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Abstract

Context. Shock waves from supernova remnants (SNRs) strongly affect the physical and chemical properties of molecular clouds (MCs). Shocks propagating into magnetized MCs can be classified into jump or J-shocks and continuous or C-shocks. The molecular chemistry in the re-formed molecular gas behind J-shocks is still only poorly understood. It is expected to provide a comprehensive view of the chemical feedback of SNRs and the chemical effects of J-shocks.

Aims. We conducted a W-band (71.4–89.7 GHz) observation toward a re-formed molecular clump behind a J-shock induced by SNR W51C with the Yebes 40 m radio telescope to study the molecular chemistry in the re-formed molecular gas.

Methods. Assuming local thermodynamic equilibrium (LTE), we estimated the column densities of HCO+, HCN, C2H and o-c-C3H2, and derived their abundance ratio maps with CO. The gas density was constrained by a non-LTE analysis of the HCO+ J = 1–0 line. The abundance ratios were compared with the values in typical quiescent MCs and shocked MCs, and they were also compared with the results of chemical simulations with the Paris-Durham shock code to verify and investigate the chemical effects of J-shocks.

Results. We obtained the following abundance ratios: N(HCO+)/N(CO) ~ (1.0–4.0) × 10−4, N(HCN)/N(CO) ~ (1.8–5.3) × 10−4, N(C2H)/N(CO) ~ (1.6–5.0) × 10−3, and N(o-c-C3H2)/N(CO) ~ (1.2–7.9) × 10−4. The non-LTE analysis suggests that the gas density is nH2 ≳ 104 cm−3. We find that the N(C2H)/N(CO) and N(o-c-C3H2)/N(CO) are higher than typical values in quiescent MCs and shocked MCs by 1–2 orders of magnitude, which can be qualitatively attributed to the abundant C+ and C in the earliest phase of molecular gas re-formation. The Paris-Durham shock code can reproduce, although not perfectly, the observed abundance ratios, especially the enhanced N(C2H)/N(CO) and N(c-C3H2)/N(CO), with J-shocks propagating into both nonirradiated and irradiated molecular gas with a preshock density of nH = 2 × 103 cm−3.
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1 Introduction
Supernova remnants (SNRs) exert a strong influence on the physical and chemical properties of the molecular clouds (MCs) with which they interact (e.g., van Dishoeck et al. 1993). Among all the effects driven by SNRs, the shock waves play a crucial rule. A shock can heat, compress, and accelerate the molecular gas (Draine & McKee 1993), which alters the physical properties of the MC and regulates the molecular chemistry through various processes (e.g., Burkhardt et al. 2019).
The shocks that propagate into magnetized MCs can roughly be classified into two types: jump or J-shocks, and continuous or C-shocks (Draine & McKee 1993). J-shocks are often fast and weakly magnetized. The deceleration and heating of the entire shock is almost entirely due to the viscous stresses arising in a thin transition layer called the viscous subshock. A jump in the physical parameters (density, temperature, etc.) is expected in the shock profile. In contrast, C-shocks are often slow and strongly magnetized. The momentum transfer and heating are completed by the magnetic precursor that precedes the viscous subshock when the magnetic field is strong enough to cause the magnetosonic speed [image: equation] to be higher than the shock velocity. Therefore, the physical parameters change continuously without a jump between the upstream and downstream.
Molecular chemistry induced by C-shocks has been extensively studied in SNRs (e.g., van Dishoeck et al. 1993; Lazendic et al. 2010; Zhou et al. 2022; Tu et al. 2024a) and in other astro-physical environments such as molecular outflows of protostars (e.g., Bachiller et al. 2001; Mendoza et al. 2018; Codella et al. 2020). Since C-shocks are nondissociative, most molecules can survive, and C-shocks can also release the depleted molecular species back into the gas phase and make them detectable (e.g., SiO, Gusdorf et al. 2008). However, investigations of molecular chemistry induced by J-shock are hampered by the fact that a J-shock can result in a much higher temperature than a C-shock, and most molecules will be dissociated (e.g., Kristensen et al. 2023). Therefore, observational studies of J-shocks often turn to emission lines of atoms (e.g., Rho et al. 2001; Lee et al. 2019) or infrared transitions of a limited variety of molecules: CO, H2, and H2O (e.g., Shinn et al. 2012; Rho et al. 2015). However, simulations have found that molecules can re-form in the cooling gas behind a fast and dissociative J-shock (Hollenbach & McKee 1989; Neufeld & Dalgarno 1989; Cuppen et al. 2010; Hollenbach et al. 2013), and observations also found this reformed molecular gas in SNRs W51C (Koo & Moon 1997b) and IC443 (Wang & Scoville 1992). In the prototypical protostellar outflow L1157, molecular gas that re-formed behind the J-shock was identified by CO observations (Lefloch et al. 2012; Benedettini et al. 2012), and re-formed CS was discovered (Gómez-Ruiz et al. 2015). However, the abundance of CS deviates little from other C-shocked components. It is still unclear whether a J-shock can induce a different chemistry compared with a C-shock and quiescent gas conditions.
