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Abstract

Context. IRAS 19312+1950 is an isolated infrared source that exhibits a characteristic quasi-point-symmetric morphology in the near-and mid-infrared images and is also very bright in molecular radio lines. Because of its unique observational characteristics, various observational studies have been conducted and several hypotheses have been proposed regarding its origin, which is still unclear. So far, it has been suggested that it could be a peculiar evolved star, a young stellar object, or even a red nova remnant. Regardless of which type of object it is ultimately classified as, IRAS 19312+1950 is exceptionally bright in the infrared and molecular radio lines and therefore will undoubtedly be crucial as a prototype of this kind of object having a peculiar nature or unusual evolutionary phase.

Aims. This study aims to reveal the molecular composition of the central part of IRAS 19312+1950 by performing an unbiased molecular radio line survey and discussing the origin of the object from a molecular chemical point of view.

Methods. We carried out a spectral line survey with the Institut de Radioastronomie Millimtrique 30 m telescope towards the centre of IRAS 19312+1950 in the 3 and 1.3 mm windows with a frequency coverage of 83.9–91.8 and 218.2–226.0 GHz, respectively.

Results. In total, 28 transition lines of 22 molecular species and those isotopologues are detected towards IRAS 19312+1950, some of which exhibit a broad and a narrow component. Seventeen thermal lines and one maser line are newly detected. The molecular species of C17O, 30SiO, HN13C, HC18O+, H2CO, and c-C3H2 are detected for the first time in this object. We calculated the optical depths of the transition lines of 13CO, C18O, HCN, H13CN, and C2H, and determined the rotational temperatures, column densities, and fractional abundances of the detected molecules. We got the isotopic ratios of 12C/13C, 14N/15N, 16O/18O, 16O/17O, 18O/17O, 28Si/30Si, and 29Si/30Si in IRAS 19312+1950 and the values were compared to those of evolved stars, red novae, young stellar objects, and the Sun. The intensities of the molecular radio lines of IRAS 19312+1950 were compared with those of different categories of objects, indicating that the spectral pattern of the broad-line region is similar to that of a red nova or a low-mass young stellar object, while the narrow-line region behaves like an envelope of the asymptotic giant branch star.

Conclusions. Our results, in combination with previous studies, favour the hypothesis that IRAS 19312+1950 might be a red nova remnant, in which the progenitors that merged to become a red nova may have contained at least two evolved stars with oxygen-rich and carbon-rich chemistry, respectively.
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1 Introduction
IRAS 19312+1950 (hereafter, I19312) is a bright, isolated mid-infrared source located in the Galactic plane with many antithetical features which cannot be readily explained within the standard scheme of any known celestial object; its identity is still unknown. The heliocentric distance to I19312 derived from the trigonometric parallax method using the VLBI Exploration of Radio Astrometry (VERA) is about 3.8 kpc (Imai et al. 2011), which is consistent with the distances of [image: equation] and [image: equation] kpc derived from the archive data of Gaia DR2 and DR3 (corresponding parallaxes are 0.45 ± 0.31 and 0.42 ± 0.24 mas, respectively, Gaia Collaboration 2018, 2021). The bolometric luminosity of I19312 is about 1–3 × 104 L⊙ (Cooper et al. 2013; Cordiner et al. 2016; Nakashima et al. 2016), assuming a distance of 3.1–3.8 kpc. Until now, the following 15 molecular species consisting of the main isotopic elements, including both carbon- and oxygen-bearing molecules, have been detected towards I19312: CN, CS, CO, OH, SO, SiO, SO2, HCN, HNC, HCO+, N2H+, NH3, H2CS, HC3N and CH3OH (of these, OH, SiO, H2O, and CH3OH exhibit maser emission) (Nakashima & Deguchi 2000, 2003, 2004, 2005, 2007; Nakashima et al. 2004, 2008, 2011, 2015, 2016; Cordiner et al. 2016; Deguchi et al. 2004). The thermal rotational lines show ‘broad’ and ‘narrow’ features in the line profiles. These features are attributed to the different morpho-kinematic components lying in the nebulosity of I19312. Assuming that the broad feature originates from a spherically expanding molecular shell, Deguchi et al. (2004) derived a mass-loss rate of 2.6 × 10−4 M⊙ yr−1 with large-velocity-gradient (LVG) calculations. This value of the mass-loss rate is considerably larger than those of the typical values of the asymptotic giant branch (AGB) stars ([image: equation]; see, e.g. Höfner & Olofsson 2018), implying the existence of a remarkable gas ejection from the central part of I19312.
I19312 first came to attention when Nakashima & Deguchi (2000) detected the SiO maser emission. They conducted a systematic survey of 43 GHz SiO maser emission towards the samples of cold mid-infrared point sources, which are selected from the Infrared Astronomical Satellite (IRAS) point source catalogue in terms of the mid-infrared colours. The effective temperatures of the surveyed samples are less than about 250 K, and I19312 is one of the reddest objects in the samples, that is to say the IRAS colours of I19312 are log(F25/F12) = 0.5 and log(F60/F25) = 0.7. These IRAS colours are consistent with those of post-AGB stars or proto-planetary nebulae (PPNe). It is well known that SiO maser emission is usually detected only from low- and intermediate-mass evolved stars in the AGB phase or red supergiants (RSGs), which show active mass loss, and the detection rate from stars in the post-AGB phase and beyond is suddenly going down (Habing 1996). Based on its red IRAS colours, near-infrared morphology (specifically, the quasi point-symmetric structure was revealed in 2MASS J, H, and K band images), and the detection of SiO masers, Nakashima & Deguchi (2000) initially suggested that I19312 could be a PPN candidate similar to OH 231.8+4.2 (Rotten Egg Nebula), which is a rare PPN with SiO maser emission.
Three OH maser lines at the rest frequencies of 1612, 1665, and 1667 MHz have also been detected towards I19312, with the 1612 MHz line being the strongest. This characteristic of OH masers is consistent with that of evolved stars (Nakashima et al. 2011). Interferometric observations with the Very Large Baseline Array (VLBA, Nakashima et al. 2011) in the 22 GHz H2O maser line have revealed a double-peak profile with a velocity range of about 35 km s−1. The VLBA images suggested that this double peak profile is most likely attributed to a bipolar molecular flow, suggesting that H2O maser properties are also consistent with the evolved star interpretation. In fact, it is known that there exists a class of low- and intermediate-mass evolved stars at the AGB or post-AGB phase, which often show a double-peaked profile in the H2O maser lines (see, e.g. Yung et al. 2013; Tafoya et al. 2020); this class of objects is called ‘water fountain’. The characteristic line profiles of water fountains are known to be formed by a bipolar molecular jet.
However, subsequent studies have revealed various puzzling aspects of I19312 for an evolved star, and the interpretations of this object became uncertain. For example, CH3OH lines have been detected towards I19312 (Deguchi et al. 2004; Nakashima et al. 2015), but they have never been detected in evolved stars (Cernicharo et al. 2011; McGuire 2022), making I19312 an unusual object from a chemical point of view if the true identity is really an evolved star.
When a SiO, H2O, and OH maser are detected in an evolved star, the star is usually considered to have oxygen-rich chemistry, in which the amount of oxygen atoms present exceeds that of carbon atoms (Habing 1996; Höfner & Olofsson 2018). Deguchi et al. (2004), however, revealed that not only molecules specific to the oxygen-rich chemistry but also a non-negligible number of molecular species specific to carbon-rich chemistry are found in I19312.
Based on the high total mass of 500–700 M⊙ derived from the infrared spectral energy distribution (SED) modelling (~1–100 µm) and its infrared spectral features, Cordiner et al. (2016) suggested that I19312 might be a massive young stellar object (YSO) embedded in a dusty, large, collapsing, circumstellar molecular envelope. However, we note that their infrared SED modelling was carried out on the basis of theoretical YSO models (Robitaille et al. 2006). Based on radio interferometric observations of the 12C line, Nakashima & Deguchi (2005) found that the broad line region can be attributed to a spherical envelope with an expanding velocity of ~30 km s−1. In addition, among all the known YSOs, SiO and OH masers have only been detected in the massive YSOs with ionized regions (i.e. H II regions). If I19312 is a massive YSO with such a bright luminosity of ~2 × 104 L⊙ and ionized regions (Cordiner et al. 2016), free-free radio emission and the Br-γ line should be detectable (Shang et al. 2004; Beck et al. 2010), but, so far, they have not been.
Nakashima et al. (2011, 2015, 2016) mentioned the possibility of I19312 as a ‘red nova remnant’, which is typically created by the merger of two main-sequence stars or stars going to the main sequence. It is known that after this process, a single star with a cold molecular envelope may form, which could potentially become a maser source. Recent studies suggest that even if the progenitors include non-main-sequence stars, such as AGB and post-AGB stars, a remnant with cold matter could be similarly created by the mergers. For example, it is known that V838 Mon, a prototypical red nova that erupted in 2002 (Ivanova et al. 2013), exhibits SiO maser emission (Deguchi et al. 2005; Ortiz-León et al. 2020). The complex envelope morphology (Nakashima et al. 2011), relatively large gas mass (Nakashima et al. 2016), and characteristic molecular chemistry of I19312 (Nakashima et al. 2015) could be explained by the stellar merger hypothesis. Importantly, Kamiński et al. (2017) detected CH3OH lines towards CK Vul (Nova 1670), which is another well-studied red nova remnant. They also found lines both of carbon- and oxygen-bearing molecules, showing the complex chemistry of CK Vul, which is similar to that of I19312. Although the infrared bolometric luminosity of I19312 (~104 L⊙ with a distance of 3.8 kpc) is clearly too bright for a typical YSO (i.e. non-massive YSO with the ionized region), the theoretical calculations (Tylenda & Soker 2006) suggested that the red nova remnant could explain the luminosity up to about 106 L⊙ when two stars with masses of about 0.3 and 8 M⊙ are merged. Additionally, we note that the infrared bolometric luminosity of I19312 is comparable to that of He 3–1475 (~22 000 L⊙), which is a PPN with a bipolar molecular jet (Riera et al. 1995). Borkowski & Harrington (2001) suggested that the high luminosity of He 3–1475 is due to a mass transfer and/or a merger event that happened in an interacting binary system lying at the centre of the envelope. In the case of He 3–1475, SiO maser emission has not been detected, but since it is a PPN, many other properties are shared with I19312.
Although not much is known about stellar merger rates, they may be a ubiquitous phenomenon in the Universe since more than 50 percent of the stars in the sky are part of a binary or multiple stellar systems. If we assume that the rate of stellar mergers is high, the characteristic chemical composition of red nova remnants may affect not only the chemistry of the interstellar material, but also its chemical evolution. Although some theoretical works have suggested that nova ejecta is the major contributor of 13C, 15N, and 17O elements in the Galaxy (José & Hernanz 1998; Romano & Matteucci 2003; Li et al. 2016), red novae would be equally important. We need to emphasize that if the true nature of I19312 is a red nova remnant, this object would be the brightest sample in radio and infrared wavelengths, making it an unparalleled laboratory for the observational study of the details of red novae and red nova remnants. From this perspective, the motivation to determine if I19312 is a red nova remnant is relatively high, but there is one significant difficulty; there is no record in a red nova explosion of I19312. If the moment of the merger event is not recorded, identification of red nova remnants is not an easy task because the observational properties of the red nova remnants are similar to those of evolved stars. In fact, one of the known red nova remnants (CK Vul) has long been incorrectly identified as a planetary nebula (PN). In the case of CK Vul, the merger event was documented in classical European astronomical records in the 1600s (Kamiński et al. 2020, and references therein). In fact, all of the red nova remnants found so far have had the moment of merger recorded, which provides conclusive evidence that they are red nova remnants. We checked the old astronomical records, to the best of our ability, in China as well as in Europe, but we were unable to find any record of a nova explosion occurring at the position of I19312 (Xi 1955; Xi & Bo 1965; Clark & Stephenson 1982, and references therein). Given the incompleteness of the nova’s record, which goes back several hundred years, presumably, there could be a non-negligible number of red nova remnants contaminating known PN and evolved star samples. In this regard, it is also important to establish a method for identifying red nova remnants for which the moment of the merger has not been recorded.
Molecular gases are key components in understanding star formation in interstellar space and the material cycle in the Universe (Tielens 2013). So far, more than 240 kinds of molecular species have been detected in space (McGuire 2018, 2022, and references therein). Each of these species traces different aspects of the physical and chemical state of the celestial objects and the relative abundances of these species vary with their astrophysical environment (e.g. Cernicharo et al. 2011; Aladro et al. 2015; Jørgensen et al. 2020). The molecular rotational transition lines at millimetre wavelength are an excellent probe to investigate the physical and chemical properties of molecular gas components of the circumstellar envelope (CSE) and the interstellar medium. Although Deguchi et al. (2004) did a selected-line survey towards I19312, there has been no large-scale unbiased survey so far. An unbiased line survey would enable us to detect multiple transition lines of a particular molecule and also the lines of different molecular species, providing an unbiased view of the molecular chemical environment of the target source. Here, we report the results of an unbiased molecular line survey towards I19312 by using the IRAM 30 m telescope at the 3 and 1.3 mm bands.
The main objective of this research is to compare the molecular line information of I19312 obtained from the present survey with that of known red nova remnants, the envelope of carbon-rich or oxygen-rich evolved stars, and YSOs. Through this comparative study, we explore how we can reliably identify red nova remnants from their molecular chemical abundances and, at the same time, consider whether I19312 is a red nova remnant or not.
The structure of this paper is as follows: we present the observations and data reduction in Sect. 2, and the main results and a brief review of the previous studies on molecular chemical properties of I19312 are provided in Sect. 3. Then, we discuss the physical and chemical properties derived from the present observation in Sect. 4 and, finally, we summarize the results in Sect. 5.
Table 1 
Spectral scan parameters.

