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Abstract

Context. Nitrogen fractionation is a powerful tracer of the chemical evolution during star and planet formation. It requires robust determinations of the nitrogen fractionation across different evolutionary stages.

Aims. We aim to determine the 14N/15N and 12C/13C ratios for HCN in six starless and prestellar cores and to compare the results between the direct method using radiative transfer modeling and the indirect double isotope method, assuming a fixed 12C/13C ratio.

Methods. We present IRAM observations of the HCN 1–0, HCN 3–2, HC15N 1–0 and H13CN 1–0 transitions toward six embedded cores. The 14N/15N ratio was derived using both the indirect double isotope method and directly through non-local thermodynamic equilibrium (NLTE) 1D radiative transfer modeling of the HCN emission. The latter also provides the 12C/13C ratio, which we compared to the local interstellar value.

Results. The derived 14N/15N ratios using the indirect method are generally in the range of 300-550. This result could suggest an evolutionary trend in the nitrogen fractionation of HCN between starless cores and later stages of the star formation process. However, the direct method reveals lower fractionation ratios of around ~250, mainly resulting from a lower 12C/13C ratio in the range ~20–40, as compared to the local interstellar medium value of 68.

Conclusions. This study reveals a significant difference between the nitrogen fractionation ratio in HCN derived using direct and indirect methods. This can influence the interpretation of the chemical evolution and reveal the pitfalls of the indirect double isotope method for fractionation studies. However, the direct method is challenging, as it requires well-constrained source models to produce accurate results. No trend in the nitrogen fractionation of HCN between earlier and later stages of the star formation process is evident when the results of the direct method are considered.
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1 Introduction
Isotopic fractionation is an important tool to study interstellar chemistry and trace the evolution of material from molecular clouds to planetary systems (e.g., Caselli & Ceccarelli 2012; Cleeves et al. 2014; Colzi et al. 2018a; Jensen et al. 2021). In particular, the nitrogen isotopic ratio 14N/15N can trace the evolution of primordial Solar System material up to the present day (e.g., Wampfler et al. 2014; Wirström & Charnley 2018).
The 14N/15N ratio in the primitive solar nebula has been derived from measurements of the solar wind, with a result of 440 (Marty et al. 2011). While a consistent ratio was found in the atmosphere of Jupiter (14N/15N=450, Fouchet et al. 2004), an enrichment of 15N is observed towards the terrestrial atmosphere (14N/15N=272, Nier 1950) and comets (14N/15N=139, Shinnaka et al. 2014). The Solar and Jovian nitrogen isotope ratios are believed to represent the composition of the protosolar nebula, whereas the origin of the 15N-enrichment in terrestrial planets atmospheres, comets, and some meteorites is not yet fully understood. In the interstellar medium (ISM), the 14N/15N ratio varies among different sources as well as with different molecular tracers. The 14N/15N ratio in N2H+ towards starless cores has been observed to be as high as 1000 (Bizzocchi et al. 2013; Redaelli et al. 2018), while lower values of ~420 are observed toward protostars (Redaelli et al. 2020). The 14N/15N ratio in ammonia ranges between 210 and 800 in starless and protostel-lar cores (Gerin et al. 2009; Redaelli et al. 2023). The 14N/15N ratio in nitriles (CN, HCN, and HNC) observed towards low-mass starless cores ranges between 140 and 360 (Hily-Blant et al. 2020, and references therein).
