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 M giants with IGRINS
I. Stellar parameters and α-abundance trends of the solar neighborhood population⋆
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Abstract

Context. Cool stars, such as M giants, can only be analyzed in the near-infrared (NIR) regime due to the ubiquitous titanium oxide features in optical spectra of stars with Teff < 4000 K. In dust-obscured regions, the inner bulge and Galactic center region, the intrinsically bright M giants observed in the NIR are an optimal option for studying stellar abundances and the chemical evolution of stellar populations. Because of the uncertainties in photometric methods, a method for determining the stellar parameters for M giants from the NIR spectra themselves is needed.

Aims. We develop a method for determining the stellar parameters for M giants from the NIR spectra. We validate the method by deriving the stellar parameters for nearby well-studied M giants with spectra from the spectral library of the Immersion GRating INfrared Spectrograph (IGRINS). We demonstrate the accuracy and precision of our method by determining the stellar parameters and α-element trends versus metallicity for solar neighborhood M giants.

Methods. We carried out new observations of 44 M giant stars with IGRINS mounted on the Gemini South telescope. We also obtained the full H and K band IGRINS spectra of six nearby well-studied M giants at a spectral resolving power of R = 45 000 from the IGRINS spectral library. We used the tool called spectroscopy made easy in combination with one-dimensional (1D) model atmospheres in a radiative and convective scheme (MARCS) stellar atmosphere models to model the synthetic spectrum that fits the observed spectrum best.

Results. The effective temperatures that we derive from our new method (tested for 3400 ≲ Teff ≲ 4000 K here) agree excellently with those of the six nearby well-studied M giants, which indicates that the accuracy is indeed high. For the 43 solar neighborhood M giants, our Teff, log g, [Fe/H], ξmicro, [C/Fe], [N/Fe], and [O/Fe] agree with APOGEE with mean differences and a scatter (our method – APOGEE) of −67±33 K, −0.31±0.15 dex, 0.02±0.05 dex, 0.22±0.13 km s−1, −0.05±0.06 dex, 0.06±0.06 dex, and 0.02±0.09 dex, respectively. Furthermore, the tight offset with a small dispersion compared to the APOGEE Teff indicates a high precision in our derived temperatures and those derived from the APOGEE pipeline. The typical uncertainties in the stellar parameters are found to be ±100 K in Teff, ±0.2 dex in log g, ±0.1 dex in [Fe/H], and ±0.1 km s−1 in ξmicro. The α-element trends versus metallicity for Mg, Si, Ca, and Ti are consistent with the APOGEE DR17 trends for the same stars and with the GILD optical trends. We also find a clear enhancement in the abundances for thick-disk stars.
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1. Introduction
As necessary ingredients in any spectroscopic analyses, and specifically, in order to accurately estimate detailed elemental abundances from stellar spectra, it is crucial to determine the fundamental stellar parameters. These are the effective temperature (Teff), surface gravity (log g), metallicity ([Fe/H]), and microturbulence (ξmicro; in the case of 1D stellar atmospheres). With the advent of larger telescopes and major advancement in the instruments that efficiently record spectra in the visual or optical wavelength regime, huge progress has been made in the spectroscopic analysis techniques for estimating accurate fundamental stellar parameters (see, e.g., Jofré et al. 2019). This has also led to advances in large-scale analyses of optical spectroscopic surveys such as Gaia/GSPspec (Recio-Blanco et al. 2023), Galactic archaeology with HERMES/GALAH (Buder et al. 2021), the large sky area multi-object fiber spectroscopic telescope/LAMOST (He et al. 2017), Gaia-ESO (Randich et al. 2022), and several others that observe and analyze the stellar spectra of millions of stars of different spectral types and at various evolutionary stages. These surveys provide reliable stellar parameters and abundances mainly for the relatively warmer FGK type stars (Teff > 4000 K; Jofré et al. 2019), however, the optical spectra of the ubiquitous cooler M-type stars are riddled by diatomic (e.g., TiO, FeH, OH, and CO) and triatomic (e.g., H2O) molecules in their atmospheres, which makes their optical spectra nearly impossible to analyze.
The spectra of M-type stars in the near-infrared (NIR) wavelength regime (0.75–2.4 μm) can be analyzed, however. This opens up the possibility to use these stars in spectroscopic analyses and to use them as probes for the study of stellar populations. In addition, stars in the direction of high extinction are preferably analyzed in the infrared. For instance, spectroscopic investigations of stars in the highly dust enshrouded Galactic center region demand observations at NIR wavelengths and also limit the observable stellar populations to the relatively brighter M-giant stars. This calls for the development of spectroscopic techniques for determining reliable stellar parameters from spectra recorded at NIR wavelengths as well. With the immense possibility of observing more distant M giants with upcoming large telescopes such as the Extremely Large Telescope/ELT (de Zeeuw et al. 2014) and Thirty Meter Telescope/TMT (Skidmore 2022) and the high-resolution NIR spectroscopic instruments projected for them (Maiolino et al. 2013; Genoni et al. 2016; Mawet et al. 2019), there is an urgent need to develop methods for deriving reliable stellar parameters from NIR spectra of M giants.
Existing methods for determining the effective temperatures, Teff, of M giants such as those based on interferometry (Mozurkewich et al. 2003), the infrared flux method (IRFM; Casagrande 2008), and the color-Teff relation (Bessell et al. 1998) are limited to nearby stars and are also subjected to uncertainties arising from interstellar reddening. Thus, the determination of Teff using these methods is less useful for the distant and highly extinct stars in the inner Milky Way regions, and methods are required that can directly extract stellar parameters from NIR spectra. Methods like this for GK stars (Teff > 4000 K) that use the ratios of the depths between low- and high-excitation lines (i.e., line depth ratios; Gray 2008) have been attempted in recent studies (Fukue et al. 2015; Taniguchi et al. 2018, 2021; Matsunaga et al. 2021; Afşar et al. 2023), but were found to be affected by metallicity and abundance ratios (Jian et al. 2019). Ryde & Schultheis (2015) and Schultheis et al. (2016) determined Teff for M giant stars in the solar neighborhood and the Galactic center by using the spectral indices of the CO band heads in low-resolution K-band spectra, and Thorsbro et al. (2018, 2020) used the spectral indices of K-band scandium lines. Similarly, Ghosh et al. (2019, 2021, 2022) determined the metallicity-dependent Teff-equivalent width relations using low-resolution H- and K- band spectra of cool stars. These methods need further refinement and tests using reliable benchmark stars, however.
Similarly, asteroseismology, which is considered to be a reliable method for determining the surface gravities, log g, of giants, is currently only tested for warmer giants (Pinsonneault et al. 2018) and also needs repeated high-quality observations. Another way is to use the fundamental relation of log g (Nissen et al. 1997), which demands reliable values of the mass, luminosity, stellar radius, and distance measurements,
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where M is the stellar mass, Teff is the effective temperature, and Mbol is the absolute bolometric magnitude estimated from the distance modulus relation. This is again only possible for bright nearby stars with reliable parallax measurements from astrometry missions such as the Gaia mission (Gaia Collaboration 2021). This necessitates the development of other methods for determining the surface gravity from the NIR spectra of distant M giants.
In this paper, we present an iterative method using the tool called spectroscopy made easy (SME; Valenti & Piskunov 1996, 2012) to determine reliable stellar parameters of cool M giants (3400 ≲ Teff ≲ 4000 K) in the solar neighborhood from NIR H-band spectra. We demonstrate the method by using IGRINS spectra at a spectral resolving power of R ∼ 45 000 and make use of Teff sensitive molecular OH lines in combination with CO molecular bands and Fe lines. The details of the observations and data reduction procedure are described in Sect. 2. In Sect. 3 we briefly describe the line list we used, and in Sect. 4 we describe the iterative method we used to determine stellar parameters for six nearby well-studied M giants based on spectra from the IGRINS spectral library (Park et al. 2018; Sawczynec et al. 2022) in Sect. 5. We show the quality of our parameter estimates by comparing the determined Teff with reliable values in the literature (from interferometry and photometric and spectroscopic methods) and if available, log g and [Fe/H]. With this method, we then determine the stellar parameters and α-element abundances of 44 solar neighborhood M giants that are also observed by the NIR spectroscopic survey Apache Point Observatory Galactic Evolution Experiment (APOGEE; Holtzman et al. 2018; Jönsson et al. 2018). In Sect. 5 we also compare the stellar parameters and the α-element abundance trends with respect to APOGEE and other literature sources. The final conclusions are given in Sect. 7.
2. Observations and data reduction
We analyzed NIR spectra of 50 M giants observed with the Immersion GRating INfrared Spectrograph (IGRINS; Yuk et al. 2010; Wang et al. 2010; Gully-Santiago et al. 2012; Moon et al. 2012; Park et al. 2014; Jeong et al. 2014). IGRINS provides spectra spanning the full H and K bands (1.45–2.5 μm) with a spectral resolving power of R ∼ 45 000. We carried out new observations of 44 M giant stars with IGRINS mounted on the Gemini South telescope (Mace et al. 2018) within the programs GS-2020B-Q-305 and GS-2021A-Q302. The observations were performed in service mode in January to April 2021. Details of the observations are listed in the Table 1. We also analyzed the IGRINS spectra of 6 nearby M giants available in the IGRINS spectral library (Park et al. 2018; Sawczynec et al. 2022), which we present in Table 2.
Table 1. 
Observational details of K giant stars.

Table 2. 
Fundamental stellar parameters estimated from the IGRINS spectra of six benchmark stars using our method and the literature compilation of stellar parameters (indicated by the lit subscript).

