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Abstract

The cyano radical (CN) is one of the most frequently remotely observed species in space, and is also often observed in comets. Data for the inner coma of comet 67P/Churyumov-Gerasimenko collected by the high-resolution Double Focusing Mass Spectrometer (DFMS) on board the Rosetta orbiter revealed an unexpected chemical complexity, and, recently, also more CN than expected from photodissociation of its most likely parent, hydrogen cyanide (HCN). Here, we derive abundances relative to HCN of three cometary nitriles (including structural isomers) from DFMS data. Mass spectrometry of complex mixtures does not always allow isolation of structural isomers, and therefore in our analysis we assume the most stable and abundant (in similar environments) structure, that is HCN for CHN, CH3CN for C2H3N, HC3N for C3HN, and NCCN for C2N2. For cyanoacetylene (HC3N) and acetonitrile (CH3CN), the complete mission time-line was evaluated, while cyanogen (NCCN) was often below the detection limit. By carefully selecting periods where cyanogen was above the detection limit, we were able to follow the abundance ratio between NCCN and HCN from 3.16 au inbound to 3.42 au outbound. These are the first measurements of NCCN in a comet. We find that neither NCCN nor either of the other two nitriles is sufficiently abundant to be a relevant alternative parent to CN.
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1 Introduction
The CN radical is thought to be a key-species in the evolution of prebiotic molecules and its abundance in various stellar and interstellar environments is well established from remote observations (Herbst & van Dishoeck 2009; van Dishoeck 2014). Hänni et al. (2020) reported the first in situ detection of the CN radical in comet 67P/Churyumov-Gerasimenko (67P hereafter). These latter authors showed that the abundance of CN cannot be explained by photodissociation of HCN alone. These results are consistent with various previous remote observation studies of other comets, for example of 6P/d’Arrest observed by Dello Russo et al. (2009). The first comet showing this discrepancy was C/1983 H1 (IRAS-Araki-Alcock), observed by A’Hearn et al. (1983); Bockelée-Morvan et al. (1984). Haser model (cf. Haser 1957) calculations showed that for certain comets, production rates of CN and HCN are not compatible (Bockelée-Morvan & Crovisier 1985; Fray et al. 2005; Dello Russo et al. 2016). Because of the quantum yield of 0.97 of the HCN photodissociation into CN, production rates of the two molecules in comets should be of the same order of magnitude1. Half of Fray’s sample of eight comets showed inconsistent production rates and the full sample showed shorter CN formation scale lengths than the HCN destruction scale length, especially below 3 au. Possible additional or alternative parents of CN should therefore have higher photodissociation rates than that of HCN, which was estimated by Crovisier (1994) to be 1.5 × 10−5 s−1 and by Huebner et al. (1992) to be 1.26 × 10−5 s−1 at quiet Sun conditions at 1 au. The situation appears slightly different if production rates obtained from infrared (IR) spectroscopy are considered, such as those reviewed by Dello Russo et al. (2016), because the IR-based HCN production rate is significantly higher for some comets than the radio-based one. The origin of the observed discrepancies is the topic of ongoing debate. However, Dello Russo et al. (2016) also reported incompatible CN and HCN production rates for 7 out of the 21 comets investigated. These latter authors suggest grains as the possible origin of the unexplained portion of CN; cf. also Hänni et al. (2020). Alternatively, many volatile candidate molecules have been suggested. However, the origin of CN in comets where HCN cannot be its sole parent remains to be found. Cyanogen, already mentioned by Swings & Haser (1956), ranks high among the candidates as it is a simple molecule that photodissociates into two CN radicals. For this reason, and because of the lack of experimental values, the quantum yield of cyanogen photodissociation into CN is often assumed to be equal to two (e.g., Bockelée-Morvan & Crovisier 1985). The reported photodissociation rates vary. Bockelée-Morvan & Crovisier (1985) determined a photodissociation rate of 3.08 × 10−5 s−1. Other possible candidate molecules that may produce CN upon photodissociation are the two nitrile species CH3 CN and HC3 N. Fray et al. (2005) review the photochemical properties of these two molecules. The CN production rate from CH3 CN photodissociation is likely to be 100 times lower than from HCN photodissociation and hence on the order of 1 × 10−7 s−1. This results from a photodissociation rate of 6.68 × 10−6 s−1 (Bockelée-Morvan & Crovisier 1985) when the quantum yield is taken into account. For the vacuum ultraviolet region, Kanda et al. (1999) reported that CN production is a minor dissociation channel and that the corresponding quantum yield may be lower than 0.02. HC3N seems to have a higher photodissociation rate. Values of between 2.8 ×10−5 s−1 and 7.7 ×10−5 s−1 were mentioned by Fray et al. (2005); however, the authors note that the quantum yield may be as low as 0.05 (cf. Halpern et al. 1988). Haser model calculations indicate that NCCN/HCN production rate ratios of between 0.15 and 0.85 and HC3 N/HCN production rate ratios of between 0.2 and 0.7 (under the assumption of a quantum yield equal to 1) could explain the discrepancies in the observed scale lengths2.
When the Rosetta spacecraft reached the inner coma and approached the cometary nucleus of 67P for the first time, a new era of cometstudies began. During the two years of the Rosetta science mission phase, from August 2015 through September 2016, the DFMS, a high-resolution sector-field mass spectrometer that was part of the Rosetta Orbiter Spectrometer for Ion and Neutral Analysis (ROSINA) sensor package (Balsiger et al. 2007), analyzed the neutral composition of 67P’s inner coma from up-close. Comet 67P is a Jupiter-family comet (JFC) with a period of 6.45 yr, a perihelion distance of 1.24 au, and an aphelion distance of 5.68 au. The tilted rotation axis of the comet leads to an inbound equinox in May 2015 at 1.7 au and an outbound equinox in March 2016 at 2.7 au. 67P acquired its current orbit after a close encounter with Jupiter in 1959. Although no reliable orbital parameters exist before 1923 (the year of an earlier encounter with Jupiter), 67P is believed to have resided in the inner Solar System for several thousand years (Maquet 2015). Rosetta was as close as 10 km from the cometary nucleus for the first time in October 2014. At that time, the northern hemisphere was experiencing a long but cold summer. Illumination conditions gradually changed on the inbound trajectory, giving way to a short and intense summer on the southern hemisphere with a peak in outgassing shortly after 67P’s closest approach to the Sun.
Bulk abundances of CH3CN and HC3N relative to water were derived by Rubin et al. (2019) from data collected in May 2015 (at approximately 1.6 au) over the southern hemisphere: (0.0059 ± 0.0034)% and (0.00040 ± 0.00023)%, respectively. These species are frequently observed in comets (e.g., Bockelée-Morvan & Biver 2017). For cometary cyanogen, mentioned for the first time in Altwegg et al. (2019), no abundance was derived for 67P, or for any other comet previously. Despite intense searches, until now, Titan’s atmosphere is the only other Solar System environment where this molecule has been identified (e.g., Kunde et al. 1981; Teanby et al. 2006, 2009).