2 Observations and data reduction
The observations towards the centre of I19312 (RA 19 33 24.24, Dec 19 56 55.6; J2000) were performed with the Institutde Radioastronomie Millimétrique (IRAM) 30 m-diametre telescope1 at Pico Veleta Observatory (Spain) in January 2017. We used the Eight Mixer Receiver (EMIR) with dual-polarization and the Fourier Transform Spectrometers (FTS) backend to cover frequency ranges from 83.9–91.8 GHz in the 3 mm window and 218.2–226.0 GHz in the 1.3 mm window. The instantaneous frequency coverage per sideband and polarization is 4 GHz with a frequency channel spacing of 195 kHz. The standard wobbler switching mode was carried out with a ±110″ offset and the beam throwing rate is 0.5 Hz. The on-source times of each band are about one hour. Pointing was checked frequently with strong millimetre emitting quasi-stellar objects. The typical system temperatures are 124 K at the 3 mm band and 256 K at the 1.3 mm band.
The antenna temperature (TA) was converted into the main beam temperature (Tmb) through the relation [image: equation], where Feff and Beff are the forward efficiency and the main-beam efficiency of the IRMA 30 m telescope at the corresponding bands, as listed in Table 1. The data reduction was carried out using the Continuum and Line Analysis Single-dish Software (CLASS) of the GILDAS package2. Individual spectra covering the same wavelength ranges were co-added with the weights proportional to the inverse square of the noise levels. A first order polynomial baseline subtraction was performed. We identified the molecular lines based on the information from the Jet Propulsion Laboratory database3 (JPL, Pickett et al. 1998), the NIST database recommended rest frequencies for observed interstellar molecular microwave transitions4 (Lovas 2004), the Cologne Database for Molecular Spectroscopy5 (CDMS, Müller et al. 2001, 2005) catalogue, and the splatalogue database for astronomical spectroscopy6. To validate the detection and identification of a given line, we checked the other transitions from the same species that are available in the current observations and those in the literature. The root mean square (RMS) levels in Tmb scale are 19.8 and 89.8 mK for the frequency resolution of 0.1953 MHz at the rest frequency of 89.5 and 223.7 GHz, respectively. To measure weak lines, we smoothed the corresponding spectra over 2–6 channels using the ‘boxcar’ method to increase the signal-to-noise ratio, resulting in a velocity resolution of 1.3–3.9 and 0.5–1.6 km s−1 at 90 and 220 GHz, respectively.
3 Results
The full spectra at the 3 and 1.3 mm bands with the strong lines marked are shown in Figs. 1 and 2, respectively. Any identifiable feature above the 3σ noise level is regarded as a real detection. If a fainter feature corresponds to a transition from a definitely identified molecule, we consider it a tentative detection. The spectra show a line density of about 1.6 per GHz. We detect a total of 28 emission lines belonging to 12 molecular species and 10 different isotopologues, which consist of 26 thermal lines and two SiO maser lines. The results are listed in Table 2. Seventeen thermal lines and a maser line are newly reported for this object. For the first time, C17O, 30SiO, HN13C, HC18O+, H2CO, and c-C3H2 have been discovered in this object; all are typical circumstellar molecules. The molecular compositions are dominated by oxygen-bearing species except for HCN, HNC, C2H, HC3N, and c-C3H2. This confirms the oxygen-rich nature of this object, as suggested by Nakashima & Deguchi (2000) and Nakashima et al. (2011) on the basis of the presence of SiO, H2O, and OH maser lines.
We make use of the Gaussian profile to fit the emission lines utilizing the line analysis tool in CLASS. The fittings are shown in Figs. 3–14, which are ordered according to the molecular sizes and the rest frequencies of the transition lines. Table 2 presents the results along with parameters including the rest frequency, molecular species, upper and lower energy levels, velocity-integrated intensity, line centre velocity, full-width at half-maximum (ΔV1/2) of the line, peak temperature, RMS of the baseline, velocity resolution, and half-power beam width (HPBW) of the telescope.
3.1 Molecular lines
Here we report the detection of molecular lines by species and compare them with the previous detections.
3.1.1 Carbon monoxide – CO
The J = 2 → 1 transitions of 13CO, C17O, and C18O are detected at the 1.3 mm band (see Fig. 3). The interferometric observations of CO, 13CO, and C18O lines reveal a spherical broad-component region with an expanding velocity of ~30 km s−1 and a bipolar narrow-component region that is spatially larger than the broad-component region (Nakashima & Deguchi 2005). The channel maps of the CO J = 1 → 0 and 2 → 1 lines indicate the presence of a strong self-shielding feature in the velocity range of ~35–36 km s−1. Based on the wide-field CO maps, Nakashima et al. (2016) showed that the extent of the central emission region is roughly 90″ in the north-south direction and 120″ in the east-west direction. As shown in Fig. 3, the J = 2 → 1 lines of 12CO, 13CO, and C18O exhibit three narrow components and a broad component. The peak-temperature ratios between the narrow and broad components are about 4.4, 16.0, and 15.4 for the J = 2 → 1 lines of 13CO, C17O, and C18O, respectively. The different peak-temperature ratios of these three lines may be attributed to their different optical depths. The mean velocities of the red and blue narrow components are 36.8 ± 0.1, 37.2 ± 0.3, and 36.9 ± 0.3 km s−1 for 13CO, C17O, and C18O, respectively. These values are in good agreement with the peak velocities of the strongest narrow components (36.3 ± 0.1, 36.6 ± 0.3, and 35.7 ± 0.3 km s−1, for 13CO, C17O, and C18O lines, respectively) and the broad components (35.7 ± 0.1, 35.7 ± 0.3, and 36.1 ± 0.3 km s−1 for 13CO, C17O, and C18O lines, respectively), implying that the regions emitting the red and blue lines are symmetrically distributed with respect to the central narrowline emission region. The two weak components may arise from the bipolar outflows indicated by the [image: equation] maser line (Nakashima et al. 2011).
3.1.2 Sulphur monoxide – SO
Two SO transitions, JK = 22 → 11 and 65 → 54, lie within the observational frequency range and have both been detected. The line profiles consist of narrow and broad components, as shown in Fig. 4. Given a low signal-to-noise ratio, we are unable to adequately fit the SO JK = 22 → 11 broad component. Nakashima & Deguchi (2000) have reported the detection of these lines, but with a lower signal-to-noise ratio, they only detected the narrow components peaking at 30–40 km s−1. The presence of SO can be confirmed by previous observations of the JK = 32 → 21 and 23 → 12 lines (Deguchi et al. 2004; Nakashima & Deguchi 2005; Nakashima et al. 2015), which lie outside our frequency range. The SO JK = 32 → 21 map suggests that the broad-component region has an extent of <3″ while the narrow emission components peak at about 3″ north-west and 2″ south-east of the near-infrared emission peak position (Nakashima & Deguchi 2005).
3.1.3 Silicon monoxide – SiO
The thermal lines of SiO J = 2 → 1 and its 30Si isotopologue are detected, as shown in Fig. 5. The 29SiO J = 2 → 1 line is only marginally seen. The main lines clearly exhibit both narrow and broad components, which are ambiguous for the isotopic lines due to their low signal-to-noise ratios. The peak temperature ratios between the narrow and broad components are 1.1 and 0.5 for the SiO and 30SiO lines, respectively. Using the NRO 45 m telescope, Deguchi et al. (2004) obtained the main beam brightness temperature of the SiO J = 2 → 1 line to be about 0.20 K. Considering the different beam sizes, their measurements are consistent with ours.
Figure 5 also presents the detection of two SiO maser lines at 86.24 and 85.64 GHz, respectively. The SiO J = 2 → 1, υ = 2 line is a new detection in I19312. The profiles of these two maser lines can be fit using two Gaussian components, but appear to be remarkably different. A comparison with the previous observations reveals a temporal variation. The velocity range of the SiO J = 2 → 1, υ = 1 line varies from ~10–30 km s−1 in 2000 (Nakashima & Deguchi 2000) to ~20–40 km s−1 in 2001 (Deguchi et al. 2004) to ~40–60 km s−1 in 2017 (this work), suggesting an acceleration. The υ = 2 line shows a velocity component at 60–70 km s−1. Such a high velocity has not been detected for other maser molecules (i.e. OH, H2O, and CH3OH, Nakashima et al. 2011; Deguchi et al. 2004).
3.1.4 Hydrogen cyanide – HCN
The detections of the J = 1 → 0 transition lines of HCN and its 13C isotopologue are shown in Fig. 6. Both have three hyperfine structures. A prominent broad component is visible for HCN. The peak temperature ratio between the narrow and broad components is about 2 for HCN, much smaller than that of H13CN (~12). This may be attributed to different optical depths and/or different 12C/13C isotopic ratios in the narrow- and broad-line regions. The HC15N J = 1 → 0 line is marginally detected, which seems to show a narrow feature peaked at about 35 km s−1 and a broad feature in the velocity range of 20–50 km s−1. Due to the low single-to-noise ratio (~2σ), the narrow and broad features cannot be distinguished and thus a single Gaussian fitting is employed. The HCN J = 1 → 0 map shows that the narrow and broad components coincide with the IRAS position of this object although the narrow component appears to be elongated along the direction perpendicular to the bipolar axis of the nebula within a size of 1′.9 × 1′.9 (Nakashima & Deguchi 2004).
	[image: thumbnail]	Fig. 1 84–92 GHz spectrum of I19312 (the bottom panel), where the decomposed broad component is represented in red. The spectra of Orion KL, IRAS+04016, IRC+10216, IKTauri, and CK Vul obtained by Frayer et al. (2015), Le Gal et al. (2020), Tuo et al. (in prep.), Velilla Prieto et al. (2017), and Kamiński et al. (2017) are overplotted for comparison.



