 ( �ν

 −1) have been observed in most of the comets. The detection of
he C 2 ( �ν = 0) Swan band region (band head 5165 Å) observed in
ifferent comets are discussed below. 
46P : 46P was observed to be possessing strong emission strength

n the C 2 ( �ν = 0) band. The C 2 lines identified for the observation
poch 2018 No v ember 28 are shown in Fig. 7 . It was observed that
here is NH 2 (0-5-0) band contamination within this C 2 emission
and. A much higher resolution would be required to deblend these
missions ef fecti vely. It is to be noted that the ef fect of the continuum
s comparatively high in this region. Hence, proper removal of
he continuum band (using the Solar spectrum) is required before
omparing line ratios within the C 2 band between different epochs. 
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Figure 7. Identified lines in the C 2 ( �ν = 0) band in 46P observed on 2018 
No v ember 28. 

Figure 8. Comparison of C 2 ( �ν = 0) band of 46P in medium resolution 
and high resolution. 
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Figure 9. C 2 ( �ν = 0) observed for V2 in Fibre 1 and Fibre 2 on 2018 May 
28. 

Figure 10. C 3 emission band observed in V2 during a few epochs. 

Figure 11. C 3 emission band observed in 46P during two epochs. 
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Additionally, due to the increased apparent brightness of the 
omet, it could be observed at a higher resolution (60 000) on 2018
ecember 28. Certain lines observed as single lines in the medium- 

es mode of HESP are seen to split into multiple lines when observed
n the high-res mode. Fig. 8 represents one such observation in the
 2 emission. Only a small region of the band has been plotted for
larity. Observing a much brighter comet at this resolution could help 
s resolve and study the isotopic lines present in these regions. 
V2 : The comet being on its way into the inner Solar system was

 major reason for the C 2 emission band to get stronger and more
efined from one epoch to another. The major difference was seen 
n the band observed with the two fibres on 2018 May 28 (see Fig.
 ). Detailed studies are required to understand the observed striking
ifference in emission strength of various lines at the two independent 
ocations in the coma. 

38P and 41P : Both the comets 38P and 41P being the fainter of
he ones observed had a weaker C 2 band. The intensity of the C 2 

and head was observed to be higher in 41P than in 38P. 

.2.3 C 3 emission 

he C 3 emission band was seen to be strong enough only in certain
pochs of 46P and C/2015 V2. Fig. 10 shows how the band’s strength
aries as the comet V2 approaches perihelion, while Fig. 11 illustrates 
he band observed in the comet 46P before and after perihelion. 
.2.4 CH emission 

H emission observed around 4300 Å is one band highly affected by
he Swings effect. As a result, the line ratios vary drastically from
poch to epoch depending on the heliocentric velocity of the comet.
n our case, CH emissions were clearly detected in both comets 46P
nd V2 (see Figs 12 and 13 ). At the same time, the CH observed in V2
as seen to be strong, well-defined, and similar to that observed in
MNRAS 530, 393–404 (2024) 
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Figure 12. CH emission observed in 46P on 2018 November 28. 

Figure 13. CH observed in C/2015 V2 on 2017 May 28. 
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Figure 14. NH 2 (0-9-0) emission band region in 46P on different epochs. 

Figure 15. NH 2 (0-8-0) emission band region in 46P on different epochs. 

Table 3. NH 2 OPR measured in 46P for different epochs. 

Date of observation Band Fibre 1 Fibre 2 

2018-11-28 (0-9-0) 3.41 ± 0.12 3.48 ± 0.15 
(0-8-0) 3.18 ± 0.10 –

2018-12-28/High-res (0-9-0) 3.14 ± 0.18 –
2018-12-28/medium-res (0-9-0) 3.84 ± 0.12 –
Average – 3.41 ± 0.05 –
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omet 46P, despite being at a larger heliocentric distance. Although
he direct reason for such a strong detection is to be understood in
etail, it could be possible that the parent molecule responsible for
he CH emission is more abundant on the surface of comet V2 than
n 46P, a short period comet having already made multiple passages
nto the inner Solar system. 