An overview of the nitrogen fractionation in HCN is presented in Fig. 1. Observations cover all evolutionary stages from the starless core stages through the protoplanetary disk stage and, finally, the cometary values from the Solar System. Nonetheless, the current observational sample has proven insufficient in determining what physical and chemical processes regulate the degree of fractionation in nitrogen-bearing species and how the fractionation evolves throughout star and planet formation. Both environmental effects (e.g., differences in irradiation and temperature) and nucleosynthetic effects are possible drivers of the fractionation (see, e.g., Hily-Blant et al. 2013b; Furuya & Aikawa 2018; Colzi et al. 2018b, and references therein). Spezzano et al. (2022) mapped the column densities of nitriles in the pre-stellar core L1544 and displayed local variations in the 14N/15N ratio of HCN. These variations are consistent with a local gradient in the irradiation of the core, which could indicate that isotope-selective photodissociation plays a key role in the fractionation of nitrogen. Deciphering the underlying processes will provide a significant input to the study of chemical evolution during star- and planet formation as well as volatile delivery in the Solar System.
Previous measurements of the 14N/15N ratio in starless and pre-stellar cores have primarily used the indirect double isotope method. This method combines observations of H13CN and HC15N and assumes a fixed 12C/13C ratio to derive the abundance of the main isotopolog H12C14N and the 14N/15N ratio. The advantage of this method is that observations of the optically thick HCN are avoided. However, the assumption of a fixed12 C/13 C ratio is uncertain. Recent chemical models studying the evolution of the 12C/13C ratio in young cores have suggested that the ratio may vary significantly over time and may also depend on the local cosmic-ray ionization rate (Colzi et al. 2020; Loison et al. 2020).
As an alternative to the indirect method, the HCN abundance can be directly determined through non-Local Ther-modynamic Equilibrium (NLTE) radiative transfer modeling. Daniel et al. (2013) determined the 12C/13C and 14N/15N ratios in Barnard B1b region by combining observations of multiple HCN, H13CN, and HC15N transitions with one-dimensional (1D) NLTE radiative transfer modeling. They found a 12C/13C ratio of ~30 and a 14N/15N ratio of ~165 in HCN. Similarly, Magalhães et al. (2018) performed a direct determination of the 14N/15N ratio toward the starless core L1498, by combining observations of the 1-0 and 3-2 transition of HCN with observations of the 1-0 transitions of H13CN and HC15N and performing NLTE radiative transfer modeling. That study found that the 14N/15N ratio is consistent with the elemental value in L1495, suggesting that no fractionation of nitrogen had occurred, while a 12C/13C ratio of 45±3 was derived, suggesting instead that carbon is fractionated in the core and not consistent with the elemental ISM value of 68 (Milam et al. 2005). A third method to derive the 14N/15N and/or 12C/13C ratio of HCN is to observe the double substituted H13C15N, along with HC15N and/or H13CN. Since these isotopologs are generally optically thin, circumventing issues related to optical depth of the main HCN isotopolog. H13C15N was recently observed in the dense core surrounding the class 0 source L483. In Agúndez et al. (2019), 14N/15N = 321±96 and 12C/13C = 34±10 was found in HCN. This method has the advantage that it does not require radiative transfer modeling of the core as the direct method, but instead requires enough sensitivity and spectral resolution to observe the weaker H13C15N isotopolog at sufficiently high signal-to-noise ratio (S/N).
In this work, we present both indirect and direct determinations of the 14N/15N and 12C/13C ratios for five starless cores and one pre-stellar core. The classification of the evolutionary stage of the cores is taken from Crapsi et al. (2005), where the more evolved cores with higher central densities, higher N2D+/N2H+ ratio, and higher CO depletion are characterized as pre-stellar. The primary aim is to increase the sample of reported 14N/15N and 12C/13C ratios in starless and pre-stellar cores to determine how much variation is present at this evolutionary stage. Furthermore, we also compare the direct and indirect methods and discuss the reliability of the indirect method when determining the 14N/15N ratio of HCN.
	[image: thumbnail]	Fig. 1 Overview of reported 14N/15N ratios in HCN at various evolutionary stages from cores to disks. The majority of the measurements for HCN are derived using the indirect double isotope method; hence, a fixed 12C/13C ratio of 68 is assumed. Protoplanetary disks are abbreviated to PPDs in the figure. References are provided in Appendix A.



