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Abstract

Context. Given their high luminosities (L ≳ 104 L⊙), red supergiants (RSGs) are good tracers of the chemical abundances of the young stellar population in the Milky Way and nearby galaxies. However, previous abundance analyses tailored to RSGs suffer some systematic uncertainties originating in, most notably, the synthesized molecular spectral lines for RSGs.

Aims. We establish a new abundance analysis procedure for RSGs that circumvents difficulties faced in previous works, and test the procedure with ten nearby RSGs observed with the near-infrared high-resolution spectrograph WINERED (0.97−1.32 µm, R = 28 000). The wavelength range covered here is advantageous in that the molecular lines contaminating atomic lines of interest are mostly weak.

Methods. We first determined the effective temperatures (Teff) of the targets with the line-depth ratio (LDR) method, and calculated the surface gravities (log 𝑔) according to the Stefan-Boltzmann law. We then determined the microturbulent velocities (vmicro) and metallicities ([Fe/H]) simultaneously through the fitting of individual Fe I lines. Finally, we also determined the abundance ratios ([X/Fe] for element X) through the fitting of individual lines.

Results. We determined the [X/Fe] of ten elements (Na I, Mg I, Al I, Si I, K I, Ca I, Ti I, Cr I, Ni I, and Y II). We estimated the relative precision in the derived abundances to be 0.04−0.12 dex for elements with more than two lines analyzed (e.g., Fe I and Mg I) and up to 0.18dex for the other elements (e.g., Y II). We compared the resultant abundances of RSGs with the well-established abundances of another type of young star, namely the Cepheids, in order to evaluate the potential systematic bias in our abundance measurements, assuming that the young stars (i.e., both RSGs and Cepheids) in the solar neighborhood have common chemical abundances. We find that the determined RSG abundances are highly consistent with those of Cepheids within <0.1 dex for some elements (notably [Fe/H] and [Mg/Fe]), which means the bias in the abundance determination for these elements is likely to be small. In contrast, the consistency is worse for some other elements (e.g., [Si/Fe] and [Y/Fe]). Nevertheless, the dispersion of the chemical abundances among our target RSGs is comparable with the individual statistical errors on the abundances. Hence, the procedure is likely to be useful to evaluate the relative difference in chemical abundances among RSGs.
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1 Introduction
The Milky Way is the “closest” galaxy in the Universe, and provides us with unique opportunities to investigate the properties of a galaxy in great detail. Indeed, we are able to obtain full “7D” information on Galactic stars (with distances within several kiloparsecs): the position, velocity, and chemical abundances. In particular, chemical abundances provide clear information on stellar age and star-formation history, and thereby play an essential role in decoding the formation and merger history of the Galaxy (Helmi 2020).
In the present paper, we focus on the young stellar population (younger than a few hundred million years) in the Galaxy, whose chemical abundances have been used as a tracer of the present-day gas (e.g., Grisoni et al. 2018; Esteban et al. 2022). The chemical abundances of the young population are usually traced with H II regions, young open clusters, classical Cepheid variables, OB-type stars, and red supergiants (RSGs) (Esteban et al. 2022; Magrini et al. 2023; Trentin et al. 2024; Bragança et al. 2019; Luck 2014, and references therein). Among them, an increasing number of RSGs (ages ≲50 Myr; Ekström et al. 2012) have recently been found in many parts of the Galaxy (e.g., Sellgren et al. 1987; Figer et al. 2006; Messineo & Brown 2019) and in nearby galaxies (e.g., Massey et al. 2021; Ren et al. 2021).
The metallicities indicated by the iron abundance [Fe/H] (and abundance ratios [X/Fe] for an element X) of RSGs in the Galaxy have been determined with high-resolution spectroscopy, that is, in the solar neighborhood (Luck & Bond 1989; Luck 2014; Carr et al. 2000; Ramírez et al. 2000; Alonso-Santiago et al. 2017, 2018, 2019, 2020; Negueruela et al. 2021; Fanelli et al. 2022), the Galactic center (Carr et al. 2000; Ramírez et al. 2000; Cunha et al. 2007; Davies et al. 2009a), and at the tip of the Galactic bar (Davies et al. 2009b; Origlia et al. 2013, 2016, 2019). It has also been demonstrated that near-infrared (NIR) J-band low-resolution spectroscopy of RSGs is useful for investigating the metallicities of young stars in galaxies, with notable applications to the solar neighborhood (Davies et al. 2010; Gazak et al. 2014), the inner Galactic disk (Asa’d et al. 2020), the Magellanic Clouds (Davies et al. 2015; Patrick et al. 2016), NGC 300 (Gazak et al. 2015), NGC 6822 (Patrick et al. 2015), NGC 55 (Patrick et al. 2017), and IC 1613 (Chun et al. 2022). However, there remain some problems in the conventional abundance analysis procedures for RSGs adopted in these works, as highlighted below.
Luck & Bond (1989), Luck (2014), and collaborators determined the stellar parameters and [Fe/H] of Galactic RSGs with the classical equivalent-width (EW) method (e.g., Jofré et al. 2019), using Fe I and Fe II lines in optical high-resolution spectra. Carr et al. (2000) also determined the effective temperatures Teff and microturbulent velocities vmicro using the EW method, but with lines of the CO molecule in the NIR HK band. Some other works (Lambert et al. 1984; Davies et al. 2009a,b; Origlia et al. 2013, 2016; Alonso-Santiago et al. 2017, 2018, 2019, 2020) also used the EW method to measure chemical abundances after determining stellar parameters in some other ways. Whereas the EW method is often useful for late-type stars, EWs of RSGs are easily overestimated because broad absorption lines in RSGs tend to be severely contaminated with other lines, especially molecular lines. Thus, the stellar parameters and abundances derived with the EW method may also be biased (Cunha et al. 2007).
A method to overcome the contamination problem in the EW method is to fit individual lines, whereby observed and synthesized spectra are matched around the lines. It is important to use synthesized spectra that well reproduce the observed spectra. By fitting individual Fe I lines, Ramírez et al. (2000) and Fanelli et al. (2022) determined vmicro and [Fe/H] of (a part of) their target RSGs. Cunha et al. (2007), Origlia et al. (2019), Fanelli et al. (2022), and Guerço et al. (2022) also fitted lines of various elements and determined chemical abundances.
Still, it is difficult to resolve the degeneracy between stellar parameters when only using the fitting or the EW measurement of individual iron lines, especially in the case of RSGs. For this reason, many previous works determined some of the stellar parameters in an independent way to mitigate the difficulty before analyzing iron lines. For example, Teff has often been determined on the basis of the relations between Teff and the strengths of TiO molecular lines in the optical (Levesque et al. 2005) or CO and/or H2O lines in the HK bands (Ramírez et al. 2000; Blum et al. 2003; Cunha et al. 2007; Davies et al. 2008). These relations were often calibrated with the RSGs whose Teff are measured with interferometry or with the so- called TiO method (e.g., Blum et al. 2003). Alternatively, Teff has also been determined with the C-thermometer method proposed by Fanelli et al. (2021, 2022), in which the balance between the carbon abundance derived with C I and CO lines is imposed. However, the results of any of these methods are, to a greater or lesser extent, affected by the CNO abundances, the discrepancy between the molecular spectra of real stars and synthesized spectra based on a simplified model, and/or potential systematic errors in the adopted Teff values (see, e.g., Taniguchi et al. 2021). Regarding other stellar parameters, log 𝑔 is usually determined using the Stefan-Boltzmann law (Lambert et al. 1984; Carr et al. 2000; Ramírez et al. 2000; Cunha et al. 2007; Fanelli et al. 2022) because the small number of lines of ionized species in the spectra of RSGs makes it challenging to employ the so-called ionization equilibrium method (e.g., Jofré et al. 2019). Another parameter, vmicro , has in some cases been determined with a relation of vmicro to Teff and/or log 𝑔 calibrated with observations or a 3D simulation (Ramírez et al. 2000; Alonso-Santiago et al. 2017, 2018, 2019, 2020; Negueruela et al. 2021). The relations for RSGs have often been estimated by extrapolating those for giants and/or dwarfs.
Another strategy for abundance analysis is to use global spectral synthesis. With optical spectra, Alonso-Santiago et al. (2017, 2018, 2019, 2020) and Negueruela et al. (2021) determined Teff, log 𝑔, and [Fe/H] simultaneously by fitting narrow ranges of the spectra around many iron lines using the STEPARSYN code (Tabernero et al. 2022). With K-band spectra, Cunha et al. (2007) fitted several Fe I lines and determined vmicro and [Fe/H]. Davies et al. (2010, 2015), Gazak et al. (2014, 2015), Patrick et al. (2015, 2016, 2017), and Asa’d et al. (2020) fitted several lines of Fe I, Mg I, Si I, and Ti I and determined Teff , log 𝑔, vmicro , and [Fe/H] simultaneously, assuming [X/Fe] = 0.0 dex. Similarly, Davies et al. (2009a,b) and Origlia et al. (2013, 2016, 2019) determined Teff , log 𝑔, and vmicro by matching the observed strengths and shapes of absorption bands of three molecules (CO, OH, and CN in the NIR) with synthesized ones. These methods are useful when synthesized spectra that well reproduce observed ones are available, which is usually not the case for RSGs.
In summary, conventional abundance analysis procedures of RSGs are subject to uncertainties related to at least one of the following points: (1) molecular lines (or Teff values of RSGs in the literature), (2) EW measurement, (3) an extrapolated log 𝑔–vmicro relation, and (4) the assumption on the chemical-abundance ratios for some elements. Any one of these four points may result in a systematic bias on the derived stellar parameters. Moreover, most of the conventional procedures have not been well tested with RSGs with the known reliable abundances or at least with the abundances that can be predicted. Such a test is crucial when analyzing spectra of types for which the analysis procedure has not been well established, such as NIR spectra of late-type stars and the spectra of M-type stars (e.g., Smith et al. 2013; Ishikawa et al. 2020; Nandakumar et al. 2023).
Here, circumventing all the above problems, we establish a procedure to derive the chemical abundances of RSGs from observed spectra based on fitting individual atomic lines, and test this procedure with real stars. Specifically, we use high- resolution spectra of ten nearby RSGs in the NIR YJ bands (0.97–1.32 µm; Sect. 2). The wavelength range used in this procedure is advantageous in that it is the least affected by molecular lines in the optical and NIR wavelength ranges (Coelho et al. 2005; Davies et al. 2010). With these spectra, we present our procedure for the abundance analysis of RSGs (Sect. 3), and extensively evaluate the procedure (Sect. 4).
Table 1 
Observation log of our sample RSGs observed by T21.