.2.5 NH 2 emissions 

H 2 emissions from different transitions are observed in plenty with
ood SNR in all the comets. It is observed to be present along a large
ange of wavelength blended amongst the C 2 Swan bands. Since
mmonia is considered the sole parent of NH 2 , the OPR of ammonia
s usually computed from the OPR of different transitions of NH 2 

Kawakita et al. 2004 ; Shinnaka et al. 2016 ; Shinnaka, Kawakita &
ajitsu 2020 ). Even though the real implication of ammonia OPR is
ot yet known, the possibility of deriving the nuclear spin temperature
f ammonia from OPR provides us with an opportunity to understand
he conditions in the Solar nebula at the time of the formation of the
ometary material or the physiochemical conditions in the inner-
ost coma or beneath the surface (Kawakita et al. 2004 ; Shinnaka,
awakita & Tajitsu 2020 ). 
46P : 46P had the closest approach (in about four centuries) to the

arth during this apparition, and this gave the biggest opportunity
o study the various bands associated with the NH 2 emission present
n the comet. Figs 14 and 15 represent the NH 2 (0-9-0) and (0-8-0)
ransitions present in the comet. With the help of the line lists given
NRAS 530, 393–404 (2024) 
n Kawakita et al. ( 2004 ) and Shinnaka, Kawakita & Tajitsu ( 2020 ),
he Ortho and Para lines were identified and Gaussian curves were
t to extract the intensities of the corresponding lines to perform a
asic computation of the OPR of NH 2 as given in Table 3 . 
Where ver av ailable, the NH 2 bands from Fibre 2 were also used to

ompute the corresponding OPR. From the av erage observ ed OPR
f NH 2 , the OPR of NH 3 was computed to be 1.21 ± 0.03 through
he relation mentioned in Shinnaka et al. ( 2016 ). This observed
PR(NH 3 ) is comparable to that reported for the same comet by
oulane et al. ( 2023 ), as well as similar to that of certain comets

eported in Shinnaka et al. ( 2016 ) and Hale-Bopp in Kawakita
t al. ( 2004 ). This computed OPR(NH 3 ) would correspond to a
uclear spin temperature of ∼ 26 K. The error in spin temperature
annot be estimated in the present case since it is generalized by
omparison with numbers from the literature. The exact OPR and
uclear spin temperature can only be derived with the help of precise
odelling techniques. As mentioned in Kawakita et al. ( 2007 ),

urther understanding of the implication of nuclear spin temperature
n comets is required to have a comparative study of these values
btained in different comets. Whether a major difference in spin
emperature between different dynamical classes is observed or not
ould vary the interpretation of these results. 
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Figure 16. NH 2 (0-8-0) emission band region observed in C/2015 V2 on 
different epochs. 
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V2 : The NH 2 (0-8-0) and (0-9-0) were observed in comet V2 
or all the epochs [see Fig. 16 for the observed (0-8-0) band], but
he intensity in the individual Ortho and Para lines were not strong
nough as in the case of 46P to perform the basic computation of
PR. Proper modelling techniques similar to those done in Moulane 

t al. ( 2020 ), Shinnaka, Kawakita & Tajitsu ( 2020 ), and Kawakita
t al. ( 2004 ) will have to employed to synthesize the NH 2 spectrum
atching the observed one using which the OPR and hence the spin

emperature can be computed. 
38P and 41P : Similar to V2, the NH 2 (0-8-0) and (0-9-0) were 

etected in comets 38P and 41P. Even though the computation of
PR would be difficult in the case of these comets, the difference in

he relative strength of various NH 2 lines between 38P and 41P can be
sed to differentiate the composition of a Short Period Comet (SPC)
nd a Halley Type Comet (HTC). Further, modelling techniques 
an be incorporated to compute their respective OPR and have a 
omparative study. 

.2.6 [O I ] 

he most abundant materials in comets, H 2 O, CO 2 , and CO, all con-
ain Oxygen, making it the most abundant element in comets. As the
hotodissociation of all these molecules can produce Oxygen atoms, 
estou & Feldman ( 1981 ) suggested that the strength of Oxygen
mission lines present at 5577.339 Å, 6300.304 Å, and 6363.776 Å
an be used to analyse the basic compositional characteristics of a 
omet’s nucleus. 