2 Observations
Six cores were observed with the IRAM 30m single-dish (Pico Veleta, Spain) in 2022. The ground-state 1-0 transition of HCN, H13CN, and HC15N were observed with the EMIR E090 receiver, using the Fourier Transform Spectrometer (FTS) with a resolution of 50 kHz. Observations of the 3–2 transition of HCN were performed with the E230 receiver using both the FTS (50 kHz resolution) and the VESPA (20 kHz resolution) back-ends simultaneously. However, issues with the VESPA backend resulted in low S/N and, consequently, this work relies on the FTS data. For each source, a single pointing toward the dust continuum peak was observed. The source sample was selected based on bright HCN 1–0 detections in a previous dataset (Colzi et al. 2018a) and Herschel/SPIKE coverage to determine the density profiles as described in the next section. An overview of the observations is provided in the log presented in Table 1. Frequency switching was performed with a frequency throw of ±3.9 MHz. Telescope pointing was checked every 1.5–2 h and focus every 3–4 h depending on the weather conditions. The data were calibrated and continuum-subtracted using the GILDAS software1.
Table 1 
Observation summary.

3 Results
The observed spectra are shown in Figs. 2-5. For the 1–0 transitions of HCN, H13CN, and HC15N, a signal-to-noise ratio S/N > 10 was achieved toward all sources. For the 3-2 transition of HCN, the S/N varied significantly from source to source. This is due to the higher atmospheric absorption τ at 1 mm which makes observations of the 3–2 line more sensitive to local weather variations at Pico Veleta.
3.1 Spectral line fitting and the indirect method
The nitrogen fractionation in HCN was first determined using the indirect method assuming a fixed 12C/13C ratio of 68. The approach involves fitting the hyperfine components of the 1–0 transition of H13CN using the HFS fitting function in GILDAS CLASS software. The optical depth, column density, and excitation temperature of H13CN are determined from the HFS fit. The best fit for each core is shown in Fig. 2, along with the residuals. A summary of the physical parameters of the HFS fits is presented in Table 2. For H13CN, the 1–0 transition is optically thin (τ < 0.4 for the weakest HFS component) and the model fits the observed lines well as shown by the uniform residuals. The 1–0 transition of HC15N is fitted using a single Gaussian line profile and the column density of HC15N is determined by assuming the same excitation temperature as H13CN. Then, the HCN column density is estimated by multiplying the H13CN column density by a factor of 68 from the canonical 12C/13C ratio. The results using this method are listed in Table 3.
	[image: thumbnail]	Fig. 2 Observed spectra for the 1–0 transition of H13CN for the six cores. The best fit to the hyperfine structure is shown in red and residuals between the fit and the observed spectra are shown in the shaded region (shifted for clarity).



	[image: thumbnail]	Fig. 3 Observed spectra for the 1–0 transition of HC15N for the six cores. The best Gaussian fit to the emission line is shown in red and residuals between the fit and the observed spectra are shown in the shaded region (shifted for clarity).



	[image: thumbnail]	Fig. 4 Observed spectra for the 1–0 transition of HCN for the six cores.



	[image: thumbnail]	Fig. 5 Observed spectra for the 3-2 transition of HCN for the six cores.