	[image: thumbnail]	Fig. 2 218–226 GHz spectrum of I19312.



Table 2 
Transitions detected with the IRAM 30 m telescope in I19312.

	[image: thumbnail]	Fig. 3 Spectrum (black and filled yellow) of I19312 showing the emission lines of 13CO and C17O. The cyan, red, and pink curves represent the Gaussian fitting profiles of the narrow composition. The blue curve represents the Gaussian fitting profile of the broad composition. The green curves are the total fitting profiles.



	[image: thumbnail]	Fig. 4 Same as Fig. 3, but for SO.



3.1.5 Hydrogen isocyanide – HNC
The J = 1 → 0 transition lines of HNC and its 13C isotopologue are detected, as shown in Fig. 7. To our best knowledge, this is the first time that HN13C has been discovered in I19312. The main line shows three narrow components. The central component is 15 and 47 times stronger than the blue- and red-side components, respectively. The H13NC line only shows a narrow feature. Presumably, its satellite features are too faint to be visible. Deguchi et al. (2004) reported the observation of the HNC J = 1 → 0 line, in which only the central strong narrow component is detected.
	[image: thumbnail]	Fig. 5 Same as Fig. 3, but for SiO and 30SiO.



	[image: thumbnail]	Fig. 6 Same as Fig. 3, but for HCN, H13CN, and HC15N. The vertical lines mark the positions and relative intensities of hyperfine components.



3.1.6 Formylium cation – HCO+
The J = 1 → 0 transition lines of HCO+ and its 13C and 18O isotopologue are detected. As shown in Fig. 8, the J = 1 → 0 lines of HCO+ and H13CO+ show both narrow and broad components, while the HC18O+ J = 1 → 0 line exhibits a narrow feature only. There are absorption features at about 31–35 and 43–47 km s−1 superposed on the HCO+ J = 1 → 0 line. Interferometer observations of the HCO+ J = 1 → 0 show a pronounced bipolar shape in the north-east to south-west direction and a broad component of this line arising from a relatively compact region of ≲3″ (Nakashima et al. 2004). The position-velocity diagram of Nakashima et al. (2004) suggests the presence of a bipolar outflow with an expansion velocity of about 10 km s−1. The map of the HCO+ J = 3 → 2 suggests that it peaks at about 7″ east of the near-infrared emission peak (Nakashima & Deguchi 2005). The peak temperature ratios between the narrow and broad components are 3.8 and 20.3 for the HCO+ and H13CO+ lines, respectively, probably suggesting different optical depths and/or different 12C/13C ratios between the narrow-and broad-line regions. Assuming that the HC18O+ line has the same peak temperature ratio as the H13CO+ J = 1 → 0 line, its broad component has a peak temperature of about 3.5 mK, well below the noise level.
	[image: thumbnail]	Fig. 7 Same as Fig. 3, but for HNC and HN13C.



	[image: thumbnail]	Fig. 8 Same as Fig. 3, but for HCO+, H13CO+, and HC18O+.



3.1.7 Sulphur dioxide – SO2
Deguchi et al. (2004) for the first time reported a marginal detection of SO2 through the [image: equation] line in this source. There are more than a dozen lines of SO2 lying within our observed frequency range. However, we only detect the strongest one, that is to say the [image: equation] line. Only a narrow feature is detected with an intensity of about 6σ of the noise level, as shown in Fig. 9.
3.1.8 Ethynyl radical – C2H
As far as we know, there is no previous report on the detection of C2H in I19312. We, therefore, present the first detection of this species through the C2H N = 1 → 0 transition with intensity larger than 7σ of the noise level. As shown in Fig. 10, six isolated hyperfine lines appear to be narrow.
	[image: thumbnail]	Fig. 9 Same as Fig. 3, but for SO2.



3.1.9 Formaldehyde – H2CO
There are three transition lines of H2CO in the observed frequency range. They are the [image: equation] and 32,1 → 22,0 lines of p-H2CO and o-H2CO [image: equation] line. All are clearly detected with intensity larger than 5σ of the noise level, as shown in Fig. 11. This is the first detection of H2CO in this object. These lines show both narrow and broad components. H2CO is a good tracer of the kinetic temperature (Tk) of the environment because the flux ratio between the H2CO lines on different Ka ladders are dominated by collisions. Once the Tk is restricted, the spatial density of the gas can be well determined from the flux ratio of H2CO lines from the same Ka ladder (Mangum & Wootten 1993; Tang et al. 2018). Unfortunately, the only two p-H2CO lines detected here have energy levels too close to estimate the physical conditions. Further observations of other H2CO lines would be invaluable.
	[image: thumbnail]	Fig. 10 Same as Fig. 3, but for C2H.



	[image: thumbnail]	Fig. 11 Same as Fig. 3, but for p-H2CO and o-H2CO.



3.1.10 Cyanoacetylene – HC3N
There are two transition lines of HC3N in the frequency coverage of our observations. The J = 10 → 9 line of HC3N is clearly detected at the 3 mm band, while the HC3N J = 24 → 23 line at the 1.3 mm band is only marginally detected with an intensity of about 2σ above the noise level. As shown in Fig. 12, both lines appear as a pronounced narrow feature. This is consistent with previous observations of other HC3N lines (Nakashima et al. 2015; Deguchi et al. 2004).
	[image: thumbnail]	Fig. 12 Same as Fig. 3, but for HC3N.



	[image: thumbnail]	Fig. 13 Same as Fig. 3, but for CH3OH.



	[image: thumbnail]	Fig. 14 Same as Fig. 3, but for c-C3H2.



3.1.11 Methanol – CH3OH
The thermal emission of CH3OH in I19312 was first detected at 96.74 GHz by Deguchi et al. (2004). Interestingly, the class I methanol maser emission, a shock tracer, was detected in this object too (Nakashima et al. 2015). Only the two strongest thermal CH3OH lines lying within our frequency coverage (the [image: equation] E and 42,0 → 31,0 E transitions) are detected. As shown in Fig. 13, both have only a narrow component.
3.1.12 Cyclopropenyl¡dene – c-C3H2
The simplest cyclic hydrocarbon species, c-C3H2, is the first detected in this object through the [image: equation] transition, as shown in Fig. 14. Although dozens of transitions of c-C3H2 lay within our frequency range, the [image: equation] line has the lowest excitation temperature (Tex) at the upper energy level (Eu = 6.4 K) compared to those of the other lines (29.0–1024.1 K). The low temperature of this source probably hampers the detection of other c-C3H2 lines.
3.2 Line profiles
The molecular line profiles depend on the combined effects of kinematic structures, optical depths, the source size (θS), and the telescope-beam size (θb). For a spherical envelope with a constant expansion velocity, the line profiles could be grouped into four classes: flat-topped, parabolic, double-peaked, and smoothed parabolic. However, the small widths of the narrow components and the blending nature of the broad components do not allow us to make a definite profile classification. Based on the line profile only, we cannot be sure whether these lines arise from an expanding envelope surrounding an evolved star or accretion inflows of YSO.
The Herschel PACS O I 3P0 → 3P1, 170 µm continuum, CO J = 14 → 13, and H2O [image: equation] images of I19312 indicate that the dusty circumstellar envelope is symmetric with respect to the centre on a scale of about 54″ × 54″ (Cordiner et al. 2016). However, high-resolution interferometer observations of CO and its 13C and 18C isotopic lines show that the envelope has an oval shape with a long axis in the north-west to south-east direction. For instance, the 13CO emission has an angular size of about 50″ × 30″ with a position angle of about 130° (Nakashima & Deguchi 2005). The H20 maser observation indicates a bipolar flow structure (Nakashima et al. 2011). It follows that I19312 has complex dynamic structures. The broad component of the emission lines shows a symmetric profile, suggesting a symmetric dynamical structure, whereas it is hard to tell the symmetry property of the narrow component given its small width.
In Fig. 15, we compare the line-centre velocities of the narrow and broad components. All narrow features have a consistent velocity of about 36.5 km s−1 with a standard deviation of 0.7 km s−1. The line-centre velocities of the broad components are more scattered with a mean value of 33.2 km s−1 and a standard deviation of 5.3 km s−1. Given the close velocities between the narrow and broad components, we can rule out the possibility that the two components originate from completely unrelated objects coinciding with the line of sight. We infer that the broad and narrow lines mainly trace the active inner regions and the quiet outer envelope, respectively. The structure of the broad-line regions can be explained in terms of a merger event (red nova), as originally proposed by Nakashima et al. (2011). In this scenario, the outer envelope is formed through the early mass-loss of an evolved star. The slightly different velocities between the components can be attributed to the self-shielding of the broad lines (see Appendix A for the details).
In Fig. 16, we compare the widths of these broad lines. It is interesting to note that O-bearing molecular transitions HCO+ J = 1 → 0, SiO J = 2 → 1, and SO J = 6 → 5 generally exhibit a larger width of >25 km s−1, while C-bearing ones HCN J = 1 → 0, H2CO [image: equation], and the J = 2 → 1 transitions of 13CO, C17O, and C18O have generally smaller width (<15 km s−1). The shock can be well traced by SiO species and HCO+ is sensitive to UV field intensity. One plausible explanation is that the merger event generates intense shocks and UV radiations which destruct dust and/or dissociate CO, and subsequently enhance the O-bearing molecules in the inner regions. However, this cannot be taken as evidence against the YSO hypothesis since SiO and HCO+ are also good tracers of YSO outflow (e.g. Csengeri et al. 2016; Gregersen et al. 1997; Yang et al. 2021).
It is instructive to compare the observed line widths with those of different types of objects in order to ascertain the nature of 119312. Through an observation of H2CO lines towards 100 high-mass star-formation regions at an extremely early stage, Tang et al. (2018) obtain an average line width of 3.9 ± 0.4km s−1. This value is close to the mean width of the narrow lines in I19312 (ΔV1/2 = 3.3 ± 0.5 km s−1). Nevertheless, such a narrow line profile is also exhibited among low luminosity AGB stars. For instance, the profile of CO lines in EPAqr show a narrow feature (~1.4 km s−1) superimposed on a broader one (~10.8 km s−1; Winters et al. (2003)). The mean width of the broad lines in I19312 is ΔV1/2 = 21.6 ± 3.2 km s−1, which is larger than the typical velocity of an AGB wind (5–15 km s−1, Höfner & Olofsson 2018), but obviously lower than that of a red nova (>100 km s−1, Kamiński et al. 2018). YSO outflows have velocities of a few to ~100 km s−1 (Wu et al. 2004), encompassing the widths of both narrow and broad features of I19312.
All molecules exhibiting a broad feature are detected with the narrow feature, but not vice versa. CO, SO, SiO, HCN, HCO+, and H2CO show both broad and narrow features, while HNC, SO2, C2H, HC3N, CH3OH, and c-C3H2 are detected only in the narrow one. Generally, the former are dense gas tracers, and the latter prefer to form in cold environments. To better understand the origins of the two features, we perform a morpho-kinematical simulation (see Appendix A), which shows that the observations of representative emission lines could be reproduced by a nebula composed of an inner spherical expanding component, an outer expanding elliptical component, and a bipolar outflow.
	[image: thumbnail]	Fig. 15 Line-centre velocities of the thermal lines.