2 Observations and data reduction
In this paper, we use the NIR high-resolution spectra of ten nearby RSGs observed by Taniguchi et al. (2021, hereafter T21). The RSGs are located within ∼2 kpc of the Sun, and their locations are translated into galactocentric distances (RGC ) of 8 ≲ RGC ≲ 10 kpc. Their Teff and bolometric luminosity L were determined by T21.
All the objects were observed using the NIR high-resolution spectrograph WINERED installed on the Nasmyth platform of the 1.3 m Araki Telescope at Koyama Astronomical Observatory of Kyoto Sangyo University in Japan (Ikeda et al. 2022). Spectra covering a wavelength range from 0.90 to 1.36 µm (z′, Y and J bands) with a spectral resolution of R = 28 000 were collected using the WINERED WIDE mode with the nodding pattern of A–B–B–A or O–S–O. All the targets are bright (−3.0 ≤ J ≤ 3.0 mag), and the total integration time for each target within the slit ranged between 3–180 s, with which a S/N per pixel of 100 or higher (>200 for most echelle orders of most stars) was achieved. Telluric standard stars (slow-rotating A0V stars in most cases; see Sameshima et al. 2018) were also observed, and their spectra were used to subtract the telluric absorption. Table 1 summarizes the observation log.
As in T21, we analyzed the echelle orders 57–52 (Y band; 0.97–1.09 µm) and 48–43 (J band; 1.15–1.32 µm) only among the available orders 61–42 because stellar atomic lines in the unselected orders are severely contaminated with lines of the telluric and/or stellar CN molecule.
The initial steps of the spectral reduction were performed with WINERED Automatic Reduction Pipeline (WARP; Hamano et al. 2024)1. Then, the telluric absorption lines were removed, using the observed spectra of the A0V stars after their intrinsic lines had been removed with the method described in Sameshima et al. (2018). We did not remove the telluric lines for the 55th–53rd orders (1.01 to 1.07 µm) of the objects taken in winter, in which almost no significant telluric lines were present. Finally, the radial velocities were measured by comparing the observed and synthesized spectra, the wavelength scale was adjusted to the one in the standard air at rest using the formula given by Ciddor (1996), and the continuum was renormalized. An example of the reduced spectrum is presented in Figs. 1 and 2.
3 Chemical abundance analysis: Method
In our procedure, we first determine Teff , using the line-depth ratio (LDR) method (Sect. 3.1), which neither relies on molecular lines nor is not calibrated against literature Teff of RSGs. Then, we estimate log 𝑔, using the Stefan–Boltzmann law, as has been done in many other works (Sect. 3.2). Next, we determine vmicro and [Fe/H] simultaneously, fitting small wavelength ranges of spectra around individual Fe I lines under the assumption that the derived iron abundances from individual lines are independent of the line strength (Sect. 3.5). Finally, we determine [X/Fe] of elements other than iron by the fitting for individual lines (Sect. 3.6).
For the spectral analysis in this paper, we developed the PYTHON3 code named OCTOMAN (Optimization Code To Obtain Metallicity using Absorption liNes), which is a wrapper of the spectral synthesis code MOOG (Sneden 1973; Sneden et al. 2012). The code mainly comprises of two functions: spectral synthesis and fitting of individual lines, as detailed in Appendices A and B, respectively. The code has already been used in some studies for the abundance analysis of late-type stars (Matsunaga et al. 2023; Elgueta et al. 2024). In this work, we used the MARCS spherical model atmospheres with M = 5M⊙ (Gustafsson et al. 2008). We used the VALD3 and MB99 line lists and compared the results to identify potential differences if any. We adopted the solar abundance pattern and isotope ratios presented by Asplund et al. (2009) throughout the paper unless otherwise specified.
3.1 Effective temperature (Teff)
We adopted Teff of the sample RSGs determined in T21 using the LDR method (Gray & Johanson 1991). In T21, they used 11 LDR–Teff relations calibrated against nine solar-metallicity red giants to determine Teff of the RSGs. T21 estimated the resultant precision of Teff to be ∼40 K when analyzing a high-S/N spectrum, although they might be less precise, depending on several parameters including S/N, Teff , and macroturbulent velocity vmacro . T21 also estimated the systematic bias in the derived Teff due to effects of log 𝑔, vmicro , line broadening, and non-local thermodynamic equilibrium (non-LTE) to be ∼100 K. In the present work, we adopted the recalculated Teff , using re-reduced spectra of the RSGs. The updates in Teff values are mostly within ≲30 K, which is much smaller than the systematic bias of ∼100 K.
3.2 Surface gravity (log 𝑔)
The YJ-band spectra of RSGs contain no useful Fe II lines and only a small number of lines of ionized atoms other than iron. Hence, it is difficult to determine log g of RSGs with the ionization balance method. Also, no asteroseismic measurement was available for log g of the target RSGs. We thus estimated evolutionary log g, using the Stefan-Boltzmann law instead, as described below.
First, we determined the bolometric luminosity L in the way described in Sect. 4.3 of T21; i.e., we calculated L of each target RSG with
[image: equation](1)
where Ks is the Ks -band magnitude taken from the 2MASS point source catalog (Cutri et al. 2003; Skrutskie et al. 2006), A(Ks) is the extinction in the Ks band converted from A(V) listed in Levesque et al. (2005) according to the reddening law A(K)/A(V) = 0.1137 given by Cardelli et al. (1989) where we assumed [image: equation] is the bolometric correction estimated by means of interpolation of the relation between Teff and BCK presented by Levesque et al. (2005), ϖ is the parallax in mas taken from the HIPPARCOS catalog (van Leeuwen 2007) for Betelgeuse and from the Gaia DR3 (Gaia Collaboration 2016, 2023b) for the others, where we corrected for the systematic bias according to the recipe presented by Lindegren et al. (2021), and Mbol,⊙ = 4.74 mag (IAU 2015 recommendation; Prša et al. 2016) is the bolometric magnitude of the Sun.
As discussed in T21, Teff and log(L/L⊙) that we determined were in good agreement with the Geneva’s stellar evolution model with rotation presented by Ekström et al. (2012) on the HR diagram; i.e., the pair of our estimated values (Teff, L) fell in the region where RSGs are expected to stay for a long period. Then, we estimated the current masses, M, of the RSGs, by means of the visual inspection of the HR diagram. With these masses, we calculated evolutionary surface gravity log g for the gravity g in the cgs unit system, using the Stefan-Boltzmann law, as
[image: equation](2)
where C represents log L⊙/(4πσGM⊙) = 10.607 with the Stefan–Boltzmann constant σ.
Table 2 summarizes the results of the calculations. In the calculations, the errors and the median values were computed with the Monte Carlo method (Anderson 1976), with excluding samples with ϖ < 0 and/or A(Ks) < 0. We ignored the systematic errors in the input parameters mentioned in literature, which could, if properly taken into account, increase the errors in log g that we determined. Nevertheless, the systematic effect would not affect the final results of the abundance analysis for most elements because varying log g by, e.g., 0.5, has little effect (<0.1 dex) on the resultant [Fe/H] (Origlia et al. 2019; Kondo et al. 2019). Also, we ignored the turbulent pressure (Chiavassa et al. 2011), which would decrease log g by up to 0.3 (Davies et al. 2015).
	[image: thumbnail]	Fig. 1 Example of a RSG spectrum observed with WINERED: namely that of Betelgeuse in the Y band (echelle orders 57-52). Black thick lines show the reduced spectrum of Betelgeuse, after telluric lines were removed. Gray thin lines show the spectrum of the corresponding telluric standard A0V star, HIP 27830, after the stellar lines were removed. Red thick vertical dashed lines near the top edge of each panel indicate the wavelengths of the lines from the VALD3 and/or MB99 line list used for measuring [X/H]. Light-red thin vertical dashed lines indicate the wavelengths of the candidate lines preselected in Sects. 3.3 and 3.6 from VALD3 and/or MB99 but eventually rejected in Sects. 3.5.2 and 3.6 for both line lists.



	[image: thumbnail]	Fig. 2 Same as Fig. 1 but for the J band (echelle orders 48–43).



3.3 Line selection for the abundance analysis
For the abundance measurements, we chose the atomic lines that are comparatively free from contamination from surrounding lines among all the neutral and first-ionized atomic lines in the VALD3 and MB99 line lists. We considered lines in wavelength ranges of 9760–10 860 Å for the Y band and 11 620–13 170 Å for the J band (Sect. 2). Since the MB99 list contains only the lines with the wavelengths longer than 10 000 Å, the spectra within 9760–10 000 Å were analyzed only with VALD3. We excluded the lines of carbon, nitrogen, and oxygen2, along with hydrogen and helium, because the CNO abundances had been adjusted in such a way that the synthesized CN spectra well reproduced the observed ones as we see later (Sect. 3.4). We note that during line selection, we assumed 12C/13C = 10 as the typical isotope ratio of carbon for RSGs (Hinkle et al. 1976; Milam et al. 2009; Fanelli et al. 2022) and used solar isotope ratios from Asplund et al. (2009) for the other elements.
In order to evaluate the amount of contamination for each atomic line, we considered synthesized spectra of a theoretical RSG, RSG3 defined in Table 3 of T21, having the solar metallic- ity and Teff = 3850 K. Specifically, we synthesized three types of spectra for RSG3 for the wavelength range around each line with different groups of lines: (1) All – all the atomic and molecular lines, (2) OneOut – all the lines except for the line of interest (see Fig. 3 in Kondo et al. 2019, for three examples of OneOut spectra), and (3) OnlyOne – only the line of interest. With these synthesized spectra, we first measured the depth dOnlyOne from unity in the wavelength λ0 of the line in OnlyOne, excluding the lines shallower than 0.03 for Fe I lines and 0.01 for the other species. Then, following Kondo et al. (2019), we computed two EWs [image: equation], where α indicates All or OneOut, around the line, as defined by
[image: equation](3)
where fAll(λ) and fOneOut(λ) indicate the synthesized spectra for All and OneOut, respectively, and c indicates the speed of light. In the computation, we considered two wavelength ranges (Δ1 and Δ2 corresponding to 40 and 80 km s−1, respectively). Both Δ1 and Δ2 were larger than those for red giants used by Kondo et al. (2019) considering that vmicro of RSGs are larger than those of red giants. With these EWs, we defined two indices β1 and β2 as
[image: equation](4)
The two indices measure the degrees of contamination by other lines in the core part of the line (β1 ) and in the continuum region (β2). We chose the lines with β1 < 0.5 and β2 < 1.0 to exclude the highly contaminated lines. Furthermore, we removed the lines around which either the hydrogen Paschen series nor Helium 10 830Å lines is present within ±60 km s−1. We note that when two or more lines from an element were located within (Δ1 + Δ2)/2 = 60 km s−1, only the line with the largest dOnlyone was used.
Applying these criteria to our sample atomic lines left lines of Mg I, Si I, Ca I, Ti I, V i, Cr I, Fe I, Ni I, Zn I, Ge I, Sr II, Y II, and Zr I for VALD3 and Na I, Mg I,Al I, Si I, K i, Ca I, Ti I, Cr I, Fe I, Ni I, Sr II, and Y II for MB99. Especially, the criteria left 51 and 32 Fe I lines in the Y and J bands, respectively, for VALD3, and 42 and 30 lines for MB99. Fig. 3 shows log τRoss calculated with the RSG3 model as functions of some line parameters: excitation potential (EP), X index described in Sect. 3.5.2, dOnlyOne, EW, and reduced EW. We note that one of our line-selection conditions, log τRoss > −3, corresponds to log(EW/λ) ≲ −4.8 to −4.6 (or EW ≲ 150–350 mÅ), and the exact threshold depends mainly on the species (and wavelength) of interest.
Table 2 
Derived log g and related values.

3.4 Adjustment of the strengths of CN lines
Since YJ-band spectra of RSGs contain many CN lines, which contaminate the atomic lines of our interest for the abundance analysis, the difference in the strengths of CN lines between the observed and synthesized spectra, if exists, affects the chemical abundance measurements using atomic lines. The strengths of CN lines depend on two abundance ratios, [C/O] and [N/H], together with stellar parameters and metallicity (Appendix C). Since the two ratios affect the strengths of weak and strong CN lines differently, we optimized the two ratios, together with 12C/13C, for each star to well reproduce the observed CN strengths with synthesized ones for each of the VALD3 and MB99 line lists in the following procedure. We note that this process is simply for the purpose of adjusting the CN line strengths and is not intended for determining CNO abundances.
First, we chose the CN lines that are relatively free from contamination by lines of other species. For this, we synthesized two types of spectra, All and OnlyOne defined in Sect. 3.3, around all the CN lines listed by Sneden et al. (2014). We also synthesized another type of spectra named SameElIonOut (abbreviating same-element-ion-out) that is synthesized with the list of all the lines except for those of the species of interest, which is 12C14N, 13C14N, or 12C15N in this case. With these spectra, we defined two indices, β3 and β4, as
[image: equation](5)
[image: equation](6)
The two indices mimic β1 and β2 defined in Eq. (4), but they use the spectrum SameElIonOut instead of OneOut to measure the degree of contamination to a CN line by surrounding lines of species other than CN. Then, we imposed three criteria to filter out weak and/or heavily-contaminated 12C14N lines: dOnlyOne > 0.03, β3 < 0.3, and β4 < 0.3. We used the same conditions on the line depth dOnlyOne for 13C14N and 12C15N lines, but we relaxed the condition on the contamination fractions: β3 < 0.5, and β4 < 1.0. When two or more lines are located within 80 km s−1 (which is different from 60 km s−1 used for Fe I lines in Sect. 3.3), only the line with the largest dOnlyOne was used. Application of these criteria left 43 and 110 12C14N lines in the Y and J bands, respectively, for VALD3, and 49 and 133 lines for MB99. There are 5 and 6 13C14N lines left in the J band for VALD3 and MB99, respectively, to determine 12C/13C, and no 12C15N lines left for the both lists.
Fitting the selected CN lines simultaneously, we determined [C/O], [N/H], and 12C/13C together with the full-width at half maximum (FWHM) of the line broadening, vbroad, as functions of vmicro spanning 0.6–4.4 km s−1 with a step of 0.2 km s−1 for each star, as follows. We used small wavelength ranges (±Δ2/2 = ±40 km s−1) of the spectrum around the selected CN lines to fit with a synthesized one. Some ranges having unrealistic flux values caused by, e.g., poor continuum normalization, were excluded. For a given set of [C/O], [N/H], 12C/13C, and vbroad, we determined the constant continuum level of each range that minimized the residual between the observed and synthesized spectra. Then, we calculated the residual of pixels that appeared in any ranges. We determined [C/O], [N/H], 12C/ 13C, and vbroad that minimized the residual using SciPy package (Virtanen et al. 2020). We note that we assumed in the procedure the chemical abundances of all the elements other than carbon and nitrogen to be solar. Finally, we interpolated [C/O] [N/H], and 12C/ 13C on the vmicro set with a polynomial function and used the interpolated [C/O], [N/H], and 12C/13C as functions of vmicro together with the fixed [O/H] = 0.0 dex in the subsequent analyses for each star.
	[image: thumbnail]	Fig. 3 log τRoss of the line-forming layers of the lines preselected in Sect. 3.3 as functions of the EP, the X index at 3850 K, the model depth dOnlyOne , the model EW, and the reduced model EW. Top and bottom panels show the results with employed line lists of VALD3 and MB99, respectively. The vertical error bar represents the range of Rosseland-mean optical depth where the contribution function for the line is larger than the half of the maximum value at log τRoss. Horizontal black dashed line at log τRoss = −3.0 indicates the final criteria of our line selection.