In this article, we derive an abundance of cometary cyanogen relative to hydrogen cyanide for the first time, namely from in situ data collected in the inner coma of comet 67P by the ROSINA/DFMS. The strategy pursued regarding data analysis is described in Sect. 2. Subsequently, the results are presented in Sect. 3 together with the full mission data for cyanoacetylene and acetonitrile and in Sect. 4 we discuss these in the context of values published for other astrophysical environments.
2 Instrumentation and method
The DFMS and its fully identical laboratory twin were built in the Mattauch-Herzog geometry (Mattauch & Herzog 1934). Details and specifications of the DFMS were given in Balsiger et al. (2007). The instrument was designed to analyze cometary neutrals after electron-impact ionization (EI) with a 45 eV electron beam. Because of the ionization process, the molecules often undergo fragmentation, which has to be taken into account, for instance when neutral density data are to be derived. Although mass spectrometry does in principle allow to distinguish structural isomers based on their fragmentation patterns, which may be different due to the different structural entities of the molecules, this distinction is not possible for nitrile species, primarily because of the lack of reference data. Nitrile species have not been calibrated in the DFMS laboratory twin model at the University of Bern for reasons of toxicity. Consequently, the fragmentation analysis we performed relies on mass spectra from the National Institute of Standards and Technology (NIST) Standard Reference Database Number 69 (Steins 2018) and hence on data acquired with a standard 70 eV ionizing electron beam. It should be noted that lower electron energies (at equal charge density) lead to lower fragment yields. For C3 HN, only data for cyanoacetylene are available3. For C2 H3N, spectra of two isomers are available, namely acetonitrile (CH3 CN) and methylisocyanide (CH3NC). However, these are very similar and can barely be distinguished, especially as the different ionization voltage would expectedly impose (slightly) different signal intensities. The analysis presented here is therefore based on the NIST fragmentation patterns of acetonitrile and cyanoacetylene, which also are the most common isomers for comets (cf. e.g. Mumma & Charnley 2011). Also, for the full mission data for CHN, the fragmentation of the more stable isomer hydrogen cyanide (HCN) is used. Notably, no fragmentation data are available for its isomer hydrogen isocyanide (HNC). For C2 N2, only the mass spectrum of NCCN was measured by Stevenson (1950). NCCN produces a main (molecular ion) peak on m/z = 52 u/e and only small signals on other masses, which are due to fragments and/or isotopologs (roughly 10% combined). Among the four possible structural isomers of C2 N2, the most stable is NCCN. Botschwina & Sebald (1990) reported CNCN and CNNC to be less stable than NCCN by 102 and 302 kJ mol−1, respectively. We therefore consider it reasonable to attribute the C2 N2 signal to NCCN. However, we chose not to correct for fragmentation effects and directly compare the NCCN signal on m/z = 52 u/e (corresponding to 90% of the total intensity due to NCCN) to the HCN signal on m/z = 27 u/e (corresponding to 84% of the total intensity due to HCN).
The data evaluation regarding NCCN had to be performed manually spectrum by spectrum, based on a least-squares fitting routine. This is because the signal intensity was low, often even below detection limit. Moreover, the peak position is overlapping with the CH3 37 Cl signal to the left and with the C3 H2N and also the relatively large C4 H4 signals on the right. Each spectrum has been background-subtracted and mass-scaled prior to fitting. The characteristic peak shape of DFMS is best reproduced with a double-Gaussian peak profile when the second Gaussian (g2) is about 5–10% of the height of the main Gaussian (g1) and about 300–400% of its width (Le Roy et al. 2015; De Keyser et al. 2019). Width and height ratios of the two Gaussians remain constant within one mass spectrum. A typical mass spectrum with an NCCN signal on mass 52 u/e is shown in Fig. 1. For reasons discussed in Sect. 3, the abundance of NCCN was deduced relative to HCN as a neutral density ratio nNCCN∕nHCN. This ratio can be obtained from the ratio of the observed ions per spectrum cNCCN∕cHCN as follows:
[image: equation](1)
where σ denotes the electron-impact ionization cross-section and m denotes the mass of the respective species. The factor [image: equation] is an empirical correction – established based on noble gas calibration measurements with the DFMS laboratory twin instrument – that is meant to account for the mass-dependent instrument sensitivity and detector yield (Calmonte 2015; Wurz et al. 2015; Rubin et al. 2019). The error related to this correction is estimated to be 15–20%. Because of the toxicity of the substances under consideration, EI cross-sections were taken from Pandya et al. (2012) for HCN (approximately 3.4 Å2 at 45 eV) and NCCN (5.1 Å2 at 45 eV). These values yield σHCN∕σNCCN = 0.66, a term used in Eq. (1). This ratio is expected to have low errors as the cross-sections were calculated based on the same method. The respective Binary Encounter Bethe (BEB) values are 4.5 Å2 for NCCN and 3.0 Å2 for HCN, also with a ratio of σHCN∕σNCCN = 0.66.
The total statistical error of the neutral density ratio nNCCN∕nHCN is governed by the relative statistical error of the NCCN signal, while the HCN signal, being orders of magnitude larger, has a negligible contribution4. For very small signals, a 5% error must be added to the statistical error to account for background-subtraction errors and another 10% error to account for fitting errors. Uncertainties related to fragmentation effects and ionization cross-sections are systematic and the according error is estimated to not exceed 20% in total. HCN is normally measured at a lower gain step than the minor species, which adds a 10% systematic error to the ratios (Schroeder et al. 2019). Systematic errors are taken into account in Table 1, where the total error margins are given, but are neglected elsewhere.
The data evaluation procedure applied to derive HC3 N and CH3CN neutral densities was described in great detail by Rubin et al. (2019) and in the literature cited therein. Unlike for NCCN, the number of ions per spectrum, which was used as a starting point for the analysis presented in this work, was derived without applying a mass scale. Fragmentation effects have also been considered. The statistical error of the neutral density of a moderately abundant species like HCN is approximately 10%. In order to obtain the total error, the systematic errors indicated above have to be included.
	[image: thumbnail]	Fig. 1 Example mass spectrum collected on 15 March 2016 (10:59 am) of mass 52 u/e –the mass of the molecular ion of NCCN– in the DFMS neutral gas mode. The sum-curve of the two Gaussians (g1+g2) is plotted with a dashed black line for each peak while the overall fit is shown with a solid black line. Error bars indicate statistical error margins.