3.3 Optical depths
The optical depths of the HCN J = 1 → 0 hyperfine lines can be estimated from their intensity ratios. Tmb is proportional to 1 – e−τ, where the optical depth τ of a given hyperfine line is proportional to its line strength. The line strengths given in the CDMS catalogue (Müller et al. 2001, 2005) show that the relative optical depth between the J = 1 → 0 transition of HCN F = 1 → 1, 2 → 1, and 0 → 1 hyperfine lines is 10.2 : 17.0 : 3.4. Thus we obtain τ(F = 2 → 1) = 1.3 and 3.9 from the observed Tmb(F = 1 → 1)/Tmb(F = 2 → 1) and Tmb(F = 2 → 1)/Tmb(F = 0 → 1) ratios, respectively. These values are roughly consistent with that derived by Deguchi et al. (2004). For the H13CN J = 1 → 0 transition, the relative optical depth between the F = 1 → 1, 2 → l, and 0 → 1 hyperfine lines is 9.4 : 15.7 : 3.1. We obtain a lower optical depth of τ(F = 2 → 1) = 0.6–0.8. For the calculations, we have assumed that both lines have the same excitation temperature, which however may not strictly be true. An accurate determination of τ requires a detailed model with an accurate knowledge of the physical and thermal structure of the source, which is beyond the scope of this paper. Therefore, the τ values obtained here are merely tentative ones.
The same technique is employed to calculate the optical depths of C2H N = 1 → 0. The relative line strengths of the six hyperfine lines NJ,F = 13/2,1 → 01/2,1, 13/2,2 → 01/2,1, 13/2,1 → 01/2,0, 11/2,1 → 01/2,1, 11/2,0 → 01/2,1, and 11/2,1 → 01/2,0 are 6.6 : 64.8 : 32.3 : 32.3 : 13.0 : 6.6. Consequently, we obtain the optical depth of the strongest line τ(13/2,2 → 01/2,1) = 1.0–2.3.
Under the assumption of local thermal equilibrium (LTE), the optical depths of the J = 2 → 1 transition lines of 13CO and C18O can be estimated based on the formulae given by Nishimura et al. (2015, see their Eqs. (5) and (6)). Using Tex = 32 and >111 K for the narrow and broad components (see Sect. 4.1) as an input, we obtain the line-centre optical depths of 13CO and C18O J = 2 → 1 to be 0.62 and <0.11 for the narrow component and 0.11 and <0.01 for the broad component, respectively.
	[image: thumbnail]	Fig. 16 Widths (ΔV1/2; indicated by the horizontal span of the rectangles) and the peak velocities relative to the source (represented by the vertical short bars in the middle of the rectangles) of the broad features. The error bars exhibited on both left and right sides of each rectangle show the uncertainties of ΔV1/2. The S/N number on the upper left of each rectangle is the ratio of the peak temperature of each line to the RMS. The number on the upper right of each rectangle is ΔV1/2 in km s−1. The dashed boxes indicate where the features have an S/N larger than 5σ.



3.4 Rotation diagram analysis and molecular abundances
The column densities (N) and Tex of the narrow components of SO, C17O, HC3N, and CH3OH and the broad component of SO are estimated through the rotation diagram analysis. Under the assumption of LTE and optical thinness, the level populations can be expressed with
[image: equation](1)
where k and h are the Boltzmann constant and Planck constant, v is the rest frequency in Hz, Eu/k is the upper-level energy in K, TS is the source brightness temperature of the line, and Q(Tex), Aul, and gu are the partition function, spontaneous emission coefficient, and upper state degeneracy taken from the CDMS catalogue (Müller et al. 2001, 2005), respectively. Under the assumption of a Gaussian distribution of the surface brightness, the conversion between TS and Tmb follows the expression [image: equation], where θb is the antenna HPBW (see Table 2) and θs is the source size. ∫ TS dυ is the velocity-integrated intensity. Our knowledge of the θs value of I19312 is poor, which may differ from species to species. Based on the mappings of the J = 1 → 0 and 2 → 1 transitions of CO, 13CO, and C18O, CS J = 2 → 1, HCO+ J = 3 → 2, and SO JK = 32 → 21 (Nakashima & Deguchi 2005), we adopt θs = 15″ and 5″ for the narrow and broad components, resulting in the [image: equation] values of 1.5–4.7 and 6.0–33.7 for the two components, respectively. As the beam-dilution factor increases with decreasing frequency, the correction will steepen the ln(Nu/gu) versus Eu relation, and thus lower the Tex. The effect is less significant for the narrow features given the larger θs.
If a molecule has more than one transition detected, its Tex and N can be determined via a linear fitting to Eq. (1). To make a more reliable rotational diagram analysis, we retrieve the archive data obtained by the NRO 45 m telescope (Deguchi et al. 2004). For the complemented data, the antenna temperature ([image: equation]) is converted into Tmb scale through [image: equation] and [image: equation] for the narrow and broad features of the emission lines respectively arising from the extended and compact regions, where Beff and Aeff are the main beam efficiency and the aperture efficiency, respectively. The resultant rotation diagrams are presented in Fig. 17 and the obtained results are reported in Table 3. Generally, the fit is good. The narrow component of HC3N can be better fit using two straight lines corresponding to a cold and warm component. The mean Tex of the narrow component is 15.0 ± 1.0 K, which is lower than the Tk of CH3OH (36 K) estimated by Nakashima et al. (2015) based on an LVG approximation, probably indicating a deviation from LTE or a stratified temperature structure.
For the molecules with only one transition detected or with detected transitions having too close Eu to perform the rotational diagram analysis, we estimate their column densities using
[image: equation](2)
where Cτ = τ/(1 − e−τ) is an optical-depth correction factor. For the calculations, we use the average Tex estimated from the rotation diagram analysis and drop the optically thin assumption. The results along with the adopted τ are listed in Table 3. In the optically thick case, the error of N would be large because of the large uncertainty of τ (see Sect. 3.3). For instance, if τ ~ 1, a 50% uncertainty of τ could cause a ~30% uncertainty of N.
The fractional abundances relative to H2 listed in Table 3 are calculated using
[image: equation](3)
where f(HCO+), according to an LVG calculation (Deguchi et al. 2004), are equal to 1.2 × 10−9 and 5.7 × 10−8 for the narrow and broad components, respectively.
We can estimate the masses of the broad and narrow components using
[image: equation](4)
where µ = 1.33 as the mean molecular weight of the interstellar gas relative to the hydrogen molecule (Hildebrand 1983), [image: equation] is the mass of the hydrogen molecule, and the source area A = 0.25π(Dθs)2 with D of 2.4 kpc from Gaia DR3. We get M = 4.9 and 0.45 M⊙ for the narrow and broad components, respectively. The obtained masses thus are compatible with the hypothesis of a stellar origin.
However, the mass estimation and interpretation should be treated with caution. It is common for the HCO+ line to be optically thick towards YSOs (e.g. Ungerechts et al. 1997; Yang et al. 2021), and thus the mass could have been severely underestimated if I19312 was actually a YSO. Adopting a distance of 6.6 kpc for I19312, Dunham et al. (2011) obtained an isothermal mass of 1275 ± 1100 M⊙ based on 1.1 mm continuum observations. Subsequently, adopting a distance of 3.8 kpc, Urquhart et al. (2018) obtained an isothermal mass of 186 M⊙ based on dust emission observations. They did not specify the uncertainty in the mass estimation of I19312, but claimed a typical error of 20 percent for their sample. If correcting for the distance effect and keeping aside the large uncertainties in the mass estimations and the different beam sizes of those observations, these masses in the literature are one order of magnitude higher than the obtained value for the narrow component. It follows that the mass derived from Eq. (4) should be taken as a lower limit, and this source might be surrounded by a cold molecular cloud.
Table 3 
Optical depths, excitation temperatures, column densities, and molecular abundances.

	[image: thumbnail]	Fig. 17 Rotation diagrams. The dashed and filled lines are linear fittings for the narrow and broad features, respectively. For HC3N we use two components with excitation temperature Tc and Tw.



Table 4 
Isotopic abundance ratios.

