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Abstract

Context. Recent observations have shown that Nitrogen-bearing complex organic species are present in large quantities in star-forming regions. Thus, investigating the N-bearing species in a hot molecular core, such as G10.47+0.03, is crucial to understanding the molecular complexity in star-forming regions. They also allow us to investigate the chemical and physical processes that determine the many phases during the structural and chemical evolution of the source in star-forming regions.

Aims. The aim of this study is to investigate the spatial distribution and the chemical evolution states of N-bearing complex organic molecules in the hot core G10.47+0.03.

Methods. We used the Atacama Large Millimeter/submillimeter Array (ALMA) archival data of the hot molecular core G10.47+0.03. The extracted spectra were analyzed assuming local thermodynamic equilibrium (LTE). LTE methods are used to estimate the column density of observed species. Furthermore, robust methods such as Markov chain Monte Carlo (MCMC) and rotational diagram methods are implemented for molecules for which multiple transitions were identified to constrain the temperature and column density. Finally, we used the Nautilus gas-grain code to simulate the nitrogen chemistry in the hot molecular core. We carried out both 0D and 1D simulations of the source. We compared the simulated abundances with observational results.

Results. We report various transitions of nitrogen-bearing species (NH2CN, HC3N, HC5N, C2H3CN, C2H5CN, and H2NCH2CN) together with some of their isotopologues and isomers. Besides this, we also report the identification of CH3CCH and one of its isotopologues. We present detailed chemical simulation results to investigate the possible N-bearing chemistry in the source.

Conclusions. In this study, various transitions of nitrogen-bearing molecules are identified and discussed. The emissions originating from vinyl cyanide, ethyl cyanide, cyanoacetylene, and cyanamide are compact, which could be explained by our astrochemical modeling. Our 0D model shows that the chemistry of certain N-bearing molecules can be very sensitive to initial local conditions such as density or dust temperature. In our 1D model, simulated higher abundances of species such as HCN, HC3N, and HC5N toward the inner shells of the source confirm the observational findings.
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1 Introduction
Numerous molecules (about 250) are identified in the interstellar medium (ISM) or circumstellar shells (CDMS1, McGuire 2018). Among them, 96 molecules contain at least one nitrogen atom. Of these, 33 have cyanide (–CN) and 12 isocyanide (–NC). CN was the first nitrogen-bearing molecule that was observed in 1940 (McKellar 1940). It is the key precursor of cyanopolynes, some hydrocarbons, and bio-molecules. Isomerization can play a key role in the conversion of cyanide to isocyanide and vice versa. The study of nitrogen-bearing complex molecules with CN bonds is of prime importance in prebiotic chemistry. Protein synthesis occurs through a peptide bond formation; for example, CN bonds formed between –COOH and –NH2 groups from different amino acids (Goldman et al. 2010). Nitrogen-bearing molecules play a crucial role in the synthesis of biomolecules (Balucani 2009). Complex organic nitrogen-bearing molecules were detected in various regions of our galaxy, such as star-forming regions, comets, and atmospheres of planets and the Moon (Johnson et al. 1977; Irvine & Schloerb 1984; Kawaguchi et al. 1992; Jiménez-Serra et al. 2016; Ziurys et al. 1999). Some nitrogen-containing ions such as HC3NH+, [image: equation], H2NCO+, NCCNH+, CN−, C3N−, C5N−, and HCNH+ have been identified in the star forming regions (Kawaguchi et al. 1994; Cernicharo et al. 2013, 2008; Marcelino et al. 2018; Agúndez et al. 2015, 2010; Thaddeus et al. 2008; Ziurys & Turner 1986).
The study of complex organics in star-forming region can shed some light on the region’s evolutionary history. Dense, hot, and chemically enriched inner regions of high-mass star-forming regions are hot molecular cores (HMCs). Many simple and complex species were identified in these regions (van Dishoeck & Blake 1998; Belloche et al. 2019; Jørgensen et al. 2020). The detection of complex organic molecules is an important tool for explaining the physical and chemical structure of high-mass star-forming regions. G10.47+0.03 (hereafter G10) is a massive hot molecular core located at a distance of 8.6 kpc (Sanna et al. 2014). The luminosity of this source is ~7 × 105 L⊙ (Cesaroni et al. 2010).
Interstellar dust is used as a catalyst for the synthesis of complex organic molecules. For example, vinyl cyanide (C2H3CN) was primarily detected toward Sgr B2 in 1975 (Gardner & Winnewisser 1975). Later, this molecule was identified in various regions of the ISM, such as cold cores, Orion KL, the circumstellar envelope of the carbon-rich AGB star CW Leo, which is also known as IRC+10216, and so on (Agúndez et al. 2008; López et al. 2014). The observed abundance of vinyl cyanide in IRC+10216 is two times lower than in Orion KL. Agúndez et al. (2008) found a good agreement between their modeling and observational results for IRC+10216. Ethyl cyanide was first detected in the hot core OMC-1 and Sgr B2 (Johnson et al. 1977). Later it was also observed in different hot cores (G327.3-0.6, Orion IRC2, Orion KL, Sgr B2(N), Sgr B2 (M)) and in hot corinos (IRAS 16293-2422). Along with the main isotopic species, singly and doubly 13C-substituted ethyl cyanide was identified in the ISM (Margulès et al. 2016). Cyanoallene was observed with the 100 m Green Bank Telescope in the cold core of TMC by Lovas et al. (2006). Cyanamide is a potential prebiotic molecule (Ibanez et al. 1971) that was first detected several decades ago in the hot core, Sgr B2 (Turner et al. 1975). To date, the most complex cyanide molecule observed in the ISM is the propyl cyanide (n-C3H7CN) and its isomer, first branch chain molecule, isopropyl cyanide (i-C3H7CN; Belloche et al. 2009, 2014).
Rolffs et al. (2011b) observed G10 in three different frequency ranges (200 GHz, 345 GHz, and 690 GHz) with the sub-millimeter array (SMA). They identified many oxygen-bearing, nitrogen-bearing, and sulfur-bearing species in this source. Furthermore, many complex organic molecules and some highly excited lines of HC3N, HCN, and HC15N observed in this source reveal that it is an active site for chemical enrichment (Rolffs et al. 2011a,b). Here, we analyze the Atacama Large Millimeter/submillimeter Array (ALMA) archival data of G10 in the ALMA band 4 frequency region. This paper focuses on nitrogen-bearing molecules, their distributions, complex chemistry, and fractional abundances. Various nitrogen-related molecules such as HCN, CH3CN, CH3NH2, CH2NH, C2H3CN, C2H5CN, HC3N, NH2CN, CH3NCO, NH2CHO, and HNCO have been observed (Rolffs et al. 2011b; Fontani et al. 2007; Ohishi et al. 2019; Suzuki et al. 2016; Gorai et al. 2020; Wyrowski et al. 1999) in G10. In this work, we detect some new nitrogen-bearing molecules such as HC5N, H2NCH2CN, some isotopologues of vinyl cyanide, ethyl cyanide, and HC3N.
This paper is organized as follows. First, in Sect. 2, observational details are given. Astrochemical modeling and its results are discussed in Sects. 3 and 4, respectively. Finally, in Sect. 5, we conclude.
2 Observational data and analysis
Here, ALMA Cycle 4 data of G10 is used for the analysis. The phase center of the observation is α (J2000)= 18h08m38.232s, δ(J2000) = −19°51′50.4″. The systematic velocity of the source is 68 km s−1. The flux calibrator was J1733-1304, the phase calibrator was J1832-2039, and the bandpass calibrator was J1924-2914. This observation was performed with the four spectral bands, covering the sky frequencies of 129.50–131.44 GHz, 147.50–149.43 GHz, 153.00–154.93 GHz, and 158.49–160.43 GHz and corresponding angular resolution at four different frequencies are 1.5″ (12 900 AU), 1.72″ (14 792 AU), 1.66″ (14 276 AU), and 1.76″ (15 136 AU), considering the distance to the source is 8.6kpc. Summaries of the observational details (frequency range, channel width, baseline, etc.) are already presented in Gorai etal. (2020). Fordata analysis andimaging we used CASA (version 4.7.2; McMullin et al. 2007), and for the line identification and analysis we used the CASSIS software2 (developed by IRAP-UPS/CNRS).
2.1 Images
Cesaroni et al. (2010) resolved the hot core G10 and found three distinct HII regions inside the core, which are A (Ultra Compact HII region), B1, and B2 (Hyper compact HII regions). Rolffs et al. (2011b) also observed this source with the submillimeter Array (SMA). They observed the continuum at three different frequencies (201/211 GHz, 345/355 GHz, 681/691 GHz). The beam sizes were insufficient to resolve the continuum emission at 201/211 and 681/691 GHz. However, at 345/355 GHz, the beam size was sufficient (~0.3″) to resolve this source. Here, continuum maps of G10 were observed at four different wavelengths, 1.88 mm (159.45 GHz), 1.94 mm (153.96 GHz), 2.02 mm (148.51 GHz), and 2.3 mm (130.50 GHz), respectively. Summaries of continuum images (synthesized beam, peak flux, integrated flux, etc.) are discussed in detail in Gorai et al. (2020). Gorai et al. (2020) calculated the H2 column density for each continuum map and obtained an average value of ~1.35 × 1025 cm−2. Gorai et al. (2020) also estimated the dust opacity of each continuum map and found all are optically thin (τv ~ 0.135).
2.2 Analysis
All lines are extracted from the 2.0″ (17 200 AU) diameter region centered at G10 (α(J2000)=18h08m38.232s, δ(J2000)=−19°51′50.4″). Line identification has been carried out with CAS-SIS together with the spectroscopic database, ‘Cologne Database for Molecular Spectroscopy’ (CDMS, Müller et al. 2001, 2005) 3, and the Jet Propulsion Laboratory (JPL, Pickett et al. 1998)4 database. The observed transitions of various nitrogen-bearing molecules together with their quantum numbers, upper state energies (Eu), VLSR, line parameters such as peak brightness temperature (Imax), line width (full width at half maximum; FWHM), and the integrated intensity (∫TmbdV) are noted in Table A.1. The line parameters (Imax, FWHM, ∫TmbdV) are obtained using a single Gaussian fit to the observed spectral profile of each unblended transition. To see the spatial distribution of the observed species, moment zero maps of each transition are shown in Figs. B.1–B.4. The emitting regions of all the transitions are calculated using a two-dimensional Gaussian fitting of their moment maps.
2.3 Rotational diagram analysis
Among all the observed nitrogen-bearing species toward G10, we only find multiple unblended transitions (more than 2) for four molecules (see Table A.1), which are vinyl cyanide (C2H3CN), 13C isotopologue of vinyl cyanide (13CH2CHCN), ethyl cyanide (C2H5CN), and 13C isotopologue of ethyl cyanide (13CH3CH2CN). In addition to these four nitrogen-bearing molecules, multiple transitions are observed for methyl acetylene (CH3CCH). Thus, a rotational diagram analysis was carried out for these five species to measure their excitation temperatures and the total column densities.
For the optically thin transitions, the column density ([image: equation]) at local upper state can be expressed as
[image: equation](1)
where gu is the degeneracy of the upper state, kB is the Boltzmann constant, ∫TmbdV is the integrated intensity, v is the rest frequency, µ is the electric dipole moment, and S is the transition line strength (Goldsmith & Langer 1999). Under the local thermodynamic equilibrium (LTE) condition and for optically thin transitions, the total column density (Ntotal) of a molecular species can be prescribed as
[image: equation](2)
where Trot is the rotational temperature, Eu is the upper state energy, Q(Trot) is the partition function at rotational temperature. This can be rearranged as
[image: equation](3)
There is a linear relationship between the upper state energy and column density at the upper level when all lines are optically thin and all lines are probing the same physical conditions. The column density and rotational temperature are extracted from the rotational diagram. Rotational diagrams of all the five species are shown in Figs. 1, 3, and 6.
	[image: thumbnail]	Fig. 1 Rotational diagram of (a) vinyl cyanide (C2H3CN) and (b) its one istotopologue (13CH2CHCN). The best fitted rotational temperature and column density are given in each panel. Filled blue squares are the data points and the blue line represents the error bar. The error bar of each transition is calculated from rms noise (varies 117 mK to 306 mK) and calibration error (considering 5%).