SNR W51C (G49.2–0.7) is a middle-aged SNR that interacts with MCs, as shown by 1720 MHz OH masers (Green et al. 1997), the broadened molecular line (Koo & Moon 1997b; Brogan et al. 2013), SiO emission (Dumas et al. 2014), and so on. Cold CO gas that re-formed behind a J-shock was found by Koo & Moon (1997b) based on three observational facts. First, the local-standard-of-rest (LSR) velocity of the CO gas (≳80 km s−1) is higher than the tangent point LSR velocity (≈60 km s−1) in this direction (l ≈ 49°). The CO gas is therefore likely accelerated by the shock to high LSR velocity. Second, the line-of-sight velocity separation between the preshock and postshock CO gas is large (≈20–50 km s−1), while for a C-shock, the postshock gas should be at velocities closer to that of the preshock gas since the acceleration of the shocked gas is continuous. Third, the estimated excitation temperature of the CO emission is low (~10 K), and it is expected to be higher for C-shocked gas. Fourth, the postshock CO gas is spatially and spectrally coincident with high-velocity HI gas, which was proposed to be subject to a fast shock with a velocity of ~100 km s−1 (Koo & Moon 1997a).
We present a new molecular observation toward clump 2 of W51C that was found and named by Koo & Moon (1997b) to study the detailed molecular chemistry induced by a J-shock. In Sect. 2 we describe the details of our observation and the data reduction. The observational results are presented in Sect. 3. In Sect. 4 we calculate the molecular column densities and abundance ratios, constrain the gas density, discuss the chemistry of carbon-chain species, and present the results of our chemical simulation. Our conclusions are summarized in Sect. 5.
2 Observations
2.1 Yebes 40 m observation
We conducted a new mapping observation toward clump 2 (which was identified and named by Koo & Moon 1997b) of SNR W51C with the Yebes 40 m radio telescope (PI: Tian-Yu Tu, project code: 24A003) in W band, covering the spectral range of 71.4–89.7 GHz. Position-switching mode was adopted throughout the observation, with the reference point at αJ2000 = 19h23m05s.8, δJ2000 = +14°10′56″. The mapping was made toward a 82″.5 × 82″.5 region centered at αJ2000 = 19h22m45s.69, δJ2000 = +14°11′58″.9 with a pixel size of 7″.5 × 7″.5 (see Fig. 1 for the position and size of the mapped region). The sensitivity measured in the main-beam temperature Tmb at the raw spectral resolution (38 kHz) was 0.05–0.09 K. The data were reduced with the GILDAS/CLASS package1. For better comparison, all of the reduced data cubes were smoothed to a common beam size of 27″.6.
2.2 Other archival data
We obtained some archival data to support our analysis. The 12CO J = 3–2 data were retrieved from the 12CO (3–2) High-Resolution Survey (COHRS) project (Park et al. 2023) performed by the James Clarke Maxwell Telescope (JCMT). The angular resolution was 16.6″, and the sensitivity measured in [image: equation] was ~1 K at a velocity channel width of 0.635 km s−1. The antenna temperature was converted into Tmb with a main-beam efficiency of 0.61.
We also obtained the 12CO J = 1–0 data observed by the Nobeyama 45 m telescope and the [C I] (3P1−3P0) data observed by the Atacama Submillimeter Telescope Experiment (ASTE) 10 m telescope from Yamagishi et al. (2023). The details of the observation can be found therein. All of these supplementary data cubes were smoothed to a beam size of 27″.6.
The 1.4 GHz radio continuum map of W51C was obtained from the VLA Galactic Plane Survey (VGPS, Stil et al. 2006). All the processed data were further analyzed with the Python packages Astropy (Astropy Collaboration 2018, 2022) and Spectral-cube2. The data cubes of the CO isotopes were reprojected with the reproject3 package. We visualized the data with the Python package Matplotlib4.
	[image: thumbnail]	Fig. 1 Integrated-intensity map of the JCMT 12CO J = 3–2 line in the velocity range +80− +110 km s−1, which is the velocity range of the re-formed CO gas proposed by Koo & Moon (1997b), overlaid with orange contours of the VGPS 1.4 GHz radio continuum (the levels are 50–250 K in steps of 50 K). The two white crosses show the 1720 MHz OH masers discovered by Green et al. (1997). The white arrow points to the geometric center of W51C recorded in the Green SNR catalog (Green 2019). The white box shows the molecular clump toward which we conducted the Yebes 40 m observation.