The forbidden oxygen emission lines, the Green (G) and Red 
oublet (R), originate from the O( 1 S) and O( 1 D) le vels, respecti vely.
ater, work carried out by Bhardwaj & Haider ( 2002 ), Bhardwaj &
aghuram ( 2012 ), and Raghuram & Bhardwaj ( 2014 ) defined that
O 2 and H 2 O molecules contributed to the production of the green

ine, while only H 2 O molecule contributed to the red doublets. Hence, 
 ratio known as the G/R ratio was defined, which is the ratio of the
ntensity of the green line to the sum of red doublets, to imply the
ossible major source of the detected Oxygen lines. 
The major source of the Oxygen lines is considered to be H 2 O

f the G/R is observed to be ∼ 0.09 or less and the major source is
onsidered to be CO 2 if the G/R is as high as ∼ 0.6 (Bhardwaj &
aghuram 2012 ; Raghuram & Bhardwaj 2014 ). The major catch 
ere is that, for comets in which Oxygen lines are detected at
ar-off heliocentric distances, the major source would be CO 2 as 
he temperature would not be high enough for water molecules to 
ublimate in a large amount (Decock et al. 2013 ). As the comet mo v es
n, water ice sublimation increases, reducing the G/R. This means 
hat the G/R ratio also depends on the heliocentric distance. But,
ecock et al. ( 2015 ) observed a nucleocentric dependence of the G/R
atio in multiple comets. The G/R ratio was seen to be high ( ∼0.1–
.2) close to the nucleus within 100 km and dropped drastically at
bout 1000 km ( ∼0.04–0.06). Such differences in G/R ratio with
ucleocentric distance are observed due to the high quenching of 
xygen atoms by the high density of H 2 O molecules present in the

nner coma (Bhardwaj & Raghuram 2012 ). Such quenching mostly 
ffects the atoms present in the O( 1 D) level as its lifetime is much
arger than those in O( 1 S) (Raghuram & Bhardwaj 2014 ), causing the
ncrease in G/R close to the nucleus. At distances far enough from the
ucleus where quenching is not a major factor, the actual value of the
/R ratio is observed. Cessateur et al. ( 2016 ) have also discussed the
robability of including Oxygen molecules as a possible source of 
hese Oxygen emissions. But, the effect of the Oxygen molecules 
ould only be predominant in the near nucleus region within 
00 km. 
The forbidden oxygen emission lines, the Green (G) and Red 

oublet (R) originating from the O( 1 S) and O( 1 D) le vels, respecti vely,
re present both in comets and the Earth’s atmosphere. Since both
ometary and telluric Oxygen lines fall at the same wavelength, 
eparating them in low-resolution spectroscopic observation is nearly 
mpossible. Even though the geocentric velocity of the comet induces 
 Doppler shift in the cometary Oxygen line, a reasonably high
esolution is required to separate it from the telluric line. In a special
ase, if the comet possesses large geocentric velocity, it will be
ossible to separate the Oxygen lines even with a resolution of
0 000. Even though the three lines fall in three different orders
f the spectrum, considering that they are continuum normalized 
nd fall more or less on the central part of the CCD, the sensitivity
ffect can be considered minimal. On the other hand, the presence
f certain C 2 lines blended along with the 5577.339 Å Oxygen lines
ay induce minor effects on the computed G/R ratio. The synthetic

pectrum of C 2 fabricated, as mentioned in Decock et al. ( 2015 ), is
o be remo v ed from the observed spectrum to nullify this effect. 

The effect of these blends varies from comet to comet as the Carbon
hain depletion varies in each of them. In the current case, a basic
atio computation has been performed to understand the general 
haracteristics of the composition present in the different comets. 
ven though a systematic study of change in G/R with nucleocentric 
istance is not possible in the case of HESP observations, the
resence of 2 fibres 13 arcsec apart makes it feasible to measure the
atio at two different locations of the coma. This can pro v e important
n analysing the effects of quenching on the G/R ratio close to and
way from the nucleus. 

In addition, using equations (7) and (9) in Decock et al. ( 2013 ), we
ave computed the intrinsic line widths and line velocity widths for
he green and red doublets to compare the broadening and analyse
heir variation with heliocentric and nucleocentric distance. The 

easured respective intensities, red doublet line intensity ratios, and 
WHMs in both the fibres for the sample of comets observed in this
ork are given in Table A1 . 
V2 : As mentioned in Table 2 , comet V2 was observed across

hree epochs with a resolution of 30 000. Out of the 3, the comet’s
eocentric velocity was large enough during the first two epochs 
o induce a high enough Doppler shift to separate the cometary
nd telluric Oxygen lines. Fig. 17 illustrates the Oxygen green and
ed doublets observed in V2 on 2017 February 22. The substantial
eparation between the Oxygen lines makes it easier to measure 
he intensities corresponding to the three lines with the help of
aussian fitting and, hence, compute the G/R ratio. Table 4 provides

he computed values for the two fibre inputs corresponding to the
wo epochs of observation. In the case of V2, during both epochs,
MNRAS 530, 393–404 (2024) 
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M

Figure 17. Green and red doublet [O I ] forbidden lines observed in C/2015 
V2 on 2017 February 22 through the medium-resolution mode. The solid and 
dashed lines mark the cometary and telluric oxygen lines, respectively. 
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he geocentric distance w as f airly large, making it difficult to probe
he inner coma. 

