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In carbon-rich environment, C2H emission is seen to be associated with HC3N, but whether it can trace the HC3N molecule in oxygen-rich environment is unknown. Here, we have searched for rotational emission from ethynyl radical (C2H) in the oxygen-rich circumstellar envelope (CSE) of the post-asymptotic giant branch (post-AGB) star OH 231.8+4.2, a renowned galactic proto-planetary nebula (PPN) known to display cyanoacetylene (HC3N) emission. Our observations were conducted using the James Clerk Maxwell Telescope (JCMT), and the total on-source time is 11.9 h. Base on local thermodynamic equilibrium (LTE) excitation analysis, we have calculated the column density and the abundance relative to H2 for C2H. The calculated column density for C2H is less than 1.4 [image: image] 1013 cm-2, which corresponds to a fractional abundance, f (C2H), less than 4.5 [image: image] 10–9. This inference suggests that the typical transformation pathway from C2H and C2H2 to HC3N may not play a significant role in O-rich environments. It indicates the presence of alternative, unidentified pathways that contribute to the formation of HC3N in O-rich circumstellar envelopes.
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1 INTRODUCTION
The post-asymptotic giant branch (post-AGB) star, or proto-planetary nebula (PPN), OH 231.8+4.2, has been extensively studied on account of its unusual chemistry (Sánchez Contreras et al., 1997). This complex object exhibits a massive bipolar outflow and a rotating disk (Sánchez Contreras et al., 2022). The central star, named QX Pup, is accompanied by a binary companion star of type A0 V, indirectly identified through the analysis of the stellar spectrum reflected by the nebular dust (Sánchez Contreras et al., 2004). OH 231.8+4.2 features an oxygen-rich (O-rich) circumstellar envelope (CSE) surrounding an evolved intermediate-mass star. In addition to typical oxygen-containing species, a variety of detected ions including HCO+, H13CO+, SO+, N2H+, and H3O+ have been observed (Sánchez Contreras et al., 2015). Furthermore, chloride species like NaCl and KCl, as well as carbon-containing species such as HCN and HNC, were identified (Sánchez Contreras et al., 1997; Sánchez Contreras et al., 2022). CSEs are categorized based on their carbon to oxygen abundance ratio ([C]/[O]). If the [C]/[O] > 1, they are considered carbon-rich AGB stars (C-rich), while if it is <1, they are classified as O-rich AGB stars (objects with [C]/[O] ∼ 1 are known as S-type AGB stars). The chemical composition of CSEs is greatly influenced by the relative abundances of carbon and oxygen (Velilla Prieto et al., 2015). In O-rich CSEs, carbon often acts as the limiting reactant and is primarily converted into carbon monoxide (CO), a highly abundant and stable molecule. The remaining oxygen can then combine with other elements to form additional oxygen-bearing molecules. Consequently, O-rich envelopes typically exhibit lower abundances of carbon-bearing molecules aside from CO, whereas C-rich CSEs tend to show limited amounts of oxygen-bearing species (Bujarrabal et al., 1994).
However, Velilla Prieto et al. (2015) detected HC3N molecule for the first time in OH 231.8+4.2, which also represents the first observation of HC3N in an oxygen-rich CSE. For linear carbon chain molecules, Agúndez et al. (2017) investigated their formation in the C-rich AGB star IRC+10216 utilizing a combined approach of observations and modeling. Their study suggests that the dissociation of acetylene (C2H2) and hydrogen cyanide (HCN) induced by ultraviolet photons can drive the production of steadily increasing length of linear carbon chains. In the outer regions of stars, C2H2 and HCN are photodissociated, producing radicals C2H and CN, which can drive the formation of carbon chain molecules (Huggins and Glassgold, 1982; Cherchneff et al., 1993; Li et al., 2014; Agúndez et al., 2017). In carbon-rich environments, C2H is often used to “trace” linear carbon chain molecules. Therefore, to explore the carbon chemistry mechanism in OH 231.8+4.2, We reached for C2H emission using the James Clerk Maxwell Telescope (JCMT).
In this paper, we report the upper limits of the column density of C2H and the abundance of C2H relative to H2 in the post-AGB star OH 231.8+4.2.
