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Abstract

C/2017 K2 (Pan-STARRS) is an Oort cloud comet discovered in May 2017. Ground observations have revealed that this long-period comet was active at heliocentric distance of 35 au. At such a distance, activity cannot be driven by the sublimation or the exothermic crystallization of water ice. We assume that the activity of comet C/2017 K2 may be driven by the sublimation of super-volatile ices such as CO and CO2. The nature of parent molecules driving the unprecedented activity of comet C/2017 K2 can be investigated by analyzing its spectrum. In particular, the analysis of atomic oxygen emission lines and the calculation of the green (5577.339 Å) to red (6300.304 and 6363.776 Å) line intensity ratio (hereafter G/R) can reveal the nature of molecules driving cometary activity. We report on the detection of atomic oxygen lines in the spectra of comet C/2017 K2 (Pan-STARRS) from high-resolution spectra obtained at the Telescopio Nazionale Galileo (TNG) on 24 June and 2 July 2022 using the High Accuracy Radial velocity Planet Searcher North (HARPS-N) echelle spectrograph. We found G/R ratios equal to 0.29±0.02 (24 July 2022) and 0.27±0.01 (2 July 2022), which are consistent with a cometary activity driven by CO2, even if located at 2.8 au from the Sun. To better define the nature of the driving molecule, we measured the width of the three oxygen lines and found that the green line in the spectrum of 24 July 2022 is wider than either of the two red lines. This allows us to argue that CO2 is dissociated by highly energetic solar photons that produce O(1S) with a large excess velocity.
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1. Introduction
Comets are icy leftovers from the formation of our Solar System that are considered to be the most compositionally pristine objects to result from planetary accretion. Comets are grouped into two classes: short- and long-period comets. The former orbit the Sun in 200 years or less (Levison & Duncan 1994), while the long-period comets show periods greater than 200 years (Vokrouhlickỳ et al. 2019). Analyses of their orbits have suggested two major reservoirs for these objects: the Kuiper Belt (Kuiper 1951) and the Oort cloud (Oort 1950). The Kuiper belt is a region located beyond the orbit of the planet Neptune (at about 30 au) and contains pristine objects whose orbits lie close to the plane of the Solar System (Kuiper 1951). This region is considered to be the reservoir of most of the observed short-period comets. The Oort Cloud is a spherical cloud that may extend up to 50.000–100.000 au from the Sun and is believed to be the source of most of the observed long-period comets (Oort 1950). As a comet approaches the Sun, the rise in temperature causes its ices to sublimate. Water ice is considered as the most abundant cometary volatile responsible for the activity (Bockelée-Morvan et al. 2004) and for this reason, most known comets are active only when they are found inside the orbit of Jupiter. The interpretation of activity in distant comets is more complicated since more volatile ices than water (e.g., CO, CO2) may be involved (Jewitt 2009; Meech et al. 2017; Kulyk et al. 2016; Womack et al. 2017). The distant activity of comets observed traveling outbound from perihelion has been explained in terms of a slow propagation of heat acquired at perihelion and propagation into the nucleus interior (as in the case of comet 1P/Halley, Prialnik & Bar-Nun 1992). On the contrary, for inbound long-period comets approaching the inner part of the solar system from larger distance, the accumulation of heat is not an option. This is the case for the long-period comet C/2017 K2 (Pan-STARRS). On 21 May 2017, the Panoramic Survey Telescope and Rapid Response System (Pan-STARRS, Kaiser et al. 2002) was used to discover of the Oort Cloud C/2017 K2 comet at a heliocentric distance r = 16.1 au from the Sun. Observations of this inbound long-period comet revealed that C/2017 K2 was an active comet at a record heliocentric distance of 15.816 au (Jewitt 2009), and Hui et al. (2017) traced the C/2017 K2 activity back to May 2013 at an unprecedented heliocentric distance of 23.8 au. A photometric analysis of the coma reveal that activity began at heliocentric distance of ∼26 au (Jewitt et al. 2019), but a recent study indicates that comet C/2017 K2 was active at ∼35 au (Jewitt et al. 2021). Such an activity trend represents the largest distant at which an active comet has been observed approaching perihelion (Meech et al. 2009). Since activity at such distance cannot be driven by the sublimation or the exothermic crystallization of water ice, the activity of comet C/2017 K2 is consistent with activity driven by the sublimation of supervolatile ices such as CO (Yang et al. 2021), O2, CO2, and N2 (Jewitt et al. 2017). In particular, Yang et al. (2021) detected the J = 2 − 1 rotational transition of CO in comet C/2017 K2 when inbound at a heliocentric distance of 6.72 au. The corresponding carbon monoxide production rate is QCO = (1.6 ± 0.5)×1027 s−1. This CO production is probably supplied by surface sublimation of CO ice from about 1 km2 surface patch (Yang et al. 2021).
In this context, ground observations of comet C/2017 K2 offer the opportunity to monitor the activity of an Oort Cloud comet approaching the inner part of the solar system and to investigate such unusual cometary activity. In the following sections, we present the results of an observational study of C/2017 K2 at a heliocentric distance of ∼2.8 au carried out with the 360 cm Telescopio Nazionale Galileo (TNG). We focus on atomic oxygen emission lines to investigate the processes responsible for the production of these emissions and to define the nature of the parent source of [OI] by calculating the [OI] green to red-doublet emission ratio and measuring the intrinsic width of the different forbidden lines. The observed atomic green to red-doublet ratio is used as proxy to investigate the nature of the dominant source of these emission lines in comets since the direct measurement of molecules such as CO2 is only possible from space.