2.4 Markov chain Monte Carlo model
Though the rotational diagram is used for the species for which multiple transitions are observed, another method, Markov chain Monte Carlo (MCMC), is used to constrain the excitation temperature and column density for the comparison. The MCMC algorithm was initially developed for dealing with the probabilistic behavior of the collection of atomic particles. However, it was challenging to do this analytically. Thus, an iterative process was implemented to solve it through simulation. This stochastic model describes a sequence of possible events in which the probability of each event depends only on the state attained in the previous one. The MCMC method is an interactive process that goes through all line parameters (e.g., molecular column density, excitation temperature, source size, line width) with a random walk and heads into the solution’s space, χ2 minimization gives the final solution.
For MCMC fitting, the FWHM of all the transitions of a species are kept constant at their average measured value, vLSR is kept constant at 68 km s−1, and source size is kept constant at 2″. Then, the obtained results of these species are compared with those obtained with the rotation diagram method. Obtained results with these two methods are presented in Table 1 and discussed in Sect. 3. The obtained line parameters of the MCMC fitting of five species are noted in Table A.2. MCMC fitted spectra are shown in Figs. C.1–C.3.
3 Column densities and spatial distributions of all molecules
The column densities of all species are estimated by generating the synthetic spectra under an LTE approximation. The blended transitions are also identified by carefully examining the synthetic spectra of two nearby transitions. As the input parameters of the LTE model, the source size of ~2″ (half-maximum diameter of our beam size), an excitation temperature of 150 K, and molecular hydrogen column density N(H2) ~ 1.35 × 1025 cm−2 (Gorai et al. 2020) are considered. The FWHM of a species is chosen by taking an average FWHM of the detected, unblended, optically thin transitions. The column density of a species is varied to obtain a satisfactory fit with the observed data. Figures 2, 4, 5, and 7 show the LTE-fit spectra (see captions of these figures for more details). Table 1 provides the best-fit column densities of all species. We also generated another set of LTE spectra (called LTE2) by keeping all other parameters the same but considering a different source size. For this fitting, the measured emitting regions of an unblended transition and the average value of emitting regions for multiple transitions are used as an input source size. These LTE spectra (LTE2) are shown in Appendices D.1–D.4, and the obtained column densities are noted in Table 1. We find that the estimated column density slightly increased by using measured emitting regions as source size instead of constant value (~2″). The estimated values of column densities and temperatures with the rotational diagram, MCMC, and LTE methods are summarized in Table 1. All the estimated parameters agree well among themselves. However, the rotational diagram and MCMC method provide more realistic values because the MCMC method is an alternative method to the rotational diagram. Therefore, for comparison and to better constrain the estimated parameters, we employed the MCMC approach. In the LTE model, we have only one free parameter: column density. However, if all other fixed parameters (e.g., FWHM, source size, excitation temperature) are known with certainty, the simple LTE model also provides an outstanding result. Here, the rotational diagram method uses excitation temperature measurements for five molecules. Therefore, we know the gas’s excitation temperature. Furthermore, the FWHM and source size of each molecule are also known from our measurement. To test the reliability of the simple LTE method, we apply the LTE model to five species for which we made a rotational diagram. Interestingly, the obtained column densities with the LTE method are comparable to that obtained with the rotational diagram (see Table 1). Therefore, unless otherwise stated, for the rest of the paper in discussions or comparison with modeling results, we use measured values of column densities obtained using a rotational diagram. For all other molecules (if the result with the rotational diagram method is unavailable), column densities obtained with the LTE model are used. We discuss individual species in the following sections.
Table 1 
Estimated temperature and column density of the observed species.

	[image: thumbnail]	Fig. 2 Black lines represent the observed spectra of vinyl cyanide and its isotopologues (13CH2CHCN, CH213CCN, CH2CH13CN, CH2CNC15N, and CH2CDCN). Unblended transitions are noted in red, whereas blended transitions are indicated in black. The solid red lines represent the Gaussian fit of the unblended transitions. LTE spectra are shown in blue by considering N(H2) = 1.35 × 1025 cm−2, excitation temperature 150 K, source size of 2″, and the average FWHM (obtained from the unblended optically thin transitions) of the species. The column density of the species is varied until eye-estimated good fits are obtained. The red dashed lines show the systematic velocity (VLSR) of the source at ~68 km s−1. In addition, the name of the species and their respective transitions (in GHz) are provided in each panel.



3.1 Vinyl cyanide and its isotopologues
3.1.1 C2H3CN
Altogether, twelve transitions of vinyl cyanide are identified toward G10, which are noted in Table A.1 and shown in Fig. 2. Among them, nine are unblended transitions, and three are blended (147.86523 GHz, 148.028678 GHz, and 159.753858 GHz). A rotational diagram (see Fig. 1a) is performed by considering only the unblended, optically thin transitions. It yields a rotational temperature of 155 ± 53 K and column density of (1.7 ± 0.4) × 1017 cm−2, respectively (see Table 1). Fontani et al. (2007) found a rotational temperature of vinyl cyanide of 176 ± 35 K, which is in good agreement with our measured value. Comparing our results with Rolffs et al. (20llb), we obtain a similar temperature, while their column density is about two to four times larger than ours. The optically thin unblended transitions of vinyl cyanide have an emitting region of about 0.72″–l.11″ (see Fig. B.1 and Table 2). The 131.168 GHz and 158.773 GHz transitions are found to be very compact (0.72–0.77″), whereas the other transitions are comparatively little extended (1.04–1.11″). Though these transitions are marginally resolved, our analysis indicates that vinyl cyanide is possibly emitting from the inner regions of the source.
	[image: thumbnail]	Fig. 3 Rotational diagram of (a) ethyl cyanide (C2H5CN) and (b) its one istotopologue (13CH3CH2CN). The best-fit rotational temperature and column density are given in each panel. Filled blue squares are the data points and blue line represents the error bar. Error bar of each transition is calculated from rms noise (varying from 70 mK to 155 mK) and calibration error (considering 5%).



3.1.2 13CH2CHCN
Nine transitions of the 13CH2CHCN (isotopologue of vinyl cyanide) are observed toward G10 (see Table A.1). Among them, five are blended. The four unblended transitions are optically thin, and a column density of (3.5 ± 0.4) × 1015 cm−2 and rotational temperature of ll9 ± 18 K are obtained from rotational diagram. The 159.954 GHz transition of 13CH2CHCN is found (see panels 10–13 of Fig. B.1, and Table 2) to be very compact (~0.73″), whereas the other transitions are slightly extended (1.16–1.20″).
3.1.3 CH213CHCN and CH2CH13CN
Another two 13C isotopologues of vinyl cyanide (CH213CHCN and CH2CH13CN) are tentatively observed toward G10. Only one transition of each of these isotopologues is clearly identified (see Fig. 2). Column densities of 2.8 × 1015 cm−2 and 3.0 × 1015 cm−2 for CH213CHCN and CH2CH13CN, respectively, depict a best LTE fit to the observed data (see solid blue lines of panels 22–29 of Fig. 2). Both the transitions are found to be very compact (0.70–0.78″; see panels 14 and 15 of Fig. B.1, and Table 2).
3.1.4 CH2CHC15N
Our simple LTE model found two possible transitions of 15N isotopologue of vinyl cyanide (CH2CHC15N) (see panels 30–31 of Fig. 2). However, the transition at 148.898 GHz is partially contaminated with ethylene glycol, and the other transition at 159.436 GHz is blended with other species. So, no clear transitions are detected toward G10. We derive an upper limits column density of ~9.0 × 1014 cm−2.
3.1.5 CH2CDCN
Altogether, seven transitions of a deuterated form of vinyl cyanide (CH2CDCN) are observed toward G10 (Table A.1). Among them, five are blended. The 130.645 GHz transition is possibly blended with propynal and C2H5C15N. 130.661 GHz is probably blended with its other transitions and CH3NCO. 130.725 GHz is probably blended with CH3OCH3. 130.637 GHz is probably blended with its other transitions, and 154.309 GHz is probably blended with CH3OCH3. Since only two transitions are well detected, we consider that deuterated vinyl cyanide is tentatively detected from our observation. The best LTE fit (see panels 32–38 of Fig. 2) yields a column density of 3.3 × 1015 cm−2. The emitting region of these two transitions (see Table 2, and panels 11–12 of Fig. B.1) depict that they are comparatively more compact (0.64–0.69″) than vinyl cyanide and other isotopologues of vinyl cyanide.
3.1.6 Fractionation of vinyl cyanide
The results obtained with the rotational diagram method, MCMC method, and simple LTE estimation reflect the 12C/13C isotopic ratio of vinyl cyanide, which varies from 45–64 (see Table 1). Despite a high elemental atomic H/D ratio in the ISM (Linsky 1998, 6.667 × 104), we see a substantial deuterium enrichment (~88 with simple LTE estimation) for vinyl cyanide. However, the 12C/13C isotopic ratio (Clayton & Nittler 2004, ~89) is roughly conserved in vinyl cyanide (45–64, with all the methods implemented).
3.2 Ethyl cyanide with its isotopologues and isomer
3.2.1 C2H5CN
In total, nineteen transitions of ethyl cyanide are identified toward G10 (see Table A.1). Among them, four are blended. Within the fifteen unblended transitions, six are optically thick, and nine are optically thin. From rotational diagram analysis (see Fig. 3a), we obtained a column density of 1.2 × 1017 cm−2 and rotational temperature of 92 K. Our derived rotational temperature is similar to the rotational temperature (103 ± 12 K) of ethyl cyanide derived by Fontani et al. (2007). Rolffs et al. (2011b) estimated a higher column density of ethyl cyanide (9 × 1017 cm−2) than vinyl cyanide (7.0 × 1017 cm−2). However, with all our methods (simple LTE, rotational diagram, and MCMC), a higher column density of vinyl cyanide is obtained compared to ethyl cyanide (see Table 1). Fontani et al. (2007) found vinyl cyanide is ~10 times more abundant than ethyl cyanide. However, when they considered all the transitions (strong, weak and vibrationally excited lines), they obtained the best fit parameters: column density ~1.7 × 1017 cm−2, rotational temperature ~140 K, source size ~1″. The emitting regions of the optically thin transitions vary from 1.08″–1.48″ (see panels 1–9 of Fig. B.2, and Table 2).
	[image: thumbnail]	Fig. 4 Gaussian-fit and modeled LTE spectra (same as Fig. 2) of the unblended transitions of ethyl cyanide, its isotopologues (13CH3CH2CN, CH313CH2CN, CH3CH213CN, C2H5C15N), and one of its isomers (C2H5NC).



