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Abstract

Context. HCN, HNC, and their isotopologues are ubiquitous molecules that can serve as chemical thermometers and evolutionary tracers to characterize star-forming regions. Despite their importance in carrying information that is vital to studies of the chemistry and evolution of star-forming regions, the collision rates of some of these molecules have not been available for rigorous studies in the past.

Aims. Our goal is to perform an up-to-date gas and dust chemical characterization of two different star-forming regions, TMC 1-C and NGC 1333-C7, using new collisional rates of HCN, HNC, and their isotopologues. We investigated the possible effects of the environment and stellar feedback in their chemistry and their evolution.

Methods. We used updated collisional rates of HCN, HNC, and their isotopologues in our analysis of the chemistry of TMC 1-C (Taurus) and NGC 1333-C7 (Perseus). With millimeter observations, we derived their column densities, the C and N isotopic fractions, the isomeric ratios, and the deuterium fractionation. The continuum data at 3 mm and 850 µm allowed us to compute the emissivity spectral index and look for grain growth as an evolutionary tracer.

Results. The H13CN/HN13C ratio is anticorrelated with the deuterium fraction of HCN, thus it can readily serve as a proxy for the temperature. The spectral index (β ~ 1.34–2.09) shows a tentative anticorrelation with the H13CN/HN13C ratio, suggesting grain growth in the evolved, hotter, and less deuterated sources. Unlike TMC 1-C, the south-to-north gradient in dust temperature and spectral index observed in NGC 1333-C7 suggests feedback from the main NGC 1333 cloud.

Conclusions. With this up-to-date characterization of two star-forming regions, we found that the chemistry and the physical properties are tightly related. The dust temperature, deuterium fraction, and the spectral index are complementary evolutionary tracers. The large-scale environmental factors may dominate the chemistry and evolution in clustered star-forming regions.
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1 Introduction
The two isomers of the H-C-N system, hydrogen cyanide (HCN) and hydrogen isocyanide (HNC), are ubiquitous in the interstellar medium (ISM). They have been detected in diffuse clouds (Liszt & Lucas 2001), dark clouds (Hirota et al. 1998), starless cores (Tennekes et al. 2006; Hily-Blant et al. 2010), and low- and high-mass star forming regions (Schilke et al. 1992; Godard et al. 2010). Moreover, HCN is widely used in extragalactic research as tracer of the dense gas that forms stars. Together with HNC and HCO+, it also serves as a chemical diagnostic for differentiating between active galactic nuclei (AGNs) and starbursts (see, e.g., Aalto et al. 2007, 2012). The [HCN]/[HNC] ratio has also been proposed as a tracer of the gas kinetic temperature in massive star-forming regions (Graninger et al. 2014; Hacar et al. 2020) and proto-planetary disks (Long et al. 2021). Therefore, a full comprehension of the HCN and HNC chemistry is of critical importance in the study of the physics and chemistry of interstellar gas.
Although chemical models appear to reasonably account for the abundances of these compounds to a reasonable extent, notorious exceptions show that the HCN/HNC chemistry is not yet fully understood. Although HNC is less stable than HCN by 55 kJ mol−1, with an isomerization barrier for passage from HNC to HCN calculated to be equal to 124 kJ mol−1, steady-state gas phase models predict an HNC abundance comparable to that of HCN at ~ 10 K (Hirota et al. 1998; Tennekes et al. 2006; Sarrasin et al. 2010). In cold clouds, the two isomers form primarily via the dissociative recombination of HCNH+ and then the recombination branching ratio (similar for the two isomers) regulates their abundance ratio, provided that they are efficiently proto-nated via reactions with ions, such as [image: equation] and HCO+ (Churchwell et al. 1984). At high temperatures, new paths to form HCN via neutral-neutral reactions produce [HCN]/[HNC] ratios larger than 1. This simple scenario was able to explain in general terms the wealth of observational data gathered thus far: the [HCN]/[HNC] ratio is observed close to 1 in cold cores (Daniel et al. 2013; Lefloch et al. 2021), slightly higher than 1 (between 1 and 3) in giant molecular clouds (GMCs), and increasing to values much greater than 1 in hot cores (Jin et al. 2015), Young Stellar Objects (YSOs, Jørgensen et al. 2004) and luminous galaxies (ULIRGs, Baan et al. 2010). However, some exceptions challenge our understanding of the chemistry of nitriles. In particular, low values of the [HCN]/[HNC] ratio (~0.3–0.5) have been measured in starless cores (Tennekes et al. 2006; Hily-Blant et al. 2010) and infrared dark clouds (Liu et al. 2013). These exceptions are difficult to reproduce on the basis of current state-of-the-art chemical models.
A great theoretical effort has been undertaken to expand the understanding of nitrogen chemistry. Loison et al. (2014) reviewed the reactions involving the formation and destruction of HCN and HNC in dark clouds, updating their gas-grain time-dependent chemical model with the latest laboratory measurements of reaction rates and branching ratios. They found that the [HCN]/[HNC] ratio is strongly dependent on time and on the amount of atomic carbon available in the gas phase, and could reach values ~1 even at low temperatures. Laboratory experiments by Wu et al. (2012) showed that N3, CnN (n = 1 – 3), CN2, (CN)2, HCN2, HC2N, C(NH)2, HN3, HNC, HCN, HCCNH+, and NCCN+ are formed when a mix of solid N2 and CH4 is irradiated with UV photons. The release of these compounds to gas phase by thermal evaporation, photo-desorption, or sputtering would produce an increase in the abundance of nitriles (CN, HCN, and HNC). Subsequent experiments show that nitriles can also be produced by irradiation of ices formed with N2 and other C-bearing species such as acetylene (Wu et al. 2014; Chen et al. 2015).
Understanding isotopic abundance ratios is a major goal in modern astrophysics. On one hand, rarer isotopologues are used to determine physical conditions and as a proxy of the most abundant isotopologues because they usually do not suffer from opacity problems. In addition, isotopic ratios are tools to investigate the link between the Solar System objects and galactic interstellar environments as discussed by Aléon (2010). In particular, Roueff et al. (2015) presented a time-dependent gas phase model including isotopic fractionation of C, N, and deuterium, and showed that the [H13CN]/[HCN] and [HNC]/[HN13C] ratios could differ from the standard ratio of ~68 (Milam et al. 2005; Colzi et al. 2020), which is the one generally assumed by the observers. In detail, the fractionation of CO reduces the amount of 13C atoms in gas phase, leading to values of the [HCN]/[H13CN] and [HNC]/[HN13C] ratios that approach 110–120.
We mainly focus our study on interstellar environments where, due to the low-temperature conditions, most molecules are frozen out onto dust grains presenting depleted abundances (Caselli et al. 1999; Tafalla et al. 2006; Pagani et al. 2007). Deuterated compounds are thought to be good tracers of the cold gas in the interior of dense starless cores. At the low temperatures prevailing in these environments, the exothermicity of the reaction,
[image: equation](1)
in the forward direction (of ~232 K, see Gerlich et al. 2002) promotes the formation of H2D+ and inhibits the reverse reaction. The deuteration proceeds further via formation of D2H+ and [image: equation] in reactions with HD and D2. These deuterated ions react with a variety of neutral molecules, such as CO and N2, leading to high abundances of other deuterated species (see, e.g., Ceccarelli et al. 2014; Roueff et al. 2015). Thus, deuterated molecules become important diagnostic tools to determine the evolutionary stage of a dense core (Caselli 2002; Emprechtinger et al. 2009; Chen et al. 2011; Fontani et al. 2015; Colzi et al. 2018; Navarro-Almaida et al. 2021; Esplugues et al. 2022). Complex chemical models including deuterated species and spin chemistry have been developed to account for these observations (see, e.g., Roueff et al. 2015; Majumdar et al. 2017; Sipilä et al. 2019). Still, dating using deuterated molecules is limited by large uncertainties in the isotopic abundance ratios. Usually, the collisional coefficients are ignored and the collisional rates of the rarer iso-topologues are set to be equal to those of the most abundant species, thus introducing a bias into the resulting values.
The evolution of prestellar and protostellar objects in star-forming regions may also be inferred from the dust emission. The expected evolution of dust properties from the diffuse interstellar medium to dense cores is still an open issue. In dense regions, grains are covered by icy mantles that make grains sticky, favoring grain coagulation and producing a different dust size distribution, thereby changing the dust emissivity (Ormel et al. 2009, 2011). The knowledge of grain properties (e.g., emis-sivity and grain size distribution) is therefore important to better understand the star formation process. Moreover, grain coagulation would affect the charge balance in the gas phase, thus modifying the coupling of the gas with the magnetic field. In addition, grain surface chemistry plays an important role in the formation of molecules that are key to chemical networks (e.g., H2, H2O) and to the freeze-out of molecules (e.g., CO) in the cold interiors of starless cores. Summarizing, the precise knowledge of dust properties is of paramount importance to the understanding of the chemical gas evolution and the dynamics of starless, prestellar, and protostellar cores.
In this paper, we use spectroscopic observations and dust continuum emission to explore the chemical and physical evolution of the prestellar and protostellar envelopes during the first stages of the star formation process. To explore the chemical evolution, we investigated the isotopic and isomeric ratios between the C, N and H isotopologues of HCN and HNC. To obtain the most precise determinations, we estimated the specific collisional coefficients for each isotopologue (see Sect. 2), and, for the first time, we used these coefficients to obtain the isotopic and isomeric ratios (see Sect. 5). Then, to explore the dust evolution, we carried out the mapping of the continuum emission at 3 mm using the MUSTANG-2 bolometer of the Green Bank Telescope. These observations were combined with Herschel data to obtain the mm dust spectral index. Finally, we compared the chemical gas composition with the derived mm spectral index to link the evolution of these two phases of the interstellar medium.
2 Collisional coefficients
Rate coefficients of HCN and HNC induced by collision with para-H2 (p-H2) were computed by Hernández Vera et al. (2017) for temperatures up to 500 K. These authors used high accurate ab initio potential energy surfaces (PESs) of the HCN-H2 (Denis-Alpizar et al. 2013) and HNC-H2 (Dumouchel et al. 2011) van der Waals complexes. In the case of HCN-H2, the accuracy of the PES was validated through comparison with spectroscopic measurements.
2.1 Derivation of collisional rates
To the best of our knowledge, rate coefficients induced by collision with H2 of the isotopologues of HCN and HNC, namely, DCN, D13CN, H13CN, HC15N, DNC, DN13C, HN13C, and H15NC, are missing from the literature. We note that the data for DCN reported by Denis-Alpizar et al. (2015) were obtained using helium as collision partner. Several studies (Dumouchel et al. 2017; Flower & Lique 2015) have shown that isotopic substitution can lead to substantial changes in the study of rotational energy transfer induced by collision. Therefore, it is worth determining the actual collisonal rate coefficients of the iso-topologues of HCN and HNC for a better interpretation of their observational spectra.
For isotopologues (e.g., HCN-H2 and DCN-H2) in their ground electronic state, the interaction potentials calculated using the Born-Oppenheimer approximation are the same. They depend only on the interatomic distances. Hence, we used the HCN-H2 and HNC-H2 PESs to compute inelastic cross-sections of the isotopologues of HCN and HNC due to collision with H2, respectively. In practice, we incorporated the shift of the center of mass, for each isotopologue, to describe the PESs as function of Jacobi coordinates.
Using the MOLSCAT computer code (Hutson & Green 1994), we calculated state-to-state inelastic cross sections of DCN, D13CN, H13CN, HC15N, DNC, DN13C, HN13C, and H15NC induced by collision with p-H2 p-H2 (j2 1 = 0) for total energies up to 250 cm−1. For reasons of convergence, we used wide rotational bases including j2 = 2 for H2 and j1 up to 18. The other parameters are defined so that the convergence threshold is less than 1%. By thermally averaging these cross sections over the Maxwell-Boltzmann collision energy distribution, we derived rate coefficients for the eight low-lying energy levels of each isotopologue (j1 = 0−7) up to a kinetic temperature of 30 K.
Figure 1 shows the variation of the rate coefficients of the isotopologues of HCN and HNC as a function of the temperature for the 1 → 0, 2 → 0, and 2 → 1 transitions. The effect of isotopic substitution increases with increasing temperature in the case of HCN. Concerning HNC, we obtained large differences at a low temperature, but no systematic pattern is observed. For example, at 10 K (the typical temperature of cold molecular clouds), the change in the HCN and HNC rate coefficients due to isotopic substitution can be as high as ~50%. Globally, we can say that HNC is more sensitive than HCN to isotopic substitution and the impact depends on the substituted isotope, the temperature, and the transition. This can be explained by recalling the strong anisotropy and deep global minimum of the HNC-H2 PES with respect to that of HCN-H2 (see Denis-Alpizar et al. 2013 and Dumouchel et al. 2011).
2.2 Radiative transfer computations
In this section, we carried out RADEX (van der Tak et al. 2007) calculations for typical physical conditions in the ISM to compare results using the previous and our new collisional coefficients for H13CN, HN13C, DNC, DCN, D13CN, and DN13C. In particular, we analyzed the ratio between quotients of radiation temperatures, Tr, for different transitions with the previously available collisional rates and the new ones we present here. These ratios were computed in a grid of models with kinetic temperatures TK in the 5–50 K range, hydrogen number densities nH in the 104–107 cm−3 range, and molecular hydrogen assumed to be in its para-H2 form. For kinetic temperatures higher than 30 K, the maximum value of TK that these collisional rates were calculated for, RADEX extrapolates the collisional rates assuming constant rates equal to those corresponding to this maximum value of kinetic temperature (van der Tak et al. 2007). Figures 2–7 show the results for the different chemical species considered and for the ratios between the transitions (3–2) and (2−1) with (1−0), namely, ratios (2−1)/(1−0) and (3−2)/(1−0). Table 1 lists the line-widths and column densities assumed for each case.
The differences in the radiation temperature between the previous and the new collisional coefficients are small (up to 2%) for H13CN (Fig. 2). The update of collisional coefficients presents a bigger impact in HN13C (see Fig. 3), with a difference of up to ~30%. This bigger impact is found for the (2−1)/(1−0) ratio at low kinetic temperatures (TK ≲ 10 K) and for densities <5 × 105 cm−3. This is relevant in a cold core scenario, where these new coefficients would therefore introduce an increase of ~30% in the molecular hydrogen number density.
For the deuterated versions of hydrogen (iso)cyanide (Figs. 4 and 5), the differences between using previous and new colli-sional coefficients are comparable to that for HN13C, with up to ~20% for DNC and ~30% for DCN. It is particularly interesting to observe that in the case of DNC, these differences are more accentuated as TK increases, that is, more for the ratio (3–2)/(1−0) than for (2−1)/(1−0). For the case of starless cores, however, only the DCN (3–2)/(1−0) ratio shows variations. Similar results were also found for the 13C isotopologues of DCN and DNC (Figs. 6 and 7), where we also observed that the values of TK for DN13C are more affected than those for D13CN. Also the impact of updating the collisional coefficients is larger for the (3–2)/(1−0) ratio than for the (2−1)/(1−0) one.
3 Case study: TMC 1-C and NGC 1333
To assess the impact of these new collisional coefficients in the astrochemical modeling of prestellar and starless cores, we used the emission spectra of the J = 1 → 0 rotational transitions of HCN, HNC, and their 13C, 15N, and D isotopologues (see Table 2) to explore the chemical evolution in a sample of dense cores located in TMC 1 and NGC 1333 (see Fig. 8). With the updated coefficients, we carried out an up-to-date chemical characterization of the regions under consideration, deriving the chemical abundances of the molecules and obtaining several quantities of interest such as the C and N isotopic ratios, the deuteration fraction, and the isomeric ratios HCN/HNC. The determination of the HCN/HNC ratio is linked to the gas temperature (Hacar et al. 2020) and therefore linked to the deuterium fraction. In the following chemical analysis, we look for correlations of these quantities to elucidate the physical conditions and the dynamical state of the region.
We selected two nearby star-forming regions with different star formation activity. TMC 1 is an archetype of isolated, low-mass star forming region, while NGC 1333, located in the Perseus Complex, is the closest intermediate-mass star-forming region, whose activity is often organized in clusters. Given their different star-forming regimes (isolated vs. clustered), we explored the possible effects that stellar feedback may have in the chemistry of a star-forming region.
	[image: thumbnail]	Fig. 1 Temperature dependence of the rate coefficients of the isotopologues of HCN (left panels) and HNC (right panels). The data of the parent species (HCN and HNC) are from Hernández Vera et al. (2017).