3.5 Microturbulence (vmicro) and metallicity ([Fe/H])
In this section, we describe our procedure to determine vmicro and [Fe/H] simultaneously with the fitting of individual Fe I lines listed in Table D.3. We mainly follow the procedure given by Kondo et al. (2019) and Fukue et al. (2021), who analyzed the spectra of two K-type red giants, Arcturus and µ Leo, observed with the WINERED spectrograph, though we modified the procedure in many points in order to fit it to analyze RSGs.
3.5.1 Metallicity measurement with individual lines
For each Fe I line selected in Sect. 3.3 of a star, we estimated the metallicity, [Fe/H], with which the synthesized spectrum reproduced a small part of an observed spectrum around the line. The wavelength range with a width of Δ2 = 80 km s−1 (i.e., ±40 km s−1 from the wavelength λ0 of the line) was used to fit each Fe I line. During the fitting, we fixed Teff and log 𝑔 at the respective values determined in Sects. 3.1 and 3.2 and [C/H], [N/H], and [O/H] at those determined in Sect. 3.4. In contrast, we varied vmicro from 1.0 km s−1 to 4.0 km s−1 with a step of 0.1 km s−1 , and we then examined the dependence of the derived [Fe/H] on vmicro to determine the appropriate vmicro value.
The basic algorithm of our fitting procedure implemented in OCTOMAN followed that of Takeda (1995b); its detailed process is described in Appendix B. Briefly, we fitted the observed spectrum with a synthesized one until the end condition was satisfied, allowing four parameters to vary in an iterative way: the metallicity [Fe/H], FWHM vbroad of the line broadening under the assumption of a Gaussian profile, velocity offset ARV, and continuum normalization factor C. The end condition is met, if the variation of the fitting parameters is below a certain threshold. If the condition was not satisfied within 40 iterations, we considered the fitting for the line of the star a failure.
For each fitting run to converge well, the choice of the initial values for the free parameters (for a line) in the fitting matters. To determine the initial parameter set, we first examined a specific case of vmicro = 2.5 km s−1 among the above-mentioned set of vmicro . With the vmicro value, we tried to run the fitting procedure with nine sets of the initial parameters; three values for [Fe/H], −0.3, 0.0, and +0.3 dex, three values for vbroad, 14, 17, and 20 km s−1, and ARV = 0 km s−1. Then, we selected the parameter set that gave the smallest residual as the initial parameter set for vmicro = 2.5 km s−1. We subsequently gave as the initial parameter set for each of the vmicro grid points the bestfitting parameter set at the closest vmicro with which fitting had been successfully performed.
Applying the algorithm to the spectra of all of our observed RSGs, we obtained [Fe/H] as a function of vmicro spanning 1.0– 4.0 km s−1 for each line of each star.
	[image: thumbnail]	Fig. 4 Examples of how [Fe/H] is determined from each absorption line as a function of vmicro : here for the case for Betelgeuse. Top and bottom panels show the results with VALD3 and MB99, respectively. Left panels show the measurements for all the Fe I lines preselected in Sect. 3.3, and middle panels do for the lines satisfying conditions (i)–(v) in the main text (Sect. 3.5.2) and eventually used. Right panels show the measurements after the correction term Δ[Fe/H]i defined in Eq. (8) subtracted. Each curve in the figures corresponds to each absorption line color-coded according to log τRoss of the line-forming layer of the line; a lighter color corresponds to a larger log τRoss and thus a smaller EW. The dot on each curve indicates the [Fe/H] value determined with the corresponding vmicro . No dots are plotted where the fitting for a line with a value of vmicro failed.



3.5.2 Simultaneous determination of vmicro and [Fe/H]
Using a series of [Fe/H] as functions of vmicro for all the analyzed lines of a star, we searched for the combination of vmicro and [Fe/H] that gives no correlation between line strength and [Fe/H] determined through the fitting of individual lines. Our search took four step: (1) excluding poorly-fitted lines, (2) setting the initial guess of vmicro and [Fe/H], (3) estimating and subtracting the correction term to [Fe/H] of each line, and (4) determining the final vmicro and [Fe/H].
In the first step, we examined how [Fe/H] was distributed against the set of vmicro for all the 83 (VALD3) and 72 (MB99) Fe I lines selected in Sect. 3.3 for each star, with the aim of excluding some lines that are unsuitable to the abundance analysis for the star. Left panels in Fig. 4 show the results for Betelgeuse as an example. Though [Fe/H] of each absorption line was expected to be a smooth function of vmicro , some of them showed anomalous variations. Furthermore, we failed to determine [Fe/H] with a considerable number of the vmicro values for some lines. These problems mainly occurred when the line was severely contaminated with other lines. In order to filter out undesirable lines due to these or some other reasons, we set five conditions for a line to be accepted. The first and second ones are that (i) [Fe/H] were successfully determined with more than 26 among 31 vmicro values, and (ii) all the slopes between the adjacent vmicro values are within a range from −2.0 dex (km s−1)−1 to +0.1 dex(km s−1)−1. These two conditions were imposed to filter out the lines that show anomalous variations. Remaining data gaps, if exist, were filled by means of linear interpolations (or extrapolations). The third one is that (iii) the Rosseland- mean optical depth log τRoss that gives the largest contribution function for the line (Gurtovenko & Sheminova 2015) satisfies log τRoss > −3.0. This condition was required because strong lines were often highly affected by non-LTE effects and imperfect modeling of damping wings (see Sect. 5.2 in Kondo et al. 2019). Indeed, as we show below, the [Fe/H] of strong lines that did not meed Condition (iii) tend to be larger than those of the weak lines by ~1 dex (see top-right panels of Figs. 5 and 6). The forth one is that (iv) the median value of [Fe/H] among all the vmicro values is between −1.5 and +1.0 dex. This condition was required because there was a disagreement between [Fe/H] and [M/H] in our spectral synthesis when [Fe/H] < −1.55 or [Fe/H] > +0.95 dex, as mentioned in Appendix B. Furthermore, the lines that fail to satisfy it, i.e., those with a very high or low [Fe/H], would be totally unexpected, which would be attributed to a poor match between the observed and synthesized spectra. The fifth, and final one is that (v) the median value of [Fe/H] among all the vmicro values is within 3σ of the median values of all the remaining lines for the star. Applications of the five conditions filtered our ∼30 and ∼20 lines for the VALD3 and MB99 lists, respectively, though the exact number of lines varied slightly, depending on the star. Middle panels of Fig. 4 show example results of the line fitting after the five conditions were imposed. As expected, the figure shows only lines with smooth relations between [Fe/H] and vmicro, without very high or low [Fe/H] values, and with weak or moderate line strengths.
From the remaining lines, we further excluded those that were accepted for fewer than nine out of ten stars; that is, we used the lines that were unusable for only zero or one stars. The excluded lines were not used in the subsequent analysis for all the stars together with the lines that were rejected for each star. The resultant number Nline of the lines to be used was 38 for VALD3 and 36 for MB99.
In the second step in the search for the vmicro and [Fe/H] combination, we determined the tentative values of vmicro and [Fe/H] of each star with the method described in Kondo et al. (2019). Briefly, we searched for the vmicro value that gives no correlation between the X index (Magain 1984) indicating the line strength and [Fe/H]. In general, evaluating the line strength from observed spectra of RSGs is not straightforward due to the severe line contamination. In the long-established abundance analysis of optical spectra of late-type giants and dwarfs without severe line contamination, the strength of each line is evaluated with either the observed or expected EW. The systematic errors in the resultant abundances depending on the choice of the two types of EWs have been extensively examined (e.g., Magain 1984; Mucciarelli 2011; Hill et al. 2011). In the case of either spectra of RSGs or NIR spectra of late-type stars (including RSGs), however, most of the lines to be used for abundance analysis are more or less contaminated by other lines, and thus it is usually difficult to accurately measure EWs observationally. We thus used, instead of observed EWs, the so-called X index in our analysis. The X index is often adopted for the abscissa of the curve- of-growth (e.g., Gray 2008). Kondo et al. (2019) successfully applied it in the analysis of NIR spectra of red giants. The X of each line in a spectrum is defined as
[image: equation](7)
where Θexc is the inverse temperature of the atmosphere layer from which the line originates. We adopted an approximation formula of Θexc = 5040 K/(0.86 Teff) following the work by Gratton et al. (2006). We note that the target type of stars analyzed by Gratton et al. (2006) was metal-rich red clump stars and thus different from ours, solar-metallicity RSGs. We also note that the value of ΘexcTeff is not a constant as we assume and depends on the line and/or spectral type of the star (Gray 2008). Nevertheless, we consider that the same formula should be applicable because the skewed X scale as a result of the variation of Θexc Teff would not change vmicro that gives no correlation between X and [Fe/H] of individual lines.
Here we describe the detailed procedure for the second step. For each star, we first prepared 106 bootstrap samples of the chosen lines, that is, we resampled the lines randomly from the original list of lines, allowing each line to be selected more than once. Then, for each bootstrap sample, the relation between the X index indicating the line strength and [Fe/H] for each vmicro was fitted with a linear regression function, [Fe/H] = a(vmicro)X + b(vmicro). The slopes of the regression lines, a(vmicro), were linearly interpolated to determine the microturbulent velocity vmicro,0 that gives a(vmicro,0) = 0 dex dex−1. The corresponding [Fe/H] value, b(vmicro,0) = [Fe/H]0, was also obtained with the linear interpolation of b(vmicro). Then, we considered the medians of [Fe/H]0 and vmicro,0 among the entire bootstrap samples as the best estimates of [Fe/H] and vmicro , respectively, of the star at this step. Finally, we calculated the 15.9% and 84.1% percentiles, i.e., 1σ intervals for a Gaussian distribution, of the bootstrap samples as the standard errors of the best estimates.
The determined [Fe/H] for most of the stars had a scatter of 0.3–0.4 dex; the middle panels of Fig. 4 show an example case. A significant amount of the large scatter was likely to be attributed to errors in log 𝑔 f (Andreasen et al. 2016; Kondo et al. 2019), and the systematic error in the line fitting originating in the line contamination. The two types of probable sources of errors are expected to add systematic errors to the [Fe/H] measurements for all the stars for each line. Thus, in the third step in the search for the vmicro and [Fe/H] combination, we took an approach similar to the differential analysis (Ramírez et al. 2014; Nissen & Gustafsson 2018), as we describe in the following two paragraphs, to remove this type of systematic errors.
In the usual differential analysis, [Fe/H] of individual lines of a target star are compared with those of a standard star, such as the Sun. Then, the offsets in [Fe/H] between the two stars are used to determine the differential metallicity (and some of the stellar parameters) of the target. In our case, however, none of the target stars had [Fe/H] measurements for all the lines of interest. Furthermore, none of the targets had a well-known [Fe/H] to be used as a standard star. Thus, the above-mentioned standardstar method was unsuitable in our derivation of the abundances. Instead, we calculated a “correction term” (or “line-by-line systematics”) to [Fe/H] of each line, using all the available [Fe/H] measurements for the targets, and used it. Specifically, we calculated the correction term Δ[Fe/H]i for line i, using [Fe/H] of the line i of each star n with vmicro,0 , which is denoted as [image: equation] , as
[image: equation](8)
where Ni indicates the number of the stars having the [Fe/H] measurement for line i. We then “corrected” or removed the line-by-line systematic from [image: equation] as [image: equation]. Middle and right panels of Fig. 4 show an example case before and after the correction, respectively.
In the fourth and final step in the search for the vmicro and [Fe/H] combination, we recalculated vmicro,0 and [Fe/H]0 along with their standard errors, using the same method employed for obtaining the tentative values but with the corrected [Fe/H] values for individual lines. The scatter in [image: equation] for each star was confirmed to be smaller than the scatter in |Δ[Fe/H]i| (Figs. 5 and 6). Accordingly, we conclude that the correction terms improved the precision in the determined [Fe/H] as expected.
	[image: thumbnail]	Fig. 5 Correction term to the determined [Fe/H] values for each line for VALD3 as functions of EP (top-left panel), X index at 3850 K (top-middle), log τRoss (top-right), and wavelength in the standard air (bottom). Black dots show [image: equation] (see text). Circles show their mean values Δ[Fe/H]i among the sample stars, where the color of each circle indicates the number Ni of stars for which the corresponding line was successfully fitted. The lines indicated by open circles (i.e., Ni < 9; those in colors other than blue or orange) were excluded in the analysis. Circles overplotted by black crosses indicate the lines that do not satisfy the condition on the line strength (log τRoss > −3 indicated by the vertical black dashed line in the top right panel) and thus are not used in the analysis. Horizontal black dashed lines in the top panels indicate the linear regression between the values of the x and y axes for the lines marked with filled circles, together with the gray-shaded areas indicating the 1σ-confidence intervals.