3 Results
In total, we detected transitions from 24 molecular species, five of which (HCO+, HCN, C2H, o-c-C3H2, and H2CO) show broadened emission-line profiles in the velocity range +80−+110 km s−1, which is the LSR velocity range of the re-formed CO gas (Koo & Moon 1997b), while others are only detected around ~ +61 km s−1 which corresponds to the ambient MCs. The spectra of the five molecular transitions averaged in the entire mapped region, together with the 12CO (hereafter CO if not specified) J = 1–0 and 3–2 lines, are shown in Fig. 2. The averaged spectra of other detected molecular species are shown in the appendix. The HCO+ and HCN lines exhibit the highest signal-to-noise ratio. Considering that the HCN line may be affected by the hyperfine structures, we used the HCO+ line to analyze the velocity structure in the mapped region.
We divided the entire HCO+ spectrum into six components (see the colored rectangles in Fig. 2) based on visual inspections of their spatial distributions. The integrated intensity maps of the six components are shown in Fig. 3. Component (a) is bright toward the southwest of the mapped region and is not spatially coincident with the radio continuum. Component (b) is mainly located in the north and is spatially coincident with the 870 μm far-infrared continuum dust emission detected by the APEX Telescope Large Area Survey of the GALaxy (ATLASGAL, Urquhart et al. 2018). The emission peak of HCO+ in this component is also consistent with the ATLASGAL clump G49.111–0.322. Components (c) and (d) are contiguous in the spectrum: (c) is an emission peak, and (d) exhibits a line wing structure (see Fig. 2). However, component (c) is located toward the east of (d) and is spatially coincident with a bulge in the radio continuum. Both components could be preshock gas of W51C or C-shocked gas. Components (e) and (f) are separated from the other velocity components and have been proposed to be the molecular gas that re-formed behind a fast J-shock. However, these two components show a slightly different spatial distribution. The majority of the emission in component (e) is toward the center of the mapped region, while this component also contains a weak emission feature toward the west. For component (f), the emission toward the west vanishes, while the emission peak moves east compared with component (e). The spatial distribution of component (f) is similar to (c) and is also coincident with a bulge in the radio continuum.
Although the re-formed gas can be divided into two velocity components, it is hard to perform spectral decomposition because the shocked gas does not necessarily exhibit a Gaussian line profile and the signal-to-noise ratio of the other transitions is limited. In the following analysis, we regard the two components as one. We also note that none of components (a) to (d) can undoubtedly be identified as the preshock gas. A pixel-by-pixel decomposition of all the observed spectra around 61 km s−1 is also almost impossible. Therefore, we cannot directly estimate the properties of the preshock gas from our observation.
	[image: thumbnail]	Fig. 2 Spectra of the molecular transitions with emission detected in the velocity range +80− +110 km s−1 averaged across the entire mapped region. The velocity integration intervals for the six velocity components are shown by colored rectangles in the spectrum of HCO+.



	[image: thumbnail]	Fig. 3 HCO+ integrated intensity map of the six velocity components marked by colored rectangles in Fig. 2. The solid orange contours show the VGPS 1.4 GHz radio continuum at 104–112 K levels in steps of 2 K from left (east) to right (west), and the dashed orange contours show the ATLASGAL 870 μm continuum (in steps of 0.3, 0.6, and 0.9 Jy beam−1). The red cross in panel (b) shows the position of ATLASGAL clump G49.111–0.322.



4 Discussion
4.1 Estimating the molecular column densities and abundance ratios
Considering that we lack data of multiple (≥3) transitions of one molecular species, we assumed local thermodynamic equilibrium (LTE) in our estimation of the molecular column densities. We assumed that all the transitions in the velocity range +80−+110 km s−1 were optically thin because their line widths are large, which in turn suggests large velocity gradients. The excitation temperature (Tex) of the CO lines can be estimated by fitting the relation (Goldsmith & Langer 1999)
[image: equation](1)
where Nu is the column density of the molecules in the upper energy level, gu is the statistical weight of the upper energy level, N is the total column density, Z is the partition function, and Eu is the energy of the upper level. In the optical thin limit, Nu can be written as Nu = (8πkν2W)/(hc3Aul), where W is the integrated intensity, and Aul is the Einstein A coefficient of the transition. After we obtained Tex, we estimated the column density via (Mangum & Shirley 2015)
[image: equation](2)
where S is the line strength, μ is the dipole moment, Tbg = 2.73 K is the background temperature, and Jν(T) is defined by Jν(T) = (hν/k)/(exp (hν/kT) − 1). The molecular constants (Eu and Sμ2) were retrieved from Splatalogue5. The obtained Tex(CO) and N(CO) maps are shown in Fig. 4. Generally, the Tex(CO) is within the range 11.5–23 K, and the N(CO) is within 1–9 × 1016 cm−2 throughout the clump. The peaks of both values are higher than those obtained by Koo & Moon (1997a), which are Tex = 11 K and N(CO) = 4 × 1016 cm−2, because the beam size of our data (27″.6) is smaller than that of their data (55″, in which the beam dilution effect is stronger because the angular size of the source is smaller than the beam size).
To estimate the column densities of other molecular species, we made two assumptions on their Tex: (1) We assumed that Tex of the other species is equal to Tex(CO), and (2) we fixed Tex = 5 K (van der Tak et al. 2007) throughout the target region for other species because they trace gas that is denser than CO (Shirley 2015). We did not estimate the column density of H2CO because the signal-to-noise ratio of its transition is low. The abundance ratio maps of N(HCO+)/N(CO), N(HCN)/N(CO), N(C2H)/N(CO), and N(o-c-C3H2)/N(CO) based on the two assumptions are separately shown in Fig. 5. Here we cannont obtain the abundances of HCO+, HCN, C2H and o-c-C3H2 because the abundance of CO is not necessarily ~10−4 at these low column densities (e.g., Burgh et al. 2007).
Fig. 5 shows that the difference between the abundance ratios estimated for the two assumed cases of Tex is within a factor of 2 for HCO+, HCN and C2H, and a factor of 3 for o-c-C3H2. The obtained ranges of the abundance ratios, including the values obtained with the two assumptions, are 1.0–4.0 × 10−4, 1.8–5.3 × 10−4, 1.6–5.0 × 10−3, and 1.2–7.9 × 10−4 for N(HCO+)/N(CO), N(HCN)/N(CO), N(C2H)/N(CO), and N(o-c-C3H2)/N(CO), respectively. The abundance ratios are all highest toward the eastern edge of the molecular clump and decrease toward the west, which is roughly consistent with the direction of the SNR blast wave.
We also estimated an upper limit of the N(C0)/N(CO) considering that no broadened [C I] emission (see Sect. 2.2) is detected. The upper limit of N(C0) can be estimated with (Izumi et al. 2021)
[image: equation](3)
where the optical depth of the [C I] line is
[image: equation](4)
We assumed that the nondetected [C I] line profile follows a Gaussian with a full width at half maximum (FWHM) of 15 km s−1. We smoothed the original data to a beam of 27″.6 (see Sect. 2.2) and a velocity channel width of 3 km s−1. The 3σ upper limit of the Tmb is 0.5 K. We varied the Tex from 12 K to 22 K to determine the maximum upper limit of N(C0). Finally, we found an upper limit for N(C0)/N(CO) of ≲2.
	[image: thumbnail]	Fig. 4 Excitation temperature (upper panel) and column density (lower panel) maps of CO.