The IGRINS observations were carried out in one or more ABBA nod sequences along the slit, permitting sky background subtraction. The exposure times were set to aim at an average signal-to-noise ratio (S/N) of at least 100, leading to observing times ranging from 5 to 25 min. The S/N provided by the Raw & Reduced IGRINS Spectral Archive (RRISA; Sawczynec et al. 2022) is the average S/N for the H or K band, and is given per resolution element. It varies over the orders and is lowest at the end of the orders. In all cases except for a few, an S/N above 100 was achieved (see the last column in Table 1). For one-third of the observations, the S/N is two to three times higher because the weather was better than expected.
We used the IGRINS pipeline package (IGRINS PLP; Lee et al. 2017) to optimally extract the wavelength-calibrated spetra that are corrected for telluric lines after flat-field correction and A-B frame subtraction. The spectral orders of the science targets and the telluric standards were subsequently stitched together after normalizing every order and then combining them in iraf (Tody 1993), excluding the low S/N edges of every order. This resulted in one normalized stitched spectrum for the entire H and K bands. However, to take any modulations in the continuum levels of the spectra into account, we defined specific local continua around the spectral line that was studied. This was an important measure for accurate determinations of the α element abundances (see, e.g., Santos-Peral et al. 2020). In the subsequent abundance analysis, we also allowed for wavelength shifts in order to fit the lines in the line masks we used. This takes any errors or trends in the wavelength solution into account.
The standard procedure for eliminating the contaminating telluric lines is to divide by a telluric standard-star spectrum that only shows telluric lines and mostly no stellar features. In the IGRINS observing strategy, telluric stars were chosen to be fast-rotating late-B to early-A dwarfs that were observed close in time and at an air mass similar to that of the science targets. This procedure worked very well for most wavelength regions. Except for some broad Brackett lines of hydrogen1, some spurious broadband spectral features might be in the telluric standard-star spectrum, however special attention was given to the lines in these regions.
Broad absorption features caused by diffuse interstellar bands (DIBs; see, e.g., Geballe 2016) might also appear in high-resolution spectra. These are probably due to large molecules in the interstellar medium (ISM) in the line of sight of the star. The DIBs are often weak and normally correlate with the reddening, E(B − V). They are therefore mainly found in spectra of reddened stars. Most DIBs have been identified in optical spectra, but some are found in the NIR (Geballe et al. 2011), and more are being identified with new instruments (e.g., with X-shooter, APOGEE, IGRINS, WINERED, and CRIRES in Cox et al. 2014; Elyajouri et al. 2017; Galazutdinov et al. 2017; Hamano et al. 2022; Ebenbichler et al. 2022, respectively). None of these known DIBs are close to the spectral lines that we use in the following discussion.
Finally, for the wavelength solutions, sky OH emission lines were used (Han et al. 2012; Oh et al. 2014), and the spectra were subsequently shifted to laboratory wavelengths in air after a correction for the stellar radial velocity. In addition, we removed obvious cosmic-ray signatures from the spectra.
3. Analysis
We carried out the spectral synthesis using the code called spectroscopy made easy (SME; Valenti & Piskunov 1996, 2012). SME generates synthetic spectra by calculating the spherical radiative transfer through a relevant stellar atmosphere model defined by its fundamental stellar parameters. SME finds this model by interpolating in a grid of one-dimensional (1D) model atmospheres in a radiative and convective scheme (MARCS) stellar atmosphere models (Gustafsson et al. 2008). These are hydrostatic model atmospheres in spherical geometry, computed assuming LTE, chemical equilibrium, homogeneity, and conservation of the total flux. In order to account for the non-LTE (NLTE) effects, we used an NLTE grid for which the departure coefficients were computed using the MPI-parallelized NLTE radiative transfer code Balder (Amarsi et al. 2018). The NLTE grids for Si, Mg, and Ca were taken from Amarsi et al. (2020) and those for Fe from Amarsi et al. (2016) and Lind et al. (2017) (with subsequent updates; Amarsi priv. comm.). SME applies departure coefficients by interpolating in these grids.
As a line list, we used an updated version of the VALD line list (Piskunov et al. 1995; Kupka et al. 2000; Ryabchikova et al. 2015). The transition probability (gf-values, i.e., the product of the statistical weight and the oscillator strength) of the lines lacking reliable experimental gf-values was determined astrophysically using the high-resolution infrared solar flux spectrum of Wallace & Livingston (2003) that was tested for Arcturus (αboo) using the high-resolution (R ∼ 100 000) infrared spectrum from the Arcturus atlas (Hinkle et al. 1995), and adopting the stellar parameters from Ramírez & Allende Prieto (2011). In the astrophysical determination of the gf-values, we set the abundance of an element to a reference value (0.0 in the case of the Sun, and 0.37 from Ramírez & Allende Prieto 2011 for Arcturus) and fit a synthetic spectrum to the absorption line in the observed spectrum of the Sun or Arcturus by varying the gf-value.
For many lines, we adopted the broadening parameters (corresponding to the collisional broadening due to neutral hydrogen, and in some cases, charged particles) from the ABO theory (Anstee & O’Mara 1991; Anstee & O’Mara 1995; Barklem & O’Mara 1997; Barklem et al. 1998) or from the spectral synthesis code BSYN based on routines from MARCS (Gustafsson et al. 2008). Details of the calculation of the broadening parameters for the magnesium multiplet lines in the K band can be found in Nieuwmunster et al. (2023).
A detailed validation of the line list was carried out using the IGRINS H- and K-band spectra of ∼40 solar neighborhood K giants in the sample called giants in the local disk (GILD; Jönsson et al., in prep., which builds upon and improves the analysis described in Jönsson et al. 2017). The stellar parameters and abundances for stars in the GILD sample were determined from optical FIES spectra. The line list we used was validated by comparing the elemental abundance trends determined from IGRINS NIR absorption lines for the above-mentioned K giants with the trends for the same stars determined in GILD with a reliable optical line list (Nandakumar et al., in prep.). The line list we used was used in Montelius et al. (2022), Nandakumar et al. (2022); and Nieuwmunster et al. (2023). Thus we used a line list with selected and reliable lines that were tested not only on the Sun and the Arcturus, but also on ∼40 solar neighborhood K giants.
The line data for the CO, CN, and OH molecular lines were adopted from the line lists of Li et al. (2015), Brooke et al. (2016), and Sneden et al. (2014), respectively. The central wavelengths and gf values of the selected OH, CN, and CO molecular lines we used in the stellar parameter estimation method (see Sect. 4) are listed in the Tables A.3–A.5, respectively. The central wavelengths, VALD, or astrophysically calibrated gf values and broadening parameters of Mg, Si, Ca, Ti, and Fe are listed in Table A.1.
4. Method
An accurate determination of the effective temperature, Teff, is crucial in spectroscopic analyses becaus Teff defines the energy that is transported through a star. It therefore shapes the continuum of the stellar spectrum, the excitation balance of lines, and the ionization stages of elements. Hence, we started by identifying Teff-sensitive absorption lines in the H-band regime that can be used to constrain Teff. We chose a random set of 236 stars from the APOGEE DR17 catalog within 100 K bins between 3000 K < Teff < 4500 K, and 0.5 dex bins between −1.5 < [Fe/H] < 0.5 dex. Based on visual inspection of APOGEE spectra of stars with different Teff but similar set of log g, [Fe/H], ξmicro, and so on, we identified a set of ∼50 molecular OH lines that are sensitive to Teff. We further selected a subset of 15–20 OH lines from which we were able to recover the APOGEE Teff within ±100 K when we ran SME with Teff set as a free parameter for the 236 stars. In addition to Teff, the strength of these lines also depends on the oxygen (O) abundance. Thus, it is necessary for this method that the O abundance is known or fixed in order to constrain the Teff from the OH lines.
Amarsi et al. (2019) derived 3D NLTE O abundances for 187 F and G dwarfs belonging to thin-disk, thick-disk and halo stars of the Milky Way. Based on their Fig. 12 (left panel), we made functional forms of the [O/Fe] versus [Fe/H] trend for thin and thick disc stars, as shown in Fig. 1. We used these functional forms of the trends to fix [O/Fe] for stars with any metallicity belonging to the thin or thick-disk (It would be more correct to call these populations low- α population instead of thin-disk population and high- α population instead of thick-disk population; see, e.g., Minchev et al. 2017).
	[image: thumbnail]	Fig. 1. Simple functional form of the [O/Fe] vs. [Fe/H] trend for thin- and thick-disk stellar populations (or low-α and high-α populations; see Minchev et al. 2017) adopted from Amarsi et al. (2019).



In addition to the OH lines, we chose a set of CN and CO lines (including molecular band heads) and Fe lines as listed in Tables A.4, A.5, and A.2, respectively. This constrained the molecular equilibrium of C-, N-, and O-bearing molecules, and the metallicity.
As the first assumption, we categorized the stars into thin- or thick-disk stars. We then assumed a starting Teff and [Fe/H] of 3500 K and 0.00 dex. For this Teff and [Fe/H], we obtained a log g of 0.65 for a 10 Gyr old star from the Yonsei-Yale isochrones by means of simple linear interpolation (see also Rich et al. 2017). At this metallicity, [O/Fe] is 0.0 for a thin-disk star and 0.15 for a thick-disk star. In the initial step, we ran SME by setting Teff, [Fe/H], ξmicro, and the C and N abundances as free parameters for the selected set of lines. SME generated and fits multiple synthetic spectra for all the chosen lines of interest for different combinations of the free parameters. The final values of the parameters were determined from the model with the best fits of the chosen lines by means of a χ2 minimization between the synthesized and the observed spectrum in the marked regions of the chosen spectral lines. This initial step resulted in a new set of Teff and [Fe/H] that were used to constrain log g from the Yonsei-Yale (YY) isochrones assuming old ages of 3–10 Gyr (Demarque et al. 2004). In the next SME run, we used the Teff, [Fe/H], ξmicro, and the C and N abundances from the previous run, log g from the YY isochrone tracks, and [O/Fe] at the new [Fe/H] based on the trend in Fig. 1. This cycle was repeated until the difference between values of all free parameters from the current SME run and the previous SME run was negligible. In Fig. 2 we show the flow diagram indicating the sequence of steps followed in the method.
	[image: thumbnail]	Fig. 2. Flow diagram of the method with which we determined reliable stellar parameters of the cool M giants (3400 ≲ Teff ≲ 4000 K) from NIR H-band spectra.