3.2.2 13CH3CH2CN
Thirteen transitions of the 13C isotopologue of ethyl cyanide are observed toward this source (Table A.1). Among them, five transitions are unblended. The rotational diagram yielded a rotational temperature and a column density of 220 K and 9.7 × 1015 cm−2, respectively (see Fig. 3b). The emitting region of the unblended and optically thin transitions of this isotopologue is found (see Fig. B.2) to be more compact (0.93–1.29″) than the transitions of ethyl cyanide.
3.2.3 CH313CH2CN
Two transitions of this 13C isotopologues are detected toward G10 (Table A.1) but both transitions are found to be blended.
A column density upper limit of 8.0 × 1015 cm−2 is estimated by the LTE approximation.
3.2.4 CH3CH213CN
Five transitions of this species are observed toward G10 (Table A.1). Our LTE analysis indicates that three of them are blended. Since only two transitions are clearly detected, we consider this tentatively detected molecule with a column density of 2.9 × 1015 cm−2. The emitting region’s unblended transitions of CH3CH213CN vary from 1.35–1.22″ (panels 15 and 16 of Fig. B.2).
3.2.5 C2H5C15N
Any transitions of a 15N isotopologue of ethyl cyanide (C2H5C15N) are not identified toward G10 with full confidence. Our LTE model found only two possible transitions (see panels 40–41 of Fig. 4), with an upper-limit column density of ~3.1 × 1015 cm−2.
3.2.6 CH3CH2NC
CH3CH2NC is tentatively detected toward G10. Only two unblended transitions of the isomer of ethyl cyanide are observed. Our best-fit LTE spectra of these transitions yield a column density of 4.0 × 1015 cm−2 (blue lines in panels 38–39 of Fig. 4). The emitting region of the transition at 159.061 GHz is found to be very compact (0.75″), whereas the other transition at 149.12 GHz is found to be comparatively not very extended (1.34″).
3.2.7 Fractionation of ethyl cyanide
Multiple transitions of ethyl cyanide and one of its 13C isotopologues (13CH3CH2CN) are identified. Based on the various methods (simple LTE, rotational diagram, and MCMC), a 12C/13C ratio of 12–27 is estimated. Two transitions of another 13C isotopologue (CH3CH213CN) of ethyl cyanide are identified. With the simple LTE method, a carbon fractionation of 72 is estimated. From the simple LTE fitting, an isomeric ratio between the cyanide (C2H5CN) and isocyanide (C2H5NC) of 57.5 is estimated.
3.3 Cyanopolyynes
Cyanopolyynes are a group of species with the chemical formula HCnN (n = 3,5,7…). In addition, it contains the cyano group (CN). Previously, Rolffs et al. (2011b) identified HCN, HNC, H13CN, and HC3N in G10. Here, the identifications of cyanoactylene (HC3N) and its isotopologues and cyanodiacetylene (HC5N) and its isotopologue are reported.
3.3.1 Cyanoacetylene and its isotopologue
HC3N is observed toward G10 with one transition at 154.657 GHz. Additionally, transitions of its two 13C isotopologues, HC13CCN and HCC13CN are detected at 154.001 GHz and 154.016 GHz, respectively. We obtained best-fit synthetic spectra with column densities of 4.1 × 1015 cm−2, 1.4 × 1015 cm−2, and 1.7 × 1015 cm−2, for HC3N, HC13CCN, and HCC13CN, respectively (see blue lines in panels 1–3 of Fig. 7). The transition of HC3N is comparatively more extended (~2.18″) than the other species reported in this article (see Fig. B.3). The isotopologues of HC3N are found to be relatively compact (1.16″–1.17″). Rolffs et al. (2011b) obtained a column density of 5.0 × 1016 cm−2 when they used an excitation temperature of 200 K. Additionally, with the 500 K and 0.5″ they estimated a very high column density (~1018 cm−2) of HC3N. Here, with our simple LTE analysis, we estimate a column density of HC3N is 4.1 × 1015 cm−2. This mismatch is possibly due to our low spatial resolution observation compared to that of Rolffs et al. (2011b). With the simple LTE calculation, a 12C/13C fractionation is found to be 2.41–2.93.
3.3.2 Cyanodyacetylene
We clearly detected one transition of HC5N and one transition of its isotopologue (HCC13CCCN). Both the transitions yield best LTE fits with the column densities of 7.7 × 1014 cm−2 and 1.0 × 1015 cm−2, respectively. The spatial distribution (see Fig. B.3 and Table 2) of HC5N is found to be more compact (1.2″) than HC3N (~2.18″). Furthermore, the HC5N line we observed has an upper state energy of ~156 K. In contrast, for HC3N, it is ~67 K. The observed spatial distribution of HC3N suggests that it traces the envelopes regions, whereas HC5N may originate from the warm inner part of the hot molecular core. The emitting areas (see Table 2) of the isotopologue (13C) of HC5N depicts that it is more compact (0.95″) than their parent isotopologues. The same compactness is also observed for the observed isotopologues (13C) of HC3N. With the simple LTE calculation, a 12C/13C fractionation of 0.77 is obtained.
	[image: thumbnail]	Fig. 5 Gaussian-fit spectra and LTE spectra (same as Fig. 2) of CH3CCH and its isotopologues.



3.4 Cyanamide
Six transitions of cyanamide (NH2CN) are observed toward G10 (Table A.1). However, two of them are clearly detected. Our simple LTE model yields a good fit (Fig. 7) to the observed spectra with a column density of 4.8 × 1015 cm−2. The emitting region (see Fig. B.3 and Table 2) of the two unblended transitions are compact (~0.91″).
3.5 Aminoacetonitrile
Aminoacetonitrile (H2NCH2CN) is a well-known precursor of glycine. It hydrolyses to form glycine. Danger et al. (2011) studied the NH2CH2CN formation under the interstellar condition by thermal processing of ices containing methanimine, ammonia, and hydrogen cyanide. Five transitions of aminoacetonitrile are observed toward G10 (Table A.1), but four of them are blended with other species. Only the transition at 154.51748 GHz with upper state energy of 86 K is successfully identified. Therefore, we consider that this species was tentatively detected in this observation. A column density of 5.5 × 1015 cm−2 yields a good fit to the observed spectra (see panel 16 of Fig. 7). The emitting diameter of aminoacetonitrile is 1.07″. The moment zero map of this transition is shown in panel 8 of Fig. B.3.
3.6 Methyl acetylene
Snyder & Buhl (1973) first identified methyl acetylene (CH3CCH) in Sgr B2. Though methyl acetylene is not a nitrogen-bearing species, being a symmetric top molecule, its identification is reported here because of its utility as a tracer of the physical condition of the star-forming region. Three transitions of methyl acetylene are clearly identified. All the transitions correspond to J = 9–8. The three transitions have ka = 6, 3, and 2, respectively. This is the first identification of CH3CCH in G10. All three unblended transitions are found to be optically thin. Rotational diagram analysis of the CH3CCH (Fig. 6) depicts a column density of 6.0 × 1016 cm−2 and a rotational temperature of 189 K. Panels 1–3 of Fig. B.4 show momentmap of CH3CCH for different ka components of J = 9–8 transitions. Interestingly, it shows that the emitting regions of CH3CCH transitions are related to their corresponding ka components. For example, the emitting region of J = 9–8 transitions with ka = 2 is 1.8″ (Eu = 65.8 K), and for ka = 3 it is 1.9″ (Eu = 101.7 K). Since with our spatial resolution these two transitions are marginally resolved, we did not find significant differences for close-lying energy states. However, for ka = 6 (Eu = 296.9 K), a compact emission (1.28″) is obtained. With the increase in the ka component, the upper state energy increases, which yields a more compact emitting region. All three detected transitions have ∆ka = 0. The ratio of lines between the same J-state but other ka-states can be used as temperature probe (Mangum & Wootten 1993). To estimate the kinetic temperature (TK), we chose some selected line ratios [image: equation]. These ratios are selected based on the following criteria (Mangum & Wootten 1993; Das et al. 2019): 1) ΔJ = 1, J1=J3, and J2=J4, 2) ∆ka = 0 for both the transitions, 3) k′a > ka, 4) both the transitions are optically thin, 5) The ratio between the difference in excitation temperature belongs to different ka values.
With the LTE approximation, the line ratio (R) between the two transitions satisfying the above criteria can be expressed as (Mangum & Wootten 1993)
[image: equation](4)
where D = E(J3,k′a) − E(J1,ka) and [image: equation]. Mangum & Wootten (1993) derived this relation for H2CO, which is also applicable to any slightly asymmetric or symmetric rotor species.
According to the above selection rules, in between the three observed unblended transitions, [image: equation], and [image: equation] are considered for estimating the excitation temperature. The black solid curve in Fig. 8a-c depicts the expected line ratio with the excitation temperature. The observed line ratio of these three transitions is shown with the solid red line. Interestingly, the observed line ratio intersects the curve between 133 and 193 K, closer to the estimated hot core temperature.
Additionally, two transitions (J = 9–8 with ka = 0, 3) of 13C isotopologue of methyl acetylene (CH313CCH) are observed toward G10. Our LTE synthetic spectra fit the observed spectra well, with a column density of 8.0 × 1015 cm−2. A similar trend of emitting regions is also obtained here. For ka = 0, the emitting region is 1.31″, whereas it is 1.01″ for ka = 3. With the simple LTE calculation, a carbon fractionation ([image: equation] ratio) of 8.8 is obtained between CH3CCH and CH313CCH. By considering the column density obtained with the rotational diagram and MCMC methods (for CH3CCH), a [image: equation] ratio of 7.5–10.9 is obtained.
A similar process for estimating the kinetic temperature from the transitions obtained with the CH313CCH is carried out. Following the selection rule, [image: equation] is used to estimate the kinetic temperature. Figure 8d depicts that the observed line ratio intersects the expected line ratio at 102 K.
We identify several transitions of nitrogen-bearing species along with their various 13C isotopologues. Only the unblended transitions are used for further analysis. In the case of the 13C isotopologue of vinyl cyanide, we identify four transitions of 13CH2CHCN, one of CH213CHCN, and one of CH2CH13CN. We obtain two transitions from one of the 13C isotopologues of ethyl cyanide (CH3CH213CN). Two transitions of the 13C isotopologue of cyanoacetylene (HC13CCN and HCC13CN) and one transition of the 13C isotopologue of cyanodiacetylene (HCC13CCCN) are identified. Furthermore, we identify two transitions of a 13C isotopologue of methyl acetylene (CH313CCH). We use the rotational diagram analysis and MCMC method to estimate the column density of these species if more than two transitions were identified. Otherwise, we consider the simple LTE approximation. Despite all these issues, we found that the obtained [image: equation] ratio of all these species varies from 0.8 to 72. In the case of methyl acetylene, vinyl, and ethyl cyanide, it is 7.5–72, which is generally consistent with the elemental ratio (~89). For the cyanopolyynes (cyanoacetylene and cyanodiacetylene), we obtain a small 13C enrichment (0.77–2.93). Since not many transitions were obtained for the cyanopolyynes, we restrict our comments based on the upper limit of the column densities obtained.
	[image: thumbnail]	Fig. 6 Rotational diagram of methyl acetylene (CH3CCH; same as Figs. 1 and 3). Error bar of each transition is calculated from rms noise (varies 70 mK to 136 mK) and calibration error (considering 5%).