3.2 Spectral modeling with LOC and the direct method
To model the observed spectra, we used the NLTE line radiative transfer code LOC (Juvela 2020). Collisional rates for HCN were sourced from the LAMDA database (Schöier et al. 2005), relying on data from the CDMS database (Müller et al. 2001; Endres et al. 2016) compiled from the studies of Ahrens et al. (2002); Fuchs et al. (2004); Cazzoli & Puzzarini (2005); Cazzoli et al. (2005); Dumouchel et al. (2010); Denis-Alpizar et al. (2013); Guzmán et al. (2017).
For a direct determination of the HCN, H13CN, and HC15N column densities, we performed ID radiative transfer modeling of each isotopolog. For the radiative transfer modeling of the emission lines a source model is needed. To derive this model, we used Herschel/SPIKE continuum maps of the cores at 250 µm, 350 µm, and 500 µm (Griffin et al. 2010). The maps were obtained from the pipeline images available in the Herschel Science Archive 2. From the three maps, the column density of molecular hydrogen N(H2) was derived following the method of Spezzano et al. (2016). Briefly, each map was smoothed to the resolution of the 500 µm image (~40”) and resampled to the same grid. Next, a modified blackbody function with the dust emissivity spectral index β = 2 was fitted to each pixel (Schnee et al. 2010). For the dust emissivity, we adopted the value κ250µm = 0.1 cm2g−1 from Hildebrand (1983). The column density maps derived for the six cores are shown in Fig. 6.
The density structure is fitted using a Plummer profile following Arzoumanian et al. (2011):
[image: equation](1)
where ρc is the central density, Rflat is the characteristic radius of the inner flat region, and p characterizes the slope of the density profile. The derived central densities n(H2) lie in the range (5– 20) × 104 cm−3 and are comparable to the values presented in Crapsi et al. (2005) for a subset of the cores.
For the radial temperature profile, the non-thermal line broadening, and the (infall) velocity, we adopted the parametric functions presented in Magalhães et al. (2018). The non-thermal velocity dispersion σ is defined as:
[image: equation](2)
where σc and σext are the non-thermal broadening at the core center and core edge, respectively, and rj and Δrj define the position and the width of the transition between the two boundary values. The collapse velocity profile is presented by a Gaussian profile:
[image: equation](3)
where vc denotes the peak collapse velocity, rv denotes the position of the peak collapse velocity, and Δrv defines the width of the collapsing region. The temperature structure is defined as:
[image: equation](4)
where Tin and Tout denote the central and edge temperature, respectively, and rT and ΔrT define the position and the width of the transition between the two boundary values. Figure 7 shows an example of the physical core structure derived for TMC2 based on these profiles. We note that the dust temperature can also be derived from the Herschel/SPIRE fitting performed to determine the densities, displaying a good agreement with the gas temperatures derived in the outer part of the core. We chose not to use these for the temperature profiles when fitting because of the low spatial resolution, which does not resolve the lower temperatures in the center of the cores.
Because the cores have relatively low central densities (≲105 cm−3) and are not as evolved as, for instance, L1544, we also ran models with a constant velocity throughout the core. For L1495, this approach was found to give a better result than the collapsing velocity profile and is therefore used instead. In addition to the Gaussian velocity profile in Eq. (3), a number of different profiles (e.g., log-normal and Weibul) were also tested, however these did not increase the quality of the fit.
The abundance of HCN is assumed to follow a step-function with an inner and outer abundance of HCN and a variable step radius. Each parameter in the above parameterizations is free in the subsequent modeling of the HCN lines. The spectral line modeling is optimized using the Markov chain Monte Carlo (MCMC) code EMCEE (Foreman-Mackey et al. 2013). The complete process for the determination of the 14N/15N ratio with the direct method is described below.
First, the density structure of the core is derived from the Herschel/SPIRE maps. Then the 1–0 and 3–2 transitions of HCN are fitted simultaneously using the MCMC module combined with LOC. The intensities of the modeled spectra are compared bin-by-bin to the observed spectra and the χ2 is minimized.
A total of 300 walkers and 500 steps are used for the MCMC chain. The first 200 steps are discarded as burn-in. Following this, a visual inspection of the median parameters from the MCMC chain is done to determine whether a satisfactory solution was found. Once the HCN transitions have been fitted, the 1–0 transitions of H13 CN and HC15 N are fitted independently using the same physical source model derived from the HCN optimization. Hence, the only free parameters are the abundances of the 13C and 15N isotopologs. This approach assumes that the three isotopologs are co-spatial, which is a common assumption in fractionation studies, but it should be noted that some local effects may arise from isotope-selective photodissociation. However, from the single-pointing data presented here, toward the dust continuum peak of each source, we do not expect a substantial impact on the results in this work.
Figures 8–12 show the median solution from the MCMC analysis for all sources except L1495AN, which was excluded as no satisfying solution was found. TMC2, L1512, and CB23 show the smallest residuals between the spectra and the spectral model across the four transitions, while the spectral models for L1495 and L1517B show larger residuals.
Corner plots showing the distribution of the parameter space explored by the workers are shown in Fig. 13 for TMC2. Figures B.1–B.4 show the corner plots for the remaining sources. In the case of TMC2, the plot indicates that most parameters are well-constrained, with approximately Gaussian distributions around the median. The results of the direct method are listed in Table 4 and a comparison between the HCN column densities derived using the direct and indirect methods are presented in Fig. 14. The direct method generally predicts higher HCN column densities than the indirect, corresponding to a lower 12C/13C ratio.
Table 2 
Parameters for the HFS fit for H13CN.

