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Abstract

Context. The origin and evolution of fluorine in the Milky Way Galaxy is still under debate. In particular, the increase in the [F/Fe] in metal-rich stars found from near-IR HF lines is challenging to explain theoretically. Chemical evolution models with current knowledge of yields from different fluorine-producing stellar sources cannot reproduce these observations.

Aims. The aim of this work is to observationally study the Galactic chemical evolution of fluorine, especially for metal-rich stars. We want to investigate whether the significant rise in fluorine production at high metallicities can be corroborated. Furthermore, we want to explore the possible reasons for this upturn in [F/Fe].

Methods. We determined the fluorine abundances from 50 M giants (3300 < Teff < 3800 K) in the solar neighborhood spanning a broad range of metallicities (−0.9 < [Fe/H] < 0.25 dex). These stars are cool enough to have an array of lines from the HF molecule in the K band. We observed the stars with the Immersion GRating INfrared Spectrograph (IGRINS) spectrometer mounted on the Gemini South telescope and on the Harlan J. Smith Telescope at McDonald Observatory and investigate each of 10 HF molecular lines in detail.

Results. Based on a detailed line-by-line analysis of ten HF lines, we find that the R19, R18, and R16 lines (22 699.49, 22 714.59, and 22 778.25 Å) should primarily be used for an abundance analysis. The R15, R14, and R13 lines at 22 826.86, 22 886.73, and 22 957.94 Å can also be used, but the trends based on these lines show increasing dependence on the stellar parameters. The strongest HF lines, namely R12, R11, R9, and R7 lying at 23 040.57, 23 134.76, 23 358.33, and 23 629.99 Å should be avoided. The abundances derived from these strongest lines show significant trends with the stellar parameters, as well as a high sensitivity to variations in the stellar microturbulence, especially for coolest and most metal-rich stars. This leads to a huge scatter and high fluorine abundances for supersolar metallicity stars, not seen in the trends from the weaker lines for the same stars.

Conclusions. When estimating the final mean fluorine abundance trend as a function of metallicity, we neglect the fluorine abundances from the four strongest lines (R7, R9, R11, and R12) for all stars and use only those derived from R16, R18, and R19 for the coolest and most metal-rich stars. We confirm the flat trend of [F/Fe] found in other studies for stars in the metallicity range of −1.0 < [Fe/H] < 0.0 dex. We also find a slight enhancement at super-solar metallicities (0 < [Fe/H] < 0.15 dex) but we cannot confirm the upward trend seen at [Fe/H] > 0.25 dex. The HF line is intrinsically temperature sensitive, which calls for studies of stars with highly accurate and homogeneous stellar parameters. The spread in our trend is presumably caused by the temperature sensitivity. We need more observations of M giants at super-solar metallicities with a spectrometer that covers as many of the HF lines as possible, for instance the IGRINS spectrometer, to confirm whether the metal-rich fluorine abundance upturn is real or not.
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1 Introduction
The chemical evolution of the Milky Way Galaxy can be deciphered from the chemical nature of the stars belonging to the stellar populations that make up its components (e.g., the Galactic disk, bulge, halo). The study of chemical evolution is enabled by the fact that the photospheric abundances of individual elements derived from absorption lines in stellar spectra trace the chemistry of the gas in the interstellar medium from which the stars were formed. The chemical evolution trends of observed elemental abundance ratios for different stellar populations can also open up the possibility to explore the dominant production sites or progenitors of each element by comparison with trends from theoretical chemical evolution models.
While the elements such as O, Mg, Si, P, and Ti have been inferred to form in massive stars based on such investigations (Chieffi & Limongi 2004; Cescutti et al. 2012; Nomoto et al. 2013; Matteucci 2021), there are many elements whose origin and progenitors are still under debate. Fluorine is one such element. From theory, multiple production sites have been suggested, such as rapidly rotating massive stars (Prantzos et al. 2018), thermal pulses in asymptotic giant branch (AGB) stars (Forestini et al. 1992; Straniero et al. 2006), and the neutrino-process in core collapse supernovae (Woosley & Haxton 1988) and in novae (José & Hernanz 1998; Spitoni et al. 2018). Whether or not helium burning phases in Wolf-Rayet (WR) stars (Meynet & Arnould 2000; Palacios et al. 2005) contribute to the cosmic budget of fluorine is uncertain. From observations, multiple production sites have also been suggested (see, e.g., Ryde et al. 2020; Ryde 2020).
A theoretical difficulty is the large uncertainties in the 19F yields (in M⊙) from several of the above-mentioned production sites, such as WR and novae, as well as differences in the mass and metallicity ranges adopted in different stellar yield calculations. There is also no final consensus on the initial rotational velocities adopted for massive stars and their metallicity dependences. Thus, it is difficult to use chemical evolution models that adopt different stellar yields as their input parameter to pinpoint the exact production sites in different metallicity ranges. Many recent studies have explored the variation in the fluorine abundance trends resulting from chemical evolution models that adopt different combinations of the above-mentioned parameters and assuming different progenitors (Spitoni et al. 2018; Grisoni et al. 2020; Womack et al. 2023).
From an observational perspective as well, there are many challenges in the measurement of the fluorine abundances from stellar spectra. First, the cosmic abundance of fluorine is generally very low. It is three orders of magnitude lower than that of its immediate neighbors in the periodic table (C, N, O, Ne, Na, Mg, Al, and Si). This is a reflection of its unique formation channels, where Galactic fluorine is not synthesized in the main nuclear burning phases of stars (Clayton 2003). Although newly formed fluorine nuclei in stellar interiors readily react with hydrogen and helium, there are processes that can synthesize it in order for it to survive and contribute to the buildup of the cosmic reservoir of fluorine. Second, there are not many diagnos-tically useful spectra lines from which the fluorine abundances can be determined. There are no strong atomic fluorine lines at optical or infrared wavelengths, and there are only a few accessible molecular lines in the form of vibration-rotational lines from the HF molecules in the rather crowded, and telluric affected, infrared regimes.
The HF lines have been used to determine fluorine abundances in AGB stars (Jorissen et al. 1992; Abia et al. 2009, 2010, 2015, 2019); in giants in globular clusters (de Laverny & Recio-Blanco 2013a,b; Guerço et al. 2019b); in dwarfs (Recio-Blanco et al. 2012); in field G, K, and M giants in the Galactic disk (Jönsson et al. 2014b, 2017b; Pilachowski & Pace 2015; Guerço et al. 2019a; Ryde et al. 2020; Ryde 2020); in Galactic bulge stars (Jönsson et al. 2014a); and recently in the Galactic nuclear star cluster (Guerço et al. 2022). Among these studies, only a handful have determined the fluorine abundances for stars at super-solar metallicities (i.e., stars with [Fe/H]>0dex; see, e.g., Jönsson et al. 2017b; Ryde et al. 2020; Guerço et al. 2022). The general finding in these studies is an enhanced fluorine-to-iron abundance ratio, as well as a significant upturn with increasing metallicity, which is interpreted as a secondary behavior of fluorine (Ryde et al. 2020). Chemical evolution models have been unable to reproduce this trend for thin and thick disk stars (e.g., Spitoni et al. 2018). Suggested reasons for this include large uncertainties concerning the nucleosynthesis of fluorine (Spitoni et al. 2018); the need to invoke uncertain production sites like AGB stars contributing at later times, high mass-loss from metal-rich, massive stars, and/or novae (Grisoni et al. 2020); large uncertainties in the fluorine yields at super-solar metal-licities; and differences in the stellar composition compared to the local gas of the interstellar medium. The last is expected since at super-solar metallicities, stars are expected to have formed in the inner disk and migrated to the solar neighborhood (Womack et al. 2023). Thus, this upturn in fluorine at supersolar metallicities still remains a mystery, and is the subject of this paper.
The vibrational-rotational molecular line of HF at λair = 23 358.33 Å is most commonly used to determine fluorine abundance in the above-mentioned studies. This is primarily owing to the fact that the line is sufficiently strong, least affected (blended) by lines of other elements or molecules contained in the stellar atmosphere, and not affected by telluric lines. Other HF lines become considerably weaker for spectral types hotter than M type (Teff > 3900 k), which are the stellar types used in most previous studies. Another reason is that some instruments used to obtain K-band spectra do not record the full K band and will have gaps in wavelength. This might result in the absence of many of the other HF lines in the observed spectra. The first issue can be solved by targeting and obtaining the spectra of the cooler giants of M type (Teff < 3900 K), which will have stronger HF lines. An instrument such as 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) provides spectra spanning the full H and K bands (1.45–2.5 µm), which therefore will be able to record all possible R-branch lines of HF, all lying in the K band, solving the second issue.
In this paper we used IGRINS spectra of 50 cool giants in the solar neighborhood, stars of spectral type M spanning a broad range of metallicities (−0.9 < [Fe/H] < 0.25 dex). For these stars we determined the fluorine abundances from ten HF molecular lines. We carried out detailed line-by-line analysis and plotted individual fluorine abundance trends as a function of Teff, log ɡ, [Fe/H], and ξmicro to investigate whether a similar upturn in fluorine abundances at super-solar metallicities is evident for the cool M giants as well.
Our observations and data reduction procedure are described in Sect. 2. The determination of the fluorine abundance using the Spectroscopy Made Easy (SME) code is described in Sect. 3, followed by results and discussion in Sects. 4 and 5, respectively. Finally, we present our concluding remarks in Sect. 6.
2 Observations and data reduction
We thus determine the fluorine abundance for 50 M stars from high-resolution K-band spectra observed with the IGRINS spec-trograph. IGRINS provides a spectral resolving power of R ~ 45 000, and the reductions were done with the IGRINS PipeLine Package (IGRINS PLP; Lee et al. 2017) to optimally extract the telluric corrected, wavelength calibrated spectra after flat-field correction (Han et al. 2012; Oh et al. 2014). The spectra were then re-sampled and normalized in iraf (Tody 1993), but to take care of any residual modulations in the continuum levels, we focused on defining defining specific local continua around the HF line being studied. Finally, the spectra are shifted to laboratory wavelengths in air after a stellar radial velocity correction. The average signal-to-noise ratio (S/N) provided by the Raw & Reduced IGRINS Spectral Archive (RRISA; Sawczynec et al. 2022), is the average S/N for K band, and is per resolution element. It varies over the orders and it is lowest at the ends of the orders of the spectra of our stars range from 65 to 400, with most spectra having S/N> 100 (Nandakumar et al. 2023).
The 50 stars were also analyzed for their fundamental parameters in Nandakumar et al. (2023), where further details of the observations and data reduction are given. Apart from six stars from the IGRINS spectral library archive (Park et al. 2018; Sawczynec et al. 2022), which were observed at McDonald Observatory, the stars were observed at the Gemini South telescope (Mace et al. 2018) within the programs GS-2020B-Q-305 and GS-2021A-Q302 from January to April 2021.
	[image: thumbnail]	Fig. 1 Ten HF lines used to determine fluorine abundances. The top two rows show the observed spectra (black circles) for five HF lines (R19, R18, R16, R15, and R14) of one metal-rich star (32) and one metal-poor star (44); the stellar parameters (Teff, log ɡ, [Fe/H], and ξmicro) are to the left. The bottom two rows show the observed spectra for the remaining five HF lines (R13, R12, R11, R9, and R7) of the same two stars. The orange line denotes where the telluric lines lie before the telluric correction, and the red band the variation in the synthetic spectrum for ± 0.2 dex difference in fluorine abundance. The green line shows the synthetic spectrum without HF. The [F/Fe] values are also listed for each line. All identified atomic and molecular lines are denoted above the spectra.