2. Atomic oxygen emission lines
The high-resolution spectra of comets can reveal the presence of three important emission lines of atomic oxygen: the green line at 5577.339 Å (1S−1D) and the forbidden red oxygen doublet at 6300.304 and 6363.776 Å (1D−3P) (Feldman et al. 2004). These emissions are due to the electronic transition of oxygen atoms from metastable 1S to 1D and from 1D to the ground 3P state, respectively. In cometary coma, the dissociative excitation of O-bearing neutrals by photoelectrons and photons, followed by a thermal recombination of atomic oxygen ions, are the sources of the O(1S) and O(1D) metastable states (Bhardwaj & Haider 2002; Bhardwaj & Raghuram 2011, 2012). Resonance fluorescence by solar photons is not an effective excitation mechanism for populating these metastable states due to optically forbidden transitions. In particular, the radiative decay of 1D to 3P leads to 6300 and 6364 Å emission lines. The 5% of oxygen atoms excited in the 1S state decay directly to the ground 3P state, yielding 2972 and 2958 Å emission lines. The remaining 95% that are produced in the 1S state decay to the ground 3P state via the 1D state emitting photons at 5577 Å wavelength. Knowledge of the oxygen intensity ratio can improve the understanding of the parent species which give rise to these transition. Atomic oxygen is mainly produced through the photo-dissociation of H2O, CO, CO2 (Festou & Feldman 1981), or even O2 (Cessateur et al. 2016), since other ices (e.g., H2CO) produce oxygen as part of subsequent decay of radicals and not as first product of photodissociation. The green-to-red intensity ratio (G/R) can be expressed as (Cochran & Cochran 2001):
[image: thumbnail](1)
where τ is the dissociative lifetime of the parent molecule, α is the yield of photodissociation, β is the branching ratio, and N is the column density of the parent molecule. In Eq. (1), the assumption is that there is only one parent molecule and the parent column densities are almost the same (Capria et al. 2008). Thus, the column densities of the parent in the numerator and denominator in Eq. (1) are identical and the effective excitation rate for photodissociation of a parent molecule is proportional to τ−1αβ. Typical values of excitation rates are given in Table 2. Festou & Feldman (1981) have also provided branching ratios for the O(1S) and O(1D) metastable state of oxygen. In particular, the branching ratios of the O(1S) state are: undefined (5577 Å), 0.76 (6300 Å), and 0.24 (6364 Å). The branching ratios of the O(1D) state are: 0.95 (5577 Å), 0.72 (6300 Å), and 0.23 (6364 Å). Bockelée-Morvan et al. (2004) showed that comets around 1 au have H2O as the principal constituent in the cometary coma and, following Table 2Festou & Feldman (1981) proposed that if the parent source of [OI] prompt emissions is H2O in observed comets around 1 au, the green-to-red-doublet emission intensity ratio should be equal to 0.1. Conversely, the calculated green-to-red-doublet ratio of more than 0.1 is attributed to a higher relative abundances of CO2 and CO (Festou & Feldman 1981; Delsemme 1980).
3. Observations and data reduction
Two high-resolution spectra of comet C/2017 K2 were obtained on 24 June and 2 July 2022 using the High Accuracy Radial velocity Planet Searcher North (HARPS-N) echelle spectrograph (with the director’s discretionary time (DDT) program A45DDT3). In Table 1, we report the observing circumstances at the moment of observations. The spectrograph is fiber-fed by two fibers with an aperture of 1 arcsec each at the Nasmyth B focus of the 360 cm TNG, covering the wavelength range between 383 nm and 693 nm, and with a resolving power of R = δ/Δ(δ) = 115 000 (2.61 km s−1). The spectra were reduced in near real-time by using the HARPS-N Data Reduction Pipeline1, which implements the classical spectral extraction method from Horne (1986). The initial image processing of the extraction pipeline consists in the pixel-by-pixel subtraction of a bias image computed on the over-scan regions of the frame to eliminate the signal that is recorded by the detector in the absence of incoming light. The bias subtraction is followed by the spectrum extraction, flat fielding, and wavelength calibration. The extracted order spectra are then divided by the blaze function and the blaze-corrected individual orders are then combined into a single spectrum. To correct the 1D spectra we similarly reduced the HR7596 standard star spectrum and derived the instrumental response function. Spectra show telluric absorption lines at 6300 Å. Since this effect can lead to an underestimation of the [OI] line intensities, we removed the telluric absorption lines and subtracted the solar continuum contribution using the 16CygB solar analogue, degraded at the same spectral resolution of comet C/2017 K2. The solar analogue has been corrected for the comet’s Doppler shift and its radial velocity. Another contribution to the comet solar continuum is the background radiation by the Moon. In this case we consider such contribution negligible as the Moon was at 110° from the comet at the moment of observations. Both spectra have been corrected, taking into account the seeing effect (seeing: 0.9″ 24 June 2022, 1.1″ 2 July 2022). In order to use Eq. (1), we corrected the effect by collisional quenching on the measured [OI] line intensity. We estimated the ratio between the number of molecules given by a pure Haser density profile and by a Haser profile corrected for collisional quenching, according to the model of Bodewits et al. (2016). We investigated the trend of the correction factor using a H2O production rates from 1022 to 1030 s−1. In the case of comet C/2017 K2, we considered the maximum correction factor (1.5) associated with the maximum H2O production rate value (1030 s−1) to investigate the worst-case scenario. The adopted value of the correction factor allows us to conclude that the collisional quenching is not a significant loss process for [OI].
Table 1. 
Observing parameters at the moment of observations.

