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Abstract

Context. Strong laser emission from hydrogen cyanide (HCN) at 805 and 891 GHz has been discovered towards carbon-rich (C-rich) asymptotic giant branch (AGB) stars. Both lines belong to the Coriolis-coupled system between the (1,11e,0) and (0,40,0) vibrational states, which has been extensively studied in early molecular spectroscopy in the laboratory. However, the other lines in this system with frequencies above ∼900 GHz, which are challenging to observe with ground-based telescopes, have remained unexplored in astronomical contexts.

Aims. We aim to (1) search for new HCN transitions that show laser activity in the (0,40,0), J = 10−9 line at 894 GHz, the (1,11e,0)−(0,40,0), J = 11−10 line at 964 GHz, the (1,11e,0), J = 11−10 at 968 GHz, and the (1,11e,0), J = 12−11 line at 1055 GHz towards C-rich AGB stars; (2) study the variability of multiple HCN laser lines, including the two known lasers at 805 and 891 GHz; and (3) construct a complete excitation scenario to the Coriolis-coupled system.

Methods. We conducted SOFIA/4GREAT observations and combined our data with Herschel/HIFI archival data to construct a sample of eight C-rich AGB stars, covering six HCN transitions (i.e. the 805, 891, 894, 964, 968, and 1055 GHz lines) in the Coriolis-coupled system.

Results. We report the discovery of HCN lasers at 964, 968, and 1055 GHz towards C-rich AGB stars. Laser emission in the 805, 891, and 964 GHz HCN lines was detected in seven C-rich stars, while the 968 GHz laser was detected in six stars and the 1055 GHz laser in five stars. Notably, the 894 GHz line emission was not detected in any of the targets. Among the detected lasers, the emission of the cross-ladder line at 891 GHz is always the strongest, with typical luminosities of a few 1044 photons s−1. The cross vibrational state 964 GHz laser emission, which is like a twin of the 891 GHz line, is the second strongest. The 1055 GHz laser emission always has a stronger 968 GHz counterpart. Towards IRC+10216, all five HCN laser transitions were observed in six to eight epochs and exhibited significant variations in line profiles and intensities. The 891 and 964 GHz lines exhibit similar variations, and their intensity changes do not follow the near-infrared light curve (i.e. they have non-periodic variations). In contrast, the variations in the 805, 968, and 1055 GHz lines appear to be quasi-periodic, with a phase lag of 0.1–0.2 relative to the near-infrared light curve. A comparative analysis indicates that these HCN lasers may be seen as analogues to vibrationally excited SiO and H2O masers in oxygen-rich stars.

Conclusions. We suggest that chemical pumping and radiative pumping could play an important role in the production of the cross-ladder HCN lasers, while the quasi-periodic behaviour of the rotational HCN laser lines may be modulated by additional collisional and radiative pumping driven by periodic shocks and variations in infrared luminosity.
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1 Introduction
Hydrogen cyanide (HCN) is the most abundant molecule after H2 and CO in the innermost circumstellar envelopes of carbon-rich1 asymptotic giant branch (AGB) stars (Tsuji 1964; Schöier et al. 2013). HCN is produced efficiently in the stellar atmosphere through both thermodynamic equilibrium chemistry (Tsuji 1964) and non-equilibrium shock-induced chemistry (Cherchneff 2006), which makes it one of the most important and abundant parent molecules in C-rich AGB stars. Therefore, this molecule serves as an excellent tracer for studying the dynamics and physical conditions near the photospheres of AGB stars as well as in large parts of their circumstellar envelopes (e.g. see details in Unnikrishnan et al. 2024).
The linear triatomic HCN molecule has three vibrational modes (v1, v2, v3). These are the doubly degenerate bending mode2 (v2), and two stretching vibrations, the C-N stretching mode (v1) and the C-H stretching mode (v3)3. In addition to thermal emission from various rotational transitions within different vibrationally excited states at millimetre, sub-millimetre, and farinfrared wavelengths (e.g. Lucas & Cernicharo 1989; Cernicharo et al. 1996, 2011,2013), various HCN lines have been found to be inverted towards several stars. HCN masers (and lasers4) are found to be the most widespread maser species in C-rich stars. To date, a total of 75 HCN masers have been identified towards 36 C-rich AGB stars, arising from ten different vibrational states (e.g. Menten et al. 2018; Jeste et al. 2022).
Remarkably, two sub-millimetre HCN transitions that exhibit laser action in the laboratory, the (0,40,0), J = 9−8 transition at 805 GHz and the (1,11e,0)−(0,40,0), J = 10−9 transition at 891 GHz, are also reported to show laser emission in astronomical objects (IRC+10216, CIT 6, and Y CVn, Schilke et al. 2000; Schilke & Menten 2003). First discovered in the 1960s (Gebbie et al. 1964; Mathias et al. 1965), both laser transitions are related to rotation-vibration interactions between the (1,11e,0) and (0,40,0) states (i.e. Coriolis coupling), where several rotational levels in both states with identical J are very close in energy (Lide & Maki 1967). The upper energy levels for both lines are very high (>4200 K), well above the temperature of the photosphere or that of the dust formation zone, which suggests that the laser emission originates from the innermost regions of the circumstellar envelope (Schilke et al. 2000). In addition, Schilke & Menten (2003) found that the 891 GHz line is about an order of magnitude stronger than the 805 GHz line, and observations spaced about half a year apart show evidence of variability.
Recently, Wong (2019) performed a pilot survey with the Atacama Large Millimeter/sub-millimeter Array (ALMA) to search for these two HCN laser lines in Band 10. This survey led to the detection of the 805 GHz laser in four sources (R For, R Lep, CQ Pyx, and V Hya) and the 891 GHz laser in six sources (R For, R Lep, CQ Pyx, IRC+10216, X Vel, and V Hya). They found that the extent of the HCN laser emitting regions was found to be ∼11−16 au in V Hya and ≲30 au in IRC+10216. We note that the diameter of IRC+10216’s radio photosphere has been measured to be 10.8 au (at an infrared phase of 0.79), which implies 3.8 au as the diameter of its optical photosphere (Menten et al. 2012). Asaki et al. (2023) imaged the 891 GHz laser in R Lep with ALMA using baselines up to 16 km. They reported ∼1.1 × 108 K for the peak brightness temperature at an angular resolution of 5.4 mas × 4.9 mas, and characterised the distribution of the HCN laser as a ring-like morphology with a diameter of 10−60 au.
In addition to the two astronomical laser lines, two laser lines at 964 GHz and 968 GHz are also attributed to the Coriolis-coupled system by Lide & Maki (1967, see Fig. 1). Furthermore, Hocker & Javan (1967) observed laser emission near 1055 GHz and 894 GHz, which are pure rotational transitions in the (1,11e,0) and (0,40,0) states, respectively, and occur in a cascade simultaneously with the 964 GHz laser line. In their experiments, Hocker & Javan (1967) managed to measure the precise frequencies for five out of six transitions near the Coriolis resonance, except for the line near 1055 GHz due to low intensity. We adopt the rest frequencies measured by Hocker & Javan (1967) in this work. However, the transitions above 900 GHz have never been explored towards astronomical objects and are missing pieces for an understanding of circumstellar HCN laser excitation.
Observations of the highest frequency sub-millimetre laser transitions (≳900 GHz) are challenging or nearly impossible using ground-based telescopes due to the Earth’s atmospheric absorption. Thanks to the Heterodyne Instrument for the Far-infrared (HIFI; de Graauw et al. 2010) on the Herschel Space Observatory (Pilbratt et al. 2010), which operated between 2009 and 2013, it has been possible to explore these high-frequency HCN transitions. Following the end of the Herschel mission, the Stratospheric Observatory For Infrared Astronomy (SOFIA; Young et al. 2012) became the only observatory capable of accessing these transitions (until the end of the SOFIA mission in September 2022). In particular, 4GREAT (Durán et al. 2021), an extension of the German REceiver for Astronomy at Terahertz Frequencies (GREAT5) instrument on SOFIA enabled highresolution spectroscopy, which is essential for characterising laser emission.
Table 1 
Stellar information of the sample of C-rich stars in this work.


We conducted SOFIA/4GREAT observations, which we combined with Herschel/HIFI archival data, to 1) search for new HCN laser emissions in C-rich stars and study their physical properties including variability, and 2) shed light on the laser lines’ excitation conditions and possible pumping mechanisms. This work is organised as follows. Section 2 introduces the SOFIA/4GREAT observations and the Herschel/HIFI archival data used in this work. Section 3 presents the laser detections, the lines’ variabilities, and comparisons between laser lines. In Sect. 4 we discuss the laser excitation considerations and possible pumping schemes. A summary of this work and highlighted conclusions are provided in Sect. 5.
	[image: thumbnail]	Fig. 1 Level diagram of the (1,11,0) and (0,40,0) vibrational states of HCN near the Coriolis resonance involving the rotational levels from J = 8 to J = 12. The energy levels are adopted from Harris et al. (2006). The wavelength (Hocker & Javan 1967) and frequency (see Table 2 for exact numbers) of each transition are labelled. The red arrows highlight the astronomical laser transitions discovered in the course of this work, while the solid black arrows represent the previously detected laser lines of the HCN transitions towards IRC+10216. The dotted black line indicates the non-detected 894 GHz line (Schilke et al. 2000; Schilke & Menten 2003).



2 Observations
2.1 SOFIA/4GREAT observations
We searched for HCN emission from the (1,11e,0)−(0,40,0), J = 11–10 cross-ladder transition at 964 GHz, and from the (1,11e,0), J = 11−10 transition at 968 GHz towards IRC+10216, CIT 6, Y CVn, and S Cep. We also searched for HCN emission of the (1,11e,0), J = 12−11 line at 1055 GHz and re-visited laser emission of the (1,11e,0)−(0,40,0), J = 11−10 line at 891 GHz towards IRC+10216. Table 1 lists the stellar information for these four targets.
Table 2 provides the details for the observed HCN transitions and lists the sources observed in each transition. The observations were performed at altitudes between 12.2 and 13.2 km on SOFIA flight #540 on 2018 December 17 (Cycle 6), under the guaranteed-time project 83_0625 (PI: Karl M. Menten). The Superconductor-Insulator-Superconductor (SIS) mixer of band-2 of the 4GREAT receiver (Durán et al. 2021) on board was used with four separate tunings. Background signals from hardware contributions, thermal emissions from the telescope, and the atmosphere were removed using double-beam switching between the target and reference positions at Δ α = ± 60′′ from the target. Because the laser emissions are spatially unresolved in these observations, the telescope was pointed toward the stellar positions. The raw data streams from 4GREAT were converted to 4 GHz-wide astronomical spectra by fast Fourier-transform spectrometers (Klein et al. 2012). Typical single-sideband system temperatures range from 1000–1100 K and 1000–1300 K in the 964 and 968 GHz lines, respectively, and are around 2600 and 650 K for the 891 and 1055 GHz lines, respectively.
The raw SOFIA data were corrected for the atmospheric transmission using calibration-load scans that preceded each on-off scan, and the following procedure provided by the kalibrate software implemented in the KOSMA package was applied (Guan et al. 2012). The total power count rates from the sky and the loads at ambient and cold temperatures were used to fit the am atmospheric model (Paine 2022) to the measured atmospheric emission (calibrated to the Rayleigh-Jeans equivalent forward-beam brightness temperatures with a forward efficiency of 0.97). In the least-square fitting, both the wet and dry contents of the atmosphere were kept as free parameters, which resulted in precipitable water-vapour columns of typically 6–10 μm and dry-constituent concentrations at most ±20% from the model predictions. The inferred pressure-dependent opacity coefficients were converted to transmission corrections that were subsequently applied to the data. The remaining data reduction steps were performed with the CLASS software, which is part of the GILDAS6 software (Pety 2005). First-order baselines were removed for the calibrated spectra. To enhance the signal-to-noise ratio (S/N) and to allow for better comparison with the HIFI data, the spectra were boxcar-smoothed to ∼0.5 MHz and ∼1.0 MHz resolutions for IRC+10216 and the other three targets, respectively (except for the 968 GHz line towards S Cep, for which the spectra were smoothed to ∼2.0 MHz). Finally, the resulting spectra were converted from antenna temperature to flux density using main-beam efficiencies and scaling factors (listed in Table 2).
Table 2 
Spectroscopic properties of HCN transitions.