	[image: thumbnail]	Fig. 6 Same as Fig. 5 but for MB99.



3.6 Abundances of elements other than iron
Having determined Teff , log 𝑔, CNO abundances, vmicro , and [Fe/H] in previous sections, we determined the chemical abundances of elements other than iron. We used basically the same procedure as we had determined [Fe/H], but with some modifications.
For each line selected in Sect. 3.3 of an element X, we derived the abundance [X/H] for a parameter set of vmicro ranging from 1.0 to 4.0 km s−1 with a step of 0.1 km s−1, using the OCTOMAN code in the same way as for the iron abundance (see Sect. 3.5.1). During the fitting for the element X, we fixed the global metallicity [M/H] of the model atmosphere and the abundances of elements other than C, N, O, and X to the value of [Fe/H] that we had determined, and allowed [X/H], vbroad, ∆RV, and continuum normalization C to vary. After the fitting for the entire set of vmicro , we excluded the lines failing to satisfy any of the Conditions (i)–(iv) that had been applied in determining the iron abundance in Sect. 3.5.2. Then, we interpolated the set of vmicro and derived the abundance of an element X for a given line with vmicro,0.
We then calculated the correction term ∆[X/H]i for each line in the same way as for the iron abundance, subtracted the correction term from [image: equation], and calculated the mean of [X/H] of all the remaining lines. Consequently, we have determined the abundances of Mg I, Si I, Ca I, Ti I, Cr I, Ni I, and Y II for VALD3 and Na I, Mg I, Al I, Si I, K I, Ca I, Ti I, Cr I, Ni I, and Y II for MB99.
3.7 Error budget for abundance measurements
3.7.1 Error budget for [Fe/H]
We consider two sources of errors in the derived [Fe/H] of each star: (1) ∆b – the confidence interval in the determination of [Fe/H] and vmicro in the bootstrap and (2) [image: equation] and [image: equation] the errors propagated from the errors in Teff and log g, respectively. The total error ∆total in the final [Fe/H] measurement were calculated as
[image: equation](9)
In more detail, ∆b was estimated using the bootstrap method as described in Sect. 3.5.2. The error includes both the standard error due to the scatter in [Fe/H] determined for individual lines and the error propagated from the error in vmicro because we determined [Fe/H] and vmicro simultaneously with the bootstrap method. To determine ∆Teff with numerical error propagation for each star, we fitted again all the lines used for the final [Fe/H] determination, totaling 38 and 36 lines for VALD3 and MB99, respectively, with the determined vmicro and with three different effective temperatures assumed: the best estimate Teff , and the best estimate plus or minus its error, Teff ± ∆Teff . Then, we estimated the error ∆Teff by calculating the bootstrapped median of the differences between [image: equation] and [image: equation]. We estimated the error ∆log 𝑔 in the same way.
3.7.2 Error budget for [X/H] other than [Fe/H]
We consider two sources of errors in [X/H] of each star: (1) ∆′sca3 – the standard error of the line-by-line scatter and (2) [image: equation],[image: equation], and ∆′[Fe/H] – the errors propagated from the errors in vmicro, Teff, log g, and [Fe/H], respectively. Ignoring covariance terms, the total errors [image: equation] in the final [X/H] was calculated as
[image: equation](10)
In more detail, ∆′sca was simply calculated as the standard error of [X/H] from individual lines for the elements where the number of the lines [image: equation] for the element X for the star n is 5 or larger. In cases where [image: equation] is smaller than 5, however, the standard error of the [X/H] values is inaccurate, and thus, we multiplied the standard deviation of the measured [Fe/H] values by [image: equation] to estimate ∆′sca, assuming that the errors in [X/H] and [Fe/H] measurements from individual lines are approximately equal. The other error terms were estimated with numerical error propagation in the same way as the estimation of the errors [image: equation] and ∆log 𝑔 of [Fe/H]. We also determined the total error in [X/Fe] in a similar way.
	[image: thumbnail]	Fig. 7 Error budget of [X/H] measurements. Left panels show the medians of the absolute values of the three sources of errors (∆b , [image: equation], and ∆log g) in the [Fe/H] determination (see Sect. 3.7.1 for the definitions) among our ten target RSGs. Right panels show the medians of the absolute values of the five sources of errors ([image: equation], and ∆′[Fe/H]) in the [X/H] determination other than [Fe/H] (see Sect. 3.7.2 for the definitions).



4 Chemical abundance analysis: Results
We summarize the resultant stellar parameters and [Fe/H] of the target RSGs in Table 3 and the chemical abundances in Tables D.1 and D.2. The typical precision ∆total in the determined [Fe/H] is ∼0.05 dex, which is dominated by ∆b in most cases (left panels of Fig. 7). This level of precision is comparable with, or better than, the previous works of RSGs mentioned in Sect. 1. The errors [image: equation] in the determined [X/H] other than [Fe/H] are dominated by ∆sca for most of the elements, especially the elements with a small number of measured lines (right panels of Fig. 7). Considering the high sensitivity of [X/H] on Teff and log g for some of the elements, especially, [Si/H], [Ni/H], and [Y/H], the high precision of Teff and log g in this work (~30−100 K for Teff and ~0.1−0.3 for log g) is essential for the high precision in the [X/H] measurements.
In this section, we evaluate the results with VALD3 and MB99. As we demonstrate in this section, both the results turn out to be similar in terms of the precision and systematic bias, and thus we conclude that the two results are equally reliable.
Table 3 
Derived stellar parameters and [Fe/H].

	[image: thumbnail]	Fig. 8 Comparison of our results and those of Levesque et al. (2005) for the RSGs included in both samples: Teff and log 𝑔.



4.1 Direct comparison with previous results
Some previous works determined the stellar parameters and/or chemical abundances of the ten RSGs that we analyzed in this paper. In this section, we compare our results with previous measurements.
Figure 8 compares Teff and log g in this work with those determined by Levesque et al. (2005). Levesque et al. (2005) determined Teff of all our ten target RSGs, but they only determined log g of five RSGs among them (V809 Cas, V424 Lac, TV Gem, BU Gem, and NO Aur). We find that the difference in our results of Teff and theirs are smaller than 100 K, which is almost within the error bars (see the detailed discussion in Sect. 4.2 of T21). We also find a good agreement between our results of log g and theirs, which is expected, given that Levesque et al. (2005) and we used similar methods in determining log g. These consistencies support the reliability of our Teff and log g measurements.
Figure 9 compares stellar parameters and [Fe/H] in this work and those determined by Luck & Bond (1980) and Luck (1982a,b) and summarized by Luck & Bond (1989). Our and their samples include eight common RSGs (ζ Cep, 41 Gem, ξ Cyg, V809 Cas, V424 Lac, TV Gem, BU Gem, and NO Aur). The comparison reveals large differences in the derived stellar parameters, especially in Teff and vmicro, which might be attributed to differences in the derivation methods and the model atmospheres employed; the procedure employed by Luck & Bond (1989) was based on EW measurements of individual lines in the optical. There is no simple way to determine which one of the two results is more accurate. Nevertheless, at least, our determined Teff and log L are in good agreement with a stellar evolution model by Ekström et al. (2012) (see Sect. 4.3 of T21). Moreover, the dependence of the correction term Δ[Fe/H]i on EP is consistent with zero for both VALD3 and MB99 line lists: +0.004 ± 0.028 and +0.042 ± 0.025 dex/eV, respectively (topleft panels of Figs. 5 and 6). In other words, our Teff values determined using the LDR method, and thus independent of the abundance measurement through the line fitting, satisfy the condition known as the excitation equilibrium (e.g., Jofré et al. 2019). These facts reassure for the accuracy of our result. In the next section, we further use some well-established relations to discuss the reliability of our abundance analysis results.
4.2 Validation of the abundance analysis results
In this section, we validate our results on two points: (i) the relation between log g and vmicro (Sect. 4.2.1), and (ii) comparison with the Galactic radial metallicity/abundance gradients traced with Cepheids (Sects. 4.2.2 and 4.2.3, respectively).
4.2.1 Relation between log g and vmicro
We show the relation between log g and vmicro in Fig. 10 to examine the reliability of our determined vmicro values, which affects the resultant abundances. It is known that vmicro can be, in general, approximated by a function of log g and some additional parameters (e.g., Holtzman et al. 2018). Indeed, Fig. 10 shows an overall (negative) correlation between log g and vmicro that we derived for our target RSGs in both the results with the VALD3 and MB99 line lists. Moreover, log g and vmicro of the RSGs obtained in this work and red giants obtained in a previous work (Heiter et al. 2015) seem to form a continuous relation over a large log g range even though there is no guarantee that RSGs and red giants follow a single log g–vmicro relation. With these results, we conclude that there is no evidence of an apparent systematic bias in our vmicro determination.
We then compare the relation between log g and vmicro with those in literature. Figure 10 overlays three relations from literature: one calibrated and used by Holtzman et al. (2018) for APOGEE DR13, one calibrated using observational samples of vmicro measurements by Adibekyan et al. (2012), and one calibrated using the CIFIST grid of 3D hydrodynamic models (Ludwig et al. 2009) by Dutra-Ferreira et al. (2016). We note that the second among the three relations was used by Alonso- Santiago et al. (2017) and the third one by Alonso-Santiago et al. (2018, 2019) and Negueruela et al. (2021) to estimate vmicro of RSGs. We find an overall agreement between our results and the previously-reported three relations around −0.5 ≲ log g ≲ 0.5. Nevertheless, some systematic differences are present between the relations. The differences might be attributed to the fact that the previously-reported relations are not optimized for the log g range of RSGs. Indeed, the covered ranges for the stellar parameters of the calibrating samples are 3 < log g < 5 and 4500 < Teff < 6500 K for the work by Adibekyan et al. (2012) and 2.5 ≤ log g ≤ 4.5 and 4400 < Teff < 6500 K for that by Dutra-Ferreira et al. (2016). The sample of APOGEE DR13 covers a wider range, −0.5 < log g < 3.8, which include the log g range of RSGs; nevertheless their sample is mostly concentrated in a relatively narrow range 1.5 ≲ log g ≲ 3.5 (Fig. 6 of Holtzman et al. 2018). Thus, the relation for APOGEE DR13 for lower log g stars may have considerable systematic uncertainty. In fact, the stars in the APOGEE DR14 (Holtzman et al. 2018) with Teff and log g comparable with those of our target RSGs (Teff ≲ 4000 K and log ≲ 0.5 dex) have vmicro > 2.0 km s−1. These vmicro values are inconsistent with the log g–vmicro relation that was adopted for APOGEE DR13 but are consistent with the vmicro values of RSGs determined here. A grid of 3D hydrodynamic models for RSGs is required to examine further the reliability of the estimated vmicro , which is beyond the scope of this work.
	[image: thumbnail]	Fig. 9 Comparison of our results and those of Luck & Bond (1989) for the RSGs included in both samples: stellar parameters and [Fe/H]. Top panels show Teff and log g, which are used in common with VALD3 and MB99. Middle and bottom panels show vmicro and [Fe/H] determined with VALD3 and MB99, respectively.



	[image: thumbnail]	Fig. 10 Relation between log g and vmicro . Red closed circles and magenta closed squares indicate the values that we determined for the target RSGs with VALD3 and MB99, respectively. Orange open circles indicate the values for the five solar-metallicity red giants among the Gaia FGK benchmark stars (Heiter et al. 2015) used in T21. Blue solid lines show the relation used in the ASPCAP code for APOGEE DR13 (Holtzman et al. 2018) for the log g ranges of their calibrating sample, with the extrapolated relation indicated by blue dotted lines. Green and pink dashed lines indicate the relations calibrated by Adibekyan et al. (2012) and Dutra-Ferreira et al. (2016), respectively, for Teff = 3500 and 4000 K, with the log g ranges of their calibrating samples indicated by shades in the respective colors.