4. Results
We analyzed two HARPS-N spectra of C/2017 K2 (Pan-STARRS) obtained on 24 June and 2 July 2022 and identified the emission of the forbidden green oxygen line at 5577.31 Å and the strong red doublet emission of [OI] at 6300.31 Å and at 6363.78 Å (see Fig. 1).
	[image: thumbnail]	Fig. 1. C/2017 K2 (Pan-STARRS) forbidden oxygen emission lines in the spectra of 24 June and 2 July 2022.



4.1. G/R ratio
To determine the main parent molecule of the oxygen atoms in comet C/2017 K2, we computed the green-to-red-doublet ratio for both calibrated spectra in which the three emission lines are clearly visible and separable from the telluric lines. The relative intensity of the green line in the spectrum of 24 June 2022 is 135.91, while the relative intensities of the red lines are 282.23 and 122.94, respectively. These values lead to a resulting G/R ratio of 0.29±0.02. The relative intensity of the green line in the spectrum of 2 July 2022 is 128.67, while the relative intensities of the red lines are 289.74 and 124.55, respectively (see Fig. 1). In this case, the resulting G/R ratio is equal to 0.27±0.01. The measured oxygen line ratios are corrected for collisional quenching. We estimated the ratio between the number of molecules given by a pure Haser density profile and by a Haser profile corrected for collisional quenching, according to the model of Bodewits et al. (2016). Using the value of Festou & Feldman (1981), we can conclude that both ratios are not consistent with water as the main parent of the oxygen. In fact, data taken at heliocentric distance < 2 au show that the G/R ratio average value equal to 0.09±0.02 (Decock et al. 2013) is in good agreement with the ratio for H2O as the parent molecule (Bhardwaj & Raghuram 2012; Festou & Feldman 1981). The higher values of the G/R in K2 can be explained by the increasing contribution at large heliocentric distances of other parent molecules producing oxygen atoms. Because of lower ice-sublimation temperatures, beyond 3 au (Crovisier & Encrenaz 2000), the cometary coma is dominantly composed of CO2 and/or CO.
4.2. Line widths
In addition to measuring the line intensities for the oxygen lines, we also measured the intrinsic width of the forbidden oxygen lines (based on the full width at half maximum, FWHM) by fitting a Gaussian profile using the IRAF2 software. The intrinsic FWHM is corrected for the instrumental width according to the equation [image: equation], using the FWHM of the Th–Ar wavelength calibration lines. The obtained intrinsic FWHMs are transformed into velocity (km s−1) using Eq. (2), that is:
[image: thumbnail](2)
where λn corresponds to the wavelength of forbidden emission line. The measured and intrinsic widths are presented in Table 3. Error estimates for the measured FWHM are based on a Poisson statistics model of the data. In particular, the pixel value sigma is defined by [image: equation], where I is the pixel value, σ0 is the constant Gaussian sigma and represents the root mean square (rms) of the data values, and InvGain represents the noise near the continuum. The Gaussian fit error estimates is computed by Monte-Carlo simulation. One thousand simulations are created in which random Gaussian noise is added to the noise-free spectrum based on the pixel sigmas from the noise model. The model fitting is done for each simulation and the absolute deviation of each fitted parameter to model parameter is recorded. As expected, the two red line widths are equal within the errors since both lines are transitions from the O(1D) state to the ground state. In addition, the analysis shows that the [OI] cometary green line is broader than the [OI] red lines. This result is consistent with other observations made in other comets (Cochran 2008; Raghuram et al. 2020) and can be explained by the excess velocity of oxygen atoms acquired during the CO2 photodissociation.
5. Discussion and conclusions