4 Modeling
Modeling the time evolution of chemical composition of high mass sources such as G10 requires knowledge of the history of their physical structure’s evolution over the whole hot core formation stage, including the early diffuse stage, collapse stage, and the warm-up stage. However, the physical evolution during the initial stages of massive hot cores and its timescales are still poorly known, and the difficult task of reconstructing the evolutionary history of the physical structure of massive hot sources such as G10 is beyond the scope of this work. Nevertheless, to better understand the factors that can have a major impact on the chemical history of the hot cores such as G10, we did extensive chemical modeling.
In the present work, following Garrod (2013), we adopted a three-stage physical model to simulate the time-dependent chemical evolution of N-bearing species detected in G10. The three stages describing the evolution of physical structure of G10-like sources are 1) an isothermal cloud collapse stage, 2) a relatively short warm-up stage, post cloud collapse, and 3) a hot and dense post-warm-up stage. Here, the three-stage model is only explained briefly as this was already explained in detail in Sil et al. (2018); Das et al. (2019); Gorai et al. (2020); Bhat et al. (2021). In the first stage, the cloud collapses iso-thermally from a diffuse state (initial H density, nH = 103 cm−3) to a dense state (nH = 106 cm−3 or 107 cm−3 depending on the model). During the cloud collapse stage, visual extinction (AV) also varies from its minimum to maximum value. The first stage is followed by a warm-up stage during which the gas temperature (Tg) and the dust temperature (Td) vary. The third stage is called the post-warm-up stage. We use the above-described three-stage physical model in our 0D and 1D simulations. First, we use 0D simulation for its simplicity to test if our adopted physical model can explain the observed abundances of N-bearing species in G10. 0D simulations do not give us any information about the possible spatial distribution of species abundances. So, we try to find the possible spatial distribution of simulated species in our 1D simulations. We explain our 0D and 1D simulations in Sects. 4.1 and 4.2, respectively. Results for both types of simulations are presented in Sects. 5.1 and 5.2, respectively.
	[image: thumbnail]	Fig. 7 Gaussian-fit spectra and LTE spectra (same as Fig. 2) of cyanoacetylene, cyanodiacetylene, cyanamide, and aminoacetonitrile.



	[image: thumbnail]	Fig. 8 Black line represents the expected line intensity ratio variation with the kinetic temperature, whereas the red line represents the observed intensity ratio. The ratios of CH3CCH transitions are plotted in panels a, b, and c, and that of CH313CCH is given in panel d.



4.1 0D physical model
We started with the simple 0D simulation. We simulate the source as a single point and do not consider any spatial distribution of physical parameters (nH, AV, Tg, Td). Following Gorai et al. (2020), we carried out our first simulation with generally accepted parameters for a source such as G10 (initially nH = 103 cm−3, which goes up to 107 cm−3 during cloud collapse; initial AV = 2, which goes up to 250; initial Tg = 40 K, which goes up to 200 during the warm-up stage; and initial Td = 20 K, which goes up to 200 K). Since G10 is massive hot core, we selected a collapse time of 105 yr and a warm-up time of 5 × 104 yr.
Knowing that chemistry is very sensitive to certain physical parameters such as temperature and density, we are required to test a number of 0D models by varying the values of most relevant physical parameters. Hence, first we repeat our simulation with a different peak core density of 106 cm−3. We also simulated a number of different models where we used different values of peak gas temperature (400, 300, and 200 K) during the warm-up phase and initial dust temperature (15, 20, and 25 K) during the collapse phase to cover the possible physical evolution history of hot cores such as G10. The warm-up phase is a very important phase in chemical evolution history as the dust grain chemistry is very sensitive to dust temperature. This makes the warm-up duration a very critical parameter. Therefore, we used three different values for the total duration (Tw = 104, 5 × 104, and 105 yr) of the warm-up phase in order to properly investigate the dependence of simulated abundances of N-bearing species on the warm-up time of the collapsed cloud.
Depending on the values of physical parameters used during the time evolution of these three-stages, a number of 0D models are implemented to study the chemical evolution in G10-like dense cores. In Table 3, we list values of different physical parameters used in different models. More details about these models can be found in Sect. 5.1, where we discuss results for the 0D model.
Table 2 
Emitting regions of observed molecules.

	[image: thumbnail]	Fig. 9 Time evolution of nH, AV, and Td = Tg considered from van der Tak et al. (2013) for ten different grids. Red and blue vertical dashed lines show the end of collapse and warm-up phases, respectively.



4.2 1D physical model
To study the spatial distribution of the chemical abundances of G10, we considered the density and temperature distribution obtained by SED fitting by van der Tak et al. (2013). Very recently, Bhat et al. (2021) constructed a similar model for G3l.041+0.31. They divided the cloud envelope into 23 logarithmic spacing shells. Here, for G10, we divided the cloud envelope into ten logarithmic spacing shells. The time evolutions of the physical parameters (nH, AV, Td = Tg) for these ten shells are shown in Fig. 9.
For each shell, we consider that, at t = 0 yr, all the shells have nH = 103 cm−3. In the first stage, every shell is allowed to evolve up to its spatial density distribution obtained by van der Tak et al. (2013). For example, for the fifth shell’s (at ~1717 AU) density may evolve up to 2.08 × 107 cm−3 at the end of 105 yr. Beyond that (warm-up and post-warm-up stages), the density of each shell is kept constant at its maximum value. Since dust temperature is a critical parameter, we used two profiles (15 and 20 K) for the initial dust temperature. For simplicity, we kept the gas temperature Tg equal to the dust temperature Td. In the first stage, Td = Tg was kept constant at initial value (15 or 20 K depending on model). In the warm-up stage, Td = Tg evolves from its initial value to final value respective of the spatial temperature distribution as reported by van der Tak et al. (2013; for example, 207 K for the fifth shell). In the post-warm-up stage, gas and dust temperatures are kept constant at their highest values respective to each shell. To calculate AV, we used the relation AV = AV,0 × (nH/nH,0)(2/3), as given in Sect. 3.3 of Garrod & Pauly (2011), where AV,0 is the initial value of visual extinction and nH,0 is the initial total number density. We used AV,0 = 2 and nH,0 = 103 cm−3.
Table 3 
Simulated models and physical parameters that describe the 0D model.

4.3 Chemical model
To explain the observed abundances of chemical species in G10, a three-phase (gas phase, grain surface, and grain mantle) version of the Nautilus gas-grain chemical code (Ruaud et al. 2016) is used. This code is based on the rate equation approximation (Hasegawa et al. 1992; Hasegawa & Herbst 1993). In all our simulations, the surface of the dust grain is defined as the top two monolayers of species. All ice species under the surface are treated as mantles. When a species desorbs from the surface, another species from the mantle comes to the top to form the new surface layer, and, similarly, with the accretion of a new species on the surface, another surface species moves to the mantle to form a new mantle layer. In our model, standard physical processes such as accretion, diffusion, recombination, and thermal desorption of species are considered. The cosmic-ray-induced desorption, UV (direct and indirect) photo-desorption, and chemical desorption are also considered. These physical processes are explained in detail in Ruaud et al. (2016); Iqbal et al. (2018); Das et al. (2019); Wakelam et al. (2020). We used a common cosmic-ray ionization rate of 1.3 × 10−17 s−1. In Table 4, we list the initial abundances of all the gas and the grain species we used in our all chemical models.
4.4 Chemical network
Our gas-phase chemistry is mostly based on the kida.uva.20l4 public network (Wakelam et al. 2015). We updated our gas phase chemistry by adding all relevant reactions from KIDA and UMIST databases. Apart from this we also followed Tables 8 and 9 of Gorai et al. (2020), and Table 5 of Sil et al. (2018) to complete our gas-phase nitrogen chemistry. Our surface chemistry is mostly based on Iqbal et al. (2018). To complete the surface chemistry, we added all relevant formation and destruction reactions in our chemical network from Table 14 of Belloche et al. (2009) and Table 8 of Gorai et al. (2020). We also added all surface reactions, related to the formation and destruction of C2H3CN and C2H5CN, given in Tables B.3 and B.4 of Garrod et al. (2017).
5 Chemical simulation results
We present our results in two sections. First, we present our simulation results for 0D models shown in Table 3. Results from these simulations were considered to select the most suitable parameters for our 1D simulations. Results for 1D simulations are presented in Sect. 5.2. To find the best-fit-simulated model, we used a simple method in which we calculate the mean distance of disagreement between the simulated and observed values. This method is explained in detail in Iqbal et al. (2018).
Table 4 
Elemental abundances and initial abundances.