4.2.2 Radial metallicity gradient compared with Cepheids
In this section and the next section, we compare the chemical abundances of RSGs with those of another type of young stars, Cepheids. Ideally, we should compare the abundances of RSGs and Cepheids in a single cluster to ensure that both objects have a common abundances. However, the number of clusters encompassing RSGs and Cepheids (e.g., Negueruela et al. 2020; Alonso-Santiago et al. 2020) is rather limited. Thus, instead, we have compared the derived chemical abundances of RSGs with the radial abundance gradients traced with Cepheids using the abundance measurements presented by Luck (2018). Considering the young ages of RSGs (≲50 Myr) and Cepheids (≲300 Myr), the abundances of both RSGs and Cepheids are expected to follow the common gradients, assuming that there is no mechanism favoring the formation of low- or high-metallicity RSGs and/or Cepheids. In fact, Esteban et al. (2022) demonstrated that some of the young objects in the solar-neighborhood (H II regions, B-type stars, classical Cepheids, and young open clusters) have the metallicity consistent with each other within 0.1 dex.
Figure 11 plots the metallicities of our target RSGs obtained in this work, along with the metallicities of Cepheids reported by Luck (2018) as a function of the Galactocentric distance RGC . Also shown are some of the metallicity measurements of RSGs in star clusters or star-forming complexes from previous works (Alonso-Santiago et al. 2017, 2018, 2019, 2020; Negueruela et al. 2021; Gazak et al. 2014; Fanelli et al. 2022), as we focus on RSG clusters in forthcoming papers. We calculated the RGC values of all the plotted objects assuming the distance to the Galactic Center of R⊙ = 8.15 kpc (Reid et al. 2019), which is different from 7.9 kpc adopted by Luck (2018) for gradient calculations. Accordingly, we recalculated the radial metallicity gradient of Cepheids, after five iterations of three- sigma clipping, using the [Fe/H] values reported by Luck (2018) and the Bayesian distance estimates using the Gaia DR2 parallax data by Bailer-Jones et al. (2018) with excluding some stars: those with negative Gaia DR2 parallaxes following Luck (2018), five stars (HK Cas, BC Aql, QQ Per, EK Del, and EQ Lac) as recommended by Luck (2018), and SU Cas as recommended by Kovtyukh et al. (2022) and Matsunaga et al. (2023). We also note that we rescaled the [Fe/H] values presented in the previous works to the solar abundances reported by Asplund et al. (2009), when the differential analysis against the solar spectrum might not have been performed.
Consequently, we find a good agreement between [Fe/H] of the RSGs that we obtained using MB99 and those of Cepheids; the difference in the gradients between the two is 0.004 dex. In contrast, [Fe/H] of the RSGs obtained using VALD3 is slightly, by 0.125 dex, smaller than those of Cepheids. This level of discrepancy is as expected given the difference in the log g f values in the two line lists (see Fig. 7 in Kondo et al. 2019). In fact, analyzing NIR YJ-band spectra of two red giants, Arcturus and µ Leo, Kondo et al. (2019) found that [Fe/H] of the two stars determined with the MB99 list were well consistent with literature values, but [Fe/H] using VALD3 were smaller than those using MB99 by 0.20 and 0.11 dex for Arcturus and µ Leo, respectively. These consistencies support the reliability of our [Fe/H] measurements, especially when using the MB99 list, indicating that our [Fe/H] measurements should be accurate within ∼0.1 dex.
In contrast, [Fe/H] of RSGs determined by some previous works among those plotted in Fig. 11 (Alonso-Santiago et al. 2018, 2019, 2020; Negueruela et al. 2021; Fanelli et al. 2022) are found to be systematically lower than those of Cepheids by 0.2–0.3 dex. Such low [Fe/H] values have been often found in cool giants with low log g (e.g., Casali et al. 2020; Magrini et al. 2023; Gaia Collaboration 2023a). A part of the systematic differences, especially of Fanelli et al. (2022), could possibly be explained with the vmicro values that they adopted, as discussed below, considering the strong degeneracy between [Fe/H] and vmicro.
We show in Fig. 12 vmicro adopted by this work and the previous works cited in Fig. 11 to highlight their differences to help understand the discrepancies in [Fe/H] among the works in conjunction with vmicro . Our vmicro (TW in the figure) are found to be concentrated at around ∼2 km s−1 and are similar to those reported by Alonso-Santiago et al. (2017, 2018, 2019, 2020) and Negueruela et al. (2021) (designated as A17, A18, A19, A20, and N21, respectively, in the figure). In contrast, those reported by Gazak et al. (2014) and Fanelli et al. (2022) (G14 and F22, respectively) are significantly higher than our values.
In the work by Fanelli et al. (2022) among those cited in Fig. 12, they analyzed optical and NIR spectra of RSGs in the Perseus Complex. We find that their resultant [Fe/H] are systematically ~0.3 dex lower than the metallicity gradient of Cepheids (squares in Fig. 11), and we discuss here its possible connection to the vmicro values that they adopted. They adopted vmicro of ~ 1 km s−1 higher than ours, maybe because they included strong Fe I lines in their analysis; they used Fe I lines having −4 ≲ log τRoss ≲ −1, as opposed to our line-selection criterion of log τRoss > −3. Their larger vmicro could result in a ~0.2−0.4 dex smaller [Fe/H] than ours. In fact, recalculation of vmicro of our target RSGs with the criteria of log τRoss > −4 instead of −3 yields an increase in vmicro by ~0.8 and 0.3 km s−1 for VALD3 and MB99, respectively, which results in [Fe/H] smaller by ~0.18 and 0.06 dex, respectively. This positive systematic bias in vmicro is caused by the large positive systematic errors in the measured [Fe/H] of strong lines (log τRoss < −3) as shown in the top right panels of Figs. 5 and 6. The difference in the Teff values could also in part contribute to the difference in the resultant [Fe/H], but it would be smaller because the sensitivity of [Fe/H] to Teff is low: [image: equation]dex/100K (See ΔTeff in the left panels of Fig. 7).
In the work by Alonso-Santiago et al. (2017, 2018, 2019, 2020) and Negueruela et al. (2021) among those cited in Fig. 12, they analyzed optical spectra of RSGs in some young clusters (NGC 6067, NGC 3105, NGC 2345, NGC6649, NGC 6664, and Valparaiso 1). The resultant [Fe/H] of all these works except for the work by Alonso-Santiago et al. (2017) are systematically ~0.2−0.3 dex lower than the metallicity gradient of Cepheids (triangles in Fig. 11), although they used vmicro whose ranges are similar to ours (Fig. 12). Since most of their observed targets (spectral types between G–K) are warmer than our target RSGs (spectral types between K–early M) and also have larger log 𝑔, it is not trivial to identify the cause of the differences.
In the work by Gazak et al. (2014), which is the last one among those cited in Fig. 12, they obtained [Fe/H] of RSGs consistent with the metallicity gradient of Cepheids (diamonds in Fig. 11). Their spectra have relatively low resolution compared to those used in all the other works mentioned here. Furthermore, they determined global metallicity, using most of the lines appearing in the J band including atomic lines from elements other than iron, molecular lines, and/or strong lines. This is in contrast to our approach, which focuses solely on relatively weak Fe I lines to measure [Fe/H]. Given these methodological differences, we do not discuss the cause of the consistency here.
	[image: thumbnail]	Fig. 11 Metallicities of RSGs compared with the radial metallicity gradient of Cepheids for the Galactocentric distance (RGC). Filled red circles (top panel) and filled magenta squares (bottom panel) show the derived [Fe/H] of our target RSGs for VALD3 and MB99, respectively. Blue dots show [Fe/H] of Cepheids (Luck 2018) within 5 < R < 14 kpc as an indicator of the radial metallicity gradient of young stars. Blue dashed lines show the linear fit to the Cepheids’s metallicities. Open brown symbols show the weighted-mean metallicities and their corresponding standard errors of RSGs in star clusters or star-forming complexes within 6 ≲ RGC ≲ 10 kpc measured by some previous works: Gazak et al. (2014) depicted with a diamond, Alonso-Santiago et al. (2017, 2018, 2019, 2020) and Negueruela et al. (2021) with triangles, and Fanelli et al. (2022) with a pentagon.



	[image: thumbnail]	Fig. 12 Box plot of vmicro determined in this work (marked as TW) and previous works for RSGs plotted in Fig. 11: Gazak et al. (2014) as G14, Alonso-Santiago et al. (2017, 2018, 2019, 2020) as A17–A20, respectively, Negueruela et al. (2021) as N21, and Fanelli et al. (2022) marked as F22.



4.2.3 Radial abundance gradients compared with Cepheids
Regarding chemical abundances of elements other than iron, we plot in Fig. 13 the weighted means of the derived [X/Fe] of our target RSGs after the radial abundance gradients of Cepheids are subtracted. The abundance gradients are calculated as is done for the metallicity gradient. As with the case for [Fe/H] discussed in the previous section, the abundance ratios [X/Fe] of both RSGs and Cepheids are expected to follow common gradients. Hence, the differences between them, which are plotted in the figure, would be zero when the abundance measurements for both RSGs in this work and Cepheids in the work by Luck (2018) are accurate. We note that sodium synthesized inside a star via the NeNa cycle can potentially appear on the surface of evolved stars through mechanism(s) such as dredge-up, rotation, and mass loss (El Eid 1994; Ekström et al. 2012; Smiljanic et al. 2016). Consequently, the current surface abundances of sodium, as well as carbon, nitrogen, and oxygen, of RSGs do not necessarily reflect their initial surface abundances, and by extension, the current surface abundances of Cepheids. In other words, the values plotted in Fig. 13 for Na I need not be zero.
Consequently, we find a good agreement (i.e., within ~0.1 dex) in the abundance ratio of the most representative α element, [Mg/Fe], along with some other elements (e.g., [Ca/Fe] and [Ni/Fe]). On the contrary, we find systematic offsets in the obtained abundances for some other species, most notably for [Si/Fe] and [Y/Fe] with offsets of ~0.3 dex. Discrepancies of this type were often seen in RSGs’ abundances reported by previous papers (open symbols in Fig. 13). The reason for the discrepancies is, however, unknown as of yet and is a remaining problem in the abundance analysis of RSGs.
In order to assess the possible impact of one of the shortcomings of our analysis, namely the LTE assumption, we derived non-LTE corrections for a part of the lines of Mg I, Si I, Ca I, Ti I, Cr I, and Fe I using the online tool developed by M. Bergemann’s group (Kovalev et al. 2019)4. The RSG3 model parameters (Table 3 of T21) and the RSG-MARCS grid of model atmospheres were employed in the test. For [Fe/H], we find that the non-LTE corrections for 34 out of 57 Fe I lines that were used for either VALD3 or MB99 can be calculated with the tool (Bergemann et al. 2012a, b), and all the corrections are negligible (≲ ±0.01 dex), indicating that the non-LTE effect does not affect our metallicity determination. Similarly, the non-LTE corrections for [Ca/H] and [Cr/H] are also negligible. For [Ca/H], 5 out of 6 Ca I lines have corrections (Mashonkina et al. 2007), and for [Cr/H], 10 out of 15 Cr I lines have corrections (Bergemann & Cescutti 2010), all of which were zero. In contrast, the non-LTE effect may affect [Mg/H], [Si/H], and [Ti/H]. For [Mg/H], the corrections can be calculated for 4 out of 5 Mg I lines (Bergemann et al. 2015, 2017): the corrections are zero for two lines (12417.937Å and 12433.45Å), −0.040dex for 12039.822 Å, and −0.312dex for 12083.65Å. The rather large correction for the last line, which was only used with the MB99 list, is consistent with the large ∆[X/H]i value for the line, +0.463 dex. We reiterate that a positive ∆ [X/H]i value corresponds to the observed line strength being higher than the synthesized one. For [Si/H] and [Ti/H], the corrections can be calculated for 14 out of 18 Si I lines (Bergemann et al. 2013) and 18 out of 25 Ti I lines (Bergemann 2011), with typical corrections of −0.17 and +0.11 dex, respectively. These may at least partly explain the abundance discrepancies of ~ + 0.3 dex for [Si/Fe] and ~−0.15 dex for [Ti/Fe]. In summary, while the non-LTE effect may not affect our abundance results of some elements (Fe I, Ca I, and Cr I), they may have a noticeable impact on some others (Mg I, Si I, and Ti I). Nevertheless, we dare not apply the non-LTE corrections to our measurements given the incomplete line list in the tool used. Further 3D non-LTE modeling of RSG spectra with a more complete line list is required to better understand the abundance discrepancies observed between RSGs and Cepheids.
Nevertheless, since most of the Galactic RSGs have stellar parameters within a certain small range (3500 ≲ Teff ≲ 3900 K and −9 ≲ Mbol ≲ −6; Levesque et al. 2005), we expect that the amount of the systematic error for a given element is nearly constant for any RSGs at least with solar metallicity, as far as the same abundance analysis method, the same line list, the same model atmosphere grid, and the same wavelength coverage is employed. To examine if the expectation is genuinely the case with our results, we calculated the weighted standard deviation (SD) of [Fe/H] and [X/Fe] among the ten RSGs after the radial abundance gradients of Cepheids are subtracted. These values basically represent the summations of the statistical and systematic errors in our abundance measurements (without systematic offsets included in the summations), assuming that the chemical abundance of RSGs for each element follows a tight abundance gradient. Tables D.1 and D.2 tabulate the calculated SDs. In consequence, we find that the dispersions are within 0.04–0.12 dex for the elements with the number of measured lines Nline larger than two ([Fe/H], [Mg/Fe], [Si/Fe], [Ca/Fe], [Ti/Fe], [Cr/Fe], and [Ni/Fe]). The other elements with a smaller Nline, [Na/Fe], [Al/Fe], and [Y/Fe], have the dispersion within 0.09–0.18 dex. These dispersions are consistent with the quoted errors, at least for most elements. This fact implies good reliability of our procedure of abundance measurement within the quoted error for the relative abundance difference between two objects, although the absolute abundance values for some elements still suffer a significant amount of systematic bias in general.
	[image: thumbnail]	Fig. 13 Chemical abundances of RSGs after subtracting the radial abundance gradients of Cepheids. Filled red circles and filled magenta squares show the weighted mean and standard error of the derived [X/Fe] of our targets RSGs for VALD3 and MB99, respectively, after subtracting the radial abundance gradients of Cepheids, which are tabulated in Table D.2 as Mean. Open symbols show those for RSGs by the works measuring [X/Fe] as well as [Fe/H] among those cited in Fig. 11: Alonso-Santiago et al. (2017, 2018, 2019, 2020) with green, brown, pink, and cyan/blue triangles, respectively, and Fanelli et al. (2022) with yellow pentagons. We note that we show the results for all the elements for which we determined the abundances of RSGs, except for [K/Fe], as the abundance for Cepheids were not measured by Luck (2018).