Since the physical aperture of Fibre 1 itself was greater than
000 km during both epochs, the G/R value corresponding to both
ibre 1 and 2 would, in a way, represent the actual value unaffected
y the quenching effects. Hence, from the computed G/R values for
he two epochs, it can be implied that the contribution of H 2 O for
roducing the Oxygen lines increased drastically as the comet was
pproaching perihelion. The consistency in the measured values in
oth the fibres for the second epoch shows that the major effects of
ollisional quenching were well within ∼1000 km. 

46P : The geocentric velocity of the comet was not high enough
uring the second epoch as the comet had a close approach to
arth at the same time. Hence, the separation in the oxygen lines

nduced by the Doppler shift could not be probed at the 30 000 or
0 000 resolution for the observation epoch close to perihelion. The
bservation of 46P in the 60 000 resolution on 2018 December 28
ro v ed significant since the Oxygen line peaks could be separated.
s shown in Fig. 18 , Gaussian deblending was used to measure the

ntensities of the cometary Oxygen lines and hence measure the G/R
alues. During the 2018 No v ember 28 and 2019 January 11 epochs of
bservation, the geocentric velocity played a major role in separating
NRAS 530, 393–404 (2024) 

able 4. Observational results of G/R. 

omet Date of Fibre 1 Fibre 2 Separation of Reference 
observation (error) (error) fibres (km) 

6P 2018-11-28 0.05 0.04 1225 This work 
(0.01) (0.01) – –

6P 2018-12-08 0.23 0.05 467 Moulane et al. 
(0.01) (0.01) ( 2023 ) 

6P 2018-12-28 0.11 0.04 1037 This work 
(0.01) (0.01) – –

6P 2019-01-19 0.04 0.04 1697 This work 
(0.01) (0.01) – –

/2015V2 2017-02-22 – 0.10 16 500 This work 
– (0.01) – –

/2015V2 2017-05-02 0.04 0.04 9334 This work 
(0.01) (0.01) – –

1P 2017-02-22 0.13 0.08 2357 This work 
(0.05) (0.02) – –
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he lines in the 30 000 resolution. Still, the Gaussian deblending had
o be incorporated as the separation was not evident enough, as in
he case of V2. The measured G/R values corresponding to both the
bres for the three epochs are given in Table 4 . 
The historic closest approach of 46P pro v ed major in comparing

he G/R values in the coma close to the nucleus and away from
t. During the third epoch of observation (2018 December 28),
ibre 1 looked at the very inner part of the coma, around 215 km
corresponding to the size of the fibre), and Fibre 2 looked at a
egion more than ∼ 1000 km away from the nucleus. According
o the study of variation in G/R values with nucleocentric distance
or multiple comets as shown in Decock et al. ( 2013 ), these two
egions correspond to different effects of quenching. Interestingly
s expected, the G/R values measured for fibres probing two far-
way locations in the coma vary largely. The consistency of the
alues measured for Fibre 1 and Fibre 2 on the other two epochs of
bservation (2018 December 28 and 2019 January 11) elucidate the
ajor effect of collisional quenching in the inner parts of the coma,
ell within 250 km. 
The observed value of G/R in comet 46P, in the sky Fibre, is similar

o what has been reported in Moulane et al. ( 2023 ). The difference
n the values observed in the central Fibre would be a direct effect
f the size of the Fibre used in both observations. Moulane et al.
 2023 ) using a 0.5 arcsec fibre would be looking at the central part
f the coma majorly affected by quenching effects compared to the
.7 arcsec fibre used in this work. Fig. 19 depicts the variation in
/R ratio computed for comet 46P in each fibre at different epochs

eported in this work and Moulane et al. ( 2023 ), as a function of
istance from the photocentre. Similar to the work done by Raghuram
t al. ( 2020 ), Decock et al. ( 2013 ), and Cessateur et al. ( 2016 ), further
odelling is to be incorporated to use this information to understand