2 OBSERVATIONS AND DATA REDUCTION
The observations were conducted using the JCMT 15 m at Maunakea, Hawaii, from 2021 to 2023. This work used about 11.9 h (on-source) of integration on project E21AZ002 and M23BP059. We used the Namakanui instrument within 230 GHz `Ū`ū receiver. The central frequency we observed was 262.0042266 GHz. The observations were carried out in beam-switch mode and performed towards the center of OH 231.8+4.2 (RA (2000) = 07:42:16.947, Dec (2000) = −14:42:50.20). The local standard of rest (LSR) velocity of this source is 34 km s-1 (Alcolea et al., 2001). We obtained pipeline-processed data by first utilizing the Starlink1 software package ORAC-DR, and then converting the spectra to the CLASS format. Following this, we performed additional data reduction using the GILDAS2 software including CLASS. The conversion of antenna temperature [image: image] to the main-beam temperature [image: image], was made in accordance with [image: image], where the main-beam efficiency, [image: image] = 0.66 in this band. The full width at half maximum (FWHM) of is [image: image] at this frequency. We used a velocity resolution of 0.559 km s-1. Observations were made under Band 3 (0.08 < τ < 0.12) and Band 4 (0.12 < τ < 0.2) weather conditions. We smoothed the spectra in the velocity range of −100 to 100 km ss−1 (combined channels). The rms noise of the smoothed spectra is about 1 mK in 2.235 km s−1 wide channels. Our data reduction results in high-quality spectra with a low noise level, allowing us to accurately analyze the observed molecular emission. All spectra have been calibrated based on the antenna temperature ([image: image]) scale, which is inextricably linked to the average brightness temperature of the source ([image: image]) by the following equation, [image: image]. where [image: image] is the beam-filling factor, see Eq. 1. 
In the present study, we have considered the molecular outflow emanating from OH 231.8+4.2 as a homogenous elliptical source, characterized by its major and minor axes [image: image] and [image: image]. Under this assumption, the beam-filling factor can be expressed as follows:
[image: image]
where the FWHM is Full Width at Half Maximum of the obtained beam. We adopt an angular source size of [image: image] (Morris et al., 1987). The beam filling factor in this study is 0.09.
3 RESULTS AND ANALYSIS
The lower panel of Figure 1 shows the JCMT spectrum with a center frequency of 262004.2266 MHz and a bandwidth of 1 GHz, while the upper panel displays an expanded view of the spectrum between −100 and 100 km s-1. In the lower panel spectrum, we detect lines arising from SO (J = 76–65) and SO2 (J = 4(4,0) – 5(3,3), J = 11(3,9) – 11(2,10)). Note that their shape fits quite well to those of 13CO transitions on Figure 2 of Velilla Priet et al. (2015), including even some of the minor spectral features identified. However, not much can be seen as far as the shape of HC3N transitions are concerned. In the upper panel, we mark the line positions of the J = 7/2–5/2 and J = 5/2–3/2 transitions in the N = 3–2 rotational transition of C2H. In our observations the hyperfine transitions of both rotational lines (N = 3–2, J = 7/2–5/2, F = 4–3 (262004.2266 MHz) and F = 3–2 (262006.40340 MHz) and N = 3–2, J = 5/2–3/2, F = 4–3 (262064.8433 MHz) and F = 2–1 (262006.40340 MHz)) could be resolved with the original resolution, however, even if detected cannot be resolved after resampling. Despite the undertaken observational efforts, the emission of C2H is not detected at a noise level of 1 mK. Table 1 summarizes the upper limits for the C2H lines in OH 231.8+4.2.
[image: Figure 1]FIGURE 1 | Molecular spectra observed toward OH 231.8+4.2 identified with the JCMT 15 m. The lower panel spectrum with a center frequency of 262004.2266 MHz and a bandwidth of 1 GHz, including two emission lines for SO2 and one emission line for SO; The top panel spectrum shows frequency positions of the J = 7/2–5/2 and J = 5/2–3/2 transitions in the N = 3–2 rotational transition of C2H, the root mean square (rms) noise level is 1 mK.
TABLE 1 | Correlation parameters of C2H observed in OH 231.8+4.2.
[image: Table 1]To determine the column density and fractional abundance with relative to H2, we assume that the spectral line is optically thin and all levels involved in the transitions are under local thermodynamic equilibrium (LTE) conditions. We use the rotational diagram method (see Eq. 2) to estimate the abundance of C2H. This method has been extensively described and discussed by Goldsmith and Langer. (1999). The equation is as follows:
[image: image]
Here, N is the total column density of the molecule, Q is the partition function, [image: image] is the upper-level energy, [image: image] is the excitation temperature, [image: image] is the Boltzmann constant, [image: image] is the rest frequency, W ([image: image]) spectral line integral intensity, [image: image] is the product of the line strength and the square of the electric dipole moment. The values of [image: image] and [image: image] are taken from the splatalogue databases3.
We assume that the excitation temperature and linewidth of C2H are the same as HC3N reported by Velilla Prieto et al. (2015), which are 17 K and 27 km s-1. Based on our calculations, the column density of C2H is less than 1.4 [image: image] 1013 cm-2 (3σ upper limit).