	[image: thumbnail]	Fig. 2 Ratio between quotients of radiation temperatures Tr(2−1)/Tr(1−0), (left), and Tr(3–2)/Tr(1−0), (right) calculated with the previous and the new collisional coefficients for H13CN.



	[image: thumbnail]	Fig. 3 Ratio between quotients of radiation temperatures Tr(2−1)/Tr(1−0), (left), and Tr(3−2)/Tr(1−0), (right) calculated with the previous and the new collisional coefficients for HN13C.



	[image: thumbnail]	Fig. 4 Ratio between quotients of radiation temperatures Tr(2−l)/Tr(1−0), (left), and Tr(3−2)/Tr(1−0), (right) calculated with the previous and the new collisional coefficients for DCN.



	[image: thumbnail]	Fig. 5 Ratio between quotients of radiation temperatures Tr(2−1)/Tr(1−0), (left), and Tr(3−2)/Tr(1-0), (right) calculated with the previous and the new collisional coefficients for DNC.



	[image: thumbnail]	Fig. 6 Ratio between quotients of radiation temperatures Tr(2−1)/Tr(1−0), (left), and Tr(3−2)/Tr(1-0), (right) calculated with the previous and the new collisional coefficients for D13CN.



	[image: thumbnail]	Fig. 7 Ratio between quotients of radiation temperatures Tr(2−1)/Tr(1−0), (left), and Tr(3−2)/Tr(1−0), (right) calculated with the previous and the new collisional coefficients for DN13C.



Table 1 
Assumed line widths and column densities in the grid.

Table 2 
Observed transitions, frequencies, beam sizes, and telescope efficiencies.

3.1 TMC 1-C
The Taurus Molecular Cloud (TMC), at a distance of 141.8 ± 0.2 pc (Yan et al. 2019), is one of the closest molecular cloud complexes and is considered an archetypal of low-mass, isolated, star-forming region. The most massive molecular cloud in Taurus is the Heiles cloud 2 (HCL 2), which hosts the well-known region TMC 1. TMC 1 is a cold and dense cloud at the center of TMC that has been the target of several cloud evolution, chemical, and star formation studies (see e.g., Ungerechts & Thaddeus 1987; Mizuno et al. 1995; Goldsmith et al. 2008), having been extensively mapped in CO (Cernicharo & Guelin 1987; Onishi et al. 1996; Narayanan et al. 2008) and its visual extinction (Cambrésy 1999; Padoan et al. 2002; Schmalzl et al. 2010).
This cloud is in an environment less exposed to external radiation fields compared to, for example, photodissociation regions (PDRs; Xu et al. 2016), leading to a high richness in molecular complexity (Agúndez & Wakelam 2013; Gratier et al. 2016; Fehér et al. 2016) with a plethora of hydrocarbon chains and cycles being currently detected (see, e.g., QUIJOTE Large Program, Cernicharo et al. 2021a,b, 2022; Cabezas et al. 2022; Fuentetaja et al. 2022). It features a differentiated chemistry between its northern and southern areas that may be linked to different evolutionary stages (Sipilä & Caselli 2018; Navarro-Almaida et al. 2021). Indeed, the TMC 1-CP position in the southern part of this filament displays a high abundance of cyanopolyynes, in contrast to the TMC 1-NH3 position showing a strong emission peak in ammonia.
The position TMC 1-C, located at the northern part of TMC 1 (see Fig. 8), is a ~1M⊙ prestellar core embedded in a relative dense and cold environment n(H2) ≃ 104 cm−3, Tkin ~ 10 K (Schnee et al. 2007; Fuente et al. 2019; Navarro-Almaida et al. 2020) that shows a more evolved chemistry than the southern areas (Navarro-Almaida et al. 2021), a high CO depletion, and mass accretion (Schnee et al. 2007, Schnee et al. 2010). This core, given the wealth of data available in the literature, is therefore ideal for performing evolutionary studies of starless cores and testing the new collisional coefficients of different species we present in this work.
3.2 NGC 1333
NGC 1333 manifests itself in the visible portion of the electromagnetic spectrum as a bright reflection nebula. It is currently the most active star-forming region in the Perseus molecular cloud, at a distance of 293 ± 22 pc from the Sun (Ortiz-León et al. 2018). As in the case of TMC 1, the NGC 1333 cluster has become one of the best characterized low-to-intermediate mass star-forming regions in the solar neighbourhood due to its proximity (Walawender et al. 2008) and it is surrounded by other well-known star-forming regions, namely, B1, L1455, and L1448. It has been extensively surveyed along the electromagnetic spectrum, covering different regimes: Spitzer surveys (Jørgensen et al. 2005), mid/far-infrared (Harvey et al. 1984; Jennings et al. 1987; Sadavoy et al. 2014), near/mid-infrared (Aspin et al. 1994; Aspin 2003; Lada et al. 1996; Greissl et al. 2007), and millimeter/submillimeter (Lefloch et al. 1998; Hatchell et al. 2005, 2007b,a; Kirk et al. 2006; Tobin et al. 2016). It harbors plenty of dense cores and young stellar objects (Hatchell et al. 2005, Hatchell et al. 2007b; Jørgensen et al. 2008). Physical properties of this protocluster like the total column density N(H2) and dust temperature, Td, are available in the maps presented by Zari et al. (2016). Unlike TMC 1, a significant fraction of these protostars are found in protoclusters, unveiling a different star formation regime. The ubiquitous presence of these objects in the central regions (see Fig. 8) leads to higher gas and dust temperatures as well as a shock-driven chemistry (Jørgensen et al. 2004; Wakelam et al. 2005). The different environments they develop in, compared to TMC 1, offers the opportunity to study how these differences impact their chemical evolution.
We selected five dense cores located in the northern and more quiescent part of NGC 1333 (see Fig. 8 and Table 3) to investigate the potential effects that stellar feedback from the other members of the sample and the main NGC 1333 cluster may have on the chemistry of young stellar objects. The core NGC1333-C7-1 was first identified in James Clerk Maxwell Telescope (JCMT), Submillimeter Common User Bolometry Array (SCUBA), and Caltech Submillimeter Observatory (CSO) surveys (Hatchell et al. 2005; Enoch et al. 2006). While it was first thought to be a starless core (SCore) by Hatchell et al. (2007a) and Enoch et al. (2008), it is now known to host a Class 0 protostar (see Per-Bolo-58 Tobin et al. 2016; Maureira et al. 2020). NGC1333-C7-2 has been classified as a Class I object (Source #63 Hatchell et al. 2007b; Rebull 2015) and its chemistry has been investigated in, for instance, Imai et al. (2018; position NGC 1333-12). In particular, this survey shows a low HNC deuterium fraction in this source as a consequence of its high bolometric temperature. NGC1333-C7-3 class is uncertain. It is considered to be a starless core since it did not meet any criteria in the classification done by Hatchell et al. (2007b; source #57). NGC1333-C7-4 and NGC1333-C7-5 (Sources #61 and #58, respectively, Hatchell et al. 2007b) are classified as Class 0 objects. Together with TMC 1-C, our sample is thus composed of: two starless cores, three Class 0 YSOs, and one Class I protostar.
	[image: thumbnail]	Fig. 8 Visual extinction maps of the regions under study. Left panel: visual extinction map of TMC 1-C from the Berschel data (Kirk et al. in prep.). Contours represent levels of [6, 10, 15, 20, 25] mag. The origin (0,0) of this map corresponds to the position TMC 1-C (see Table 3). Right panel: visual extinction map of the northern sector of the NGC 1333 protocluster. The origin (0,0) of this map corresponds to the position NGC1333-C7-1 (see Table 3). Contours represent levels of [5, 10, 15, 20] mag.



Table 3 
Target positions, spectral classes, and radii.

4 Observations
4.1 Yebes 40 m
A high-sensitivity spectral survey between 71.150 GHz and 89.590 GHz was carried out towards TMC 1-C and NGC 1333, using the Yebes 40 m radiotelescope (Tercero et al. 2021). This telescope is equipped with a 72–90.5 GHz (W band) receiver that allows for observations in a 18 GHz bandwidth. The backends consist of two sets of eight Fast Fourier Transform Spectrometers (FFTS) covering the whole bandwidth, each providing a spectrum of up to 65536 channels with a channel spacing of 38 kHz. The observing procedure for TMC 1-C was position-switching, with the off-position being RA(J2000) = 04h42m32s.16 and Dec(J2000):25°59′42.0″. In a different observation campaign, NGC 1333 was observed using frequency-switching with a throw of 6 MHz. The intensity scale is the main-beam temperature scale Tmb, such that TA = ηmb Tmb, where the main-beam efficiencies ηmb are shown in Table 2, along with the half power beam width (HPBW) in arcseconds.
4.2 IRAM 30 m and GEMS data
The HNC 1 → 0 line is not included in the Yebes 40 m telescope W-band setup. We complemented our observations with the HNC 1 → 0 data from the 30 m IRAM GEMS Large Program in TMC 1 and NGC 1333-C7-1 (Fuente et al. 2019; Navarro-Almaida et al. 2021; Rodríguez-Baras et al. 2021). These observations were carried out using the IRAM 30 m telescope using the Eight Mixer Receivers (EMIR) and the FFTS with a spectral resolution of 49 kHz. The observing mode was frequency-switching, with a frequency throw of 6 MHz. The intensity scale is the main-beam temperature scale, with the main-beam efficiency at the corresponding frequency shown in Table 2.
4.3 MUSTANG-2
Our continuum data at 90 GHz (3 mm) come from the MUSTANG-2 instrument on the 100-meter Robert C. Byrd Green Bank Telescope (GBT). This instrument features a 215 element array of feedhorn-coupled transition edge sensor (TES) bolometers, with a bandwidth from 75 to 105 GHz. The data were obtained in two observation campaigns over November and December, 2019 (November 2, 7; December 6, 7, 22). NGC 1333 was imaged during the 2020 campaign (November 7, 15). MUSTANG-2 observations towards TMC 1-C were done with on-the-fly mapping using a Lissajous daisy scan pattern (see, e.g., Dicker et al. 2014; Romero et al. 2020), which provides an instantaneous field of view (FOV) of 4.25 arcmin and a mapping speed of ~98 µKh1/2. In the case of NGC 1333, we used a slightly new observing strategy of offsetting scans at different pointing centers which increases the size of the map to ~5′ in diameter with basically the same noise. The theoretical beam size is 8.5″. However, the illumination pattern plus surface inaccuracies result in slightly larger beam sizes of ~9”-10”, which we characterized with frequent measurements of bright secondary calibrator sources in each observing run. At the start of each run, observations of a bright compact source are used to solve for primary aperture wavefront phase errors using the “out of focus” (OOF) holography technique (Nikolic et al. 2007). The solutions were applied to the active GBT surface to achieve the best sensitivity. The data were processed with the MIDAS pipeline (Romero et al. 2020).
5 Molecular column densities
To characterize the chemical properties of the selected sources (Table 3), we analyzed the line emission of the different transitions listed in Table 2. From the line emission, we derived the column densities of the species using the new collisional coefficients and the RADEX (van der Tak et al. 2007) radiative transfer code. In all positions belonging to NGC 1333, the gas temperature is assumed to be ~15 K, similar to the dust temperature derived from the Herschel space telescope maps in Zari et al. (2016). In TMC 1-C, we adopted Tkin = 8 K following the calculations of Navarro-Almaida et al. (2020, 2021). Unfortunately, we have only observed one rotational line of each isotopologue, which has not allowed us to use molecular excitation calculations to estimate molecular hydrogen densities and molecular column densities in a self-consistent way. In order to estimate the possible impact that the uncertainties in the gas density could introduce in our study, we repeated our calculations with the assumption of a couple of hydrogen nuclei number density values, namely, nH = 4 × 105 cm−3 and nH = 106 cm−3, that are representative of the densest gas in prestellar and protostellar cores. In the case of the NGC1333-C7-1 we assumed the density obtained by Rodríguez-Baras et al. (2021). The differences between the values obtained with these two densities are minor when the lines are optically thin. By default, we only address the values obtained with nH = 4 × 105 cm−3, unless we find significant differences.
5.1 Resolved hyperfine structures: DCN, H13CN and HCN
The observed line profiles are shown in Fig. A.1 and Figs. B.1–B.5, and their properties are summarized in Table A.1 and Tables B.1–B.5. These properties were obtained fitting Gaussian profiles to the lines using the minimize routine of the CLASS-GILDAS software. DCN 1 → 0, H13CN 1 → 0, and HCN 1 → 0 hyperfine structures exhibit similarities in terms of their number of components, velocity structure, and the line-width of the weakest hyperfine component. In TMC 1-C, the HCN 1 → 0 line presents self-absorption features that are absent in NGC 1333. In NGC 1333, it is worth noting the presence of wings in, for instance, the HCN 1 → 0 line in NGC1333-C7-2 or NGC1333-C7-3, which might be linked to protostellar activity. In fact, the line profile of HCN 1 → 0 in NGC1333-C7-3 suggests that this source might be in a later evolutionary stage than a starless core. The new collisional coefficients presented here do not account for the hyperfine splitting of the molecules. However, to derive the column densities of the species that show hyperfine splitting, we took advantage of the relative intensity between the hyper-fine components and the scaling of the optical depth with the intensity to estimate the line opacities.
More precisely, the column density was obtained with RADEX in such a way that the resulting integrated intensity from the radiative transfer reproduces the observations of the weakest hyperfine component. Then, the total column density was obtained by scaling the obtained column density value using the relative intensities of the hyperfine components taken from the CDMS catalog. The weakest hyperfine component of the different species across our sample share similar line-widths (see Table A.1 and Tables B.1–B.5), ensuring consistency across our calculations of column density ratios. This method is a good approximation as long as the opacity of the weakest hyperfine component is moderate. In order to check this assumption, taking a single value for the line width and the excitation temperature for all the hyperfine components, we estimated the opacity of the lines using the HFS method of GILDAS-CLASS. The opacities of the hyperfine components are listed in Table A.1 and Tables B.1–B.5; also, except the HCN 1 → 0 line, the opacity of the weakest hyperfine component is τ < 1. Even in the case of HCN, the opacity of the weakest hyperfine line is <1 in all our targets except TMC 1-C and NGC 1333-C7-1. In these two sources, our HCN 1 → 0 column density might be underestimated and we focus on the more reliable estimate of the abundance ratios involving H13CN in our discussion.
5.2 Unresolved hyperfine structures
The observed line profiles with unresolved hyperfine structure are also shown in the corresponding panels of Fig. A.1 and Figs. B.1–B.5, while their properties are summarized in Table A.1 and Tables B.1–B.5. Unresolved hyperfine structures across our sample display varying line widths according to the amplitude of their unresolved hyperfine splitting. On one hand, HC15N and H15NC show line widths compatible with that of the weakest hyperfine component of the transitions described in Sect. 5.1. On the other hand, HN13C 1 → 0, DNC 1 → 0 or DN13C 1 → 0 show larger line widths (see, e.g., Fig. A.1) due to the larger, but unresolved, hyperfine splitting. Although these unresolved hyperfine structures appear as only one component centered around the same velocity, it is worth noting the presence of self-absorption features in the HNC 1 → 0 lines observed toward TMC 1-C that give their two-component shape in Fig. A.1. This feature has prevented us from using them to compute reliable column densities and ratios. In the case of HNC emission measured towards NGC1333-C7-1, the high opacity of this line account for its wider line width. If the hyperfine structure is unresolved, we can only compare the measured integrated intensity of the lines with that resulting from the radiative transfer code. We expect the emission of the most abundant molecules to be optically thick, and therefore we used the less abundant isotopologues in our calculations when possible.
Table 4 
Column densities N(X) (cm−2) at 8 K assuming different densities.