While Teff and [Fe/H] are mainly constrained by the OH lines and Fe lines, respectively, different sets of weak and strong lines help us to constrain the ξmicro. Inclusion of CO and CN lines not only constrains the C and N abundances, but also results in an excellent synthetic spectra fit to the observed CN and CO lines and thus takes the CN and CO blends into account as well. At the same time, when we carried out the entire exercise excluding the CN, CO lines and thus removed C and N from the set of free parameters, the difference in all stellar parameter values was negligible except for [Fe/H] which was found to vary within 0.1 dex. This might be an indication of possible CN and/or CO blends in the Fe lines we selected.
5. Validation of the method
In this section, we validate the method we described in the previous section by determining stellar parameters for 6 nearby M giants (see Sect. 5.1.1), some of which have reliable parameters in the literature. We then use the method to determine stellar parameters for 44 solar neighborhood M giants (see Sect. 5.1.2) followed by a discussion of the uncertainties (see Sect. 5.2). We later determine the α abundance trends from selected Mg, Si, Ca, and Ti lines (Sect. 6), which further proves the usefulness of the method by showing the precision and accuracy of the abundance trends compared to those determined based on other methods.
5.1. Stellar parameters
5.1.1. Nearby M giants
As a test case of our method, we selected six nearby M giants, the H- and K-band spectra of which are available in the IGRINS spectral library (Park et al. 2018; Sawczynec et al. 2022). We compiled their Teff, log g, and [Fe/H], derived using different methods from various literature sources. The Teff for four of these stars (HD 132813, HD 89758, HD 175588, and HD 224935) was estimated based on the very precise angular diameter measurements using the Navy Precision Optical Interferometer (NPOI) in combination with distances from Gaia parallaxes (Baines et al. 2021). These values of Teff are therefore very accurate and reliable. Furthermore, we also used the Teff for the four stars (HD 132813, HD 175588, HD 224935, and HD 96360) from Lebzelter et al. (2019), estimated using the Teff – (V – K) relation derived from a homogeneous set of angular diameters by Richichi et al. (1999). They also estimated log g for one star (HD 132813) using the fundamental relation of log g assuming a mass of 1.2 M⊙ and the luminosity and distances from Gaia. Unlike the above-mentioned studies, Sharma et al. (2016) provided all three stellar parameters for five stars (HD 132813, HD 89758, HD 175588, HD 101153, and HD 96360) based on a full spectrum fitting of 331 stars in the MILES and ELODIE spectral libraries, making use of the newer version, V2, of the MILES interpolator and the spectrum fitting tool, ULySS. For one star (HD 89758), we found all three stellar parameters in Jönsson et al. (2014) with the Teff provided from angular diameter measurement by Mozurkewich et al. (2003), log g estimated using the fundamental relation, and [Fe/H] determined from Fe I lines in a visual spectrum from the ELODIE spectral archive. For HD96360, Smith & Lambert (1990) estimated Teff based on the Teff-spectral-type relation from Tsuji (1981), log g using the fundamental relation assuming a mass of 1.5 M⊙, and [Fe/H] as the mean of the Ti, Fe, and Ni abundances. These parameters were adopted by Guerço et al. (2019), who also provided all three stellar parameters for HD 101153 with, in this case, the Teff estimated using the Teff – (V – K)0 relation from Bessell et al. (1998), log g using the PARAM 1.3 code, and [Fe/H] determined using a sample of 19 Fe I lines in the K-band wavelength regime. Finally, for all six stars, we determined Teff using the following Teff – (V – K)0 relation from Bessell et al. (1998):
[image: thumbnail](2)
By using the Python package dustmaps2, we estimated the dereddened values of V and K for this equation, with the reddening values (E(B − V)) from the two-dimensional map of dust, constructed by Schlegel et al. (1998) based on far-infrared emission of dust. We used conversion factors of 3.07 and 0.366 to determine the extinctions AV and AK, respectively (see Table A1 in Casagrande & VandenBerg 2014).
We also determined the stellar parameters for these stars with our method using IGRINS H-band spectra and assuming that the stars belong to the thin-disk stellar population. Table 2 lists the stellar parameters for all six stars determined with our method, along with the V, K2MASS and E(B − V) values, as well as the stellar parameters from the literature. In Fig. 3 we plot the difference in stellar parameters (literature – IGRINS) as a function of our IGRINS parameters. The differences in Teff for comparisons with multiple literature sources lie well within ±100 K, with a minimum difference seen when compared to Teff derived using the Bessell et al. (1998) relation for all six stars. The differences in log g are largest for HD96360 and HD89758 when compared to the values from Sharma et al. (2016) with uncertainties of ∼0.2 dex. We would like to point out that the remaining stars with available log g have small differences that lie within 0.1 dex. The differences in [Fe/H] also lie within levels of ±0.2 dex, which is also comparable to the uncertainties in the measurements in the literature. Overall, the agreement for all three stellar parameters we determined using our method for the six well-studied nearby M giants is therefore good. This is a clear indication of the efficiency of our method for determining accurate stellar parameters for M giants.
	[image: thumbnail]	Fig. 3. Difference (literature – this work) in Teff (left panel), log g (middle panel), and [Fe/H] (right panel) on the y-axis vs. the respective parameter estimates using our method (x-axis) for the six nearby M giant stars in the IGRINS spectral library. Differently colored symbols represent the compiled literature estimates: red circles show Baines et al. (2021), blue squares show Lebzelter et al. (2019), green diamonds show Jönsson et al. (2014), inverted yellow triangles show Sharma et al. (2016), and brown diamonds show Guerço et al. (2019). The black circles denote the Teff estimated using the Teff vs. (V-K)0 relation in Eq. (2) (from Bessell et al. 1998). K2MASS has been corrected to the photometric system in Bessell & Brett (1988; https://irsa.ipac.caltech.edu/data/2MASS/docs/releases/allsky/doc/sec6_4b.html)



5.1.2. Solar neighborhood M giants
Next, we applied our method to our new IGRINS spectra of the 44 solar neighborhood M giants. All 44 stars were also observed by the APOGEE survey. Their stellar parameters and individual elemental abundances are available in the latest data release, DR17, for all stars except one (39). We identified 5 stars that belong to the thick-disk population based on their enhanced APOGEE magnesium abundance from the [Mg/Fe] versus [Fe/H] plot. Thus, we fixed the oxygen abundance for these 5 stars according to the thick-disk trend and for the remaining 40 stars according to the thin-disk trend in Fig. 1. Later, based on our abundance analysis (alpha abundances), star 39 was identified to be a thick-disk star. When we re-estimated the parameters assuming the thick-disk oxygen trend (an increase of 0.17 dex in [O/Fe]), we found a 110 K increase in Teff, a 0.23 dex increase in log g, a 0.07 dex decrease in [Fe/H], a 0.2 km s−1 increase in ξmicro, a 0.14 dex increase in [C/Fe], and a 0.07 dex increase in [N/Fe]. It is surprising and reassuring that even after the initial misidentification, we were able to correctly deduce the correct population based on the abundances we derived using the incorrect stellar parameters. Nevertheless, it is an encouraging sign that there are ways to identify and correct these incorrect initial assumptions (see the further discussion in the section on uncertainties, Sect. 5.2). Stellar parameters, [C/Fe], [N/Fe], assumed [O/Fe] and stellar populations for each star are listed in the Table 3.
Table 3. 
Stellar parameters and [C/Fe] and [N/Fe] values of each star, along with their assumed stellar population and [O/Fe] based on the APOGEE [Mg/Fe] vs. [Fe/H] trend.

APOGEE derived Teff, log g, [Fe/H], ξmicro, ξmacro, [C/M], [N/M], [O/M], and the general alpha abundance, [α/M], simultaneously using the APOGEE stellar parameter and chemical abundance pipeline (ASPCAP; García Pérez et al. 2016) by interpolating in a precomputed grid of synthetic spectra and finding the best-fitting stellar parameters that describe an observed spectrum. In addition to the raw spectroscopic parameters and abundances, APOGEE also provides calibrated values. Because the uncalibrated spectroscopic parameters and abundances are directly derived from the APOGEE spectra, we made use of the spectroscopic parameters (reported under the ASPCAP output array FPARAM) to compare them with the values we derived using our method.
In Fig. 4 we plot the difference in the parameters and abundances (our method – APOGEE) as a function of APOGEE uncalibrated values. We estimated the mean value of the differences and scatter (middle value of the 84th and 16th percentiles), which are listed in each panel. The Teff, estimated using our method is lower than the APOGEE Teff for all stars except two: stars 10 and 44. In general, the difference in Teff is small, with a mean of −67 K and scatter of 33 K, thus lying within 100 K for the majority of the stars without significant trends. Similar to Teff, the surface gravity, log g, from our method is lower than that of APOGEE, with a mean difference of −0.31 dex and scatter of 0.15 dex. We also see a trend of lower differences (<  − 0.1 dex) at lower values of APOGEE log g that increases to ∼ − 0.5 dex with larger scatter at higher values of APOGEE log g. Holtzman et al. (2018) pointed out that the spectroscopic (raw) log g values for giants determined by APOGEE ASPCAP are systematically higher than those derived from asteroseismology. This might explain the consistently lower difference we find in log g. At the same time, currently available measurements of asteroseismic log g are limited to stars with Teff > 3800 K (Pinsonneault et al. 2018). Our metallicities agree with the APOGEE metallicities, with a mean difference of 0.02 dex and a small scatter of 0.05 dex. There is a hint of change in the trend in the metallicity differences from positive to negative at higher metallicities, but this cannot be confirmed with the current sample. The difference in ξmicro shows a clear trend, with higher values using our method for lower APOGEE ξmicro, but it tends to agree at higher APOGEE ξmicro. Our ξmicro for a majority of the stars lies in a narrow range of 1.8–2.4 km s−1 and a high value of 2.7 km s−1 for the most metal poor star, star 10. It is encouraging that our values of ξmicro lie in a reasonable range of values that are usually accepted for giants (Smith et al. 2013). Finally, we find small differences for [C/Fe], [N/Fe], and [O/Fe] with respect to APOGEE on average. We note that [C/Fe] from our method is higher for the five thick-disk stars, similar to what APOGEE finds.
	[image: thumbnail]	Fig. 4. Differences (this work - APOGEE spectroscopic estimates) in Teff, log g, [Fe/H], ξmicro, [C/Fe], [N/Fe], and [O/Fe] on the y-axis vs. the APOGEE spectroscopic estimates on the x-axis for the 44 stars in the solar neighborhood from our new IGRINS observations. Teff, log g, and [Fe/H] are shown in the three panels in the top row, [C/Fe], [N/Fe], and [O/Fe] in the three panels in the middle row, and ξmicro is plotted in the bottom row panel. The dashed black line indicates the difference value of 0.0 between APOGEE and our estimates. The mean difference and standard deviation (calculated as the middle value of the 84th–16th percentile values for each parameter) is indicated by the dashed red line and the red band, respectively, and is also listed in the respective panels.