5.1 Results obtained with 0D model
Density is one of the fundamental properties of a core that determines the future state of the core. It is challenging to consider the final density of a collapsed core just after its isothermal collapse without having comprehensive knowledge of its collapse. Hence, in our simulations, we adopt two final density profiles for G10 to study their impact on chemical abundances at the end of the simulation.
5.1.1 Impact of peak H density
In Fig. 10, we show simulated abundances (gas and total ice) as a function of time for nine N-bearing species and CH3CCH (observed in G10) during the collapse stage, where total ice abundance includes the contribution of both surface and mantle. In all plots, solid lines are for the model N7-Tg200-Td20 (final nH = 107 cm−3) and dotted lines are for the model N6-Tg200-Td20 (final nH = 106 cm−3). In Fig. 10, we notice a general trend that is followed by all species. In denser clouds (plotted with solid lines), as the cloud collapses and the gas density increases, it takes less than 2 × 104 yr for all species to attain their maximum abundance values in the gas phase. This is followed by a rapid depletion of these species before a relatively stable state is reached; this state is maintained until the start of warm-up phase. At this stage, the abundances of different species continue to evolve, but at a very low rate.
During the isothermal collapse, the dust temperature is only 20K, which is too low for thermal desorption of these complex organic species from the dust surface. We further checked to verify that nonthermal desorption does not contribute to this rapid growth in gas phase species. In fact, a rapid increase in the gas phase abundances is almost entirely driven by the gas-phase formation of these species. During this phase, HC5N is mostly produced in the gas phase through H2C5N+ + e− → H + HC5N and N + C6H → C + HC5N. Similarly, two major reactions contributing to the rapid growth of HC3N in the gas phase are N + C4H → C + HC3N and C + H2CCN → H + HC3N.
As expected, in model N6-Tg200-Td20, with a lower peak H density (plotted with dotted lines), gas phase formation and destruction rates are relatively small compared to model N7-Tg200-Td20, and it takes longer (up to 6 × 104 yr) to reach a similar state of chemical evolution to that seen in model N7-Tg200-Td20.
During the warm-up stage (see Fig. 11), the gas-phase abundances rise rapidly due to desorption from the dust surface as surface temperature rises. HNCO is the first to desorb (just above 60 K) from the surface. All other species start rapid desorption when the surface temperature rises above 100 K. The best fit time for model with lower peak H density also lies during the early stages of warm-up phase when abundances of most species lies in the range of 10−10 to 10−9.
We note that the model with lower peak H density (106 cm−3) results in higher abundances of the considered species at the end of the cloud-collapse stage. However, this difference rapidly disappears during the warm-up stage (except for C2H3CN and C2H5CN). We also note that the gas-phase abundance is affected by considering a lower value of peak H density, while the ice abundances remain very much unaffected.
	[image: thumbnail]	Fig. 10 Impact of peak H density (solid lines (107 cm−3) versus dotted lines (106 cm−3)) on simulated abundances of selected species during the cloud-collapse phase. Plots on the left and the right are for the ice and gas-phase abundances, respectively. Legends in the top left plot are for both plots at the top, and legends in the bottom left plot are for both plots at the bottom. All solid lines are for model N7-Tg200-Td20, and all dotted lines are for model N6-Tg200-Td20 (see Table 3 for details of each model).



5.1.2 Impact of initial dust temperature
Surface chemistry is very sensitive to small changes in surface temperature. Hence, we used our models (N7-Tg200-Td20 and N6-Tg200-Td20) presented in Sect. 5.1.1 and ran them again with initial dust temperatures of 15 and 25 K. Thus, in total we ran four additional models: N7-Tg200-Td15 and N7-Tg200-Td25 with a peak H density of 107 cm−3, and N6-Tg200-Td15 and N6-Tg200-Td25 with a peak H density of 106 cm−3.
In Fig. 12, we show the chemical evolution of selected species as a function of time in the gas phase during all three stages of physical structure evolution of a simulated cloud. In this figure, the pink horizontal bar represents the observed abundance. We note that, in general, the species have the highest gasphase abundance during the cloud-collapse stage and the warm-up stage in the model with the highest dust temperature (25 K), and the lowest abundance when the dust temperature is lowest (15 K), with a few exceptions such as CH3NCO and CH3CCH. In fact, CH3NCO and CH3CCH are produced efficiently to cross the limit of observed abundance in the model with initial dust temperature of only 15 K. In the other two models, abundances of these species are always lower than observed abundances by a small factor. We see that for most of the species, the best-fit time falls during the early to mid-warm-up phase of the cloud.
We can conclude that initial dust temperature has a major impact on the time evolution of the selected species, with a higher dust temperature resulting in higher abundance values in general. A model with an initial dust temperature of 15 K produces a difference of few orders of magnitude in the abundances of a number of species when compared to a model with an initial dust temperature of 20 K. This difference is higher during the cloud-collapse stage and lowest during the post-warm-up stage. When we increase the dust temperature to 25 K, the difference remains small compared to the 20 K model. Hence, it is critical to select the initial dust temperature during the cloud-collapse stage, and it may result in a difference of few orders of magnitude if a temperature under 20 K is used.
	[image: thumbnail]	Fig. 11 Same as Fig. 10, but for warm-up and post-warm-up stages. Plots on the left show the ice abundance (warm-up phase only). Plots in the middle and right show the gas-phase abundances during the warm-up and the post-warm-up phases, respectively.



5.1.3 Sensitivity to initial gas temperature and the peak gas and dust temperature
In all models discussed so far, we used an initial gas temperature of 40 K and the peak gas and dust temperature of 200 K. We found that chemistry is not very sensitive to the initial gas temperature if the temperature is below 100 K. So, we do not show results for different initial gas temperatures here.
However, we found that variations in peak gas temperature do have noticeable impact on chemistry, especially during the warm-up phase. We know that in a collapsed cloud, gas and dust temperatures are coupled due to extreme density, such that Td = Tg. Basically, the peak gas and dust temperatures are the same, and both change with the models presented in this section. Again, we used our reference models (N7-Tg200-Td20 and N6-Tg200-Td20) presented in Sect. 5.1.1 and ran four additional models to show the impact of variations in the peak gas and dust temperatures on chemical abundances of N-bearing species. We ran new models with the peak gas and dust temperatures of 300 K and 400 K; these models are N7-Tg300-Td20 and N7-Tg400-Td20, respectively, with a peak H density of 107 cm−3, and N6-Tg300-Td206and N3 6-Tg400-Td20, respectively, with a peak H density of 106 cm−3.
In Fig. 13, we show simulated abundances as a function of time for selected species in the gas phase during all the three stages of physical structure evolution of simulated cloud. We see that the variation in peak gas and dust temperature only shifts the steady state abundance time for different species during warm-up stage. This shift in time is on the order of 104 yr. We also note that, during the warm-up phase, the steady-state condition is reached earlier, and this happens at a higher gas and dust temperature if we increase the peak value of the gas and dust temperatures in different models. Once the gas and dust temperature go above 200 K, there is little difference observed in abundances between different models. Our best-fit time falls again during the warm-up stage and is only shifted to the left by factor of 104 yr depending on the peak gas temperature.
5.1.4 Impact of warm-up duration
We implemented three different values for the total duration of the warm-up stage: tw = 104, 5 × 104, and 105 yr, respectively, for fast, mid, and slow cases. In Fig. 14, we show the impact of different warm-up durations on the time-dependent chemical evolution of selected species. In Fig. 14, red, blue, and green vertical dotted lines mark the end of the warm-up period and the start of the post-warm-up stage for fast, mid, and slow models, respectively. During the warm-up stage, the initial dust temperature is 20 K and the gas temperature is 40 K. During warm-up, the dust temperature is coupled with the gas temperature and climbs to its peak value (200 K). Due to a gradual increase in dust temperature, thermal desorption becomes very efficient even for heavier species with a binding energy above 4000 K. Due to efficient thermal desorption, almost all the ice species are evaporated within 104 yr once the dust temperature goes above 100 K and continues to rise. Soon after that, abundances of gas species reach a steady-state value. In Fig. 14, we can see that abundances of all species rise fastest in a fast warm-up model, as the rise in temperature is steeper, followed by mid and slow warm-up models. However, there is no significant difference in the steady state abundance values in different models after 2 × 105 yr, except for C2H3CN and C2H5CN, as our simulation shows that these two species are sensitive to the warm-up duration. In all three models, simulated abundances of all selected species fit well with observed values during the warm-up stage. CH3CCH is slightly under-produced in all our models. CH3CCH is efficiently produced only when the initial dust temperature is 15 K (see Fig. 12).
	[image: thumbnail]	Fig. 12 Impact of initial dust temperature (black (15 K), red (20 K), and blue (25 K) lines) and final H density (dashed lines (107 cm−3), and dotted lines (106 cm−3)) on simulated abundances of selected species. For all plots, black, red, and blue dashed lines are for models N7-Tg200-Td15, N7-Tg200-Td20, and N7-T2400-Td25, respectively, and black, red, and blue dotted lines are for models N6-Tg200-Td15, N6-Tg200-Td20, and N6-Tg200-Td25, respectively. Pink horizontal bar represents the observed value in G10 (see Table 3 for details of each model).



	[image: thumbnail]	Fig. 13 Impact of peak gas and dust temperature (black, red, and blue lines) and peak H density (dashed lines (107 cm−3) versus dotted lines (106 cm−3)) on simulated abundances of selected species. For all plots, black, red, and blue dashed lines are for models N7-Tg200-Td20, N7-Tg300-Td20, and N7-Tg400-Td20, respectively, and black, red, and blue dotted lines are for models N6-Tg200-Td20, N6-Tg300-Td20, and N6-Tg400-Td20. Pink horizontal bar represents the observed value in G10 (see Table 3 for details of each model).



	[image: thumbnail]	Fig. 14 Impact of warm-up time (fast, mid, and slow cases are plotted in red, blue, and green, respectively) and final H density (dashed line (107 cm−3) versus dotted line (106 cm−3)) on simulated abundances of selected species. Red, blue, and green dashed lines are for models N7-Tg200-Td20-fast-wup, N7-Tg200-Td20, and N7-Tg200-Td20-slow-wup, respectively, and red, blue, and green dotted lines are for models N6-Tg200-Td20-fast-wup, N6-Tg200-Td20, and N6-Tg200-Td20-slow-wup, respectively. All plots are for both warm-up and post-warm-up stages, with both stages separated by red, blue, and green vertical dotted lines for fast, mid, and slow cases, respectively. Pink horizontal bar represents the observed value in G10 (see Table 3 for details of each model).



	[image: thumbnail]	Fig. 15 Time evolution of abundances of selected species during the warm-up and post-warm-up phases for 1D physical model with initial dust and gas temperature of 15 K. Red dashed vertical line at 1.5 × 105 yr shows the end of the warm-up phase. Pink horizontal bar represents observed abundance range.