Table 1 
HF line data for the R branch (v″ = 0 to v′ = 1) lines used in this study.

3 Analysis
The fluorine abundances were derived from vibrational-rotational lines from the HF molecule. For a given star, defined by its stellar parameters, Teff, log ɡ, [Fe/H], and ξmicro (determined by Nandakumar et al. 2023), we synthesized model spectra using the Spectroscopy Made Easy code (SME; Valenti & Piskunov 1996, 2012). The synthesis uses one-dimensional (1D) Model Atmospheres in a Radiative and Convective Scheme (MARCS) stellar atmosphere models (Gustafsson et al. 2008), which are hydrostatic in spherical geometry, computed assuming LTE, chemical equilibrium, homogeneity, and conservation of the total flux. A relevant stellar atmosphere model is chosen by interpolating in a grid of MARCS models. The fluorine abundance is then set free and SME generates and fits multiple synthetic spectra with varying fluorine abundances. The final stellar abundance derived from the spectral line corresponds to the synthetic spectrum that best matches the observed spectrum by means of χ2 minimization method.
In Jönsson et al. (2014a), a comprehensive line list of the vibrational-rotational H19F lines (the R and P branches of the v″ = 0 to v′ = 1 band) in the K and L spectral bands are provided. The R branch lines lie toward the high-wavelength edge of the K band, with the R4-R91 lines being the strongest. The transition probabilities of the R7 to R19 lines do not vary much, but the series get increasingly weaker with increasing excitation energy of the lower rotational level (i.e., with increasing R-number). We were able to derive abundances from ten lines, namely the R7, R9, R11, R12, R13, R14, R15, R16, R18, and R19 lines. The other lines are heavily affected by blends or telluric lines and cannot be used to derive abundances.
The details of the ten HF absorption lines are listed in Table 1. For the surrounding atomic lines we used the modified line-list described in Nandakumar et al. (2023). 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.
3.1 Fundamental stellar parameters
Nandakumar et al. (2023) simultaneously determined Teff, log g, [Fe/H], ξmicro, [C/Fe], and [N/Fe] via an iterative spectroscopic method. In this method the effective temperature is mainly constrained by selected Teff-sensitive OH lines, the metallicity by selected Fe lines, the microturbulence by different sets of weak and strong lines, and the C and N abundances by selected CO and CN molecular lines. These abundances ensure that the CO and CN lines are fitted, which is especially important for the HF lines that are blended in part with CN and/or CO lines. The surface gravity is determined based on the effective temperature and metallicity by means of the Yonsei-Yale (YY) isochrones assuming old ages of 2-10 Gyr (Demarque et al. 2004), which is appropriate for low-mass giants. The final stellar parameters and C, N, O abundances determined for the 50 solar neighborhood stars are listed in Table 2.
Table 2 
Stellar parameters, [C/Fe], [N/Fe], [O/Fe], and mean [F/Fe] values along with the standard error of mean (from line-by-line abundances) for each star determined in this work.