2.2 Herschel/HIFI archival data
To investigate the behaviour of the multiple HCN laser transitions in the Coriolis-coupled system, we collected all related observations of C-rich stars with the HIFI instrument that cover all six lines (see Fig. 1 and Table 2) from the Herschel Science Archive7. A total of eight C-rich stars had such data (see Table 1), and towards four of them follow-up SOFIA/4GREAT observations had been conducted. Table A.1 summarises the HIFI spectra used in this study. Each of the eight AGB stars is known to have at least one HCN maser or laser detection (e.g. Jeste et al. 2022).
For IRC+10216, the HIFI data (Project ids: GT1_jcernich_4, DDT_jcernich_7, OT2_jcernich_9, DDT_jcernich_10, PI: José Cernicharo) were gathered from a comprehensive line survey that used all HIFI bands between 480 and 1907 GHz, along with monitoring observations within bands from 1a to 5b (Cernicharo et al. 2010,2014). Among the Herschel/HIFI archival data, the HCN laser observations across six epochs were uniquely conducted towards this source, which enables us to study laser variability. For CIT 6, Y CVn, S Cep, IRC+50096, V Cyg, and CRL 3068, the HCN HIFI data come from a systematic survey for HCN masers in C-rich evolved stars, which comprises all rotational lines ranging from J = 6−5 up to J = 13−12 from within multiple vibrational states (project id: OT2_jcernich_8, PI: José Cernicharo). For II Lup, the HIFI observations of the HCN transitions are covered by a spectral line survey towards this star (project id: OT2_edebeck_2, PI: Elvire De Beck).
We utilised the Level 2.5 data products from the Herschel Science Archive, and these products were further processed with the Herschel Standard Product Generation (SPG) pipeline (v14.1.0). These data were obtained from the observations that were performed in dual-beam switching mode, using the wideband spectrometer (WBS) to record the signal with a spectral resolution of 1.1 MHz. We note that the Level 2.5 data products have been re-gridded in frequency with a uniform spacing of 0.5 MHz (Shipman et al. 2017). The forward efficiency is 0.96 for all HIFI bands (Shipman et al. 2017), and the half power beam width (HPBW) and main-beam efficiency for each frequency are listed in Table 2.
To enhance the S/N ratios, we averaged the signals from the horizontal (H) and vertical (V) polarisation channels. We note that the 891 GHz laser spectra of IRC+10216 that were observed in single point mode exhibited contamination from 13CO (J = 8–7) emission at 881.272808 GHz from the other sideband. Details on the removal of contamination from the 891 GHz spectra are provided in Appendix B. Additional data reduction was performed with the GILDAS/CLASS software package. A linear baseline was subtracted from all observed spectra.
We note that the intensities of the 13CO line shown in Fig. B.1 exhibit variations of less than 10%. This suggests that the accuracy of the flux density calibration is within 10%.
3 Results
3.1 Laser action of HCN emission
From the Herschel/HIFI archival data and our SOFIA/4GREAT observations, the (0,40,0), J = 9−8 line at 805 GHz, the (1,11e,0)−(0,40,0), J = 10−9 line at 891 GHz, and the (1,11e,0)–(0,40,0), J = 11−10 line at 964 GHz were detected towards seven sources: IRC+10216, CIT 6, Y CVn, S Cep, IRC+50096, V Cyg, and II Lup. Among these stars, the (1,11e,0), J = 11–10 line at 968 GHz was detected towards six sources (excluding IRC+50096), and the (1,11e,0), J = 12−11 line at 1055 GHz was detected towards five sources (except for Y CVn and IRC+50096). No emission from any of the aforementioned HCN transitions was detected towards CRL 3068. The spectra of these HCN transitions in each source are shown in Figs. 2, 3, and 4. Our results are summarised in Tables C.1 and C.2.
The (0,40,0), J = 10−9 line at 894 GHz was not detected towards any of our targets (with a typical 1 σ noise level of 2035 Jy at a channel width of 0.17 km s−1). Two decades ago, Schilke & Menten (2003) also failed to detect this line towards IRC+10216.
We identify the HCN laser emission based on the following criteria. Firstly, the line profiles are asymmetric and present typical laser characteristics, including strong intensities, narrow features, and a limited velocity coverage that is significantly smaller than the full width at zero power (FWZP) of the symmetric (parabola-like) spectra of low-excitation lines, for example from HCN. Secondly, transitions observed over multiple epochs show variability in peak intensity, the number of narrow features, and the radial velocity of the strongest component (see Sect. 3.2 for details). In addition, the non-detection of the 894 GHz emission, which has an upper energy and Einstein A coefficient comparable to those of the other five HCN sub-millimetre lines, also supports that these detected features are not of thermal origin (see details in Sect. 4.1). Our detected spectra meet all these criteria, thus confirming that these detections can be classified as laser emission in this work.
Based on the classification, we therefore report that the detection rates for the 805, 891, and 964 GHz HCN laser emissions are 88%, although the 964 GHz HCN laser emission was not detected in one observational epoch towards Y CVn. In contrast, the detection rates for the 968 and 1055 GHz HCN laser emission are 75% and 63%, respectively. The high detection rates indicate that these five lasers are quite common in C-rich stars. Comments on individual stars (including CRL 3068) are presented in Appendix C.
Hocker & Javan (1967) measured the precise frequencies of the lines, with an error of ∼1 MHz, except for the 1055 GHz line, for which no precise measurement was provided. In the current work, the frequency of the 1055 GHz line is estimated assuming its peak emission in IRC +10216 is close to the systemic velocity, as seen in the other HCN lines within the Coriolis-coupled system in this star. Since different HCN lines show different line profiles, it is uncertain whether the peak of the 1055 GHz line should align with other lines. We report the estimated frequency of this line only up to two decimal places in GHz (Table 2). The calculated rest frequency of this line in the ExoMol8 line list is 35.20883 cm−1 or 1055.5342 GHz (Zelinger et al. 2003; Harris et al. 2006; Barber et al. 2014). The discrepancy between the estimated and calculated frequencies corresponds to a velocity of <2 km s−1, which is consistent with most other HCN lines in the Coriolis-coupled system.
The detected HCN laser emissions from different transitions towards the same source exhibit similar velocity ranges, typically much less than twice their corresponding terminal expansion velocities. Figure 5 shows the distribution of the velocity differences between the strongest HCN laser features and their stellar systemic velocities, normalised by the terminal expansion velocities (i.e. (Vpk–Vsys)/Vexp), for all detected transitions towards C-rich stars in this work. All ratios are below 0.52, with the majority lower than 0.2, which indicates that these lasers do not reach terminal velocities. ALMA observations (Wong 2019; Asaki et al. 2023) have revealed that these HCN lasers originate from regions close to the stellar photosphere. Therefore, the observed small velocity differences (<5 km s−1) between the strongest HCN laser features and the stellar systemic velocities indicate that the lasers are located in the wind acceleration zones. Assuming the velocity model of IRC+10216 (Agúndez et al. 2012), these HCN lasers could be confined within 5R⋆, where R⋆ is the stellar radius.
We estimate the isotropic luminosity, or ‘photon rate’, of these HCN lasers using the following equation (e.g. Yang et al. 2024):
[image: equation](1)
where D is the distance and ∫ S dv is the velocity-integrated flux density of the laser emission. The HCN laser luminosity of each transition for the individual targets in each observed epoch is listed in Tables C.1 and C.2. The luminosities range from 2.7 × 1043 to 1.6 × 1045 photons s−1, generally surpassing those of HCN masers at lower frequencies (e.g. ∼1041–44 photons s−1; see Table 8 in Jeste et al. 2022). This makes the HCN lasers in the Coriolis-coupled system the brightest beacons in C-rich stars.
	[image: thumbnail]	Fig. 2 Spectra of sub-millimetre HCN laser transitions within the Coriolis-coupled system observed in six to eight epochs towards IRC+10216. Spectra are presented from left to right for the following transitions: (a) the (0,40,0), J = 9−8 line at 805 GHz; (b) the (1,11e,0)–(0,40,0), J = 10−9 line at 891 GHz; (c) the (1,11e,0)−(0,40,0), J = 11−10 line at 964 GHz; (d) the (1,11e,0), J = 11−10 line at 968 GHz; and (e) the (1,1ee,0), J = 12−11 line at 1055 GHz. The Herschel/HIFI spectra are plotted in red, while the SOFIA/4GREAT spectra, smoothed to a channel spacing of ∼0.15 km s−1, are shown in black. The observing dates are labelled in their respective panels. In each panel, the vertical dashed blue line indicates the stellar velocity of −26.5 km s−1, the vertical blue bars mark the terminal velocity of ± 18 km s−1, and the horizontal dotted blue line represents the baseline. The grey-shaded regions indicate the velocity ranges used to determine the integrated intensities.



	[image: thumbnail]	Fig. 3 Spectra of sub-millimetre HCN laser transitions towards CIT 6 (left), Y CVn (middle), and S Cep (right). The Herschel/HIFI spectra are plotted in red, while the SOFIA/4GREAT spectra, smoothed to a channel spacing of ∼0.3 km s−1 (except for the tentative detection the 968 GHz emission towards S Cep, smoothed to a channel spacing of 0.6 km s−1), are plotted in black. The observing dates are labelled in the perspective panels. The vertical dashed blue line indicates the stellar velocity, the vertical blue bars mark the terminal velocity (listed in Table 1), the horizontal dotted blue line represents the baseline, and the grey-shaded regions indicate the velocity ranges used to determine the integrated intensities.



	[image: thumbnail]	Fig. 4 Same as Fig. 3, but for the Herschel/HIFI spectra of IRC+50096, V Cyg, II Lup, and CRL 3068 (from left to right), respectively.



	[image: thumbnail]	Fig. 5 Distribution of the velocity differences between the strongest HCN laser features and their stellar systemic velocities versus the terminal expansion velocities for all emissions detected in this work.