5.3 Molecular column densities in TMC 1-C
Following the procedure described in Sects. 5.1 and 5.2, we obtained the column densities in TMC 1-C of the species shown in Table 4 assuming two different values of the hydrogen nuclei number density: 4 × 105 and 106 cm−3. The first density value for TMC 1-C, nH = 4 × 105 cm−3, was previously obtained by Navarro-Almaida et al. (2021) in a multi-transition analysis with deuterated molecules. This offers the opportunity to find how the column densities estimated with the new collisional coefficients compare with those calculated there.
Our estimation of the DNC column density with the new collisional coefficients (Table 4) is a factor of 1.5 times higher than the previous value obtained by Navarro-Almaida et al. (2021), but still compatible within the uncertainties. The DCN column density calculated here (Table 4) shows a similar behavior, as it is a factor of 1.3 times higher than that obtained in Navarro-Almaida et al. (2021). The column density of the DNC and DN13C isotopologues computed in Navarro-Almaida et al. (2021) relies on the assumption of a 12C/13C ratio of ~60. Here, we estimated the DN13C column density free of assumptions on the 12C/13C ratio, obtaining a column density N(DN13C) that is twice as high as the value tabulated there. The resulting isotopic ratio DNC/DN13C = 21.60 ± 10.71 (see Table 5) is thus lower than the previously assumed value of 12C/13C ~ 60. We found a similar 12C/13C ratio from the fraction HCN/H13CN = 20.38 ± 7.20 (see Table 5). Finally, the HNC/H13NC = 2.69 ± 0.95 (Table 5) ratio is even lower than our previous results. These discrepancies with the commonly accepted value for the local interstellar medium 12C/13C = 68 (Milam et al. 2005) might be due to the underestimation of the HNC, HCN, and DNC column densities. As other studies on the subject have pointed out (see, e.g., Daniel et al. 2013), this underestimation of the column densities of the 12C-bearing species might be due to the high opacities of the emission and the subsequent absorption by external layers of the cloud (Daniel et al. 2013; Navarro-Almaida et al. 2021). For HCN, this hypothesis is demonstrated by the fitting of the hyperfine splitting of the 1 → 0 line, which provided τHCN ≫ 1 for the weakest component (see Table A.1). Since the hyperfine splitting is not resolved for the HNC and DCN 1 → 0 lines, we need to follow a different strategy. We can estimate the opacity required to reproduce the low HNC/HN13C and DNC/DN13C ratios using the ratio of integrated intensities. To do so, we assumed optically thin emission from the HN13C 1 → 0 and DN13C 1 → 0 lines, an isotopic ratio of 12C/13C = 68, and equal excitation temperatures. Under these assumptions, we obtained the following: W(HNC)/W(HN13C) ≈ 68 × (1 − exp(−τHNC))/τHNC), resulting in τHNC ~ 29. This optical depth is comparable with the total optical depth of the HCN 1→0 line obtained with the HFS fitting, which is reasonable as long as the HCN/HNC column density ratio is ~1. Likewise, for DNC we obtained τDNC ~ 2.9. This high opacity would imply a deuteration fraction of ~0.1.
The new collisional coefficients also allowed us to study the nitrogen fractionation in TMC 1-C, of great interest in molecular clouds due to its puzzling origin. A lot of effort has been done to elucidate the problem of the nitrogen fractionation (see, e.g., Roueff et al. 2015; Loison et al. 2019), which current chemical models are unable to reproduce. The measured HCN/HC15N isotopic ratio in TMC 1-C is HCN/HC15N = 148.97 ± 52.85 (Table 5), in agreement with the value obtained in Barnard 1b (Daniel et al. 2013), and much lower than the predicted value in chemical models (Roueff et al. 2015). Again, this may indicate an underestimation of the HCN column density due to high optical depth. A greater underestimation of the HNC column density might lead to the even lower nitrogen fractionation found in the isotopic ratio HNC/H15NC = 9.56 ± 3.39. The problem of high opacity is circumvented using the less abundant isotopologues H13CN and HN13C. Indeed, the isotopic ratios H13CN/HC15N = 7.31 ± 2.59 and HN13C/H15NC = 3.56 ± 1.26 (Table 5) are in good agreement with the model predictions in Roueff et al. (2015) and observational results in TMC 1 (Hily-Blant et al. 2013). Indeed, Roueff et al. (2015) predicted H13CN/HC15N and HN13C/H15NC ratios between ~3 and ~7 for typical conditions of starless cores. Moreover, both ratios are expected to vary following the same trend with time evolution. The different values obtained for HCN and HNC isotopologues suggest that each molecule is probing different regions within dense cores.
We also derived the isomeric ratios in TMC 1-C. Iso-meric ratios involving HCN, HNC, and isotopologues, have been claimed to have a great potential as thermal probes due to their high temperature-dependent formation and destruction pathways (Graninger et al. 2014; Hacar et al. 2020). Variations in this isomer have also been linked to shocks and sputtering of material locked in icy grain surfaces (Lefloch et al. 2021). In cold core conditions, this ratio is expected to be close to 1 (Daniel et al. 2013; Lefloch et al. 2021), while it is expected to increase at higher temperatures. Owing again to the underestimation of the HNC column density, the measured HCN/HNC ratio is well above the expected value of 1. The expected value for this ratio in cold cores is recovered when we consider the less abundant iso-topologues. Indeed, the H13CN/HN13C and DCN/DNC ratios are compatible and ~1. The HC15N/H15NC ratio is, however, sightly lower than 1.
Finally, we derived the deuterium fraction of HCN, HNC, and their isotopologues. As discussed previously, the deuteration fraction of a prestellar or starless core is linked to its chemical age. Our results on deuteration are found to be similar to those computed in Daniel et al. (2013), pointing to an evolved chemistry close to that of first hydrostatic cores (FHSCs) and YSOs. In fact, the ratio DCN/HCN ~0.075 ± 0.027 is in agreement with that obtained in Barnard 1b ~0.05. Similarly, the DCN/H13CN = 1.53 ± 0.54 ratio is also found to be compatible with that derived in Barnard 1b ~1.5. Interestingly, the value DNC/HN13C = 2.82 ± 1.0 is slightly higher than that of DCN/H13CN, suggesting that the HNC isomer comes from a colder region. However, this difference could be also the consequence of the high opacity of the DNC 1 → 0 line.
Table 5 
Column density ratios in TMC 1-C.

Table 6 
Column densities at the NGC1333-C7 positions assuming different densities.

5.4 Molecular column densities in NGC 1333
The procedures presented in Sects. 5.1 and 5.2 were also applied to calculate the column density of the species in Table 2. In our calculations, we considered two density scenarios: for the NGC 1333-C7-2 to NGC 1333-C7-5 positions at a temperature of 15 K, whereas for NGC1333-C7-1, we used the physical properties obtained by Rodríguez-Baras et al. (2021). The results are shown in Table 6.
We first analyzed the Carbon isotopic ratio. We detected DN13C 1 → 0 emission in only two positions belonging to NGC 1333. In these positions, NGC1333-C7-1 and NGC 1333-C7-5, the DNC/DN13C ratio is similar to that of TMC 1-C (see Table 7) and below the commonly used value of 12C/ 13C = 68. Assuming the DN13C 1 → 0 line as optically thin, a 12C/13C = 68 ratio, and equal excitation temperatures, we found that W(DNC)/W(DN13C) ≈ 68 × (1 − exp(−τDNC))/ τDNC), resulting in τDNC ~ 2.10 in NGC 1333-C7-1 and τDNC ~ 0.89 in NGC1333-C7-5. These moderately high opacities may hinder a reliable estimation of the DNC column density, hence, the abnormal DNC/DN13C ratio we obtained. This is not, however, the case of the HCN/H13CN, which is found to be in good agreement with the standard value of 68 at all positions, as a result of the lower opacities we found for the HCN 1 → 0 lines (see Tables B.1 to B.5), compared to TMC 1-C. Finally, like in the case of TMC 1-C, we underestimated the 12C/13C ratio with the HNC/HN13C fraction (see Table 7) in NGC 1333-C7-1. The opacity of the HNC 1 → 0 line, assuming the same conditions as our previous estimations, is τDNC ~ 10, making this line optically thick and, consequently, leading to an underestimation of the HNC column density. While the 12C/13C isotopic ratio calculated using DNC and DN13C is, in general, lower than that calculated using HCN and H13CN, they are compatible within the uncertainties. The differences between estimations of the 12C/ 13C isotopic ratio may arise from the different layers of gas traced with HCN and DNC, as DNC traces denser and colder gas than HCN.
The nitrogen isotopic ratio in the positions observed here are shown in Table 7. The HCN/HC15N ratios in NGC1333-C7 are, in general, higher than those derived in TMC 1-C. The lower optical depths of the transitions help constrain the column densities better, and therefore our estimations across the NGC1333-C7 positions is in better agreement with model predictions (Roueff et al. 2015). The H13C14N/H12C15N and H14N13C/H15N12C ratios found in NGC1333-C7 are also in good agreement with model predictions (Roueff et al. 2015), Barnard 1b (Daniel et al. 2013), and previous TMC 1 observations (Liszt & Ziurys 2012). As in the case of TMC 1-C, there is a trend with the H14N13C/H15N12C ratio being generally lower than the H13C14N/H12C15N one.
As discussed previously, the isomeric ratio HCN/HNC and the possible isotopic variations of it are indicators of the gas temperature in a region. For cold, starless or prestellar cores, this ratio is ~1, and higher for warmer gas. Our results for the H13CN/HN13C ratio across the observed positions show a general agreement with a ~1 ratio, indicating cold temperatures of the cores. This ratio in NGC1333-C7-2 is, however, up to three times higher than in the rest of the positions, suggesting higher gas temperatures in this core. We found a similar behavior in the HC15N/H15NC ratio, although the values are always lower than those of the H13CN/HN13C ratio.
We last discuss the deuterium fraction at the different positions observed here. On one hand, our analysis shows that deuteration is higher in the cores NGC1333-C7-1 and NGC1333-C7-5. This is consistent with the detection of DN13C in these cores, which indeed indicates a high deuteration. On the other hand, the lowest deuteration is found in NGC1333-C7-2. As commented below, the higher gas temperatures found at this position using the H13CN/HN13C ratio may lead to a less efficient deuteration route thus reducing the deuterium fraction (Roueff et al. 2007).
Table 7 
Column density ratios across the positions observed in NGC1333-C7.