3.2 Determination of F abundance
We determine the individual fluorine abundances from each of the ten HF lines for all studied stars. In Fig. 1 we show the synthetic spectra fit (crimson line) to the first five HF lines (R19, R18, R16, R15, and R14; top two rows) and the last five HF lines (R13, R12, R11, R9, and R7; bottom two rows) in the re-sampled observed spectra (black circles) of one metal-rich star 2M14333081-6221450 (32) and one metal-poor star 2M18522108-3022143 (44). We demonstrate the sensitivity of each HF line to the fluorine abundance with the red band that shows the variation in the synthetic spectra with Δ[F/Fe] = ±0.2 dex. We also indicate the star-specific telluric lines used for telluric correction in orange to highlight where they lie, and thus where some residuals might prevail, and to highlight where the noise is expected to be greater than in the rest of the spectrum. We note that the elimination of the telluric lines in general works very well. The yellow bands in each panel represent the line masks defined for the HF lines wherein SME fits the observed spectra by varying the fluorine abundance and finds the best synthetic spectra fit by chi-square minimization. The green line shows the synthetic spectrum without HF, thus indicating any possible known blends lying in the wavelength range of the HF line. We note that the line R11 has a dominant CO blend; the R7 and R12 lines have very strong CO lines to the left and right, respectively; and the R14, R15, R18, and R19 lines are blended by weak CN lines. The rest of the lines, namely, R16, R13, and R9, are the ones least affected by neighboring lines or molecules. The [F/Fe] values corresponding to the best fit case for each line is also listed in each panel.
We also carried out a detailed visual inspection of each HF line in every stellar spectrum to select only the lines of highest quality, those unaffected by noise, spurious features, and/or bad telluric corrections. Based on this, we found the HF lines at 23 134.76 Å (R11) and 23 358.33 Å (R9) (the third and fourth lines in the bottom panels in Fig. 1) to be of good quality for all 50 stars. The next−best quality lines are HF lines at 22 778.25 Å (R16) and 22 886.73 Å (R14) that are found to be of low quality only for around four to six stars. The HF line at 22 699.49 Å (first line in the top panels shown in the figure) is found to have the lowest quality, which makes it useful in only ~50% of the stars. The finally selected fluorine abundances, [F/Fe], determined from each HF line are listed in the Table 3.
	[image: thumbnail]	Fig. 2 Individual [F/Fe] vs. [Fe/H] trends. Top panels: [F/Fe] vs. [Fe/H] for the 50 solar neighborhood M giants (red circles) determined from the six K-band molecular HF lines (each panel) in the IGRINS spectra. All are scaled to the following solar abundances: A(F)⊙ = 4.43 (Lodders 2003) and A(Fe)⊙ = 7.45 (Grevesse et al. 2007). There is an evident increase and large scatter in [F/Fe] determined from the four reddest and strongest HF lines at 23 040.57 Å (R12), 23 134.76 Å (R11), 23 358 Å (R9), and 23 629.99 Å (R7) for stars with [Fe/H] ~ 0 dex and above (not evident in other lines)



	[image: thumbnail]	Fig. 3 [F/Fe] vs. Teff (top panels), log g (middle panels), and ξmicro (bottom panels). The color-coding indicates the respective metallicity (see color bar at right). The horizontal panels in each row are arranged in increasing order of wavelengths of the ten HF lines from which [F/Fe] was determined.



Table 3 
[F/Fe] determined from the six HF lines after careful visual inspection of every star spectrum.

4 Results
In this section, we investigate the Galactic chemical evolution trend of fluorine in the solar neighborhood. To this end, we plot the [F/Fe] versus [Fe/H] for the fluorine abundances determined from individual HF lines in order to investigate if all of them show a similar upturn at super-solar metallicities to that seen in the case of warmer stars (see, e.g., Ryde et al. 2020; Ryde 2020). We further explore the nature of the individual fluorine abundance trends with respect to Teff, log g, [Fe/H], and ξmicro, as well as their sensitivity to a change in the microturbulence, ξmicro, which is indicative of the degree of saturation and how insensitive the line might be to the abundance. We also explore the temperature sensitivity of the HF lines in general. Our aim is to choose the best set of HF lines to determine fluorine abundances for M giants.
4.1 Individual [F/Fe] versus [Fe/H] trends
In the top panels of Fig. 2, we plot the [F/Fe] versus [Fe/H] trends for the 50 solar neighborhood M giants (red circles) determined from each of the ten HF lines. The trends are quite flat with some scatter for first four lines. The scatter then increases with increasing wavelength of the line used, especially for the four last lines. The scatter increases significantly for the metal-rich stars.
In the bottom panel we plot the running means of the fluorine abundances determined from each line with different colors to enable a qualitative comparison of the trends derived from the individual lines. We note that the running means plotted here have to be evaluated including the large spread, especially for the lines with the largest wavelengths. In this panel we also see the flat trends, especially for sub-solar metallicities. However, we also see a small fluorine enhancement at super-solar metallicities, an enhancement that increases for lines with increasing wavelengths. The lines with the highest wavelengths (the reddest ones) show the largest scatter and the largest super-solar increase. It is clear that the different HF lines show different derived fluorine abundances for the same stars at super-solar metallicity, especially from the four reddest lines at λair > 23 040.57 Å. An interesting question is then what causes these inconsistent abundances that are derived for the most metal-rich stars.
We note that the line at 23 134.76 Å is heavily blended with a CO(v = 2–0) line as shown in Fig. 1. Since other similarly weak CO lines close by are modeled well, we are confident that the fluorine abundance can be determined from this blended line. However, the blend makes it impossible to define a mask for the HF line, which is sensitive to fluorine alone.
4.2 Trends with stellar parameters
In Fig. 3, we plot the fluorine abundances determined from each HF line as a function of Teff (top panels), log ɡ (middle panels), and ξmicro (bottom panels), all color-coded according to the respective metallicities. From the figure we see that there is no significant Teff bias evident in our sample of 50 stars. An exception are the four coolest stars (Teff < 3400 K), which are all metal rich ([Fe/H] > 0.0 dex) and show higher fluorine abundances. This should be kept in mind since there are also metal-rich stars that are warmer and which, inconsistently, do not show these high abundance values. We also note that we do not have any cool (Teff < 3400 K) metal-poor stars in our sample.
The abundance trends as a function of Teff for the six bluest lines (R13, R14, R15, R16, R18, and R19), ignoring the four coolest stars, show only slight slopes. Since there is a range of metallicities represented at all temperatures, apart for Teff < 3400 K, this slight trend with Teff shows up as a scatter in the final [F/Fe] versus [Fe/H] trend.
For the four reddest HF lines at λair > 23 000 Å (R7, R9, R11, and R12), including the commonly used line at 23 358.33 Å (R9), however, we see significant downward trends as a function of Teff with higher abundances for cooler stars and lower abundances for hotter stars. For these lines the [F/Fe] ratio ranges from ∼ −0.5 to 0.5 dex for the metal-rich stars. This large spread is not seen for the other lines.
With respect to the surface gravity, log ɡ, there are no significant trends in the fluorine abundances for the ten lines. There is, however, significant scatter in the abundances from the four reddest lines at λair > 23 000 Å, presumably reflecting the large scatter in abundance trends with Teff mentioned above. A similar large scatter is also evident for these four lines in the plot versus ξmicro.
4.3 Sensitivity to ξmicro
In this section, we investigate the sensitivity of the ten HF lines to the variation in ξmicro. We varied ξmicro by ±0.2 dex, which can be considered quite a small amount for the microturbulence in general, and determined fluorine abundances from all ten HF lines for every star. The difference in the abundances corresponding to the ξmicro variation, color-coded according to Teff, is shown in Fig. 4.
We see in the figure that the two lines at λair < 22770 Å (R18 and R19) are insensitive to microturbulence, and are therefore good for deriving an abundance. For the sequential lines, the metal-rich stars start showing sensitivity to a change in microturbulence. As we go redward in the series, this sensitivity accelerates. There is also a clear signature that the abundances estimated for the cool (Teff < 3500 K) stars are affected the most.
The abundances from the HF lines at wavelengths larger than 22 885 Å (R7 to R14) are increasingly sensitive to ξmicro even for lower metallicities. For the four strong lines at λ > 23 000 Å, the abundance is extremely sensitive to microturbulence, leading to ~0.1–0.15 dex variations in [F/Fe] that increase from low to high metallicities. The strong correlation with ξmicro for abundances from these four HF lines is an indication that these lines are strong and saturated, especially for the cool metal-rich stars. These lines are therefore not useful for deriving an abundance, for M giants.
We note that lower sensitivities to ξmicro were demonstrated in earlier works by Jönsson et al. (2014a, 2017b), and Guerço et al. (2019a). The stars investigated in these works are warmer, however, which means that the lines are not saturated, and hence are considerably less ξmicro sensitive. We find, in fact, a similar trend in which our warmer stars and more metal-poor stars show the least ξmicro sensitivity (see Fig. 4).
4.4 Sensitivity to effective temperature
Since molecular lines in general are temperature sensitive, we also investigated the sensitivity of the ten HF lines to the variation in Teff. We varied the temperature within the given uncertainties from the method deriving the effective temperatures as given in Nandakumar et al. (2023; i.e., ±100 K). We then determined the fluorine abundances from all ten HF lines for every star. The difference in the abundances are shown in the Fig. 5. We see that the derived abundances indeed vary as much as ±0.15 dex for a change of ±100 K. This is the largest uncertainty source in our analysis, and is indicated in Fig. 6.
	[image: thumbnail]	Fig. 4 Change in [F/Fe] as a function of variation in ξmicro. The color-coding indicates the Teff (see color bar at right) for the first five HF lines (R19, R18, R16, R15, and R14; top) and the last five HF lines (R13, R12, R11, R9, and R7; bottom). The variation in [F/Fe] for a +0.2 km s−1 change in ξmicro is shown by inverted triangles and for a −0.2 km s−1 change in ξmicro by circles.