Table 3 
Estimated column densities derived using the indirect (double isotope) method assuming a fixed 12C/13C ratio of 68.

	[image: thumbnail]	Fig. 6 Column density maps of H2 derived from Herschel/SPIRE maps. The black cross marks the center of the core. The beam size is shown for the largest beam at 500 µm and identical for all the maps. A distance of 140 pc is assumed for all sources.



	[image: thumbnail]	Fig. 7 Physical structure of TMC2 according to the best-fit model. The velocities are scaled for clarity.



	[image: thumbnail]	Fig. 8 Comparison between the modeled and observed spectra for the three isotopologs toward TMC2. Each panel shows the 1D spectral model in red and the observed spectrum in blue. Residuals between the model and the data are shown in black, offset for clarity.



	[image: thumbnail]	Fig. 9 Same as Fig. 8, for CB23.



	[image: thumbnail]	Fig. 10 Same as Fig. 8, for L1495.



	[image: thumbnail]	Fig. 11 Same as Fig. 8, for L1512.



	[image: thumbnail]	Fig. 12 Same as Fig. 8, for L1517B.



	[image: thumbnail]	Fig. 13 Corner plot for the fitting of HCN and the physical structure of the core for TMC2.



Table 4 
Estimated column densities derived using the direct method.

	[image: thumbnail]	Fig. 14 Comparison between estimated HCN column densities using the direct and indirect methods. In general, the column densities are underestimated using the indirect method, except for CB23 and L1517B where the results of the two methods are within the uncertainties.



