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Abstract

Context. In the centre of pre-stellar cores, deuterium fractionation is enhanced due to low temperatures and high densities. Therefore, the chemistry of deuterated molecules can be used to probe the evolution and the kinematics in the earliest stages of star formation.

Aims. We analyse the deuterium fractionation of simple molecules, comparing the level of deuteration in the envelopes of the prototypical pre-stellar core L1544 in Taurus and the young protostellar core HH211 in Perseus.

Methods. We used single-dish observations of CCH, HCN, HNC, and HCO+ and their 13C-, 18O-, and D-bearing isotopologues, detected with the 20 m telescope at the Onsala Space Observatory. We derived the column densities, and subsequently the carbon isotopic ratios and deuterium fractions of the molecules. Additionally, we used radiative transfer simulations and results from chemical modelling to reproduce the observed molecular lines. We used new collisional rate coefficients for HNC, HN13C DNC, and DCN that consider the hyperfine structure of these molecules.

Results. For CCH, we find high levels of deuteration (10%) in both sources, consistent with other carbon chains. We find moderate deuteration of HCN (5–7%), with a slight enhancement towards the protostellar core. Equal levels of deuteration for HNC towards both cores (~8%) indicate that HNC is tracing slightly different layers compared to HCN. We find that the deuterium fraction of HCO+ is enhanced towards HH211, most likely caused by isotope-selective photodissociation of C18O. With radiative transfer, we were able to reproduce the observed lines of CCH, HCN, H13CN HNC, HN13C and DNC towards L1544 as well as CCH, H13CN HN13C DNC, H13CO+ HC18O+ and DCO+ towards HH211.