Table 1 
Abundances of the targeted nitrile species relative to HCN as resulting from our analysis of ROSINA/DFMS data from 67P and other astrophysical environments.

3 Results
In several spectra collected between 13 and 16 March 2016, just when 67P reached its outbound equinox, the mass spectrometric signature of NCCN was clearly observed. Notably, the abundance of species may be highly variable on short timescales, for example due to the spacecraft trajectory or due to variability of the coma itself. This is obvious from Fig. 2, which shows the uncorrected number of ions collected on mass 52 u/e during the indicated time period. On 13 March, the signature of NCCN is not detectable and also the C4 H4 signal is often rather weak. The situation completely changes within a day and the signature of NCCN becomes clearly apparent. Based on these data we investigated correlations with other coma species. The resulting Pearson correlation coefficients are listed in Table A.1. Relatively good correlation (R = 0.8 or higher) of the NCCN signature is observed with only a few species, HCN among them. For most of the other species, for which we have data available, the correlation is either weak or nonexistent. We therefore chose to use HCN as a reference species. There may be various reasons why the NCCN and the HCN signals correlate quite well along longitude and latitude of the comet, such as the high volatility, the shared nitrile functionality, or maybe even a similar formation route from CN. Agúndez et al. (2018) recapitulate that both CNCN (not barrierless) and NCCN (barrierless) in dark clouds may be formed from CN + HNC (the reaction CN + HCN is known to possess an energy barrier). As observed for other comets (e.g., Mumma & Charnley 2011), it is likely that also for 67P a (presumably small) portion of the HCN observed by DFMS is actually HNC. For reasons detailed in Sect. 2, structural isomers with identical exact masses cannot always be distinguished and we therefore assumed the observed molecules to have the structure of the most stable isomer.
Thanks to the good correlation of NCCN and HCN, we were able to successfully locate periods where the NCCN signature was detectable, namely by looking at periods where the HCN abundance peaks. This is illustrated in Fig. 3 (top), which shows the HCN signal cHCN during the full Rosetta mission time. Days where the signature of NCCN was found are indicated by black bars. Data from these days were evaluated as described in Sect. 2 in order to extract the neutral density ratio nNCCN∕nHCN as shown in Fig. 3 (bottom). The full mission data of the neutral abundance ratios [image: equation] and [image: equation] are included. Although the correlation of NCCN and HCN was good in March 2016, the dependence on heliocentric distance is obviously different for the two species, which is a phenomenon widely known for various cometary species. However, based on mass spectrometric data we cannot fully exclude that, first, the signal assigned to HCN is only due to hydrogen cyanide and does not contain contributions from hydrogen isocyanide and, second, a possible contribution of the isocyanide would be time-independent. A time-variable contribution of hydrogen isocyanide (if it fragments differently from its isomer) in principle could be responsible for such variations of the abundances relative to HCN to a certain extent (cf. e.g., Mumma & Charnley 2011). The same is true for possible contributions of isomers of the other nitrile species. Also, the CH3 CN relative abundance, which generally displays less variation because of a better correlation with HCN, clearly varies around the average value of the [image: equation] ratio of 0.083 with peak values around 67P’s perihelion passage. The same trend is observed for both of the other nitrile species, HC3 N and NCCN, which vary more pronouncedly. While ratios around perihelion passage are clearly above average (average [image: equation]; average nNCCN∕nHCN = 0.00078), ratios far away from it are rather below average. The difference between the high and low values is more than an order of magnitude. The large scatter of the [image: equation] values for 67P, indicating the comparably poor correlation with HCN, leads to identical averages for the full mission as compared to the time around perihelion. The average relative abundances of the nitrile species presented in this work are summarized in Table 1, including bulk abundances from Rubin et al. (2019) where available, as well as values reported for other astrophysical environments (to be discussed in Sect. 4). The bulk values from Rubin et al. (2019) represent the outgassing as observed between the end of May and beginning of June 2015. The values for [image: equation] found by Rubin et al. (2019) are consistent within error limits with the averages presented in this work, while their [image: equation] is clearly falling below. Still far from the Sun (at approximately 3.1 au in November 2014), Le Roy et al. (2015) derived a ratio of CH3 CN/HCN of 0.066 for the northern hemisphere and 0.025 for the southern hemisphere, which bracket the bulk value from Rubin et al. (2019). At that time, only an upper limit for HC3N could be derived. However, momentary outgassing, as captured for instance by Rubin et al. (2019) or Le Roy et al. (2015), may well differ from a full mission average and also from the integral over the full mission time, as presented by Läuter et al. (2020). The latter authors derived abundances of 14 major coma species relative to water based on an inverse coma model and ROSINA/DFMS data. Their Fig. 5 compares their findings to the relative abundances from Rubin et al. (2019; amongst others), demonstrating reasonable consistency.