Through a further cross match carried out with other large spectroscopic surveys, we found seven stars in the RAVE survey catalog (DR6; Steinmetz et al. 2020) and four stars in the GALAH survey catalog (DR3; Buder et al. 2021). Based on the quality flags, algo_conv_madera (set to 3) in RAVE and flag_sp (not set to 0) in GALAH, these stars do not have reliable stellar parameters determined from their spectra in either survey catalog. The photometric Teff was estimated using the IRFM method (Casagrande et al. 2010) for all five stars in RAVE and for one star in GALAH (Casagrande et al. 2021).
In addition to the comparison with the APOGEE values, we estimated photometric effective temperatures using the Teff-(V-K) relation (Eq. (2)). To do this, we explored the effect of different reddening values. For 11 stars we had E(B − V) from APOGEE directly (set 1, hexagons in Fig. 5), whereas for 21 stars (set 2, crosses in Fig. 5), we adopted the reddening values from Schlegel et al. (1998) renormalized as described in Casagrande et al. (2019). The input photometry being the same, this comparison is a sobering example of how reddening alone can easily introduce a scatter of about ±50 K for our sample.
	[image: thumbnail]	Fig. 5. Differences (GALAH, RAVE, APOGEE, (V–K), IRFM – our method) in Teff as a function of the Teff derived using our method on the x-axis. The dashed black lines indicate the difference values of −100 K, 0 K, and +100 K. Differently colored symbols represent the values from different sources: Inverted blue triangles show APOGEE spectroscopic estimates, black squares show GALAH IRFM estimates, green stars show RAVE IRFM estimates, red diamonds show our IRFM Teff estimates, and pink hexagons show Teff estimated using the Teff vs. (V–K) relation from Bessell et al. (1998) with extinctions in V and K based on the E(B − V) values from APOGEE.



In addition to using the above color relation, we also implemented Gaia DR3 and 2MASS photometry in the IRFM following Casagrande et al. (2021) by adopting our spectroscopic values of log g and [Fe/H] and our renormalized reddening values. To better gauge the uncertainties, for each star, we MonteCarlo the errors into the IRFM, adopting the quoted uncertainties for the input stellar parameters and photometry, and allowing for an uncertainty in reddening of 10%. For stars with E(B − V) < 0.85, our Monte Carlo uncertainties are within 100 K, but they linearly increase to several hundred K for higher reddening values. In order to retain stars with reliably determined IRFM temperatures, we therefore restrict ourselves to stars with E(B − V) below the above threshold, which corresponds to Teff uncertainties in the range 30–60 K. Figure 5 clearly shows that the IRFM values (red diamonds) are consistent with our spectroscopic determinations. The mean difference is 42 K, with a standard deviation of 48 K. We were unable to estimate IRFM temperatures for the six nearby M giants owing to their extreme brightness.
Figure 5 also shows the comparison with the IRFM effective temperatures from RAVE DR6 (Steinmetz et al. 2020). In this version of the IRFM, APASS photometry was used instead, along with log g and [Fe/H] derived from RAVE. This comparison shows the effect of the adopted stellar parameters and photometry, with the caveat that Gaia DR3 is far superior than APASS. Finally, we also show the comparison with one star with IRFM effective temperature from GALAH that was instead based on the Gaia DR2 photometry and transmission curves.
From the different values and methods compared in Fig. 5, we can thus conclude that our effective temperature determinations are reliable, especially in comparison with several others that are available in the literature. In particular, the scatter with respect to several photometric determinations shows the uncertainty that is introduced by the limited precision to which reddening can be estimated. Because our determined effective temperatures agree excellently with the six nearby well-studied M giants in the IGRINS spectral library (in Fig. 3), our values are very probably more accurate. Especially the moderately tight offset against Teff from APOGEE indicates a good internal precision.
5.2. Uncertainties in the derived stellar parameters
As explained in Sect. 4, our method for estimating stellar parameters largely depends on the oxygen abundance, which we fixed based on the metallicity of the star and the Milky Way population to which the star belongs (see Fig. 1). Thus, the assumption of the population or the oxygen abundance may be considered the main source of uncertainty for our stellar parameters. Hence, in order to estimate typical uncertainties in the parameters and abundances we derived, we implemented our method assuming that the 38 thin-disk stars in the solar neighborhood sample are thick-disk stars and vice versa for the 6 thick-disk stars. This is similar to the misclassification of star 39 as a thin-disk star in Sect. 5.1.2.
The results of this exercise are shown in Fig. 6. The differences in oxygen abundance are plotted on the x-axis, and the differences in the other six stellar parameters are plotted on the y-axis in each panel. In this figure, actual thick-disk stars have negative Δ[O/Fe] because [O/Fe] is lower for the thin-disk trend, and the actual thin-disk stars have positive Δ[O/Fe]. When a lower oxygen abundance is assumed for the most metal poor star, star 10, the stellar parameters were outside our adopted grid limits. Hence, we omitted this star in this exercise. For the maximum difference of ±0.2 dex in [O/Fe], we found typical differences of ±200 K in Teff, ±0.25 dex in log g, ±0.2 km s−1 in ξmicro, ±0.2 dex in [C/Fe], and ±0.2 dex in [N/Fe]. The difference in metallicity is found to be closer to 0 for [O/Fe] differences of +0.2 and −0.2 dex, but larger (up to ∼+0.2 dex) in the range 0.0 < Δ[O/Fe] < 0.2 dex. Thus, assuming a typical uncertainty of 0.15 dex in [O/Fe], the parameters we estimated using our method have typical uncertainties of ±100 K in Teff, ±0.2 dex in log g, ±0.1 dex in [Fe/H], ±0.1 km s−1 in ξmicro, ±0.1 dex in [C/Fe], and ±0.1 dex in [N/Fe]. Again, as we demonstrated for star 39 in Sect. 5.1.2, however, an incorrect classification would be caught in the derived alpha abundances, and a corrective iteration can be run. To ensure this was not a chance occurrence, we determined [Mg/Fe] for all stars using the stellar parameters determined based on a misclassification. We found that the [Mg/Fe] abundances decrease further for the incorrectly classified thin-disk star and it increases further for the incorrectly classified thick-disk star. This is demonstrated in Fig. 7. We are therefore safely be able to catch any misclassification of a high- or low-alpha star by inspecting the derived [Mg/Fe] ratio.
	[image: thumbnail]	Fig. 6. Difference in Teff, log g, [Fe/H], ξmicro, [C/Fe], and [N/Fe] as a function of the difference in [O/Fe] resulting from the changed population assumption from thin to thick disk and vice versa for the 44 solar neighborhood M giants. Circles with positive δ[O/Fe] values represent thin-disk stars that were assumed to be thick-disk stars for this exercise.



	[image: thumbnail]	Fig. 7. Same as Fig. 6, but for the difference in [Mg/Fe] plotted on the y-axis.



Another source of uncertainty is the use of 10 Gyr YY isochrone to constrain log g. As discussed in Rich et al. (2017), different age tracks for giants overlap, which in turn should result in a negligible difference in log g when we choose a lower age isochrone track. We find that log g increases by only ∼0.1 dex when we use a 2 Gyr YY isochrone instead of the 10 Gyr isochrone.
Thus, we estimated the uncertainties in the derived stellar parameters using our method to be ±100 K in Teff, ±0.2 dex in log g, ±0.1 dex in [Fe/H], and ±0.1 km s−1 in ξmicro. Within these uncertainties, our parameters are in line with the comparison samples and methods presented in Figs. 3–5.
6. α -abundance trends
Based on the stellar parameters determined using our iterative method, we determined the elemental abundances of the following α elements: Mg, Si, Ca, and Ti, for the 6 nearby M giants and 44 solar neighborhood M giants. We adopted the solar abundance values for Mg (A(Mg)⊙ = 7.53), Si (A(Si)⊙ = 7.51), Ca (A(Ca)⊙ = 6.31), and Ti (A(Ti)⊙ = 4.90) from Grevesse et al. (2007). In the following subsections, we discuss the individual and mean elemental abundance trends determined from a selected set of absorption lines of each element in the H and K bands. For each element, we fit the selected lines individually and determined the mean abundance value after removing lines that were too noisy, affected by spurious features, or affected by telluric lines that were not eliminated well enough in the telluric-line removal procedure. From these chosen abundance sets, we determined the mean abundance and a line-by-line scatter of each element for every star (see Tables A.6–A.9). We also compared the mean elemental abundance trends to the optical solar neighborhood trends from the GILD sample and to the APOGEE DR17 spectroscopic values if available. This comparison also serves as a way to further validate our stellar parameters and hence the method we used to determine them.
In addition to the line-by-line scatter reported in Tables A.6–A.9, we determined the uncertainties in the elemental abundance estimates from each line that arise from the uncertainties in stellar parameters. As mentioned in Sect. 5.2, the parameters estimated using our method have typical uncertainties of ±100 K in Teff, ±0.2 dex in log g, ±0.1 dex in [Fe/H], and ±0.1 km s−1 in ξmicro. We selected seven stars with metallicities of ∼ − 0.9 dex (star 10), −0.5 dex (stars 11 and 44), −0.25 dex (star 30), 0.0 dex (star 29), 0.1 dex (star 41), and 0.25 dex (star 40) to determine the uncertainties. Thus we covered the entire metallicity range we explored in this study. We randomly generated 50 sets of stellar parameters following a normal distribution, with the stellar parameter value as the mean and these typical uncertainties as the standard deviation, and we reanalyzed each stellar spectrum using these parameters. We generated 50 sets of parameters for each of the seven stars. The resulting distribution of the estimated abundances from each line was fit with a Gaussian function. The dispersion estimated from this fit gives the uncertainty in abundances. Table A.10 lists the uncertainties from the individual elemental lines as well as the mean uncertainty corresponding to each elemental abundance for these seven stars. The mean abundance uncertainties range from 0.04–0.08 dex for [Mg/Fe], 0.07–0.11 dex for [Si/Fe], 0.04–0.07 dex for [Ca/Fe], and 0.06–0.11 dex for [Ti/Fe].
6.1. Magnesium
We determined the magnesium abundances from three lines in the K band: 21059.76 Å, 21060.89 Å, and 21458.87 Å. The two H-band Mg I lines at 15740.70 Å and 15748.89 Å could not be used because these two lines were saturated based on their insensitivity to a ±0.2 dex variation in Mg abundances. In addition, the Mg abundances from these two lines are found to have a strong correlation with the microturbulence (0.1–0.2 dex variation for Δξmicro = ±0.2 dex).
In Fig. 8 we plot the selected Mg lines in the observed spectra of one thin-disk star (star 40, top row panels) and one thick-disk star (star 44, bottom row panels), the synthetic spectrum fit to these line, and the variation in the fit resulting in a change of ±0.2 dex in the abundance value. We also show the line masks defined for the Mg lines (avoiding the neighboring lines) wherein the SME fits the observed spectra by varying the magnesium abundance and finds the best synthetic spectra fit by chi-square minimization. We also plot the synthetic spectrum without Mg, indicating any possible blends in the line. The stellar parameters estimated for each star are listed in the leftmost panels along with the derived abundance from each line in the corresponding panel.
	[image: thumbnail]	Fig. 8. Wavelength regions centered at the five selected magnesium lines for the thin-disk star 2M17584888-2351011 (star 40; top row panels) and the thick-disk star 2M18522108-3022143 (star 44; bottom row panels). The panels in each row are arranged in increasing order of the wavelengths of the selected lines. In each panel, the black circles denote the observed spectrum, the crimson line denotes the best-fit synthetic spectrum, and the red band denotes the variation in the synthetic spectrum for a difference of ±0.2 dex in the [Mg/Fe]. The yellow bands in each panel represent the line masks defined for the Mg lines, wherein SME fits observed spectra by varying the magnesium abundance and finds the best synthetic spectra fit by ξ2 minimization. The green line shows the synthetic spectrum without Mg, also indicating any possible blends in the line. The [Mg/Fe] values corresponding to the best-fit case for each Mg line are listed in each panel. All identified atomic and molecular lines are also denoted in the top part of the top row panels.