3.2 Laser variability
Schilke & Menten (2003) reported that the 891 GHz ((1,11e,0)–(0,40,0), J =10–9) laser varied over an interval of four to eight months towards IRC+10216 and CIT 6, while the 805 GHz laser exhibited variability over an interval of about two years towards IRC+10216. On the other hand, the thermal emission lines of several molecules (e.g. CCH, SiS, HCN, HNC, CN) towards IRC+10216 are also known to be variable (Cernicharo et al. 2014; Pardo et al. 2018; He et al. 2019). This variability is primarily observed as fluctuations in peak intensity, while the line shape, typically parabolic or double-horned, remains unchanged. We aim to investigate whether the laser emissions show a similar variability pattern. In particular, the spectra of the five HCN laser transitions observed towards IRC+10216 in six to eight epochs (see Fig. 2), with intervals spanning nearly a week, a month, and half a year, provide an opportunity to examine the laser variability on different timescales.
The spectra of the 1055 GHz((1,11e,0), J = 12–11) line towards IRC+10216 on 2010 May 11 and 16 (see Figs. 2e0 and e1) appear to be identical. Both spectra show two peaks. The peak intensity of the −25.6 km s−1 component remained constant, whereas the peak intensity of the −27.4 km s−1 component slightly decreased by 5(±3)%. Since the subtle intensity change was less than three times the noise level of the observed spectra, we infer that the HCN lasing gas was stable over five days.
This stability facilitates comparisons of HCN laser emissions observed on dates that are close to each other (see further discussions in Sect. 3.3).
The observational epochs of 2012 October and November allow us to explore the laser variability over a period of about one month. No significant changes in line shapes were observed for any of the five laser transitions (see Figs. 2a,4 a5, b4, b5, c4, c5, d4, d5, e4, and e5), but the laser peak and integrated intensities varied to different amounts for different transitions. The laser emissions at 805 GHz and 1055 GHz exhibited the most significant changes, with peak intensities decreasing by 19(± 2)% and 22(± 5)%, respectively.
Over a longer timescale (≥5 months), the profiles of all five laser transitions towards IRC+10216 changed dramatically, which affected the number of laser features, the line widths of individual features, the peak velocities and intensities, and the total integrated intensities. This suggests that the variability pattern of these laser lines differs from that of thermal emissions, which supports our identification of laser emission. Comparing the spectra obtained in 2018 December (ϕIR = 0.22) with those obtained in 2010 May (ϕIR = 0.23), we found, even with similar stellar phases, that the laser line profiles change remarkably over several stellar cycles. Taking the 891 GHz laser as an example (see Figs. 2b1 and b7), the most significant changes in the line profile were a decrease in the number of distinct laser components from two to one, and a shift in the peak velocity from the systemic velocity to the redshifted side, at approximately 2.5 km s−1. Similar changes in the line profile were also observed for SiO masers in O-rich AGB stars (Alcolea et al. 1999; Pardo et al. 2004).
Figure 6 shows the substantial variations in the integrated and peak intensities of each HCN laser transition towards IRC +10216 across the observed epochs. During these epochs, each line reached its maximum at different times. The integrated and peak intensities of the 891 GHz ((1,11e,0)−(0,40,0), J = 10−9) and 964 GHz((1,11e,0)−(0,40,0), J =11–10) cross-ladder lines show similar variability trends (see Figs. 6b, c, g, h), but they do not follow the near-infrared (NIR) light curve and differ from the trends observed in the other three laser lines. In contrast, the variations in the integrated and peak intensities of the 805 GHz ((0,40,0), J = 9–8), 968 GHz ((1,11e,0), J = 11–10), and 1055 GHz ((1,11e,0), J = 12–11) lasers appear to be quasiperiodic (see Figs. 6a, d, e, f, i, j), similar to the NIR light curve. Assuming that the emissions from these three rotational transitions vary with time periodically at a constant amplitude, and further assuming that the lines share the same period as the NIR light curve but with a phase lag, we determined the phase lag for each line using least-square fitting. We found that the phase lags for the three lines range from 0.1–0.2, which resembles the SiS-NIR phase lag for the SiS masers in IRC+10216 (Fonfría et al. 2018) and the SiO-optical phase lag for the SiO masers in O rich AGB stars (e.g. Pardo et al. 2004). It is worth noting that the variability behaviours of the three lines differ from the HCN J = 3−2 lines in the v2 = 0, 1, 2, and 3 states (He et al. 2019), as the latter vary in phase with the NIR light, with no phase lags being reported.
Our 805 and 891 GHz laser spectra towards IRC+10216 exhibit notable differences in line profiles and intensities compared to the spectra observed in 1998–2000 (Schilke et al. 2000; Schilke & Menten 2003). Despite these variations, the presence of these lasers seems to be sustained over a long timescale. Based on the timeline of these observations, we infer that the activities of both the 805 GHz and 891 GHz lasers may have persisted for at least 15 years.
Such notable variability in laser line profiles is not only found towards IRC+10216, but also for other C-rich stars. As shown in Fig. 3, the HCN laser emission in the 964 and 968 GHz lines towards CIT 6, Y CVn, and S Cep exhibited significant variations over an observed interval of about six years. Additionally, our HCN laser spectra at 805 and 891 GHz towards CIT 6 and Y CVn are also dramatically different from those obtained 12 years ago (Schilke & Menten 2003).
3.3 Comparison between the lines in the Coriolis-coupled system
From Sect. 3.2, we observe that the spectra of IRC+10216 remain essentially unchanged over a short timescale of the order of a few days. This facilitates comparisons between laser emission from different transitions observed at nearby dates. Hence, the spectra shown in each row of Fig. 2 can be meaningfully compared.
Among the six epochs during which all five laser transitions were observed by Herschel/HIFI (see Figs. 2a1–e1), the line profiles of the 891 GHz ((1,11e,0)−(0,40,0), J = 10–9) and 964 GHz ((1,11e,0)−(0,40,0), J = 11–10) lines show notable similarities, in contrast to the profiles of the other three laser lines. Moreover, both the integrated and peak intensities of the 891 GHz line exhibit a variability trend (see Fig. 6) that is similar to that of the 964 GHz line, which contrasts with the trends observed in the other three laser lines. A possible exception is Y CVn, as it showed strong 891 GHz laser emission on 2012 June 14, but 964 GHz emission was not detected one day later. The nondetection was unlikely to be due to instrumental issues because strong rotational line emission at 968 GHz was detected in the same setup (Table C.2). For the other five C-rich stars, while the duration of stability for their laser line profiles remains undetermined, the observed line profiles at 891 and 964 GHz, which were observed within a short period of time ranging from the same day to within three weeks, are consistently similar. Notably, as can be seen in the second and third rows of Figs. 3–4, both lines display a comparable number of discernible emission components, which are aligned in velocity. These facts indicate that the 891 and 964 GHz HCN lasers are closely related, and their pumping mechanisms are strongly linked.
Among all HCN laser transitions in the Coriolis-coupled system, the 891 GHz laser emission emerges as the most luminous laser line, with a photon rate of a few 1044–45 photons s−1. Apart from Y CVn, the 964 GHz line has the second strongest and second brightest (a few 1043-44 photons s−1) laser emission. The 968 GHz ((1,11e,0), J = 11–10) line usually shows the third brightest laser emission, followed by the weaker laser emissions of the 805 GHz ((0,40,0), J = 9–8) and 1055 GHz ((1,11e,0), J = 12–11) laser lines. The 968 and 1055 GHz lines were not detected in IRC+50096, and 1055 GHz emission was not detected in Y CVn, whereas both sources exhibited 805 GHz laser emission. The non-detections may be attributed to inadequate sensitivity and potential variability.
For IRC+10216, the peak intensity ratio (Spk, 891/Spk, 964) of the 891 and 964 GHz laser emissions decreased from 1.9 to 1.4 over the observed epochs. For the other C-rich stars, the Spk, 891/Spk, 964 ratios range from 1.4 (II Lup) to 2.3 (IRC+50096), which are similar to the values observed in IRC+10216. We note that the observations of these two lines were not always conducted on the same day (with a maximum separation of 21 days for V Cyg). The 964 GHz laser emission was not detected towards Y CVn on 2012 June 15, with a 1 σ noise level of 51 Jy at 0.16 km s−1, which lead to Spk, 891/Spk, 964>5.4. This indicates that Y CVn exhibits a different behaviour compared to the other C-rich stars. We note that it has a much smaller mass-loss rate than any of the others and belongs to a different variability type, as it is an SRb variable while the rest are Miras.
	[image: thumbnail]	Fig. 6 Integrated intensities (left panel, dots) and peak intensities (right panel, squares) of HCN laser emission in each epoch with NIR light curve of IRC+10216. From top to bottom, the red, orange, green, blue, and purple symbols represent the HCN laser transitions at 805, 891, 964, 968, and 1055 GHz, respectively. The grey curve indicates the NIR light curve, with a period of 630 days and the epoch of the maximum (ϕIR = 0), 2454554, in Julian Day format (Menten et al. 2012). The stellar phases for observed dates are labelled in the bottom left panel. In the panels showing HCN laser emissions at 805, 968, and 1055 GHz, the dashed black curve depicts a shift from the NIR light curve, with the phase lag derived from the best fit and its value labelled in each panel.



4 Discussion
4.1 Laser excitation
Laser emission occurs due to population inversion between corresponding energy levels. In this section, we explore circumstellar HCN laser excitation in the Coriolis-coupled system (see Fig. 1). In Appendix D we present additional HCN lines to have a set of spectra that fully cover the rotational levels from J = 7 to J = 13, within and between two vibrational states, for a more comprehensive understanding of laser excitation.
Based on the SOFIA/4GREAT and Herschel/HIFI spectra (more details given in Sect. 3.3), our analysis reveals key observational findings: (1) the 891 GHz ((1,11e,0)−(0,40,0), J = 10–9) laser emerges as the strongest; (2) the 964 GHz ((1,11e,0)–(0,40,0), J = 11–10) laser is closely related to the 891 GHz laser, ranking as the second strongest; (3) the 1055 GHz ((1,11e,0), J = 12–11) emission, if detected, always has a 968 GHz ((1,11e,0), J = 11−10) counterpart, with the latter being stronger; (4) the 805 GHz ((0,40,0), J = 9–8) line co-exists with the 891 GHz line, and (5) the 894 GHz ((0,40,0), J = 10–9) line is not detected towards any observed targets.
Observational findings (1) and (2) match well the scenario from early laboratory studies (e.g. Maki & Blaine 1964; Lide & Maki 1967), which revealed significant mixing between the vibrational states (1,11e,0) and (0,40,0) at nearly degenerate levels for J = 10, with smaller effects at J = 9 and J = 11 levels. Consequently, the cross-ladder line at 891 GHz emerges as the strongest one, and both the 891 and 964 GHz lines exhibit very high amplifications (Lide & Maki 1967). We highlight that the two vibrational states strongly coupled at J = 10 (stronger) and J = 11 affect the population in the (1,11e,0) and (0,40,0) vibrational states at neighbouring rotational levels, as discussed below.
The 964 GHz cross-ladder line and 968 GHz rotational line share the same upper level, (1,11e,0), J =11, and the former is typically stronger than the latter. Similarly, the 891 GHz cross-ladder line, which exhibits the strongest emission, and the non-detected (1,11e,0), J = 10−9 line at 879 GHz (see Fig. D.1) share the same upper level, (1,11e,0), J =10. These suggest that for the coupled rotational levels (i.e. J = 10 and 11), there is a preference for excitation of the cross-ladder transition. Furthermore, the non-detection of the cross-ladder line ((1,11e,0)−(0,40,0), J = 9–8) at 816 GHz (see Fig. D.1) indicates that the two vibrational states are not strongly coupled at J = 9. The absence of this cascade route favours a maintaining of the population inversion between the (0,40,0), J =9 and J = 8 levels of the 805 GHz transition.
In the (1,11e,0) vibrational state, the upper level of the 891 GHz line is the lower level of the 968 GHz line. Similarly, the upper level of the 964 and 968 GHz lines acts as the lower level of the 1055 GHz line. Notably, the photon rate (i.e. isotropic laser luminosity) of the 891 GHz line is greater than the sum of the photon rates of the 964 and 968 GHz lines by a factor of 1.2–1.9. The photon rate of the 964 GHz line typically exceeds that of the 1055 GHz line by a factor of more than 1.5, and in certain epochs of IRC+10216, it surpasses the 1055 GHz line by more than an order of magnitude. These cascading effects indicate that the J = 10 rotational level is likely to be more depleted than the J = 11 level within this vibrational state. This leads to an overpopulation of the J = 11 level relative to the J = 10 level, which sustains the observed 968 GHz laser. Similarly, this scenario may also account for the 1055 GHz laser. In addition, because of the population distribution regulated by the two cross-ladder laser emissions, the higher photon rate of the 891 GHz line compared to that of the 964 GHz line may explain why the detected 968 GHz emission is stronger than its 1055 GHz counterpart (observational finding 3).
The lower level of the 891 GHz line, (0,40,0), J = 9, serves as the upper level of the 805 GHz line. The bright 891 GHz laser emission causes the upper level of the 805 GHz transition to become overpopulated relative to its lower level, which facilitates the coincidence of the two lasers (observational finding 4).
On the other hand, the upper and lower levels of the (0,40,0), J = 10−9 line at 894 GHz correspond to the lower levels of the 964 and 891 GHz lines, respectively. The consistently stronger 891 GHz emission could prevent the lower level of the 894 GHz line from becoming sufficiently under-populated relative to its upper level, thereby failing to create the population inversion necessary for generating the 894 GHz laser emission. This could be the reason why we did not detect 894 GHz line emission towards any of our targets (observational finding 5).
4.2 Pumping considerations
As shown in Sect. 3.2, there appear to be two distinct patterns of variability among the five detected HCN laser transitions. The 891 and 964 GHz cross-ladder lines do not follow the NIR light curve, while the variations of the rotational lines at 805, 968, and 1055 GHz appear to be quasi-periodic, with a phase lag of 0.1–0.2 relative to the NIR light curve. Given that the cross-ladder lines are probably the main pumps of the corresponding rotational lines (see details in Sect. 4.1), in this section we discuss (1) the possible pumping mechanisms, radiative and chemical pumping, for the cross-ladder lines; and (2) whether collisional and radiative pumping may modulate the three rotational lines.
For radiative pumping, direct excitation of HCN molecules from the ground state to the excited (1,11e,0) state requires infrared photons at 3.6 μm (Adel & Barker 1934; Barber et al. 2014). To evaluate the feasibility of radiative pumping, we compare the luminosities of the brightest laser species at 891 GHz (L891, taken from Tables C.1 and C.2) with the available NIR photon luminosities that are close to the 3.6 μm, for the seven stars with HCN laser detections. We calculated values for the NIR photon luminosities from flux densities listed in Table 3, and we adopted a velocity range covered by 891 GHz HCN laser emission. In addition, we assumed that the infrared flux density of all stars in our sample varies by less than a factor of 4 over the stellar pulsation cycle, based on the L-band (at 3.5 μm) light curve of IRC+10216 measured between 1999 December 10 and 2008 November 11 (Shenavrin et al. 2011). Since the NIR photon luminosities were not significantly greater than the 891 GHz HCN laser luminosities (see Table 3), direct radiative pumping from the ground state to the (1,11e,0) level is probably not efficient enough to fully explain the observed laser luminosity. We caution that, especially for high mass-loss rate stars such as IRC+10216, the stellar emission at 3.5 μm in the inner envelope, where lasers arise, could be stronger than observed. This is because the flux is related to the emission of the dusty component of the envelope, which absorbs stellar emission and re-emits it at longer wavelengths.
Table 3 
Comparison of 891 GHz HCN laser and NIR photon luminosities.