Based on the data presented in Fig. 3 (bottom), the heliocentric distance dependence of the species targeted in this work can be obtained. This is usually achieved by fitting a power law to the slope of the production rate of a given species as a function of the heliocentric distance rh . The abundance of a species X relative to HCN, as derived in this work, is proportional to its production rate relative to HCN. Therefore, the slope of the production rate of species X relative to HCN corresponds to the difference between the two individual slopes. Using the same time periodsIa, Ib , and Ic as Läuter et al. (2020), we obtained the exponents xa, xb , and xc from fitting the following power law to our data:
[image: equation](2)
Adding to x the appropriate power-law exponent for HCN reported in Table 4 of Läuter et al. (2020) yields the desired power-law exponent of the heliocentric distance dependence of our species X, that is of CH3CN and HC3N (albeit withless confidence). The same procedure was applied to the CN data from Hänni et al. (2020). The NCCN data are unfortunately too limited for such a fitting. However, as nNCCN∕nHCN seems to follow [image: equation] quite well, a similar heliocentric distance dependence can be expected. Table 2 summarizes the accordingly derived power-law exponents for the distinct time periods I, including those for HCN, H2O, and CO2 found by Läuter et al. (2020). Notably, the correlation coefficients for period Ic are rather low (R ≈ 0.6 for CH3CN and CN, less for HC3N). Nevertheless, they are even lower for the other periods, especially for period Ia , which reflects the large scatter of the data. Läuter et al. (2020) used period Ic to group molecules into two groups, one that follows CO2 and one thatrather follows H2O. Using the same criteria, CH3CN and HC3N fall into the H2O group rather than into the CO2 group. This seems to suggest that they are embedded in a water-ice matrix. CN, in contrast, follows a positive exponent in time period Ic , making an origin of CN from one of the considered nitrile molecules highly unlikely. However, the positive exponent of CN could be the result of the interdependence between cometocentric and heliocentric distance. For a direct comparison, Fig. 3 also includes the lower limit5 neutral density ratio nCN∕nHCN, as derived and reported by Hänni et al. (2020) and used for fitting the power-law exponents listed in Table 2.
Returning to the initial question regarding the search for alternative or additional parent species of the CN radical, the following can be stated on the basis of our analysis of relative abundances: in the first few months of the Rosetta science mission, HC3N and NCCN abundances on the order of 0.1% or less relative to HCN fall far below the minimum relative abundance of 10–20%, as required by the Haser modeling of Fray et al. (2005). Remember that CH3CN can be ruled out as parent species due to unfavorable photochemical properties, despite its higher abundance of up to about 10% relative to HCN. Also, abundances of HC3N and NCCN relative to HCN are at least two orders of magnitude lower than the abundance of CN relative to HCN. Judging from the photorates of the targeted species, the assumed gas velocity of a little less than 1 km s−1, and the fact that ROSINA/DFMS data were collected at a few tens of kilometers above the cometary surface, parent species cannot be less abundant than daughter species. An exemplary estimation of HCN photodissociation at cometocentric distances relevant for Rosetta and at heliocentric distances relevant for 67P may be found in Hänni et al. (2020). Also, the approximate factor of two between some radio and IR HCN production rates – compare for example Fray et al. (2005) to Dello Russo et al. (2016) – does not substantially change the picture. On the contrary, the fact that the relative CN abundance from Hänni et al. (2020) is considered a lower limit rather increases the discrepancy. The fact that the situation gradually changes towards the outbound equinox, where nCN ∕nHCN reaches a minimum, is due to the different heliocentric distance dependence of these species relative to HCN (cf. discussion above and Table 2). While the relative abundance of CN decreases, reaching a minimum around the time of the outbound equinox in March 2016, the relative abundances of the nitriles studied in this work peak around perihelion.
	[image: thumbnail]	Fig. 2 Number of ions per spectrum cX, where X denotes the species observed on mass 52 u/e (i.e., CH3
37 Cl, NCCN, and C4H4). The underlying data were collected in the four days between 13 and 16 March 2016, including the day of the outbound equinox on 16 March 2016. Counting symbols on the x-axis mark times of analyzed spectra. HCN data has been evaluated in an automated data evaluation pipeline and time-interpolated as described in Rubin et al. (2019). Error bars indicate statistical errors.