6 Continuum emission, dust opacity, and the spectral index
As discussed above, large deuteration fractions are often linked to a more evolved stage of prestellar and starless cores. The CO freeze out and consequent ice mantle growth that leads to an enhancement of deuterated molecules beyond the elemental D/H ratio in cold cores is also responsible for grain coagulation and changes in the properties of grains (Whittet et al. 1988; Ossenkopf 1993; Ormel et al. 2009). Dust sizes play important roles in star and planet formation. In the low-density gas of molecular clouds, dust size is involved in the synthesis of molecules that radiatively cool the gas (Draine 2011). At higher densities n > 105 cm−3, dust dominates the gas cooling (Goldsmith 2001). In the subsequent stages of the protostellar evolution, dust size is a key property in the formation of protostellar disks and, eventually, planets (Zhao et al. 2016).
In dense cloud cores there is evidence of grain growth unveiled by the study of infrared radiation at different wavelengths. Previous works focused on the study of extended dust emission known as coreshine. For instance, dust continuum observations at 3.6 µm with the Spitzer Infrared Array Camera (IRAC) instrument revealed emission patterns only possible by radiation scattering by large grains (Pagani et al. 2010; Steinacker et al. 2010). Further observations at 3.6 and 4.5 µm with the same instrument also helped constrain the grain sizes (Steinacker et al. 2015) and, at 8 µm, (Lefèvre et al. 2016) showed that uncoagulated grains are unable to reproduce the observations.
6.1 Dust emissivity spectral index
Here, we examine the behavior of the dust emissivity spectral index, β,using our 3 mm MUSTANG-2 images and previous data. The value of β is a quantity that directly depends on the grain size distribution (see, e.g., Schnee et al. 2014; Chacón-Tanarro et al. 2017, 2019). From now on, we assume that the mm wavelength emission of dust is described by a modified blackbody. Given that dust emission is optically thin at the Herschel and MUSTANG-2 observation frequencies:
[image: equation](2)
where Bv(Td) is the blackbody function at a temperature, Td, while Kv is the dust opacity at a given frequency, v, and [image: equation] is the molecular weight per hydrogen molecule, mH is the atomic hydrogen mass, N(H2) is the molecular hydrogen column density, and τv is the optical depth at the frequency v. We assume that the dust opacity Kv can be approximated by a power law at millimeter wavelengths, so that κv ~ νβ, where β is the spectral index (Hildebrand 1983). Therefore, computing the dust opacity at two different wavelengths provides the spectral index βin that wavelength range. Throughout this paper, we compare the values of τ3mm and τ0.85mm to compute β:
[image: equation](3)
with the spectral index β typically taking values in the range 1.5 ≤ β ≤ 2.5 (see, e.g., Schnee et al. 2010; Sadavoy et al. 2013). Shallower spectral indexes point at the presence of large (mm) grains (see, e.g., Schnee et al. 2010, 2014; Sadavoy et al. 2013).
As discussed above, grain growth is expected in evolved prestellar and protostellar structures (see, e.g., Chacón-Tanarro et al. 2019; Silsbee et al. 2020; Caselli et al. 2022). Since the deuterium fraction has been used as a chemical clock of prestellar and starless cores and is highly dependent on the temperature, in the next section we explore the possible correlations between the spectral index, deuteration, and temperature, linking chemistry, dust properties, and evolution.
6.2 Spectral index using MUSTANG-2 data
Figure 9 shows the dust optical depth maps at 850 µm, τ0 85mm, obtained with the spectral energy distribution (SED) fitting of the dust continuum emission images provided by the Berschel space telescope. The TMC 1-C map was created following the procedure described in Kirk et al. (2013), in which a SED fitting is done pixel by pixel, where the dust opacity, κv, is parameterized as κv ∝ vβ, with β = 2 and the reference value is 0.1 cm2 g−1 at 1 THz (Beckwith et al. 1990). In this fitting, the Berschel maps at 70 µm, 160 µm, 250 µm, 350 µm, and 500 µm were processed following the procedure described in Lombardi et al. (2014) to obtain the dust parameters at an angular resolution of 18″. The value of τ850 µm is therefore a result of the fitting. In the case of NGC 1333 we used the dust temperature and dust optical depth images provided by Zari et al. (2016) following a similar procedure.
With the MUSTANG-2 instrument, we observed the continuum emission intensity at 3 mm in TMC 1-C and NGC 1333-C7 with an angular resolution of ~9–10″. We convolved the 3 mm maps to match the angular resolution of the Td and τ850 µm maps derived from the Berschel data (see Fig. 10). Introducing the dust temperature, Td, in the modified blackbody model (Eq. (2)), we obtain the dust optical depth at 3 mm. The resulting values are used to derive the dust emissivity spectral index, β0.85−3mm, using Eq. (3) and the values of τ850 µm. The obtained values range between β0.85−3mm ~ 1.7 and 2.1, as shown in Table 8. We are aware that these values might be upper limits to the real value of β0.85−3mm if the 3 mm continuum emission have an extended component in spatial scales larger than ~4′, which can be filtered by MUSTANG-2 observations. In Fig. 11, we plotted the overlay between the continuum maps at 850 µm and the 3 mm contours from Fig. 10 to assess the impact of extended emission filtering in our measurements. The morphology of the MUSTANG-2 map towards NGC 1333 is similar to that of the τ850 µm maps, taking into account the difference in sensitivity. Therefore, despite the expectation of a loss of large-scale emission, strong filtering effects (>25%) are not supposed to affect the 3 mm fluxes measured toward the dense core positions in NGC 1333. However, TMC 1-C, due to its proximity, displays a more extended emission that might be filtered. Comparing the ratio between the extended and peak values in the 850µm image, and assuming that the flux at 3 mm is proportional to the N(H2), (i.e., neglecting any effect due to changes in the dust temperature) we estimated that the filtered flux is <40% at the peak emission in TMC 1-C. This means that β0.85-3mm ~ 1.7–2.1 in this prestellar core.
We would generally expect that the dust emissivity spectral index decreases towards the center of the cores due to the larger sizes of the grains in the densest regions. In order to check this possibility, we used the continuum emission at 850 µm detected with SCUBA on the JCMT (Hatchell et al. 2005) to derive β0.85-3mm towards the NGC 1333 cores at a higher angular resolution of 14″. For this calculation, we convolved the MUSTANG-2 images to match angular resolution of JCMT 850 µm observations and assumed the dust temperature obtained from the Herschel maps, as before. The values of β0.85 mm–850 µm thus obtained are shown in Table 9. The values of β0.85–3 mm at 14″ are fully consistent with those derived from the Herschel products towards the Class 0 object NGC 1333-C7-1 and the starless core NGC 1333-C7-3. However, we obtained lower values of β0.85–3 mm towards the Class 0/I sources NGC 1333-C7-2 and NGC 1333-C7-4, which is in line with the interpretation of grain growth in the densest regions of these protostars. It is only towards NGC 1333-C7-5 that the value of β0.85–3mm at 14″ is higher than that obtained at 18”. It should be noted that this core is at the edge of the MUSTANG-2 field of view which could introduce uncertainties once the image is convolved at lower angular resolutions. One main result is that the trend found in β0.85–3mm among the sampled cores in NGC 1333 using Berschel data remains the same using the JCMT fluxes, which reinforces the existence of an evolutionary sequence in these cores, with the lowest value of β, namely, the largest grain sizes towards the Class I protostar NGC 1333-C7-2.
The value of β0.85–3 mm ~ 1.7–2.1 estimated using our data towards TMC 1-C is consistent with that derived by Schnee et al. (2010) using maps at 160, 450, 850, 1200 and 2100 µm at an angular resolution of 14″. These authors proposed that the value of β remains close to ~2, between 1.5 and 2.5, across this starless core. Uncertainties in the continuum fluxes and dust temperature across the core make a more reliable estimate of β difficult.
	[image: thumbnail]	Fig. 9 Dust optical depth maps at 850 µm from the Herschel data (Kirk et al., in prep.) used to compute the dust emissivity spectral index β0.85-3mm Left panel: dust optical depth at 850 µm in TMC 1-C. Contours correspond to levels τ850 µm = 5σ × [5,9,13,17] with σ = 1.5 × 10−5 (Kirk et al., in prep.). Right panel: dust optical depth at 850 µm in the northern sector of NGC 1333 (Zari et al. 2016). Contours correspond to levels τ850 µm = 5σ × [5,9,13,17] with σ = 1.5 × 10−5. The origin (0,0) of these maps is the same as in Fig. 8.



	[image: thumbnail]	Fig. 10 Continuum flux maps at 3 mm obtained with the MUSTANG-2 bolometer used to compute the dust emissivity spectral index β0.85-3mm. Left panel: flux at 3 mm in the TMC 1-C prestellar core. Contours correspond to levels 5σ × [1,3,5,7,9], with σ = 10−5 Jy beam−1. Right panel: flux at 3 mm in the NGC 1333-C7 sector. Contours correspond to levels 5σ × [1,3,5,7,9], with σ = 3.4 × 10−5 Jy beam−1. The fluxes were obtained using the MUSTANG-2 bolometer of the Green Bank Telescope. The origin (0,0) of these maps is the same as in Fig. 8.



Table 8 
Continuum 3 mm flux, dust temperature, optical depth at 850 µm and 3 mm, and the spectral index.

	[image: thumbnail]	Fig. 11 Overlay of the 3 mm contours from Fig. 10 over the maps and contours from Fig. 9. Left panel: TMC 1-C. Right panel: northern sector of NGC 1333.



Table 9 
Flux, optical depth, and spectral index in NGC 1333 at different frequencies and resolutions from the literature.

7 Discussion
So far, we analyzed the chemical composition and the continuum emission from different positions located in two star-forming regions that feature two different formation regimes: isolated, low-mass star formation in TMC 1-C, and clustered, intermediate-mass star formation in NGC 1333. Our goal is studying the evolutionary stage of the different positions and investigate the effects of potential stellar feedback on the chemistry and evolution of these objects.
7.1 Isotopic and isomeric HCN ratios as chemical clocks
As discussed above, deuterium fraction is enhanced in the cold and dense conditions of prestellar and starless cores, increasing by around three to four orders of magnitude. This is due to the fact that the exothermic reaction in Eq. (1) is highly favored at these low temperatures. As such, the deuterium fraction and, in particular, the deuterium fraction of HCN (Fontani et al. 2015), are tightly related to the gas temperature. The HCN/HNC ratio is known to strongly depend on the kinetic temperature (Schilke et al. 1992) and therefore has been used as a chemical thermometer (Hacar et al. 2020) to explore the physical and chemical conditions of star-forming regions. The isotopic and isomeric ratios of nitriles are also dependent on the chemical time and are potential tracers of the chemical evolution of starless cores and cold protostellar envelopes (Roueff et al. 2015). The H12CN/H13CN and HN12C/HN13C ratio may reach values of around two times larger than the canonical 12C/13C isotopic ratios in evolved (t ~ 1 Myr) cores. Similarly, the 14N/15N, and 13C 14N/12C 15N ratios also present significant variation (larger than a factor of 2) with the time evolution, providing a tool to determine the chemical age of the dense gas.
From millimeter observations and using the collisional coefficients presented in this paper, we carried out a chemical characterization of HCN, HNC, and isotopologues, computing the column density of these species, the 13C/12C and 15N/14N isotopic ratios, the HCN and HNC deuterium fractions, and the isomeric ratio HCN/HNC. The ratios involving the most abundant isotopologues, specially HNC, are not reliable due to high optical depths. Figure 12 shows the H13CN/ HC15N, HN13C/ H15NC, H13CN/ HN13C, HC15N/H15NC, DNC/HN13C, and DCN/H13CN ratios. We found a differentiated behavior between the two isomers. The isotopic ratios involving HNC, the HN13C/H15NC, and DNC/HN13C present uniform values across the sample. However, we detected variations in those of HCN, in particular DCN/H13CN, H13CN/HN13C, and HC15N/H15NC show systematic changes with core evolution. In the following, we discuss these ratios in more detail.
The HN13C/H15NC ratio present values of 3–4 along our sample without any trend of variation among the different cores within the uncertainties of our estimates. Using a time-dependent gas-phase chemical model, Roueff et al. (2015) predicted the evolution of the nitriles and isonitriles isotopic ratios for the typical conditions of a dense cold core. The varying hydrogen number density and initial chemical abundances of these models were set to cover typical properties for dense cores. The resulting isotopic ratios were given at the steady state and at an age of 1 Myr. In Fig. 12, we compared our results with the range of ratios these models provided. The derived isotopic H13CN/HC15N ratio is in good agreement with these chemical model predictions. The values of H13CN/HC15N ratio ranges from ~4 to ~7. In each core, the H13CN/H15NC ratio is systematically higher than the HN13C/H15NC one. Moreover, it is systematically higher than the values predicted by Roueff et al. (2015).
As previously commented, the HCN/HNC isomeric ratio has been used as a proxy of the kinetic temperature. The H13CN/ HN13C ratio we computed across our sample shows a trend that can be interpreted as a progressive increase in the average gas temperature from the coldest core starless cores NGC1333-C7-5 and TMC 1-C to the Class I source NGC1333-C7-2. This trend is also observed in the HC15N/H15NC ratio, which demonstrates that is not affected by strong optical depth effects. However, the value of the HC15N/H15NC ratio is systematically lower than that of the H13CN/HN13C one, suggesting that these isotopologues are tracing different regions within the prestellar or proto-stellar envelopes.
The deuterium fraction of HCN is, however, an evolutionary tracer past the prestellar phase since it decreases as heating from the nascent star increases the gas and dust temperature. Following this reasoning, the HCN/HNC ratio and the deuterium fraction are expected to be anticorrelated. This anticorrelation is present across our dataset. In Fig. 13, we plotted the H13CN/HN13C and DCN/H13CN13 ratios a1t3the observed positions, where we see that the H13CN/HN13C is indeed anticorrelated with the deuterium fraction DCN/H13CN. As the H13CN/HN13C ratio approaches 1, the gas temperature is expected to decrease, promoting the formation of deuterated compounds at the expense of their hydrogenated counterparts. The H13CN/HN13C ratio is, moreover, correlated with the dust temperature (see Table 8). Interestingly, the deuterium fraction of HNC remains quite uniform across the sample. Furthermore, the deuterium fraction of HNC is always higher than that of HCN. Opacity effects are expected to be more important in the HNC isotopologues than in those of HCN and could produce an underestimation of the HNC deuterium fraction towards the cores, TMC 1, NGC 1333-C7-1, and NGC 1333-C7-5 (see Table A.1, B.1, and B.5). It should be noted that DN13C has been detected in these objects. This could explain the absence of variation of the HNC deuterium fraction with the evolutionary stage. However, opacity effects are not expected to play a role in NGC 1333-C7-2 and NGC 1333-C7-3, where the difference in deuterium fraction between the two isomers remains. Gradients in the HCN/HNC ratio along the line of sight towards these cores are needed to be invoked to account for these differences.
The deuterium fraction has also been used as a chemical clock of prestellar and starless cores (see, e.g., Pagani et al. 2013; Kong et al. 2015; Bianchi et al. 2017) so that evolved cores feature a higher deuterium fraction as a consequence of Eq. (1). However, this statement only applies to prestellar and starless cores. As the core collapses and evolves into later stages, heating from the incipient star or its outflow activity reduce the deuterium fraction of gas-phase molecules like N2H+ (Emprechtinger et al. 2009). Instead, high abundances of singly, doubly or even triply deuterated molecules have been measured (see, e.g., Ceccarelli et al. 1998, 2007) as a consequence of the sublimation of the inherited chemical content present in icy mantles. The high deuterium fraction observed in hot cores and corinos is therefore found in molecules that are efficiently formed on grain surfaces like CH3OH, H2CO, H2S, or H2CS (see, e.g., Ceccarelli et al. 1998; Vastel et al. 2003; Parise et al. 2004, 2006; Marcelino et al. 2005). Our study shows that the deuterium fraction of HCN increases in the prestellar and starless phase and would decrease, past the prestellar borderline, due to increasing temperatures. This trend is not evident in the case of HNC due to the opacity effects and the HCN/HNC gradients along the core. This suggests that HCN is a better tracer of the protostellar evolution. To better assess the evolutionary stage of the targets in our sample, together with the chemical information we obtained, we also need hints on the grain size of the object.
	[image: thumbnail]	Fig. 12 Comparison between the ratios observed in this paper and chemical models from the literature. Blue, red, and green dots represent the different observed molecular ratios across the positions analyzed in this paper. The horizontal bands span from the minimum to the maximum values for the ratios obtained in the models of Roueff et al. (2015). The sources are ordered by decreasing dust temperature.