5.2 Results obtained with 1D model
Here, we show the results for 1D simulations, which are essential to studying the possible spatial distribution of N-bearing species in the source G10. We ran two simulations (based on initial dust temperatures of 15 and 20 K) of the 1D model. In each simulation, we have ten grids representing ten spatial points in the source. Details on these spatial points are given in Sect. 4.2.
The results showing the time evolution of the abundances of selected species for all ten grids are shown in Fig. 15. In this simulation, the initial gas and dust temperature was set at 15 K. The same plot for an initial dust and gas temperature of 20 K is given in Fig. E.1. The observed abundances are marked with horizontal bars. Grid 1 is the innermost grid, whereas Grid 10 is the outermost. Our model shows that the abundances of all species vary by a few orders of magnitude between the inner and outer grids. Some species such as HC3N and HC5N are most abundant at inner grids, while others such as NH2CN and CH3CCH are most abundant in the outer grids.
For a better comparison with values presented in Rolffs et al. (2011b), we show the spatial distribution of peak abundances of selected species in Fig. 16. Again, this plot is for models with initial dust temperatures of 15 K. A similar plot with an initial dust temperature of 20 K is given in Fig. E.2. The dotted and dashed green vertical lines represent the observed spatial resolutions of Rolffs et al. (2011b), whereas the dashed pink vertical line represents the spatial resolution of our observation. Peak abundances (black curves) are extracted by noting the abundances achieved during warm-up and post-warm-up periods. To avoid the time uncertainty of the peak values, we also show the abundances obtained just after the warm-up phase (1.5 × 105 yr) and final time (2.5 × 105 yr).
As shown in Fig. 16, the spatial resolution of the observation presented in Rolffs et al. (2011b) is much higher than that of the observations in this paper. We also note that the simulated peak abundances of all species is at its maximum toward the inner grids, though not in the same place. This is important to understand why, for most of the species, Rolffs et al. (2011b) recorded a higher maximum abundance compared to us for the source G10. Our 1D simulations shows a high abundance of HCN and HC3N deeper inside the cloud (i.e., around the high-temperature region), which could not be resolved with observation presented in this paper. However, HC3N is more extended compared to HC5N. This is reflected in our modeling results (Figs. 16 and E.2). They show that HC5N decays in the outer part of the envelope more rapidly compared to HC3N. The abundance of vinyl cyanide and ethyl cyanide seems to be heavily dependent on the initial ice temperature. In the model with the initial gas and dust temperature of 20 K, shown in Fig. E.1, abundances of vinyl cyanide and ethyl cyanide drop rapidly compared to the model with the initial gas and dust temperature of 15 K, shown in Fig. 15. More interestingly, inside 3000 AU, it depicts a higher abundance of ethyl cyanide than vinyl cyanide. Rolffs et al. (2011b) also obtained a higher abundance of ethyl cyanide (9 × 1017 cm−2) compared to vinyl cyanide (7 × 1017 cm−2). In contrast, we obtained a higher abundance of vinyl cyanide than ethyl cyanide with our resolution. This is also reflected in our model. So, our model at the initial ice phase temperature of 15 K successfully explains a high abundance of ethyl cyanide over vinyl cyanide deep inside, and of vinyl cyanide over ethyl cyanide at the outer part of the envelope. An abundance of CH3NH2 seems roughly invariant across the cloud. The abundances of CH2NH and CH3NH2 are overproduced in our 15 K model, whereas they are underproduced in the 20 K model. Results presented here can explain the observed abundances of the peptide-like bond containing species (HNCO, CH3NCO, and NH2CHO). With the initial gas and dust temperature of 15 K, CH3CCH shows a good match with the observational results (see Fig. 16).
Simulated (obtained in best-fit 1D model) and observed column densities of the identified species are shown in Fig. 17. Various methods are implemented to derive the observed column density of the species. RD (shown in green) represents the column density obtained with the rotational diagram method, and MCMC (shown in blue) illustrates the MCMC Method. LTE1 (shown in red) represents the cases when a fixed source size of ~2″ is used, whereas LTE2 represents the circumstances for which the average emitting region of species are used (shown in black). Figure 17 shows that all the methods of deriving the observed column density of a species agree well among themselves. The simulated column densities of species are shown in yellow. The grid number (noted in black) represents the peak column density of that grid, for which we have a good match with the observed results. Additionally, for the cases of HC3N and HC5N, we include the results obtained for the same grid at ~2.5 × 105 yr.
Figure 17 summarizes our findings. For example, we obtain a good match between the observed and simulated results for NH2CH2CN in the innermost grid and for NH2CN in the fourth grid. It signifies the presence of these species in the inner part of the hot core. Figure 16 shows that in the case of C2H5CN, we obtain a dramatic change in column density between grid numbers 6 and 7. Thus, the column density obtained at the middle of 6 and 7 (i.e., 6.5) is considered from the column density profile of C2H5CN. Overall, we note that the C2H3CN emission and CH3CCH emission are more extended (these match well with the ninth grid) than that of C2H5CN (~6.5th grid). For HC3N and HC5N, we obtain a good match with the observation during the latter stages of evolution (~2.5 × 105) in the ninth grid. However, a higher column density (simulated and observed) of HC3N compared to HC5N implies a relatively extended emission of HC3N.
	[image: thumbnail]	Fig. 16 Spatial distribution of abundances of selected species at three selected times in simulation. Red, blue, and black curves show the spatial distribution of abundances at ~1.5 × 105 yr, ~2.5 × 105 yr, and the peak abundance, respectively. Peak abundance is the max abundance during the warm-up and post-warm-up phases. Here, we considered the initial dust temperature of 15 K. Green dotted (at 2580 AU), green dashed (at 12 900 AU), and pink dashed (at 17 200 AU) lines represent the highest spatial resolution (0.3″) and the moderate resolution (1.5″) of Rolffs et al. (2011b), and our resolution (2″), respectively. Pink horizontal bar represents observed abundance range.



	[image: thumbnail]	Fig. 17 Observed and simulated column density of the species are shown. LTE1 represents column density obtained with a constant source size of 2″, whereas LTE2 represents the cases with the average emitting regions of each species. Simulated column densities (obtained in bestfit 1D model) are shown in yellow. The grid number (noted in black) of the modeled column density represents the peak column density of that grid, which matches well with the observed results. For HC3N and HC5N, the modeled column density at ~2.5 × 105 yr is additionally shown for the same grid number noted in red. Error bars obtained with the rotational diagram and MCMC methods are shown in magenta.



6 Conclusions
This paper reports the identification of some nitrogen-bearing species in the high-mass protostellar envelope of G10 using the archival ALMA data. We also used the Nautilus gas-grain code to investigate the evolution of Nitrogen chemistry in a hot molecular source such as G10. For our chemical modeling, we utilized a physical structure similar to that observed in G10. Our chemical network contains both the gas- and dust-phase chemistry. The main highlights of this paper are presented below.

	We identify numerous transitions of nitrogen-bearing species in G10. Among them, vinyl cyanide and its one 13C isotopologue (13CH2CHCN) and ethyl cyanide and its one 13C isotopologue (13CH3CH2CN) are identified. Two other 13C isotopologues of vinyl cyanide (CH213CHCN and CH2CH13CN), one deuterated form of vinyl cyanide (CH2CDCN), another 13C isotopologue of ethyl cyanide (CH3CH213CN), an isomer of ethyl cyanide (C2H5NC), cyanoacetylene and its two 13C isotopologues (HC13CCN and HCC13CN), cyanodiacetyle and its one 13C isotopologue (HCC13CCCN), cyanamide, and aminoacetonitrile are tentatively identified. Additionally, one 13C isotopologue of (CH313CCH) is tentatively identified with our investigation.


	Furthermore, we also identify multiple transitions of methyl acetylene in this source, which is a valuable tracer of physical condition. From our analysis, a kinetic temperature of 133–193 K is estimated.


	Based on our detection of vinyl cyanide and one of its 13C isotopologues, a [image: equation] ratio of 45–64 is obtained. Similarly, with the ethyl cyanide and its one 13C isotopologue, a [image: equation] ratio of 12–27 is obtained. Additionally, a ratio of 57.5 is obtained between ethyl cyanide and ethyl isocyanide.


	Our 0D model with an initial dust temperature of 15 K and a cloud density of 107 cm−3 best describes the observed abundances in the source. Our best-fit model is consistent with the source properties of hot and dense sources similar to G10.


	0D simulations show that the chemistry of certain N-bearing species is very sensitive to initial local conditions such as density or dust temperature or both, and it is not very sensitive to initial gas temperature.


	In our 1D model, simulated higher abundances of species such as HCN, HC3N, and HC5N toward the inner shells of the source confirm the observational findings.


	We obtained a lower abundance of vinyl cyanide, ethyl cyanide, cyanoacetylene, and cyanamide compared to Rolffs et al. (2011b). We note that the emission of most of these species is compact. Since Rolffs et al. (2011b) have a higher spatial resolution (highest resolution ~0.3″ corresponds to 2580 AU and average resolution ~1.5″ corresponds to 12 900 AU) than ours (~2″ corresponds to 17 200 AU), they obtained a higher abundance of these species.


	Results obtained with our 1D model, shown in Figs. 16 and E.2, show that the abundance of most of the species increases as we move toward the denser and warmer innerregions of the source. In this work, we have identified various nitrogen-bearing species and investigated the N-bearing chemistry in G10. In addition, we have discussed how the chemistry of N-bearing molecules can vary with initial local conditions and investigated these species’ spatial distribution. Since most of the transitions were marginally resolved, higher-angular-resolution observations would be needed to know their spatial distribution more accurately.
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Appendix A  Observed line parameters
Table A.1 
Summary of line parameters of observed molecules toward G10.47+0.03.

Table A.2 
Summary of the best-fit line parameters obtained using MCMC method considering a source size = 2″ and a Vlsr = 68 km/s.


Appendix B  Line maps
The integrated intensity distribution of all observed molecules is shown in Figures B.l, B.2, B.3, and B.4. The integrated intensity is obtained in the velocity range roughly between 58 km/s and 78 km/s.
	[image: thumbnail]	Fig. B.1 Moment maps of unblended transition of C2H3CN and its isotopologues and isomer. Contours are drawn at 5%, 15%, 30%, 50%, and 80% of the maximum intensity (in Jy/beam.km/s noted in each panel) obtained for each transition. The black contour represents 50% of the maximum intensity.



	[image: thumbnail]	Fig. B.2 Moment maps of transitions of C2H5CN, its isotopologues, and isomer (same as Figure B.1).



	[image: thumbnail]	Fig. B.3 Moment maps of unblended transition of HC3N, HC13CCN, HC5N, HCC13CCCN, NH2CN, and NH2CH2CN (same as Figure B.1).



	[image: thumbnail]	Fig. B.4 Moment maps of unblended transition of CH3CCHand CH313CCH (same as Figure B.1).




Appendix C  Modeled line parameters
	[image: thumbnail]	Fig. C.1 MCMC fit of observed, unblended, optically thin transitions of vinyl cyanide and its isotopologues (solid green lines). The blue lines represent the modeled spectra, whereas the observed spectra are shown in black. The vertical red dashed line shows the position of Vlsr = 68 km/s. The green solid lines represent the LTE spectra of some species by considering the rotational temperature and column density obtained from the rotational diagram analysis (see Fig. 1).



	[image: thumbnail]	Fig. C.2 MCMC-fit spectra (same as Figure C.1) of the observed, unblended, optically thin transitions of ethyl cyanide, its one isotopologue.



	[image: thumbnail]	Fig. C.3 MCMC-fit spectra of CH3CCH transitions.




Appendix D  LTE spectra (LTE2)
	[image: thumbnail]	Fig. D.1 Black lines represent observed spectra of vinyl cyanide and its isotopologues (13CH2CHCN, CH213CCN, CH2CH13CN, CH2CNC15N, and CH2CDCN). Unblended transitions are noted in red, whereas blended transitions are given in black. The solid red lines represent the Gaussian fit of the unblended transitions. LTE spectra (LTE2) are shown in blue by considering N(H2) = 1.35 × 1025 cm−2, an excitation temperature of 15° K, average source size (average of emitting regions of unblended transitions), and the average FWHM (obtained from the unblended, optically thin transitions) of the species. The column density of the species is varied until estimated good fits are obtained by eye. The red dashed lines show the systematic velocity (VLSR) of the source at ~ 68 km s−1. In addition, the name of the species and their respective transitions (in GHz) are provided in each panel.