	[image: thumbnail]	Fig. 3 Top: number of ions per spectrum of HCN (cHCN; with 30% error bars and fragmentation not taken into account) during the full Rosetta science mission as derived by Rubin et al. (2019). The cometocentric distance (r) is over-plotted (solid blue line) together with the days when NCCN was found (black vertical bars). Bottom: neutral density ratio of species X with respect to HCN (nX ∕nHCN), where X is CH3CN, HC3 N, NCCN, and CN (from Hänni et al. (2020) for comparison). The respective total mission average values are included as solid horizontal lines for the nitriles investigated in this work. The inbound equinox (5 May 2015), perihelion (13 August 2015), and the outbound equinox (16 March 2016) are indicated (orange vertical bars) together with the heliocentric distance (rh ; solid blue line). The period from May to September 2015 used to derive the close-to-perihelion values in
Table 1 is indicated in pale red. The data shown here for cyanogen are also listed in Table B.1. Statistical error bars are omitted for visual clarity (except for NCCN). An impression can be obtained for the case of
nCN ∕nHCN
from Fig. 4 (top) in Hänni et al. (2020).



Table 2 
Power-law exponents for CH3CN, HC3 N, and CN for three time intervals I.

4 Discussion
Having derived a relative abundance of cyanogen for the first time and having followed this and the relative abundances of two other nitrile species during the full Rosetta mission phase, this section compares our results to other astrophysical environments where the targeted species were observed. A selection of values can be found in Table 1. For the following discussion, it is important to remember that absolute abundances of molecules with multiple isomers derived from ROSINA/DFMS data should be considered as upper limits. This is due to the fact that other isomers, besides the most likely one considered in the data evaluation processes for this work, may contribute to the observed signal. However, because this is the case for all of theinvestigated nitrile species (incl. HCN), the effect is probably compensated at least partially when abundance ratios are considered.
4.1 Comparison to other comets
Unlike the smaller and less active JFC 67P, the large and active Oort cloud comet (OCC) Hale-Bopp shows very similar relative abundances of HC3N and CH3CN. HC3N is less abundant in 67P than in Hale-Bopp, while CH3CN is more abundant close to the Sun. Nevertheless, the full mission average of this latter species matches the value from Hale-Bopp exactly. Hale-Bopp was observed between 0.9 and 1.2 au and hence the solar flux must have been considerablyhigher than for 67P between 1.24 and 1.74 au. This, together with the heliocentric distance dependence of [image: equation], could (at least partially) explain the higher HC3N/HCN ratio for Hale-Bopp (at about 1 au) than for 67P (at about 1.5 au). HCN itself is less abundant relative to water in 67P than in Hale-Bopp by almost a factor of two, comparing Rubin et al. (2019) and Bockelée-Morvan et al. (2000). Notably, the HCN abundance measured with radio spectroscopy is lower than the one measured with IR spectroscopy by a factor 1.4 for Hale-Bopp, meaning that CH3CN/HCN and HC3N/HCN may be overestimated (assuming that other nitriles are not similarly biased).
Anothercomet for which the relevant abundance ratios have been determined is the OCC C/2014 Q2 (Lovejoy). Using the 30-m telescope of the Institut de Radioastronomie Millimétrique (IRAM), Biver et al. (2015) observed this comet at a heliocentric distance of 1.3 au, very similar to the perihelion distance of 67P. The authors identified 21 molecules and retrieved production rates6 , including those of HCN, CH3CN, and HC3N. The CH3CN/HCN ratio in comet C/2014 Q2 in particular closely matches that in 67P. However, the HC3N/HCN ratio found by these latter authors is roughly double that found in this work.
Bockelée-Morvan & Biver (2017) review abundances of the targeted nitriles relative to water by giving a range for a sample of more than ten comets. Interestingly, the range of relative abundances reported for HC3N/H2O includes and exceeds the range of relative abundances reported for CH3CN/H2O. This overall picture does not change when the comparably narrow range of values of HCN abundances relative to water is taken into account: There is a (smaller) portion of comets where HC3N is more abundant than CH3CN and a (larger) portion where it is similarly or less abundant. 67P and C/2014 Q2 clearly belong to the latter group of comets, while Hale-Bopp is borderline. The cause of the large scatter of the relative abundance values of HC3N in comets is under debate.
4.2 Comparison to the interstellar medium