Under the high temperature and gas density of the laseremitting region, the population of HCN in vibrationally excited states such as (0,11e,0) becomes significant, as evidenced by various observations of vibrationally excited HCN in carbon-rich stars (e.g. Fonfría et al. 2008, 2021; Cernicharo et al. 2011; Velilla-Prieto et al. 2023). Transitions from these states to the (1,11e,0) state depend on mid-infrared photons, which exhibit luminosities exceeding those of the 891 GHz HCN lasers. Thus, radiative pumping of HCN lasers through these vibrational states remains a viable possibility.
Chemical pumping has been invoked to explain laboratory HCN lasers. Various authors (e.g. Chantry 1971; Kunstreich & Lesieur 1975; Robinson 1978) proposed a reaction between CN and H2 in a discharge (see below, reaction 2) to be the pump of the lines of the HCN Coriolis-coupled system, despite this being challenged by Skatrud & De Lucia (1984) who argued that the abundance of CN is much too low in such a discharge. As we shall further discuss, sufficient HCN may be produced to make chemical pumping viable for stellar HCN lasers, as discussed by Schilke et al. (2000) and Schilke & Menten (2003). The underlying concept is that HCN molecules are preferentially formed in specific vibrational states (i.e. the Coriolis-coupled system), depending on their formation environment. The decay rates from the bending stack (0, v2,0) to lower vibrational states are much higher than those from the (1,11e,0) state (see Smith 1981; Ziurys & Turner 1986), which helps to sustain any population inversion between the (1,11e,0) and (0,40,0) states.
Given that HCN is a parent molecule typically formed close to the stellar atmosphere (e.g. Tsuji 1964; Cherchneff 2006; Li et al. 2014; Agúndez et al. 2020), a chemical pumping mechanism is possible. The excitation temperature of HCN can be as high as ∼1000 K (Cernicharo et al. 2011; Jeste et al. 2022), providing there are suitable conditions for the direct formation of HCN molecules in vibrationally excited states (e.g. the Coriolis-coupled system). Here, we revisit this scenario with the updated physical parameters and reaction rate coefficients.
As noted by previous studies (e.g. Cherchneff 2006), the formation of HCN in the innermost regions of circumstellar envelopes of AGB stars is primarily driven by the hydrogen abstraction reaction between the CN radical and H2,
[image: equation](2)
with a reaction rate coefficient of k = 4.96 × 10−13(Tk/300)2.6exp(−960/Tk) cm3 s−1, where Tk is the kinetic temperature, according to the KInetic Database for Astrochemistry (KIDA9; Baulch et al. 2005). Because reaction (2) is the main pathway for the destruction of CN and its back reaction is impeded by a too high activation barrier of ∼104 K, the HCN formation rate is determined by kn(H2) n(CN), where n(H2) and n(CN) are the number densities of H2 and CN, respectively.
In the innermost regions of circumstellar envelopes of C-rich stars, the fractional abundance of CN, X(CN), is estimated to be ∼10−6 under thermal equilibrium (Cherchneff 2006; Agúndez et al. 2020). Assuming a H2 gas density of n(H2) ∼ 1010 cm−3 and a gas temperature of Tk ∼ 1000 K, the rate of reaction (2) is 435 cm−3 s−1. We then estimate whether such a condition can produce a sufficient amount of HCN molecules per unit time to account for the observed laser luminosities. We assume a cylindrical geometry with an aspect ratio of a = llos/d = 1 for the laser-emitting zone, where llos is the length along the line of sight and d is the diameter of the laser spots. Based on the ALMA imaging results of R Lep (Asaki et al. 2023), we adopt a laser spot diameter of 10 au. Thus, we derive an HCN production rate of 1.1 × 1045 s−1, which exceeds or is comparable to the observed laser photon rates as shown in Tables C.1 and C.2. The HCN production rate could be enhanced if multiple spots are present in the inner regions. On the other hand, the HCN production rate may not fully correspond to the laser photon rate if not all HCN molecules contribute to laser emission. An estimate of such efficiency is beyond the scope of the current work.
However, while electronic transitions from warm CN have been detected in the optical spectra of carbon-rich stars (Barnbaum 1994; Bakker et al. 1997), radio CN emission has not been observed in the extended atmosphere where HCN lasers are formed (e.g. Guélin et al. 2018; Unnikrishnan et al. 2024). This means that X(CN) beyond the radio photosphere must be rather low (except for the outer radii where photo-dissociation takes place). Non-equilibrium models predict an extremely low X(CN) in regions dominated by shocks (see Table 4 in Willacy & Cherchneff 1998). The absence of CN close to the radio photosphere could be a result of shock-induced chemistry, although direct confirmation of shocks in emission line observations is still lacking (e.g. Velilla-Prieto et al. 2023).
We perform similar estimates of the HCN production rate using the parameters modelled by Willacy & Cherchneff (1998, their Tables 2 and 4) for a shocked region at 5R⋆, which we adopt as a lower limit estimate. The resultant CN abundance at this radius is about X(CN) = 8.37 × 10−13. The rates of reaction (2) are 951 cm−3 s−1 in the shock front for Tk = 5079 K and n(H2) = 1.33 × 1012 cm−3, and 72 cm−3 s−1 in the post-shock gas for Tk = 1544 K and n(H2) = 2.13 × 1012 cm−3. Assuming the same cylindrical geometry as in our estimate under thermal equilibrium, we derive an HCN production rate of 2.5 × 1045 s−1 and 1.9 × 1044 s−1 for the shock front and post-shock region, respectively. These rates are also comparable to the highest observed laser photon rates in our Tables C.1 and C.2. For R < 5 R⋆, the modelled gas temperatures and H2 number densities in both the shock front and post-shock gas are higher than those at 5R⋆ (Willacy & Cherchneff 1998). This results in an increased rate of reaction (2) and, consequently, a greater HCN production rate, which suggests that chemical pumping may, in principle, work at R ≲ 5R⋆. Hence, chemical pumping could be a viable mechanism to produce the observed HCN lasers despite a low CN abundance, provided that the gas temperature or the gas density, or both, are high enough to ensure a sufficiently high rate of reaction (2).
The variations in the rotational lines at 805, 968, and 1055 GHz appear to show a quasi-periodic pattern, which suggests that additional pumping mechanisms may periodically alter the conditions of the laser gas, thereby modulating these three rotational transitions. Cyclic stellar pulsations and convective motions are likely to generate periodic shocks, leading to density variations in the innermost regions of circumstellar envelopes. Quantum dynamics calculations have shown that vibrationally elastic (Δv = 0; purely rotational) excitation of linear molecules through collisions is almost independent of the vibrational state (e.g. Roueff & Lique 2013; Balança & Dayou 2017). The collisional rate coefficients for the vibrationally inelastic process are typically orders of magnitude lower than those of the vibrationally elastic process (e.g. Faure & Josselin 2008; Roueff & Lique 2013; Balança & Dayou 2017), making collisional excitation more likely to alter populations within the same vibrational state. If this conventional view holds true for the HCN vibrational states in the Coriolis-coupled system, collisions would influence pure rotational transitions more than cross-ladder transitions. However, the effects of collisions on the cross-ladder transitions are much less clear. While the high temperature and density in the laser-forming region may enhance the contribution of collisions to ro-vibrational transitions, it has been shown that state-to-state rate coefficients of collision-induced energy transfer may not necessarily be enhanced by intramolecular perturbations, such as Coriolis coupling (Orr & Smith 1987; Orr 2018). Besides collisions, infrared luminosities may contribute to the pumping of the quasi-periodic lasers because the laser variation period matches that of the NIR light curve. Therefore, we propose that periodic shocks and variations in infrared luminosity play a role in modulating the variation of the laser luminosity.
4.3 Comparison with masers in O-rich AGB stars
The pumping mechanisms responsible for SiO (e.g. Bujarrabal 1994a, b; Desmurs et al. 2014), H2O (e.g. Gray et al. 2016), OH (e.g. Elitzur et al. 1976; Elitzur 1992), and SiS masers (e.g. Fonfría Expósito et al. 2006; Gong et al. 2017) in evolved stars are primarily radiative and collisional pumping, with chemical pumping not being considered in their formation. On the other hand, inspired by laboratory HCN lasers and the early work of Schilke et al. (2000) and Schilke & Menten (2003), chemical pumping is considered in Sect. 4.2 to explain the formation of HCN lasers in C-rich stars, alongside the traditional radiative and collisional mechanisms. Considering potential differences, we performed a comparative analysis of the properties of masers and lasers in O-rich and C-rich stars.
In O-rich stars, the common molecular maser species SiO, H2 O, and OH are found at increasing distances from the central star (e.g. Reid & Moran 1981; Habing 1996). SiO masers occur within a few stellar radii of the stellar surface, situated between the radio photosphere and the dust formation zone (Reid & Menten 1997). Vibrationally excited SiO masers in the v = 1 and v = 2 states have been widely detected, and they exhibit isotropic luminosities of a few 1042-44 photons s−1 (e.g. Kim et al. 2014). To date, SiO masers in vibrational states up to v = 4 (Eup > 7000 K) have been detected in the red supergiant VY CMa (Cernicharo et al. 1993), with a tentative maser detection in the v = 6 state reported in R Cas and χ Cyg (Rizzo et al. 2021), an O-rich and an S-type AGB star, respectively.
In addition, vibrationally excited H2O maser emission is likely to originate from the same parts of the envelope as SiO masers (e.g. Menten & Melnick 1989; Menten & Young 1995; Asaki et al. 2020; Baudry et al. 2023; Ohnaka et al. 2024), that is, closer to the star than the layer harbouring 22 GHz H H2O masers in the vibrational ground state. Unlike other weak vibrationally excited H2O masers (see review in Humphreys 2007), the JKa, Kc = 11,0−10,1 line at 658 GHz in the v2 = 1 bend ing mode appears to be widespread and bright (e.g. Menten & Young 1995; Hunter et al. 2007; Baudry et al. 2018). The typical isotropic luminosity of the 658 GHz maser line is a few 1043–44 photons s−1, with the exception of the extremely high luminosities of 1046 photons s−1 in the red supergiants VY CMa and VX Sgr, for which the line is brighter than the 22 GHz transition, which is commonly the strongest H2O maser line (Menten & Young 1995).
We further compare the properties of HCN lasers in C-rich stars with those of masers in O-rich stars, using the brightest 891 GHz laser emission as an example. They share three key similarities: widespread occurrence among stars, great brightness, and originating in the innermost regions of circumstellar envelopes. The 891 GHz laser emission has been detected in seven out of eight C-rich stars observed by Herschel/HIFI. Combined with the 891 GHz lasers reported by Wong (2019), there are a total of twelve C-rich stars known to have 891 GHz lasers. These observations and the high detection rates suggest that laser emission in the 891 GHz transition is widespread in C-rich AGB stars. The 891 GHz HCN laser has a typical isotropic luminosity of 1044 photons s−1, which is comparable to that of the vibrationally excited SiO and H2O masers in O-rich stars. The upper energy levels of these HCN laser transitions exceed 4000 K. The lines cover velocity ranges that are much smaller than twice the terminal velocity of stellar wind. The high angular resolution (better than 100 mas) images of the 891 GHz laser emission reveal its location to be within only a few astronomical units from stars (Wong 2019; Asaki et al. 2023). These findings support the hypothesis that HCN laser emission occurs in the innermost region of circumstellar envelopes of C-rich stars where dust and molecular species are forming and the molecular gas is being accelerated. Therefore, the HCN lasers studied in this work may serve as analogues to the vibrationally excited SiO and H2O masers in O-rich stars.
5 Summary
In this work, we explore the HCN lines belonging to the Coriolis-coupled system between the (1,11e,0) and (0,40,0) vibrational states, with frequencies above 900 GHz, for the first time in astronomical objects. We performed SOFIA/4GREAT observations and collected all Herschel/HIFI archival data that cover all six HCN transitions in the Coriolis-coupled system for a sample of eight C-rich AGB stars. The main results are summarised as follows:

	The HCN lasers at 964, 968, and 1055 GHz were newly discovered towards C-rich stars. The 805, 891, and 964 GHz HCN laser emissions were detected in seven stars, the 968 GHz laser in six stars, and the 1055 GHz laser in five stars. However, the 894 GHz laser emission was not detected towards any of the targets;


	In this Coriolis-coupled system, the cross-ladder line at 891 GHz is always the strongest, with a typical luminosity of a few 1044 photons s−1. The 964 GHz laser is the second strongest laser, with a similar line profile to the 891 GHz laser. The 1055 GHz laser always has a stronger 968 GHz laser counterpart. The 805 GHz laser co-exists with the 891 GHz laser. Building on these results and the non-detection of the 894 GHz emission, we provide insights into a more complete picture of circumstellar HCN laser excitation;


	Towards IRC+10216, all five HCN laser transitions were observed in six to eight epochs and exhibited significant variations in line profiles and intensities. The cross-ladder lines at 891 and 964 GHz exhibit similar variations, but their intensity variations do not follow a periodic light curve. In contrast, the variations of the rotational lines at 805, 968, and 1055 GHz appear to be quasi-periodic, with a phase lag of 0.1–0.2 relative to the NIR light curve;


	We suggest that chemical pumping and radiative pumping could play an important role in the production of cross-ladder HCN lasers, while the quasi-periodic behaviour of rotational HCN laser lines may be modulated by additional collisional and radiative pumping driven by periodic shocks and variations in infrared luminosity;


	These HCN lasers could be an analogue of vibrationally excited SiO and H2O masers in O-rich stars, sharing three key similarities: widespread occurrence, high brightness, and originating in the innermost regions of circumstellar envelopes.