	[image: thumbnail]	Fig. D.2 Gaussian-fit and -modeled LTE spectra (LTE2; same as Figure D.1) of the unblended transitions of ethyl cyanide, its isotopologues (13CH3CH2CN, CH313CH2CN, CH3CH213CN, C2H5C15N), and one of its isomers (C2H5NC).



	[image: thumbnail]	Fig. D.3 Gaussian-fit spectra and LTE spectra (LTE2; same as Figure D.1) of cyanoacetylene, cyanodiacetylene, cyanamide, and aminoacetonitrile.



	[image: thumbnail]	Fig. D.4 Gaussian-fit spectra and LTE spectra (LTE2; same as Figure D.1) of CH3CCH and its isotopologues.




Appendix E  Extra figures for chemical evolution of selected species in 1D models
	[image: thumbnail]	Fig. E.1 Same as Figure 15, but for initial dust and gas temperature of 20 K.



	[image: thumbnail]	Fig. E.2 Same as Figure 16, but for initial dust temperature of 20 K.
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All Figures
	[image: thumbnail]	Fig. 1 Rotational diagram of (a) vinyl cyanide (C2H3CN) and (b) its one istotopologue (13CH2CHCN). The best fitted rotational temperature and column density are given in each panel. Filled blue squares are the data points and the blue line represents the error bar. The error bar of each transition is calculated from rms noise (varies 117 mK to 306 mK) and calibration error (considering 5%).
In the text



	[image: thumbnail]	Fig. 2 Black lines represent the observed spectra of vinyl cyanide and its isotopologues (13CH2CHCN, CH213CCN, CH2CH13CN, CH2CNC15N, and CH2CDCN). Unblended transitions are noted in red, whereas blended transitions are indicated in black. The solid red lines represent the Gaussian fit of the unblended transitions. LTE spectra are shown in blue by considering N(H2) = 1.35 × 1025 cm−2, excitation temperature 150 K, source size of 2″, and the average FWHM (obtained from the unblended optically thin transitions) of the species. The column density of the species is varied until eye-estimated good fits are obtained. The red dashed lines show the systematic velocity (VLSR) of the source at ~68 km s−1. In addition, the name of the species and their respective transitions (in GHz) are provided in each panel.
In the text



	[image: thumbnail]	Fig. 3 Rotational diagram of (a) ethyl cyanide (C2H5CN) and (b) its one istotopologue (13CH3CH2CN). The best-fit rotational temperature and column density are given in each panel. Filled blue squares are the data points and blue line represents the error bar. Error bar of each transition is calculated from rms noise (varying from 70 mK to 155 mK) and calibration error (considering 5%).
In the text



	[image: thumbnail]	Fig. 4 Gaussian-fit and modeled LTE spectra (same as Fig. 2) of the unblended transitions of ethyl cyanide, its isotopologues (13CH3CH2CN, CH313CH2CN, CH3CH213CN, C2H5C15N), and one of its isomers (C2H5NC).
In the text



	[image: thumbnail]	Fig. 5 Gaussian-fit spectra and LTE spectra (same as Fig. 2) of CH3CCH and its isotopologues.
In the text



	[image: thumbnail]	Fig. 6 Rotational diagram of methyl acetylene (CH3CCH; same as Figs. 1 and 3). Error bar of each transition is calculated from rms noise (varies 70 mK to 136 mK) and calibration error (considering 5%).
In the text



	[image: thumbnail]	Fig. 7 Gaussian-fit spectra and LTE spectra (same as Fig. 2) of cyanoacetylene, cyanodiacetylene, cyanamide, and aminoacetonitrile.
In the text



	[image: thumbnail]	Fig. 8 Black line represents the expected line intensity ratio variation with the kinetic temperature, whereas the red line represents the observed intensity ratio. The ratios of CH3CCH transitions are plotted in panels a, b, and c, and that of CH313CCH is given in panel d.
In the text



	[image: thumbnail]	Fig. 9 Time evolution of nH, AV, and Td = Tg considered from van der Tak et al. (2013) for ten different grids. Red and blue vertical dashed lines show the end of collapse and warm-up phases, respectively.
In the text



	[image: thumbnail]	Fig. 10 Impact of peak H density (solid lines (107 cm−3) versus dotted lines (106 cm−3)) on simulated abundances of selected species during the cloud-collapse phase. Plots on the left and the right are for the ice and gas-phase abundances, respectively. Legends in the top left plot are for both plots at the top, and legends in the bottom left plot are for both plots at the bottom. All solid lines are for model N7-Tg200-Td20, and all dotted lines are for model N6-Tg200-Td20 (see Table 3 for details of each model).
In the text



	[image: thumbnail]	Fig. 11 Same as Fig. 10, but for warm-up and post-warm-up stages. Plots on the left show the ice abundance (warm-up phase only). Plots in the middle and right show the gas-phase abundances during the warm-up and the post-warm-up phases, respectively.
In the text



	[image: thumbnail]	Fig. 12 Impact of initial dust temperature (black (15 K), red (20 K), and blue (25 K) lines) and final H density (dashed lines (107 cm−3), and dotted lines (106 cm−3)) on simulated abundances of selected species. For all plots, black, red, and blue dashed lines are for models N7-Tg200-Td15, N7-Tg200-Td20, and N7-T2400-Td25, respectively, and black, red, and blue dotted lines are for models N6-Tg200-Td15, N6-Tg200-Td20, and N6-Tg200-Td25, respectively. Pink horizontal bar represents the observed value in G10 (see Table 3 for details of each model).
In the text



	[image: thumbnail]	Fig. 13 Impact of peak gas and dust temperature (black, red, and blue lines) and peak H density (dashed lines (107 cm−3) versus dotted lines (106 cm−3)) on simulated abundances of selected species. For all plots, black, red, and blue dashed lines are for models N7-Tg200-Td20, N7-Tg300-Td20, and N7-Tg400-Td20, respectively, and black, red, and blue dotted lines are for models N6-Tg200-Td20, N6-Tg300-Td20, and N6-Tg400-Td20. Pink horizontal bar represents the observed value in G10 (see Table 3 for details of each model).
In the text



	[image: thumbnail]	Fig. 14 Impact of warm-up time (fast, mid, and slow cases are plotted in red, blue, and green, respectively) and final H density (dashed line (107 cm−3) versus dotted line (106 cm−3)) on simulated abundances of selected species. Red, blue, and green dashed lines are for models N7-Tg200-Td20-fast-wup, N7-Tg200-Td20, and N7-Tg200-Td20-slow-wup, respectively, and red, blue, and green dotted lines are for models N6-Tg200-Td20-fast-wup, N6-Tg200-Td20, and N6-Tg200-Td20-slow-wup, respectively. All plots are for both warm-up and post-warm-up stages, with both stages separated by red, blue, and green vertical dotted lines for fast, mid, and slow cases, respectively. Pink horizontal bar represents the observed value in G10 (see Table 3 for details of each model).
In the text



	[image: thumbnail]	Fig. 15 Time evolution of abundances of selected species during the warm-up and post-warm-up phases for 1D physical model with initial dust and gas temperature of 15 K. Red dashed vertical line at 1.5 × 105 yr shows the end of the warm-up phase. Pink horizontal bar represents observed abundance range.
In the text



	[image: thumbnail]	Fig. 16 Spatial distribution of abundances of selected species at three selected times in simulation. Red, blue, and black curves show the spatial distribution of abundances at ~1.5 × 105 yr, ~2.5 × 105 yr, and the peak abundance, respectively. Peak abundance is the max abundance during the warm-up and post-warm-up phases. Here, we considered the initial dust temperature of 15 K. Green dotted (at 2580 AU), green dashed (at 12 900 AU), and pink dashed (at 17 200 AU) lines represent the highest spatial resolution (0.3″) and the moderate resolution (1.5″) of Rolffs et al. (2011b), and our resolution (2″), respectively. Pink horizontal bar represents observed abundance range.
In the text



	[image: thumbnail]	Fig. 17 Observed and simulated column density of the species are shown. LTE1 represents column density obtained with a constant source size of 2″, whereas LTE2 represents the cases with the average emitting regions of each species. Simulated column densities (obtained in bestfit 1D model) are shown in yellow. The grid number (noted in black) of the modeled column density represents the peak column density of that grid, which matches well with the observed results. For HC3N and HC5N, the modeled column density at ~2.5 × 105 yr is additionally shown for the same grid number noted in red. Error bars obtained with the rotational diagram and MCMC methods are shown in magenta.
In the text



	[image: thumbnail]	Fig. B.1 Moment maps of unblended transition of C2H3CN and its isotopologues and isomer. Contours are drawn at 5%, 15%, 30%, 50%, and 80% of the maximum intensity (in Jy/beam.km/s noted in each panel) obtained for each transition. The black contour represents 50% of the maximum intensity.
In the text



	[image: thumbnail]	Fig. B.2 Moment maps of transitions of C2H5CN, its isotopologues, and isomer (same as Figure B.1).
In the text



	[image: thumbnail]	Fig. B.3 Moment maps of unblended transition of HC3N, HC13CCN, HC5N, HCC13CCCN, NH2CN, and NH2CH2CN (same as Figure B.1).
In the text



	[image: thumbnail]	Fig. B.4 Moment maps of unblended transition of CH3CCHand CH313CCH (same as Figure B.1).
In the text



	[image: thumbnail]	Fig. C.1 MCMC fit of observed, unblended, optically thin transitions of vinyl cyanide and its isotopologues (solid green lines). The blue lines represent the modeled spectra, whereas the observed spectra are shown in black. The vertical red dashed line shows the position of Vlsr = 68 km/s. The green solid lines represent the LTE spectra of some species by considering the rotational temperature and column density obtained from the rotational diagram analysis (see Fig. 1).
In the text



	[image: thumbnail]	Fig. C.2 MCMC-fit spectra (same as Figure C.1) of the observed, unblended, optically thin transitions of ethyl cyanide, its one isotopologue.
In the text



	[image: thumbnail]	Fig. C.3 MCMC-fit spectra of CH3CCH transitions.
In the text



	[image: thumbnail]	Fig. D.1 Black lines represent observed spectra of vinyl cyanide and its isotopologues (13CH2CHCN, CH213CCN, CH2CH13CN, CH2CNC15N, and CH2CDCN). Unblended transitions are noted in red, whereas blended transitions are given in black. The solid red lines represent the Gaussian fit of the unblended transitions. LTE spectra (LTE2) are shown in blue by considering N(H2) = 1.35 × 1025 cm−2, an excitation temperature of 15° K, average source size (average of emitting regions of unblended transitions), and the average FWHM (obtained from the unblended, optically thin transitions) of the species. The column density of the species is varied until estimated good fits are obtained by eye. The red dashed lines show the systematic velocity (VLSR) of the source at ~ 68 km s−1. In addition, the name of the species and their respective transitions (in GHz) are provided in each panel.
In the text



	[image: thumbnail]	Fig. D.2 Gaussian-fit and -modeled LTE spectra (LTE2; same as Figure D.1) of the unblended transitions of ethyl cyanide, its isotopologues (13CH3CH2CN, CH313CH2CN, CH3CH213CN, C2H5C15N), and one of its isomers (C2H5NC).
In the text



	[image: thumbnail]	Fig. D.3 Gaussian-fit spectra and LTE spectra (LTE2; same as Figure D.1) of cyanoacetylene, cyanodiacetylene, cyanamide, and aminoacetonitrile.
In the text



	[image: thumbnail]	Fig. D.4 Gaussian-fit spectra and LTE spectra (LTE2; same as Figure D.1) of CH3CCH and its isotopologues.
In the text



	[image: thumbnail]	Fig. E.1 Same as Figure 15, but for initial dust and gas temperature of 20 K.
In the text



	[image: thumbnail]	Fig. E.2 Same as Figure 16, but for initial dust temperature of 20 K.
In the text





    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Rotational diagram of (a) ethyl cyanide (C2H5CN) and (b) its one istotopologue (13CH3CH2CN). The best-fit rotational temperature and column density are given in each panel. Filled blue squares are the data points and blue line represents the error bar. Error bar of each transition is calculated from rms noise (varying from 70 mK to 155 mK) and calibration error (considering 5%).