5 Summary and future prospects
In this paper, we establish a procedure for determining the chemical abundances of RSGs using NIR high-resolution spectra in the YJ bands. We tested the procedure through the analysis of NIR high-resolution spectra of ten nearby RSGs located within 8 ≲ RGC ≲ 10 kpc, which were obtained with the WINERED spectrograph (0.97–1.32 µm; R = 28 000). In our procedure, we first determined the effective temperature Teff, using LDRs of 11 Fe I–Fe I line pairs as in T21, and calculated the surface gravity log 𝑔 using the Stefan-Boltzmann law combined with Geneva’s stellar evolution model. We then determined the microturbulent velocity vmicro and the metallicity [Fe/H] simultaneously by fitting relatively isolated individual Fe I absorption lines. Finally, we fitted individual lines and determined the relative abundance of elements X to hydrogen [X/H] of Mg I, Si I, Ca I, Ti I, Cr I, Ni I, and Y II for the VALD3 and MB99 line lists, and in addition Na I, Al I, and K I for the MB99 list. We also estimated the relative precisions of the abundances using the standard deviations for the sample RSGs and found them to be 0.04–0.12 dex for the elements with a sufficient number of lines analyzed (e.g., Fe I and Mg I) and up to 0.18 dex for the elements with fewer than three lines analyzed (e.g., Na I and Y II).
Our procedure has advantages over previous works with regard to three main points: (1) the procedure is based on the fitting of observed spectra with synthesized ones on a line-by-line basis, as opposed to simple measurements of EWs as employed in some works, which allows us to circumvent the overestimation of abundances due to contamination by surrounding lines; (2) the procedure does not use molecular lines for determining stellar parameters, which allows us to circumvent effects related to the complicated outer atmospheres of RSGs; and (3) the procedure carefully adjusts [C/H], [N/H], and [O/H] to minimize potential systematic bias in the fitting of the lines of interest that originate in contaminating CN molecular lines.
We evaluated the reliability of our results in two ways. First, we compared the relation between log 𝑔 and vmicro with those derived from previous observational and theoretical results and found no apparent systematic bias in our derived vmicro values (Fig. 10). Second, we compared the radial abundance gradients of our sample RSGs with those of Cepheids in the literature (Figs. 11 and 13). We found good agreement (≲0.1 dex) for some abundances, notably [Fe/H] and [Mg/Fe], which are particularly useful abundances in the study of galactic chemical evolution. This result markedly differs from those of most previous works, reporting values of ~0.2–0.3 dex lower [Fe/H] than those of Cepheids. In contrast, we found discrepancies of as large as ~0.5 dex for some others, such as [Si/Fe], the cause of which may be related to a 3D non-LTE effect and/or uncertainty in the line list used, although were not able to come to any firm conclusions. Nevertheless, our procedure should be reliable with regard to its capacity to differentiate the abundances of two RSGs (or two groups of RSGs), considering that the standard deviation of the derived chemical abundances among our sample RSGs is comparable with the quoted precision in the measured abundances.
RSGs have extremely high luminosities (≳104L⊙), and hence they can be used as good tracers of the chemical abundances of young stars at large distances. Indeed, it is expected that we will be able to spectroscopically observe the brightest individual RSGs at a distance of ~1 Mpc, which is the distance to M31, with recently developed and/or near-future NIR high-resolution spectrographs with a very high throughput attached to large- aperture telescopes, such as WINERED/Magellan (Ikeda et al. 2022). Also, RSGs over a large area of the Galactic plane can be observed even with less-sensitive facilities, as long as the dust extinction to the target is not excessively severe. Mapping observations of these RSGs would be highly useful for studying the 2D distribution of the chemical abundances on the disks of the Milky Way and nearby galaxies, providing a means to constrain galactic chemical evolution theory.

[bookmark: S6]Data availability
The abundance measurements and line list are available as Appendix D at Zenodo (https://doi.org/10.5281/zenodo.14286491). All the tables and reduced spectra are available at the CDS via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/693/A163
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Appendix A  Spectral synthesis in OCTOMAN
For the spectral synthesis function in OCTOMAN, we wrapped the spectral synthesis code MOOG (Sneden 1973; Sneden et al. 2012)5. MOOG synthesizes spectra of late-type stars, assuming the 1D LTE with the plane-parallel geometry.
OCTOMAN provides users with some choices of the model atmosphere grid, including the ATLAS9 grids (Kurucz 1993; Castelli & Kurucz 2003; Mészáros et al. 2012) and the MARCS grids (Gustafsson et al. 2008). OCTOMAN obtains the exact model atmosphere for a given set of stellar parameters with linear interpolation (or extrapolation for log 𝑔 < 0) from the grid. In this paper, we used the MARCS spherical grid with M = 5 M⊙ and vmicro = 2 km s−1. When no model atmosphere was provided for a grid point with vmicro = 2 km s−1, we used vmicro = 5 km s−1 model instead. We note that the difference in the geometries between the radiative transfer code (plane-parallel) and the model atmosphere (spherical) only slightly affects the synthesized spectra in general (Heiter & Eriksson 2006).
The code provides three choices for the atomic line list: the third release of the Vienna Atomic Line Database (VALD3; Ryabchikova et al. 2015)6, the list of lines in 10 000–18 000 Å with astrophysical log 𝑔ƒ values constructed by Meléndez & Barbuy (1999, MB99), and the line list complied by R. Kurucz7.
The code considers lines of all the molecules included in the VALD3 database except for TiO. VALD3 contains lines of 12C1H, 13C1H, 14N1H, 12C2, 12C14N, 12C16O, 12C17O, 12C18O, 13C16O, and TiO in the YJ bands, among which 12C14N gives the largest contribution to the spectra of our target RSGs. A user can select whether to replace the line list of the 12C14N molecule from the VALD database with the list of 12C14N, 12C15N, and 13C14N calculated by Sneden et al. (2014). The difference in 12C14N between the two is small, but we found that some lines in the YJ bands only appear in the latter list8. Thus, we used the latter list in this paper.
The code provides three options for the line lists for metal oxides (e.g., TiO), where weaker lines are filtered out of the complete set of the known lines according to a set of threshold conditions, in which the “X index” at 3500 K defined in Eq. (7) is utilized. This constraint is set because the complete line lists of these molecules contain too many lines to synthesize. The three options are (i) the combination of 48Ti16O (X > −4.5), 51V16O (X > −3.0), and 90Zr16O (X > −3.5) line lists calculated by B. Plez9, (ii) the ExoMol line lists of 48Ti16O (X > −4.5), 46Ti16O, 47Ti16O, 49Ti16O, and 50Ti16O (X > −3.5) (McKemmish et al. 2019) and 51V16O (X > −4.0) (McKemmish et al. 2016), and (iii) basically identical to the second option but with a slight modification, adjusting log 𝑔ƒ values of TiO to better reproduce the observed spectra of RSGs by adding 0.3 dex to log 𝑔ƒ of the ϕ system (b1Π−d1Σ+) and subtracting 0.3 dex from log 𝑔ƒ of the δ system (b1Π−a1Δ). In this paper, we adopted the option (iii) to best reproduce the observed spectra of the RSGs.
In addition, the code adopts the line list of 56Fe1H calculated by B. Plez9. With extensive examination, we found that some lines of FeH appear in the YJ-band spectra of the RSGs with a depth of up to ~0.05 and that those lines are well reproduced by synthesized spectra with the dissociation energy of 1.59 eV (Schultz & Armentrout 1991).

Appendix B  Fitting procedure for Fe I absorption lines in OCTOMAN
This section describes the detailed procedure to fit a Fe I absorption line implemented in the OCTOMAN code. In the analysis of fitting of lines of other species presented in this paper, we use mostly the same procedure. The procedure mainly follows the algorithm presented by Takeda (1995b) but with some modifications.
We consider the following four variables during the fitting for a line: (1) iron abundance, [Fe/H] (or the abundance of another element) – the parameter of interest, (2) FWHM (i.e., vbroad) of the line broadening including three components of vmacro, rotation, and instrumental broadening, (3) Velocity offset, ΔRV, and (4) Continuum normalization factor, C.
Related to variable (1), in the current work, we fix the abundances of carbon, nitrogen, and oxygen to the respective values determined in Sect. 3.4. We also fix the abundance values of the other elements to the iron abundance in determining [Fe/H]. We assume that the global metallicity [Μ/H] of the model atmosphere is equal to [Fe/H].
As for variable (2), the instrumental broadening in our observations (R = 28 000 for the Wide mode of WINERED) is comparable with or smaller than vmacro of RSGs (e.g., ~15 km s−1 by Josselin & Plez 2007), and thus both the instrumental broadening and vmacro contribute to, but do not dominate, the net broadening. The projected rotational velocities of RSGs, e.g., v sin i ≃ 5 km s−1 for Betelgeuse (Wheeler & Chatzopoulos 2023), could also slightly contribute to the net line broadening, though such a large v sin i value for RSGs is not expected from single-star evolutionary models (Wheeler et al. 2017; Ma et al. 2024). In our analysis, we fit a line with the Gaussian broadening profile, allowing the net broadening velocity vbroad in km s−1 to vary. Ideally, we should consider a non-Gaussian broadening profile for the following reasons. A macroturbulence profile deviates from the Gaussian (Gray 2008; Magic et al. 2014), especially in cases of stars like RSGs that have a small number of large granules in the photosphere (Chiavassa et al. 2010; Ohnaka et al. 2017). A rotational broadening profile, though its contribution is expected to be usually small, does not follow the Gaussian, either, and depends on the limb darkening (Gray 2008). However, it is technically difficult to apply an exact and complicated model broadening profile to fit a line profile in an observed spectrum because most absorption lines in the spectra of RSGs are contaminated with other lines and also because line profiles vary, depending on the atmospheric layers of the origin for the line (Takeda 1995a; Kravchenko et al. 2021). This is why we choose a simple Gaussian function for the model fitting of the broadening.
As for variable (3), though our spectra have been corrected for radial velocities, the observed wavelength of each line has an offset from the theoretical counterpart by up to ~1 km s−1, possibly due to imperfect wavelength calibration and/or differences in the radial velocities between different lines (e.g., Kravchenko et al. 2021). In order to correct the offset, we introduce a small velocity offset as a free parameter in the fitting.
As for variable (4), though the continua of our spectra have been normalized in advance, the normalized continuum may have an offset from unity by ≲1% in some cases. In particular, the fitted continuum might be underestimated due to weak (molecular) lines, which may falsely build pseudo continuum. For this reason, we introduce a scaling factor C as a free parameter for the observed spectrum around the line of interest.
In the actual fitting, starting with a given initial guess of the four free parameters, we minimize the residual between the observed and synthesized spectra around an absorption line, using the Newton-Raphson method explained below. We define the almost-pre-normalized observed flux and perfectly normalized synthesized flux10 of a pixel i as fi and Fi({xk}), respectively, where xk is the k-th free parameter; i.e., x1 = [Fe/H] in dex, x2 = vbroad in km s−1, and x3 = ∆RV in km s−1. In the following description, we omit the variables {xk} part in the notation unless ambiguity arises. Our goal is to determine the set of parameters (x1, x2, x3, C) that minimizes the difference between the observed and synthesized spectra, given by
[image: equation](B.1)
where ƒ and F denote the column vectors of sets of {fi} and {Fi}, respectively. Calculating the partial derivatives of χ2 with respect to {xk} and C, we obtain the conditions
[image: equation](B.2)
[image: equation](B.3)
where the superscript T indicates the transpose of the vector. From Eq. (B.2), the optimized C value is analytically calculated as
[image: equation](B.4)
and thus C can be treated as a function of {xk}, rather than a free parameter of the fitting. The problem is thereby reduced to the three equations in Eq. (B.3) with three independent variables, x1 , x2, and x3.
In order to solve Eq. (B.3) with the Newton-Raphson method, we numerically calculate the Jacobian matrix of (𝑔1 𝑔2 𝑔3)T, whose elements are
[image: equation](B.5)
The second term on the right-hand side of Eq. (B.5), i.e., the second derivative of CF, is ignored, following the argument by Takeda (1995b). The parameter Jlk is numerically approximated according to
[image: equation](B.6)
where Δxk is a small variation in xk, Δx1 = 0.1 dex, and Δx2 = Δx3 = 0.001 km s−1. Then, {xk} is updated as
[image: equation](B.7)
The procedure is repeated from the beginning with updated {xk } until the end condition,
[image: equation](B.8)
is satisfied. Here, the ratios of the weights in dxk (1, 0.1, and 0.1 for k = 1, 2, 3, respectively) roughly correspond to the ratios of ∂(CF)/∂xk. The threshold of the end condition, 2 × 10−4, is adopted in order to achieve the numerical error in the [Fe/H] value smaller than 0.01 dex after several tests.
In the usual cases where no numerical problem arises, the iteration converges within ~10 steps. In reality, however, xk sometimes oscillates with an amplitude larger than the end condition. Such an oscillation most frequently occurs when contaminating line(s) hampers a good reproduction of the observed spectrum with a synthesized counterpart. To avoid the oscillation, we introduce a damping parameter (e.g., Mansfield 1991; Xu 2016) in the eighth iteration and later. Specifically, we use 0.3 times smaller steps in the updates than in the standard steps; in other words, we update the variables as xk ↦ xk + 0.3dxk when the number of iterations is eight or larger.
During an iteration, if one of the following five conditions is met, we regard the iteration as a failure and immediately abort it: (i) F = 0 or det J = 0 when x1 becomes unrealistically small or large, (ii) |x1| > 10 dex, (iii) x2 > 100 km s−1, (iv) x2 ≤ 0 km s−1, or (v) |x3| > 10 km s−1. In addition, when the number of iterations reaches 40 (due to oscillations of xk despite the introduction of the damping parameter), we stop the iteration and calculate the root mean square σk of {xk}31≤k≤40, which indicates the amplitude of the oscillation of xk. Then, when σk satisfies the condition
[image: equation](B.9)
we judge, albeit with caution, that the iteration converges, and adopt the mean of {xk}31≤k≤40 as the optimized parameter. Otherwise, we judge that the iteration fails.
We note that in using the MARCS grids of model atmospheres, the model with [M/H] = −1.55 and +0.95 dex are used when [Fe/H] < −1.55 and [Fe/H] > +0.95 dex, respectively. Therefore, the measurements with [Fe/H] ≪ −1.55 dex or [Fe/H] ≫ +0.95 dex would be unreliable, but we do not expect that our sample contains such metal-rich or meta-poor objects.