3.5 Isotopic abundance ratios
The isotopic abundance ratios in CSEs of evolved stars are largely affected by the nucleosynthesis in the stellar interior and subsequent dredge-up processes (Herwig 2005). The present observations allow us to derive the isotopic ratios of 12C/13C, 14N/15N, 16O/17O/18O, and 28Si/29Si/30Si in I19312 using the velocity-integrated intensities of the molecular lines arising from the same upper energy levels. The estimated values, along with those of the red nova CKVul, the carbon-rich AGB star IRC+10216, the massive star formation region Orion KL, and the Sun (Sutton et al. 1985; Kahane et al. 2000; Lodders 2003; Frayer et al. 2015; Kamiński et al. 2017), are listed in Table 4. It should be pointed out that if the main line is optically thick, the resultant isotopic ratios would be only tentative, in which the low limits derived from the line ratios are presented.
We find that all the rare isotopes of the CNO elements we detected, 13C, 15N, 17O, and 18O, are enhanced in both the narrow and broad components of I19312 compared to IRC+10216, Orion KL, and the Sun. Such a behaviour has also been found in the remnant of Nova Vul 1670 with 12C/13C = 2–6, 14N/15N ≈ 26, 16O/18O ≈ 23, and 16C/17O > 225 (Kamiński et al. 2015). Kamiński et al. (2017) suggested that hot CNO cycles and partial He burning instead of the standard stellar-nucleosynthesis scenario should be invoked to explain the extreme enhancement of 15N and 18O.
Another CSE with extreme 13C, 15N, and 17O isotopic enrichment is the carbon-rich young PN K4-47 (Schmidt et al. 2018a), which has isotopic ratios of 12C/13C = 2.2 ± 0.8, 16O/17O = 21.4 ± 10.3 and 14N/15N = 13.6 ± 6.5. The bipolar outflow of K4-47 is highly collimated and the dynamic age is about 400–900 yr. Schmidt et al. (2018a) propose two possible explanations for the rare CNO isotope enrichment, namely, its progenitor is a J-type AGB star that underwent a helium-shell flash, or alternatively, it resulted from a merger of a binary system as in the case of CK Vul (Kamiński et al. 2015, 2017). We note that the narrow component of I19312 has CNO isotopic ratios encompassed by those of J-type stars (12C/13C = 3–19, 14N/15N = 153–282, and 17O/18O = 270–850; see Schmidt et al. 2018a and references therein).
For the heavier element Si, we do not find prominent differences in its isotopic ratios between I19312, CK Vul, IRC+10216, Orion KL, and the Sun. This suggests that the progenitor of I19312 is unlikely to be a massive evolved star.
Although the pattern of isotopic ratios is consistent with the red nova hypothesis, some points ought to be cautioned. For the first place, optical depths significantly affect the determination of isotopic ratios in the nova CK Vul (Kamiński et al. 2017), causing some uncertainty in the comparison. Moreover, as the main lines of HCO+, HCN, HNC, and SiO in YSOs are likely to be optically thick (e.g. Schneider et al. 2010), if I19312 is a YSO, the isotopic ratios derived from these lines would be highly uncertain. Therefore, we cannot firmly conclude that the isotopic ratios are against the YSO hypothesis.
4 Discussion
The intensity ratios of molecular radio lines provide very useful information for probing the physical state and chemical composition of circumstellar envelopes (e.g. Bujarrabal et al. 1994; Olofsson et al. 1998). In the following, we discuss the properties of I19312 based on the intensity ratios of three representative cases and statistical comparison of the spectra of different types of sources.
4.1 Molecular abundance ratios
The velocity-integrated intensity line ratio of HCN/SiO is a good probe for distinguishing oxygen-rich stars from carbon-rich stars (Bieging et al. 2000; Olofsson et al. 1998). In our measurements, the I(HCN 1–0)/I(SiO 2–1) are 1.9 ± 0.1 and 10.6 ± 1.3 for the broad and narrow components, respectively. The 3D model given in Appendix A suggests that the broad and narrow components correspond to the inner spherical and outer spheroidal components (see, Fig. A.1). This result indicates that the inner component exhibits oxygen-rich chemistry and the outer component exhibits carbon-rich chemistry. This clear difference in molecular chemical composition between the inner and outer components will provide an important clue when considering the origins of I19312. There are several possible physical processes that would affect the HCN/SiO, for example shock-induced chemistry and different agglomeration degrees between HCN and SiO onto dust grains (Olofsson et al. 1998; Bieging et al. 2000; Gonzalez Delgado et al. 2003; Schöier et al. 2006).
The formations of HCN and its geometrical isomer HNC are mainly through the dissociative recombination reaction of HCNH+ + e → HCN/HNC + H in almost equal amounts. HNC is readily consumed by the endothermic reaction of HNC + H → HCN + H, which leads to a decreasing [HNC]/[HCN] with increasing temperature because the backward reaction has a much higher energy barrier (Graninger et al. 2014 and the references therein). The observations of dark clouds show an average [HCN]/[HNC] of 2.1 ± 1.2 (Hirota et al. 1998), while hot cores exhibit a value of ~80 (Schilke et al. 1992). Therefore, the [HNC]/[HCN] can serve as a thermometer (e.g. Jin et al. 2015; Hacar et al. 2020; Long et al. 2021). A large-scale observation of the HCN and HNC J = 1 → 0 lines towards the Integral Shape Filament in Orion show that [HCN]/[HNC] systematically increase with increasing temperature from a value of nearly unity at Tk ~ 10 K to larger than 13 at Tk > 70 K. The narrow-line region of I19312 has a [HCN]/[HNC] of 3.2 ± 0.9. Based on the empirical relation between [HCN]/[HNC] and Tk provided by Hacar et al. (2020), we obtain Tk = 32 ± 9 K, which is quite close to the value derived with an LVG calculation for CH3OH (36 K; Nakashima et al. 2015). The broad component of the HNC line is too faint to be detected, and thus we can only estimate the lower limit of [HCN]/[HNC] to be 27.8, resulting in Tk > 111 K for the broad-line region. This clearly indicates different physical conditions between the broad- and narrowline regions.
Because of associated formation and destruction routes, there is a tight correlation between the column densities of C2H and c-C3H2. The average [C2H]/[c-C3H2] of diffuse and translucent clouds is 27.7 ± 8.0 (Lucas & Liszt 2000). Gerin et al. (2011) subsequently obtained a similar result (28.0 ± 1.4) based on larger sample observations. Schmidt et al. (2018b) found that such a ratio even holds for the rather old PN NGC 7293 with [C2H]/[c-C3H2] = 29 ± 6, where C2H and c-C2H2 have similar spatial distributions and their abundances are 10–100 times higher than those in diffuse nebulae. Therefore, they hypothesized that PNe are the main contributor to the two molecules in interstellar space. The narrow-line region of I19312 has a [C2H]/[c-C3H2] of 23.2 ± 1.9, in excellent agreement with those of diffuse and planetary nebulae. Their abundances are f(C2H) = 6.72 × 10−8 and f(c-C3H2) = 2.89 × 10−9, which lie between those diffuse and planetary nebulae. At this moment, the origin of C2H and c-C3H2 molecules in I19312 is unclear. However, the facts that the [C2H]/[c-C3H2] of the narrow component is similar to those of PNe and diffuse clouds, and that the C2H and c-C3H2 abundance rates are intermediate between those of PNe and diffuse clouds, may provide some clues as to the origin of I19312. For example, if the emission sources of the narrow component include material originating in PNe, I19312 may have formed in a stellar merger including a PN.
4.2 Comparison with other sources
We statistically analyse the similarity between the molecular spectra of I19312 and other types of stars. For that, we collect the 84–92 GHz spectral data of five sources belonging to four types that are available in the literature, as shown in Fig. 1. The archetypal Kleinunmann-Low Nebula in the Orion (Orion KL, Kleinmann & Low 1967), which contains numerous embedded young stellar objects, is one of the brightest and better-known massive star formation regions with a distance of about 400 pc (Kounkel et al. 2017). IRAS 04016+2610 (also named L1489IRS) is a low-mass protostar with a bolometric temperature of 226 K and a luminosity of 7 L⊙ (Green et al. 2013; Sheehan & Eisner 2017). This object has a Keplerian rotational disk and a bipolar outflow (Brinch et al. 2007; Yen et al. 2014). IRC+10216 is a prototype carbon-rich star with a mass-loss rate of 2 × 10−5 M⊙ yr−1 (Agúndez et al. 2012). IK Tauri (also named NML Tau) is a Mira-type variable star with a mass-loss rate of 3.8–30 × 10−6 M⊙ yr−1 (Neri et al. 1998; Kim et al. 2010), surrounded by an oxygen-rich molecular envelope. CK Vulpeculae is the remnant of a red nova outburst (Kamiński et al. 2015) that is thought to be caused by a stellar merger event in 1670 (Hevelius 1671).
A two-sample Kolmogorov-Smirnov (K-S) test, carried out using the kstest27 function in the MATLAB software, is employed to assess the spectral similarity between the narrow/broad component and the comparison objects in a quantitative manner. Table 5 lists the velocity-integrated intensities of the emission lines detected within the frequency range of 84–92 GHz in I19312 and the five comparison objects (shown in Fig. 1), which are used as the inputs for the K–S test. The non-detected lines are regarded as having zero intensity. To correct for the distance effect, we first normalize the velocity-integrated intensities to those of the HCN J = 1 → 0 line as well as the strongest line of the individual objects. The observations of IRAS+04016, IK Tauri, CK Vul, and I19312 were carried out with the IRAM 30 m telescope with similar sensitivity, while Orion KL and IRC+10216 were observed by using different instruments. For a meaningful comparison, we need to correct the effect of different sensitivities of individual spectra. For that, we calculate the intensity ratios between the faintest lines and the HCN J = 1 → 0 line or the strongest line for each spectrum, as listed in the last two rows of Table 5. When comparing two spectra, we set the lowest intensity ratio as a threshold; all the lines with relative intensity ratios lower than the threshold are assigned to have a zero intensity. Furthermore, to examine the reliability of the statistics, we prepare the input data sets in two ways: (1) all the lines which are detected in at least one object listed in Table 5 are included; (2) only those with non-zero intensity in one or two of the compared objects are included.
Table 6 lists the results of the two-sample K–S test. Presumably, the most similar objects are those with the largest p-value and lowest D values. Although the four sets of data do not give consistent results, the spectral patterns of the broad feature seem to resemble that of the red nova, while the p-values appear to favour an AGB nature for the narrow-line region. Nevertheless, we cannot rule out the possibility of I19312 being a low-mass YSO, which also exhibits a high similarity with the broad-line region of I19321.
All molecules, except HCN, in the broad-line region are O-bearing. A similar situation has been found by Deguchi & Goldsmith (1985) in IK Tau and OH231.8+4.2, which are oxygen-rich evolved stars but have strong HCN lines. They speculated that the enhancement of HCN molecules in an oxygen-rich environment may be caused by the ejection from a carbon-rich companion. We could presume the same for the inner region of I19312. The narrow feature emission may be contaminated by a surrounding molecular cloud. However, we do not detect any complex or deuterated molecules that are commonly seen in the spectra of dark clouds. If the cold gas is associated with the remaining natal cloud of I19312, this might indicate that fragile molecules have been largely destructed by stellar radiation.
Table 5 
Velocity-integrated intensity of the emission lines for Kolmogorov-Smirnov test sample.

Table 6 
Results of the two-sample Kolmogorov-Smirnov test.

5 Summary
We present a spectral line survey towards I19312 in the frequency ranges of 84–92 and 218–226 GHz using the IRAM 30 m telescope. A total of 28 spectral lines belonging to 22 different molecular species and isotopologues are detected. The spectra exhibit both carbon- and oxygen-bearing molecules, which can be decomposed into a narrow and a broad component. Six molecules, C17O, 30SiO, HN13C, HC18O+, H2CO, and c-C3H2, are detected for the first time in this object. We constructed a 3D morpho-kinematical model to account for the observed line profiles, which reveals the existence of collimated bipolar outflows and complex kinematic structures in the inner regions. By comparing the chemical compositions of I19312 with those of the high-mass YSO Orion KL, the low-mass YSO IRAS 04016+2610, carbon-rich AGB star IRC+10216, oxygen-rich AGB star IK Tauri, and red nova CK Vul, we come to the conclusion that the chemical compositions of the narrow and broad components of I19312 show a different chemistry. The statistics of the similarity between the spectra of different sources is presented, which shows the possibility that the broad-line region has a nature of red nova or low-mass YSO, while the spectral behaviour of the narrow-line region is similar to that of AGB envelopes. Considering the chemical properties and enhancement of isotope species such as 15N and 13C, the red nova hypothesis may explain many of I19312’s peculiarities. Nevertheless, it remains unclear as to why the progenitor stars have not completely dispersed the surrounding cold gas.
Although we cannot firmly conclude as to the true nature of I19312 yet, this work demonstrates that the molecular line survey provides a meaningful contribution towards that goal. In the future, further line surveys with much wider frequency coverage, spatial resolutions, and deeper sensitivities would be valuable.
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Appendix A  Morphology: 3D modelling with SHAPE
The observed line profiles suggest that the molecular species in I19312 have complex kinematic distributions. In order to obtain a rough idea of the geometric and kinematic structures, we construct a 3D model using the software package SHAPE8 (Steffen et al. 2011; Steffen & Koning 2017), which is a flexible interactive 3D morpho-kinematical modelling application with volume rendering and radiation transfer for astrophysics and has been successfully used to simulate the complex structure of PNe in many studies (e.g. red rectangle PPN, Koning et al. 2011; multipolar PN, Steffen et al. 2013; strigiform (owl-like) nebulae, García-Díaz et al. 2018). Firstly, we construct a 3D structure in the 13CO J = 2 → 1 line and compare it with the previous mapping results to verify our modelling. The 13CO J = 2 → 1 line was selected as a guideline for the initial model setup for two reasons: the distribution of CO molecules can be representative of the distribution of the entire molecular gas, and this line is assumed to be optically thin. Based on the previous interferometric observations with the Berkeley-Illinois-Maryland Association array (Nakashima & Deguchi 2005; Nakashima et al. 2011), our 3D model of I19312 in the 13CO J = 2 → 1 line consists of three major components: inner spherical expanding component, outer expanding elliptical component, and bipolar outflow, as displayed in Fig. A.1. We fixed the physical size of the inner spherical component to 10″ and the outer boundary of the elliptical component in the long and short axis to 20″ and 10″, respectively. Because the bipolar outflow has been observed only in maser lines (Nakashima et al. 2011), its actual size is unknown. Then we assume that the bipolar outflow has the same physical size as the outer envelope of 20″ at its jet axis. The densities of the inner spherical component and the outer expanding envelope are assumed to be constant. We also fixed the position angle of the jet axis of the bipolar outflow and the long axis of the outer elliptical component to be −37°. For simplicity, the symmetric axis of the 3D geometry was assumed to be perpendicular to the line-of-sight direction. We assumed that the velocity distributions of the inner spherical component and the outer elliptical component follow a single Hubble law with the velocity at the outer boundary of 16 and 3 km s−1, respectively. For the velocity distributions of the bipolar outflow, we assume a constant speed of 10 km s−1, which is equal to the value indicated by the high spatial resolved observations of the HCO+ J = 1 → 0 line (Nakashima et al. 2004). In order to make a qualitative comparison between the modelling results and the interferometric observations of Nakashima & Deguchi (2005), we plot in Fig. A.2 the predicted and observed position-velocity diagrams of the 13CO J = 2 → 1 line along the same position angles. They show a good agreement. Figure A.3 shows the profile of the 13CO J = 2 → 1 line reproduced by our model overlaid on the present observation. We find that the model and observed line profiles agree well with each other.
Based on the same assumptions, we also constructed the 3D model of other molecular species using the SHAPE package. We selected the SO J = 6 → 5 line as a typical representative of the emission lines with both narrow and broad features and the HC3N J = 10 → 9 line for the emission lines with only a narrow feature. (Note: there are no lines with only broad components). The mesh geometry of the best-fit model for the SO J = 6 → 5 line is shown in Fig. A.4. The model and observed line profiles of the SO J = 6 → 5 line are compared in Fig. A.5. Similarly, for the HC3N J = 10 → 9 line, the best-fit model geometry is shown in Figs. A.6. The model and observed line profiles of the HC3N J = 10 → 9 line are compared in Fig. A.7. As we can see in the figures, the SO J = 6 → 5 line is explained as a combination of the inner spherical expanding component and outer expanding elliptical component. In contrast, the HC3N J = 10 → 9 line is reproduced by an outer expanding elliptical component. In other words, the profiles of the SO J = 6 → 5 and HC3N J = 10 → 9 lines can be explained by assuming one or two of the three kinematic components needed to explain the 13CO J = 2 → 1 line. Thus, the modelling result suggests that the emission sources of the molecular lines detected towards I19312 can be classified into an inner spherical expanding component, an outer expanding elliptical component, or a bipolar outflow. Based on this result, it would be natural to infer that similar explanations are possible for other lines exhibiting similar line profiles analysed here.
For the 13CO J = 2 → 1 and SO J = 6 → 5 lines, there are discrepancies between the model and observations in the velocity range of about 30–35 and 40–45 km s−1. This discrepancy can be reduced if we add another spherically expanding shell, which has a different velocity, to the inner component. This may suggest that the inner component has a more complex kinematic structure rather than a simple spherically expanding shell. We would note that this situation could be explained by considering that the origin of the inner component is not a simple stellar wind, but a gas component with a complex kinematic structure that is created by a stellar merger. Additionally, information about which molecular species are associated with which kinematic components may also limit the chemical composition of the progenitor stars to mergers and the chemical reactions induced by stellar mergers.
It should be noted that the model rests on many assumed parameters that may not represent the most justified configuration. Moreover, the optically thin assumption may not be true for the 13CO line. Therefore, a more elaborated model is required to make a quantitative comparison with the observations, which is beyond the scope of this paper. Here we only demonstrate the feasibility of using such a geometry to account for the available observations of this source.
	[image: thumbnail]	Fig. A.1 Four view ports of the SHAPE 3D mesh geometry model of I19312. The Free-Form view is the observer’s view with a position angle of −37°, where up is north and left is east. The modelled structures are composed of an inner spherical envelope (white), an outer elliptical envelope (green), and a pair of symmetric bipolar outflows (red). The solid lines on the upper-right panel are slits used to generate the position-velocity diagram shown in Fig. A.2.