Given their high flux densities, existing successful self-calibration approach, and band-to-band calibration (Wong 2019; Asaki et al. 2023), HCN lasers in the Coriolis-coupled system serve as excellent phase calibrators for high-frequency and long-baseline observations (i.e. in ALMA Band 10), which can achieve unprecedented angular resolutions. These resolutions allow an in-depth exploration of the physics and dynamics of the innermost regions of the circumstellar envelopes of C-rich stars.
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Appendix A  Herschel/HIFI observations
Table A.1 lists details of all the Herschel/HIFI observations of HCN transitions used in this study.
Table A.1 
Herschel/HIFI observations.



Appendix B  Contamination removal for Herschel/HIFI 891 GHz spectra
Through examining the spectra observed at different epochs and scrutinising the possible contamination that arise from signals in the other sideband, we found that the 891 GHz laser line spectra from the upper sideband (USB) observed towards IRC+10216 between 2011 and 2013 were indeed contaminated. The contamination is attributed to the 13CO (8 – 7) line (centred at 881.272808 GHz) originating from the lower sideband (LSB).
The 891 GHz spectra observed in 2010 May 15 were acquired using a different observing mode and frequency settings compared to those spectra obtained between 2011 and 2013. There is no evidence of contamination for both 13CO (8 – 7) and the HCN laser emission at 891 GHz (see Figs B.1a,b). We adopted the SHELL method in the GILDAS/CLASS software to fit the 13CO (8 – 7) emission. To highlight the contamination of the laser emission by 13CO (8 – 7) (see panels c–f), we folded the blended emission into the LSB and used the same frequency range as shown in panel (a). The corresponding frequency range of the USB is also shown on the upper x-axis to label the strong emission component’s frequency at 890.76 GHz.
Unfortunately, the blended HCN laser emission components occur at the edge of the 13CO (8 – 7) line’s profile, making it challenging to determine the frequency coverage of 13CO emission directly from spectra. Since the velocity ranges of thermal emissions typically remain consistent over time (see, e.g. Cernicharo et al. 2014), we fixed the frequency coverage of the 13CO (8 – 7) emission (corresponding to a constant expansion velocity Vexp = 14.13 km s−1) obtained from observations in 2010 (Fig. B.1a) to fit the contributions of 13CO (8 – 7) in the contaminated spectra (see Figs B.1c–g). The fitted 13CO (8 – 7) spectra were then subtracted, resulting in the 891 GHz HCN laser spectra for our analysis (see Figs B.1h–l).

Appendix C  Parameters of the detected HCN lasers and comments on individual stars
Table C.1 summarises the observed parameters of HCN lasers in multiple epochs towards IRC +10216. Table C.2 presents the observed parameters of HCN lasers towards CIT 6, Y CVn, S Cep, IRC+50096, V Cyg, II Lup, and CRL 3068. In the following, we focus on the specificities of HCN lasers and masers that have been detected towards each star.
IRC+10216 (CW Leo). As an archetypal C-rich long period variable AGB star, IRC+10216 has been extensively studied due to its proximity, high mass-loss rate, extreme infrared brightness, and its role as a rich repository of diverse molecular species (e.g. Becklin et al. 1969; Cernicharo et al. 2000; Gong et al. 2015). IRC+10216 is believed to undergo a transition phase between the AGB and the formation of a planetary nebula (Trammell et al. 1994), and is the source hosting the by far largest number of known HCN maser lines to date (see Table A.1 in Jeste et al. 2022). The detected 805, 891, 964, 968, and 1055 GHz HCN laser emission lines cover a similar velocity range between −35 and −20 km s−1 in the LSR frame, which is nearly half of the velocity range of most thermal lines such as HCN transitions in the vibrational ground state (Menten et al. 2018; Jeste et al. 2022). The strongest components of these detected laser lines are observed near the systemic velocity (see Fig. 2), and show very different line profiles compared with the (0,11f,0), J = 4–3 HCN maser (Jeste et al. 2022) and SiS masers (Henkel et al. 1983; Fonfría Expósito et al. 2006; Gong et al. 2017; Fonfría et al. 2018), which could be due to infrared line overlaps or foreground masers amplifying background emission. The maser emission in the (0,11e,0), J = 2−1 line also show drastic variations in line profile (see Fig. 7 in Jeste et al. 2022). The line observed on 2018 December show multiple maser features with the strongest one aligning with the systemic velocity, which is different from the line profiles of the laser emissions detected by SOFIA on a nearby date.
Table C.1 
Observed parameters of HCN laser lines towards IRC+10216.


CIT 6 (RW LMi). CIT 6 has an exceptionally rich circumstellar envelope (e.g. Schmidt et al. 2002), displaying many characteristics similar to those of IRC+10216. It is, however, at a much larger distance (see Table 1). Although CIT 6 has a period and a terminal velocity comparable to IRC+10216, its mass-loss rate is several times lower. After scaling the two sources to the same distance, the fluxes of the HCN laser transitions detected towards CIT 6 are slightly higher than those for IRC+10216. In addition, the known HCN maser emissions in the (0,20,0), J = 1−0 and (0,11e,0), J = 2−1 lines were also stronger in CIT 6 than in IRC+10216 (Guilloteau et al. 1987; Menten et al. 2018). It is worth noting that all detected HCN laser and maser transitions, including the 805 and 891 GHz lines discovered by Schilke & Menten (2003) and the two maser lines mentioned above, exhibited peak velocities clearly blueshifted (>2 km s−1) with respect to the systemic velocity (see the left panels of Fig. 3). Furthermore, the velocity centroid of emission is also significantly blueshifted, highlighting a notable difference between CIT 6 and other sources.
Y CVn. Y CVn is a J-type C-rich semiregular star with a 12C/13C ratio of <15 (e.g. Abia & Isern 2000), and this star has the smallest mass-loss rate, the shortest period, and the weakest detected laser emission in our sample. HCN emission in the (1,11e,0)−(0,40,0), J = 11−10 line at 964 GHz was not detected on 2012 June 15 (see the middle panels of Fig. 3), while weak  emission was observed on 2018 December 17. All the detected HCN laser emission is blueshifted with respect to the systemic velocity, but not as prominent as in CIT 6.
Table C.2 
Observed parameters of HCN laser lines towards CIT 6, Y CVn, S Cep, IRC+50096, V Cyg, II Lup, and CRL 3068.


S Cep. The 805, 891, and 964 GHz HCN laser emissions detected in 2012 May show three peaks at ∼−15.1,−16.8, and −19.1 km s−1, which are aligned in velocity (see the right panels of Fig. 3). The peak velocity of the strongest feature varies: the laser component at approximately −16.8 km s−1, is the strongest for the 805 and 964 GHz lines, whereas the component at −15.1 km s−1, is the strongest at 891 GHz. Before this work, the only HCN maser detected towards this star was in the (0,20,0), J = 1−0 transition (Lucas et al. 1988), which showed a single narrow maser feature at −15.8 km s−1.
IRC+50096 (V384 Per). The observations were conducted at stellar pulsation phases ranging from 0.81 to 0.84, and HCN laser emissions were detected at 805, 891, and 964 GHz (see the leftmost panels of Fig. 4). The HCN laser emission at 891 GHz shows two peaks: the stronger peak at −18.6 km s−1 is blueshifted with respect to the systemic velocity of 1.5 km s−1, while the secondary peak at −10.4 km s−1 is significantly red-shifted from the systemic velocity of ∼6 km s−1. The line profile of the 964 GHz emission is similar to that of the 891 GHz emission, with the strongest emission aligned in velocity. In contrast, the line profile of the 805 GHz emission appears to be flipped from the 964 GHz line profile, where the strongest emission is redshifted with respect to the systemic velocity of ∼5 km s−1. Prior to this study, the only known HCN maser towards this star was in the (0,20,0), J = 1−0 transition of HCN (Lucas et al. 1988), which exhibited a single narrow maser feature at −15.4 km s−1.
	[image: thumbnail]	Fig. B.1 Panels (a) and (b) show the spectra of 13CO (8–7) and HCN laser emission at 891 GHz obtained in 2010 May 15. Panels (c–g) show the original 891 GHz laser spectra in the USB that were contaminated by 13CO (8–7) from the LSB during 2011 to 2013 (in green). The upper and lower axes indicate the frequency ranges of the blended emission in the USB and LSB, respectively. The orange curves present the fitting results for the 13CO contamination. Panels (h–1) show the 891 GHz laser spectra (in red) that have been removed the 13CO contamination.



V Cyg. The observations were made at stellar phases ranging from 0.52 to 0.63, during which HCN laser emissions were detected in all five transitions (see the second panels from left of Fig. 4). HCN laser emissions in the 805, 891 and 964 GHz lines exhibit a double-peak profile, with two peaks separated on either side of the systemic velocity and a low intensity at the systemic velocity. Stronger peaks were detected on the blueshifted side in the 891 and 964 GHz lines, while the redshifted side is stronger for the 805 GHz line. In contrast, HCN laser emissions at 968 and 1055 GHz are dominated by a component at ∼15 km s−1, which is relatively close to the systemic velocity. Before this work, the only known HCN maser transitions detected in this star were the (0,11e,0), J = 3−2, and (0,11e,0), J = 4−3 lines (Lucas et al. 1988), both of which showed a weak maser feature.
II Lup (IRAS 15194–5115). II Lup is a high mass-loss rate Mira variable, and the third brightest C-rich star in the sky at 12 μm (Meadows et al. 1987). HCN laser emission was detected in all five transitions, with each emission dominated by a single, narrow component close to the systemic velocity (see the third panels from left of Fig. 4). These line profiles differ from the previously known HCN maser emissions in the J = 2–1, (0,11e,0) and J = 4−3, (0,11f,0) lines (Menten et al. 2018; Jeste et al. 2022), which exhibit broader velocity coverage and multiple (≥2) emission features.
CRL 3068 (LL Peg). The extreme C-rich star CRL 3068 has comparable high mass-loss rate, long period and thick dusty shells as IRC+10216. A comparison of isotopic ratios indicates that this star is a more evolved object than IRC+10216 (Zhang et al. 2009). Two HCN transitions, that are the (0,11f,0), J = 4−3 and the (0,11e,0), J = 2−1 lines, are known to show maser actions (Jeste et al. 2022). In contrast, there is no emission from any of the HCN laser transitions detected in this star. Except for the 891 GHz line, the non-detection of most HCN lasers may be attributed to the star’s distance, which is the largest among our sample (Table 1), as well as its relatively low HCN abundance as modelled by Schöier et al. (2013). The circumstellar chemistry of CRL 3068 may be different from that of a typical C-rich AGB star (Zhang et al. 2009). Spatially-resolved observations will allow a better understanding of the spatial distribution and physical conditions of HCN at inner radii.

Appendix D  A more comprehensive view of lines between (1,11e, 0) and (0,40, 0) vibrational states
Figure D.1 shows a complete set of HCN spectra covering the rotational levels from J = 7 to J = 13 within and between the (1,11e,0) and (0,40,0) vibrational states towards IRC+10216. In this figure, we adopt another commonly used notation, [image: equation] and [image: equation], to label the vibrational states of (1,11e,0) and (0,40,0), respectively. The observations were carried out during 2010 May 11 – 16 using Herschel/HIFI (Project id: GT1_jcernich_4, PI: José Cernicharo).
Within the (1,11e,0) vibrational level, the strongest emission occurs at Jup = 11. The peak intensities of detected emissions decrease as J increases, with no emission was detected for Jup ≤ 10. Within the (0,40,0) vibrational level, the emission at Jup = 9 is stronger than the emission at adjacent Jup = 8, and no emission was detected for Jup ≥ 10. Between the two vibrational levels, cross-ladder lines at 891 GHz (Jup =10) and 964 GHz (Jup = 11) are significantly stronger than the previously mentioned rotational lines and are the only detected cross-ladder transitions. The two strong cross-ladder emissions arise from strong coupling between the two vibrational states, with the coupling being stronger at J = 10 and slightly weaker at J = 11 (Maki & Blaine 1964; Lide & Maki 1967), that further affect the population in the (1,11e,0) and (0,40,0) vibrational levels at certain J (see detailed discussion in Sect. 4.1).
	[image: thumbnail]	Fig. D.1 HCN transitions between the (1,11e,0) and (0,40,0) vibrational states with the rotational levels from J = 7 to J = 13, observed towards IRC+10216 in 2010 May using Herschel/HIFI. Spectra are arranged from left to right: (left) the rotational lines in the (1,11e, 0) vibrational state, (middle) the cross-ladder lines between two vibrational states, (right) the rotational lines in the (0,40,0) vibrational state. The intensity scale is antenna temperature in K. The frequency of each line is labelled at the top of the panel in MHz. Blue solid horizontal lines represent the rotational levels, and the blue dotted line marks the J = 10 rotational levels of the different vibrational states which are strongly coupled by Coriolis interaction.
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1 C-rich, with a carbon-to-oxygen abundance ratio, [C/O] > 1. In addition, oxygen-rich (O-rich) AGB stars have [C/O]<1, and S-type AGB stars have [C/O] ≈ 1.