	[image: thumbnail]	Fig. 5 Same as Fig. 4, but for variations in Teff.



5 Discussion
In the previous section, we investigate the fluorine abundance trends from the ten HF lines as a function of stellar parameters and of their sensitivity to ξmicro. Based on this, we first attempt to choose the best HF lines to determine fluorine abundances for M giants followed by the comparison of our final [F/Fe] trend as a function of [Fe/H] to those available in the literature.
5.1 Best HF lines to determine fluorine abundances for M ɡiants
From the trends with metallicity of the ten HF lines it is obvious that the lines at 23 040.57, 23 134.76, 23 358.33, and 23 629.99 Å (i.e., the R7, R9, R11, and R12 lines) show a large scatter and do not follow the trends from the weaker lines. In addition, from the trends with the stellar parameters it is clear that the fluorine abundances derived from these four lines exhibit significant unexpected and inconsistent trends with Teff, log ɡ, and ξmicro, and show a large scatter in these plots. The R7, R9, R11, and R12 lines should therefore be avoided for abundance determinations in M giants (Teff < 3900 K). A reason for these trends and scatter might be that for cool, metal-rich, and low-gravity stars, these lines are strong, and could therefore be saturated (see, e.g., Gray 2008). This is actually reflected in the large spread in the microturbulence trends seen in Fig. 4. The abundances from these lines demonstrate strong correlations with ξmicro, especially for cool metal-rich stars.
We also find that the abundances from the three most blue-ward lines at 22 699.49, 22 714.59, and 22 778.25 Å (R19, R18, and R16) are the least susceptible to trends with Teff, log ɡ, and ξmicro. These lines should therefore primarily be used for abundance determinations for M giants. However, since they are increasingly weak, the slightly stronger lines at 22 826.86, 22 886.73, and 22 957.94 Å (R15, R14, and R13) could also be used, but with caution. The redder lines should always be avoided for M giants.
We also find that the strengths of the vibration-rotational lines of the HF molecule are very sensitive to uncertainties in the effective temperatures of the stars. This is not unexpected for molecules (OH is also very temperature sensitive; see, e.g., Nandakumar et al. 2023), which are sensitive to the temperatures in the line-forming regions. This could either be a result of uncertainties in the stellar parameters or in the detailed temperature structure itself of the model atmospheres. An intrinsic problem with the molecular lines of HF is that it is necessary to know the stellar temperatures with a high accuracy, which is difficult to achieve. Thus, the slight slopes in the abundance versus temperature plots might arise from a small systematic uncertainty in the Teff determination of the stars from Nandakumar et al. (2023).
We note that there is heavy CO(v = 2–0) blend in the line at 23 134.76 Å (R11; see Fig. 1). This blend can be taken care of provided that the similar CO lines close by in wavelength are modeled well. This ensures that the blend is properly modeled together with the HF line (which was successfully done for other elements in e.g. Nandakumar et al. 2022; Montelius et al. 2022).
	[image: thumbnail]	Fig. 6 Mean [Fe/Fe] vs. [Fe/H] for M giants in our sample (red circles) after excluding the fluorine abundances from the four reddest and strongest HF lines at 23 040.57 Å (R12), 23 134.76 Å (R11), 23 358 Å (R9), and 23 629.99 Å (R7). The black squares denote the stars in Pilachowski & Pace (2015), the blue circles the stars in Jönsson et al. (2014a), the plus signs the stars in Guerço et al. (2019a), and the gray diamonds and inverted triangles the stars in Ryde et al. (2020).