etter the phenomenon of quenching and the abundance of H 2 O,
O 2 , and Oxygen in the comet. 
41P : It was seen that the signal in various molecular bands for

omet 41P was too weak to be analysed in depth. Ho we ver, the
trong Oxygen emission along with the high geocentric velocity of
he comet at the time of observation (see Table 2 ) fa v oured the study
f the G/R ratio in both the fibres. During the comet’s 2017 apparition,
oulane et al. ( 2018 ) and Combi et al. ( 2020 ) reports low activity

in both gas and dust) and water production rate, respectively. Hence,
s explained by Raghuram & Bhardwaj ( 2014 ), in this case, it can
e assumed that the region affected by collisional quenching would
e very close to the nucleus. Considering the geocentric distance of
he comet at the time of observation, the central fibre was looking
t a region close to 500 km at the centre of the coma, while the
econd fibre was probing a region about 2357 km away from the
hotocentre. From the computed G/R values for both the fibres (see
able 4 ), it can be inferred that both the central and second fibre
re probing a region free of collisional quenching. Based on the
onclusion provided in Raghuram & Bhardwaj ( 2014 ), these values
ould also be constructively used to constrain the upper limit of
elative abundance in CO 2 present in the comet. 

FWHM analysis of the [O I ] lines: Raghuram & Bhardwaj ( 2014 )
tates that the O( 1 S) transition responsible for the green line is
ajorly controlled by CO 2 production, and the O( 1 D) transition

esponsible for the red doublets are mostly go v erned by the H 2 O
roduction. The mean excess energy released in photodissociation
f CO 2 is higher than in the case of H 2 O (Raghuram & Bhardwaj
013 ). Hence, the line width velocities of the green oxygen lines
easured at the photocentre are often reported to be higher than the

alues estimated from the red doublets with similar intrinsic line
idths (Cochran 2008 ; Decock et al. 2013 ). 
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Figure 18. Green and red doublet [O I ] forbidden lines observed in 46P on 2018 December 28 through the high-resolution mode. 

Figure 19. Illustration of variation in G/R ratio computed for comet 46P in 
each fibre at different epochs reported in this work (black circle points) and 
Moulane et al. ( 2023 ) (red star points), as a function of distance from the 
photocentre (refer Table 4 for respective values). 
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Figure 20. Ratio between the green and the sum of the two red forbidden 
oxygen lines (G/R) in comets 46P, 41P, and C/2015 V2 (reported in this work), 
compared to that measured for a sample of Solar System comets reported in 
Decock et al. ( 2013 ), Cochran ( 2008 ), Furusho et al. ( 2006 ), Capria et al. 
( 2005 ), Zhang, Zhao & Hu ( 2001 ), Smith & Schempp ( 1989 ), Morrison 
et al. ( 1997 ), Cochran ( 1984 ), Furusho et al. ( 2006 ), Cochran & Cochran 
( 2001 ), McKay et al. ( 2012 ), Cambianica et al. ( 2023 ), Opitom et al. ( 2019a ), 
Cambianica et al. ( 2021 ), and the first interstellar comet 2I/Borisov reported 
in Opitom et al. ( 2019b ). Open markers represent short-period comets and 
solid markers represent long-period comets. The vertical dashed line at 3 
AU represents the distance out to which the sublimation of water is strongly 
decreasing (Crovisier & Encrenaz 2000 ). 
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In this work, similar to the reports in other literature (Cochran 
008 ; Decock et al. 2013 ), the measured line widths at the photo-
entre for all comets point to a wider width for the green line (about
 km s −1 higher) in comparison to the red doublets (see Table A1 ).
ig. A1 illustrates the similarity of line width v elocity observ ed for

he red doublets (top panel) and the comparison of the line width
elocity of the green line with the average width of red lines (bottom
anel). 
Decock et al. ( 2015 ) states that the line width velocity of the green

ine drops significantly with nucleocentric distance. Similarly, in this 
ork, the line width velocity of the green line measured in fibres
 and 2 drops and becomes comparable to that of the red doublets.
his is clearly seen in the bottom panel of Fig. A1 , where the open
ircles depicting measurements from fibre 2 show near equi v alent
ine widths for the green and red doublets except for the fibre 2
easurement of V2 on 2017 February 22. This observed higher width 