4 Discussion
4.1 Comparison of the direct and indirect method
Determining the abundance of HCN is often challenging due to its high optical thickness. This issue can be circumvented by using the indirect double isotope method, where a fixed 12C/13C ratio is assumed. However, the extent to which the assumption of a fixed 12C/13C ratio is reliable is unclear and may depend on both the type of source studied and the molecule in question.
In Fig. 15, we present the 14N/15N ratio of HCN for various evolutionary stages when using both the indirect double isotope method (blue) and the direct method (brown) for starless and pre-stellar cores in the literature as well as those presented in this work. A clear shift in the mean 14N/15N ratio (dash-dotted lines) between the two methods is present. This shift is large enough to alter the interpretation of the current data, as discussed in the next section. The observed shift in the nitrogen fractionation is directly related to the 12C/13C ratios in HCN, which are generally between 20 and 40, instead of the local ISM values of 68. Here, one exception is TMC2, which is consistent with the ISM value. The derived 12C/13C ratios are generally consistent with those derived in other cold sources such as L1498 (45±3, Magalhães et al. 2018), B1-b ([image: equation], Daniel et al. 2013), and the cold envelope of L483 (34±10, Agúndez et al. 2019). If we assume a lower ratio of, for instance, 12C/13C = 30 for all starless and pre-stellar cores, the shift between the two methods falls within the uncertainty of these measurements. This underlines the significance of the assumed 12C/13C ratio and the weakness of the indirect method. With the data presented here and the results from other cold sources listed above, the assumption of a fixed 12C/13C ratio in the starless and pre-stellar core stage appear not to be valid. This is also supported by the recent astrochemical modeling of the 12C/13C ratio in HCN, which does not find that a fixed value of the 12C/13C ratio is a good assumption (Colzi et al. 2020; Loison et al. 2020). These modeling efforts suggest that the ratio varies significantly over time and with physical conditions. Sipilä et al. (2023) modeled the fractionation ratios of HCN including both 13C and 15N in their network. By comparing the modeled abundances of HCN, HC15N, and H13CN, they demonstrated that the indirect method using 12C/13C = 68 can lead to errors of an order of magnitude in the inferred 14N/15N ratio. Their chemical model predicts 12C/13C ratios below 50 in cold and dense environments (T = 7 K, [image: equation], t > 105 yr, priv. comm.), in agreement with the observational results for cold sources.
The indirect method is widely used at the protostellar and protoplanetary disk stages (e.g., Wampfler et al. 2014; Guzmán et al. 2017), where the effects of the double isotope method is less studied. Currently, the 14N/15N ratio of HCN have been estimated directly in one disk, TW Hydra (Hily-Blant et al. 2019), in which a disk-averaged 12C/13C ratio of 84±4 and 14N/15N ratio of 223±21 was found. Again, the carbon fractionation ratio differs from 68 and may induce systematic errors if the indirect double isotope method is used in protoplanetary disks. More direct determinations of the HCN abundance and the 12C/13C and 14N/15N ratios toward protostars and protoplanetary disks are needed to determine the robustness of the indirect method in these sources.
4.2 Inheritance or processing of HCN during star formation
Nitrogen fractionation can serve as a powerful tracer of the chemical evolution during star- and planet formation. This requires robust determinations of the different isotopic abundances at different stages of the star and planet formation process to trace how the fractionation evolves with time. Due to the possible systematic errors when using the indirect method as highlighted in the previous section, care should be taken when comparing nitrogen fractionation ratios across evolutionary stages using different methods.
The majority of the measurements presented in Fig. 15 are derived using the indirect method. If we only consider isotopic ratios derived using the direct method, then the nitrogen fraction-ation ratio in HCN remains almost constant within the reported errors. This is suggesting that no significant processing of HCN occurs between the different evolutionary stages, which influences the nitrogen fractionation. However, the picture is different if we include all measurements from indirect measurements. Here, a lower 14N/15N ratio is seen at the protoplanetary disk stage compared to the starless and pre-stellar core stage. Based on the current data, we cannot determine whether HCN is processed during the collapse of the core to form the protostar and protoplanetary disk.
	[image: thumbnail]	Fig. 15 Overview of reported 14N/15N ratios in HCN at various evolutionary stages from cores to disks. For cores, the indirect measurements are indicated in blue and the direct in brown. The majority of the measurements for both protostars and protoplanetary disks (PPDs) are derived using the indirect double isotope method and hence assume a fixed 12C/13C ratio of 68. The dashed-dotted lines show the weighted average of each population.