	[image: thumbnail]	Fig. A.2 Simulated position-velocity diagrams (grey) of the 13CO J = 2 → 1 line in two orthogonal cuts indicated in Fig. A.1, where Vlsr represents the velocity with respect to the Local Standard of Rest. The contours represent the observational results of Nakashima & Deguchi (2005).



	[image: thumbnail]	Fig. A.3 SHAPE-modelled (red) and observational (black) 13CO J = 2 → 1 lines.



	[image: thumbnail]	Fig. A.4 Same as Fig. A.1, but for the SO J = 6 → 5 line.



	[image: thumbnail]	Fig. A.5 Same as Fig. A.3, but for the SO J = 6 → 5 line.



	[image: thumbnail]	Fig. A.6 Same as Fig. A.1, but for the HC3N J = 10 → 9 line.



	[image: thumbnail]	Fig. A.7 Same as Fig. A.3 but for the HC3N J = 10 → 9 line.
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	[image: thumbnail]	Fig. 1 84–92 GHz spectrum of I19312 (the bottom panel), where the decomposed broad component is represented in red. The spectra of Orion KL, IRAS+04016, IRC+10216, IKTauri, and CK Vul obtained by Frayer et al. (2015), Le Gal et al. (2020), Tuo et al. (in prep.), Velilla Prieto et al. (2017), and Kamiński et al. (2017) are overplotted for comparison.
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	[image: thumbnail]	Fig. 3 Spectrum (black and filled yellow) of I19312 showing the emission lines of 13CO and C17O. The cyan, red, and pink curves represent the Gaussian fitting profiles of the narrow composition. The blue curve represents the Gaussian fitting profile of the broad composition. The green curves are the total fitting profiles.
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	[image: thumbnail]	Fig. 6 Same as Fig. 3, but for HCN, H13CN, and HC15N. The vertical lines mark the positions and relative intensities of hyperfine components.
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In the text



	[image: thumbnail]	Fig. 14 Same as Fig. 3, but for c-C3H2.
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	[image: thumbnail]	Fig. 15 Line-centre velocities of the thermal lines.
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	[image: thumbnail]	Fig. 16 Widths (ΔV1/2; indicated by the horizontal span of the rectangles) and the peak velocities relative to the source (represented by the vertical short bars in the middle of the rectangles) of the broad features. The error bars exhibited on both left and right sides of each rectangle show the uncertainties of ΔV1/2. The S/N number on the upper left of each rectangle is the ratio of the peak temperature of each line to the RMS. The number on the upper right of each rectangle is ΔV1/2 in km s−1. The dashed boxes indicate where the features have an S/N larger than 5σ.
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	[image: thumbnail]	Fig. 17 Rotation diagrams. The dashed and filled lines are linear fittings for the narrow and broad features, respectively. For HC3N we use two components with excitation temperature Tc and Tw.
In the text



	[image: thumbnail]	Fig. A.1 Four view ports of the SHAPE 3D mesh geometry model of I19312. The Free-Form view is the observer’s view with a position angle of −37°, where up is north and left is east. The modelled structures are composed of an inner spherical envelope (white), an outer elliptical envelope (green), and a pair of symmetric bipolar outflows (red). The solid lines on the upper-right panel are slits used to generate the position-velocity diagram shown in Fig. A.2.
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	[image: thumbnail]	Fig. A.2 Simulated position-velocity diagrams (grey) of the 13CO J = 2 → 1 line in two orthogonal cuts indicated in Fig. A.1, where Vlsr represents the velocity with respect to the Local Standard of Rest. The contours represent the observational results of Nakashima & Deguchi (2005).
In the text



	[image: thumbnail]	Fig. A.3 SHAPE-modelled (red) and observational (black) 13CO J = 2 → 1 lines.
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	[image: thumbnail]	Fig. A.5 Same as Fig. A.3, but for the SO J = 6 → 5 line.
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	[image: thumbnail]	Fig. A.6 Same as Fig. A.1, but for the HC3N J = 10 → 9 line.
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	[image: thumbnail]	Fig. A.7 Same as Fig. A.3 but for the HC3N J = 10 → 9 line.
In the text





    
      Table 1 

      Spectral scan parameters.

      
        


	Band range (GHz)
	Feff (%)
	Beff (%)
	On-time(a) (minute)
	Tsys (K)
	HPBW (″)
	Spatial resolution(b) (cm)





	83.999–91.781
	95
	81
	54.3
	124
	29.3–26.8
	1.7–1.5 × 1018



	218.249–226.031
	92
	59
	54.3
	256
	11.3–10.9
	6.4–6.2 × 1017





      

      
Notes. (a)On-source time for each band. (b)Assume a distance of 3.8 kpc.
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        84–92 GHz spectrum of I19312 (the bottom panel), where the decomposed broad component is represented in red. The spectra of Orion KL, IRAS+04016, IRC+10216, IKTauri, and CK Vul obtained by Frayer et al. (2015), Le Gal et al. (2020), Tuo et al. (in prep.), Velilla Prieto et al. (2017), and Kamiński et al. (2017) are overplotted for comparison.
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      Table 2 

      Transitions detected with the IRAM 30 m telescope in I19312.

      
        


	Frequency (MHz)
	Molecule
	Transition (upper-lower)
	Flux (mK km s−1)
	Velocity (km s−1)
	Δv1/2 (km s−1)
	Tmb (mK)
	RMS (mK)
	dv (km s−1)
	HPBW (″)
	Note





	220398.7
	13CO
	J = 2–1
	4916.3 ± 156.8
	29.1 ± 0.1
	1.6 ± 0.1
	2826.1
	54.6
	0.27
	11.1
	N



	
	
	
	38847.0 ± 470.0
	36.3 ± 0.1
	3.0 ± 0.1
	12345.0
	54.6
	0.27
	11.1
	N



	
	
	
	2993.4 ± 81.2
	44.6 ± 0.1
	0.9 ± 0.1
	3200.0
	54.6
	0.27
	11.1
	N



	
	
	
	33139.0 ± 367.7
	35.7 ± 0.1
	11.1 ± 0.1
	2817.5
	54.6
	0.27
	11.1
	B



	⋆224714.4
	C17O
	J = 2–1
	326.6 ± 56.6
	29.4 ± 0.3
	1.8 ± 0.3
	167.8
	36.4
	0.26
	10.9
	N



	
	
	
	3711.0 ± 56.6
	36.1 ± 0.3
	2.6 ± 0.3
	1362.6
	36.4
	0.26
	10.9
	N



	
	
	
	59.6 ± 56.6
	44.9 ± 0.3
	0.6 ± 0.3
	96.7
	36.4
	0.26
	10.9
	N



	
	
	
	1250.2 ± 56.6
	36.6 ± 0.3
	13.8 ± 0.3
	85.1
	36.4
	0.26
	10.9
	B



	⋆219560.4
	C18O
	J = 2–1
	940.92 ± 192.6
	29.2 ± 0.3
	1.1 ± 0.3
	773.9
	50.1
	0.27
	11.2
	N



	
	
	
	10851.0 ± 192.6
	36.1 ± 0.3
	2.3 ± 0.3
	4502.1
	50.1
	0.27
	11.2
	N



	
	
	
	362.85 ± 192.6
	44.6 ± 0.3
	0.4 ± 0.3
	892.9
	50.1
	0.27
	11.2
	N



	
	
	
	3074.6 ± 192.6
	35.7 ± 0.3
	9.9 ± 0.3
	292.4
	50.1
	0.27
	11.2
	B



	86094.0
	SO
	J, K = 2, 2–1, 1
	687.6 ± 79.4
	36.8 ± 0.3
	6.5 ± 0.7
	99.4
	11.0
	1.36
	28.6
	N



	
	
	
	396.9 ± 110.0
	15.5 ± 4.2
	23.0 ± 7.6
	16.2
	11.0
	1.36
	28.6
	B



	⋆219949.4
	SO
	J, K = 6, 5 – 5, 4
	8604.9 ± 244.7
	37.2 ± 0.1
	5.8 ± 0.1
	1389.2
	46.8
	0.27
	11.2
	N



	
	
	
	15344.0 ± 262.9
	34.1 ± 0.1
	25.2 ± 0.6
	571.2
	46.8
	0.27
	11.2
	B



	86847.0
	SiO
	J = 2–1
	1387.8 ± 171.8
	37.4 ± 0.2
	7.0 ± 0.7
	187.3
	19.6
	1.35
	28.3
	N



	
	
	
	5067.2 ± 197.2
	33.6 ± 0.4
	27.6 ± 1.1
	172.8
	19.6
	1.35
	28.3
	B



	86243.4
	SiO
	J = 2–1, υ = 1
	423.6 ± 132.3
	52.8 ± 0.3
	4.9 ± 0.9
	81.9
	9.7
	1.36
	28.5
	M



	
	
	
	456.7 ± 156.1
	45.7 ± 1.8
	11.2 ± 3.8
	38.5
	9.7
	1.36
	28.5
	M



	⋆85640.5
	SiO
	J = 2–1, υ = 2
	115.3 ± 22.5
	58.8 ± 0.1
	1.4 ± 0.2
	78.7
	16.4
	0.68
	28.7
	M