	[image: thumbnail]	Fig. 5 Maps of the abundance ratios N(HCO+)/N(CO), N(HCN)/N(CO), N(C2H)/N(CO), and N(o-c-C3H2)/N(CO) (from left to right) based on the assumptions Tex = Tex(CO) (upper row) and Tex = 5 K (lower row).



4.2 Constraint on the gas density
Although we were unable to conduct a non-LTE analysis to fit the physical parameters of the molecular clump, we still constrained its gas density. The peak integrated intensity of the HCO+ J = 1–0 line is ≈ 12 K km s−1 (which was inferred by combining Figs. 3e and f), and the peak N(HCO+) in the LTE analysis is ~2 × 1013 cm−2 (which was inferred by combining Figs. 4 and 5). We note that although the LTE analysis is indeed not precise, we considered N(HCO+) for two cases of Tex of 5 K and ~20 K as the lower and upper ends of the Tex range separately. Therefore, the estimated peak can be regarded as a strict upper limit of the real N(HCO+). To constrain the gas density, we ran a set of physical parameters with the non-LTE radiative transfer code RADEX (van der Tak et al. 2007), varying the gas density nH2 and gas temperature T with fixed N(HCO+) = 2 × 1013 cm−2 and an FWHM of 15 km s−1. Similar method was used by Shirley (2015) to estimate the effective excitation density of dense gas tracers. We plot the predicted integrated intensity and the gas density at given values of T in Fig. 6. We find that the gas density must be ~104 cm−3 at least to reproduce the observed peak intensity of the HCO+ J = 1–0 line. Although a higher gas temperature also enhances the integrated intensity at nH2 ≲ 105 cm−3, this effect is not significant at T ≳ 50 K.
	[image: thumbnail]	Fig. 6 Predicted integrated intensity of HCO+ J = 1–0 line as a function of nH2. The lines with different colors show the models with different gas temperatures. The dotted black line in the right panel shows an integrated intensity of 12 K km s−1.