4.3 Challenges of the direct method
The results presented here, along with the recent astrochemical modeling of carbon and nitrogen fractionation (e.g., Sipilä et al. 2023) suggest that the indirect method is unreliable and should be used cautiously. However, using radiative transfer modeling to provide direct estimates of the HCN abundances is also challenging, as this work shows. The uncertainty on the source structure results in a large number of free parameters. The models presented here include up to 14 parameters when fitting the HCN 1–0 and 3–2 hyperfine lines. This number can be reduced if better constraints on the physical structure of the cores can be obtained, for example, through additional continuum observations with a broader wavelength coverage and higher spatial resolution. Furthermore, the assumption of a 1D core structure is also in itself a limitation, as shown by chemical segregation in L1544 (e.g., Spezzano et al. 2016) and recent astrochemical modeling (e.g., Priestley et al. 2023; Jensen et al. 2023). Another challenge when modeling HCN arises from the hyperfine anomalies reported for a wide number of different sources (Mullins et al. 2016). The cause of these anomalies is not yet understood and they make the spectral fitting challenging. Because of the challenges listed above, the approach of observing H13C15N, H13CN, and HC15N should also be considered in future works when sufficient S/N can be achieved, as this method does not rely on a well-constrained source structure. However, robust detections of the weaker H13C15N transition in the sources presented here would require decreasing the root mean square (RMS) noise level by a factor of ~ 10, meaning a increased integration time by a factor of ~100. Measurements of H13C15N are therefore likely to be reserved for sources with higher column densities or deep studies of individual sources.
5 Conclusions
This paper presents IRAM 30m observations of HCN, H13CN, and HC15N toward six starless and pre-stellar cores. The nitrogen fractionation ratio 14N/15N is determined using first the indirect double isotope method and later directly by fitting the spectra with NLTE radiative transfer models of the cores to determine the molecular abundances. The latter method is challenging and only successful for five of the six cores.
With the results of the indirect method, an apparent trend in the 14N/15N ratio of HCN from starless cores to protostars and protoplantery disks is present, with higher values around 14N/15N ~ 300-550 in the earlier core phases and 14N/15N < 250 in the later protoplanetary disk phase. However, this trend is not present when we instead use the direct method to determine both 14N/15N and 12C/13C ratios directly. The difference between the two methods can be attributed to a lower 12C/13C ratio in HCN within the range 20–40 for most cores instead of the ISM values of 68. When the results of the direct method are used, the apparent evolutionary trend in the 14N/15N ratio is eliminated, which could suggest that HCN is inherited from the earliest stages of star formation and does not experience significant processing. However, as many of the previous measurements are done using the indirect method, more direct measurements needs to be done in the protostellar and protoplanetary disk phases to test this statement. Since this work shows a substantial difference in the interpretation of the data when the direct and indirect methods are used, caution should be exercised while comparing direct and indirect data points in the search for evolutionary trends. Ultimately, the indirect method appears unreliable and future work should aim to obtain direct estimates of the 14N/15N ratio at all evolutionary stages to determine whether HCN is inherited or processed during the formation of stars and planets. This can be achieved either through radiative transfer modeling (as in this work) or by observing the double-substituted H13C15N (when feasible). While these direct methods are more challenging, they provide additional data on the carbon fractionation during star and planet formation, further improving our understanding of chemical evolution in the interstellar medium.
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Appendix A  Table of 14N/15N ratios in HCN
Values reported in Figs. 1 and 15 are presented in Table A.1, along with the method used and references.
Table A.1 
Measured HC14N/HC15N ratios for various sources.


Appendix B  Corner plots
	[image: thumbnail]	Fig. B.1 Corner plot for the fitting of HCN and the physical structure of the core for CB23.



	[image: thumbnail]	Fig. B.2 Corner plot for the fitting of HCN and the physical structure of the core for L1495.



	[image: thumbnail]	Fig. B.3 Corner plot for the fitting of HCN and the physical structure of the core for L1512.



	[image: thumbnail]	Fig. B.4 Corner plot for the fitting of HCN and the physical structure of the core for L1517B.
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      Fig. 3 

      
        [image: thumbnail]
      

      
        Observed spectra for the 1–0 transition of HC15N for the six cores. The best Gaussian fit to the emission line is shown in red and residuals between the fit and the observed spectra are shown in the shaded region (shifted for clarity).

      

    

  
    
      Fig. 5 
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        Observed spectra for the 3-2 transition of HCN for the six cores.

      

    

  
    
      Table 2 

      Parameters for the HFS fit for H13CN.

      
        


	Source
	Tex (K)
	τcenter
	τleft





	CB23
	3.1±0.1
	1.2 ±0.2
	0.2 ±0.1



	TMC2
	3.1±0.3
	0.7 ±0.3
	0.1 ±0.1



	L1495
	3.3±0.3
	0.4 ± 0.2
	0.1 ±0.1



	L1495AN
	3.3±0.3
	0.9 ± 0.2
	0.2 ±0.1



	L1512
	3.3±0.1
	1.1 ±0.2
	0.2 ±0.1



	L1517B
	3.1±0.1
	1.6 ±0.3
	0.3 ± 0.1





      

      
Notes. τcerter refers to the central HFS component at 86.3402 GHz. while τleft refers to the weakest component at 86.3423 GHz.




    

  
    
      Fig. 7 
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        Physical structure of TMC2 according to the best-fit model. The velocities are scaled for clarity.