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Gaussian-fit spectra and LTE spectra (same as Fig. 2) of CH3CCH and its isotopologues.

      

    

  
    
      Fig. 7 
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        Gaussian-fit spectra and LTE spectra (same as Fig. 2) of cyanoacetylene, cyanodiacetylene, cyanamide, and aminoacetonitrile.

      

    

  
    
      Fig. 10 

      
        [image: thumbnail]
      

      
        Impact of peak H density (solid lines (107 cm−3) versus dotted lines (106 cm−3)) on simulated abundances of selected species during the cloud-collapse phase. Plots on the left and the right are for the ice and gas-phase abundances, respectively. Legends in the top left plot are for both plots at the top, and legends in the bottom left plot are for both plots at the bottom. All solid lines are for model N7-Tg200-Td20, and all dotted lines are for model N6-Tg200-Td20 (see Table 3 for details of each model).

      

    

  
    
      Fig. 11 
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        Same as Fig. 10, but for warm-up and post-warm-up stages. Plots on the left show the ice abundance (warm-up phase only). Plots in the middle and right show the gas-phase abundances during the warm-up and the post-warm-up phases, respectively.

      

    

  
    
      Fig. 12 

      
        [image: thumbnail]
      

      
        Impact of initial dust temperature (black (15 K), red (20 K), and blue (25 K) lines) and final H density (dashed lines (107 cm−3), and dotted lines (106 cm−3)) on simulated abundances of selected species. For all plots, black, red, and blue dashed lines are for models N7-Tg200-Td15, N7-Tg200-Td20, and N7-T2400-Td25, respectively, and black, red, and blue dotted lines are for models N6-Tg200-Td15, N6-Tg200-Td20, and N6-Tg200-Td25, respectively. Pink horizontal bar represents the observed value in G10 (see Table 3 for details of each model).

      

    

  
    
      Fig. 13 

      
        [image: thumbnail]
      

      
        Impact of peak gas and dust temperature (black, red, and blue lines) and peak H density (dashed lines (107 cm−3) versus dotted lines (106 cm−3)) on simulated abundances of selected species. For all plots, black, red, and blue dashed lines are for models N7-Tg200-Td20, N7-Tg300-Td20, and N7-Tg400-Td20, respectively, and black, red, and blue dotted lines are for models N6-Tg200-Td20, N6-Tg300-Td20, and N6-Tg400-Td20. Pink horizontal bar represents the observed value in G10 (see Table 3 for details of each model).

      

    

  
    
      Fig. 14 

      
        [image: thumbnail]
      

      
        Impact of warm-up time (fast, mid, and slow cases are plotted in red, blue, and green, respectively) and final H density (dashed line (107 cm−3) versus dotted line (106 cm−3)) on simulated abundances of selected species. Red, blue, and green dashed lines are for models N7-Tg200-Td20-fast-wup, N7-Tg200-Td20, and N7-Tg200-Td20-slow-wup, respectively, and red, blue, and green dotted lines are for models N6-Tg200-Td20-fast-wup, N6-Tg200-Td20, and N6-Tg200-Td20-slow-wup, respectively. All plots are for both warm-up and post-warm-up stages, with both stages separated by red, blue, and green vertical dotted lines for fast, mid, and slow cases, respectively. Pink horizontal bar represents the observed value in G10 (see Table 3 for details of each model).

      

    

  
    
      Fig. 15 

      
        [image: thumbnail]
      

      
        Time evolution of abundances of selected species during the warm-up and post-warm-up phases for 1D physical model with initial dust and gas temperature of 15 K. Red dashed vertical line at 1.5 × 105 yr shows the end of the warm-up phase. Pink horizontal bar represents observed abundance range.

      

    

  
    
      Fig. 16 

      
        [image: thumbnail]
      

      
        Spatial distribution of abundances of selected species at three selected times in simulation. Red, blue, and black curves show the spatial distribution of abundances at ~1.5 × 105 yr, ~2.5 × 105 yr, and the peak abundance, respectively. Peak abundance is the max abundance during the warm-up and post-warm-up phases. Here, we considered the initial dust temperature of 15 K. Green dotted (at 2580 AU), green dashed (at 12 900 AU), and pink dashed (at 17 200 AU) lines represent the highest spatial resolution (0.3″) and the moderate resolution (1.5″) of Rolffs et al. (2011b), and our resolution (2″), respectively. Pink horizontal bar represents observed abundance range.

      

    

  
    
      Table A.2 

      Summary of the best-fit line parameters obtained using MCMC method considering a source size = 2″ and a Vlsr = 68 km/s.

      
        


	Species
	Quantum numbers
	Frequency (GHz)
	Eu (K)
	FWHM (Km s−1)
	Best fitted column density (cm−2)
	Best fitted Tex (K)
	Optical depth (τ)





	Vinyl cyanide and its isotopologues



	




	C2H3CN
	62,4 → 61,5, v=0
	130.763576
	18.2
	
	
	
	0.02



	
	292,27 → 291,28, v=0
	131.168737
	209.5
	
	
	
	0.05



	
	122,11 → 121,12, v=0
	153.42175
	44.1
	8.2
	(3.4 ± 0.4) × 1017
	209.8±18.02
	0.03



	
	190,19 → 181,18, v=0
	158.773785
	85.5
	
	
	
	0.06



	 



	13CH2CHCN
	167,9 → 157,8
	147.927607
	164.8
	
	
	
	0.03



	
	163,14 → 153,13
	147.986686
	79.5
	9.0
	(5.3±0.4) × 1015
	125.8±13.67
	0.07



	
	162,14 → 152,13
	149.423715
	69.2
	
	
	
	0.07



	
	171,16 → 161,15
	159.954635
	71.2
	
	
	
	0.08



	




	Ethyl cyanide with its isotopologues and isomer



	




	C2H5CN
	141,14 → 130,13, v=0
	129.768140
	44.8
	
	
	
	0.20



	
	213,19 → 212,20, v=0
	130.693882
	109.4
	
	
	
	0.12



	
	244,20 → 243,21, v=0
	148.293988
	147.1
	
	
	
	0.12



	
	102,9 → 91,8, v=0
	148.36276
	28.1
	7.8
	(1.7 ± 0.10) × 1017
	104.1±9.9
	0.10



	
	283,26 → 282,27, v=0
	153.589524
	184.6
	
	
	
	0.08



	
	214,17 → 213,18, v=0
	154.47598
	117.2
	
	
	
	0.14



	
	262,25 → 261,26, v=0
	154.55736
	154.0
	
	
	
	0.07



	
	208,13 → 217,14, v=0
	158.742366
	161.4
	
	
	
	0.02



	
	174,13 → 173,14, v=0
	159.3308
	83.6
	
	
	
	0.15



	 



	13CH3CH2CN
	155,10 → 145,9, v=0
	131.155447
	77.8
	
	
	
	0.05



	
	1511,4 → 1411,3, v=0
	131.161428
	183.4
	
	
	
	0.01



	
	154,12 → 144,11, v=0
	131.233679
	67.9
	8.4
	(7.8 ± 1.1) × 1015
	130.8±23.2
	0.06



	
	154,11 → 144,10, v=0
	131.249984
	67.9
	
	
	
	0.06



	
	181,17 → 171,16, v=0
	159.10002
	74.2
	
	
	
	0.08



	




	Methylacetylene and its isotopologue



	




	CH3CCH
	96 → 86
	153.71152
	296.1
	
	
	
	0.015



	
	93 → 83
	153.790769
	101.7
	10.0
	(8.7 ± 0.7) × 1016
	219.1 ± 14.8
	0.06



	
	92 → 82
	153.805457
	65.7
	
	
	
	0.04





      

    

  
    
      Fig. B.3 

      
        [image: thumbnail]
      

      
        Moment maps of unblended transition of HC3N, HC13CCN, HC5N, HCC13CCCN, NH2CN, and NH2CH2CN (same as Figure B.1).

      

    

  
    
      Fig. C.2 

      
        [image: thumbnail]
      

      
        MCMC-fit spectra (same as Figure C.1) of the observed, unblended, optically thin transitions of ethyl cyanide, its one isotopologue.

      

    

  
    
      Fig. C.3 

      
        [image: thumbnail]
      

      
        MCMC-fit spectra of CH3CCH transitions.

      

    

  
    
      Fig. D.1 

      
        [image: thumbnail]
      

      
        Black lines represent observed spectra of vinyl cyanide and its isotopologues (13CH2CHCN, CH213CCN, CH2CH13CN, CH2CNC15N, and CH2CDCN). Unblended transitions are noted in red, whereas blended transitions are given in black. The solid red lines represent the Gaussian fit of the unblended transitions. LTE spectra (LTE2) are shown in blue by considering N(H2) = 1.35 × 1025 cm−2, an excitation temperature of 15° K, average source size (average of emitting regions of unblended transitions), and the average FWHM (obtained from the unblended, optically thin transitions) of the species. The column density of the species is varied until estimated good fits are obtained by eye. The red dashed lines show the systematic velocity (VLSR) of the source at ~ 68 km s−1. In addition, the name of the species and their respective transitions (in GHz) are provided in each panel.

      

    

  
    
      Fig. D.3 

      
        [image: thumbnail]
      

      
        Gaussian-fit spectra and LTE spectra (LTE2; same as Figure D.1) of cyanoacetylene, cyanodiacetylene, cyanamide, and aminoacetonitrile.

      

    

  
    
      Fig. E.2 
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        Same as Figure 16, but for initial dust temperature of 20 K.
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