Conclusions. Similar levels of deuteration show that the deuterium fractionation is most probably equally efficient towards both cores, suggesting that the protostellar envelope still retains the chemical composition of the original pre-stellar core. The fact that the two cores are embedded in different molecular clouds also suggests that environmental conditions do not have a significant effect on the deuterium fractionation within dense cores. Our results highlight the uncertainties when dealing with 13C isotopologues and the influence of the applied carbon isotopic ratio. Radiative transfer modelling shows that it is crucial to include the effects of the hyperfine structure to reproduce the observed line shapes. In addition, to correctly model emission lines from pre-stellar cores, it is necessary to include the outer layers of the core to consider the effects of extended structures. In addition to HCO+ observations, HCN observations towards L1544 also require the presence of an outer diffuse layer where the molecules are relatively abundant.
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1 Introduction
Deuterated molecules are important diagnostic tools of the earliest phases of star formation, allowing astronomers to study the central regions of pre-stellar cores in detail (e.g. Caselli et al. 2002b; Pineda et al. 2022), where CO and other CO-bearing molecules are heavily frozen onto dust grains (e.g. Caselli et al. 1999; Bergin & Tafalla 2007). High levels of deuteration are also found in the cold envelopes of newly formed protostars (van Dishoeck et al. 1995; Hatchell et al. 1998; Roberts et al. 2002; Parise et al. 2004; Emprechtinger et al. 2009), bringing up the question of how much of this material can survive during the star and planet formation process. High levels of deuteration have been found in planet-forming disks (e.g. Mathews et al. 2013), comets (e.g. Altwegg et al. 2015), and carbonaceous chondrites (e.g. Robert 2003; Busemann et al. 2006; Ceccarelli et al. 2014). Our oceans are also enriched in heavy water, partially inherited from the solar pre-stellar phase (Cleeves et al. 2014). It is therefore important to understand the chemical processes that regulate deuterium fractionation in the early phases of star formation in detail and investigate possible differences between various evolutionary stages. In particular, observational constraints are needed for the chemical models to discriminate among the processes of deuteration happening in the gas phase and on the surface of dust grains.
At low temperatures, deuterium fractionation is driven by the gas phase reaction
[image: equation](1)
Due to its exothermicity, the reaction proceeds more efficiently from left to right with decreasing temperature (assuming a low ortho-to-para H2 ratio; e.g. Pagani et al. 1992). This leads to an enhancement of the abundance of H2D+ and an associated increase in the abundances of D2H+ and [image: equation], and subsequently to efficient deuteration of other molecules. In the cold and dense conditions of the earliest stages of star formation, the main destructor of H2D+, CO, is highly depleted from the gas phase and frozen out onto the surfaces of dust grains (e.g. Caselli et al. 1999), and this further increases the deuterium fractionation (Dalgarno & Lepp 1984). The deuterium fraction of a molecular tracer is measured by dividing the column density of the deuterated molecule by the column density of the hydrogenated molecule.
In this paper, we focus on deuterated molecules present in the well-known pre-stellar core L1544 in Taurus, and in one of the youngest (and most highly deuterated) Class 0 sources, HH211 in Perseus. L1544 is located at a distance of 170 pc (Galli et al. 2019), with clear evidence of gravitational contraction (Caselli et al. 2012). Its central temperature approaches 6 K (Crapsi et al. 2007) and its central density reaches 107 cm−3 (Keto & Caselli 2010; Caselli et al. 2019). Towards its centre, L1544 exhibits a high level of deuteration (Crapsi et al. 2005; Redaelli et al. 2019). Within the central 2000 au, recent Atacama Large Millimeter/submillimeter Array observations have been found consistent with almost complete (99.999%) depletions of elements heavier than He (Caselli et al. 2022). L1544 is on the verge of star formation, thus shedding light on the initial conditions in the process of star formation. HH211 is a newly born Class 0 protostar (e.g. Enoch et al. 2006; Lee et al. 2018) at a distance of 321 pc (Ortiz-León et al. 2018), which presents high degrees of deuterium fractionation (Emprechtinger et al. 2009). It hosts a jet-driven molecular outflow (McCaughrean et al. 1994; Gueth & Guil-loteau 1999), and has a Keplerian disk (Segura-Cox et al. 2016). The surrounding envelope is elongated in a direction roughly perpendicular to the jet and outflow axis (Gueth & Guilloteau 1999). In Chantzos et al. (2018), it is shown that the deuteration of cyclopropenylidene, c-C3H2, is more efficient towards HH211 (N(c-C3HD)/N(c-C3H2)=20%) than in L1544 (N(c-C3HD)/N(c-C3H2)=10%). Gas phase deuteration processes are sufficient to reproduce the N(c-C3HD)/N(c-C3H2) ratio observed in L1544, so the enhancement of deuteration in HH211 is assumed to be due to efficient deuteration happening on the surface of dust grains in the pre-stellar phase, followed by the release from the grains in the protostellar stage.