5.2 [F/Fe] versus [Fe/H]: Comparison to literature
Due to the reasons elaborated in the previous section, we neglected the abundances from the four problematic lines (R7, R9, R11, and R12) for all stars in our sample while plotting the final [F/Fe] versus [Fe/H] trend. Furthemore, we only used the abundances from the three bluest HF lines (R16, R18, and R19) for cool and metal-rich stars (i.e., Teff < 3500 K and [Fe/H] > 0.0 dex). For all other stars, we plotted the mean [F/Fe] estimated from the six HF lines selected based on their quality (see Table 1). We show the final [F/Fe] versus [Fe/H] for the 50 stars in our sample in Fig. 6. As the comparison sample, we plot the fluorine abundances determined for stars in (Jönsson et al. 2014a, blue circles), Pilachowski & Pace (2015, black squares), Guerço et al. (2019a, gray plus signs), and Ryde et al. (2020, gray diamonds and inverted triangles).
Jönsson et al. (2014a) determined fluorine abundances from the R9 line using spectrum synthesis with SME for four bright nearby giants (including Arcturus) by analyzing their spectra observed with the Fourier Transform Spectrometer (FTS) mounted on the Kitt Peak National Observatory Mayall 4 m reflector. The Teff values were determined using angular diameter measurements taken from Mozurkewich et al. (2003), and the surface gravity, log ɡ, was based on the stellar radius, the parallax, and fits to evolutionary tracks. The metallicities were adopted from different spectroscopic archives and literature sources. All four stars have sub-solar metallicities, and apart from Arcturus with a Teff of 4226 K, the stars lie in the effective temperature range of 3700–3900 K.
Pilachowski & Pace (2015) determined the fluorine abundances also from the R9 line for nearly 80 G and K stars in the Galactic thin disk from spectra obtained with the Phoenix IR spectrometer on the 2.1 m telescope at Kitt Peak. They carried out the analysis using both spectral synthesis (with MOOG) and an equivalent width analysis (for weak lines). The stellar parameters for these stars have been adopted from various sources in the literature, with Teff in the range of 3800 K to 4800 K and metallicities in the range −0.6 < [Fe/H] < 0.3 dex. They estimated an average fluorine abundance of [F/Fe] = +0.23 ± 0.03 dex in the thin disk with a large scatter. In Fig. 6, we plot [F/Fe] for a subset of 52 stars, omitting the stars with upper limits.
Guerço et al. (2019a) estimated the fluorine abundances for a sample of Milky Way red giants from up to five HF lines (R16, R15, R14, R13, and R9) in K-band spectra obtained by observations using three infrared spectrographs: NOAO Phoenix (Hinkle et al. 2003), iSHELL spectrograph (Rayner et al. 2016), and the Fourier Transform Spectrometer (FTS) archive (Pilachowski et al. 2017). The Teff values, which were determined from photometric calibration, optical spectra, or adopted from APOGEE and from various other literature sources, range from 3400 K to 4900 K. The metallicities of the analyzed stars are limited to metal-poor to solar metallicities ([Fe/H] < 0.0 dex), as shown in Fig. 6.
Ryde et al. (2020) analyzed high-resolution K-band spectra of 61 Milky Way K giants obtained using the IGRINS and Phoenix spectrographs, and determined the fluorine abundances from the HF line at 23 358.33 Å (R9). They did not use other HF lines since the stars in their sample are warmer than the stars we analyzed here (4000-4600 K), resulting in weaker HF lines at shorter wavelengths. They also provided an upper limit of the fluorine abundances for several stars with very weak 23 358.33 Å lines (mostly hot, metal-poor, and high log g stars). A majority of the metal-rich stars in their study have the warmest Teff in their sample (Teff > 4300 K). Thus, for these stars the HF line is much weaker than for M giants in our sample, and therefore they cannot be expected to be saturated as is the case for cool M giants. Hence, the fluorine abundance determined from this line should be reliable. The stellar parameters in the Ryde et al. (2020) sample were determined from careful analysis from high-resolution optical spectra (Jönsson et al. 2017a). The stars in their sample cover a broader metallicity range of −1.2 < [Fe/H] < 0.4 dex.
The fluorine abundances determined for the four stars in Jönsson et al. (2014a) are consistent with our values in the same metallicity range. Our measurements are also consistent with the [F/Fe] values measured by Pilachowski & Pace (2015), although these show a larger scatter. Our final fluorine abundance trend agrees with the flat trend in Ryde et al. (2020) in the sub-solar metallicity range (i.e., for −1.0 < [Fe/H] < 0.0 dex). The scatter in the trend of Ryde et al. (2020) is larger (several stars with super-solar [F/Fe]), which is not the case with our trend. The sample from Guerço et al. (2019a) also exhibits a similarly flat trend for [Fe/H] > −0.4 dex, but decreases by ~0.1−0.2 dex for more metal-poor stars. This is a larger decrease than we see in that metallicity range. At super-solar metallicities there is a clear increase in [F/Fe] for stars from Ryde et al. (2020), while we find a slight enhancement ([F/Fe] ~ 0.1 dex) soon after solar metallicity. This could thus confirm a slight enhancement compared to more metal-poor stars. However, for stars more metal rich than [Fe/H] = 0.15 dex, we cannot confirm the steady and clear increase in [F/Fe] as seen in Ryde et al. (2020). The stars in our sample that have [Fe/H] > 0.2 dex are warmer than 3550 K and are therefore not affected that much by uncertainties in the microturbulence. Our derived fluorine abundances are therefore reliable. Our sample lacks stars with [Fe/H] higher than 0.25 dex to compare with similar stars in Ryde et al. (2020). All HF lines, however, are temperature sensitive and it has to be investigated whether the difference at [Fe/H] > 0.2 dex in these studies is due to uncertainties in the temperatures or whether it could be an unknown blend in the R9 line that mostly affects the warmer stars.
To conclude, we find a flat [F/Fe] versus [Fe/H] trend with no significant upturn at super-solar metallicities, but a hint of a slightly higher level of [F/Fe] for stars with [Fe/H] > 0 dex. The spread in our trend, which is smaller than that of Ryde et al. (2020), is presumably caused by the temperature sensitivity of the HF line. With the level of accuracy we have for the stellar parameters such a spread is indeed expected.
6 Conclusions
We carried out a detailed line-by-line abundance analysis of ten molecular HF lines in the IGRINS spectra of 50 Milky Way M giants (3300 K < Teff < 3800 K) in order to investigate the nature of the fluorine abundance trend as a function of metallicity. Of the 50 stars, 44 stars were observed within the programs GS-2020B-Q-305 and GS-2021A-Q302, while six were extracted from the IGRINS spectral library. The stellar parameters for these stars were determined based on the method using selected OH, CN, CO, and Fe lines in the H-band spectra described in Nandakumar et al. (2023).
Based on our investigations, we find that it is important to choose the lines wisely after detailed quality checks. We conclude that the R19, R18, and R16 lines (22 699.49, 22714.59, and 22 778.25 Å) of HF should primarily be used for abundance determinations for M giants, and can be used even for cool metal-rich stars. These are the least susceptible to trends with Teff, log ɡ, and ξmicro. However, since these lines are increasingly weak, the slightly stronger R15, R14, and R13 lines at 22 826.86, 22 886.73, and 22 957.94 Å could also be used, especially for lower metallicities. The strongest HF lines (R7, R9, R11, and R12) have significant trends with the stellar parameters, as well as a high sensitivity to variations in ξmicro, especially for the coolest and most metal-rich stars. These lines should therefore be avoided for abundance determinations in M giants (Teff < 3900 K).
Apart from the large trends of the derived abundances with the effective temperature of the stars for the four strongest HF lines, we also find a slight systematic trend with Teff for the six weaker lines. A reasonable explanation might be that this is caused by the high sensitivity of the molecular lines to the effective temperature and/or uncertainties in the temperature structure of the model atmosphere. These trends lead to an increased spread in the [F/Fe] versus [Fe/H] plots. This sensitivity is an intrinsic problem with lines from the HF molecule. One way to mitigate this problem would be to choose a sample of stars with a narrow range in Teff.
For cool (Teff < 3500 K) metal-rich stars, the HF lines (except R16, R18, and R19) show a higher sensitivity of the derived fluorine abundances to variations in ξmicro. This indicates that these lines might be strong or saturated, making their abundances uncertain. Thus, we neglected the fluorine abundances from the four strongest lines (R7, R9, R11, and R12) for all stars and used only those derived from R16, R18, and R19 for the coolest and most metal-rich stars when estimating the final mean fluorine abundance trend as a function metallicity.
From this trend we confirm the flat trend of Ryde et al. (2020) and Guerço et al. (2019a) for stars in the metallicity range of −1.0 < [Fe/H] < 0.0 dex and −0.6 < [Fe/H] < 0.0 dex. respectively. We also find a slight enhancement at super-solar metallicities (0 < [Fe/H] < 0.15 dex) that might be consistent with the general trend of Ryde et al. (2020). However, using our limited sample of stars at super-solar metallicities, we cannot confirm the upward trend seen at [Fe/H] > 0.15 dex in Ryde et al. (2020). We find lower fluorine abundances at these higher metallici-ties. Hence, we need more observations of many more M giants especially at high metallicities with their spectra from a capable high-resolution instrument like IGRINS to disentangle the correct nature of the fluorine trend.
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1 The R-number indicates the upper rotational level’s quantum number, J″
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	[image: thumbnail]	Fig. 1 Ten HF lines used to determine fluorine abundances. The top two rows show the observed spectra (black circles) for five HF lines (R19, R18, R16, R15, and R14) of one metal-rich star (32) and one metal-poor star (44); the stellar parameters (Teff, log ɡ, [Fe/H], and ξmicro) are to the left. The bottom two rows show the observed spectra for the remaining five HF lines (R13, R12, R11, R9, and R7) of the same two stars. The orange line denotes where the telluric lines lie before the telluric correction, and the red band the variation in the synthetic spectrum for ± 0.2 dex difference in fluorine abundance. The green line shows the synthetic spectrum without HF. The [F/Fe] values are also listed for each line. All identified atomic and molecular lines are denoted above the spectra.
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	[image: thumbnail]	Fig. 2 Individual [F/Fe] vs. [Fe/H] trends. Top panels: [F/Fe] vs. [Fe/H] for the 50 solar neighborhood M giants (red circles) determined from the six K-band molecular HF lines (each panel) in the IGRINS spectra. All are scaled to the following solar abundances: A(F)⊙ = 4.43 (Lodders 2003) and A(Fe)⊙ = 7.45 (Grevesse et al. 2007). There is an evident increase and large scatter in [F/Fe] determined from the four reddest and strongest HF lines at 23 040.57 Å (R12), 23 134.76 Å (R11), 23 358 Å (R9), and 23 629.99 Å (R7) for stars with [Fe/H] ~ 0 dex and above (not evident in other lines)
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	[image: thumbnail]	Fig. 3 [F/Fe] vs. Teff (top panels), log g (middle panels), and ξmicro (bottom panels). The color-coding indicates the respective metallicity (see color bar at right). The horizontal panels in each row are arranged in increasing order of wavelengths of the ten HF lines from which [F/Fe] was determined.
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	[image: thumbnail]	Fig. 4 Change in [F/Fe] as a function of variation in ξmicro. The color-coding indicates the Teff (see color bar at right) for the first five HF lines (R19, R18, R16, R15, and R14; top) and the last five HF lines (R13, R12, R11, R9, and R7; bottom). The variation in [F/Fe] for a +0.2 km s−1 change in ξmicro is shown by inverted triangles and for a −0.2 km s−1 change in ξmicro by circles.
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	[image: thumbnail]	Fig. 5 Same as Fig. 4, but for variations in Teff.
In the text