In order to determine the relative abundance of C2H to H2, it is necessary to evaluate the average H2 column density within the radius occupied by C2H. This can be achieved by employing the following equation (Gong et al., 2015).
[image: image]
Here, [image: image] is the mass-loss rate of the star; R is the radius of C2H molecule distribution in CSE of AGB star; [image: image] the expansion velocity; [image: image] the mass of hydrogen atom; [image: image] = 2.8 is the mean molecular weight. The mass loss rate of OH 231.8+4.2 is 10–4 M⊙ yr-1 (Alcolea et al., 2001). The expansion velocity of this source is 20 km s-1 (Sánchez Contreras et al., 1997).
Due to the lack of mapping observations on C2H in this source, it is hypothesized that the C2H molecule originates from the slow-moving central component of the molecular outflow that emanates from OH 231.8+4.2. The outer radius of this PPN is 7 [image: image] 1016 cm ([image: image] at [image: image]) (Velilla Prieto et al., 2015). Following the Eq. 3 and using the upper limit of column density of C2H, we can get that relative abundance of C2H to H2 is then less than 4.5 × 10‒9.
4 DISCUSSION
In carbon-rich environment, HC3N is formed demanding the presence of CN and C2H2 as parent molecules. Since C2H2 cannot be observed in radio wavelengths and C2H is a result of C2H2 photodissociation, we have decided to search for the C2H transitions in OH 231.8+4.2. Molecular C2H are often used to explain the formation of HC3N, such as in the case of PPNe CRL 618, CRL 2688, where both C2H and HC3N molecules have been detected (Pardo et al., 2005; Zhang et al., 2013) and which are in the same evolutionary stage as OH 231.8+4.2. Unlike CRL 618 and CRL 2688, OH 231.8+4.2 exhibits a massive bipolar outflow and a rotating disk (Sánchez Contreras et al., 2022). This leads to the presence of a diverse array of species within this source, including ions and carbon-containing species (Sánchez Contreras et al., 1997; Sánchez Contreras et al., 2015). The observed relative abundance of C2H is higher than that of HC3N in C-rich environments of evolved stars. For example, in IRC+10216, the relative abundances of C2H and HC3N are 2.8 [image: image] 10–6 and 1.25 [image: image] 10–6; in CRL 2688, the values of these two species are 1.22 [image: image] 10–6 and 3.83 [image: image] 10–7, respectively, see Zhang et al. (2013). Astrochemical model also gives the same conclusion, see Li et al. (2014). However, in OH 231.8+4.2, we obtained an upper limit of 4.5 [image: image] 10–9 for C2H fractional abundance, which is lower than the observed HC3N abundance (7.9 [image: image] 10–9). It is possible that the chemical environment of OH 231.8+4.2 is different from that of CRL 618 and CRL 2688. As OH 231.8+4.2 is an oxygen-rich PPN containing a large amount of oxygen atoms and hydroxyl radicals, reactions involving C2H and oxygen atoms or OH radicals occur very quickly (Bosman et al., 2021). This results in the depletion of C2H in OH 231.8+4.2. The presence of high-speed jets and shocks in OH 231.8+4.2 (Morris et al., 1987) may also result in unknown reactions depleting the C2H. However, in this case HC3N can also be significantly destroyed, so we cannot argue that this is a fully valid argument. It is also possible that C2H2 may not be present in sufficient abundance to form abundant C2H through photodissociation. Hence the lack of detection of C2H in this source is still elusive. We plan to further search for the C2H and HC3N in other oxygen-rich proto-planetary nebulae in the galaxy to study carbon chemistry in oxygen-rich environment.
5 CONCLUSION
Despite a sensitive search to a noise level of 1 mK, we did not detect emission from C2H in OH 231.8+4.2. This result is surprising given the close correspondence between C2H and HC3N seen in C-rich AGB stars and the fact that in these objects, the acetylene molecule, C2H2, is thought to be a direct chemical precursor through its reaction with CN. Its non-detection may be due to one or more of several factors: one, that the C2H is removed very rapidly in the oxygen-rich environment of OH 231.8+4.2; two, that the intrinsic physical properties (shocks, jets) prevent its existence; three, that C2H2 may not be present in sufficient abundance to form abundant C2H through photodissociation. In this case, the HC3N detected in OH 231.8+4.2 must be formed via a different chemical route than that which occurs in C-rich AGB circumstellar envelopes. Our study indicates the need for future research on the formation and evolution of carbon chain molecules in oxygen-rich environment.
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temperature integrated over velocity.
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