We plot the Mg abundance trend ([Mg/Fe] versus [Fe/H]) from each of these lines in the top five panels and the mean Mg abundance trend in the bottom panel of Fig. 9. In these plots, the red circles (thin disk) and orange diamonds (thick disk) represent the solar neighborhood sample, and black stars represent the six nearby M giants. In the bottom panel, the GILD Mg abundance trend is plotted as gray diamonds, and the APOGEE spectroscopic Mg values for the 43 solar neighborhood stars (except for star 39) are plotted as inverted blue triangles (thin disk) and cyan hexagons (thick disk).
	[image: thumbnail]	Fig. 9. [Mg/Fe] vs. [Fe/H] trends estimated from each magnesium line (top row panels) and the trend from the mean of line-by-line [Mg/Fe] estimates (bottom panel). The red circles, orange diamonds, and black stars in all panels represent the 38 thin-disk solar neighborhood M giants, six thick-disk solar neighborhood M giants and the six nearby M giants, respectively. The gray diamonds in the bottom panel represent the stars in the GILD sample, with the parameters and abundances estimated from optical FIES spectra and shifted down by 0.1 dex. The inverted blue triangles (thin-disk) and cyan hexagons (thick-disk) represent the APOGEE spectroscopic estimates for the 43 solar neighborhood stars.



This is also evident in the negligible variation in the synthetic spectrum fit to the two H-band lines for the ±0.2 dex [Mg/Fe] variation in Fig. 8. The [Mg/Fe] trend from all three K-band lines shows a decreasing trend with increasing metallcity, especially at supersolar metallicities (as expected from chemical evolution models; see Matteucci 2021) and a clear enhancement in [Mg/Fe] for thick-disk stars compared to thin-disk stars. [Mg/Fe] values from the multiplet lines 21059.76 Å and 21060.89 Å are found to have subsolar [Mg/Fe] at solar metallicity, unlike those from the 21458.87 Å that pass through the solar value, as expected. This line also has a comparatively accurate gf value, as listed in NIST database with an accuracy grade of B+ (which means ≤7%). The line parameters we used for the two multiplet K-band lines were found to result in a good synthetic spectrum fit to the lines in the high-resolution solar and Arcturus spectra. Nieuwmunster et al. (2023) used the same lines and line data and found a similar low trend for inner bulge stars and warmer solar neighborhood K giants. We would also like to point out that the [Mg/Fe] values determined from each line for the six near by M giants are consistent with the corresponding trend obtained for the solar neighborhood stars.
We determined the mean [Mg/Fe] for each star from the lines that were deemed to have a good synthetic spectrum fit by visual check and were not affected by noise or telluric lines. The individual and mean [Mg/Fe] for each star along with the standard deviation value is listed in Table A.6. Our mean [Mg/Fe] trend shows a clear dichotomy of the thin and thick disk, with enhanced values for thick-disk stars. In the comparison with the APOGEE DR17 spectroscopic [Mg/Fe] values for the same stars, our mean abundances for thick- and thin-disk stars are consistent with the APOGEE values. The APOGEE [Mg/Fe] trends and our trends pass through subsolar [Mg/Fe] at solar metallicity. The [Mg/Fe] trend for warmer stars in the GILD sample passes through supersolar [Mg/Fe] values at solar metallicities with a systematic difference of ∼0.1–0.2 dex with respect to our [Mg/Fe] trend. In Fig. 9 we therefore shifted the GILD trend down by 0.1 dex in order to normalize this comparison sample to the solar value for better comparison. The LTE [Mg/Fe] values for our stars agree well with the original GILD trend (see Sect. 6.5). The systematic difference between our trend and the GILD trend might be caused by the use of NLTE grids in this work and LTE values in GILD.
6.2. Silicon
We determined [Si/Fe] for the stars in the nearby M giant sample and the solar neighborhood sample from one line at 16434.93 Å in the H band and three lines in the K band: 20804.20 Å, 20890.37 Å, and 20926.14 Å. In Fig. 10, we plot the synthetic spectrum fits to these lines in the observed spectra of one thin-disk star (top panels) and one thick-disk star (bottom panels). In Fig. 11 we plot our individual [Si/Fe] trends (top panels) and the mean [Si/Fe] (bottom panel) along with [Si/Fe] from the GILD sample and APOGEE DR17.
	[image: thumbnail]	Fig. 10. Similar to Fig. 8, but for the silicon lines.



	[image: thumbnail]	Fig. 11. Similar to Fig. 9, but for [Si/Fe].



The synthetic spectrum fit to all four lines for the sample of thin- and thick-disk stars in Fig. 10 is reasonably good. The mean [Si/Fe] is higher for all six thick-disk stars. Only one good Si line is available for the solar metallicity thick-disk star, star 4 ([Fe/H] = 0.0), from which we determined a high [Si/Fe] value of ∼0.18 dex. This might be the reason for the distinctly high [Si/Fe] but lower abundance values of other alpha elements for this star. The mean thin-disk trend of the solar neighborhood and nearby M giant sample is consistent with the GILD sample thin-disk trend at all metallicities, but we find an enhancement of ∼0.05–0.1 dex in our thick-disk trend compared to the GILD thick-disk trend. A similar difference is seen with respect to the APOGEE [Si/Fe] abundances of thick-disk stars and also compared to the [Fe/H] < −0.5 thin-disk stars. Overall, the thin-disk trend shows a small scatter, and the thick-disk trend is clearly higher in [Si/Fe].
6.3. Calcium
We used five calcium absorption lines to determine [Ca/Fe], three in the H band, 16150.76 Å, 16155.24 Å, and 16157.36 Å, and two in the K band, 20962.57 Åand 20972.53 Å. In Fig. 12, we plot the synthetic spectrum fits to these lines in the observed spectra of one thin-disk star (top panels) and one thick-disk star (bottom panels). In Fig. 13 we plot our individual [Ca/Fe] trends (top panels) and the mean [Ca/Fe] (bottom panel) along with [Ca/Fe] from the GILD sample and APOGEE DR17.
	[image: thumbnail]	Fig. 12. Similar to Fig. 8, but for calcium lines.



	[image: thumbnail]	Fig. 13. Similar to Fig. 9, but for [Ca/Fe]. The GILD [Ca/Fe] have been shifted down by 0.05 dex to normalize the comparison sample to the solar value.



As shown in Fig. 12, we were able to fit all five lines very well. In addition, these lines strongly depend on the Ca abundance, as indicated by the significant variation in the synthetic spectrum. The variation of ±0.2 dex in [Ca/Fe]. The [Ca/Fe] trends from all six lines follows a downward trend, although with a shallower slope than for [Mg/Fe], for example. Above solar metallicity, [Ca/Fe] seems to at least level off, to decrease again at [Fe/H] > 0.2 dex. A larger sample would clarify this observation. The mean [Ca/Fe] values follow the same trend, and the five metal-poor thick-disk stars have higher mean abundances than the thin-disk stars. No similar enhancement is detected for the solar metallicity thick-disk star. Unlike for Mg and Si, there is no clear separation between the thin- and thick-disk stars in the [Ca/Fe] trend from the GILD sample. Compared to the GILD trend, our mean [Ca/Fe] trend is systematically lower by 0.05 dex, but passes through solar [Ca/Fe] at solar metallicity. Similar to Mg, we therefore shifted the GILD trend down by 0.05 dex in order to normalize this comparison sample to the solar value to allow for a better comparison. The [Ca/Fe] trend from APOGEE DR17 sample follows a downward trend that continues to decrease at higher metallicities. The DR17 [Ca/Fe] values are lower for the thick-disk stars and thus do not show any clear separation with respect to the thin-disk stars.
6.4. Titanium
Only two lines were used to determine [Ti/Fe]. One line in the H band, 16330.54 Å, and one line in the K band, 21149.62 Å. In Fig. 14, we plot the synthetic spectrum fits to these lines in the observed spectra of one thin-disk star (top panels) and one thick-disk star (bottom panels). In Fig. 15 we plot our individual [Ti/Fe] trends (top panels) and the mean [Ti/Fe] (bottom panel) along with [Ti/Fe] from the GILD sample and APOGEE DR17.
	[image: thumbnail]	Fig. 14. Similar to Fig. 8, but for the titanium lines.



	[image: thumbnail]	Fig. 15. Similar to Fig. 9, but for [Ti/Fe].



Compared to the H-band line at 16330.54 Å, the K-band line at 21149.62 Å is weaker and blended with CN (ν = 1–3). The [Ti/Fe] trend determined using the line at 16330.54 Å is found to have lower scatter at subsolar metallicities than the trend determined from the line at 21149.62 Å. This may be attributed to the CN (ν = 1–3) blend in the left wing of the K-band line, as shown in Fig. 14. This scatter is carried forward to the mean [Ti/Fe] trend for low-metallicity stars ([Fe/H] < −0.4 dex). The metal-poor thick-disk stars show a clear enhancement compared to the thin-disk stars, however. Furthermore, the mean [Ti/Fe] abundance trend is consistent with the optical [Ti/Fe] trend from the GILD sample. Unfortunately, APOGEE DR17 does not provide [Ti/Fe] measurements for the 44 stars. The Ti I lines in the APOGEE wavelength regime (H band) are very sensitive to Teff (Jönsson et al. 2018, 2020). Hence, it is reassuring for our method and especially for our determined Teff that the [Ti/Fe] determined using our stellar parameters is consistent with the trend from the optical spectra.
6.5. LTE and non-LTE comparison
As mentioned in Sect. 3, we applied NLTE corrections to the abundance measurements of Mg, Si, and Ca. In addition, we estimated the abundances for all three elements without applying NLTE corrections. Figure 16 shows the NLTE (brown) and LTE trends (cyan) for all three elements as a function of [Fe/H]. The NLTE-LTE difference for [Mg/Fe] and [Ca/Fe] ranges from −0.05 to −0.15 dex, and there is no significant NLTE-LTE difference for [Si/Fe]. This means that when NLTE corrections are applied, the abundance values for Mg and Si become lower.
	[image: thumbnail]	Fig. 16. NLTE (brown) and LTE (cyan) abundance trends as a function of [Fe/H] for [Mg/Fe], [Si/Fe], and [Ca/Fe] estimated for 44 solar neighborhood M giants (circles show NLTE and inverted triangle shows LTE) and six nearby M giants (stars show NLTE and hexagon show LTE). The difference between NLTE and LTE measurements for Si is negligible, and Mg and Ca show differences of 0.05–0.15 dex.