	[image: thumbnail]	Fig. 13 Values of the H13CN/HN13C (red) and DCN/H13CN (blue) ratios, and the spectral index (green) across the sources of our sample.



7.2 Evolutionary stages: Grain growth
Grain growth is considered as an evolutionary tracer since it has been observed in dense, evolved areas inside molecular clouds (see, e.g., Weingartner & Draine 2001; Pagani et al. 2010; Steinacker et al. 2010; Miotello et al. 2014; Wong et al. 2016). Grain growth has an impact on the SED, measurable via the dust emissivity spectral index β, the slope of such a distribution between two different wavelengths. We used our 3 mm continuum images obtained with MUSTANG-2 to investigate possible variations of β within our sample of two starless cores, three Class 0 and one Class I objects. Our results (Tables 8 and 9) show, within the uncertainties, little variations of the spectral index among the starless cores and Class 0 objects, with values of β0.85–3 mm ranging from ~1.5 to ~2.1 (see Fig. 13). However, the Class I object NGC1333-C7-2 presents the lower spectral index, β0.85–3 mm ~ 1.1–1.3, consistent with the presence of large grains in its protostellar disk. The low spectral index found in NGC1333-C7-3, comparable to those of the Class 0 objects present in our sample, suggests again that this source might be more evolved than a starless core.
These values are consistent with those derived in previous works. Shirley et al. (2011) determined β towards a sample of Class 0 and I protostars using dust continuum emission images at 0.862 mm, 1.25 mm, and MUSTANG images, deriving values of β ranging from 1.0 to 2.4, with the lowest values for the most evolved Class I sources. Bracco et al. (2017) mapped a chain of 4 prestellar and Class 0/I protostellar cores in the B 213 filament using the NIKA camera on the IRAM 30 m telescope. Based on these observations, they estimated values of β1–2 mm between ~0.6 and for the protostellar cores, and ~2 for prestellar ones using a 1D dust emission model. Chacón-Tanarro et al. (2017, 2019) imaged the prototypical prestellar core L1544 using the NIKA camera at 1 mm and 2 mm. They derived values of ß1–2mm ranging from ~2 in the densest inner region to ~2.4 in the outer layers.
Putting all together, we can conclude that the value of β at millimeter wavelengths is useful to discern starless cores and Class 0 objects from Class I protostars, pointing to the existence of grain growth in the Class I protostellar disks. The large uncertainties of our values of β in starless cores and Class 0 objects make the detection of evidences of grain growth in these early stages of star formation difficult and therefore gas chemistry would be a better tool to date these objects. An important source of uncertainty in our calculations is the loss of large spatial scale emission. The MUSTANG-2 instrument has a field-of-view of 4.25′ (Sect. 4.3) and is therefore not sensitive to detect larger scales of the two regions presented here. In addition, the observed MUSTANG-2 maps are only 5′ in diameter (Sect. 4.3). The Herschel maps and the resulting map of optical extinctions (Fig. 8) show that these regions extend far beyond a few arcmin-utes. This leads to a loss of the larger spatial scales beyond about 4′, as confirmed by a detailed analysis of the MUSTANG-2 transfer function (Romero, priv. comm.). The SCUBA maps do probably suffer from a similar issue. These caveats will have an impact on the dust emissivities index β estimated here. But a detailed discussion is beyond the scope of the present paper.
	[image: thumbnail]	Fig. 14 Dust temperature resulting from SED fitting (Kirk et al., in prep.) in TMC 1-C (left panel) and NGC 1333-C7 (right panel). The contours are the same as in Fig. 9.



7.3 Chemistry and large-scale feedback
We investigated the H13CN/HN13C ratio, a proxy of the gas temperature, across our sample and how it affects other chemical quantities like the deuterium fraction, finding that they are anti-correlated. Dust temperature follows the same trend, as in the case of the gas temperature. In Fig. 14, we show the spatial distribution of the dust temperature in NGC 1333, which is increasing from north to south. This is most likely due to the heating produced by the active star forming region located in the central part of this molecular cloud. Indeed, the feedback of the main NGC 1333 cluster has been the subject of several works in literature. Extensive outflows and jets have been described in this region that even escape the cluster core (Bally & Reipurth 2001; Walawender et al. 2008), playing a fundamental role in its energetic balance (Sandell & Knee 2001). This suggests that at this resolution, cloud-scale and environmental properties influences the chemistry of this region.
On the other hand, there is a south-to-north gradient in dust size and evolutionary stage of the objects considered in this sample, with later classes (NGC1333-C7-2 as a Class I object) located toward the south, closer to the central protostellar cluster, and the youngest classes (starless and Class 0 objects) towards the north of the region. This trend in the evolutionary stage indicate that star formation in the northern sector of NGC 1333 could be regulated or induced by the stellar feedback coming from the main cluster in the south. Evidence of outflow activity triggering star formation in this region was found by, for instance, Sandell & Knee (2001). NGC 1333 has been documented to host a large amount of Herbig-Haro objects associated with cavities revealing interactions between outflows and surrounding gas (see, e.g., Bachiller et al. 1990). These injections of new material may trigger core collapse, inducing star formation (see, e.g., Chen et al. 2016; Dhabal et al. 2019; De Simone et al. 2022). Since the feedback of the active protostellar cluster would be producing both the heating of the interstellar material and the induced star formation, it is difficult to discern to what extent the environment is responsible for determining the isotopic and isomeric ratios measured in the targeted NGC 1333 cores. A larger sample, with dozens of cores located in different environments, would be required to discern the effects of the environment on the chemistry of starless cores and YSOs.
8 Summary and conclusions
We performed a chemical study of two different star-forming regions with updated collisional rates to investigate their chemical and evolutionary characteristics:

	We present new collisional coefficients of HCN, HNC, and their C, N, and H isotopologues that provided the most up-to-date information about the chemistry of these compounds, offering an updated view of the isotopic ratios, deuterium fraction, isomeric ratios, and evolution. We used these new collisional coefficients to study the chemistry of two star-forming regions with different properties in terms of the stellar masses and the presence of stellar feedback from nearby sources: 1) TMC 1-C is an isolated prestellar core in the TMC 1 cloud in Taurus, a low-mass star forming region; 2) and five positions in the northern sector of NGC 1333, a proto-cluster located in Perseus, an intermediate-mass star-forming region.


	Using millimeter observations and the collisional rates presented in this paper, we carried out a chemical characterization of HCN, HNC, and their isotopologues, computing the column density of these species, the 13C/12C and 15N/14N isotopic ratios, the HCN and HNC deuterium fractions, and isomeric ratios HCN/HNC. The isotopic ratios between the least abundant species show good agreement with current chemical models (Roueff et al. 2015), with 13CN/C15N ~4.50–7.84 and N13C/15NC ~3.06–4.28. The most abundant isotopic species display unreliable ratios due to high optical depths, especially in the case of TMC 1-C, where C/13C ~20 and N/15N ~150. The ratios between the two isomers show different variability across our sample, suggesting a different origin of their emission.


	The deuterium fraction was calculated to study the evolutionary stage of the members of our sample. We found that the deuterium fraction of HCN, measured as the column density ratio DCN/H13CN, is mainly driven by the reaction in Eq. (1), since it is anticorrelated with dust temperature and the H13CN/HN13C ratio, a proxy of the kinetic temperature. The deuterium fraction of HCN is an evolutionary tracer past the prestellar phase since it decreases as heating from the nascent star increases the gas and dust temperature. Therefore, the H13CN/HN13C and DCN/H13CN ratios behave as chemical clocks in our sample.


	We analyzed the continuum emission of our sample at two different wavelengths, 850 μm and 3 mm, to estimate the spectral index. Variations in the spectral index are thought to be a consequence of grain growth, another evolutionary tracer. The dust spectral index β0.85–3 mm is found to be as low as β0.85–3 mm = 1.34 for the most evolved member of our sample, and rises up to β0.85–3 mn= 2.09 in TMC 1-C, a prestellar core. Combining the dust spectral index β0.85–3 mm with the chemical information previously obtained, we find a tentative correlation between the spectral index and the HCN deuterium fraction. This is consistent with the presence of grain growth in evolved objects past the prestellar phase as the dust and gas temperatures increase, thus reducing the HCN deuterium fraction.


	At the resolution of our data, the NGC 1333 region shows a south-to-north gradient in the spectral index, spectral class, and dust temperature. The cloud-scale properties turns out to be a key driver of the chemistry in this region in contrast with TMC 1-C. This gradient suggests that the formation of the sources present in our sample may be induced by cloud-scale feedback coming from the main NGC 1333 cloud at the south of the observed region. High-resolution and sensitivity observations are needed to further study the effect of the stellar feedback and the environment in the star formation process in clusters.



The new collisional coefficients presented in this paper allowed us to perform the most up-to-date chemical characterization of cores from two star-forming regions based on the set of molecules that includes HCN, HNC, and their isotopologues. Quantities of great astrochemical interest such as the isotopic fractions, deuterium fractions, and isomer ratios were derived and compared to other results from the literature. The study of the dust continuum emission helped us find connections between the nature of the dust emission, the chemical processes occurring in the areas under consideration, the evolution of YSOs, and the effects of feedback from nearby star formation.
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Appendix A  TMC 1-C line properties
	[image: thumbnail]	Fig. A.1 Line spectra of the rotational transitions considered in this paper observed towards the TMC 1-C position. The frequency taken as reference in each panel is given in Table 2. The solid black lines represent the RADEX fitting over each line to compute column densities.



Table A.1 
Properties, main beam temperatures, and integrated intensities of the spectral lines in TMC 1-C. We include the opacities of the resolved hyperfine structure components.


Appendix B  NGC 1333 line properties
	[image: thumbnail]	Fig. B.1 Line spectra of the rotational transitions considered in this paper observed towards the NGC1333-C7-1 position. The frequency taken as reference in each panel is given in Table 2. The solid black lines represent the RADEX fitting over each line to compute column densities.



Table B.1 
Properties, main beam temperatures, and integrated intensities of the spectral lines in NGC1333-C7-1. We include the opacities of the resolved hyperfine structure components.

	[image: thumbnail]	Fig. B.2 Line spectra of the rotational transitions considered in this paper observed towards the NGC1333-C7-2 position. The frequency taken as reference in each panel is given in Table 2. The solid black lines represent the RADEX fitting over each line to compute column densities.



Table B.2 
Properties, main beam temperatures, and integrated intensities of the spectral lines in NGC1333-C7-2. We include the opacities of the resolved hyperfine structure components.

	[image: thumbnail]	Fig. B.3 Line spectra of the rotational transitions considered in this paper observed towards the NGC1333-C7-3 position. The frequency taken as reference in each panel is given in Table 2. The solid black lines represent the RADEX fitting over each line to compute column densities.



Table B.3 
Properties, main beam temperatures, and integrated intensities of the spectral lines in NGC1333-C7-3. We include the opacities of the resolved hyperfine structure components.

	[image: thumbnail]	Fig. B.4 Line spectra of the rotational transitions considered in this paper observed towards the NGC1333-C7-4 position. The frequency taken as reference in each panel is given in Table 2. The solid black lines represent the RADEX fitting over each line to compute column densities.



Table B.4 
Properties, main beam temperatures, and integrated intensities of the spectral lines in NGC1333-C7-4. We include the opacities of the resolved hyperfine structure components.

	[image: thumbnail]	Fig. B.5 Line spectra of the rotational transitions considered in this paper observed towards the NGC1333-C7-5 position. The frequency taken as reference in each panel is given in Table 2. The solid black lines represent the RADEX fitting over each line to compute column densities.



Table B.5 
Properties, main beam temperatures, and integrated intensities of the spectral lines in NGC1333-C7-5. We include the opacities of the resolved hyperfine structure components.
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	[image: thumbnail]	Fig. 10 Continuum flux maps at 3 mm obtained with the MUSTANG-2 bolometer used to compute the dust emissivity spectral index β0.85-3mm. Left panel: flux at 3 mm in the TMC 1-C prestellar core. Contours correspond to levels 5σ × [1,3,5,7,9], with σ = 10−5 Jy beam−1. Right panel: flux at 3 mm in the NGC 1333-C7 sector. Contours correspond to levels 5σ × [1,3,5,7,9], with σ = 3.4 × 10−5 Jy beam−1. The fluxes were obtained using the MUSTANG-2 bolometer of the Green Bank Telescope. The origin (0,0) of these maps is the same as in Fig. 8.
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        Temperature dependence of the rate coefficients of the isotopologues of HCN (left panels) and HNC (right panels). The data of the parent species (HCN and HNC) are from Hernández Vera et al. (2017).
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        Ratio between quotients of radiation temperatures Tr(2−1)/Tr(1−0), (left), and Tr(3–2)/Tr(1−0), (right) calculated with the previous and the new collisional coefficients for H13CN.
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        Ratio between quotients of radiation temperatures Tr(2−1)/Tr(1−0), (left), and Tr(3−2)/Tr(1−0), (right) calculated with the previous and the new collisional coefficients for HN13C.
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        Ratio between quotients of radiation temperatures Tr(2−l)/Tr(1−0), (left), and Tr(3−2)/Tr(1−0), (right) calculated with the previous and the new collisional coefficients for DCN.
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        Ratio between quotients of radiation temperatures Tr(2−1)/Tr(1−0), (left), and Tr(3−2)/Tr(1-0), (right) calculated with the previous and the new collisional coefficients for DNC.
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        Ratio between quotients of radiation temperatures Tr(2−1)/Tr(1−0), (left), and Tr(3−2)/Tr(1-0), (right) calculated with the previous and the new collisional coefficients for D13CN.
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        Ratio between quotients of radiation temperatures Tr(2−1)/Tr(1−0), (left), and Tr(3−2)/Tr(1−0), (right) calculated with the previous and the new collisional coefficients for DN13C.