4.3 Unusual N(C2H)/N(CO) and N(o-c-C3H2)/N(CO) abundance ratios
We recall that the estimated abundance ratio is ~10−3 for N(C2H)/N(CO) and ~10−4 for N(o-c-C3H2)/N(CO). In dense quiescent MCs, these ratios are typically ~10−4−10−5 and ~10−5−10−6, respectively (e.g., Agúndez & Wakelam 2013; Kim et al. 2020). Therefore, the obtained N(C2H)/N(CO) and N(o-c-C3H2)/N(CO) ratios are higher than the typical values in dense MCs by 1–2 orders of magnitude.
Broadened emission line induced by SNR-MC interaction of C2H was only found in SNRs IC443 (van Dishoeck et al. 1993), W28 (Mazumdar et al. 2022), and 3C391 (Tu et al. 2024b), while broadened c-C3H2 line was only found in SNR 3C391 (Tu et al. 2024b). The N(C2H)/N(CO) toward IC443 clump G, which is one of the prototypical molecular clumps interacting with SNRs, is ~10−4 (van Dishoeck et al. 1993), which is similar to the value in typical quiescent MCs. In other environments of interstellar shocks, C2H and c-C3H2 are also discussed rarely. For example, these two species are regarded as tracers of ambient gas (e.g., Shimajiri et al. 2015) or cavity walls exposed to UV radiation (e.g., Tychoniec et al. 2021) in protostellar outflows. In the molecular cloud core L1521, which is a source of shocked carbon-chain chemistry with an enhanced abundance of some carbon-chain species, the abundance ratio N(c-C3H2)/N(CO) is ~10−5 (Sato et al. 1994; Liu et al. 2021). We note that the ortho-to-para ratio of c-C3H2 is 3 in thermal equilibrium and is often observed to be within the range of 1–3 (Park et al. 2006). Therefore, the column density of o-c-C3H2 is expected to be similar to that of c-C3H2, and the observed N(c-C3H2)/N(CO) value toward L1251 is lower than the value we obtained in W51C by an order of magnitude. A high N(C2H)/N(CO) ratio similar to our case was found in the circumnuclear disk of the Seyfert galaxy NGC 1068 (Viti et al. 2014; Nakajima et al. 2023), but it was proposed to be the result of a complex interaction with a shock and UV or X-ray radiation (García-Burillo et al. 2017).
Our observed abundance ratios are roughly consistent with the values in diffuse or translucent molecular gas: Liszt & Lucas (1998) for CO, Lucas & Liszt (1996) for HCO+, Liszt & Lucas (2001) for HCN, and Lucas & Liszt (2000) for C2H and c-C3H2; see also Table 3 of Liszt et al. (2006) for a compilation. We also refer to Kim et al. (2023) for a later observation of all the species except CO. However, the gas density of the target clump (≳104 cm−3) is higher than the typical values of diffuse and translucent clouds (Snow & McCall 2006). Therefore, the dominating physical and chemical processes are expected to be different.
Carbon-chain species, including C2H and c-C3H2, are regarded as early-type species (Sakai & Yamamoto 2013; Taniguchi et al. 2024). The formation of carbon-chain species strongly relies on C+ and C0 in the gas phase (see Fig. 1 of Sakai & Yamamoto 2013 and Fig. 1 of Taniguchi et al. 2024), which are transformed into CO as the cloud evolves from diffuse gas into molecular cloud core. For instance, the formation routes of C2H include but are not limited to (Taniguchi et al. 2024)
[image: equation](5)
Therefore, carbon chains are formed efficiently in the earliest phase of MC formation and are depleted or destructed in evolved MCs. This was verified by many chemical simulations (e.g., Suzuki et al. 1992; Taniguchi et al. 2019). Since the target clump is molecular gas that re-formed behind a dissociative J-shock, it is thought to be in the earliest phase of the MC evolution with abundant C+ and C0 in the gas phase. Therefore, enhanced abundances of carbon-chain species, and in turn, their abundance ratios to CO, are possible. The simulation of Neufeld & Dalgarno (1989) also predicted a plateau of the C2H abundance X(C2H) soon after the J-shock. However, this simulation only considered a fast J-shock in dense preshock gas >104 cm−3, which is higher than the preshock density in our case, and it did not predict a significantly enhanced N(C2H)/N(CO) abundance ratio either.
4.4 Chemical simulation of molecular re-formation behind a J-shock
To further investigate whether the enhanced N(C2H)/N(CO) and N(o-c-C3H2)/N(CO) abundance ratios are due to the chemistry induced by the J-shock, we used the Paris-Durham shock code (Flower et al. 1985; Flower & Pineau des Forêts 2003, 2015; Godard et al. 2019) to simulate the molecular re-formation behind a J-shock. The code is a public numerical tool for computing the coupled dynamical, thermal, and chemical evolution of the interstellar medium subject to a plane-parallel shock wave. The computation consisted of two steps. In step 1, the code simulated the evolution of a quiescent cloud and evolved it into a steady state. In step 2, the code used the outputs of step 1 as the preshock conditions (including the physical and chemical parameters) and allowed a shock wave to propagate into the preshock cloud.
We simulated both irradiated and nonirradiated shocks. In the irradiated case, we assumed that a cloud with a visual extinction of AV = 2 (at the interface between the translucent and dense MC (Snow & McCall 2006)) was irradiated by the interstellar radiation field with G0 = 1.6 in Habing unit6 (Parravano et al. 2003; Wolfire et al. 2022). The magnetic field in the simulation was controlled by a parameter [image: equation]. We adopted β = 1, which is close to the magnetic field in interstellar clouds (Crutcher et al. 2010). The cosmic-ray ionization rate per H2 was fixed to be 1.3 × 10−17 s−1 in step 1, which is the typical value in MCs (Caselli et al. 1998), and it was enhanced to 5 × 10−16 s−1 in step 2, which is roughly consistent with previous observations and simulations (Ceccarelli et al. 2011; Shingledecker et al. 2016; Yamagishi et al. 2023). The propagation time of the shock was limited to t < 3 × 104 yr, which is consistent with previous constraints on the age of W51C (Koo et al. 1995; Park et al. 2013). We varied the preshock H nucleus density nH to be 2 × 102, 2 × 103, and 2 × 104 cm−3, and the shock velocity Vs to 25, 30, 40, 50, and 60 km s−1. At lower Vs, the shock becomes a C-shock. We found that a preshock density nH = 2 × 103 cm−3 can reproduce the observed abundance ratio better, and the target clump has a density nH2 ≳ 104 cm−3. Therefore, we limited our discussion to nH = 2 × 103 cm−3.
