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Abstract

Context. The third Gaia Data Release, which includes BP/RP spectra for 219 million sources, has opened a new window into the exploration of the chemical history and evolution of the Milky Way. The wealth of information encapsulated in these data is far greater than their low resolving power (R ~ 50) would suggest at first glance, as shown in many studies. We zeroed in on the use of these data for the purpose of the detection of “new” metal-poor stars, which are hard to find yet essential for understanding several aspects of the origin of the Galaxy, star formation, and the creation of the elements, among other topics.

Aims. We strive to refine a metal-poor candidate selection method that was developed with simulated Gaia BP/RP spectra with the ultimate objective of providing the community with both a recipe to select stars for medium and high resolution observations, and a catalog of stellar metallicities.

Methods. We used a dataset comprised of GALAH DR3 and SAGA database stars in order to verify and adjust our selection method to real-world data. For that purpose, we used dereddening as a means to tackle the issue of extinction, and then we applied our fine-tuned method to select metal-poor candidates, which we thereafter observed and analyzed.

Results. We were able to infer metallicities for GALAH DR3 and SAGA stars with color excesses up to E(B − V) < 1.5 and an uncertainty of σ[Fe/H]inf ∼ 0.36, which is good enough for the purpose of identifying new metal-poor stars. Further, we selected 26 metal-poor candidates via our method for observations. As spectral analysis showed, 100% of them had [Fe/H] < −2.0, 57% had [Fe/H] < −2.5, and 8% had [Fe/H] < −3.0. We inferred metallicities for these stars with an uncertainty of σ[Fe/H]inf ∼ 0.31, as was proven when comparing [Fe/H]inf to the spectroscopic [Fe/H]. Finally, we assembled a catalog of metallicities for 10 861 062 stars.
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1 Introduction
The oldest stars that are still alive today and located nearby have metallicities of less than −3 (Beers & Christlieb 2005). These extremely metal-poor (EMP) stars are rare and difficult to find. They are the descendants of the first generation of stars. Hence, EMP stars carry information that can shed light on the properties of their predecessors as well as on how the latter exploded and ended their lives. Consequently, finding a large number of new EMP stars for which detailed studies of their chemical composition could be conducted is of the essence since such investigations would provide constraints on the assembly of the Galaxy, on the initial mass function of the first stars, and on the nucleosynthesis processes that formed the heavy elements. The Gaia Survey (Gaia Collaboration 2023) released in 2022 the low-resolution (R ~ 50) Gaia BP/RP spectra for 219 million sources (De Angeli et al. 2023), and there have already been many studies that have provided metallicity estimates for several thousands to millions of objects by extracting information from BP/RP spectra, often with the use of additional data from Gaia itself (for example Radial Velocity Spectrometer (RVS) spectra; Katz et al. 2023) or other surveys. Bellazzini et al. (2023) derived metallicities for ~700 000 stars, and Andrae et al. (2023a) delivered a catalog of stellar parameters, including the metallicity, using a Bayesian forward-modeling approach (Bailer-Jones et al. 2013). Yao et al. (2024) used a classification algorithm, XGBoost (Chen & Guestrin 2016), to identify 188 000 very metal-poor star candidates. Rix et al. (2022) used the machine learning algorithm XGBoost to estimate [M/H] for 2 million stars, with 18 000 of them in the very- and metal-poor regime. Andrae et al. (2023b) produced a new catalog that improved on the one of Rix et al. (2022). The new catalog was assembled by training the XGBoost algorithm on stellar parameters taken from the Data Release 17 (DR17) of the Sloan Digital Sky Survey’s (SDSS) APOGEE survey (Abdurro’uf et al. 2022) and from Li et al. (2022), who derived stellar parameters for 400 extremely and ultra metal-poor stars. Andrae et al. (2023b) delivered a catalog for ~ 175 million stars, with a mean precision of 0.1 dex for [M/H]. Zhang et al. (2023) used a forward model to estimate the effective temperature, surface gravity, metallicity, distance, and extinction for 220 million stars. In order to do so, they used the Gaia XP-based data-driven models along with 2MASS (Skrutskie et al. 2006) and WISE (Schlafly et al. 2019) photometry. The forward model was then trained and validated on stellar parameters from the LAMOST survey (Wang et al. 2022), yielding [Fe/H] with a typical uncertainty of 0.15 dex. Martin et al. (2023) used the BP/RP spectra to derive synthetic photometry of the Ca H & K region based on the narrow-band photometry of the Pristine Survey (Starkenburg et al. 2017). They updated the Pristine metallicity inference model so that it is exclusively based on Gaia magnitudes (G, GBP, and Grp) and produced a catalog of metallicities for more than 52 million stars. Martin et al. (2023) showed that their photometric metallicities are accurate down to [Fe/H] ~ −3.5 and are thus very much suited for the study of the metal-poor Galaxy. Another study that took advantage of the BP/RP spectra in order to derive stellar parameters and/or metallicities is Cunningham et al. (2024).