      

    

  
    
      Table 1 

      Assumed line widths and column densities in the grid.

      
        


	Species
	FWHM (km s−1)
	N(X) (cm−2)





	DCN
	0.5
	5 × 1012



	DNC
	0.5
	5 × 1012



	H13CN
	0.5
	2 × 1013



	HN13C
	0.5
	2 × 1013



	D13CN
	0.5
	1 × 1011



	DN13C
	0.5
	1 × 1011





      

    

  
    
      Table 2 

      Observed transitions, frequencies, beam sizes, and telescope efficiencies.

      
        


	Line
	Freq. (MHz)(a)
	θHPBW (”)(b)
	[image: equation]





	D13CN 1 → 0
	71 175.07
	24
	0.36



	D15N13C 1 → 0
	72 310.79
	24
	0.36



	DCN 1 → 0
	72 414.69
	24
	0.36



	DN13C 1 → 0
	73 367.75
	24
	0.35



	D15NC 1 → 0
	75 286.77
	24
	0.33



	DNC 1 → 0
	76 305.70
	23
	0.32



	H13C15N 1 → 0
	83 727.58
	21
	0.27



	H15N13C 1 → 0
	85 258.92
	21
	0.26



	HC15N 1 → 0
	86 054.97
	21
	0.25



	H13CN 1 → 0
	86 339.92
	21
	0.25



	HN13C 1 → 0
	87 090.83
	21
	0.24



	HCN 1 → 0
	88 631.60
	20
	0.24



	H15NC 1 → 0
	88 865.69
	20
	0.24



	HNC 1 → 0(c)
	90 663.57
	27
	0.85





      

      
Notes. (a)The frequencies shown here do not consider hyperfine splitting. The frequencies are taken from the CDMS catalog (Müller et al. 2001, 2005; Endres et al. 2016) except those of the DN13C and D15NC lines, taken from the SLAIM catalog, available in Splatalogue (Remijan et al. 2007).(b)Yebes 40 m and IRAM 30 m telescope efficiencies taken from the Yebes 40 m technical information webpage and IRAM 30m efficiencies wiki, respectively. (c)Data from the IRAM 30 m Large Program GEMS (PI. Asunción Fuente).




    

  
    
      Fig. 8 
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        Visual extinction maps of the regions under study. Left panel: visual extinction map of TMC 1-C from the Berschel data (Kirk et al. in prep.). Contours represent levels of [6, 10, 15, 20, 25] mag. The origin (0,0) of this map corresponds to the position TMC 1-C (see Table 3). Right panel: visual extinction map of the northern sector of the NGC 1333 protocluster. The origin (0,0) of this map corresponds to the position NGC1333-C7-1 (see Table 3). Contours represent levels of [5, 10, 15, 20] mag.

      

    

  
    
      Table 3 

      Target positions, spectral classes, and radii.

      
        


	Source
	RA (2000)
	Dec (2000)
	Class
	Refs.
	Radius (″)





	TMC 1-C
	04:41:37.58
	26:00:31.10
	SCore(✶)
	1, 2,3
	147.3(a)



	NGC 1333-C7-1
	03:29:25.57
	31:28:14.83
	Class 0
	4, 5
	15.6(b)



	NGC 1333-C7-2
	03:29:19.05
	31:23:14.45
	Class I
	6, 7, 8
	30.6(b)



	NGC 1333-C7-3
	03:29:18.29
	31:25:08.34
	SCore(✶)
	6
	34.3(b)



	NGC 1333-C7-4
	03:29:17.38
	31:27:46.09
	Class 0
	6
	25.8(b)



	NGC 1333-C7-5
	03:29:23.95
	31:33:18.15
	Class 0
	6
	18.8(b)





      

      
Notes – (✶)SCore stands for starless core. NGC1333-C7-3 class is uncertain as it was classified as starless core by default since it did not fit the criteria of any other class.


References – (a)Goodman et al. (1998); (b)Kirk et al. (2007); (1) Schnee et al. (2007); (2) Schnee et al. (2010); (3) Navarro-Almaida et al. (2021); (4) Tobin et al. (2016); (5) Maureira et al. (2020); (6) Hatchell et al. (2007b); (7) Sadavoy et al. (2014); (8) Rebull (2015).




    

  
    
      Table 4 

      Column densities N(X) (cm−2) at 8 K assuming different densities.

      
        


	Molecule
	nH = 4 × 105 cm−3
	nH = 106 cm−3





	D13CN
	<5.66 × 1010
	<3.79 × 1010



	DCN
	(3.24 ± 0.81) × 1012
	(2.25 ± 0.56) × 1012



	DN13C
	(1.50 ± 0.38) × 1011
	(1.40 ± 0.35) × 1011



	DNC
	(4.51 ± 1.13) × 1012
	(3.73 ± 0.93) × 1012



	HC15N
	(2.90 ± 0.73) × 1011
	(1.70 ± 0.43) × 1011



	H13CN
	(2.12 ± 0.53) × 1012
	(1.22 ± 0.31) × 1012



	HN13C
	(1.60 ± 0.40) × 1012
	(1.30 ± 0.33) × 1012



	HCN
	(4.32 ± 1.08) × 1013
	(2.03 ± 0.51) × 1013



	H15NC
	(4.50 ± 1.13) × 1011
	(3.90 ± 0.98) × 1011



	HNC
	(4.30 ± 1.08) × 1012
	(4.20 ± 1.05) × 1012





      

    

  
    
      Table 5 

      Column density ratios in TMC 1-C.

      
        


	
	nH = 4 × 105 cm−3
	nH = 106 cm−3





	Deuterium fraction



	




	D13CN/H13CN
	<2.67 × 10−2
	<3.11 × 10−2



	DN13C/HN13C
	(9.38 ± 3.34) × 10−2
	0.108 ± 0.038



	DCN/H13CN
	1.53 ± 0.54
	1.84 ± 0.66



	DNC/HN13C
	2.82 ± 1.00
	2.87 ± 1.02



	DCN/HCN
	(7.50 ± 2.65) × 10−2
	0.111 ± 0.039



	DNC/HNC
	1.05 ± 0.37
	0.89 ± 0.31



	




	C and N isotopic ratios



	




	DCN/D13CN
	>57.24
	>59.37



	DNC/DN13C
	21.60 ± 10.71
	16.07 ± 9.41



	HCN/H13CN
	20.38 ± 7.20
	16.64 ± 5.95



	HNC/HN13C
	2.69 ± 0.95
	3.23 ± 1.15



	HCN/HC15N
	148.97 ± 52.85
	119.41 ± 42.57



	HNC/H15NC
	9.56 ± 3.39
	10.80 ± 3.82



	H13CN/HC15N
	7.31 ± 2.59
	7.18 ± 2.57



	HN13C/H15NC
	3.56 ± 1.26
	3.33 ± 1.19



	




	Isomeric ratios



	




	H13CN/HN13C
	1.33 ± 0.47
	0.94 ± 0.34



	HC15N/H15NC
	0.64 ± 0.23
	0.44 ± 0.16



	HCN/HNC
	10.05 ± 3.56
	4.83 ± 1.71



	DCN/DNC
	0.72 ± 0.25
	0.60 ± 0.21





      

    

  
    
      Table 6 

      Column densities at the NGC1333-C7 positions assuming different densities.

      
        


	Column densities



	




	Position
	C7-1
	C7-2
	C7-3
	C7-4
	C7-5



	
	

	

	

	

	




	nH (cm−3)
	1.4 × 105
	4 × 105
	106
	4 × 105
	106
	4 × 105
	106
	4 × 105
	106





	D13CN
	<2.16 × 1011
	<1.69 × 1011
	<1.24 × 1011
	<5.44 × 1011
	<3.87 × 1011
	<2.63 × 1011
	<1.84 × 1011
	<2.12 × 1011
	<1.71 × 1011



	DCN
	(3.42 ± 0.86) × 1012
	(5.76 ± 1.44) × 1011
	(4.14 ± 1.04) × 1011
	(1.62 ± 0.41) × 1012
	(1.13 ± 0.28) × 1012
	(2.28 ± 0.58) × 1012
	(1.58 ± 0.40) × 1012
	(2.52 ± 0.63) × 1012
	(1.98 ± 0.50) × 1012



	DN13C
	(1.25 ± 0.31) × 1011
	<4.90 × 1010
	<4.60 × 1010
	<8.78 × 1010
	<8.51 × 1010
	<7.60 × 1010
	<7.40 × 1010
	(7.30 ± 1.83) × 1010
	(7.80 ± 1.95) × 1010



	DNC
	(4.50 ± 1.13) × 1012
	(6.20 ± 1.55) × 1011
	(5.60 ± 1.40) × 1011
	(1.62 ± 1.40) × 1012
	(1.48 ± 0.37) × 1012
	(2.80 ± 0.70) × 1012
	(2.40 ± 0.60) × 1012
	(3.85 ± 0.96) × 1012
	(3.75 ± 0.94) × 1012



	HC15 N
	(1.94 ± 0.49) × 1011
	(1.20 ± 0.30) × 1011
	(7.00 ± 1.75) × 1010
	(2.00 ± 0.50) × 1011
	(1.21 ± 0.30) × 1011
	(2.61 ± 0.65) × 1011
	(1.57 ± 0.39) × 1011
	(1.88 ± 0.47) × 1011
	(1.26 ± 0.32) × 1011



	H13CN
	(1.52 ± 0.38) × 1012
	(8.37 ± 2.09) × 1011
	(5.13 ± 1.28) × 1011
	(9.00 ± 2.25) × 1011
	(5.40 ± 1.35) × 1011
	(1.21 ± 0.30) × 1012
	(7.29 ± 1.82) × 1011
	(9.27 ± 2.32) × 1011
	(6.26 ± 1.57) × 1011



	HN13C
	(1.31 ± 0.33) × 1012
	(2.40 ± 0.60) × 1011
	(2.16 ± 0.54) × 1011
	(5.40 ± 0.14) × 1011
	(4.75 ± 1.19) × 1011
	(8.78 ± 2.20) × 1011
	(7.68 ± 1.92) × 1011
	(1.09 ± 0.27) × 1012
	(1.06 ± 0.27) × 1012



	HCN
	(1.08 ± 0.27) × 1014
	(4.44 ± 1.10) × 1013
	(2.32 ± 0.58) × 1013
	(7.92 ± 1.98) × 1013
	(3.69 ± 0.92) × 1013
	(1.44 ± 0.36) × 1014
	(5.85 ± 1.46) × 1013
	(5.63 ± 1.41) × 1013
	(2.97 ± 0.74) × 1013



	H15NC
	(3.38 ± 0.85) × 1011
	(7.58 ± 1.90) × 1010
	(7.05 ± 1.76) × 1010
	(1.65 ± 0.41) × 1011
	(1.48 ± 0.37) × 1011
	(2.27 ± 0.57) × 1011
	(2.09 ± 0.52) × 1011
	(2.55 ± 0.64) × 1011
	(2.57 ± 0.64) × 1011



	HNC
	(1.56 ± 0.39) × 1013
	–
	–
	–
	–
	–
	–
	–
	–





      

    

  
    
      Table 7 

      Column density ratios across the positions observed in NGC1333-C7.

      
        


	Position
	C7-1
	C7-2
	C7-3
	C7-4
	C7-5



	
	

	

	

	

	




	nH (cm−3)
	1.4 × 105
	4 × 105
	106
	4 × 105
	106
	4 × 105
	106
	4 × 105
	106





	Deuterium fraction



	




	D13CN/H13CN
	<0.142
	<0.202
	<0.242
	<0.604
	<0.717
	<0.217
	<0.252
	<0.229
	<0.273



	DN13C/HN13C
	0.095 ± 0.034
	<0.204
	<0.213
	<0.163
	<0.179
	<0.087
	<0.096
	0.067 ± 0.024
	0.074 ± 0.026



	DCN/H13CN
	2.25 ± 0.80
	0.69 ± 0.24
	0.81 ± 0.29
	1.80 ± 0.64
	2.09 ± 0.74
	1.88 ± 0.67
	2.17 ± 0.77
	2.72 ± 0.96
	3.16 ± 1.12



	DNC/HN13C
	3.44 ± 1.21
	2.58 ± 0.91
	2.59 ± 0.92
	3.00 ± 1.06
	3.12 ± 1.10
	3.19 ± 1.13
	3.13 ± 1.10
	3.53 ± 1.25
	3.54 ± 1.25



	DCN/HCN
	(3.17 ± 1.11) × 10−2
	(1.30 ± 0.46) × 10−2
	(1.78 ± 0.63) × 10−2
	(2.05 ± 0.72) × 10−2
	(3.06 ± 0.11) × 10−2
	(1.58 ± 0.56) × 10−2
	(2.70 ± 0.95) × 10−2
	(4.48 ± 1.58) × 10−2
	(6.67 ± 0.24) × 10−2



	DNC/HNC
	0.29 ± 0.10
	–
	–
	–
	–
	–
	–
	–
	–



	




	C and N isotopic ratios



	




	DCN/D13CN
	>15.83
	>3.40
	>3.33
	>2.98
	>2.92
	>8.68
	>8.61
	>11.89
	>11.58



	DNC/DN13C
	27.36 ± 12.73
	>11.76
	>9.00
	>18.45
	>13.28
	>30.00
	>21.35
	34.52 ± 18.65
	25.39 ± 17.00



	HCN/H13CN
	71.05 ± 25.12
	53.05 ± 18.76
	45.22 ± 15.99
	88.00 ± 31.11
	68.33 ± 24.16
	119.01 ± 42.08
	80.25 ± 28.37
	60.73 ± 21.47
	47.44 ± 17.78



	HNC/HN13C
	11.91 ± 4.21
	–
	–
	–
	–
	–
	–
	–
	–



	HCN/HC15N
	556.70 ± 196.82
	370.00 ± 130.82
	331.43 ± 117.18
	396.00 ± 140.01
	304.96 ± 107.82
	551.72 ± 195.06
	372.61 ± 131.74
	299.47 ± 105.88
	235.71 ± 83.34