Figure 7 shows the abundance ratios predicted by the nonirradiated (upper row) and irradiated (lower row) shock models. For the nonirradiated shock model, all of the four abundance ratios except N(C2H)/N(CO) can be well reproduced, while the difference between the peak values of the modeled N(C2H)/N(CO) and observed range is within an order of magnitude. Therefore, we conclude that the observed abundance ratio can essentially be reproduced by the J-shock chemistry. We note that N(C2H)/N(CO) and N(c-C3H2)/N(CO) reach their peak values at ~3 × 103 yr and then decrease quickly. This is consistent with the scenario according to which the carbon-chain species are early-type species and are destructed during the evolution of the MC (Sakai & Yamamoto 2013; Taniguchi et al. 2024). Specifically, C2H is mainly formed via
[image: equation](6)
at t ≲ 3 kyr, where the CH+ can be formed through either C+ + H2 or C + [image: equation]. This pathway is similar to route (b) mentioned in reactions 5. Atomic C, which is key to the formation of [image: equation], is formed in the J-shock through the dissociation of CO and CH. At t ≳ 3 kyr, C2H is mainly destructed by atomic O to form CO. The formation of c-C3H2 is much more complicated and ends with c-C3[image: equation] + e− → c-C3H2 + H, where the c-C3[image: equation] molecule can be formed via c-C3H+/c-C3[image: equation] + H2.
For the irradiated shock model, N(HCO+)/N(CO) and N(C2H)/N(CO) can be well reproduced, while N(c-C3H2)/N(CO) is within an order of magnitude away from the observed range. However, the N(HCN)/N(CO) is strongly overestimated by the irradiated model. Therefore, although this model can roughly reproduce the observed abundance ratios, its performance is worse than that of the nonirradiated shock model. The formation pathway of C2H in the irradiated shock model is slightly different from that in the nonirradiated shock model,
[image: equation](7)
because the abundance of C and C+ is higher due to the external UV field.
We note that although both models can reproduce the observed abundance ratios to some extent, the simulation is not exempt from problems. We recall that there are some other constraints on the physical properties of the target molecular clump. Koo & Moon (1997b) found that the abundance ratio N(CO)/N(H I) is <4 × 10−5, which is the expected value if CO has totally been re-formed while HI has yet to form H2. To explain this effect, they proposed that the hydrogen nuclei are mainly in atomic form instead of molecular, according to the N(H I) versus N(CO) scatter plot (see their Fig. 5). However, as plotted in the left panel of Fig. 8, a significant fraction of H has recombined to H2 even before 2 × 103 yr, regardless of the shock velocity in the nonirradiated shock models. Therefore, the nonirradiated shock models can hardly reproduce the trends proposed by Koo & Moon (1997b). On the other hand, for the irradiated models, the N(CO)/N(H I) < 4 × 10−5 can be naturally explained by the fact that neither CO nor H2 has been remarkably re-formed (see the middle panel of Fig. 8). In Sect. 4.1 we obtained an upper limit for the N(C0)/N(CO) abundance ratio ≲2, however. The irradiated shock models may have significantly overestimated the N(C0)/N(CO) abundance ratio, however, because of photodissociation of incident UV radiation. The reason might be that the target clump lies in a weaker UV field than we assumed. An alternative explanation is the uncertainty in the treatment of UV radiative transfer in the shock model, as shown in Godard et al. (2019).
In summary, our simulation can essentially reproduce the observed abundance ratios despite some defects, especially the enhanced N(C2H)/N(CO) and N(c-C3H2)/N(CO). This suggests that these abundance ratios can be explained by the chemistry induced by the J-shock. However, we also note that the chemical simulation shows problems, such as the lacking consideration of the three-dimensional structure of the MC and the incomplete chemical network. In addition, we only investigated some specific cases with simple assumptions on the properties such as the UV field, the magnetic field, and and the cosmic-ray ionization rate, instead of exploring the full parameter space. Further improvement on the chemical network, especially the grain-surface chemistry, which strongly affects the initial condition of the shock and plays an important role in carbon-chain chemistry (Sakai & Yamamoto 2013), and the treatment of UV radiative transfer, may help the shock model to better reproduce the observation, but this is beyond the scope of this paper, however.
	[image: thumbnail]	Fig. 7 Abundance ratios of N(HCO+)/N(CO), N(HCN)/N(CO), N(C2H)/N(CO) and N(c-C3H2)/N(CO) (from left to right) predicted by the Paris-Durham shock code as a function of time with a preshock density of nH = 2 × 103 cm−3. The upper row shows the results of a nonirradiated shock, and the lower row shows the results of a shock irradiated by an interstellar radiation field (G0 = 1.6) with a visual extinction of AV = 2. The lines with different colors show the results of different shock velocities, as shown in the labels of the upper right panel. The gray shaded regions delineate the range obtained from our observation.