A similar scenario was deduced from observations of a sample of protoplanetary disks by Bergner et al. (2018): while the abundances of CH3CN relative to HCN cover a narrow range of roughly 2–6 per cent, those of HC3N relative to HCN cover a broad range of a few to more than 120 per cent (cf. their Fig. 12). For CH3CN/HCN, the assumption of lower rotational temperatures leads to values more similar to what is observed for comets, while for HC3N/HCN the opposite is the case. This leads to disk average abundances of CH3CN relative to HCN and for a rotational temperature of 30 K that are comparable to the Rosetta full mission average reported here. The average from the comet’s southern hemisphere (that is from around the perihelion of 67P) is somewhat higher. However, for HC3N/HCN, even the values for the highest rotational temperature of 70 K are still an order of magnitude higher than the values we report for 67P. This depletion of HC3N relative to HCN, when comparing 67P to Bergner’s disk sample, remains unexplained, although it is observed for other comets, such as for instance for comet C/2014 Q2. The relative abundances of the two nitriles in the comet Hale-Bopp are close to 8%, thus rather compatible with Bergner’s disk sample, at least when opposing rotational temperatures are assumed as is the case for the disk averages shown in Table 1. Notably, Bergner et al. (2018) mention that the rotational temperature effectively measured for HC3N/HCN in one of the disks is 50 K, making it reasonable that a rotational temperature of 30 K leads to overestimation of the ratio.However, comparison of the nitrile abundances in 67P to those in the vicinity of the low-mass protostar IRAS 16293-2422 B (Drozdovskaya et al. 2019) leads us to the conclusion that, while HC3N/HCN is similarly abundant, CH3CN/HCN is overabundant in the protostar. Generally, comparison to disk observations is limited by the fact that often the midplane, where comets are most likely formed, cannot be observed due to optical thickness.
Unfortunately, direct remote spectroscopic observations of NCCN are hampered by its lack of allowed rotational transitions and very low vibrational band strength (Crovisier 1987). Therefore, Agúndez et al. (2015, 2018) proposed the use of NCCNH+ (protonated cyanogen) or CNCN (isocyanogen) as proxies. Based on the detection of CNCN, NCCNH+, C3 N, CH3CN, C2 H3CN, and H2CN in the prestellar core L1544, Vastel et al. (2019) developed a chemical network to explain the observed abundances.The main cyanogen production pathways considered in the network are the CN + HNC and N + C3 N reactions in the gas phase. Their calculations yield an NCCN gas phase abundance a factor 100 larger than that of its isomer CNCN. Although the modeled column density of NCCN in the gas phase is comparable to that of HCN, its modeled grain surface abundance seems to be relatively low. Judging from what we learned about comet 67P, a relatively low grain surface abundance of NCCN with respect to HCN seems reasonable.
4.3 Comparison to Titan’s atmosphere
The detection of cyanogen in Titan’s atmosphere by the IR spectrometer IRIS onboard Voyager 1 (Kunde et al. 1981) was later confirmed based on data from the Cassini mission (e.g., Teanby et al. 2006, 2009; Magee et al. 2009; Cui et al. 2009). Abundances of cyanogen, and of HCN, HC3N, and CH3CN, which are also observable with Atacama Large Millimeter/submillimeter Array (ALMA; e.g., Thelen et al. 2019; Cordiner et al. 2019; Lellouch et al. 2019), were consistently observed to underlay strong latitudinal and vertical variations. In Titan’s atmosphere, a specific nitrogen(N2)- and methane(CH4)-dominated chemistry is at play. Ultraviolet photons from the Sun, photoelectrons, and magnetospheric electrons dissociate molecular nitrogen and methane in the mesosphere and thermosphere into radicals, which may recombine to form nitriles (Lara et al. 1996; Wilson & Atreya 2004). Loison et al. (2015) proposed the formation of NCCN from HCCN + N, in addition to the previous reactions. A photochemical network of the neutral reactions yielding nitrile and imine species is shown in their Fig. 8. Thanks to ROSINA/DFMS, onboard the Rosetta spacecraft, comet 67P has now become the second environment in our Solar System where cyanogen has been firmly detected. Obviously, we cannot expect to observe neutral–neutral or neutral–ion coma chemistry at 67P. This is because (i) the densities at cometocentric distances of a few tens of kilometers are too low (and hence the mean free path too large) for a relevant amount of collisions to occur, and (ii) the sublimating species have little time to be photoionized on their outbound trajectory up to such distances. But also at the surface, chemistry seems unlikely (Fuselier et al. 2015, 2016).
5 Summary and conclusions
The most relevant findings of this work can be summarized as follows:

	1. 
A time-variable signal of C2N2
was identified in ROSINA/DFMS data. Assuming the most stable isomer to be responsible for this signal, it may be assigned to cometary cyanogen NCCN.


	2. 
NCCN correlates well with CHN (presumably HCN) in March 2016. Thanks to this correlation, several other periods with NCCN signals above the detection limit were identified and abundances of NCCN relative to HCN were derived. Within 1.24–1.74 au, the average ratio nNCCN∕nHCN
is equal to 0.0018 ± 0.0009.


	3. 
Relative abundances of two other nitriles, namely HC3N and CH3CN, were derived with respect to HCN as detailed in Rubin et al. (2019). The average ratio [image: equation]
is equal to 0.0046 ± 0.00046 within 1.24–1.74 au, while the average ratio [image: equation]
is equal to 0.12 ± 0.012.