	HNC/H15NC
	46.15 ± 16.32
	–
	–
	–
	–
	–
	–
	–
	–



	H13CN/HC15N
	7.84 ± 2.77
	6.98 ± 2.47
	7.33 ± 2.59
	4.50 ± 1.59
	4.46 ± 1.58
	4.64 ± 1.64
	4.64 ± 1.64
	4.93 ± 1.74
	4.97 ± 1.76



	HN13C/H15NC
	3.88 ± 1.37
	3.17 ± 1.12
	3.06 ± 1.08
	3.27 ± 1.16
	3.21 ± 1.14
	3.87 ± 1.37
	3.68 ± 1.30
	4.28 ± 1.51
	4.13 ± 1.46



	




	Isomeric ratios



	




	H13CN/HN13C
	1.16 ± 0.41
	3.49 ± 1.23
	2.38 ± 0.84
	1.67 ± 0.59
	1.14 ± 0.40
	1.38 ± 0.49
	0.95 ± 0.34
	0.85 ± 0.30
	0.59 ± 0.21



	HC15N/H15NC
	0.57 ± 0.20
	1.58 ± 0.56
	0.99 ± 0.35
	1.21 ± 0.43
	0.82 ± 0.29
	1.15 ± 0.41
	0.75 ± 0.27
	0.74 ± 0.26
	0.49 ± 0.17



	HCN/HNC
	6.92 ± 2.45
	–
	–
	–
	–
	–
	–
	–
	–



	DCN/DNC
	0.76 ± 0.27
	0.93 ± 0.33
	0.74 ± 0.26
	1.00 ± 0.35
	0.76 ± 0.27
	0.81 ± 0.29
	0.66 ± 0.23
	0.66 ± 0.23
	0.53 ± 0.19





      

    

  
    
      Fig. 9 

      
        [image: thumbnail]
      

      
        Dust optical depth maps at 850 µm from the Herschel data (Kirk et al., in prep.) used to compute the dust emissivity spectral index β0.85-3mm Left panel: dust optical depth at 850 µm in TMC 1-C. Contours correspond to levels τ850 µm = 5σ × [5,9,13,17] with σ = 1.5 × 10−5 (Kirk et al., in prep.). Right panel: dust optical depth at 850 µm in the northern sector of NGC 1333 (Zari et al. 2016). Contours correspond to levels τ850 µm = 5σ × [5,9,13,17] with σ = 1.5 × 10−5. The origin (0,0) of these maps is the same as in Fig. 8.

      

    

  
    
      Fig. 10 

      
        [image: thumbnail]
      

      
        Continuum flux maps at 3 mm obtained with the MUSTANG-2 bolometer used to compute the dust emissivity spectral index β0.85-3mm. Left panel: flux at 3 mm in the TMC 1-C prestellar core. Contours correspond to levels 5σ × [1,3,5,7,9], with σ = 10−5 Jy beam−1. Right panel: flux at 3 mm in the NGC 1333-C7 sector. Contours correspond to levels 5σ × [1,3,5,7,9], with σ = 3.4 × 10−5 Jy beam−1. The fluxes were obtained using the MUSTANG-2 bolometer of the Green Bank Telescope. The origin (0,0) of these maps is the same as in Fig. 8.

      

    

  
    
      Table 8 

      Continuum 3 mm flux, dust temperature, optical depth at 850 µm and 3 mm, and the spectral index.

      
        


	Position
	Td (K)
	Flux F3 mm(α) (mJy beam−1 18″)
	τ3 mm × 104 (18″)(α)
	τ850 µm × 103 (18″) (b)
	β0.85−3 mm (18″)





	TMC 1-C
	11
	0.49 ± 0.03
	0.82 ± 0.02
	1.43 ± 0.14
	2.09 ± 0.08



	NGC1333-C7-1
	17
	1.29 ± 0.04
	1.35 ± 0.04
	1.26 ± 0.13
	1.63 ± 0.09



	NGC1333-C7-2
	21
	2.23 ± 0.04
	1.85 ± 0.03
	1.15 ± 0.12
	1.34 ± 0.08



	NGC1333-C7-3
	20
	1.44 ± 0.04
	1.26 ± 0.04
	1.09 ± 0.11
	1.56 ± 0.09



	NGC1333-C7-4
	18
	1.68 ± 0.04
	1.65 ± 0.04
	1.64 ± 0.16
	1.68 ± 0.09



	NGC1333-C7-5
	15
	1.27 ± 0.04
	1.54 ± 0.05
	1.57 ± 0.16
	1.70 ± 0.09





      

      
Notes. (a)Flux and optical depth derived from the MUSTANG-2 data after smoothing to achieve a resolution of 18″. (b)Optical depth from the NGC 1333 maps in Zari et al. (2016).




    

  
    
      Fig. 11 

      
        [image: thumbnail]
      

      
        Overlay of the 3 mm contours from Fig. 10 over the maps and contours from Fig. 9. Left panel: TMC 1-C. Right panel: northern sector of NGC 1333.

      

    

  
    
      Table 9 

      Flux, optical depth, and spectral index in NGC 1333 at different frequencies and resolutions from the literature.

      
        


	Position
	Td (K)
	Flux F3mm(α) (mJy beam−1 14″)
	τ3mm × 104 (14″) (a)
	Flux F850 µm(b) (mJy beam−1 14″)
	τ850 µm × 103 (14″)(b)
	β0.85-3 mm (14″)





	NGC1333-C7-1
	17
	1.62 ± 0.05
	1.70 ± 0.05
	292 ± 35
	1.53 ± 0.18
	1.61 ± 0.08



	NGC1333-C7-2
	21
	2.82 ± 0.05
	2.33 ± 0.05
	308 ± 35
	1.17 ± 0.14
	1.18 ± 0.08



	NGC1333-C7-3
	20
	1.72 ± 0.05
	1.50 ± 0.05
	376 ± 35
	1.54 ± 0.18
	1.70 ± 0.08



	NGC1333-C7-4
	18
	2.16 ± 0.05
	2.12 ± 0.05
	349 ± 35
	1.67 ± 0.20
	1.51 ± 0.08



	NGC1333-C7-5
	15
	1.46 ± 0.05
	1.78 ± 0.05
	371 ± 35
	2.38 ± 0.29
	1.90 ± 0.08





      

      
Notes. (a)Flux and optical depth derived from the MUSTANG-2 data after smoothing to achieve a resolution of 14″. (b)Flux and optical depth from Hatchell et al. (2005).




    

  
    
      Fig. 12 

      
        [image: thumbnail]
      

      
        Comparison between the ratios observed in this paper and chemical models from the literature. Blue, red, and green dots represent the different observed molecular ratios across the positions analyzed in this paper. The horizontal bands span from the minimum to the maximum values for the ratios obtained in the models of Roueff et al. (2015). The sources are ordered by decreasing dust temperature.

      

    

  
    
      Fig. 13 

      
        [image: thumbnail]
      

      
        Values of the H13CN/HN13C (red) and DCN/H13CN (blue) ratios, and the spectral index (green) across the sources of our sample.

      

    

  
    
      Fig. 14 

      
        [image: thumbnail]
      

      
        Dust temperature resulting from SED fitting (Kirk et al., in prep.) in TMC 1-C (left panel) and NGC 1333-C7 (right panel). The contours are the same as in Fig. 9.

      

    

  
    
      Fig. A.1 

      
        [image: thumbnail]
      

      
        Line spectra of the rotational transitions considered in this paper observed towards the TMC 1-C position. The frequency taken as reference in each panel is given in Table 2. The solid black lines represent the RADEX fitting over each line to compute column densities.

      

    

  
    
      Table A.1 

      Properties, main beam temperatures, and integrated intensities of the spectral lines in TMC 1-C. We include the opacities of the resolved hyperfine structure components.

      
        


	Species
	Transition
	Frequency (MHz)
	Eup (K)
	log(Aij)
	Peak position (km s−1)
	Width (km s−1)
	TMB (K)
	∫TMB dv (K km s−1)
	τ





	D13CN
	1→0
	71175.07
	3.4
	−4.90
	–
	–
	rms = 7.77 × 10−3 K
	



	




	DCN
	11 → 01
	72413.50
	3.5
	−4.88
	10.122 ± 0.158
	0.523 ± 0.158
	0.339 ± 0.009
	0.189 ± 0.011
	2.32 ± 0.12



	12 → 01
	72414.93
	
	
	4.202 ± 0.158
	0.567 ± 0.158
	0.412 ± 0.009
	0.249 ± 0.011
	3.87 ± 0.20



	10 — 01
	72417.03
	
	
	– 4.428 ± 0.158
	0.414 ± 0.158
	0.238 ± 0.009
	0.105 ± 0.011
	0.77 ± 0.04



	




	DN13C
	1→0
	73367.75
	3.5
	−4.90
	5.106 ± 0.027
	0.908 ± 0.061
	0.077 ± 0.008
	0.073 ± 0.004
	



	




	DNC
	1→0
	76305.70
	3.7
	−4.80
	5.181 ± 0.002
	1.020 ± 0.004
	1.514 ± 0.011
	1.643 ± 0.006
	



	




	HC15N
	1→0
	86054.97
	4.1
	−4.66
	5.277 ± 0.008
	0.452 ± 0.019
	1.535 ± 0.008
	0.074 ± 0.003
	



	




	H13CN
	11 → 01
	86338.74
	4.1
	−4.65
	9.376 ± 0.005
	0.456 ± 0.011
	0.220 ± 0.006
	0.107 ± 0.002
	1.28 ± 0.12



	12 → 01
	86340.17
	
	
	4.401 ± 0.004
	0.502 ± 0.008
	0.303 ± 0.006
	0.162 ± 0.002
	2.14 ± 0.20



	10 → 01
	86342.25
	
	
	−2.825 ± 0.007
	0.401 ± 0.017
	0.138 ± 0.006
	0.059 ± 0.002
	0.43 ± 0.04



	




	HN13C
	1→0
	87090.83
	4.2
	−4.62
	5.282 ± 0.002
	0.747 ± 0.004
	0.923 ± 0.009
	0.735 ± 0.004
	



	




	HCN
	11 → 01
	88630.42
	4.2
	−4.62
	9.286 ± 0.003
	0.862 ± 0.005
	0.943 ± 0.008
	0.866 ± 0.005
	6.72 ± 0.03



	12 → 01
	88631.85
	
	
	4.457 ± 0.000
	0.915 ± 0.003
	1.305 ± 0.008
	1.270 ± 0.002
	11.20 ± 0.05



	10 → 01
	88633.94
	
	
	−2.623 ± 0.000
	0.664 ± 0.004
	1.146 ± 0.008
	0.810 ± 0.004
	2.24 ± 0.01



	




	H15NC
	1→0
	88865.69
	4.2
	−4.70
	5.246 ± 0.004
	0.419 ± 0.009
	0.434 ± 0.010
	0.193 ± 0.004
	



	




	HNC(a)
	1→0
	90663.57
	4.3
	−4.57
	5.138 ± 0.000
	1.127 ± 0.006
	1.440 ± 0.014
	1.727 ± 0.009
	





      

      
(a) HNC 1 → 0 features self-absorption. The parameters shown here were calculated fitting one gaussian profile to the spectra.




    

  
    
      Fig. B.1 

      
        [image: thumbnail]
      

      
        Line spectra of the rotational transitions considered in this paper observed towards the NGC1333-C7-1 position. The frequency taken as reference in each panel is given in Table 2. The solid black lines represent the RADEX fitting over each line to compute column densities.

      

    

  
    
      Table B.1 

      Properties, main beam temperatures, and integrated intensities of the spectral lines in NGC1333-C7-1. We include the opacities of the resolved hyperfine structure components.

      
        


	Species
	Transition
	Frequency (MHz)
	Eup (K)
	log(Aij)
	Peak position (km s−1)
	Width (km s−1)
	TMB (K)
	∫TMB dv (K km s−1)
	τ





	D13CN
	1→0
	71175.07
	3.4
	−4.90
	–
	–
	rms = 2.51 × 10−2 K
	



	




	DCN
	11 → 01
	72413.50
	3.5
	−4.88
	12.461 ± 0.008
	0.624 ± 0.017
	0.581 ± 0.020
	0.386 ± 0.010
	0.77 ± 0.04



	12 → 01
	72414.93
	
	
	6.544 ± 0.005
	0.652 ± 0.012
	0.871 ± 0.020
	0.605 ± 0.010
	0.84 ± 0.14



	10 — 01
	72417.03
	
	
	−2.108 ± 0.017
	0.590 ± 0.038
	0.244 ± 0.020
	0.153 ± 0.010
	0.50 ± 0.10



	




	DN13C
	1→0
	73367.75
	3.5
	−4.90
	7.447 ± 0.090
	1.343 ± 0.277
	0.052 ± 0.014
	0.074 ± 0.011
	



	




	DNC
	1→0
	76305.70
	3.7
	−4.80
	7.500 ± 0.000
	1.004 ± 0.005
	2.010 ± 0.015
	2.148 ± 0.008
	



	




	HC15N
	1→0
	86054.97
	4.1
	−4.66
	7.471 ± 0.018
	0.475 ± 0.039
	0.133 ± 0.013
	0.068 ± 0.005
	



	




	H13CN
	11 → 01
	86338.74
	4.1
	−4.65
	11.633 ± 0.012
	0.600 ± 0.027
	0.272 ± 0.016
	0.174 ± 0.007
	0.07 ± 0.17



	12 → 01
	86340.17
	
	
	6.658 ± 0.007
	0.574 ± 0.016
	0.447 ± 0.016
	0.273 ± 0.007
	0.12 ± 0.28



	10 → 01
	86342.25
	
	
	−0.485 ± 0.045
	0.695 ± 0.100
	0.081 ± 0.016
	0.060 ± 0.007
	0.02 ± 0.07



	




	HN13C
	1→0
	87090.83
	4.2
	−4.62
	7.544 ± 0.004
	0.738 ± 0.009
	1.037 ± 0.017
	0.814 ± 0.008
	



	




	HCN
	11 → 01
	88630.42
	4.2
	−4.62
	11.500 ± 0.031
	0.746 ± 0.074
	3.146 ± 0.315
	2.592 ± 0.146
	3.25 ± 0.59



	12 → 01
	88631.85
	
	
	6.659 ± 0.022
	0.830 ± 0.054
	4.480 ± 0.315
	4.079 ± 0.219
	5.42 ± 0.98



	10 → 01
	88633.94
	
	
	−0.394 ± 0.029
	0.624 ± 0.066
	3.014 ± 0.315
	2.127 ± 0.185
	1.08 ± 0.20



	




	H15NC
	1→0
	88865.69
	4.2
	−4.70
	7.515 ± 0.012
	0.609 ± 0.027
	0.287 ± 0.018
	0.186 ± 0.007
	



	




	HNC
	1→0
	90663.57
	4.3
	−4.57
	7.607 ± 0.001
	1.118 ± 0.002
	4.674 ± 0.016
	5.563 ± 0.010
	





      

    

  
    
      Fig. B.2 

      
        [image: thumbnail]
      

      
        Line spectra of the rotational transitions considered in this paper observed towards the NGC1333-C7-2 position. The frequency taken as reference in each panel is given in Table 2. The solid black lines represent the RADEX fitting over each line to compute column densities.