Two high-resolution spectra of the Oort cloud comet C/2017 K2 (Pan-STARRS) were obtained on 24 June and 2 July 2022 by using the High Accuracy Radial velocity Planet Searcher North (HARPS-N) echelle spectrograph. The high resolution of the obtained spectra allowed to observe the three [OI] forbidden oxygen lines and measure the G/R = I5577/(I6300 + I6364). Our comparison of the obtained G/R ratios (0.29±0.02 and 0.27±0.01, respectively) with theoretical values (given in Table 2), we can confirm that H2O is not the main parent molecule photodissociating to produce oxygen atoms. At large heliocentric distances (> 2 au), the sublimation of water significantly decreases and comet activity is dominated by the sublimation of ices like CO and/or CO2 (Crovisier & Encrenaz 2000). Since K2 was located at heliocentric distance > 2.5 au, the best candidate for producing oxygen is CO2. To investigate the reliability of this result, we measured the FWHM(ν) of the lines. We found that the intrinsic green line width in the spectrum of 24 June 2022 is wider than the red ones (the green line width in the spectrum of 2 July 2022 cannot be accurately measured due to the large uncertainty, as shown in Table 3). This trend is mainly due to the photodissociation of CO2 that occurs in high-energy photons and results in O(1S) having a large excess mean velocity. By comparing the G/R ratio of C/2017 K2 with data from other comets analyzed by different authors and summarized in Decock et al. (2013), we noticed that K2 has a ratio that is much higher than other comets, with values around 0.1. Figure 18 in Decock et al. (2013) shows the G/R intensity ratio as a function of heliocentric distance for 18 comets. We modified the figure (see Fig. 2) including the G/R intensity ratios found for comet K2. Considering the data at heliocentric distance < 2 au, the average value of the G/R ratio is 0.09±0.02. The data at heliocentric distance > 2.5 au show a rapid increase in the G/R intensity ratio. The high value of G/R in Q4 could be explained by the increasing contribution of ices like CO and/or CO2 producing oxygen atoms. Decock et al. (2013) investigated the contribution of both ices in producing oxygen atoms in comets and, following Bhardwaj & Raghuram (2012), demonstrate that CO2 is the main contributor to the G/R ratio at the heliocentric distance limit of 2.5 au (Decock et al. 2013; Ootsubo et al. 2012), supporting what is found by the analysis of the forbidden oxygen lines in the spectra of comet K2.
	[image: thumbnail]	Fig. 2. G/R intensity ratio as a function of the heliocentric distance (AU). The same symbol is used for the different spectra of each comet. All points except C/2017 K2 (Pan-STARRS) are taken from Decock et al. (2013). The vertical line represents the distance out to which the sublimation of water is strongly decreasing (Crovisier & Encrenaz 2000).



Table 2. 
Excitation rates for dissociation (Bhardwaj & Raghuram 2012).

Table 3. 
Observed relative intensity and line widths of forbidden atomic oxygen emissions in C/2017 K2.



1 https://www.tng.iac.es/instruments/harps/#harps_pipeline


2 IRAF is a tool for the reduction and the analysis of astronomical data (http://iraf.nao.ac.jp/).
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      Observing parameters at the moment of observations.
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Notes. Right ascension (RA), Declination (Dec), geocentric distance (Δ), geocentric velocity ([image: equation]), exposure time, and airmass are reported.
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      Table 2. 

      Excitation rates for dissociation (Bhardwaj & Raghuram 2012).

      
        


	Parent
	Excitation rate
	Excitation rate
	Ratio



	
	s−1 at 1 au
	s−1 at 1 au
	O(1S)/O(1D)





	
	O(1S)
	O(1D)
	



	




	H2O
	6.4 ×10−8
	8.0 ×10−7
	∼0.1(a)



	CO
	2.2 ×10−10
	5.1 ×10−8
	∼1(a)



	CO2
	7.2 ×10−7
	1.2 ×10−6
	∼1(a), ∼0.3(b)





      

      
References. (a)Festou & Feldman (1981), (b)Delsemme (1980).
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      Observed relative intensity and line widths of forbidden atomic oxygen emissions in C/2017 K2.
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	[OI] 6300
	282.23
	0.0727±0.0021
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	0.0688±0.0026
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	24-06-2022
	[OI] 6364
	122.94
	0.0693±0.0061
	1.96±0.17



	2-07-2022
	[OI] 6364
	124.55
	0.0768±0.0071
	2.17±0.21
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