Appendix C  Dependence of the strengths of CN molecular lines on the CNO abundances
We discuss the strengths of the CN molecular lines appearing in the YJ-band spectra of RSGs and the atmospheric layers from which the lines originate.
In contrast to some of major molecules whose lines appear in RSGs’ spectra like TiO and CO, the CN molecules of origin for lines in the YJ-band exist in relatively inner atmospheric layers of RSGs. In fact, Fig. C.1 demonstrates that the ratio of the partial pressure p of the CN molecules to the total gas pressure pall is smaller in outer layers except for innermost layers (i.e., log τRoss ≳ 0). This is because carbon atoms are mostly contained in CO molecules in the outermost layers of oxygen-rich cool stars like RSGs, and thus only a small number of carbon atoms are left to form CN molecules.
The dependence of the CN molecule abundance on the CNO atomic abundances varies with the atmospheric layers to which they belong. In the innermost layers with log τRoss ≳ 0 (corresponding to lines too weak to be detected), where neutral and/or ionized atoms are the dominant form of CNO elements, the number density of the CN molecule, Ncn, is approximated as
[image: equation](C.1)
where ɛC, ɛΝ, and εO indicate the total abundances of C, N, and O elements, respectively. In contrast, in the relatively outer layers with log τRoss ≲ −1.5 (corresponding to the strongest lines with a depth deeper than ~0.2), where CO and N2 molecules and N I and O I atoms are the dominant forms of the CNO elements, NCN is approximated as
[image: equation](C.2)
	[image: thumbnail]	Fig. C.1 Ratio of partial pressures p of some of major molecules and atoms to the total gas pressure pall: CN in red, CO in purple, N2 in brown, TiO in pink, C I in blue, N I in orange, O I in green, and Fe I in gray. The results here were calculated using MOOG for the set of stellar parameters of RSG3 (see Sect. 3.3).



We note that a ~ 2 for RSGs and some other stars having solar C/O ratio (Asplund et al. 2009; Ekström et al. 2012). Considering these two equations, the strengths of CN lines principally depend on [C/O] and [N/H] among the CNO abundances.
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1 https://github.com/SatoshiHamano/WARP


2 There are three C I lines in VALD3 (λ10685.34, 10707.32, and 10729.53 Å) and six in MB99 (λ10683.09, 10685.36, 10691.26, 10707.34, 10729.54, 11895.78 Å) that satisfy the line-selection conditions. Regarding the other lines from neutral or ionized carbon, nitrogen, and oxygen, four N I lines in VALD3 (λ10397.738, 10398.155, 10407.169, and 10407.587 Å) were deeper than 0.01 in the synthesized spectra of a theoretical RSG having the stellar parameters of RSG3 but with a nitrogen-rich abundance pattern as seen sometimes for RSGs (e.g., Lambert et al. 1984; Carr et al. 2000). Whichever, these four lines are severely contaminated with other lines and were not detected in our observed spectra of the target RSGs.


3 We use a prime symbol to denote the error in [X/H]; when an error variable symbol is not accompanied by a prime, it indicates the error in [Fe/H].


4 https://nlte.mpia.de/


5 We used the February-2017 version of MOOG further modified by Μ. Jian (https://github.com/MingjieJian/moog_nosm).


6 Last downloaded on 2021 May 10 at the time of writing.


7 http://kurucz.harvard.edu/linelists/gfnew/.


8 We found that some unidentified lines listed in Appendix B of Matsunaga et al. (2020) are well reproduced by synthesized spectra of either 12C14N or 13C14N lines at least for RSGs. 12C14N: 10163.6, 10273.1, 10305.3, 10338.5, 10476.5, 10542.5, 10549.5, 10587.1, 10625.4, and 10657.4 Å. 13C14N: 11050.3, 11083.7, 11742.0, and 11784.9 Å.


9 https://www.lupm.in2p3.fr/users/plez/


10 We resample the original synthesized spectra in a way such that the flux is preserved.
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	[image: thumbnail]	Fig. 1 Example of a RSG spectrum observed with WINERED: namely that of Betelgeuse in the Y band (echelle orders 57-52). Black thick lines show the reduced spectrum of Betelgeuse, after telluric lines were removed. Gray thin lines show the spectrum of the corresponding telluric standard A0V star, HIP 27830, after the stellar lines were removed. Red thick vertical dashed lines near the top edge of each panel indicate the wavelengths of the lines from the VALD3 and/or MB99 line list used for measuring [X/H]. Light-red thin vertical dashed lines indicate the wavelengths of the candidate lines preselected in Sects. 3.3 and 3.6 from VALD3 and/or MB99 but eventually rejected in Sects. 3.5.2 and 3.6 for both line lists.
In the text



	[image: thumbnail]	Fig. 2 Same as Fig. 1 but for the J band (echelle orders 48–43).
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	[image: thumbnail]	Fig. 3 log τRoss of the line-forming layers of the lines preselected in Sect. 3.3 as functions of the EP, the X index at 3850 K, the model depth dOnlyOne , the model EW, and the reduced model EW. Top and bottom panels show the results with employed line lists of VALD3 and MB99, respectively. The vertical error bar represents the range of Rosseland-mean optical depth where the contribution function for the line is larger than the half of the maximum value at log τRoss. Horizontal black dashed line at log τRoss = −3.0 indicates the final criteria of our line selection.
In the text



	[image: thumbnail]	Fig. 4 Examples of how [Fe/H] is determined from each absorption line as a function of vmicro : here for the case for Betelgeuse. Top and bottom panels show the results with VALD3 and MB99, respectively. Left panels show the measurements for all the Fe I lines preselected in Sect. 3.3, and middle panels do for the lines satisfying conditions (i)–(v) in the main text (Sect. 3.5.2) and eventually used. Right panels show the measurements after the correction term Δ[Fe/H]i defined in Eq. (8) subtracted. Each curve in the figures corresponds to each absorption line color-coded according to log τRoss of the line-forming layer of the line; a lighter color corresponds to a larger log τRoss and thus a smaller EW. The dot on each curve indicates the [Fe/H] value determined with the corresponding vmicro . No dots are plotted where the fitting for a line with a value of vmicro failed.
In the text



	[image: thumbnail]	Fig. 5 Correction term to the determined [Fe/H] values for each line for VALD3 as functions of EP (top-left panel), X index at 3850 K (top-middle), log τRoss (top-right), and wavelength in the standard air (bottom). Black dots show [image: equation] (see text). Circles show their mean values Δ[Fe/H]i among the sample stars, where the color of each circle indicates the number Ni of stars for which the corresponding line was successfully fitted. The lines indicated by open circles (i.e., Ni < 9; those in colors other than blue or orange) were excluded in the analysis. Circles overplotted by black crosses indicate the lines that do not satisfy the condition on the line strength (log τRoss > −3 indicated by the vertical black dashed line in the top right panel) and thus are not used in the analysis. Horizontal black dashed lines in the top panels indicate the linear regression between the values of the x and y axes for the lines marked with filled circles, together with the gray-shaded areas indicating the 1σ-confidence intervals.
In the text



	[image: thumbnail]	Fig. 6 Same as Fig. 5 but for MB99.
In the text



	[image: thumbnail]	Fig. 7 Error budget of [X/H] measurements. Left panels show the medians of the absolute values of the three sources of errors (∆b , [image: equation], and ∆log g) in the [Fe/H] determination (see Sect. 3.7.1 for the definitions) among our ten target RSGs. Right panels show the medians of the absolute values of the five sources of errors ([image: equation], and ∆′[Fe/H]) in the [X/H] determination other than [Fe/H] (see Sect. 3.7.2 for the definitions).
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	[image: thumbnail]	Fig. 8 Comparison of our results and those of Levesque et al. (2005) for the RSGs included in both samples: Teff and log 𝑔.
In the text



	[image: thumbnail]	Fig. 9 Comparison of our results and those of Luck & Bond (1989) for the RSGs included in both samples: stellar parameters and [Fe/H]. Top panels show Teff and log g, which are used in common with VALD3 and MB99. Middle and bottom panels show vmicro and [Fe/H] determined with VALD3 and MB99, respectively.
In the text



	[image: thumbnail]	Fig. 10 Relation between log g and vmicro . Red closed circles and magenta closed squares indicate the values that we determined for the target RSGs with VALD3 and MB99, respectively. Orange open circles indicate the values for the five solar-metallicity red giants among the Gaia FGK benchmark stars (Heiter et al. 2015) used in T21. Blue solid lines show the relation used in the ASPCAP code for APOGEE DR13 (Holtzman et al. 2018) for the log g ranges of their calibrating sample, with the extrapolated relation indicated by blue dotted lines. Green and pink dashed lines indicate the relations calibrated by Adibekyan et al. (2012) and Dutra-Ferreira et al. (2016), respectively, for Teff = 3500 and 4000 K, with the log g ranges of their calibrating samples indicated by shades in the respective colors.
In the text



	[image: thumbnail]	Fig. 11 Metallicities of RSGs compared with the radial metallicity gradient of Cepheids for the Galactocentric distance (RGC). Filled red circles (top panel) and filled magenta squares (bottom panel) show the derived [Fe/H] of our target RSGs for VALD3 and MB99, respectively. Blue dots show [Fe/H] of Cepheids (Luck 2018) within 5 < R < 14 kpc as an indicator of the radial metallicity gradient of young stars. Blue dashed lines show the linear fit to the Cepheids’s metallicities. Open brown symbols show the weighted-mean metallicities and their corresponding standard errors of RSGs in star clusters or star-forming complexes within 6 ≲ RGC ≲ 10 kpc measured by some previous works: Gazak et al. (2014) depicted with a diamond, Alonso-Santiago et al. (2017, 2018, 2019, 2020) and Negueruela et al. (2021) with triangles, and Fanelli et al. (2022) with a pentagon.
In the text



	[image: thumbnail]	Fig. 12 Box plot of vmicro determined in this work (marked as TW) and previous works for RSGs plotted in Fig. 11: Gazak et al. (2014) as G14, Alonso-Santiago et al. (2017, 2018, 2019, 2020) as A17–A20, respectively, Negueruela et al. (2021) as N21, and Fanelli et al. (2022) marked as F22.
In the text



	[image: thumbnail]	Fig. 13 Chemical abundances of RSGs after subtracting the radial abundance gradients of Cepheids. Filled red circles and filled magenta squares show the weighted mean and standard error of the derived [X/Fe] of our targets RSGs for VALD3 and MB99, respectively, after subtracting the radial abundance gradients of Cepheids, which are tabulated in Table D.2 as Mean. Open symbols show those for RSGs by the works measuring [X/Fe] as well as [Fe/H] among those cited in Fig. 11: Alonso-Santiago et al. (2017, 2018, 2019, 2020) with green, brown, pink, and cyan/blue triangles, respectively, and Fanelli et al. (2022) with yellow pentagons. We note that we show the results for all the elements for which we determined the abundances of RSGs, except for [K/Fe], as the abundance for Cepheids were not measured by Luck (2018).
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	[image: thumbnail]	Fig. C.1 Ratio of partial pressures p of some of major molecules and atoms to the total gas pressure pall: CN in red, CO in purple, N2 in brown, TiO in pink, C I in blue, N I in orange, O I in green, and Fe I in gray. The results here were calculated using MOOG for the set of stellar parameters of RSG3 (see Sect. 3.3).
In the text





    
      Table 1 

      Observation log of our sample RSGs observed by T21.