	[image: thumbnail]	Fig. 6 Mean [Fe/Fe] vs. [Fe/H] for M giants in our sample (red circles) after excluding the fluorine abundances from the four reddest and strongest HF lines at 23 040.57 Å (R12), 23 134.76 Å (R11), 23 358 Å (R9), and 23 629.99 Å (R7). The black squares denote the stars in Pilachowski & Pace (2015), the blue circles the stars in Jönsson et al. (2014a), the plus signs the stars in Guerço et al. (2019a), and the gray diamonds and inverted triangles the stars in Ryde et al. (2020).
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      HF line data for the R branch (v″ = 0 to v′ = 1) lines used in this study.

      
        


	Molecule
	
	λAir
	χ
	log ɡf



	




	
	
	(Å)
	(eV)
	





	H19 F
	R7
	23 629.991
	0.142
	−4.004



	H19 F
	R9
	23 358.329
	0.227
	−3.962



	H19F
	R11
	23 134.757
	0.332
	−3.942



	H19F
	R12
	23 040.574
	0.391
	−3.940



	H19F
	R13
	22 957.938
	0.455
	−3.941



	H19F
	R14
	22 886.733
	0.524
	−3.947



	H19F
	R15
	22826.862
	0.597
	−3.956



	H19F
	R16
	22 778.249
	0.674
	−3.969



	H19F
	R18
	22 714.589
	0.842
	−4.007



	H19F
	R19
	22699.488
	0.932
	−4.031





      

    

  
    
      Table 2 

      Stellar parameters, [C/Fe], [N/Fe], [O/Fe], and mean [F/Fe] values along with the standard error of mean (from line-by-line abundances) for each star determined in this work.

      
        


	Index
	Star
	Teff
	log ɡ
	[Fe/H]
	ξmicro
	[C/Fe]
	[N/Fe]
	[O/Fe]
	〈[F/Fe]〉
	σ[F/Fe]



	




	
	
	(K)
	log(cm s−2)
	(dex)
	(km s−1)
	(dex)
	(dex)
	(dex)
	(dex)
	(dex)