Xylakis-Dornbusch et al. (2022) (Paper I) developed an empirical method based on flux ratios of synthetic Gaia BP/RP spectra for the purpose of identifying new metal-poor stars. Specifically, the flux ratios were those of the Ca H & K lines to the Hβ region (frCaHK/Hβ with 388 nm < λ < 401 nm and 479 nm < λ < 501 nm) and the G-band region to the Ca near-infrared (NIR) triplet (frG/CaNIR with 420 nm < λ < 444 nm and 846 nm < λ < 870 nm). It was shown that for a roughly constant frG/CaNIR, the frCaHK/Hβ exponentially declines as metallicity increases. This work is a follow-up to Paper I and aims at verifying the metal-poor star selection recipe presented therein by applying it to Gaia DR3 BP/RP spectra. The paper is laid out in the following manner: in Sec. 2 we describe the dataset we used for the purpose of validating the method in Paper I as well as how we addressed the issue of extinction, which was not dealt with in our previous work. We close the section with a description of the modifications we performed on the selection procedure and metallicity estimation of the metal-poor candidate stars compared to that introduced in Paper I. Next, we present in Sec. 3 the results of the method verification, including the expected success rate in selecting stars that are very metal poor ([Fe/H] < −2) and below this threshold and the purity of that ensemble. Then we investigate the plausibility of OBA stars being selected as metal-poor stars via our method. Furthermore, in Sec. 5 we describe the application of our fine-tuned recipe by selecting candidate metal-poor stars and subsequently observing them. We then present the results of our observations. Finally, in Sec. 6 we present a catalog of metallicities including stars in both the metal-poor and metal-rich regimes.
2 Methods
For the verification of the selection process, we used stellar parameters from high- and medium-resolution surveys and studies along with the respective flux dereddened Gaia BP/RP spectra. The software GaiaXPy1 was used to generate the Gaia BP/RP spectra, and dust_extinction2 and dustmaps3 (Green 2018) were used to deredden the spectral flux.
2.1 Dataset
The dataset we used for this work is comprised of two different cross-matches with Gaia BP/RP externally calibrated spectra (Gaia Collaboration 2023, Montegriffo et al. 2023). The first cross-match was with the Stellar Abundances for Galactic Archaeology (SAGA) database (Suda et al. 2008, 2011; Yamada et al. 2013; Suda et al. 2017), and the second was with the Galactic Archaeology with HERMES data release 3 (GALAH DR3) (Buder et al. 2021). Both datasets together consist of 21 812 stars. We applied quality cuts on the aforementioned dataset by finding correlations between falsely identified metal-poor stars and quality parameters and ended up with 20 850 stars. Since this procedure could only be done after the application of our method to the dataset, we elaborate on it in both this section as well as in the results section. The quality cuts we applied were twofold: one with respect to the quality of the stellar parameters of the dataset and another stemming from the quality of the Gaia BP/RP spectra themselves as well as from the effect of reddening. Concerning the first, stars for which there was no reliable metallicity estimate from GALAH were dropped (flag_fe_h=0). The mean uncertainty in the iron abundance for the remaining GALAH stars is 0.12 dex. We did not use any quality flag for the SAGA stars, but we resorted to the provided iron abundance uncertainties [image: equation]. The GALAH [Fe/H] were computed using A(Fe)⊙ = 7.38 (for details see Buder et al. 2021), while the SAGA database utilizes the Asplund et al. (2009) solar chemical composition, that is, A(Fe)⊙ = 7.50. We considered this difference in the normalization of the metallicities of the two components comprising our dataset to be negligible since our aim is not to deliver high-precision iron abundances but rather to identify metal-poor stars. Further, as appears in the Kiel Diagram (Fig. 1), the final dataset we used spans from dwarf to giant stars, with most of the GALAH stars having disk-like kinematics (Buder et al. 2021) and a mean distance of [image: equation] kpc (distances taken from Bailer-Jones et al. 2018) and the SAGA stars having [image: equation] kpc (distances taken from Fouesneau et al. 2023) and belonging to the Galactic halo. Regarding the spectra quality, we set a limit to the blending fraction β of the BP/RP spectra and the color excess (E(B − V)). The former was defined by Riello et al. (2021) as “... the sum of the number of blended transits in BP and RP divided by the sum of the number of observations in BP and RP.” We slightly modified the definition to