      
        


	Name
	HD
	Sp. type (a)
	Obs. date





	ζ Cep
	210 745
	K1.5Ib
	2015-08-08



	41 Gem
	52 005
	K3–Ib
	2015-10-28



	ξ Cyg
	200 905
	K4.5Ib–II
	2016-05-14



	V809 Cas
	219 978
	K4.5Ib
	2015-10-31



	V424 Lac
	216 946
	K5Ib
	2015-07-30



	ψ1 Aur
	44 537
	K5–M1Iab–Ib
	2013-02-22



	TV Gem
	42 475
	M0–M1.5Iab
	2016-01-19



	BU Gem
	42 543
	M1–M2Ia–Iab
	2016-01-19



	Betelgeuse
	39 801
	M1–M2Ia–Iab
	2013-02-22



	NO Aur
	37 536
	M2Iab
	2015-10-28





      

      
Notes. (a)Taken from SIMBAD (Wenger et al. 2000) on 2020 April 26.





    

  
    
      Fig. 1 

      
        [image: thumbnail]
      

      
        Example of a RSG spectrum observed with WINERED: namely that of Betelgeuse in the Y band (echelle orders 57-52). Black thick lines show the reduced spectrum of Betelgeuse, after telluric lines were removed. Gray thin lines show the spectrum of the corresponding telluric standard A0V star, HIP 27830, after the stellar lines were removed. Red thick vertical dashed lines near the top edge of each panel indicate the wavelengths of the lines from the VALD3 and/or MB99 line list used for measuring [X/H]. Light-red thin vertical dashed lines indicate the wavelengths of the candidate lines preselected in Sects. 3.3 and 3.6 from VALD3 and/or MB99 but eventually rejected in Sects. 3.5.2 and 3.6 for both line lists.

      

    

  
    
      Fig. 2 
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        Same as Fig. 1 but for the J band (echelle orders 48–43).

      

    

  
    
      Table 2 

      Derived log g and related values.

      
        


	Name
	ϖ (mas)
	Ks (mag)
	A(V) (mag)
	Teff (K)
	[image: equation] (mag)
	log(L/L⊙)
	M/M⊙
	log g





	ζ Cep
	3.319 ± 0.146
	0.343 ± 0.170
	0.00 ± 0.15
	4073 ± 31
	2.49 ± 0.02
	[image: equation]
	8–9
	[image: equation]



	41 Gem
	0.754 ± 0.091
	2.107 ± 0.336
	0.00 ± 0.15
	3962 ± 27
	2.56 ± 0.02
	[image: equation]
	11–14
	[image: equation]



	ξ Cyg
	2.859 ± 0.127
	-0.038 ± 0.202
	0.00 ± 0.15
	3893 ± 26
	2.61 ± 0.02
	[image: equation]
	8–10
	[image: equation]



	V809 Cas
	1.030 ± 0.039
	0.788 ± 0.176
	2.17 ± 0.15
	3799 ± 36
	2.68 ± 0.03
	[image: equation]
	13–15
	[image: equation]



	V424 Lac
	1.429 ± 0.113
	0.724 ± 0.178
	0.31 ± 0.15
	3767 ± 48
	2.71 ± 0.04
	[image: equation]
	9–12
	[image: equation]



	ψ1 Aur
	0.478 ± 0.110
	0.577 ± 0.186
	0.62 ± 0.15
	3777 ± 60
	2.70 ± 0.05
	[image: equation]
	9–25
	[image: equation]



	TV Gem
	0.507 ± 0.135
	0.947 ± 0.188
	2.17 ± 0.15
	3739 ± 101
	2.73 ± 0.08
	[image: equation]
	9–21
	[image: equation]



	BU Gem
	0.607 ± 0.125
	0.806 ± 0.230
	2.01 ± 0.15
	3896 ± 70
	2.61 ± 0.05
	[image: equation]
	9–21
	[image: equation]



	Betelgeuse
	6.55 ± 0.83
	-4.378 ± 0.186
	0.62 ± 0.15
	3633 ± 37
	2.81 ± 0.03
	[image: equation]
	15–19
	[image: equation]



	NO Aur
	0.961 ± 0.093
	0.971 ± 0.196
	1.39 ± 0.15
	3663 ± 30
	2.79 ± 0.02
	[image: equation]
	10–13
	[image: equation]
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Notes. See main text for the definitions of the listed quantities. Three quantities, ϖ, Ks, and A(V), and their respective errors were taken from the literature, M/M⊙ was estimated by visual inspection of the HR diagram, and the remaining quantities were computed using the Monte Carlo method. (1) Gaia Collaboration (2023b); (2) van Leeuwen (2007); (3) Cutri et al. (2003); (4) Levesque et al. (2005); (TW) This work.




    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        log τRoss of the line-forming layers of the lines preselected in Sect. 3.3 as functions of the EP, the X index at 3850 K, the model depth dOnlyOne , the model EW, and the reduced model EW. Top and bottom panels show the results with employed line lists of VALD3 and MB99, respectively. The vertical error bar represents the range of Rosseland-mean optical depth where the contribution function for the line is larger than the half of the maximum value at log τRoss. Horizontal black dashed line at log τRoss = −3.0 indicates the final criteria of our line selection.

      

    

  
    
      Fig. 4 

      
        [image: thumbnail]
      

      
        Examples of how [Fe/H] is determined from each absorption line as a function of vmicro : here for the case for Betelgeuse. Top and bottom panels show the results with VALD3 and MB99, respectively. Left panels show the measurements for all the Fe I lines preselected in Sect. 3.3, and middle panels do for the lines satisfying conditions (i)–(v) in the main text (Sect. 3.5.2) and eventually used. Right panels show the measurements after the correction term Δ[Fe/H]i defined in Eq. (8) subtracted. Each curve in the figures corresponds to each absorption line color-coded according to log τRoss of the line-forming layer of the line; a lighter color corresponds to a larger log τRoss and thus a smaller EW. The dot on each curve indicates the [Fe/H] value determined with the corresponding vmicro . No dots are plotted where the fitting for a line with a value of vmicro failed.

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Correction term to the determined [Fe/H] values for each line for VALD3 as functions of EP (top-left panel), X index at 3850 K (top-middle), log τRoss (top-right), and wavelength in the standard air (bottom). Black dots show [image: equation] (see text). Circles show their mean values Δ[Fe/H]i among the sample stars, where the color of each circle indicates the number Ni of stars for which the corresponding line was successfully fitted. The lines indicated by open circles (i.e., Ni < 9; those in colors other than blue or orange) were excluded in the analysis. Circles overplotted by black crosses indicate the lines that do not satisfy the condition on the line strength (log τRoss > −3 indicated by the vertical black dashed line in the top right panel) and thus are not used in the analysis. Horizontal black dashed lines in the top panels indicate the linear regression between the values of the x and y axes for the lines marked with filled circles, together with the gray-shaded areas indicating the 1σ-confidence intervals.

      

    

  
    
      Fig. 6 
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        Same as Fig. 5 but for MB99.

      

    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
        Error budget of [X/H] measurements. Left panels show the medians of the absolute values of the three sources of errors (∆b , [image: equation], and ∆log g) in the [Fe/H] determination (see Sect. 3.7.1 for the definitions) among our ten target RSGs. Right panels show the medians of the absolute values of the five sources of errors ([image: equation], and ∆′[Fe/H]) in the [X/H] determination other than [Fe/H] (see Sect. 3.7.2 for the definitions).

      

    

  
    
      Table 3 

      Derived stellar parameters and [Fe/H].

      
        


	Name
	Teff (K)
	log g
	VALD3
	MB99



	
	
	
	

	




	
	
	
	vmicro (km s−1)
	[Fe/H] (dex)
	vmicro (km s−1)
	[Fe/H] (dex)





	ζ Cep
	4073 ± 31
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	41 Gem
	3962 ± 27
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	ξ Cyg
	3893 ± 26
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	V809 Cas
	3799 ± 36
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	V424 Lac
	3767 ± 48
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	ψ1 Aur
	3777 ± 60
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	TV Gem
	3739 ± 101
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	BU Gem
	3896 ± 70
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	Betelgeuse
	3633 ± 37
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	NO Aur
	3663 ± 30
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]





      

    

  
    
      Fig. 8 

      
        [image: thumbnail]
      

      
        Comparison of our results and those of Levesque et al. (2005) for the RSGs included in both samples: Teff and log 𝑔.

      

    

  
    
      Fig. 10 

      
        [image: thumbnail]
      

      
        Relation between log g and vmicro . Red closed circles and magenta closed squares indicate the values that we determined for the target RSGs with VALD3 and MB99, respectively. Orange open circles indicate the values for the five solar-metallicity red giants among the Gaia FGK benchmark stars (Heiter et al. 2015) used in T21. Blue solid lines show the relation used in the ASPCAP code for APOGEE DR13 (Holtzman et al. 2018) for the log g ranges of their calibrating sample, with the extrapolated relation indicated by blue dotted lines. Green and pink dashed lines indicate the relations calibrated by Adibekyan et al. (2012) and Dutra-Ferreira et al. (2016), respectively, for Teff = 3500 and 4000 K, with the log g ranges of their calibrating samples indicated by shades in the respective colors.

      

    

  
    
      Fig. 11 

      
        [image: thumbnail]
      

      
        Metallicities of RSGs compared with the radial metallicity gradient of Cepheids for the Galactocentric distance (RGC). Filled red circles (top panel) and filled magenta squares (bottom panel) show the derived [Fe/H] of our target RSGs for VALD3 and MB99, respectively. Blue dots show [Fe/H] of Cepheids (Luck 2018) within 5 < R < 14 kpc as an indicator of the radial metallicity gradient of young stars. Blue dashed lines show the linear fit to the Cepheids’s metallicities. Open brown symbols show the weighted-mean metallicities and their corresponding standard errors of RSGs in star clusters or star-forming complexes within 6 ≲ RGC ≲ 10 kpc measured by some previous works: Gazak et al. (2014) depicted with a diamond, Alonso-Santiago et al. (2017, 2018, 2019, 2020) and Negueruela et al. (2021) with triangles, and Fanelli et al. (2022) with a pentagon.

      

    

  
    
      Fig. 12 

      
        [image: thumbnail]
      

      
        Box plot of vmicro determined in this work (marked as TW) and previous works for RSGs plotted in Fig. 11: Gazak et al. (2014) as G14, Alonso-Santiago et al. (2017, 2018, 2019, 2020) as A17–A20, respectively, Negueruela et al. (2021) as N21, and Fanelli et al. (2022) marked as F22.

      

    

  
    
      Fig. 13 

      
        [image: thumbnail]
      

      
        Chemical abundances of RSGs after subtracting the radial abundance gradients of Cepheids. Filled red circles and filled magenta squares show the weighted mean and standard error of the derived [X/Fe] of our targets RSGs for VALD3 and MB99, respectively, after subtracting the radial abundance gradients of Cepheids, which are tabulated in Table D.2 as Mean. Open symbols show those for RSGs by the works measuring [X/Fe] as well as [Fe/H] among those cited in Fig. 11: Alonso-Santiago et al. (2017, 2018, 2019, 2020) with green, brown, pink, and cyan/blue triangles, respectively, and Fanelli et al. (2022) with yellow pentagons. We note that we show the results for all the elements for which we determined the abundances of RSGs, except for [K/Fe], as the abundance for Cepheids were not measured by Luck (2018).

      

    

  
    
      Fig. C.1 

      
        [image: thumbnail]
      

      
        Ratio of partial pressures p of some of major molecules and atoms to the total gas pressure pall: CN in red, CO in purple, N2 in brown, TiO in pink, C I in blue, N I in orange, O I in green, and Fe I in gray. The results here were calculated using MOOG for the set of stellar parameters of RSG3 (see Sect. 3.3).
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