	[image: thumbnail]	Fig. 8 Auxiliary results of the nonirradiated (left panel) and irradiated (middle and right panel) shock models with a preshock density of nH = 2 × 103 cm−3. The lines with different colors show the results of different shock velocities, as shown in the labels of the right panel. Left panel: evolution of the abundances (denoted by X) of H (solid lines) and H2 (dotted lines) relative to the total H nucleus in the nonirradiated models. Middle panel: evolution of the abundances of H (solid lines, multiplied by a factor of 4 × 10−5) and CO (dotted lines) relative to the total H nucleus in the irradiated models. Right panel: evolution of the abundance ratio N(C0)/N(CO) in the irradiated models.



5 Conclusions
We presented new observation toward W51C clump 2 in 71.4–89.7 GHz with the Yebes 40 m radio telescope to study the molecular chemistry induced by a J-shock. Five molecular species (HCO+, HCN, C2H, o-c-C3H2, and H2CO) exhibit broadened emission line profiles in +80−+110 km s−1 which is the velocity range of the re-formed molecular gas behind a J-shock. We found that the spectrum of HCO+ J = 1–0 can be divided into six velocity components, in which the re-formed gas can be divided into two components with different spatial distributions. To facilitate the analysis, we regarded the two re-formed gas components as one.
With the CO J = 1–0 and 3–2 data, we estimated the excitation temperature and column density of CO based on the LTE assumption, and obtained the abundance ratios of HCO+, HCN, C2H, o-c-C3H2 to CO, which are N(HCO+)/N(CO) ~ (1.0–4.0) × 10−4, N(HCN)/N(CO) ~ (1.8–5.3) × 10−4, N(C2H)/N(CO) ~ (1.6–5.0) × 10−3, and N(o-c-C3H2)/N(CO) ~ (1.2–7.9) × 10−4. We also obtained an upper limit for the N(C0)/N(CO) abundance ratio of ≲2. We found that the N(C2H)/N(CO) and o-c-C3H2 ratios are higher than the typical values in dense MCs and the value in SNR IC443 clump G. This enhancement can be qualitatively attributed to the chemistry in the earliest phase of MC formation, when abundant C+ and C in the gas phase boost the formation of carbon-chain species.
To further investigate whether the enhanced N(C2H)/N(CO) and N(c-C3H2)/N(CO) are due to J-shock chemistry, we conducted a chemical simulation with the Paris-Durham shock code. We found that the nonirradiated and irradiated shock models with a preshock density of nH = 2 × 103 cm−3 can both basically reproduce the observed abundance ratios, despite some defects. This suggests that the abundance ratios can indeed be attributed to the chemistry induced by a J-shock. However, the nonirradiated models overestimate the re-formation of H2, while the irradiated models overestimate the N(C0)/N(CO) abundance ratio. Improvements of the shock code may help to reproduce the observation.
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Appendix A  Spectra of all other detected transitions
	[image: thumbnail]	Fig. A.1 Spectra of all detected molecular transitions averaged in the entire field of view except those which have been shown in Fig. 2.



	[image: thumbnail]	Fig. A.2 Continued. The HCS+ J = 2–1 line is at ≈ +29 km s−1 in the upper right panel of which the rest frequency is set to be the frequency of the o-c-C3H2 line.
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All Figures
	[image: thumbnail]	Fig. 1 Integrated-intensity map of the JCMT 12CO J = 3–2 line in the velocity range +80− +110 km s−1, which is the velocity range of the re-formed CO gas proposed by Koo & Moon (1997b), overlaid with orange contours of the VGPS 1.4 GHz radio continuum (the levels are 50–250 K in steps of 50 K). The two white crosses show the 1720 MHz OH masers discovered by Green et al. (1997). The white arrow points to the geometric center of W51C recorded in the Green SNR catalog (Green 2019). The white box shows the molecular clump toward which we conducted the Yebes 40 m observation.
In the text



	[image: thumbnail]	Fig. 2 Spectra of the molecular transitions with emission detected in the velocity range +80− +110 km s−1 averaged across the entire mapped region. The velocity integration intervals for the six velocity components are shown by colored rectangles in the spectrum of HCO+.
In the text



	[image: thumbnail]	Fig. 3 HCO+ integrated intensity map of the six velocity components marked by colored rectangles in Fig. 2. The solid orange contours show the VGPS 1.4 GHz radio continuum at 104–112 K levels in steps of 2 K from left (east) to right (west), and the dashed orange contours show the ATLASGAL 870 μm continuum (in steps of 0.3, 0.6, and 0.9 Jy beam−1). The red cross in panel (b) shows the position of ATLASGAL clump G49.111–0.322.
In the text



	[image: thumbnail]	Fig. 4 Excitation temperature (upper panel) and column density (lower panel) maps of CO.
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	[image: thumbnail]	Fig. 5 Maps of the abundance ratios N(HCO+)/N(CO), N(HCN)/N(CO), N(C2H)/N(CO), and N(o-c-C3H2)/N(CO) (from left to right) based on the assumptions Tex = Tex(CO) (upper row) and Tex = 5 K (lower row).
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	[image: thumbnail]	Fig. 6 Predicted integrated intensity of HCO+ J = 1–0 line as a function of nH2. The lines with different colors show the models with different gas temperatures. The dotted black line in the right panel shows an integrated intensity of 12 K km s−1.
In the text