2 For v2 ≠ 0, the degeneracy is lifted, and the level is split into sub-levels with different e-f parity (Brown et al. 1975) by rotational-vibrational interactions. The e and f sub-levels correspond to the lower and upper split levels (Maki et al. 1996), respectively. A new quantum number, the vibrational angular momentum (l), is introduced, where l can take values of 0 (even v2) or 1 (odd v2), and is incremented by 2 up to l ≤ v2 and l ≤ J.


3 We follow the notation used by previous studies that predicted and first detected laser transitions in the Coriolis-coupled system (Lide & Maki 1967; Hocker & Javan 1967; Schilke et al. 2000; Schilke & Menten 2003). It is important to note that in some studies (e.g. Harris et al. 2006; Barber et al. 2014), the v1 refers to C–H stretching, and the v3 refers to C–N stretching, which is different from the present work. Besides, the vibrational states of (1,11e,0) and (0,40,0) are also commonly labelled as [image: equation] and [image: equation] (see Appendix D as an example) in the literature.


4 In this work, we use the term ‘laser’ for the stimulated HCN emission in the far-infrared and sub-millimetre regimes, which follows the terminology from the laboratory literature and astronomical discoveries of the HCN lasers at 805 and 891 GHz (Schilke et al. 2000; Schilke & Menten 2003).


5 GREAT is a development by the MPI für Radioastronomie and the KOSMA/Universität zu Köln, in cooperation with the MPI für Sonnensys-temforschung and the DLR Institut für Planetenforschung.


6 https://www.iram.fr/IRAMFR/GILDAS


7 http://archives.esac.esa.int/hsa/whsa/


8 https://exomol.com/; Tennyson et al. (2024).


9 https://kida.astrochem-tools.org/
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	[image: thumbnail]	Fig. 1 Level diagram of the (1,11,0) and (0,40,0) vibrational states of HCN near the Coriolis resonance involving the rotational levels from J = 8 to J = 12. The energy levels are adopted from Harris et al. (2006). The wavelength (Hocker & Javan 1967) and frequency (see Table 2 for exact numbers) of each transition are labelled. The red arrows highlight the astronomical laser transitions discovered in the course of this work, while the solid black arrows represent the previously detected laser lines of the HCN transitions towards IRC+10216. The dotted black line indicates the non-detected 894 GHz line (Schilke et al. 2000; Schilke & Menten 2003).
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	[image: thumbnail]	Fig. 2 Spectra of sub-millimetre HCN laser transitions within the Coriolis-coupled system observed in six to eight epochs towards IRC+10216. Spectra are presented from left to right for the following transitions: (a) the (0,40,0), J = 9−8 line at 805 GHz; (b) the (1,11e,0)–(0,40,0), J = 10−9 line at 891 GHz; (c) the (1,11e,0)−(0,40,0), J = 11−10 line at 964 GHz; (d) the (1,11e,0), J = 11−10 line at 968 GHz; and (e) the (1,1ee,0), J = 12−11 line at 1055 GHz. The Herschel/HIFI spectra are plotted in red, while the SOFIA/4GREAT spectra, smoothed to a channel spacing of ∼0.15 km s−1, are shown in black. The observing dates are labelled in their respective panels. In each panel, the vertical dashed blue line indicates the stellar velocity of −26.5 km s−1, the vertical blue bars mark the terminal velocity of ± 18 km s−1, and the horizontal dotted blue line represents the baseline. The grey-shaded regions indicate the velocity ranges used to determine the integrated intensities.
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	[image: thumbnail]	Fig. 3 Spectra of sub-millimetre HCN laser transitions towards CIT 6 (left), Y CVn (middle), and S Cep (right). The Herschel/HIFI spectra are plotted in red, while the SOFIA/4GREAT spectra, smoothed to a channel spacing of ∼0.3 km s−1 (except for the tentative detection the 968 GHz emission towards S Cep, smoothed to a channel spacing of 0.6 km s−1), are plotted in black. The observing dates are labelled in the perspective panels. The vertical dashed blue line indicates the stellar velocity, the vertical blue bars mark the terminal velocity (listed in Table 1), the horizontal dotted blue line represents the baseline, and the grey-shaded regions indicate the velocity ranges used to determine the integrated intensities.
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	[image: thumbnail]	Fig. 4 Same as Fig. 3, but for the Herschel/HIFI spectra of IRC+50096, V Cyg, II Lup, and CRL 3068 (from left to right), respectively.
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	[image: thumbnail]	Fig. 5 Distribution of the velocity differences between the strongest HCN laser features and their stellar systemic velocities versus the terminal expansion velocities for all emissions detected in this work.
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	[image: thumbnail]	Fig. 6 Integrated intensities (left panel, dots) and peak intensities (right panel, squares) of HCN laser emission in each epoch with NIR light curve of IRC+10216. From top to bottom, the red, orange, green, blue, and purple symbols represent the HCN laser transitions at 805, 891, 964, 968, and 1055 GHz, respectively. The grey curve indicates the NIR light curve, with a period of 630 days and the epoch of the maximum (ϕIR = 0), 2454554, in Julian Day format (Menten et al. 2012). The stellar phases for observed dates are labelled in the bottom left panel. In the panels showing HCN laser emissions at 805, 968, and 1055 GHz, the dashed black curve depicts a shift from the NIR light curve, with the phase lag derived from the best fit and its value labelled in each panel.
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	[image: thumbnail]	Fig. B.1 Panels (a) and (b) show the spectra of 13CO (8–7) and HCN laser emission at 891 GHz obtained in 2010 May 15. Panels (c–g) show the original 891 GHz laser spectra in the USB that were contaminated by 13CO (8–7) from the LSB during 2011 to 2013 (in green). The upper and lower axes indicate the frequency ranges of the blended emission in the USB and LSB, respectively. The orange curves present the fitting results for the 13CO contamination. Panels (h–1) show the 891 GHz laser spectra (in red) that have been removed the 13CO contamination.
In the text



	[image: thumbnail]	Fig. D.1 HCN transitions between the (1,11e,0) and (0,40,0) vibrational states with the rotational levels from J = 7 to J = 13, observed towards IRC+10216 in 2010 May using Herschel/HIFI. Spectra are arranged from left to right: (left) the rotational lines in the (1,11e, 0) vibrational state, (middle) the cross-ladder lines between two vibrational states, (right) the rotational lines in the (0,40,0) vibrational state. The intensity scale is antenna temperature in K. The frequency of each line is labelled at the top of the panel in MHz. Blue solid horizontal lines represent the rotational levels, and the blue dotted line marks the J = 10 rotational levels of the different vibrational states which are strongly coupled by Coriolis interaction.
In the text





    
      Fig. 1 

      
        [image: thumbnail]
      

      
        Level diagram of the (1,11,0) and (0,40,0) vibrational states of HCN near the Coriolis resonance involving the rotational levels from J = 8 to J = 12. The energy levels are adopted from Harris et al. (2006). The wavelength (Hocker & Javan 1967) and frequency (see Table 2 for exact numbers) of each transition are labelled. The red arrows highlight the astronomical laser transitions discovered in the course of this work, while the solid black arrows represent the previously detected laser lines of the HCN transitions towards IRC+10216. The dotted black line indicates the non-detected 894 GHz line (Schilke et al. 2000; Schilke & Menten 2003).

      

    

  
    
      Table 1 

      Stellar information of the sample of C-rich stars in this work.

      
        


	Source name
	α(J2000)
	δ(J2000)
	Type
	Distance
	[image: equation]
	Vexp
	Ṁ
	Period



	
	(hh: mm: ss)
	(dd: mm: ss)
	
	(pc)
	(km s−1)
	(km s−1)
	(10−7 M⊙ yr−1)
	(day)





	IRC+10216 (CW Leo) (a)
	09:47:57.40
	13:16:43.5
	M
	140
	−26.5
	18
	200−400
	630



	CIT 6 (RW LMi) (a)
	10:16:02.28
	30:34:18.9
	M
	460
	−2
	15
	26−140
	617



	Y CVn (b)
	12:45:07.82
	45:26:24.9
	SRb
	220
	+22
	7
	1.5
	268



	S Cep (b)
	21:35:12.82
	78:37:28.2
	M
	380
	−15.3
	22.5
	12
	484



	IRC+50096 (V 384 Per) (b)
	03:26:29.51
	47:31:48.6
	M
	560
	−16.8
	15.5
	23
	535



	V Cyg (b)
	20:41:18.27
	48:08:28.8
	M
	366
	+13.5
	12
	16
	421



	CRL 3068 (LL Peg) (b)
	23:19:12.39
	17:11:35.4
	M
	1300
	−31.5
	14.5
	250
	696



	II Lup (IRAS 15194-5115) (a)
	15:23:05.07
	−51:25:58.7
	M
	640
	−15
	23
	100
	576





      

      
Notes. Columns 1–3 list the names and coordinates of sources (the top four sources with SOFIA observations). Column 4 list the variability type: M (Mira) and SR (Semi-regular), as adopted from Ramstedt & Olofsson (2014), with the type for S Cep taken from the American Association of Variable Star Observers (AAVSO; https://www.aavso.org/). Columns 5–8 provide the distance, the stellar LSR velocity ([image: equation]), the terminal expansion velocity of the envelope (Vexp), the mass-loss rate (Ṁ) and the stellar pulsation period, respectively. (a) Stellar parameters for IRC+10216, CIT 6, and II Lup are adopted from Menten et al. (2018), and the distances derived from the Mira period-luminosity relation are used in this work. We caution that the adopted [image: equation] may be slightly overestimated as the contribution from microturbulence has not been subtracted. (b) Stellar parameters for Y CVn, S Cep, IRC+50096, V Cyg, and CRL 3068 are adopted from Massalkhi et al. (2018), except for their stellar pulsation periods that are derived from the AAVSO.




    

  
    
      Table 2 

      Spectroscopic properties of HCN transitions.

      
        


	HCN transition
	Rest frequency(a)
	Eup (b)
	Aul (b)
	SOFIA/4GREAT (c)
	Herschel/HIFI (d)



	(v1, v2, v3)
	J
	
	
	
	Channel
	HPBW
	ηmb
	Factor(e)
	Obs. (f)
	Band
	HPBW
	ηmb
	Factor(e)



	
	
	(GHz)
	(K)
	(s−1)
	
	(′′)
	
	(Jy K−1)
	
	
	(′′)
	
	(Jy K−1)





	(0,40,0)
	9−8
	804.7509
	4226.1
	2.3 × 10−2
	−
	−
	−
	−
	−
	3a
	26.1
	0.63
	355



	(0,40,0)
	10−9
	894.4142
	4269.0
	3.1 × 10−2
	−
	−
	−
	−
	−
	3 b
	23.6
	0.63
	353



	(1,11e,0)−(0,40,0)
	10−9
	890.7607
	4268.8
	…
	4G2 (LSB)
	31.4
	0.56
	609
	1
	3b
	23.6
	0.63
	353



	(1,11e,0)−(0,40,0)
	11−10
	964.3134
	4315.3
	…
	4G2 (USB)
	28.8
	0.56
	599
	1,2,3,4
	4 a
	21.8
	0.64
	359



	(1,11e,0)
	11−10
	967.9658
	4315.3
	4.3 × 10−2
	4G2 (USB)
	28.8
	0.56
	598
	1,2,3,4
	4a
	21.7
	0.64
	359



	(1,11e,0)
	12−11
	1055.54†
	4365.9
	5.6 × 10−2
	4G2 (LSB)
	26.2
	0.56
	588
	1
	4a/4b
	20.0
	0.64
	378





      

      
Notes. The HCN transitions at 805 and 894 GHz were not observed by SOFIA, as marked by “–” in the corresponding rows. (a) The frequencies of HCN transitions are adopted from Hocker & Javan (1967), with the exception of that of the 1055 GHz line whose frequency is estimated from our detection, labelled by a dagger. (b) The energy of the upper level and the Einstein A coefficient of each transition are adopted from Harris et al. (2006) and Barber et al. (2014), while the Einstein A coefficients for the 891 and 964 GHz lines are not given, labelled as “…”. (c) Reference: Durán et al. (2021). (d) Reference: Shipman et al. (2017). (e) Scaling factors to convert main-beam temperature to flux density. The factors for Herschel/HIFI data are the averages of H and V polarisations. (f) Observed sources at the corresponding transition: (1) IRC+10216; (2) CIT 6; (3) Y CVn; (4) S Cep.