	
	
	
	168.9 ± 45.1
	65.5 ± 0.9
	5.9 ± 1.6
	26.7
	16.4
	0.68
	28.7
	M



	⋆85759.2
	29SiO
	J = 2–1
	120.4 ± 48.4
	37.4 ± 0.7
	3.5 ± 1.6
	32.4
	11.3
	1.37
	28.7
	N



	
	
	
	581.1 ± 136.3
	35.6 ± 0.4
	50.8 ± 12.2
	10.8
	11.3
	1.37
	28.7
	B



	⋆84746.0
	30SiO
	J = 2–1
	37.9 ± 49.9
	39.3 ± 2.3
	3.9 ± 4.1
	9.2
	19.6
	1.35
	28.3
	N



	
	
	
	713.5 ± 138.4
	30.0 ± 3.5
	35.6 ± 7.3
	18.9
	19.6
	1.35
	28.3
	B



	88630.4
	HCN
	J = 1–0, F = 1 – 1
	2041.5 ± 31.7
	36.2 ± 0.6
	3.1 ± 0.1
	610.9
	12.8
	0.66
	27.8
	N



	88631.8
	HCN
	J = 1–0, F = 2–1
	1939.6 ± 34.5
	36.0 ± 0.1
	2.2 ± 0.1
	815.9
	12.8
	0.66
	27.8
	N



	88633.9
	HCN
	J = 1–0, F = 0 – 1
	1272.4 ± 36.8
	36.1 ± 0.1
	2.6 ± 0.1
	453.2
	12.8
	0.66
	27.8
	N



	88631.6
	HCN
	J = 1–0
	9874.3 ± 105.3
	31.6 ± 0.2
	27.9 ± 0.3
	333.8
	12.8
	0.66
	27.8
	B



	86338.7
	H13CN
	J = 1–0, F = 1 - 1
	297.3 ± 54.1
	35.9 ± 0.2
	2.8 ± 0.5
	101.3
	21.3
	0.68
	28.5
	N



	86340.2
	H13CN
	J = 1–0, F = 2–1
	459.9 ± 56.9
	36.4 ± 0.1
	2.8 ± 0.4
	151.8
	21.3
	0.68
	28.5
	N



	86342.3
	H13CN
	J = 1–0, F = 0 – 1
	100.1 ± 47.2
	35.6 ± 0.5
	2.3 ± 1.1
	40.2
	21.3
	0.68
	28.5
	N



	86339.9
	H13CN
	J = 1–0
	414.4 ± 164.4
	35.6 ± 3.3
	30.2 ± 9.1
	12.9
	21.3
	0.68
	28.5
	B



	⋆86055.0
	HC15N
	J = 1–0
	446.8 ± 93.7
	38.0 ± 2.4
	22.1 ± 5.4
	19.0
	9.2
	2.72
	28.6
	N&B



	90663.6
	HNC
	J = 1–0
	492.1 ± 147.3
	29.7 ± 0.6
	4.5 ± 0.6
	102.6
	14.4
	0.65
	27.1
	N



	
	
	
	4370.2 ± 147.3
	36.2 ± 0.6
	2.7 ± 0.6
	1522.1
	14.4
	0.65
	27.1
	N



	
	
	
	135.9 ± 147.3
	44.2 ± 0.6
	4.0 ± 0.6
	32.1
	14.4
	0.65
	27.1
	N



	⋆87090.9
	HN13C
	J = 1–0
	251.3 ± 29.8
	36.7 ± 0.1
	2.1 ± 0.3
	110.8
	17.1
	0.67
	28.2
	N



	89188.5
	HCO+
	J = 1–0
	2129.4 ± 29.5
	37.2 ± 0.1
	2.5 ± 0.1
	812.9
	12.2
	0.66
	27.6
	N



	
	
	
	7503.3 ± 86.6
	32.3 ± 0.2
	33.4 ± 0.4
	211.3
	12.2
	0.66
	27.6
	B



	86754.3
	H13CO+
	J = 1–0
	1148.7 ± 34.7
	36.1 ± 0.1
	2.1 ± 0.1
	512.0
	15.8
	0.68
	28.4
	N



	
	
	
	616.7 ± 116.7
	33.6 ± 2.5
	23.0 ± 6.7
	25.2
	15.8
	0.68
	27.6
	B



	⋆85162.2
	HC18O+
	J = 1–0
	149.5 ± 27.3
	36.3 ± 0.2
	2.0 ± 0.4
	70.0
	16.9
	0.69
	27.6
	N



	⋆221965.2
	SO2
	[image: equation]
	1363.8 ± 168.7
	37.0 ± 0.3
	4.6 ± 0.6
	279.2
	44.8
	1.06
	11.1
	N



	87284.2
	C2H
	N, J, F = 1, 3/2, 1–0, 1/2, 1
	278.0 ± 46.0
	36.5 ± 0.2
	2.3 ± 0.6
	112.7
	19.7
	0.67
	28.2
	N



	87316.9
	C2H
	N, J, F = 1, 3/2, 2 – 0, 1/2, 1
	1243.4 ± 80.1
	36.4 ± 0.1
	2.0 ± 0.1
	579.5
	17.8
	0.67
	28.2
	N



	87328.6
	C2H
	N, J, F = 1, 3/2, 1–0, 1/2, 0
	847.3 ± 40.9
	36.3 ± 0.1
	2.3 ± 0.1
	347.2
	17.8
	0.67
	28.2
	N



	87402.0
	C2H
	N, J, F = 1, 1/2, 1–0, 1/2, 1
	797.0 ± 40.5
	36.3 ± 0.1
	2.1 ± 0.1
	364.7
	21.6
	0.67
	28.2
	N



	87407.2
	C2H
	N, J, F = 1, 1/2, 0 – 1, 1/2, 1
	349.7 ± 30.0
	36.3 ± 0.1
	1.9 ± 0.2
	177.4
	19.2
	0.67
	28.1
	N



	87446.5
	C2H
	N, J, F = 1, 1/2, 1–0, 1/2, 0
	364.1 ± 38.7
	36.4 ± 0.1
	2.5 ± 0.3
	134.5
	19.0
	0.67
	28.1
	N



	⋆218475.6
	p-H2CO
	[image: equation]
	525.9 ± 124.8
	36.6 ± 0.2
	2.6 ± 0.5
	190.5
	37.4
	0.54
	11.3
	N



	
	
	
	745.0 ± 176.6
	34.6 ± 1.7
	13.3 ± 4.0
	52.8
	37.4
	0.54
	11.3
	B



	⋆218760.1
	p-H2CO
	[image: equation]
	631.4 ± 148.2
	36.6 ± 0.2
	2.9 ± 0.6
	202.7
	31.7
	0.54
	11.2
	N



	
	
	
	989.0 ± 178.7
	37.1 ± 1.4
	17.0 ± 5.9
	54.6
	31.7
	0.54
	11.2
	B



	⋆225697.8
	o-H2CO
	[image: equation]
	2679.9 ± 117.7
	36.3 ± 0.1
	2.7 ± 0.1
	939.8
	33.5
	0.54
	10.9
	N



	
	
	
	4064.7 ± 125.7
	37.0 ± 0.1
	10.7 ± 0.5
	356.4
	33.5
	0.54
	10.9
	B



	⋆90979.0
	HC3N
	J = 10 – 9
	805.9 ± 20.2
	36.4 ± 0.1
	2.4 ± 0.1
	317.3
	11.0
	0.64
	27.0
	N



	⋆218324.7
	HC3N
	J = 24 – 23
	319.79 ± 79.1
	36.2 ± 0.5
	3.5 ± 1.0
	85.1
	51.3
	1.07
	11.3
	N



	⋆84521.2
	CH3OH
	[image: equation]
	263.5 ± 39.0
	35.8 ± 0.2
	3.1 ± 0.6
	79.4
	17.6
	0.64
	29.1
	N



	⋆218440.1
	CH3OH
	[image: equation]
	1031.9 ± 94.3
	36.9 ± 0.2
	4.9 ± 0.6
	197.6
	34.7
	0.54
	11.3
	N



	⋆85338.9
	c-C3H2
	[image: equation]
	733.2 ± 29.8
	36.5 ± 0.1
	2.0 ± 0.1
	352.5
	17.1
	0.69
	27.0
	N





      

      
Notes. The transition lines marked with (⋆) are new detections in I19312. N and B represent the narrow and broad components, respectively.




    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Spectrum (black and filled yellow) of I19312 showing the emission lines of 13CO and C17O. The cyan, red, and pink curves represent the Gaussian fitting profiles of the narrow composition. The blue curve represents the Gaussian fitting profile of the broad composition. The green curves are the total fitting profiles.

      

    

  
    
      Fig. 5 
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        Same as Fig. 3, but for SiO and 30SiO.

      

    

  
    
      Fig. 6 
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        Same as Fig. 3, but for HCN, H13CN, and HC15N. The vertical lines mark the positions and relative intensities of hyperfine components.

      

    

  
    
      Fig. 7 
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        Same as Fig. 3, but for HNC and HN13C.

      

    

  
    
      Fig. 8 
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        Same as Fig. 3, but for HCO+, H13CO+, and HC18O+.

      

    

  
    
      Fig. 10 

      
        [image: thumbnail]
      

      
        Same as Fig. 3, but for C2H.

      

    

  
    
      Fig. 11 
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        Same as Fig. 3, but for p-H2CO and o-H2CO.

      

    

  
    
      Fig. 12 
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        Same as Fig. 3, but for HC3N.

      

    

  
    
      Fig. 13 
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        Same as Fig. 3, but for CH3OH.

      

    

  
    
      Fig. 14 
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        Same as Fig. 3, but for c-C3H2.

      

    

  
    
      Fig. 15 
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        Line-centre velocities of the thermal lines.

      

    

  
    
      Fig. 16 

      
        [image: thumbnail]
      

      
        Widths (ΔV1/2; indicated by the horizontal span of the rectangles) and the peak velocities relative to the source (represented by the vertical short bars in the middle of the rectangles) of the broad features. The error bars exhibited on both left and right sides of each rectangle show the uncertainties of ΔV1/2. The S/N number on the upper left of each rectangle is the ratio of the peak temperature of each line to the RMS. The number on the upper right of each rectangle is ΔV1/2 in km s−1. The dashed boxes indicate where the features have an S/N larger than 5σ.

      

    

  
    
      Fig. 17 

      
        [image: thumbnail]
      

      
        Rotation diagrams. The dashed and filled lines are linear fittings for the narrow and broad features, respectively. For HC3N we use two components with excitation temperature Tc and Tw.

      

    

  
    
      Table 4 

      Isotopic abundance ratios.