We present a survey of ground state-rotational lines of deuterated molecules towards L1544 and HH211, observed with the single-dish 20 m radio telescope at the Onsala Space Observatory. Our observations cover CCH, HCN, HNC, and HCO+, and their deuterated isotopologues. To avoid optical depth limitations with the main isotopologues, we also observed 13CCH, C13CH, H13CN, HN13C, H13CO+, and HC18O+ This data set allows for a unique comparison between the deuteration in a very dynamically evolved pre-stellar core on the verge of forming a low-mass star, and a young Class 0 protostellar core, and thus, to study the influence of the evolutionary stage on the deuterium fractionation. Such a comparison is important to understand how the deuterated molecules are inherited in the earlier stages of formation of a low-mass star, and eventually in its planetary system.
In Sect. 2, we describe the observations, followed by the results in Sect. 3. The analysis in Sect. 4 covers the derivation of the column densities and deuterium fraction assuming local thermal equilibrium (LTE) conditions. In Sect. 5, we use the non-LTE radiative transfer code LOC to model our observations. We discuss the results of the LTE and non-LTE analysis in Sect. 6 and present our conclusions in Sect. 7.
2 Observations
The data presented in this paper were obtained with the 20m radio telescope at the Onsala Space Observatory. The observed spectra are centred on the dust emission peaks of the sources (L1544: α2000 = 05h04m17s.21, δ2000 = +25°10′42″.8; HH211: α2000 = 03h43m56s.80, δ2000 = +32°00′50″.0). The first part of the observations was done in May 2020 (project ID: O2019b-04). A follow-up project observed the second part from January to May 2021 (project ID: O2020b-05). For the observations, we used the 3 mm (Belitsky et al. 2015) and the 4mm receiver (Walker et al. 2016) in combination with the OSA spectrometer at 19 kHz resolution, with 625 MHz bandwidth and dual polarisation. We applied the dual beam-switched mode, with the off position shifted by 11.8 arcmin in the azimuth direction. The intensity calibration was done using standard Dicke-switched type calibration, switching between a hot load and a sky direction close to the source. The 1σ pointing accuracy is estimated to be 3 arcsec. The frequency resolution of the data corresponds to a velocity resolution of about 0.07 km s−1 at 84 GHz. The weather conditions during the observations were variable, with the system temperature ranging between 120 and 300 K.
The observed transitions are summarised in Table A.1. The corresponding spectra towards L1544 and HH211 are presented in Figs. A.1 and A.2, respectively. A selection of the observed transitions is given in Table 1 and Fig. 1. The average beam size of the observations is about 50 arcsec, which corresponds to a physical size of 8500 au for L1544 and 16 000 au for HH211.
The data processing was done using the GILDAS software (Pety 2005) and the Python package PYSPECKIT (Ginsburg & Mirocha 2011; Ginsburg et al. 2022). The antenna temperature [image: equation] was converted to the main beam temperature Tmb using the relation [image: equation]. The corresponding values for the main beam efficiencies (Beff) of the 20 m telescope are given in Table 1.
3 Results
Many species observed in this survey show either resolved (CCH, 13CCH, C13CH, CCD, HCN, H13CN, DCN), or unresolved (HNC, HN13C, DNC, H13CO+, DCO+ hyperfine structure. Due to the amount of hyperfine lines in the resolved case, we decided to select one hyperfine component per species for the LTE analysis, based on optical depth and signal-to-noise ratio (S/N). The properties of the selected lines are given in Table 1, determined by fitting a Gaussian profile to the lines (see Figs. A.1 and A.2). The corresponding spectra are shown in Fig. 1, where lines observed towards L1544 and HH211 are plotted in black and red, respectively. In the following, we describe the observed spectra and discuss the line selection.
3.1 L1544
The radical CCH and its isotopologues present lines with multiple hyperfine (hf) components. In L1544, we detected all six hf components of CCH, where four out of six likely show a dip due to self-absorption. This is caused by absorption in the outer layers of the core and dilutes the signal from the high-density central regions. We selected the line with the lowest optical depth (N=1–0, J=1/2–1/2, F=1–0), to minimise any issues with optical depth effects. In L1544, we successfully observed the components of the 13C isotopologues of CCH: For 13CCH we detected three of the eight hyperfine components with a signal-to-noise ratio > 3; C13CH shows five of the seven components with S/N > 4. For both, we selected the transition with the highest S/N, (N=1–0, J=3/2–1/2, F1=2–1, F=5/2–3/2). The deuterated isotopologue, CCD is much brighter, and seven of the nine hyperfine components are detected (S/N > 8). Some of them show self-absorption, thus, we selected the line with the lowest S/N (≈8), N=1–0, J=3/2–1/2, F=5/2–3/2, to avoid optical depth issues. The Gaussian fit parameters of the 13CCHnd C13CHf components show that the lines are shifted by approximately 0.1 km s−1 (VLSR =7.3 km s−1) compared to CCH and CCD7.2– 7.25 km s−1), which are located at the typical system velocity observed for L1544 (7.2 kms−1 ). However, this shift is close to the spectral resolution of the data (0.07 kms−1) and might therefore not be significant.