    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
        Spectra of sub-millimetre HCN laser transitions within the Coriolis-coupled system observed in six to eight epochs towards IRC+10216. Spectra are presented from left to right for the following transitions: (a) the (0,40,0), J = 9−8 line at 805 GHz; (b) the (1,11e,0)–(0,40,0), J = 10−9 line at 891 GHz; (c) the (1,11e,0)−(0,40,0), J = 11−10 line at 964 GHz; (d) the (1,11e,0), J = 11−10 line at 968 GHz; and (e) the (1,1ee,0), J = 12−11 line at 1055 GHz. The Herschel/HIFI spectra are plotted in red, while the SOFIA/4GREAT spectra, smoothed to a channel spacing of ∼0.15 km s−1, are shown in black. The observing dates are labelled in their respective panels. In each panel, the vertical dashed blue line indicates the stellar velocity of −26.5 km s−1, the vertical blue bars mark the terminal velocity of ± 18 km s−1, and the horizontal dotted blue line represents the baseline. The grey-shaded regions indicate the velocity ranges used to determine the integrated intensities.

      

    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Spectra of sub-millimetre HCN laser transitions towards CIT 6 (left), Y CVn (middle), and S Cep (right). The Herschel/HIFI spectra are plotted in red, while the SOFIA/4GREAT spectra, smoothed to a channel spacing of ∼0.3 km s−1 (except for the tentative detection the 968 GHz emission towards S Cep, smoothed to a channel spacing of 0.6 km s−1), are plotted in black. The observing dates are labelled in the perspective panels. The vertical dashed blue line indicates the stellar velocity, the vertical blue bars mark the terminal velocity (listed in Table 1), the horizontal dotted blue line represents the baseline, and the grey-shaded regions indicate the velocity ranges used to determine the integrated intensities.

      

    

  
    
      Fig. 4 

      
        [image: thumbnail]
      

      
        Same as Fig. 3, but for the Herschel/HIFI spectra of IRC+50096, V Cyg, II Lup, and CRL 3068 (from left to right), respectively.

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Distribution of the velocity differences between the strongest HCN laser features and their stellar systemic velocities versus the terminal expansion velocities for all emissions detected in this work.

      

    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
        Integrated intensities (left panel, dots) and peak intensities (right panel, squares) of HCN laser emission in each epoch with NIR light curve of IRC+10216. From top to bottom, the red, orange, green, blue, and purple symbols represent the HCN laser transitions at 805, 891, 964, 968, and 1055 GHz, respectively. The grey curve indicates the NIR light curve, with a period of 630 days and the epoch of the maximum (ϕIR = 0), 2454554, in Julian Day format (Menten et al. 2012). The stellar phases for observed dates are labelled in the bottom left panel. In the panels showing HCN laser emissions at 805, 968, and 1055 GHz, the dashed black curve depicts a shift from the NIR light curve, with the phase lag derived from the best fit and its value labelled in each panel.

      

    

  
    
      Table 3 

      Comparison of 891 GHz HCN laser and NIR photon luminosities.

      
        


	Object
	λ
	Sλ
	Catalogue
	Lλ
	Lλ/L891



	
	(μm)
	(Jy)
	
	(photons s−1)
	





	IRC+10216(*)
	3.35
	1330
	unWISE
	2.4 × 1044
	0.39



	CIT 6
	3.35
	580
	unWISE
	7.4 × 1044
	0.46



	Y CVn
	3.35
	934
	unWISE
	3.6 × 1044
	2.57



	
	3.52
	931
	DIRBE
	3.6 × 1044
	2.57



	S Cep
	3.35
	837
	unWISE
	8.7 × 1044
	1.07



	
	3.52
	775
	DIRBE
	8.1 × 1044
	1



	IRC+50096
	3.35
	288
	unWISE
	8.7 × 1044
	1.05



	
	3.52
	313
	DIRBE
	9.5 × 1044
	1.14



	V Cyg
	3.35
	683
	unWISE
	7.2 × 1044
	0.83



	II Lup
	3.35
	203
	unWISE
	4.7 × 1044
	0.49



	
	3.52
	295
	DIRBE
	6.8 × 1044
	0.72





      

      
Notes. Flux densities obtained from the VizieR database (Ochsenbein et al. 2000) via http://vizier.cds.unistra.fr/vizier/sed/. The unblurred, coadds of the Wide-field Infrared Survey Explorer (WISE) imaging (unWISE; Lang 2014); Diffuse Infrared Background Experiment (DIRBE; Smith et al. 2004; Price et al. 2010).(*) The 891 GHz HCN laser data observed in 2010 May 13 were used here.




    

  
    
      Table A.1 

      Herschel/HIFI observations.

      
        


	Obs. date
	Herschel
	Line
	Obs. mode



	(yyyy-mm-dd)
	OBSID
	(GHz)
	





	IRC+10216



	




	2010-05-12
	1342196473
	805
	Spectral scan



	2011-06-09
	1342222323
	805*
	Single point



	2012-05-03
	1342245305
	805*
	Single point



	2012-10-24
	1342254408
	805*
	Single point



	2012-11-30
	1342256274
	805*
	Single point



	2013-04-29
	1342271240
	805*
	Single point



	2010-05-13
	1342196518
	891, 894
	Spectral scan



	2011-06-09
	1342222292
	891†
	Single point



	2012-05-04
	1342245342
	891†
	Single point



	2012-10-26
	1342253951
	891†
	Single point



	2012-11-30
	1342256278
	891†
	Single point



	2013-04-28
	1342271201
	891†
	Single point



	2011-06-09
	1342222297
	894*
	Single point



	2012-05-04
	1342245347
	894*
	Single point



	2012-10-26
	1342253956
	894*
	Single point



	2012-11-30
	1342256283
	894*
	Single point



	2013-04-28
	1342271206
	894*
	Single point



	2010-05-16
	1342196590
	964,968,1055
	Spectral scan



	2011-06-09
	1342222351
	964
	Single point



	2012-05-04
	1342245359
	964
	Single point



	2012-10-24
	1342254419
	964
	Single point



	2012-11-30
	1342256285
	964
	Single point



	2013-04-29
	1342271230
	964
	Single point



	2011-06-09
	1342222352
	968
	Single point



	2012-05-04
	1342245360
	968
	Single point



	2012-10-24
	1342254420
	968
	Single point



	2012-11-30
	1342256286
	968
	Single point



	2013-04-29
	1342271231
	968
	Single point



	2010-05-11
	1342196423
	1055
	Spectral scan



	2011-06-09
	1342222353
	1055
	Single point



	2012-05-04
	1342245361
	1055
	Single point



	2012-10-24
	1342254421
	1055
	Single point



	2012-11-30
	1342256287
	1055
	Single point



	2013-04-29
	1342271232
	1055
	Single point



	




	CIT 6



	




	2012-06-16
	1342247079
	805
	Spectral scan



	2012-05-04
	1342245341
	891, 894
	Spectral scan



	2012-05-04
	1342245367
	964, 968
	Spectral scan



	2012-05-04
	1342245374
	1055
	Spectral scan



	




	Y CVn



	




	2012-06-16
	1342247080
	805
	Spectral scan



	2012-06-14
	1342247025
	891,894
	Spectral scan



	2012-06-15
	1342247044
	964,968
	Spectral scan



	2012-05-18
	1342246497
	1055
	Spectral scan



	




	S Cep



	




	2012-05-23
	1342246032
	805
	Spectral scan



	2012-05-24
	1342246045
	891,894
	Spectral scan



	2012-05-24
	1342246330
	964,968
	Spectral scan



	2012-05-24
	1342246338
	1055
	Spectral scan



	




	IRC+50096



	




	2012-08-25
	1342250216
	805
	Spectral scan



	2012-08-11
	1342249438
	891,894
	Spectral scan



	2012-08-16
	1342249614
	964,968
	Spectral scan



	2012-08-25
	1342250210
	1055
	Spectral scan



	




	V Cyg



	




	2012-05-23
	1342246035
	805
	Spectral scan



	2012-05-24
	1342246049
	891,894
	Spectral scan



	2012-05-03
	1342245331
	964,968
	Spectral scan



	2012-06-21
	1342247175
	1055
	Spectral scan



	




	CRL 3068



	




	2012-06-21
	1342247178
	805
	Spectral scan



	2012-05-24
	1342246047
	891,894
	Spectral scan



	2012-05-31
	1342246518
	964,968
	Spectral scan



	2012-06-21
	1342247176
	1055
	Spectral scan



	




	II Lup



	




	2012-09-12
	1342251014
	805
	Spectral scan



	2012-09-18
	1342251111
	891, 894
	Spectral scan



	2012-09-07
	1342250707
	964,968
	Spectral scan



	2012-09-21
	1342251491
	1055
	Spectral scan





      

      
Notes. The signal recorded in the other sideband is marked by a star. The 891 GHz laser spectra of IRC+10216 indicated by a dagger exhibited contamination from 13CO (J = 8–7) emission in the other sideband. For IRC+10216, the data processed by pipeline were used, while for the other six stars, the Highly Processed Data Product (HPDP) with improved baselines were utilised.




    

  
    
      Table C.1 

      Observed parameters of HCN laser lines towards IRC+10216.

      
        


	Line
	Obs. date
	ϕIR
	Vpk
	Vrange
	∫ S dv
	Spk
	LHCN
	1σ @ Vch



	(GHz)
	(yyyy-mm-dd)
	
	(km s−1)
	(km s−1)
	(Jy km s−1)
	(Jy)
	(photons s−1)
	(Jy @ km s−1)





	805
	2010-05-12
	0.23
	−26.7
	[−34.2, −21.1]
	9273.1
	2209.2
	1.1 × 1044
	11.2 @ 0.19



	2011-06-09
	0.85
	−26.9
	[−32.6, −20.2]
	3963.6
	1455.4
	4.7 × 1043
	11.1 @ 0.19



	2012-05-03
	0.38
	−26.3
	[−32.1, −20.6]
	9625.8
	2673.0
	1.1 × 1044
	11.6 @ 0.19



	2012-10-24
	0.65
	−26.1
	[−32.8, −20.6]
	3478.8
	895.0
	4.1 × 1043
	10.8 @ 0.19



	2012-11-30
	0.71
	−26.4
	[−29.8, −21.6]
	2776.8
	728.3
	3.3 × 1043
	11.4 @ 0.19



	2013-04-29
	0.95
	−25.0
	[−31.8, −20.8]
	8106.7
	2213.9
	9.6 × 1043
	10.4 @ 0.19



	891
	2010-05-13
	0.23
	−26.7
	[−34.8, −19.6]
	51616.9
	13702.8
	6.1 × 1044
	18.0 @ 0.17



	2011-06-09†
	0.85
	−26.5
	[−34.8, −19.6]
	27596.9
	8814.5
	3.3 × 1044
	34.1 @ 0.17



	2012-05-04†
	0.38
	−26.0
	[−31.8, −20.0]
	62405.5
	16751.3
	7.4 × 1044
	34.7 @ 0.17



	2012-10-26†
	0.66
	−26.2
	[−32.0, −20.6]
	60922.2
	21214.6
	7.2 × 1044
	31.0 @ 0.17



	2012-11-30†
	0.71
	−26.2
	[−32.6, −19.8]
	61743.9
	21955.3
	7.3 × 1044
	37.5 @ 0.17



	2013-04-28†
	0.95
	−26.0
	[−33.2, −20.4]
	80099.9
	26370.0
	9.5 × 1044
	33.7 @ 0.17



	2018-12-17
	0.22
	−23.9
	[−30.2, −21.8]
	52621.7
	14023.6
	6.2 × 1044
	666.4 @ 0.16



	964
	2010-05-16
	0.24
	−26.5
	[−34.0, −20.2]
	19870.9
	7057.0
	2.3 × 1044
	21.8 @ 0.16



	2011-06-09
	0.85
	−26.6
	[−32.0, −20.5]
	11239.3
	4642.1
	1.3 × 1044
	36.5 @ 0.16