      
        


	Isotopic ratio
	Species
	Transition
	I19312
	Nova 1670(b)
	IRC+10216(c)
	Orion KL(d)
	Solar(e)





	
	
	
	Narrow
	Broad
	
	
	
	



	12C/13C
	HCO+/H13CO+
	J=1–0
	1.9:
	12.2:
	2.5:
	45 ± 3
	>74.9
	89.3



	
	HCN/H13CN
	J=1–0
	(a)98:
	23.8:
	2.0:
	
	>9.9
	



	
	
	
	>6.1
	
	
	
	
	



	
	HNC/HN13C
	J=1–0
	17.4:
	…
	6.2:
	
	>67.3
	



	




	14N/15N
	HCN/HC15N
	J=1–0
	(a)209.0:>70.0
	>35.4
	12.8:
	>4400
	>42.5
	272.0



	




	16O/18O
	HCO+/HC18O+
	J=1–0
	14.2:
	>13.7
	53.1:
	1260 ± 288
	>1613.5
	498.8



	16O/17O
	HCO+/HC17O+
	J=1–0
	>66.6
	>17.3
	
	840 ± 200
	>2039.0
	2680.6



	18O/17O
	C18O/C17O
	J=2–1
	(a)3.2:>2.9
	(a)2.5:>2.4
	6.7
	0.7 ± 0.2
	21.5 ± 21.6
	5.4



	13CO/C17O
	13CO/C17O
	J=2–1
	(a)14.0:>10.5
	(a)27.8:>26.5
	286.5
	18.7 ± 4.4
	5.9 ± 1.7
	30.0



	13CO/C18O
	13CO/C18O
	J=2–1
	(a)4.3:>3.6
	(a)11.3:>10.8
	52.1
	28 ± 6
	47.6 ± 13.5
	5.6



	
	H13CO+/HC18O+
	J=1–0
	7.7 ± 1.4
	>1.5
	86.5
	
	8.1 ± 2.3
	



	




	28Si/30Si
	28SiO/30SiO
	J=2–1
	36.6:
	7.1:
	8.9:
	>22
	37.4 ± 1.2
	29.9



	29Si/30Si
	29SiO/30SiO
	J=2–1
	3.2 ± 4.4
	0.8 ± 0.2
	1.2
	1.45
	2.5 ± 0.1
	1.5





      

      
Notes. Symbol (:) means uncertain measurements due to uncertain optical depths of the main lines.(a) The optical depth effects have been corrected (see Sect. 3.4). The row below gives the lower limits obtained by the velocity-integrated intensity ratios. (b) Taken from Kamiński et al. (2017). (c) Taken from Kahane et al. (2000).(d) Taken from Sutton et al. (1985) and Frayer et al. (2015).(e) Taken from Lodders (2003).




    

  
    
      Table 5 

      Velocity-integrated intensity of the emission lines for Kolmogorov-Smirnov test sample.

      
        


	
	
	Orion KL YSO
	IRAS+04016 YSO
	IRC+10216 C-rich
	IK Tauri O-rich
	CK Vul red nova
	IRAS+19312 narrow feature
	IRAS+19312 broad feature



	Frequency (MHz)
	Line
	∫ Tmbdv (mK km s−1)
	∫ Tmbdv (mK km s−1)
	∫ Tmbdv (K km s−1)
	[image: equation] (K km s−1)
	[image: equation] (K km s−1)
	∫ Tmbdv (mK km s−1)
	∫ Tmbdv (mK km s−1)





	84410.7
	34SO (22–11)
	37.3
	…
	…
	…
	…
	…
	…



	84521.2
	CH3OH (5−1,5–40,4E)
	57.7
	…
	…
	…
	…
	…
	…



	84410.7
	29SiO (2–1, υ=2)
	…
	…
	…
	12.6
	…
	…
	…



	84746.2
	30SiO(2–1)
	20.8
	…
	…
	3.7
	1.2
	37.9
	713.5



	85139.1
	OCS (7–6)
	40.8
	…
	…
	…
	…
	…
	…



	85162.2
	HC18O+ (1–0)
	…
	17.9
	…
	…
	…
	149.5
	…



	85167.0
	29SiO(2–1, υ=1)
	…
	…
	…
	1.5
	…
	…
	…



	85201.3
	HC5N (32–31)
	…
	…
	4.4
	…
	…
	…
	…



	85338.9
	c-C3H2 (2–1)
	…
	…
	3.0
	…
	…
	733.2
	…



	85347.9
	HCS+ (2–1)
	…
	7.4
	…
	…
	…
	…
	…



	85568.1
	CH3OH(6−2,5–7−1,7E)
	15.1
	…
	…
	…
	…
	…
	…



	85634.0
	C4H(9–8)
	…
	…
	13.0
	…
	…
	…
	…



	85640.5
	SiO (2–1, υ=2)
	15.7
	…
	…
	0.8
	…
	115.3
	168.9



	85759.2
	29SiO(2–1)
	41.1
	…
	1.6
	5.9
	1.2
	120.4
	581.1



	86055.0
	HC15N (1–0)
	34.2
	8.3
	…
	…
	2.9
	200.0
	246.8



	86094.0
	SO(22–11)
	324.7
	…
	…
	0.7
	…
	687.6
	396.9



	86210.1
	CH3OCHO(74,4–64,3)
	3.5
	…
	…
	…
	…
	…
	…



	86243.4
	SiO (2–1, υ=1)
	677.8
	…
	…
	154.7
	…
	456.7
	423.6



	86339.9
	H13CN (1–0)
	157.1
	27.2
	60.7
	0.9
	18.1
	857.3
	414.4



	86615.6
	CH3OH (72,6–63,3A)
	8.9
	…
	…
	…
	…
	…
	…



	86639.1
	SO2 (83,5–92,8)
	49.0
	…
	…
	…
	…
	…
	…



	86754.3
	H13CO+ (1–0)
	4.6
	200.2
	…
	…
	1.1
	1148.7
	616.7



	86847.0
	SiO (2–1)
	337.2
	…
	18.2
	31.2
	8.6
	1387.8
	5067.2



	86902.9
	CH3OH(72,5–63,4E)
	12.7
	…
	…
	…
	…
	…
	…



	87090.8
	HN13C (1–0)
	2.0
	19.1
	…
	…
	5.3
	251.3
	…



	87316.9
	C2H(1–0)
	36.0
	460.5
	48.8
	…
	0.7
	3879.5
	…



	87863.6
	HC5N (33–32)
	2.7
	…
	4.8
	…
	…
	…
	…



	87925.2
	HNCO(40,4–30,3)
	28.8
	…
	…
	…
	…
	…
	…



	88285.8
	Si34S (40,4–30,3)
	…
	…
	…
	0.1
	…
	…
	…



	88323.8
	CH3CH2CN(100,10–90,9)
	18.0
	…
	…
	…
	…
	…
	…



	88594.8
	CH3OH (153,13–144,10A)
	12.3
	…
	…
	…
	…
	…
	…



	88631.8
	HCN(1–0)
	1559.6
	603.1
	174.0
	8.1
	32.5
	5253.5
	9874.3



	88709.2
	CH3OCH3 (152,13–151,14A)
	26.4
	…
	…
	…
	…
	…
	…



	88865.7
	H15NC (1–0)
	1.0
	5.5
	…
	…
	0.8
	…
	…



	88940.0
	CH3OH (153,12–144,11A)
	13.2
	…
	…
	…
	…
	…
	…



	89045.6
	C3N(9–8)
	…
	…
	19.1
	…
	…
	…
	…



	89188.5
	HCO+ (1–0)
	281.1
	1228.1
	…
	0.5
	2.6
	2129.4
	7503.3



	89297.6
	CH3CH2CN(102,9–92,8)
	14.0
	…
	…
	…
	…
	…
	…



	89314.6
	CH3OCHO(81,8–71,7)
	13.3
	…
	…
	…
	…
	…
	…



	89505.8
	CH3OH(8−4,5–9−3,7E)
	16.0
	…
	…
	…
	…
	…
	…



	88323.8
	CH3CH2CN (10–9)
	142.7
	…
	…
	…
	…
	…
	…



	90145.6
	CH3OCHO(72,5–62,4)
	23.0
	…
	…
	…
	…
	…
	…



	90453.4
	CH3CH2CN(102,8–92,7)
	15.3
	…
	…
	…
	…
	…
	…



	90525.9
	HC5N(34–33)
	…
	…
	3.5
	…
	…
	…
	…



	90548.2
	SO2 (253,23–244,20)
	24.2
	…
	…
	…
	…
	…
	…



	90663.6
	HNC (1–0)
	122.9
	497.9
	22.3
	0.1
	13.1
	4998.2
	…



	90771.6
	SiS (5–4)
	5.4
	…
	30.4
	1.0
	0.4
	…
	…



	90938.1
	CH3OCH3 (60,6–51,5)
	5.9
	…
	…
	…
	…
	…
	…



	90979.0
	HC3N(10–9)
	95.4
	…
	56.3
	…
	0.9
	805.9
	…



	91550.4
	SO2 (185,13–194,16)
	51.3
	…
	…
	…
	…
	…
	…



	




	Intensity of the faintest relative to HCN (1–0)
	0.065%
	0.91%
	0.94%
	1.1%
	1.2%
	0.72%
	1.7%



	Intensity of the faintest relative to the strongest
	0.065%
	0.45%
	0.94%
	0.058%
	1.2%
	0.72%
	1.7%





      

      
Notes. The spectra of Orion KL, IRAS+04016, IRC+10216, IK Tauri, and CK Vul are taken from Frayer et al. (2015), Le Gal et al. (2020), Tuo et al. (in prep.), Velilla Prieto et al. (2017), and Kamiński et al. (2017), respectively.




    

  
    
      Table 6 

      Results of the two-sample Kolmogorov-Smirnov test.

      
        


	
	
	Normalied to the strongest
	Normalied to HCN (1–0)



	
	
	Narrow
	Broad
	Narrow
	Broad



	Classification
	Objects
	D
	p-value
	D
	p-value
	D
	p-value
	D
	p-value





	
	
	
	
	
	All lines
	
	
	



	




	High-mass YSO
	Orion KL
	0.18
	0.62
	0.26
	0.22
	0.16
	0.68
	0.24
	0.25



	Low-mass YSO
	IRAS+04016
	0.32
	0.044
	0.16
	0.78
	0.22
	0.31
	0.091
	0.99



	C-rich AGB
	IRC+10216
	0.18
	0.62
	0.19
	0.56
	0.16
	0.68
	0.18
	0.60



	O-rich AGB
	IK Tauri
	0.29
	0.085
	0.16
	0.78
	0.11
	0.97
	0.24
	0.25



	Red nova
	CK Vul
	0.21
	0.42
	0.13
	0.94
	0.19
	0.48
	0.12
	0.96



	




	
	
	
	
	
	Non-zero intensity lines
	
	



	




	High-mass YSO
	Orion KL
	0.50
	0.00013
	0.36
	0.083
	0.50
	0.00013
	0.36
	0.083



	Low-mass YSO
	IRAS+04016
	0.61
	0.0012
	0.38
	0.23
	0.47
	0.018
	0.20
	0.89



	C-rich AGB
	IRC+10216
	0.26
	0.36
	0.30
	0.28
	0.26
	0.36
	0.30
	0.28



	O-rich AGB
	IK Tauri
	0.55
	0.0026
	0.42
	0.19
	0.23
	0.56
	0.57
	0.012



	Red nova
	CK Vul
	0.35
	0.13
	0.25
	0.63
	0.35
	0.13
	0.25
	0.63





      

      
Notes. The D is the maximum deviation of the cumulative distribution function (i.e. F(x) – the fractional number of the lines with normalized intensities of ≤x) between two spectra. The p-value is the probability of two objects having similar spectral properties. The upper and lower parts list the results of using all the lines listed in Table 5 and the lines with non-zero intensity in at least one of the objects as the input data sets, respectively.




    

  
    
      Fig. A.2 

      
        [image: thumbnail]
      

      
        Simulated position-velocity diagrams (grey) of the 13CO J = 2 → 1 line in two orthogonal cuts indicated in Fig. A.1, where Vlsr represents the velocity with respect to the Local Standard of Rest. The contours represent the observational results of Nakashima & Deguchi (2005).

      

    

  
    
      Fig. A.3 
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        SHAPE-modelled (red) and observational (black) 13CO J = 2 → 1 lines.

      

    

  
    
      Fig. A.5 
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        Same as Fig. A.3, but for the SO J = 6 → 5 line.

      

    

  
    
      Fig. A.6 
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        Same as Fig. A.1, but for the HC3N J = 10 → 9 line.

      

    

  
    
      Fig. A.7 
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        Same as Fig. A.3 but for the HC3N J = 10 → 9 line.
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