HCN is optically thick, showing a double-peaked line profile in each hyperfine component with a dip reaching down to almost zero level, caused by self-absorption in the outer layers of the core. Due to its high optical depth, the line profile provides information on the kinematics in the outer layers of the core. A blue asymmetry in a self-absorbed peak is a typical signature of infall motions - extended inward velocities in the outer regions of a core cause enhanced self-absorption at redshifted velocities (e.g. Evans 1999). The intensity ratio between the two peaks can give information on the infall rates itself (e.g. Keto et al. 2015), because with increasing infall motions, the redder peak decreases in intensity and evolves to a shoulder of the blue peak (like it is seen with HCO+n Fig. 1 and for example in Redaelli et al. 2022). However, the peak of the central HCN hf component shows a red asymmetry. Following the argumentation above, this is caused by an expansion motion of the core in its outer regions, more specifically, in the layers traced by the HCN transition.
It has to be noted that the red asymmetry of HCN has a different origin than the spectra of HC3N (1–0) towards L1544 observed by Bianchi et al. (2023). In the case of the optically thin HC3N, the red asymmetry is caused by the molecule tracing the southern region of the core, which is redshifted with respect to the rest velocity of L1544 (see the VLSR map in Fig. B.1 in Spezzano et al. 2016). By overplotting the central hyperfines of HCN and HC3N, Fig. 2 displays the large line width of HCN. This additionally shows the optical thickness of the transition, as in L1544 the line width observed for optically thin species is approximately 0.4 km s−1 (e.g. Caselli et al. 2002a). The red asymmetry is not observed for the other two hyperfine components of HCN. They show a rather symmetric double-peak profile, possibly tracing a more static or non–moving layer, which was also observed in CS (2–1) by Tafalla et al. (1998). This shows that the hyperfine components clearly trace different layers, depending on their optical depth. In Sect. 5, we analyse this behaviour by applying non–LTE radiative transfer modelling. Due to its optical thickness, the main species cannot be used to derive the column density and deuterium fraction of HCN, so we focus instead on the 13C isotopologue.
The hyperfine structures of both the 13C- and the deuterated isotopologue of HCN show some self-absorption. A hyperfine structure fitting, using the HFS method provided by the GILDAS package CLASS, reveals that in both cases the weakest component (F = 0–1) is moderately optically thin, with an optical depth of τ = 0.48(9) and τ = 0.9(2) for H13CNnd DCN, respectively (numbers in brackets give the uncertainty on the last digit). Therefore, we selected these lines for the further analysis.
Our observations cannot resolve the hyperfine structure of HNC, but only show blended components. In addition, the lines are expected to be heavily self-absorbed like in the case of HCN, which makes it impossible to reconstruct the components.
Therefore, we included this molecule in the non-LTE analysis in Sect. 5 but do not consider it in the derivation of column densities. The lines of the isotopologues, HN13Cnd DNC, are split into multiple hyperfine components, mainly due to the non-zero nuclear spins of the D and N nuclei. For HN13C van der Tak et al. (2009) identified four effective hyperfine components, with relative intensities of 1.00, 4.04, 6.63, and 3.66, from low to high frequency. In Fig. 3, we fitted the four effective components of HN13C to our observed spectrum by applying a multi-component Gaussian. The amplitudes of the fits result in relative intensities of 1.00, 2.18, 2.41, 4.95 (from high to low velocity components), corresponding to optical depths of 0.3, 0.7, 0.8, 4.5, respectively. Therefore, we conclude that all components of HN13C except for the weakest component at the reddest velocity, are optically thick and most probably self-absorbed. Hence, we only used the hf component at 87090.675 MHz to derive the column density of HN13C For DNC, van der Tak et al. (2009) identified six effective hyperfine components, reporting relative intensities of 0.33, 2.67, 1.67, 2.33, 0.99, 1.00, from low to high frequency. A CLASS HFS fitting gives out optical depths of 0.24, 1.94, 1.21, 1.69, 0.72, 0.72, from low to high frequency. Therefore, we selected the lowest frequency component of the DNC hyperfine structure for our further analysis.
The J=1–0 transition of HCO+ shows strong self-absorption in L1544, with a blue asymmetry caused by infall motions in the outer layers of the core. Therefore, we excluded it in the LTE analysis. A detailed discussion and non-LTE modelling of this line can be found in Redaelli et al. (2022). The 13C isotopologue of HCO+ also shows asymmetric self-absorption. However, we used the line to derive a lower limit for the integrated intensity and column density of HCO+ The spectrum of the 18O iso-topologue shows a flattened top. With higher spectral resolution (20 kHz) and a smaller telescope beam (31″), a small dip is visible (e.g. Caselli et al. 2002a; Redaelli et al. 2019) that is caused by kinematics and CO depletion in the central regions of the core. Due to the lower spectral resolution and larger telescope beam of our data, however, the emission is diluted. The line does not show any asymmetry, as the abundance of the molecule in the outer envelope is too low to be affected by self-absorption. The deuterated isotopologue consists of three blended hyperfine components that we cannot resolve with our spectral resolution. Therefore, we treated the line as one component.
Table 1 
Properties of the selected observed lines.