f green line in fibre 2 for V2 would imply a larger contribution from
O 2 than from H 2 O in comparison to the other epochs where the
omet came closer to the Sun. 
MNRAS 530, 393–404 (2024) 
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The measurements for comet 46P in both fibres for 2018 December
8 show a very high value for the line widths compared to the
ther comets. Considering that 46P was reported to be a hyperactive
omet (Knight, Schleicher & Farnham 2021 ; Protopapa et al. 2021 ;
oulane et al. 2023 ), the higher width of the lines could be a direct

ffect of the higher water production activity (Decock et al. 2015 ).
eeping aside the 46P 2018 December 28 observation, the measured

verage of the velocity widths at the photocentre for all comets
n this work is 2.43 ± 0.28 for the 5577 Å, 1.70 ± 0.33 for the
300 Å line and 1.66 ± 0.38 for the 6364 Å line. Furthermore,
he red doublet intensity ratio is comparable for all the comets,
ith an average of 3.05 ± 0.13 for the sample reported in this
ork. The abo v ementioned findings are in good agreement with

he corresponding values reported in (Cochran 2008 ) for a sample of
 comets and in Decock et al. ( 2013 ) for a sample of 12 comets. 
The G/R values of the comets reported in this work, along with

hose reported for other comets in the literature (see Table A2 ), have
een illustrated in Fig. 20 as a function of the heliocentric distance
t the time of observation. Excluding the values reported for the
nterstellar comet 2I/Borisov, it is clear that the G/R value reduces as
he comet comes closer to the Sun owing to the increased production
f H 2 O. Observations of the ratio for a single comet o v er a large
ange of heliocentric distances would be necessary to identify any
ystematic dependence on heliocentric distance. 

 C O N C L U S I O N  

hile only a small fraction of the known comets have been observed
n the spectroscopic technique, only a few among them have been
bserv ed with v ery high resolution to probe the different vibra-
ional/rotational lines present in the different molecular emission
ands or to compute the G/R ratio and OPR. In this work, we
ave discussed the high-resolution spectroscopy of four comets
riginating from different reservoirs. The specific conclusions of
he work are given below: 

(i) Four comets have been observed and analysed using both
odes of the high-resolution HESP on the 2 m Himalayan Chandra
elescope, Hanle. These are the first comet observations using the
ESP instrument. 
(ii) F or the observ ed comets, we hav e identified the lines present

n the various molecular bands during different epochs. 
(iii) The variation in the strength of the emission lines present in

he different major molecular bands along the orbit of these comets
as been visualized. 

(iv) The green and red doublet forbidden oxygen lines in comets
/2015 V2, 46P, and 41P could be resolved from the telluric
missions and have been analysed to compute their intensities,
ntrinsic line velocity, and G/R ratio. 

(v) The ratio of the red doublet intensity (I 6300 /I 6364 ) measured to
e 3.05 ± 0.13, along with a wider line width of the green line (for
easurements at the photocentre) with average 2.43 ± 0.28 km s −1 

ompared to the red doublet lines, 6300 Å and 6364 Å, with average
.70 ± 0.33 km s −1 and 1.66 ± 0.38 km s −1 , respectively, are seen
o be in agreement to the corresponding values reported in Cochran
 2008 ) and Decock et al. ( 2013 ). 

(vi) The G/R ratio computed for all three comets point to H 2 O
eing a major source of Oxygen emissions. The high G/R values
btained for comets C/2015 V2 and 41P outside the region affected
y quenching could be used to constrain the upper limit of relative
bundance of CO 2 present in them. 
NRAS 530, 393–404 (2024) 
(vii) Comet 46P, having had a historic close approach to Earth,
nabled the analysis of the G/R ratio at two locations in the coma –
ne at the photocentre and the other about 1000 km away. Detailed
nalysis and visualization of the variation in G/R with nucleocentric
istance indicates the strong effects of quenching in the inner coma.
urther modelling, which is beyond the scope of this work, is
ecessary to understand better the phenomenon of quenching and
he abundance of various molecules like CO 2 and H 2 O. 