7. Conclusions
For abundance studies, a general method for determining the important stellar parameters for M giants is needed. For example, in order to study stellar abundances and the chemical evolution of stellar populations in dust-obscured regions, such as the inner bulge and Galactic center region, the intrinsically bright M giants observed in the NIR are an optimal option. Not only is the extinction lower in the infrared, but cool stars, such as M giants, can only be analyzed in the NIR due to the ubiquitous TiO features in optical spectra of stars with Teff < 4000 K. Because of the uncertainties in photometric methods, a method for determining the stellar parameters for M giants from the NIR spectra themselves is needed. This method would allow these regions to be analyzed efficiently.
In this quest to determine reliable stellar parameters and elemental abundances of M giant stars from their NIR spectra, we therefore developed an iterative method that was tested for 3400 ≲ Teff ≲ 4000 K and that we presented here. We used high-resolution (R ∼ 45 000) spectra in the H band that were observed with the IGRINS spectrometer. IGRINS spectra cover the entire wavelength range of the H and K bands (∼14 000 Å to 25 000 Å), which provides a wealth of spectral lines also for the subsequent study of stellar abundances.
Because Teff is one of the most crucial fundamental stellar parameters, we started by identifying ∼15–20 Teff sensitive molecular OH lines in the H band based on our investigations using the APOGEE M giant spectra and their parameters provided in the DR17 catalog. In addition to Teff, the OH line strengths also depend on the oxygen abundance, resulting in a degeneracy between Teff and the oxygen abundance. We therefore fixed the oxygen abundance based on the metallicity of the star following the [O/Fe] versus [Fe/H] trend in Amarsi et al. (2019) for thin- and thick-disk stars (Fig. 1).
After the initial assumption of the stellar population, we started with an initial Teff and [Fe/H] of 3500 K and 0.0 dex.
The log g value was chosen to be 0.65 dex from the 10 Gyr Yonsei-Yale (YY) isochrones, corresponding to the initially assumed Teff and [Fe/H] by means of simple linear interpolation (Rich et al. 2017). Our method requires multiple iterations, wherein first, we determined Teff, [Fe/H], ξmicro, [C/Fe], and [N/Fe] using SME by fitting the selected set of OH, CN, CO, and Fe lines. We then determined log g based on the newly determined Teff and [Fe/H] from the 10 Gyr YY isochrones. Similarly, the oxygen abundance was updated corresponding to the new [Fe/H]. With the updated log g and oxygen abundance, we determined new values of Teff, [Fe/H], ξmicro, [C/Fe], and [N/Fe], and this cycle was repeated until the differences between the latest and previously determined values of all free parameters were negligible (Fig. 2). It is reassuring that even for an initial misidentification of the stellar population, this was able to be remedied by determining the [Mg/Fe] abundance, for instance. This clearly shows to which population the star belongs (see Sect. 5.2). Thus a final check of the assumed stellar population was made based on the determined α abundances, most importantly, the [Mg/Fe] abundance.
We validated our method by deriving the stellar parameters for six nearby well-studied M giants with spectra from the IGRINS spectral library. Furthermore, we demonstrated the accuracy and precision by determining the α-element trends versus metallicity for 44 solar neighborhood M giants from our two IGRINS runs on Gemini (we also included the six M giants in the α-element trends versus metallicity). Forty-three of the stars from our two IGRINS runs were also analyzed in APOGEE. The effective temperatures that we derived from our new method agree excellently well with the six nearby well-studied M giants (in Fig. 3), which indicates that the accuracy is indeed high. For the 43 solar neighborhood M giants, we find excellent agreement with APOGEE for Teff, log g, [Fe/H], ξmicro, [C/Fe], [N/Fe], and [O/Fe], with mean differences and scatter (our method – APOGEE) of −67±33 K, −0.31±0.15 dex, 0.02±0.05 dex, 0.22±0.13 km s−1, −0.05±0.06 dex, 0.06±0.06 dex, and 0.02±0.09 dex, respectively. Furthermore, the tight offset with a small dispersion compared to the APOGEE Teff indicates a high precision in our derived temperatures and in those derived from the APOGEE pipeline (Fig. 5). The large scatter in the Teff determined using photometric methods such as the IRFM and Teff – (V – K) relations further emphasizes the necessity of developing spectroscopic methods like this to determine stellar parameters.
The typical uncertainties in the stellar parameters corresponding to ±0.15 dex uncertainty in [O/Fe] are found to be ±100 K in Teff, ±0.2 dex in log g, ±0.1 dex in [Fe/H], ±0.1 km s−1 in ξmicro, ±0.1 dex in [C/Fe], and ±0.1 dex in [N/Fe]. Another source of uncertainty is the use of the 10 Gyr YY isochrone to constrain log g. However, the difference in the derived surface gravity is smaller than 0.1 dex using a 2 Gyr YY isochrone instead of the 10 Gyr isochrone.
The α-element trends versus metallicity for Mg, Si, Ca, and Ti agree very well with the APOGEE DR17 trends for the same stars and with the GILD optical trends. The abundances for thick-disk stars are also clearly higher.
The two main limitations of our method are that the oxygen abundance is fixed and that theoretical isochrones are used to constrain log g. We explored the effect of fixing incorrect oxygen abundances on the derived stellar parameters in detail and found ways to remedy these incorrect assumptions. To test the accuracy of the log g values we estimated from isochrones in our method, it is imperative to test our method on well-studied benchmark M giant stars (Heiter et al. 2015). We also need to increase the sample size of the solar neighborhood M giants to cover the full stellar parameter range, especially at temperatures lower than 3500 K.
As mentioned in Sect. 1, Teff – line depth ratios (LDRs) relations have been proposed by many recent studies (Fukue et al. 2015; Taniguchi et al. 2018, 2021; Matsunaga et al. 2021; Afşar et al. 2023), especially in the NIR wavelength regimes (0.97–2.4 μm) for late-type giants with a broad range of Teff s (3500–5400 K). Our method has only been tested on the cool stars (Teff < 4000 K), and we need to apply our method on warmer stars with weaker molecular absorption lines in order to test its limits. The outcome from the LDR methods is limited to Teff alone, however, while we determined the fundamental stellar parameters as well as the C and N abundances with our method.
To summarize, we have developed a method for determining reliable stellar parameters for M giants from their NIR spectra that can be made fully automatic for future NIR surveys.


1 Brackett (n = 7) line at 2166 nm.


2 https://dustmaps.readthedocs.io/en/latest/
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Appendix A:  Additional tables
Table A.1. 
Line parameters of the Fe I lines.

Table A.2. 
Line parameters of the lines of each element from which the abundances have been derived.

Table A.3. 
Spectral line data of the OH molecular lines used in the method for determining stellar parameters.

Table A.4. 
Spectral line data of the CN molecular lines used in the method for determining stellar parameters

Table A.5. 
Spectral line data of the CO molecular lines used in the method for determining stellar parameters

Table A.6. 
Magnesium abundances estimated from individual absorption lines, mean magnesium abundance and the standard error of mean estimated for each star.

Table A.7. 
Silicon abundances estimated from individual absorption lines, mean silicon abundance and the standard error of mean estimated for each star.

Table A.8. 
Calcium abundances estimated from individual absorption lines, mean calcium abundance and the standard error of mean estimated for each star.

Table A.9. 
Titanium abundances estimated from individual absorption lines, mean titanium abundance and the standard error of mean estimated for each star.