      

    

  
    
      Fig. 10 
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        Same as Fig. 8, for L1495.
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        Same as Fig. 8, for L1512.

      

    

  
    
      Fig. 12 
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        Same as Fig. 8, for L1517B.

      

    

  
    
      Fig. 13 
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        Corner plot for the fitting of HCN and the physical structure of the core for TMC2.

      

    

  
    
      Table 4 

      Estimated column densities derived using the direct method.

      
        


	Source
	N(H13CN) (1012 cm−2)
	N(HC15N) (1011 cm−2)
	N(HCN) (1013 cm−2)
	14N/15N
	12C/13C





	CB23
	2.1±0.4
	3.2±0.5
	8±2
	235±58
	36±10



	TMC2
	2.3±0.2
	3.2±0.6
	15±3
	461±130
	63±15



	L1512
	7.9±0.9
	6.5±0.8
	16±4
	251 ±76
	20±7



	L1495
	6.1±0.8
	8±1
	20±5
	197±61
	25±10



	L1517B
	4.4±0.3
	3.9±0.4
	11±4
	280±85
	25±8





      

      
Notes. Uncertainties are propagated from the 25% and 75% percentiles of the MCMC chains.




    

  
    
      Fig. 14 

      
        [image: thumbnail]
      

      
        Comparison between estimated HCN column densities using the direct and indirect methods. In general, the column densities are underestimated using the indirect method, except for CB23 and L1517B where the results of the two methods are within the uncertainties.

      

    

  
    
      Fig. 15 

      
        [image: thumbnail]
      

      
        Overview of reported 14N/15N ratios in HCN at various evolutionary stages from cores to disks. For cores, the indirect measurements are indicated in blue and the direct in brown. The majority of the measurements for both protostars and protoplanetary disks (PPDs) are derived using the indirect double isotope method and hence assume a fixed 12C/13C ratio of 68. The dashed-dotted lines show the weighted average of each population.

      

    

  
    
      Table A.1 

      Measured HC14N/HC15N ratios for various sources.

      
        


	Object
	14N/15N
	Method
	Reference





	Starless and pre-stellar cores



	




	CB23
	216±60
	direct
	This work



	TMC2
	461±130
	direct
	This work



	L1495
	197±61
	direct
	This work



	L1512
	251±76
	direct
	This work



	L1517B
	280±85
	direct
	This work



	L1495AN
	340±53
	indirect
	This work



	L183
	195±55
	indirect
	1



	L1544
	250±110
	indirect
	1



	B1-b
	165±30
	direct
	2



	L1498
	338±28
	direct
	3



	L1521E
	150±50
	indirect
	4



	




	Protostars



	




	L483
	321±96
	direct
	5



	L1527
	250±80
	indirect
	6



	IRAS16293
	200±40
	indirect
	7



	OMC-3
	315±45
	indirect
	7



	




	Protoplanetary disks



	




	TW Hya
	223±21
	direct
	8



	HD163296
	142±59
	indirect
	9



	MWC480
	123 ± 45
	indirect
	9



	V4046Sgr
	115±35
	indirect
	9



	LkCa15
	83±32
	indirect
	9



	AS209
	156±71
	indirect
	9



	




	Comets



	




	C/1995 O1
	205±70
	indirect
	10



	17P/Holmes
	139±26
	indirect
	10





      

      
Notes. For L1544, a more recent value is available based on maps presented in Spezzano et al. (2022). These maps show a spatial difference in the fractionation ratio and we choose to include the single pointing value in this table for simplicity.


References. (1) Hily-Blant et al. (2013a) (2) Daniel et al. (2013); (3) Magalhães et al. (2018); (4) Ikeda et al. (2002); (5) Agúndez et al. (2019); (6) Yoshida et al. (2019); (7) Wampfler et al. (2014); (8) Hily-Blant et al. (2019); (9) Guzmán et al. (2017); (10) Bockelée-Morvan et al. (2008).




    

  
    
      Fig. B.1 
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        Corner plot for the fitting of HCN and the physical structure of the core for CB23.
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