	4. 
All of the abundances (relative to HCN) are higher around 67P’s perihelion passage and lower farther away from it. The various species show different heliocentric distance dependencies. Furthermore, effects of possible contributions of other structural isomers (which may fragment differently) cannot be fully ruled out.


	5. 
Neither NCCN nor HC3N are abundant enough (relative to HCN) to explain the CN radical density (relative to HCN) observed with ROSINA/DFMS and reported by Hänni et al. (2020). The search for CN parent species has to be continued.


Presenting evidence against several nitriles as possible parents of the cyano radical in comet 67P, this work may help future investigations of the origin of the cometary CN to pursue more fruitful leads.
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Appendix A  Results of the correlation analysis
The C2 N2 signal observed in March 2016, as shown in Fig. 2, was correlated to the signals of the other species analyzed by Rubin et al. (2019). The results are listed in Table A.1.
Table A.1 
Results of the correlation analysis performed based on data from March 2016.

Appendix B  Neutral density ratio data for cyanogen
For the convenience of the reader, we list the results of our analysis regarding cometary cyanogen separately, namely the neutral density ratio nNCCN∕nHCN as a function of the Rosetta mission time. These data were shown in Fig. 3 (bottom).
Table B.1 
Neutral density ratio of cyanogen and hydrogen cyanide nNCCN∕nHCN as a function of the Rosetta mission time.
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1  The yield of a daughter species (D) from a parent species (P) is determined by two factors: the photodissociation rate of P (i.e., the number of dissociations per second) and the quantum yield of P
→ D (i.e., the portion of dissociations that occur according to this specific dissociation channel).


2  CH3CN and HNC were not considered for Haser modeling by Fray et al. (2005) because these molecules do not possess photodissociation rates higher than that of HCN.


3  The Hill notation for chemical formulas is used in this text to denote a molecule with several structural isomers if no specific isomer is addressed, for instance because distinction based on the fragmentation patterns is not possible.


4  All statistical errors are given as 1σ
errors.


5  Hänni et al. (2020) do not correct for the portion CN lost due to fragmentation inside the instrument because this portion has not been determined for the DFMS.


6  The model used by Biver et al. (2015) to retrieve production rates includes neutral and electron collisions.
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	[image: thumbnail]	Fig. 1 Example mass spectrum collected on 15 March 2016 (10:59 am) of mass 52 u/e –the mass of the molecular ion of NCCN– in the DFMS neutral gas mode. The sum-curve of the two Gaussians (g1+g2) is plotted with a dashed black line for each peak while the overall fit is shown with a solid black line. Error bars indicate statistical error margins.
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37 Cl, NCCN, and C4H4). The underlying data were collected in the four days between 13 and 16 March 2016, including the day of the outbound equinox on 16 March 2016. Counting symbols on the x-axis mark times of analyzed spectra. HCN data has been evaluated in an automated data evaluation pipeline and time-interpolated as described in Rubin et al. (2019). Error bars indicate statistical errors.
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	[image: thumbnail]	Fig. 3 Top: number of ions per spectrum of HCN (cHCN; with 30% error bars and fragmentation not taken into account) during the full Rosetta science mission as derived by Rubin et al. (2019). The cometocentric distance (r) is over-plotted (solid blue line) together with the days when NCCN was found (black vertical bars). Bottom: neutral density ratio of species X with respect to HCN (nX ∕nHCN), where X is CH3CN, HC3 N, NCCN, and CN (from Hänni et al. (2020) for comparison). The respective total mission average values are included as solid horizontal lines for the nitriles investigated in this work. The inbound equinox (5 May 2015), perihelion (13 August 2015), and the outbound equinox (16 March 2016) are indicated (orange vertical bars) together with the heliocentric distance (rh ; solid blue line). The period from May to September 2015 used to derive the close-to-perihelion values in
Table 1 is indicated in pale red. The data shown here for cyanogen are also listed in Table B.1. Statistical error bars are omitted for visual clarity (except for NCCN). An impression can be obtained for the case of
nCN ∕nHCN
from Fig. 4 (top) in Hänni et al. (2020).
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      Table 1 

      Abundances of the targeted nitrile species relative to HCN as resulting from our analysis of ROSINA/DFMS data from 67P and other astrophysical environments.

      
        


	Environment
	NCCN/HCN
	HC3N/HCN
	CH3CN/HCN



	 	 	 	 





	67P (full mission)
	0.00078 ± 0.00030
	0.0044 ± 0.0009
	0.083 ± 0.013



	67P (1.24–1.74 au)
	0.0018 ± 0.0009
	0.0046 ± 0.0008
	0.12 ± 0.02



	67P (1.5–1.6 au) (a)
	–
	0.0029 ± 0.0019
	0.042 ± 0.027



	Hale-Bopp (0.9-1.2 au) (b)
	–
	0.079
	0.082



	C/2014 Q2 (c)
	–
	0.022 ± 0.006
	0.17 ± 0.05



	Disk average (d)
	–
	0.057 ± 0.023
	0.055 ± 0.022



	IRAS 16293-2422 B (e)
	–
	0.0036 ± 0.001
	0.8 ± 0.2



	



      

      