Table A.10. 
Uncertainties in the derived Mg, Si, Ca, and Ti abundances from each individual line arising from typical uncertainties of ± 100 K in Teff, ±0.2 dex in log g, ±0.1 dex in [Fe/H], and ±0.1 km/s in ξmicro. We selected seven stars with metallicities covering the range explored in this study (metallicities are mentioned in brackets below the name of each star). The abundance uncertainty, i.e., the dispersion estimated from the Gaussian fit to the distribution of 50 abundance estimates (estimated using 50 sets of stellar parameters) from each line is listed in each column. The mean uncertainty based on the error propagation is listed in the row after each element.
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	[image: thumbnail]	Fig. 3. Difference (literature – this work) in Teff (left panel), log g (middle panel), and [Fe/H] (right panel) on the y-axis vs. the respective parameter estimates using our method (x-axis) for the six nearby M giant stars in the IGRINS spectral library. Differently colored symbols represent the compiled literature estimates: red circles show Baines et al. (2021), blue squares show Lebzelter et al. (2019), green diamonds show Jönsson et al. (2014), inverted yellow triangles show Sharma et al. (2016), and brown diamonds show Guerço et al. (2019). The black circles denote the Teff estimated using the Teff vs. (V-K)0 relation in Eq. (2) (from Bessell et al. 1998). K2MASS has been corrected to the photometric system in Bessell & Brett (1988; https://irsa.ipac.caltech.edu/data/2MASS/docs/releases/allsky/doc/sec6_4b.html)
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	[image: thumbnail]	Fig. 4. Differences (this work - APOGEE spectroscopic estimates) in Teff, log g, [Fe/H], ξmicro, [C/Fe], [N/Fe], and [O/Fe] on the y-axis vs. the APOGEE spectroscopic estimates on the x-axis for the 44 stars in the solar neighborhood from our new IGRINS observations. Teff, log g, and [Fe/H] are shown in the three panels in the top row, [C/Fe], [N/Fe], and [O/Fe] in the three panels in the middle row, and ξmicro is plotted in the bottom row panel. The dashed black line indicates the difference value of 0.0 between APOGEE and our estimates. The mean difference and standard deviation (calculated as the middle value of the 84th–16th percentile values for each parameter) is indicated by the dashed red line and the red band, respectively, and is also listed in the respective panels.
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	[image: thumbnail]	Fig. 5. Differences (GALAH, RAVE, APOGEE, (V–K), IRFM – our method) in Teff as a function of the Teff derived using our method on the x-axis. The dashed black lines indicate the difference values of −100 K, 0 K, and +100 K. Differently colored symbols represent the values from different sources: Inverted blue triangles show APOGEE spectroscopic estimates, black squares show GALAH IRFM estimates, green stars show RAVE IRFM estimates, red diamonds show our IRFM Teff estimates, and pink hexagons show Teff estimated using the Teff vs. (V–K) relation from Bessell et al. (1998) with extinctions in V and K based on the E(B − V) values from APOGEE.
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	[image: thumbnail]	Fig. 6. Difference in Teff, log g, [Fe/H], ξmicro, [C/Fe], and [N/Fe] as a function of the difference in [O/Fe] resulting from the changed population assumption from thin to thick disk and vice versa for the 44 solar neighborhood M giants. Circles with positive δ[O/Fe] values represent thin-disk stars that were assumed to be thick-disk stars for this exercise.
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	[image: thumbnail]	Fig. 8. Wavelength regions centered at the five selected magnesium lines for the thin-disk star 2M17584888-2351011 (star 40; top row panels) and the thick-disk star 2M18522108-3022143 (star 44; bottom row panels). The panels in each row are arranged in increasing order of the wavelengths of the selected lines. In each panel, the black circles denote the observed spectrum, the crimson line denotes the best-fit synthetic spectrum, and the red band denotes the variation in the synthetic spectrum for a difference of ±0.2 dex in the [Mg/Fe]. The yellow bands in each panel represent the line masks defined for the Mg lines, wherein SME fits observed spectra by varying the magnesium abundance and finds the best synthetic spectra fit by ξ2 minimization. The green line shows the synthetic spectrum without Mg, also indicating any possible blends in the line. The [Mg/Fe] values corresponding to the best-fit case for each Mg line are listed in each panel. All identified atomic and molecular lines are also denoted in the top part of the top row panels.
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	[image: thumbnail]	Fig. 9. [Mg/Fe] vs. [Fe/H] trends estimated from each magnesium line (top row panels) and the trend from the mean of line-by-line [Mg/Fe] estimates (bottom panel). The red circles, orange diamonds, and black stars in all panels represent the 38 thin-disk solar neighborhood M giants, six thick-disk solar neighborhood M giants and the six nearby M giants, respectively. The gray diamonds in the bottom panel represent the stars in the GILD sample, with the parameters and abundances estimated from optical FIES spectra and shifted down by 0.1 dex. The inverted blue triangles (thin-disk) and cyan hexagons (thick-disk) represent the APOGEE spectroscopic estimates for the 43 solar neighborhood stars.
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	[image: thumbnail]	Fig. 13. Similar to Fig. 9, but for [Ca/Fe]. The GILD [Ca/Fe] have been shifted down by 0.05 dex to normalize the comparison sample to the solar value.
In the text



	[image: thumbnail]	Fig. 14. Similar to Fig. 8, but for the titanium lines.
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	[image: thumbnail]	Fig. 16. NLTE (brown) and LTE (cyan) abundance trends as a function of [Fe/H] for [Mg/Fe], [Si/Fe], and [Ca/Fe] estimated for 44 solar neighborhood M giants (circles show NLTE and inverted triangle shows LTE) and six nearby M giants (stars show NLTE and hexagon show LTE). The difference between NLTE and LTE measurements for Si is negligible, and Mg and Ca show differences of 0.05–0.15 dex.
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      Fig. 5. 

      
        [image: thumbnail]
      

      
        Differences (GALAH, RAVE, APOGEE, (V–K), IRFM – our method) in Teff as a function of the Teff derived using our method on the x-axis. The dashed black lines indicate the difference values of −100 K, 0 K, and +100 K. Differently colored symbols represent the values from different sources: Inverted blue triangles show APOGEE spectroscopic estimates, black squares show GALAH IRFM estimates, green stars show RAVE IRFM estimates, red diamonds show our IRFM Teff estimates, and pink hexagons show Teff estimated using the Teff vs. (V–K) relation from Bessell et al. (1998) with extinctions in V and K based on the E(B − V) values from APOGEE.

      

    

  
    
      Fig. 7. 

      
        [image: thumbnail]
      

      
        Same as Fig. 6, but for the difference in [Mg/Fe] plotted on the y-axis.

      

    

  
    
      Fig. 10. 
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        Similar to Fig. 8, but for the silicon lines.

      

    

  
    
      Fig. 11. 
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        Similar to Fig. 9, but for [Si/Fe].

      

    

  
    
      Fig. 12. 

      
        [image: thumbnail]
      

      
        Similar to Fig. 8, but for calcium lines.

      

    

  
    
      Fig. 13. 

      
        [image: thumbnail]
      

      
        Similar to Fig. 9, but for [Ca/Fe]. The GILD [Ca/Fe] have been shifted down by 0.05 dex to normalize the comparison sample to the solar value.

      

    

  
    
      Fig. 14. 

      
        [image: thumbnail]
      

      
        Similar to Fig. 8, but for the titanium lines.

      

    

  
    
      Fig. 15. 
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        Similar to Fig. 9, but for [Ti/Fe].

      

    

  
    
      Fig. 16. 

      
        [image: thumbnail]
      

      
        NLTE (brown) and LTE (cyan) abundance trends as a function of [Fe/H] for [Mg/Fe], [Si/Fe], and [Ca/Fe] estimated for 44 solar neighborhood M giants (circles show NLTE and inverted triangle shows LTE) and six nearby M giants (stars show NLTE and hexagon show LTE). The difference between NLTE and LTE measurements for Si is negligible, and Mg and Ca show differences of 0.05–0.15 dex.

      

    

  
    
      Table A.3. 

      Spectral line data of the OH molecular lines used in the method for determining stellar parameters.

      
        


	Molecule
	Wavelength
	log (gf)



	
	(Å)
	





	OH
	15236.623
	-5.861



	
	15236.956
	-5.861



	
	15391.057
	-5.512



	
	15391.205
	-5.512



	
	15469.762
	-5.242



	
	15470.216
	-5.242



	
	15505.324
	-5.378



	
	15505.746
	-5.378



	
	15651.897
	-5.203



	
	15653.480
	-5.203



	
	15654.112
	-6.808



	
	16247.884
	-5.177



	
	16312.494
	-5.077



	
	16312.920
	-5.077



	
	16346.182
	-5.002



	
	16347.493
	-5.002



	
	16352.213
	-4.897



	
	16581.269
	-4.874



	
	16714.359
	-4.758



	
	16872.277
	-5.032



	
	16886.275
	-4.874



	
	16886.293
	-6.976



	
	16895.183
	-4.743



	
	16895.319
	-5.706



	
	16898.778
	-4.743



	
	16902.733
	-4.674



	
	16909.289
	-4.712





      

    

  
    
      Table A.7. 

      Silicon abundances estimated from individual absorption lines, mean silicon abundance and the standard error of mean estimated for each star.

      
        


	Index / Star
	16434.93 Å
	20804.20 Å
	20890.37 Å
	20926.14 Å
	< [Si/Fe]>
	σ[Si/Fe] / [image: equation]





	1
	0.21
	0.04
	0.08
	0.02
	0.09
	0.03



	2
	0.06
	0.05
	0.1
	0.06
	0.07
	0.0



	3
	0.37
	0.28
	0.17
	0.2
	0.26
	0.04



	4
	0.18
	–
	–
	–
	0.18
	0.0



	5
	0.06
	0.06
	0.09
	-0.17
	0.01
	0.04



	6
	0.15
	0.04
	0.02
	-0.0
	0.05
	0.02



	7
	0.11
	–
	0.06
	–
	0.08
	0.01



	8
	0.26
	0.34
	0.06
	0.34
	0.25
	0.04



	9
	0.1
	0.13
	0.13
	0.06
	0.1
	0.02



	10
	0.38
	0.29
	0.36
	0.36
	0.35
	0.01



	11
	0.1
	0.03
	-0.01
	0.24
	0.09
	0.04



	12
	0.03
	0.13
	0.07
	0.0
	0.06
	0.02



	13
	0.04
	-0.07
	0.05
	0.0
	0.01
	0.02



	14
	0.17
	0.13
	0.15
	-0.01
	0.11
	0.02



	15
	0.07
	0.07
	–
	-0.13
	0.0
	0.04



	16
	0.01
	-0.06
	-0.0
	-0.15
	-0.05
	0.03



	17
	0.22
	–
	0.02
	–
	0.12
	0.05



	18
	0.15
	0.1
	–
	–
	0.12
	0.01



	19
	-0.0
	0.02
	-0.12
	-0.07
	-0.04
	0.02



	20
	-0.03
	-0.02
	0.13
	-0.08
	-0.0
	0.03



	21
	-0.08
	0.0
	-0.02
	-0.07
	-0.04
	0.02



	22
	-0.01
	-0.08
	-0.11
	-0.13
	-0.08
	0.02



	23
	-0.04
	-0.18
	-0.08
	0.22
	-0.02
	0.06



	24
	-0.14
	-0.01
	–
	-0.06
	-0.07
	0.02



	25
	-0.08
	-0.02
	-0.22
	-0.04
	-0.09
	0.03



	26
	-0.16
	0.08
	–
	0.05
	-0.01
	0.05



	27
	-0.13
	-0.01
	-0.09
	-0.0
	-0.06
	0.02



	28
	0.02
	-0.05
	–
	-0.11
	-0.05
	0.02



	29
	0.12
	0.07
	0.02
	0.07
	0.07
	0.02



	30
	0.01
	0.04
	-0.05
	0.02
	0.01
	0.01



	31
	-0.06
	-0.08
	0.06
	-0.11
	-0.05
	0.02



	32
	-0.03
	0.0
	-0.08
	0.01
	-0.02
	0.02



	33
	-0.08
	0.12
	-0.12
	0.08
	0.0
	0.05



	34
	-0.16
	0.01
	-0.0
	-0.03
	-0.05
	0.02



	35
	0.04
	0.03
	0.0
	0.0
	0.02
	0.0



	36
	0.04
	-0.0
	0.01
	-0.02
	0.01
	0.01



	37
	0.04
	0.01
	0.04
	-0.16
	-0.02
	0.03



	38
	-0.18
	-0.03
	–
	-0.02
	-0.08
	0.03



	39
	0.19
	0.05
	0.12
	0.18
	0.13
	0.02



	40
	0.04
	0.06
	-0.06
	0.04
	0.02
	0.02



	41
	-0.14
	-0.03
	-0.14
	-0.03
	-0.09
	0.03



	42
	-0.0
	0.11
	-0.01
	0.01
	0.03
	0.02



	43
	-0.13
	0.0
	-0.11
	-0.09
	-0.08
	0.02



	44
	0.45
	0.24
	0.34
	0.28
	0.33
	0.04



	HD132813
	-0.05
	0.07
	–
	–
	0.01
	0.03



	HD175588
	-0.09
	-0.0
	0.12
	-0.07
	-0.01
	0.04



	HD89758
	0.1
	0.01
	-0.04
	-0.01
	0.02
	0.02



	HD224935
	-0.05
	-0.11
	0.01
	0.06
	-0.02
	0.03



	HD101153
	-0.02
	-0.02
	0.04
	0.01
	0.0
	0.01



	HIP54396
	-0.14
	0.03
	0.09
	–
	-0.01
	0.05





      

    

  
    
      Table A.8. 