	1
	2M05484106-0602007
	3490
	0.48
	−0.28
	2.03
	−0.02
	0.17
	0.1
	−0.17
	0.02



	2
	2M05594446-7212111
	3694
	0.74
	−0.45
	1.88
	0.02
	0.19
	0.16
	−0.12
	0.0



	3
	2M06035110-7456029
	3562
	0.48
	−0.51
	2.14
	0.21
	0.3
	0.38
	−0.02
	0.04



	4
	2M06035214-7255079
	3742
	1.08
	0.0
	1.78
	0.08
	0.29
	0.15
	−0.1
	0.02



	5
	2M06052796-0553384
	3677
	0.92
	−0.07
	1.78
	−0.12
	0.21
	0.04
	−0.25
	0.03



	6
	2M06074096-0530332
	3692
	0.68
	−0.54
	2.01
	0.02
	0.31
	0.19
	−0.07
	0.01



	7
	2M06124201-0025095
	3583
	0.42
	−0.66
	2.39
	0.05
	0.33
	0.24
	−0.04
	0.0



	8
	2M06140107-0641072
	3620
	0.65
	−0.38
	2.1
	0.17
	0.22
	0.33
	−0.12
	0.02



	9
	2M06143705-0551064
	3608
	0.55
	−0.52
	2.24
	0.06
	0.27
	0.19
	−0.1
	0.03



	10
	2M06171159-7259319
	3800
	0.59
	−0.92
	2.72
	0.21
	0.37
	0.56
	−0.08
	0.04



	11
	2M06223443-0443153
	3521
	0.4
	−0.52
	2.19
	0.0
	0.31
	0.18
	−0.07
	0.04



	12
	2M06231693-0530385
	3484
	0.32
	−0.55
	2.09
	0.04
	0.3
	0.2
	−0.08
	0.02



	13
	2M06520463-0047080
	3581
	0.67
	−0.21
	2.15
	−0.09
	0.31
	0.08
	−0.13
	0.03



	14
	2M06551808-0148080
	3606
	0.52
	−0.56
	1.96
	0.04
	0.27
	0.2
	−0.15
	0.01



	15
	2M06574070-1231239
	3561
	0.56
	−0.36
	2.24
	−0.08
	0.41
	0.13
	−0.06
	0.01



	16
	2M10430394-4605354
	3568
	0.96
	0.25
	1.83
	−0.18
	0.39
	−0.08
	−0.09
	0.03



	17
	2M11042542-7318068
	3566
	0.51
	−0.46
	2.02
	0.01
	0.24
	0.16
	−0.12
	0.0



	18
	2M12101600-4936072
	3539
	0.5
	−0.41
	2.05
	0.03
	0.23
	0.15
	−0.11
	0.03



	19
	2M13403516-5040261
	3528
	0.61
	−0.15
	1.92
	−0.02
	0.13
	0.06
	−0.1
	0.03



	20
	2M14131192-4849280
	3504
	0.61
	−0.08
	1.81
	0.01
	0.16
	0.03
	−0.03
	0.02



	21
	2M14240039-6252516
	3474
	0.69
	0.12
	1.94
	−0.07
	0.21
	−0.04
	0.04
	0.04



	22
	2M14241044-6218367
	3543
	0.8
	0.11
	1.95
	−0.05
	0.2
	−0.04
	−0.03
	0.02



	23
	2M14260433-6219024
	3386
	0.55
	0.13
	1.82
	−0.04
	0.14
	−0.05
	−0.06
	0.02



	24
	2M14261117-6240220
	3387
	0.52
	0.08
	1.92
	−0.03
	0.21
	−0.03
	0.05
	0.01



	25
	2M14275833-6147534
	3453
	0.63
	0.08
	1.91
	−0.1
	0.22
	−0.03
	−0.01
	0.02



	26
	2M14283733-6257279
	3465
	0.62
	0.04
	1.83
	−0.09
	0.33
	−0.02
	0.01
	0.02



	27
	2M14291063-6317181
	3430
	0.54
	0.0
	1.95
	−0.02
	0.16
	−0.0
	−0.03
	0.03



	28
	2M14311520-6145468
	3499
	0.62
	−0.06
	2.01
	−0.07
	0.25
	0.02
	−0.02
	0.02



	29
	2M14322072-6215506
	3639
	0.89
	−0.0
	1.76
	−0.05
	0.08
	0.01
	−0.27
	0.03



	30
	2M14332169-6302108
	3524
	0.56
	−0.25
	1.98
	0.02
	0.15
	0.09
	−0.12
	0.04



	31
	2M14332869-6211255
	3664
	1.11
	0.23
	1.99
	−0.09
	0.35
	−0.08
	−0.09
	0.0



	32
	2M14333081-6221450
	3430
	0.55
	0.02
	1.92
	−0.09
	0.21
	−0.01
	−0.03
	0.02



	33
	2M14333688-6232028
	3425
	0.54
	0.02
	1.87
	−0.07
	0.25
	−0.01
	−0.02
	0.03



	34
	2M14345114-6225509
	3442
	0.68
	0.18
	1.85
	−0.0
	0.16
	−0.06
	0.03
	0.02



	35
	2M14360142-6228561
	3514
	0.53
	−0.26
	2.02
	−0.04
	0.16
	0.09
	−0.09
	0.02



	36
	2M14360935-6309399
	3446
	0.61
	0.08
	1.99
	−0.04
	0.21
	−0.03
	0.13
	0.01



	37
	2M14371958-6251344
	3650
	0.98
	0.1
	1.8
	−0.11
	0.29
	−0.04
	−0.12
	0.02



	38
	2M14375085-6237526
	3582
	0.96
	0.23
	1.8
	−0.11
	0.31
	−0.09
	−0.02
	0.01



	39
	2M15161949+0244516
	3691
	0.76
	−0.4
	1.98
	0.17
	0.14
	0.34
	−0.15
	0.01



	40
	2M17584888-2351011
	3564
	0.95
	0.25
	2.2
	−0.04
	0.38
	−0.09
	−0.03
	0.02



	41
	2M18103303-1626220
	3347
	0.46
	0.09
	1.98
	−0.09
	0.21
	−0.03
	0.09
	0.02



	42
	2M18142346-2136410
	3390
	0.48
	0.01
	1.96
	−0.01
	0.27
	−0.0
	0.16
	0.02



	43
	2M18191551-1726223
	3434
	0.59
	0.07
	1.93
	−0.07
	0.24
	−0.02
	0.02
	0.03



	44
	2M18522108-3022143
	3578
	0.45
	−0.59
	2.26
	0.08
	0.54
	0.41
	−0.23
	0.02



	45
	HD132813
	3457
	0.44
	−0.27
	1.88
	0.0
	0.14
	0.1
	0.06
	0.01



	46
	HD175588
	3484
	0.6
	−0.04
	2.24
	−0.02
	0.34
	0.02
	0.03
	0.04



	47
	HD89758
	3807
	1.15
	−0.09
	1.65
	−0.09
	0.21
	0.03
	−0.03
	0.06



	48
	HD224935
	3529
	0.64
	−0.1
	2.01
	−0.08
	0.17
	0.04
	−0.02
	0.02



	49
	HD101153
	3438
	0.51
	−0.07
	2.03
	−0.07
	0.2
	0.03
	0.05
	0.03



	50
	HIP54396
	3459
	0.5
	−0.15
	1.86
	0.04
	0.07
	0.05
	−0.02
	0.06





      

    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
        Individual [F/Fe] vs. [Fe/H] trends. Top panels: [F/Fe] vs. [Fe/H] for the 50 solar neighborhood M giants (red circles) determined from the six K-band molecular HF lines (each panel) in the IGRINS spectra. All are scaled to the following solar abundances: A(F)⊙ = 4.43 (Lodders 2003) and A(Fe)⊙ = 7.45 (Grevesse et al. 2007). There is an evident increase and large scatter in [F/Fe] determined from the four reddest and strongest HF lines at 23 040.57 Å (R12), 23 134.76 Å (R11), 23 358 Å (R9), and 23 629.99 Å (R7) for stars with [Fe/H] ~ 0 dex and above (not evident in other lines)

      

    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        [F/Fe] vs. Teff (top panels), log g (middle panels), and ξmicro (bottom panels). The color-coding indicates the respective metallicity (see color bar at right). The horizontal panels in each row are arranged in increasing order of wavelengths of the ten HF lines from which [F/Fe] was determined.

      

    

  
    
      Table 3 

      [F/Fe] determined from the six HF lines after careful visual inspection of every star spectrum.