	[image: thumbnail]	Fig. 1 Selection of the spectra observed towards the pre-stellar core L1544 (black) and the protostellar core HH211 (red). The dotted vertical lines indicate the respective rest velocities of the cores. For HCN, the F = 2–1 transition is shown. For CCH, C13CH CCD H13CN and DCN, the transitions listed in Table 1 are shown.



	[image: thumbnail]	Fig. 2 Central hyperfine (F=2–1) of the (1–0) transitions of HCN (black) and HC3N (orange), observed towards L1544. The data for HC3N are taken from Bianchi et al. (2023).



	[image: thumbnail]	Fig. 3 Multi-component Gaussian fit of the four effective hyperfine components found by van der Tak et al. (2009) to the spectrum of HN13Cbserved towards L1544.



3.2 HH211
The spectra observed towards HH211 show an additional velocity component centred at around 8.22 km s−1, which is significantly blue-shifted with respect to the main emission peak (~9.2km s−1). This emission likely originates from the outskirts of a lower velocity plateau which might be part of or influenced by the outflow. It is located to the south-east of the core (Pineda & Friesen, in prep.), which is partly covered by the telescope beam (40–60″, depending on the frequency of the transition) of the Onsala 20 m telescope. To account for the extra emission of the additional velocity component, we apply a two-component Gaussian fit to the spectral lines observed towards HH211, wherever possible. In the analysis, we used the fit parameters of the main component emission to derive the column density and deuterium fraction of the molecular tracers. The only exception are the two 13C isotopologues of CCH, where the signal-to-noise ratio is too low to resolve the second component. In this case, a one-component Gaussian fit is sufficient to obtain the line properties. In Table B.1, we list the best-fit parameters and the derived column densities for the additional velocity component. There is no clear trend visible in the FWHM of the additional component compared to the main component. For CCH, CCDnd HCO+ the second component appears to be broader than the main component, for the rest it is narrower. However, the line width has a rather large error and in some cases, the two line widths are, within the error bars, the same.
The main emission components of the observed lines all show a Gaussian line shape and do not exhibit any dips or asymmetries caused by self-absorption. This is possibly caused by a combination of infall motions and turbulent motions induced by the protostellar outflow in the less dense regions of the core, which is enlarging the velocity range in the core and thus, decreasing the possibility for self-absorption. In addition, the lines are also tracing outflow material, for example HCO+r HNC (e.g. Arce & Sargent 2004). In general, the increased level of turbulence in the core causes a broadening of the line widths (on average 0.2 km s−1 larger than in L1544).
For CCH, we detected all six hf components, and selected the transition with the lowest optical depth to calculate the column density (N=1–0, J = 3/2–1/2, F = 1/1). Towards the proto-stellar core, the 13C isotopologues of CCH are less bright than towards L1544, and we detected only two hyperfine components with S/N > 3 for each of them. We chose the components with the higher S/N, N=1–0, J=3/2-1/2, F1=1–0, F=3/2–1/2 for 13CCH and N=1–0, J=3/2–1/2, F1=2–1, F=5/2–3/2 for C13CH For the deuterated isotopologue of CCH, we detected seven out of nine hyperfine transitions. Among them, the weaker lines do not show the additional velocity component. We selected the transition with the highest signal-to-noise ratio (S /N > 13), which is N=1–0, J=3/2–1/2, F=5/2–3/2. The lines of the main isotopologue, CCH, seem to be shifted to lower velocity (~9.0km s−1), while the lines of the rarer isotopologues are located around the rest velocity of the system (~9.1 km s−1).
For HCN, H13CN and DCN, we applied the hyperfine-fitting method of CLASS to check the optical depth. As in L1544, all components of HCN are optically thick. We therefore excluded the molecule from the LTE analysis, and only considered it in the radiative transfer modelling in Sect. 5. The optical depths of DCN are similar to those towards L1544, only the weakest hyperfine is optically thin, with τ = 0.35. For H13CN however, all hyperfine components turn out to be optically thin, with τ = 0.08–0.4. Therefore, we selected the brightest hyperfine (F=2–1) for the further analysis.
In the spectra of HNC and isotopologues, the hyperfine components are completely blended. There is no clear evidence of self-absorption as it was seen in L1544. However, the main species is expected to be optically thick, thus, we focus on the 13C isotopologue. Towards HH211, the hf components of HN13Cnd DNC are less distinct than towards L1544, and the reddest component is less pronounced. Due to this and the additional velocity component at lower velocity (~8.2 km s−1 ), we were not able to fit the four effective components of HN13C and the six effective components of DNC reported by van der Tak et al. (2009). Therefore, we applied a three-component Gaussian fit to the observed spectrum to account for the additional velocity component and the high velocity hf component separately from the remaining, optically thick emission.
The observed emission of HCO+ shows a very pronounced additional velocity component, with almost half of the intensity of the main emission. To avoid any optical depth issues, we did not use HCO+ for the LTE analysis. The main velocity components of the 13C- and D-bearing isotopologues have an optical depth of 0.9, and therefore have to be interpreted with caution.
4 Analysis
4.1 Excitation temperature and column density
In this work, all column densities were calculated under the assumption of optically thin emission, using the formula presented in Mangum & Shirley (2015). Furthermore, we applied the approximation of a constant excitation temperature throughout the core (CTex), following Caselli et al. (2002b) and Redaelli et al. (2019):