(viii) The high SNR in 46P high-resolution spectra helped in
robing the different NH 2 bands present. They were used to compute
he OPR to have a general understanding of the spin temperature
resent in the comet. 
(ix) Detailed modelling techniques are to be employed with NH 2 

nd Oxygen line analysis to remo v e all the possible blends to obtain
he accurate line ratios. 
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comparable line width velocities of the red doublets and the bottom 

panel highlights the wider nature of the green line when compared to 
the average width of the red lines. Our study reveals a drop in the line 
width velocities of the green line between fibres 1 and 2, aligning 
the latter values with the widths of the red doublets. This is evident 
in the bottom panel of Fig. A1 , where measurements from fibre 2 
display nearly identical line widths for the green and red doublets, 
except for the fibre 2 measurement of V2 on 2017 February 22. The 
increased width of the green line in fibre 2 for V2 suggests a greater 
contribution from CO 2 compared to H 2 O during this epoch when the 
comet was farther away from the Sun compared to the other epoch. 

Figure A1. Top panel: The correlation of the line width velocities measured 
for the 6300 Å and 6364 Å Oxygen lines; Bottom panel: The correlation 
of the line width velocities measured for the 5577 Å and average of the red 
doublet Oxygen lines. Different comets are marked by different colours, while 
the solid circles depict measurements from fibre 1, and open circles are for 
measurements from fibre 2. 
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PPENDIX  A :  T H E  MEASURED  INTRINSIC  

W H M  A N D  R E D  D O U B L E T  R AT I O S  

The intrinsic line width velocity of the forbidden oxygen green 
nd red doublet lines corresponding to both the fibres were measured 
or all the comets to facilitate the better understanding of the origin
f these lines. The relative intensities of the individual lines, the ratio
f the intensities for the red doublets, and the measured intrinsic line
idth velocities are given in Table A1 . Line width measurements 

t the photocentre for all comets indicate a broader width for the
reen line, approximately 1 km s −1 higher than the red doublets with
imilar line widths. Top panel of Fig. A1 visually demonstrates the 
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Table A1. Measured intensity ratio of the red doublets and intrinsic velocity widths (km s −1 ) for the three forbidden oxygen lines in the spectra of each comet. 

Comet name Date r h � fibre Intensity I 6300 
I 6364 

FWHM intrinsic (km s −1 ) 

(UT) (AU) (AU) 5577.339 Å 6300.304 Å 6363.776 Å 5577.339 6300.304 6363.776 

46P 2018-11-28 1.07 0.13 1 0.28 4.45 1.40 3.16 2.46 ± 0.21 2.14 ± 0.23 2.22 ± 0.21 
2 0.23 4.32 1.46 2.95 1.73 ± 0.30 1.66 ± 0.28 1.70 ± 0.24 

2018-12-28 1.08 0.11 1 0.23 1.60 0.55 2.91 3.55 ± 0.16 2.69 ± 0.18 2.57 ± 0.18 
2 0.04 0.68 0.23 2.96 2.29 ± 0.24 2.17 ± 0.22 2.27 ± 0.21 

2019-01-11 1.13 0.18 1 0.06 1.10 0.35 3.14 2.07 ± 0.25 1.21 ± 0.28 1.21 ± 0.27 
2 0.02 0.34 0.11 3.09 1.92 ± 0.29 1.49 ± 0.28 1.40 ± 0.28 

C/2015 V2 2017-02-22 2.18 1.78 1 – 0.36 0.12 3.00 – 1.75 ± 0.22 1.74 ± 0.21 
2 0.12 0.92 0.30 3.07 2.26 ± 0.29 1.43 ± 0.28 1.47 ± 0.28 

2017-05-02 1.72 0.99 1 0.14 2.56 0.87 2.95 2.42 ± 0.23 1.80 ± 0.25 1.41 ± 0.28 
2 0.08 1.44 0.46 3.13 1.71 ± 0.27 1.63 ± 0.26 1.65 ± 0.24 

41P 2017-02-22 1.23 0.25 1 0.08 0.47 0.14 3.35 2.77 ± 0.20 1.63 ± 0.28 1.75 ± 0.24 
2 0.18 1.62 0.56 2.89 1.16 ± 0.48 1.14 ± 0.38 1.10 ± 0.42 

Table A2. Comets with measured G/R and the corresponding heliocentric distance. The table includes measurements from the literature and the values reported 
in this work. 