Notes.Total error margins include statistical errors for the averages calculated as standard deviation divided by the square root of the number of actual measurements in the averaged time period (excluding time-interpolated data points).
(a) Values from Rubin et al. (2019).
(b) Values from Bockelée-Morvan et al. (2000). (c)Values from
Biver et al. (2015). (d)Values from Bergner et al. (2018); 40% error margins estimated from the error bars in their Fig. 12. The average over the sample of five disks was calculated considering rotational temperatures of 30 K (CH3 CN/HCN) and 70 K (HC3 N/HCN), respectively, not taking into account CH3CN relative abundance upper limits given for two of the five disks.
(e) Values from Drozdovskaya et al. (2019).
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        Number of ions per spectrum cX, where X denotes the species observed on mass 52 u/e (i.e., CH3
37 Cl, NCCN, and C4H4). The underlying data were collected in the four days between 13 and 16 March 2016, including the day of the outbound equinox on 16 March 2016. Counting symbols on the x-axis mark times of analyzed spectra. HCN data has been evaluated in an automated data evaluation pipeline and time-interpolated as described in Rubin et al. (2019). Error bars indicate statistical errors.
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        Top: number of ions per spectrum of HCN (cHCN; with 30% error bars and fragmentation not taken into account) during the full Rosetta science mission as derived by Rubin et al. (2019). The cometocentric distance (r) is over-plotted (solid blue line) together with the days when NCCN was found (black vertical bars). Bottom: neutral density ratio of species X with respect to HCN (nX ∕nHCN), where X is CH3CN, HC3 N, NCCN, and CN (from Hänni et al. (2020) for comparison). The respective total mission average values are included as solid horizontal lines for the nitriles investigated in this work. The inbound equinox (5 May 2015), perihelion (13 August 2015), and the outbound equinox (16 March 2016) are indicated (orange vertical bars) together with the heliocentric distance (rh ; solid blue line). The period from May to September 2015 used to derive the close-to-perihelion values in
Table 1 is indicated in pale red. The data shown here for cyanogen are also listed in Table B.1. Statistical error bars are omitted for visual clarity (except for NCCN). An impression can be obtained for the case of
nCN ∕nHCN
from Fig. 4 (top) in Hänni et al. (2020).

      

    

  
    
      Table 2 

      Power-law exponents for CH3CN, HC3 N, and CN for three time intervals I.

      
        


		Ia
	Ib
	Ic



	Species
	3.1–2.3 au
	1.7–2.2 au
	2.4–3.6 au



		11/2014–02/2015
	11/2015–01/2016
	02/2016–08/2016





	CH3CN
	+0.3
	–3.6
	–3.7



	HC3N
	+1.2
	–9.5
	–4.1



	CN
	+2.3
	–6.6
	+3.2



	



      

      

Notes.Further information on the employed time intervals Ia,
Ib , and
Ic can be found in Table 3 of Läuter et al. (2020).




    

  
    
      Table A.1 

      Results of the correlation analysis performed based on data from March 2016.

      
        


	Species
	R([image: equation]) (a)



	 	 





	[image: equation]
	0.39



	[image: equation]
	0.59



	cCO
	0.65 (b)



	[image: equation]
	0.59



	[image: equation]
	0.84



	[image: equation]
	0.29



	[image: equation]
	0.74



	[image: equation]
	0.70



	[image: equation]
	0.67



	[image: equation]
	0.76



	cCHN
	0.86



	[image: equation]
	0.35



	[image: equation]
	0.60



	cOCS
	0.88



	cHNCO
	0.68



	[image: equation]
	0.89



	[image: equation]
	0.78



	[image: equation]
	0.81



	[image: equation]
	0.59



	[image: equation]
	0.84



	[image: equation]
	0.78



	[image: equation]
	0.24



	



      

      

Notes. (a) The resulting Pearson correlation coefficients (R) are arranged according to decreasing bulk abundance relative to water of the isomer considered by Rubin et al. (2019) in their Table 2. (b) As
cCO sometimes is dominated by the CO fragment of CO2, this correlation coefficient may not be representative.




    

  
    
      Table B.1 

      Neutral density ratio of cyanogen and hydrogen cyanide nNCCN∕nHCN as a function of the Rosetta mission time.

      
        


	Date
	rh [au]
	nNCCN ∕nHCN
	Stat. error [%]
	No. of spectra averaged (a)
	Detector row (b)



	 	 	 	 	 	 





	2014-10-17
	3.16
	3.4 × 10−4
	40
	1
	A



	2014-10-24
	3.12
	2.7 × 10−4
	29
	1
	A



	2015-05-06
	1.70
	2.5 × 10−3
	33
	1
	A



	2015-05-07
	1.69
	1.4 × 10−3
	41
	1
	A



	2015-07-30
	1.25
	1.6 × 10−3
	29
	11
	A+B



	2015-11-22
	1.72
	5.0 × 10−4
	44
	2
	A



	2016-03-14
	2.57
	1.2 × 10−4
	22
	15
	B



	2016-03-15
	2.58
	1.4 × 10−4
	19
	15
	B



	2016-03-16
	2.59
	1.2 × 10−4
	20
	12
	B



	2016-07-18
	3.42
	6.2 × 10−4
	25
	2
	A



	



      

      

Notes.rh is the heliocentric distance. (a)We include thisvalue to indicate the statistical basis of the individual data points.
(b) Of the two redundant micro-channel plate/linear electron detector array (MCP/LEDA) rows, usually the one with the higher count rate was used.
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