[image: equation](2)
where Qrot(Tex) is the partition function of the molecule at an excitation temperature Tex, ɡu and Eu are the degeneracy and energy of the upper level of the transition, respectively, Aul the Einstein coefficient for spontaneous emission, Tbg = 2.73 K the temperature of the cosmic microwave background, J(T) the Rayleigh-Jeans equivalent temperature and Tmb the main beam temperature. Assuming a Gaussian line profile, the integrated main beam temperature is calculated by [image: equation]. The corresponding parameters for each transition are listed in Table 1 and Table 2. We derived the partition function from the energies and degeneracies of the rotational levels (see Mangum & Shirley 2015), taken from the Cologne Database for Molecular Spectroscopy (CDMS Müller et al. 2001).
However, as some of our transitions are only moderately optically thin, we applied the optical depth correction factor (Goldsmith & Langer 1999) to all of our lines to derive the total column density:
[image: equation](3)
The optical depth is derived using:
[image: equation](4)
where we assumed a filling factor f = 1.
For CCH and isotopologues, we assumed an excitation temperature of 6 K in both sources. This temperature has been applied to similar carbon chain molecules such as c-C3H2 in Giers et al. (2022) and Chantzos et al. (2018), following Crapsi et al. (2005) and Emprechtinger et al. (2009). It is also consistent with Taniguchi et al. (2019) who derived Tex ≈ 6 K for CCH in the starless cores L1521B and L134N. To estimate the excitation temperature of H13CN DCN, HN13Cnd DNC, we used the results of the hyperfine-fitting done earlier with the HFS method in CLASS. The derived values are listed in Table 2 and are consistent with excitation temperatures used by Padovani et al. (2011), Hily-Blant et al. (2013) and Quénard et al. (2017). For HC18O+ and DCO+ we used the excitation temperatures derived by Redaelli et al. (2019) using radiative transfer. For H13CO+ we assumed an excitation temperature of 6 K, which is an intermediate value and similar to what we used for CCH and isotopologues. In general, we assumed the same or similar excitation temperatures for both the pre-stellar and the protostellar core, as our observations mainly trace the cold outer envelopes of the two cores, where similar conditions hold. Indeed, the effect of the excitation temperature on the derived column density was found to be moderately small. Changing Tex by one Kelvin introduces an error of about 20%.
The derived column densities of all species observed towards the two sources are presented in Table 3. To analyse the nature of the additional velocity component in HH211, we derived the column density of it separately. The results are presented in the last column of Table B.1. The uncertainties for the column densities were derived by propagating the 1σ errors on the integrated intensity and the optical depth, and adding an additional error of 15% to account for the uncertainties in the flux calibration.
For CCH, the derived column densities are consistent with previous measurements within a factor of two (Sakai et al. 2008; Zhang et al. 2021). The 13C isotopologues of CCH are very weak and difficult to observe. Therefore, they have only been detected towards the sources L1521B, TMC-1, L134N/L183, L483 and L1527 so far (Taniguchi et al. 2019; Sakai et al. 2010; Agúndez et al. 2019; Yoshida et al. 2019).
HCN, HNC and isotopologues have been observed multiple times towards L1544 (e.g. Hirota et al. 2003; Hily-Blant et al. 2010; Quénard et al. 2017; Spezzano et al. 2022) and HH211 (Imai et al. 2018) in previous studies, reporting results which are consistent with our measurements. Previous measurements towards HH211 by Roberts et al. (2002) reported column densities for H13CN and DCN that are smaller by a factor of two compared to our results. These differences are likely due to different approximations used in the derivation of the column densities, as well as a different telescope beam.
By assuming the carbon isotopic ratio for the local interstellar medium, 12C/13C = 68 (Milam et al. 2005), we derived a HNC/HCN ratio of 0.3(1) and 0.4(1) for L1544 and HH211, respectively. Previous measurements of this ratio towards L1544 and other cores have revealed a value revolving around 1 (L1544: 1.0(5), Quénard et al. 2017
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        Multi-component Gaussian fit of the four effective hyperfine components found by van der Tak et al. (2009) to the spectrum of HN13Cbserved towards L1544.
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        Synthetic spectra of CCH obtained with LOC (top rows: L1544, bottom row: HH211). Each hyperfine line is plotted separately, numbered from low to high frequency. For L1544, the results are splitted between using the Keto-Caselli model (top) and the HDCRT model (centre) as approximation for the physical structure of the core. Towards L1544, the best-fitting abundances and timesteps are 2 × 10−8 (KC), 1e5 yr (STKC), 3 × 10−8 (HD), 1e5 yr (STHD). Towards HH211, the best-fitting abundances and timesteps are 2 × 10−9 (const), 1e6 yr (2-phase).
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        Synthetic spectra of DCN obtained with LOC (top rows: L1544, bottom row: HH211). Towards L1544, the best-fitting abundances and timesteps are 1 × 10−9 (KC), 1.3e5 yr (STKC), 1 × 10−9 (HD), 9.8e5 yr (STHD) for DCN. Towards HH211, the best-fitting abundances and timesteps are 4 × 10−10 (const), 1e5 yr (2-phase) for DCN.
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        C13CH/13CCH ratio of starless/pre-stellar (black) and protostellar (red) cores. L1521B: Taniguchi et al. (2019); L134N: Taniguchi et al. (2019); TMC-1: Sakai et al. (2010); L1527: Yoshida et al. (2019).
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      Fig. A.1 