	[image: thumbnail]	Fig. 7 Abundance ratios of N(HCO+)/N(CO), N(HCN)/N(CO), N(C2H)/N(CO) and N(c-C3H2)/N(CO) (from left to right) predicted by the Paris-Durham shock code as a function of time with a preshock density of nH = 2 × 103 cm−3. The upper row shows the results of a nonirradiated shock, and the lower row shows the results of a shock irradiated by an interstellar radiation field (G0 = 1.6) with a visual extinction of AV = 2. The lines with different colors show the results of different shock velocities, as shown in the labels of the upper right panel. The gray shaded regions delineate the range obtained from our observation.
In the text



	[image: thumbnail]	Fig. 8 Auxiliary results of the nonirradiated (left panel) and irradiated (middle and right panel) shock models with a preshock density of nH = 2 × 103 cm−3. The lines with different colors show the results of different shock velocities, as shown in the labels of the right panel. Left panel: evolution of the abundances (denoted by X) of H (solid lines) and H2 (dotted lines) relative to the total H nucleus in the nonirradiated models. Middle panel: evolution of the abundances of H (solid lines, multiplied by a factor of 4 × 10−5) and CO (dotted lines) relative to the total H nucleus in the irradiated models. Right panel: evolution of the abundance ratio N(C0)/N(CO) in the irradiated models.
In the text



	[image: thumbnail]	Fig. A.1 Spectra of all detected molecular transitions averaged in the entire field of view except those which have been shown in Fig. 2.
In the text



	[image: thumbnail]	Fig. A.2 Continued. The HCS+ J = 2–1 line is at ≈ +29 km s−1 in the upper right panel of which the rest frequency is set to be the frequency of the o-c-C3H2 line.
In the text
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        Integrated-intensity map of the JCMT 12CO J = 3–2 line in the velocity range +80− +110 km s−1, which is the velocity range of the re-formed CO gas proposed by Koo & Moon (1997b), overlaid with orange contours of the VGPS 1.4 GHz radio continuum (the levels are 50–250 K in steps of 50 K). The two white crosses show the 1720 MHz OH masers discovered by Green et al. (1997). The white arrow points to the geometric center of W51C recorded in the Green SNR catalog (Green 2019). The white box shows the molecular clump toward which we conducted the Yebes 40 m observation.
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        Spectra of the molecular transitions with emission detected in the velocity range +80− +110 km s−1 averaged across the entire mapped region. The velocity integration intervals for the six velocity components are shown by colored rectangles in the spectrum of HCO+.
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        HCO+ integrated intensity map of the six velocity components marked by colored rectangles in Fig. 2. The solid orange contours show the VGPS 1.4 GHz radio continuum at 104–112 K levels in steps of 2 K from left (east) to right (west), and the dashed orange contours show the ATLASGAL 870 μm continuum (in steps of 0.3, 0.6, and 0.9 Jy beam−1). The red cross in panel (b) shows the position of ATLASGAL clump G49.111–0.322.
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        Maps of the abundance ratios N(HCO+)/N(CO), N(HCN)/N(CO), N(C2H)/N(CO), and N(o-c-C3H2)/N(CO) (from left to right) based on the assumptions Tex = Tex(CO) (upper row) and Tex = 5 K (lower row).
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        Predicted integrated intensity of HCO+ J = 1–0 line as a function of nH2. The lines with different colors show the models with different gas temperatures. The dotted black line in the right panel shows an integrated intensity of 12 K km s−1.
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        Abundance ratios of N(HCO+)/N(CO), N(HCN)/N(CO), N(C2H)/N(CO) and N(c-C3H2)/N(CO) (from left to right) predicted by the Paris-Durham shock code as a function of time with a preshock density of nH = 2 × 103 cm−3. The upper row shows the results of a nonirradiated shock, and the lower row shows the results of a shock irradiated by an interstellar radiation field (G0 = 1.6) with a visual extinction of AV = 2. The lines with different colors show the results of different shock velocities, as shown in the labels of the upper right panel. The gray shaded regions delineate the range obtained from our observation.
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        Auxiliary results of the nonirradiated (left panel) and irradiated (middle and right panel) shock models with a preshock density of nH = 2 × 103 cm−3. The lines with different colors show the results of different shock velocities, as shown in the labels of the right panel. Left panel: evolution of the abundances (denoted by X) of H (solid lines) and H2 (dotted lines) relative to the total H nucleus in the nonirradiated models. Middle panel: evolution of the abundances of H (solid lines, multiplied by a factor of 4 × 10−5) and CO (dotted lines) relative to the total H nucleus in the irradiated models. Right panel: evolution of the abundance ratio N(C0)/N(CO) in the irradiated models.
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        Spectra of all detected molecular transitions averaged in the entire field of view except those which have been shown in Fig. 2.

      

    

  
    
      Fig. A.2 

      
        [image: thumbnail]
      

      
        Continued. The HCS+ J = 2–1 line is at ≈ +29 km s−1 in the upper right panel of which the rest frequency is set to be the frequency of the o-c-C3H2 line.
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