Comet r h G/R Reference Comet r h G/R Reference 

46P/Wirtanen 1.06 0.04 ± 0.01 This work C/2009 P1 (Garradd) 3.25 0.205 ± 0.04 Decock et al. ( 2013 ) 
46P/Wirtanen 1.06 0.05 ± 0.01 Moulane et al. ( 2023 ) C/2009 P1 (Garradd) 2.70 0.12 ± 0.02 Decock et al. ( 2013 ) 
41P/T–G–K 1.23 0.10 ± 0.02 This work C/2009 P1 (Garradd) 2.07 0.07 ± 0.003 Decock et al. ( 2013 ) 
116P 2.40 0.15 ± 0.007 Furusho et al. ( 2006 ) C/2002 X5 (K udo-Fujika wa) 1.06 0.1 ± 0.003 Decock et al. ( 2013 ) 
9P/Tempel 1 1.51 0.04 ± 0.01 Decock et al. ( 2013 ) C/2002 Y1 (Juels-Holvorcem) 1.15 0.10 ± 0.01 Decock et al. ( 2013 ) 
73P-C/S-W 3 0.95 0.11 Decock et al. ( 2013 ) C/2007 Q3 (Siding Spring) 2.96 0.20 McKay et al. ( 2012 ) 
8P/Tuttle 1.04 0.05 ± 0.01 Decock et al. ( 2013 ) C/2006 W3 (Christensen) 3.13 0.24 ± 0.08 McKay et al. ( 2012 ) 
103P/Hartley 2 1.08 0.08 ± 0.02 Decock et al. ( 2013 ) C/1999 S4 (LINEAR) 0.80 0.06 ± 0.01 Cochran & Cochran ( 2001 ) 
153P/Ikeya–Zhang 0.89 0.12 ± 0.1 Capria et al. ( 2005 ) C/2020 F3 (NEOWISE) 0.80 0.10 ± 0.01 Cambianica et al. ( 2021 ) 
1P/Halley 1.25 0.08 ± 0.02 Smith & Schempp ( 1989 ) C/2017 K2 (PanSTARRS) 2.80 0.28 ± 0.01 Cambianica et al. ( 2023 ) 
122P/de Vico 0.66 0.08 ± 0.003 Cochran ( 2008 ) C/1996 B2 (Hyakutake) 1.04 0.14 ± 0.02 Morrison et al. ( 1997 ) 
C/2015 V2 (Johnson) 2.18 0.09 ± 0.01 This work C/1996 B2 (Hyakutake) 1.37 0.09 ± 0.01 Cochran ( 2008 ) 
C/2015 V2 (Johnson) 1.72 0.04 ± 0.01 This work C/1999 H1 (Lee) 1.25 0.08 ± 0.01 Cochran ( 2008 ) 
C/2002 V1 (NEAT) 1.22 0.066 ± 0.01 Decock et al. ( 2013 ) C/2006 M4 (Swan) 1.00 0.09 ± 0.01 Cochran ( 2008 ) 
C/2002 V1 (NEAT) 1.01 0.096 ± 0.01 Decock et al. ( 2013 ) C/2001 A2 (LINEAR) 1.35 0.11 Cochran ( 2008 ) 
C/2002 V1 (NEAT) 0.98 0.09 Cochran ( 2008 ) C/1983 H1 (IRAS Araki) 1.02 0.03 ± 0.01 Cochran ( 1984 ) 
C/2001 Q4 (NEAT) 0.98 0.09 ± 0.02 Cochran ( 2008 ) C/1995 O1 (Hale-Bopp) 0.95 0.2 ± 0.02 Zhang, Zhao & Hu ( 2001 ) 
C/2001 Q4 (NEAT) 3.70 0.32 ± 0.02 Decock et al. ( 2013 ) C/2016 R2 (PanSTARRS) 2.80 0.23 ± 0.03 Opitom et al. ( 2019a ) 
C/2002 T7 (LINEAR) 0.68 0.137 ± 0.03 Decock et al. ( 2013 ) 2I/Borisov 2.10 0.31 ± 0.05 Opitom et al. ( 2019b ) 
C/2002 T7 (LINEAR) 0.94 0.1 ± 0.02 Decock et al. ( 2013 ) 2I/Borisov 2.30 0.30 ± 0.10 Opitom et al. ( 2019b ) 
C/2003 K4 (LINEAR) 2.61 0.09 ± 0.01 Decock et al. ( 2013 ) 2I/Borisov 2.60 0.60 ± 0.30 Opitom et al. ( 2019b ) 
C/2003 K4 (LINEAR) 1.20 0.074 ± 0.01 Decock et al. ( 2013 ) – – – –
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