	2012-05-04
	0.38
	−26.0
	[−32.1, −20.6]
	35326.3
	10469.9
	4.2 × 1044
	34.7 @ 0.16



	2012-10-24
	0.65
	−25.8
	[−32.0, −21.0]
	36280.0
	13332.5
	4.3 × 1044
	35.2 @ 0.16



	2012-11-30
	0.71
	−25.8
	[−31.8, −20.6]
	36638.3
	13940.8
	4.3 × 1044
	34.3 @ 0.16



	2013-04-29
	0.95
	−25.8
	[−32.8, −20.6]
	48059.8
	18223.7
	5.7 × 1044
	33.9 @ 0.16



	2018-12-17
	0.22
	−23.8
	[−29.8, −21.0]
	33876.5
	10337.9
	4.0 × 1044
	260.8 @ 0.15



	968}
	2010-05-16
	0.24
	−26.4
	[−34.0, −19.8]
	15959.7
	3310.8
	1.9 × 1044
	22.8 @ 0.15



	2011-06-09
	0.85
	−26.9
	[−34.0, −19.0]
	9667.0
	2473.0
	1.1 × 1044
	37.7 @ 0.15



	2012-05-04
	0.38
	−26.9
	[−32.1, −20.4]
	9374.2
	2124.6
	1.1 × 1044
	32.4 @ 0.15



	2012-10-24
	0.65
	−27.0
	[−34.0, −20.0]
	4126.0
	957.8
	4.9 × 1043
	34.8 @ 0.15



	2012-11-30
	0.71
	−27.0
	[−34.5, −21.0]
	4073.3
	903.8
	4.8 × 1043
	35.2 @ 0.15



	2013-04-29
	0.95
	−26.5
	[−33.8, −19.0]
	11193.1
	2324.4
	1.3 × 1044
	35.3 @ 0.15



	2018-12-17
	0.22
	−26.1
	[−29.0, −20.0]
	9533.8
	3051.2
	1.1 × 1044
	285.0 @ 0.15



	1055
	2010-05-11
	0.23
	−27.4
	[−34.0, −19.8]
	9108.4
	1695.5
	1.1 × 1044
	33.4 @ 0.14



	2010-05-16
	0.24
	−25.6
	[−32.6, −20.4]
	8718.2
	1688.8
	1.0 × 1044
	36.1 @ 0.14



	2011-06-09
	0.85
	−26.3
	[−32.1, −20.7]
	4713.9
	1143.8
	5.6 × 1043
	33.1 @ 0.14



	2012-05-04
	0.38
	−25.7
	[−32.0, −21.0]
	6285.6
	1951.0
	7.4 × 1043
	33.4 @ 0.14



	2012-10-24
	0.65
	−25.3
	[−32.0, −21.0]
	2953.9
	895.8
	3.5 × 1043
	33.7 @ 0.14



	2012-11-30
	0.71
	−25.1
	[−29.5, −21.0]
	2274.2
	707.2
	2.7 × 1043
	30.1 @ 0.14



	2013-04-29
	0.95
	−25.0
	[−32.1, −20.2]
	6416.7
	1656.4
	7.6 × 1043
	33.0 @ 0.14



	2018-12-17
	0.22
	−25.6
	[−28.1, −20.9]
	5136.4
	1928.6
	6.1 × 1043
	177.1 @ 0.14





      

      
Notes. Columns 2–9 list the observing date, phase (ϕIR), peak velocity (Vpk), velocity range (Vrange), integrated flux density (∫ S dv), peak intensity (Spk), HCN laser isotropic luminosity (LHCN), and 1 σ noise level at the channel spacing (Vch) for the corresponding HCN laser transition. The phases, where ϕIR = 0 corresponds to the maximum NIR brightness, were estimated using a period of 630 days and the epoch of the maximum, 2454554, in Julian Day format (Menten et al. 2012). These values were derived based on H, K, L and M infrared light curves of IRC+10216 (Shenavrin et al. 2011). The 891 GHz laser spectra exhibit contamination from 13CO (J = 8–7) emission in the other sideband, indicated by a dagger. The contamination removal spectra (see Figs. B.1h–l) were used to derive the parameters.




    

  
    
      Table C.2 

      Observed parameters of HCN laser lines towards CIT 6, Y CVn, S Cep, IRC+50096, V Cyg, II Lup, and CRL 3068.

      
        


	Line
	Obs. date
	ϕ
	Vpk
	Vrange
	∫ S dv
	Spk
	LHCN
	σ @ Vch



	(GHz)
	(yyyy-mm-ss)
	
	(km s−1)
	(km s−1)
	(Jy k km s−1)
	(Jy)
	(photons s−1)
	(Jy @ km s−1)





	CIT 6



	




	805
	2012–06-16
	0.21
	−6.7
	[−10.0, −0.6]
	2501.4
	463.7
	3.2 × 1044
	27.3 @ 0.19



	891
	2012–05-04
	0.14
	−4.8
	[−10.0, 0.0]
	12185.4
	2909.8
	1.6 × 1045
	28.1 @ 0.17



	964
	2012-05-04
	0.14
	−4.7
	[−10.0, 0.0]
	6608.6
	1633.4
	8.4 × 1044
	49.3 @ 0.16



	
	2018-12-17
	0.92
	−5.6
	[−7.6, −1.2]
	6689.1
	2308.4
	8.5 × 1044
	172.1 @ 0.30



	968
	2012-05-04
	0.14
	−4.6
	[−10.0, −0.7]
	4167.7
	760.2
	5.3 × 1044
	45.5 @ 0.15



	
	2018-12-17
	0.92
	−4.9
	[−7.8, −1.1]
	3796.0
	890.4
	4.8 × 1044
	171.8 @ 0.30



	1055
	2012-05-04
	0.14
	−4.1
	[−7.6, −1.4]
	2098.0
	786.5
	2.7 × 1044
	98.7 @ 0.14



	




	Y CVn



	




	805
	2012-06-16
	
	+19.9
	[+14.2, +25.4]
	1446.5
	245.4
	4.2 × 1043
	28.4 @ 0.19



	891
	2012-06-14
	
	+21.1
	[+14.8,+28.0]
	4877.9
	825.8
	1.4 × 1044
	27.6 @ 0.17



	964
	2012-06-15
	
	…
	…
	…
	<152.1
	…
	50.7 @ 0.16



	
	2018-12-17
	
	+20.8
	[+18.4, +21.6]
	1342.6
	534.0
	3.9 × 1043
	103.8 @ 0.30



	968
	2012-06-15
	
	+21.0
	[+15.4, +25.6]
	2238.6
	387.6
	6.5 × 1043
	66.1 @ 0.15



	
	2018-12-17
	
	+18.4
	[+15.1, +23.0]
	3238.2
	989.1
	9.4 × 1043
	149.7 @ 0.30



	1055
	2012-05-18
	
	…
	…
	…
	<310.9
	…
	103.6 @ 0.14



	




	S Cep



	




	805
	2012-05-23
	0.40
	−16.8
	[−22.2, −9.4]
	2729.3
	547.1
	2.4 × 1044
	29.5 @ 0.19



	891
	2012-05-24
	0.40
	−15.2
	[−22.0, −10.0]
	9272.6
	1983.0
	8.1 × 1044
	26.6 @ 0.17



	964
	2012-05-24
	0.40
	−16.7
	[−20.4, −11.6]
	4417.5
	1077.8
	3.8 × 1044
	50.7 @ 0.16



	
	2018-12-17
	0.35
	−17.5
	[−19.6, −14.2]
	4132.0
	1401.3
	3.6 × 1044
	135.5 @ 0.30



	968
	2012-05-24
	0.40
	−13.8
	[−20.4, −11.2]
	2071.2
	407.4
	1.8 × 1044
	61.0 @ 0.15



	
	2018-12-17
	0.35
	−15.9
	[−18.3, −12.4]
	2132.6
	640.3
	1.9 × 1044
	152.6 @ 0.60



	1055
	2012-05-24
	0.40
	−16.5
	[−17.8, −12.4]
	2121.8
	581.9
	1.8 × 1044
	90.4 @ 0.14



	




	IRC+50096



	




	805
	2012-08-25
	0.84
	−12.1
	[−21.0, −10.0]
	916.3
	156.7
	1.7 × 1044
	30.0 @ 0.19



	891
	2012-08-11
	0.81
	−18.6
	[−23.0, −7.0]
	4391.2
	790.4
	8.3 × 1044
	29.4 @ 0.17



	964
	2012-08-16
	0.82
	−18.4
	[−20.2, −8.0]
	1874.0
	346.8
	3.5 × 1044
	52.2 @ 0.16



	968
	2012-08-16
	0.82
	…
	…
	…
	<153.9
	…
	51.3 @ 0.15



	1055
	2012-08-25
	0.82
	…
	…
	…
	<291.3
	…
	97.1 @ 0.14



	




	V Cyg



	




	805
	2012-05-23
	0.56
	+14.3
	[+6.8, +21.4]
	2292.8
	471.8
	1.9 × 1044
	29.3 @ 0.19



	891
	2012-05-24
	0.57
	+11.0
	[+8.0,+21.0]
	10737.9
	2215.4
	8.7 × 1044
	28.8 @ 0.17



	964
	2012-05-03
	0.52
	+11.2
	[+9.0, +21.4]
	5975.4
	1321.8
	4.8 × 1044
	56.1 @ 0.16



	968
	2012-05-03
	0.52
	+14.5
	[+7.5, +19.6]
	2182.9
	464.8
	1.8 × 1044
	52.1 @ 0.15



	1055
	2012-06-21
	0.63
	+15.1
	[+8.3, +18.2]
	2093.1
	527.3
	1.7 × 1044
	97.6 @ 0.14



	




	II Lup



	




	805
	2012-09-12
	0.43
	−15.9
	[−19.0, −11.0]
	447.1
	148.6
	1.1 × 1044
	7.2 @ 0.19



	891
	2012-09-18
	0.45
	−16.1
	[−20.4, −11.0]
	3830.4
	1042.5
	9.5 × 1044
	11.8 @ 0.17



	964
	2012-09-07
	0.42
	−14.6
	[−18.6, −11.0]
	2275.7
	739.4
	5.6 × 1044
	12.0 @ 0.16



	968
	2012-09-07
	0.42
	−15.9
	[−18.0, −12.0]
	654.7
	190.2
	1.6 × 1044
	13.0 @ 0.15



	1055
	2012-09-21
	0.46
	−14.6
	[−16.4, −12.4]
	324.1
	120.9
	8.0 × 1043
	20.3 @ 0.14



	




	CRL 3068



	




	805
	2012-06-21
	
	…
	…
	…
	<69.3
	…
	23.1 @ 0.19



	891
	2012-05-24
	
	…
	…
	…
	<76.2
	…
	25.4 @ 0.17



	964
	2012-05-31
	
	…
	…
	…
	<179.7
	…
	59.9 @ 0.16



	968
	2012-05-31
	
	…
	…
	…
	<139.8
	…
	46.6 @ 0.15



	1055
	2012-06-21
	
	…
	…
	…
	<277.8
	…
	92.6 @ 0.14





      

      
Notes. The descriptions of the table are the same as in Table C.1. For the non-detection, the upper limits of the peak intensity (<3 σ) are given. No ephemeris information for Y CVn, II Lup and CRL 3068 are provided by AAVSO. We additionally adopted the data from Feast et al. (2003) for II Lup to estimate their stellar phases for the observing dates.




    

  
    
      Fig. B.1 

      
        [image: thumbnail]
      

      
        Panels (a) and (b) show the spectra of 13CO (8–7) and HCN laser emission at 891 GHz obtained in 2010 May 15. Panels (c–g) show the original 891 GHz laser spectra in the USB that were contaminated by 13CO (8–7) from the LSB during 2011 to 2013 (in green). The upper and lower axes indicate the frequency ranges of the blended emission in the USB and LSB, respectively. The orange curves present the fitting results for the 13CO contamination. Panels (h–1) show the 891 GHz laser spectra (in red) that have been removed the 13CO contamination.

      

    

  
    
      Fig. D.1 

      
        [image: thumbnail]
      

      
        HCN transitions between the (1,11e,0) and (0,40,0) vibrational states with the rotational levels from J = 7 to J = 13, observed towards IRC+10216 in 2010 May using Herschel/HIFI. Spectra are arranged from left to right: (left) the rotational lines in the (1,11e, 0) vibrational state, (middle) the cross-ladder lines between two vibrational states, (right) the rotational lines in the (0,40,0) vibrational state. The intensity scale is antenna temperature in K. The frequency of each line is labelled at the top of the panel in MHz. Blue solid horizontal lines represent the rotational levels, and the blue dotted line marks the J = 10 rotational levels of the different vibrational states which are strongly coupled by Coriolis interaction.
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