      
        [image: thumbnail]
      

      
        Ground-state rotational lines observed towards the pre-stellar core L1544. The respective hyperfine transition is given in the upper left corner of each plot. The dotted line indicates the rest velocity of the system (7.2 km s−1 ). The red curves show the fits used in the LTE analysis.
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      Fig. A.2 

      
        [image: thumbnail]
      

      
        Ground-state rotational lines observed towards the protostellar core HH211. The respective hyperfine transition is given in the upper left corner of each plot. The dotted line indicates the rest velocity of the system (9.2 km s−1). The red curves show the fits used in the LTE analysis.
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      Table A.1 

      Properties of the observed lines.

      
        


	Molecule
	Transition
	Relative Intensity
	Frequency (MHz)
	HPBW
	Ref.





	CCH
	N = 1 – 0, J = 3/2 – 1/2, F = 1 – 1
	0.043
	87284.11(1)
	43.5
	1



	
	N = 1 – 0, J = 3/2 – 1/2, F = 2 – 0
	0.417
	87316.90(1)
	43.5
	1



	
	N = 1 – 0, J = 3/2 – 1/2, F = 1 – 0
	0.208
	87328.59(1)
	43.5
	1



	
	N = 1 – 0, J = 1/2 – 1/2, F = 1 – 1
	0.208
	87401.99(1)
	43.5
	1



	
	N = 1 – 0, J = 1/2 – 1/2, F = 0 – 1
	0.083
	87407.17(1)
	43.5
	1



	
	N = 1 – 0, J = 1/2 – 1/2, F = 1 – 0
	0.043
	87446.47(1)
	43.5
	1



	13CCH
	N = 1 – 0, J = 3/2 – 1/2, F1 = 2 – 1, F = 5/2 – 3/2
	0.250
	84119.33(2)
	45.9
	2



	
	N = 1 – 0, J = 3/2 – 1/2, F1 = 2 – 1, F = 3/2 – 1/2
	0.153
	84124.14(2)
	45.9
	2



	
	N = 1 – 0, J = 3/2 – 1/2, F1 = 1 – 0, F = 3/2 – 1/2
	0.167
	84153.31(2)
	45.9
	2



	
	N = 1 – 0, J = 1/2 – 1/2, F1 = 1 – 1, F = 3/2 – 3/2
	0.152
	84206.87(2)
	45.8
	2



	C13CH
	N = 1 – 0, J = 3/2 – 1/2, F1 = 2 – 1, F = 5/2 – 3/2
	0.263
	85229.335(4)
	44.8
	2



	
	N = 1 – 0, J = 3/2 – 1/2, F1 = 2 – 1, F = 3/2 – 1/2
	0.165
	85232.805(4)
	44.8
	2



	
	N = 1 – 0, J = 3/2 – 1/2, F1 = 1 – 0, F = 1/2 – 1/2
	0.085
	85247.728(4)
	44.8
	2



	
	N = 1 – 0, J = 3/2 – 1/2, F1 = 1 – 0, F = 3/2 – 1/2
	0.168
	85256.988(4)
	44.8
	2



	
	N = 1 – 0, J = 1/2 – 1/2, F1 = 1 – 1, F = 1/2 – 3/2
	0.081
	85303.990(4)
	44.7
	2



	
	N = 1 – 0, J = 1/2 – 1/2, F1 = 1 – 1, F = 3/2 – 3/2
	0.158
	85307.459(4)
	44.7
	2



	CCD
	N = 1 – 0, J = 3/2 – 1/2, F = 3/2 – 3/2
	0.085
	72101.811(5)
	58.2
	3



	
	N = 1 – 0, J = 3/2 – 1/2, F = 5/2 – 3/2
	0.333
	72107.721(3)
	58.2
	3



	
	N = 1 – 0, J = 3/2 – 1/2, F = 1/2 – 1/2
	0.101
	72109.050(5)
	58.2
	3



	
	N = 1 – 0, J = 3/2 – 1/2, F = 3/2 – 1/2
	0.137
	72112.295(5)
	58.2
	3



	
	N = 1 – 0, J = 1/2 – 1/2, F = 3/2 – 3/2
	0.137
	72187.708(5)
	58.1
	3



	
	N = 1 – 0, J = 1/2 – 1/2, F = 1/2 – 3/2
	0.101
	72189.726(6)
	58.1
	3



	
	N = 1 – 0, J = 1/2 – 1/2, F = 3/2 – 1/2
	0.085
	72198.193(6)
	58.1
	3



	HCN
	J = 1 – 0, F = 1 – 1
	0.333
	88630.4156(2)
	43.0
	4



	
	J = 1 – 0, F = 2 – 1
	0.556
	88631.8475(3)
	43.0
	4



	
	J = 1 – 0, F = 0 – 1
	0.111
	88633.9357(3)
	43.0
	4



	H13CN
	J = 1 – 0, F = 1 – 1
	0.333
	86338.7352(1)
	43.9
	5



	
	J = 1 – 0, F = 1 – 0
	0.556
	86340.1666(1)
	43.9
	5



	
	J = 1 – 0, F = 0 – 1
	0.111
	86342.2543(3)
	43.9
	5



	DCN
	J = 1 – 0, F = 1 – 1
	0.333
	72413.50(1)
	57.9
	6



	
	J = 1 – 0, F = 2 – 1
	0.556
	72414.93(1)
	57.9
	6



	
	J = 1 – 0, F = 0 – 1
	0.111
	72417.03(1)
	57.9
	6



	HCO+
	J=1–0
	–
	89188.525(4)
	42.8
	7



	H13CO+
	J=1–0
	–
	86754.288(5)
	43.7
	8



	HC18O+
	J=1–0
	–
	85162.223(5)