      

    

  
    
      Table B.2 

      Properties, main beam temperatures, and integrated intensities of the spectral lines in NGC1333-C7-2. We include the opacities of the resolved hyperfine structure components.

      
        


	Species
	Transition
	Frequency (MHz)
	Eup (K)
	log(Aij)
	Peak position (km s–1)
	Width (km s–1)
	TMB (K)
	∫TMB dv (K km s–1)
	τ





	D13CN
	1 → 0
	71175.07
	3.4
	−4.90
	–
	–
	rms = 2.223 × 10–2 K
	



	




	DCN
	11→01
	72413.50
	3.5
	−4.88
	12.385 ± 0.018
	0.542 ± 0.047
	0.133 ± 0.011
	0.077 ± 0.005
	0.060 ± 0.012



	12 → 01
	72414.93
	
	
	6.489 ± 0.011
	0.522 ± 0.026
	0.216 ± 0.011
	0.120 ± 0.005
	0.100 ± 0.020



	10 → 01
	72417.03
	
	
	– 2.160 ± 0.030
	0.328 ± 0.060
	0.063 ± 0.011
	0.022 ± 0.004
	0.020 ± 0.004



	




	DN13C
	1 → 0
	73367.75
	3.5
	−4.90
	–
	–
	rms = 8.828 × 10–3K
	



	




	DNC
	1→0
	76305.70
	3.7
	−4.80
	7.425 ± 0.006
	0.980 ± 0.016
	0.316 ± 0.007
	0.327 ± 0.016
	



	




	HC15N
	1→0
	86054.97
	4.1
	−4.66
	7.505 ± 0.037
	0.583 ± 0.079
	0.058 ± 0.011
	0.036 ± 0.004
	



	




	H13CN
	11 → 01
	86338.74
	4.1
	−4.65
	11.601 ± 0.039
	0.722 ± 0.151
	0.064 ± 0.010
	0.049 ± 0.006
	0.060 ± 0.102



	12 → 01
	86340.17
	
	
	6.646 ± 0.016
	0.668 ± 0.042
	0.132 ± 0.010
	0.094 ± 0.005
	0.100 ± 0.170



	10 → 01
	86342.25
	
	
	−0.583 ± 0.160
	0.589 ± 0.488
	0.049 ± 0.010
	0.029 ± 0.010
	0.020 ± 0.034



	




	HN13C
	1→0
	87090.83
	4.2
	−4.62
	7.499 ± 0.009
	0.688 ± 0.023
	0.203 ± 0.009
	0.149 ± 0.004
	



	




	HCN
	11 → 01
	88630.42
	4.2
	−4.62
	11.555 ± 0.049
	1.105 ± 0.156
	1.592 ± 0.188
	2.326 ± 0.146
	0.060 ± 0.047



	12 → 01
	88631.85
	
	
	6.725 ± 0.029
	1.200 ± 0.091
	2.819 ± 0.188
	4.241 ± 0.143
	0.100 ± 0.078



	10 → 01
	88633.94
	
	
	−0.402 ± 0.057
	0.728 ± 0.161
	1.101 ± 0.188
	1.196 ± 0.134
	0.020 ± 0.016



	




	H15NC
	1→0
	88865.69
	4.2
	−4.70
	7.469 ± 0.026
	0.462 ± 0.060
	0.080 ± 0.012
	0.039 ± 0.004
	





      

    

  
    
      Table B.3 

      Properties, main beam temperatures, and integrated intensities of the spectral lines in NGC1333-C7-3. We include the opacities of the resolved hyperfine structure components.

      
        


	Species
	Transition
	Frequency (MHz)
	Eup (K)
	log(Aij)
	Peak position (km s–1)
	Width (km s–1)
	TMB (K)
	∫TMB dv (K km s–1)
	τ





	D13CN
	1→0
	71175.07
	3.4
	−4.90
	–
	–
	rms = 3.712 x 10−2 K
	



	




	DCN
	11 → 01
	72413.50
	3.5
	−4.88
	12.034 ± 0.014
	0.931 ± 0.034
	0.188 ± 0.010
	0.186 ± 0.006
	0.060 ± 0.056



	12 → 01
	72414.93
	
	
	6.132 ± 0.008
	0.915 ± 0.018
	0.328 ± 0.010
	0.319 ± 0.006
	0.100 ± 0.009



	10 → 01
	72417.03
	
	
	2.684 ± 0.035
	0.832 ± 0.102
	0.070 ± 0.010
	0.062 ± 0.006
	0.020 ± 0.018



	




	DN13C
	1→0
	73367.75
	3.5
	−4.90
	–
	–
	rms = 1.439 × 10−2 K
	



	




	DNC
	1→0
	76305.70
	3.7
	−4.80
	7.130 ± 0.005
	1.101 ± 0.012
	0.709 ± 0.020
	0.814 ± 0.012
	



	




	HC15N
	1→0
	86054.97
	4.1
	−4.66
	7.346 ± 0.048
	0.991 ± 0.091
	0.058 ± 0.011
	0.062 ± 0.006
	



	




	H13CN
	11 → 01
	86338.74
	4.1
	−4.65
	11.348 ± 0.022
	0.755 ± 0.048
	0.111 ± 0.011
	0.090 ± 0.005
	0.060 ± 0.001



	12 → 01
	86340.17
	
	
	6.413 ± 0.015
	0.857 ± 0.036
	0.172 ± 0.011
	0.156 ± 0.006
	0.100 ± 0.001



	10 → 01
	86342.25
	
	
	0.962 ± 0.058
	0.674 ± 0.098
	0.042 ± 0.011
	0.030 ± 0.010
	0.020 ± 0.034



	




	HN13C
	1→0
	87090.83
	4.2
	−4.62
	7.193 ± 0.009
	0.984 ± 0.020
	0.306 ± 0.011
	0.321 ± 0.006
	



	




	HCN
	11 → 01
	88630.42
	4.2
	−4.62
	11.354 ± 0.046
	0.987 ± 0.120
	2.438 ± 0.246
	2.056 ± 0.239
	0.128 ± 0.141



	12 → 01
	88631.85
	
	
	6.514 ± 0.024
	1.021 ± 0.062
	4.465 ± 0.246
	4.852 ± 0.242
	0.213 ± 0.235



	10 → 01
	88633.94
	
	
	0.592 ± 0.069
	0.896 ± 0.162
	1.508 ± 0.246
	1.440 ± 0.219
	0.043 ± 0.047



	




	H15NC
	1→0
	88865.69
	4.2
	−4.70
	7.060 ± 0.034
	0.932 ± 0.083
	0.084 ± 0.011
	0.083 ± 0.006
	





      

    

  
    
      Fig. B.4 

      
        [image: thumbnail]
      

      
        Line spectra of the rotational transitions considered in this paper observed towards the NGC1333-C7-4 position. The frequency taken as reference in each panel is given in Table 2. The solid black lines represent the RADEX fitting over each line to compute column densities.

      

    

  
    
      Table B.4 

      Properties, main beam temperatures, and integrated intensities of the spectral lines in NGC1333-C7-4. We include the opacities of the resolved hyperfine structure components.

      
        


	Species
	Transition
	Frequency (MHz)
	Eup (K)
	log(Aij)
	Peak position (km s –1)
	Width (km s – 1)
	TMB (K)
	∫TMB dv (K km s –1)
	τ





	D13CN
	1 → 0
	71175.07
	3.4
	−4.90
	–
	–
	rms = 3.606 × 10–2 K
	



	




	DCN
	11→01
	72413.50
	3.5
	−4.88
	12.449 ± 0.007
	0.482 ± 0.018
	0.449 ± 0.018
	0.253 ± 0.008
	0.060 ± 0.065



	12 → 01
	72414.93
	
	
	6.515 ± 0.004
	0.526 ± 0.011
	0.755 ± 0.010
	0.436 ± 0.006
	0.100 ± 0.108



	10 → 01
	72417.03
	
	
	−2.136 ± 0.019
	0.546 ± 0.055
	0.170 ± 0.010
	0.084 ± 0.006
	0.020 ± 0.022



	




	DN13C
	1 → 0
	73367.75
	3.5
	−4.90
	–
	–
	rms = 1.532 × 10–2 K
	



	




	DNC
	1→0
	76305.70
	3.7
	−4.80
	7.452 ± 0.003
	0.893 ± 0.006
	1.320 ± 0.017
	1.243 ± 0.009
	



	




	HC15N
	1→0
	86054.97
	4.1
	−4.66
	7.531 ± 0.015
	0.477 ± 0.035
	0.155 ± 0.013
	0.079 ± 0.005
	



	




	H13CN
	11 → 01
	86338.74
	4.1
	−4.65
	11.617 ± 0.015
	0.503 ± 0.039
	0.264 ± 0.017
	0.131 ± 0.006
	0.060 ± 0.030



	12 → 01
	86340.17
	
	
	6.611 ± 0.008
	0.556 ± 0.023
	0.431 ± 0.017
	0.238 ± 0.007
	0.100 ± 0.049



	10 → 01
	86342.25
	
	
	−0.625 ± 0.039
	0.556 ± 0.089
	0.074 ± 0.017
	0.040 ± 0.006
	0.020 ± 0.010



	




	HN13C
	1→0
	87090.83
	4.2
	−4.62
	7.524 ± 0.004
	0.609 ± 0.009
	0.761 ± 0.013
	0.493 ± 0.006
	



	




	HCN
	11 → 01
	88630.42
	4.2
	−4.62
	11.486 ± 0.004
	0.729 ± 0.008
	3.427 ± 0.310
	2.716 ± 0.132
	1.134 ± 0.220



	12 → 01
	88631.85
	
	
	6.611 ± 0.002
	0.831 ± 0.006
	5.442 ± 0.310
	4.823 ± 0.141
	1.890 ± 0.367



	10 → 01
	88633.94
	
	
	−0.404 ± 0.004
	0.584 ± 0.009
	3.032 ± 0.310
	1.911 ± 0.121
	0.378 ± 0.073



	




	H15NC
	1→0
	88865.69
	4.2
	−4.70
	7.511 ± 0.018
	0.513 ± 0.048
	0.220 ± 0.014
	0.114 ± 0.006
	





      

    

  
    
      Fig. B.5 

      
        [image: thumbnail]
      

      
        Line spectra of the rotational transitions considered in this paper observed towards the NGC1333-C7-5 position. The frequency taken as reference in each panel is given in Table 2. The solid black lines represent the RADEX fitting over each line to compute column densities.

      

    

  
    
      Table B.5 

      Properties, main beam temperatures, and integrated intensities of the spectral lines in NGC1333-C7-5. We include the opacities of the resolved hyperfine structure components.

      
        


	Species
	Transition
	Frequency (MHz)
	Eup (K)
	log(Aij)
	Peak position (km s−1)
	Width (km s −1)
	TMB (K)
	∫TMB dv (K km s−1)
	τ





	D13CN
	1 → 0
	71175.07
	3.4
	−4.90
	–
	–
	rms = 3.606 × 10−2 K
	



	




	DCN
	11 → 01
	72413.50
	3.5
	−4.88
	12.412 ± 0.001
	0.495 ± 0.008
	0.623 ± 0.021
	0.337 ± 0.006
	0.356 ± 0.077



	12 → 01
	72414.93
	
	
	6.487 ± 0.000
	0.524 ± 0.005
	0.961 ± 0.021
	0.544 ± 0.008
	0.593 ± 0.129



	10 → 01
	72417.03
	
	
	−2.175 ± 0.000
	0.421 ± 0.018
	0.272 ± 0.021
	0.126 ± 0.007
	0.119 ± 0.026



	




	DN13C
	1 → 0
	73367.75
	3.5
	−4.90
	7.464 ± 0.037
	0.829 ± 0.074
	0.051 ± 0.007
	0.045 ± 0.004
	



	




	DNC
	1 → 0
	76305.70
	3.7
	−4.80
	7.427 ± 0.001
	0.897 ± 0.002
	2.082 ± 0.010
	2.022 ± 0.006
	



	




	HC15N
	1 → 0
	86054.97
	4.1
	−4.66
	7.509 ± 0.009
	0.416 ± 0.022
	0.179 ± 0.008
	0.082 ± 0.003
	



	




	H13CN
	11 → 01
	86338.74
	4.1
	−4.65
	11.603 ± 0.008
	0.469 ± 0.018
	0.314 ± 0.013
	0.157 ± 0.005
	0.097 ± 0.074



	12 → 01
	86340.17
	
	
	6.630 ± 0.005
	0.474 ± 0.011
	0.494 ± 0.013
	0.250 ± 0.005
	0.161 ± 0.124



	10 → 01
	86342.25
	
	
	−0.605 ± 0.021
	0.406 ± 0.047
	0.105 ± 0.013
	0.045 ± 0.005
	0.032 ± 0.025



	




	HN13C
	1 → 0
	87090.83
	4.2
	−4.62
	7.495 ± 0.002
	0.606 ± 0.005
	1.124 ± 0.011
	0.724 ± 0.005
	



	




	HCN
	11 → 01
	88630.42
	4.2
	−4.62
	11.468 ± 0.023
	0.767 ± 0.059
	2.731 ± 0.28
	2.230 ± 0.135
	2.616 ± 0.504



	12 → 01
	88631.85
	
	
	6.600 ± 0.015
	0.855 ± 0.039
	4.019 ± 0.280
	3.657 ± 0.138
	4.360 ± 0.840



	10 → 01
	88633.94
	
	
	−0.420 ± 0.019
	0.578 ± 0.048
	2.791 ± 0.280
	1.716 ± 0.113
	0.872 ± 0.168



	




	H15NC
	1 → 0
	88865.69
	4.2
	−4.70
	7.480 ± 0.006
	0.425 ± 0.014
	0.336 ± 0.008
	0.149 ± 0.003
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