      Calcium abundances estimated from individual absorption lines, mean calcium abundance and the standard error of mean estimated for each star.

      
        


	Index / Star
	16136.82 Å
	16150.76 Å
	16155.24 Å
	16157.36 Å
	20962.57 Å
	20972.53 Å
	< [Ca/Fe]>
	σ[Ca/Fe] / [image: equation]





	1
	-0.03
	-0.01
	0.09
	0.01
	0.07
	0.09
	0.04
	0.02



	2
	-0.02
	0.05
	0.07
	0.08
	0.05
	0.07
	0.05
	0.01



	3
	0.14
	0.14
	0.18
	0.11
	0.16
	0.19
	0.15
	0.01



	4
	-0.13
	-0.0
	-0.02
	-0.04
	0.01
	-0.08
	-0.04
	0.02



	5
	-0.22
	-0.18
	0.0
	-0.13
	-0.01
	-0.08
	-0.1
	0.04



	6
	-0.07
	0.01
	0.04
	-0.0
	0.06
	0.04
	0.01
	0.01



	7
	0.09
	0.06
	0.13
	0.01
	0.17
	0.21
	0.11
	0.02



	8
	0.02
	0.05
	0.14
	0.04
	0.22
	0.17
	0.11
	0.03



	9
	0.02
	-0.04
	0.1
	-0.02
	0.1
	0.07
	0.04
	0.02



	10
	0.26
	0.22
	0.24
	0.19
	0.21
	0.32
	0.24
	0.01



	11
	0.01
	0.04
	0.08
	0.01
	0.03
	0.13
	0.05
	0.02



	12
	0.02
	0.06
	0.09
	0.01
	0.09
	0.07
	0.06
	0.02



	13
	-0.05
	-0.01
	0.07
	-0.01
	0.08
	0.09
	0.03
	0.02



	14
	0.01
	0.0
	0.1
	0.02
	0.11
	0.11
	0.06
	0.02



	15
	-0.04
	-0.0
	0.09
	0.01
	0.09
	0.08
	0.04
	0.02



	16
	-0.23
	-0.18
	-0.11
	-0.17
	-0.06
	-0.09
	-0.14
	0.02



	17
	0.05
	-0.03
	0.04
	0.04
	0.13
	0.03
	0.04
	0.01



	18
	-0.05
	-0.01
	0.03
	-0.0
	0.03
	0.05
	0.01
	0.01



	19
	-0.14
	-0.09
	0.04
	-0.03
	-0.0
	0.06
	-0.03
	0.03



	20
	-0.07
	-0.01
	0.1
	0.02
	0.12
	0.1
	0.04
	0.03



	21
	-0.06
	-0.02
	0.12
	-0.02
	0.11
	0.11
	0.04
	0.03



	22
	-0.15
	-0.1
	0.04
	-0.06
	0.07
	0.08
	-0.02
	0.04



	23
	-0.1
	0.13
	0.02
	0.0
	0.01
	0.02
	0.01
	0.01



	24
	-0.07
	-0.06
	0.03
	-0.04
	-0.02
	0.03
	-0.02
	0.02



	25
	-0.07
	0.04
	0.09
	-0.04
	0.09
	0.04
	0.02
	0.03



	26
	-0.08
	-0.05
	0.01
	-0.01
	0.06
	0.07
	0.0
	0.02



	27
	-0.11
	-0.04
	0.04
	-0.07
	0.05
	0.02
	-0.02
	0.02



	28
	-0.09
	-0.02
	0.04
	-0.05
	0.07
	0.13
	0.01
	0.03



	29
	-0.21
	-0.17
	-0.02
	-0.08
	0.01
	-0.0
	-0.08
	0.04



	30
	-0.06
	-0.12
	0.05
	-0.02
	0.09
	0.12
	0.01
	0.03



	31
	-0.18
	-0.11
	-0.0
	-0.14
	0.02
	0.04
	-0.06
	0.04



	32
	-0.1
	-0.06
	0.03
	-0.05
	0.03
	0.05
	-0.02
	0.02



	33
	-0.12
	-0.01
	0.07
	-0.05
	0.02
	0.05
	-0.01
	0.02



	34
	-0.07
	-0.0
	0.12
	0.02
	0.11
	0.15
	0.06
	0.03



	35
	-0.09
	-0.04
	0.08
	-0.01
	0.08
	0.11
	0.02
	0.03



	36
	-0.01
	0.0
	0.12
	-0.03
	0.06
	0.16
	0.05
	0.03



	37
	-0.16
	-0.12
	0.0
	-0.09
	0.0
	0.01
	-0.06
	0.03



	38
	-0.16
	-0.12
	-0.06
	-0.12
	0.03
	0.03
	-0.07
	0.03



	39
	0.12
	0.07
	0.19
	0.14
	0.24
	0.17
	0.16
	0.02



	40
	-0.13
	-0.12
	0.02
	-0.15
	0.01
	0.09
	-0.05
	0.03



	41
	-0.04
	0.05
	0.17
	0.02
	0.08
	0.14
	0.07
	0.03



	42
	0.01
	0.02
	0.12
	-0.0
	0.05
	0.12
	0.05
	0.02



	43
	-0.04
	-0.0
	0.1
	-0.01
	0.07
	0.1
	0.04
	0.02



	44
	0.21
	0.16
	0.24
	0.14
	0.26
	0.27
	0.21
	0.02



	HD132813
	-0.03
	-0.02
	0.02
	-0.1
	0.12
	0.19
	0.03
	0.04



	HD175588
	-0.06
	-0.03
	0.07
	-0.1
	0.13
	0.18
	0.03
	0.04



	HD89758
	-0.1
	-0.08
	0.06
	-0.06
	0.09
	0.04
	-0.01
	0.03



	HD224935
	-0.11
	-0.07
	0.04
	-0.1
	–
	0.12
	-0.02
	0.04



	HD101153
	-0.14
	-0.06
	0.02
	-0.15
	–
	0.13
	-0.04
	0.04



	HIP54396
	-0.11
	-0.05
	0.03
	-0.09
	0.13
	0.13
	0.01
	0.04





      

    

  
    
      Table A.9. 

      Titanium abundances estimated from individual absorption lines, mean titanium abundance and the standard error of mean estimated for each star.

      
        


	Index / Star
	16330.54 Å
	21149.62 Å
	< [Ti/Fe]>
	σ[Ti/Fe] / [image: equation]





	1
	0.08
	0.11
	0.1
	0.01



	2
	0.01
	0.32
	0.17
	0.07



	3
	0.2
	0.31
	0.25
	0.03



	4
	0.04
	0.04
	0.04
	0.0



	5
	-0.08
	0.07
	-0.01
	0.04



	6
	0.07
	–
	0.07
	0.0



	7
	0.13
	0.31
	0.22
	0.04



	8
	0.22
	0.38
	0.3
	0.04



	9
	0.09
	-0.03
	0.03
	0.03



	10
	0.36
	0.43
	0.39
	0.01



	11
	0.1
	0.21
	0.16
	0.03



	12
	0.08
	0.2
	0.14
	0.03



	13
	0.02
	0.23
	0.12
	0.05



	14
	0.12
	0.34
	0.23
	0.05



	15
	-0.03
	0.23
	0.1
	0.06



	16
	-0.1
	0.01
	-0.04
	0.03



	17
	0.04
	0.06
	0.05
	0.01



	18
	0.08
	0.08
	0.08
	0.0



	19
	0.01
	0.01
	0.01
	0.0



	20
	0.0
	0.03
	0.02
	0.01



	21
	0.0
	0.02
	0.01
	0.01



	22
	-0.09
	0.1
	0.01
	0.04



	23
	-0.04
	-0.05
	-0.05
	0.0



	24
	-0.05
	0.08
	0.01
	0.03



	25
	-0.0
	0.11
	0.05
	0.03



	26
	0.12
	-0.03
	0.04
	0.04



	27
	-0.0
	0.09
	0.04
	0.02



	28
	-0.01
	0.08
	0.03
	0.02



	29
	-0.06
	0.12
	0.03
	0.04



	30
	0.01
	0.05
	0.03
	0.01



	31
	-0.12
	-0.03
	-0.08
	0.02



	32
	0.02
	0.02
	0.02
	0.0



	33
	-0.01
	0.06
	0.02
	0.01



	34
	0.01
	0.0
	0.0
	0.0



	35
	0.04
	0.09
	0.07
	0.01



	36
	0.02
	0.08
	0.05
	0.01



	37
	-0.08
	0.03
	-0.02
	0.03



	38
	-0.06
	-0.02
	-0.04
	0.01



	39
	0.14
	0.26
	0.2
	0.03



	40
	-0.11
	0.01
	-0.05
	0.03



	41
	-0.02
	0.12
	0.05
	0.04



	42
	-0.02
	0.04
	0.01
	0.01



	43
	-0.02
	0.05
	0.01
	0.01



	44
	0.28
	0.37
	0.32
	0.02



	HD132813
	0.0
	0.24
	0.12
	0.06



	HD175588
	-0.05
	0.2
	0.07
	0.06



	HD89758
	-0.07
	0.2
	0.06
	0.06



	HD224935
	-0.01
	0.26
	0.12
	0.06



	HD101153
	-0.08
	0.16
	0.04
	0.06



	HIP54396
	-0.02
	0.12
	0.05
	0.03
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