	44.9
	8



	DCO+
	J=1–0
	–
	72039.3124(8)
	58.3
	9



	HNC
	J=1–0
	–
	90663.568(4)
	42.2
	10



	HN13C
	J=1–0
	–
	87090.825(4)
	43.6
	9



	DNC
	J=1–0
	–
	76305.700(1)
	53.9
	9





      

      
References. (1) Padovani et al. (2009); (2) Mccarthy et al. (1995); (3) Cabezas et al. (2021); (4) Ahrens et al. (2002); (5) Fuchs et al. (2004); (6) Brünken et al. (2004); (7) Tinti et al. (2007); (8) Schmid-Burgk et al. (2004); (9) van der Tak et al. (2009); (10) Saykally et al. (1976).
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      Table B.1 

      Best-fit parameters and column densities of the additional velocity component towards HH211.

      
        


	Molecule
	Tmb,peak (K)
	VLSRa (km s−1)
	Δυ (km s−1)
	∫ Tmbdυ (K km s−1)
	N (×1012 cm−2)





	CCH
	0.15(1)
	8.22
	0.62(9)
	0.10(2)
	70(20)



	CCD
	0.070(3)
	8.27
	0.7(1)
	0.053(9)
	6(1)



	H13CN
	0.07(2)
	8.16
	0.5(2)
	0.04(2)
	0.17(8)



	DCN
	0.06(7)
	8.20
	0.2(3)
	0.01(2)
	0.5(1.0)



	H13CO+
	0.36(1)
	8.24
	0.66(5)
	0.25(2)
	0.30(5)



	HC18O+
	0.027(4)
	8.35
	0.6(2)
	0.017(5)
	0.020(7)



	DCO+
	0.43(2)
	8.18
	0.65(4)
	0.30(2)
	0.46(7)



	HN13C
	0.13(2)
	8.22
	0.36(6)
	0.05(1)
	0.15(4)



	DNC
	0.40(7)
	8.22
	0.6(2)
	0.25(8)
	1.0(4)





      

      
Notes. (a)The uncertainties of the fits are smaller than the velocity resolution. Therefore, the error on VLSR is given by the observed spectral resolution, 0.07 km s−1.
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      Fig. C.1 

      
        [image: thumbnail]
      

      
        Temperature dependence of hyperfine resolved rate coefficients of HCN and DCN (upper panels) and HNC, DNC and HN13C (lower panels) for the ( j, F) = (2, 1) → (1, F′) transitions. The data of HCN are from Magalhães et al. (2018).
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      Fig. D.1 

      
        [image: thumbnail]
      

      
        Analysis of Herschel SPIRE data towards HH211. Top: H2 column density map of HH211, derived using the Herschel SPIRE images at 250, 350 and 500 µm. The red and blue arrows indicate the direction and size of the molecular outflow/jet from the protostellar core (marked by a black triangle). The Herschel beam size is shown as a white circle, the average beam size of our observations is shown as red circle. Bottom: Dust temperature map of HH211, derived using the Herschel SPIRE images at 250, 350 and 500 µm.
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      Fig. D.2 

      
        [image: thumbnail]
      

      
        Analysis of the H2 column density map and the temperature map derived from Herschel data. Top: Radial H2 column density profile (red), overlaid with the fitted Plummer-like profile (blue). Given in green are the data points averaged over shells of 11 arcsec, the size corresponding to 1/3 of the Herschel beam size. Bottom: Radial temperature profile (red), overlaid with the best fit (blue) and the averaged shells (green).
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      Fig. E.1 

      
        [image: thumbnail]
      

      
        Fractional molecular abundance (with respect to H2) profiles of the best-fit results produced with LOC for the spectra observed towards L1544. In the case of the 13C and 18O isotopologues, the abundance profiles correspond to the profiles of the main species, scaled down by the isotopic ratio (68 and 557, respectively).
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