      
        


	Index
	R19
	R18
	R16
	R15
	R14
	R13
	R12
	R11
	R9
	R7





	1
	−0.19
	−0.07
	−0.26
	−0.22
	−
	−0.15
	−0.15
	−0.28
	−0.08
	0.0



	2
	−
	−
	−
	−
	−0.12
	−
	−
	−0.23
	−0.14
	−



	3
	−0.02
	−
	−0.09
	−0.09
	0.14
	−
	−
	−0.11
	0.08
	−



	4
	−
	−
	−0.14
	−0.09
	−0.15
	−0.04
	−
	−0.12
	−0.03
	−



	5
	−0.17
	−
	−
	−0.34
	−0.19
	−0.32
	−0.24
	−0.35
	−0.2
	−



	6
	−
	−
	−0.09
	−0.09
	−0.05
	−0.04
	−0.08
	−0.13
	−0.06
	−



	7
	−
	−
	−0.04
	−0.05
	−0.04
	−
	−
	−0.2
	0.07
	−



	8
	−
	−
	−0.13
	−0.16
	−0.07
	−
	−
	−0.15
	−0.12
	−



	9
	−
	−
	−0.13
	−0.05
	−0.01
	−0.19
	−
	−0.14
	−0.04
	−



	10
	−
	−
	−
	−0.16
	0.01
	−
	−
	−0.41
	−0.23
	−



	11
	−0.14
	0.09
	−0.09
	−
	−
	−0.14
	−
	−0.19
	0.01
	−



	12
	−0.05
	−0.07
	−0.09
	−0.13
	−0.07
	−0.18
	0.04
	−0.3
	0.01
	−0.15



	13
	−0.07
	−
	−0.16
	−0.15
	−
	−0.21
	−0.05
	−0.12
	−0.04
	−0.08



	14
	−0.2
	−
	−0.15
	−0.18
	−0.06
	−0.17
	−0.13
	−0.23
	−0.09
	−0.09



	15
	−
	−
	−0.07
	−
	−
	−0.06
	−0.04
	−0.1
	−0.0
	−0.03



	16
	−
	−
	−0.22
	−0.13
	−0.06
	−0.07
	0.03
	−0.21
	0.06
	0.07



	17
	−
	−
	−
	−
	−0.12
	−
	−
	−0.14
	−0.06
	−



	18
	−
	−
	−0.14
	−0.14
	0.03
	−0.2
	−
	−0.12
	0.02
	0.08



	19
	−
	−0.03
	−0.17
	−
	−0.12
	−0.16
	−0.02
	−0.13
	−0.02
	0.12



	20
	−
	0.03
	−0.06
	−
	−0.06
	−0.04
	−
	−0.05
	0.13
	0.25



	21
	−
	0.12
	−0.04
	−
	0.05
	0.09
	−
	0.08
	0.24
	0.36



	22
	−
	0.03
	−0.07
	−0.12
	−0.03
	−0.04
	0.05
	−0.05
	0.1
	0.12



	23
	0.0
	−0.1
	−0.07
	−
	0.06
	0.05
	−
	0.03
	0.29
	−



	24
	−
	0.08
	0.03
	0.01
	0.08
	−0.01
	0.2
	0.21
	0.34
	0.31



	25
	−0.07
	0.06
	−0.01
	−
	0.06
	0.1
	0.26
	0.13
	0.21
	0.25



	26
	−
	0.04
	−0.03
	−
	−0.05
	−0.01
	−
	0.01
	0.18
	−



	27
	−0.06
	0.08
	−0.1
	−0.01
	−0.05
	−
	0.18
	0.06
	0.19
	0.25



	28
	−0.11
	0.13
	−0.05
	−
	−0.05
	−0.06
	0.03
	−0.03
	0.08
	−



	29
	−
	−0.13
	−
	−
	−0.33
	−0.33
	−0.27
	−0.48
	−0.28
	−0.2



	30
	−
	−0.02
	−0.22
	−
	−0.11
	−
	−
	−0.2
	−0.04
	−



	31
	−
	−0.1
	−0.1
	−
	−0.09
	−
	−
	−0.2
	0.01
	0.04



	32
	−0.08
	0.05
	−0.06
	−0.07
	0.03
	−0.02
	0.2
	0.04
	0.36
	0.31



	33
	−0.12
	0.05
	0.01
	0.01
	0.12
	0.06
	0.28
	0.18
	0.3
	0.48



	34
	−0.02
	0.07
	0.05
	0.05
	0.08
	0.12
	−
	0.24
	0.43
	−



	35
	−
	−0.04
	−0.09
	−0.15
	−0.08
	−
	−
	−0.15
	0.0
	−0.03



	36
	0.12
	0.17
	0.11
	−
	0.15
	−
	0.48
	0.31
	0.48
	0.73



	37
	−0.12
	−0.01
	−0.18
	−0.19
	−
	−0.11
	−0.08
	−0.19
	−0.03
	−0.04



	38
	−
	−0.03
	−0.02
	−
	−0.01
	−
	−
	−0.14
	0.21
	−



	39
	−
	−
	−0.17
	−
	−0.14
	−
	−
	−0.35
	−0.2
	−



	40
	−0.15
	−0.04
	−0.09
	−0.13
	−0.05
	−0.07
	0.32
	−0.11
	0.09
	0.09



	41
	0.03
	0.14
	0.11
	0.09
	0.29
	0.25
	−
	0.28
	0.56
	0.55



	42
	−
	0.2
	0.11
	0.09
	0.26
	0.15
	0.5
	0.34
	0.54
	0.62



	43
	−0.05
	0.1
	0.01
	−
	0.14
	0.09
	0.28
	0.17
	0.28
	0.36



	44
	−0.33
	−0.16
	−0.23
	−0.27
	−0.16
	−0.22
	−0.21
	−0.38
	−0.16
	−0.13



	45
	0.06
	0.13
	−0.01
	0.04
	0.08
	0.07
	0.3
	0.31
	0.33
	0.47



	46
	−
	0.24
	−0.05
	−0.08
	0.06
	−0.01
	0.32
	0.26
	0.31
	0.36



	47
	−
	0.08
	−
	−
	−0.15
	−
	−
	−0.14
	−0.12
	−0.12



	48
	−0.08
	0.18
	−0.08
	−0.01
	−0.06
	−0.07
	0.19
	0.23
	0.19
	0.76



	49
	−0.04
	0.11
	−0.01
	−
	0.14
	0.07
	0.22
	0.35
	0.36
	0.49



	50
	−0.21
	−
	−0.05
	−
	0.08
	0.11
	−
	0.33
	0.36
	0.44





      

      
Notes. The fluorine abundances from problematic lines (noisy or affected by telluric residuals) are indicated by “–”.




    

  
    
      Fig. 4 

      
        [image: thumbnail]
      

      
        Change in [F/Fe] as a function of variation in ξmicro. The color-coding indicates the Teff (see color bar at right) for the first five HF lines (R19, R18, R16, R15, and R14; top) and the last five HF lines (R13, R12, R11, R9, and R7; bottom). The variation in [F/Fe] for a +0.2 km s−1 change in ξmicro is shown by inverted triangles and for a −0.2 km s−1 change in ξmicro by circles.

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Same as Fig. 4, but for variations in Teff.

      

    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
        Mean [Fe/Fe] vs. [Fe/H] for M giants in our sample (red circles) after excluding the fluorine abundances from the four reddest and strongest HF lines at 23 040.57 Å (R12), 23 134.76 Å (R11), 23 358 Å (R9), and 23 629.99 Å (R7). The black squares denote the stars in Pilachowski & Pace (2015), the blue circles the stars in Jönsson et al. (2014a), the plus signs the stars in Guerço et al. (2019a), and the gray diamonds and inverted triangles the stars in Ryde et al. (2020).
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