            β = (bp_n_blended_transits + rp_n_blended_transits+

bp_n_contaminated_transits + rp_n_contaminated_transits)/

                                                (bp_n_transits + rp_n_transits),



and we set β ≤ 0.5. Finally, complementary to our work in Paper I, we included objects in our dataset whose reddening is well above E(B − V) = 0.06 (see Fig. 2), which mandates that we tackle the issue of extinction.
	[image: thumbnail]	Fig. 1 Kiel diagram of the dataset.



	[image: thumbnail]	Fig. 2 Histogram of the reddening distribution of our dataset.



2.2 Reddening
As a first approach, we aimed at finding a reddening independent index, similar to Bonifacio et al. (2000a). Since the region of the Hβ line is part of the frCaHK/Hβ ratio (see Paper1 for details), we decided to test if the Strömgren β index withstands extinction and replaced the Hβ region in frCaHK/Hβ with the former. The results were not what we had anticipated: The β index changed with extinction, even though it showed a sensitivity to effective temperature. As we were not able to define a reddening-independent metallicity calibration, we instead sought to implement reddening corrections for the metallicity calibration by means of dereddening the spectra. Therefore, we used the dust maps of Schlegel et al. (1998) (SFD) re-calibrated by Schlafly & Finkbeiner (2011), the extinction model of Fitzpatrick (1999), and Rυ = 3.1 to deredden the externally calibrated BP/RP spectra. We repeated the above procedure using the extinction model of Cardelli et al. (1989) and found that the resulting flux ratios have minimal differences with those calculated with the Fitzpatrick (1999) model. We chose the SFD maps because they cover the entire sky. Considering the fact that the SFD maps account for the foreground dust, our stars needed to be distant enough or at a galactic latitude great enough for the distance dependence to be neglected. The SAGA stars are halo stars and are thus distant enough (D ≥ 1 kpc; Schlafly & Finkbeiner 2011). In total, 81% of the stars in our dataset are either at a distance of D≥1 kpc or at a latitude of | b |> 30°. For the remaining 19%, we calculated the reddening correction from Bonifacio et al. (2000b). For most of the stars, we found no or a very small (<0.001 mag) correction. Only for 4% of the total sample, we found E(B − V) corrections ≥0.02 mag, so applying such a correction would have a negligible effect on the distribution in the dereddened flux-ratio plane (Fig. 3).
2.3 Application of the method
In Paper I, we provided coefficients for different pairs of Teff and log g for the estimation of [Fe/H]. We calibrated the coefficients for application to the real data, but the results did not correspond to the theoretical expectations. Further, the problem of acquiring well-defined effective temperatures and surface gravities for millions of stars so that the metal-poor ones among them could be identified became apparent. We decided to use only quantities that could be directly derived from the spectra (i.e. the flux ratios). The plane of the frCaHK/Hβ and frG/CaNIR flux ratios (see Fig. 3) enabled us to find the loci of metal-poor ([Fe/H] < −1.0) and further metal-deficient stars. The gray lines in Fig. 3 represent different metallicity regimes, with the stars below the dashed-dotted and dotted lines being metal poor ([Fe/H] < − 1) and very metal poor ([Fe/H] < − 2), respectively.
	[image: thumbnail]	Fig. 3 Flux ratios of raw (left panel) and dereddened (right panel) fluxes from Gaia BP/RP spectra. The color-coding reflects the metal-licity of the stars of the dataset we used. Below the dashed-dotted and dotted lines are the flux-ratio areas where stars with [Fe/H] ≤ −1 and [Fe/H] ≤ −2, respectively, are primarily found.



3 Results
The results in the right panel of Fig. 3 depict a clear correlation between metallicity frCaHK/Hβ and frG/CaNIR flux ratios. The left panel shows the flux ratios before dereddening, and the right panel shows the dereddened values. We overplotted a dashed-dotted line (Cutoff1) and a dotted line (Cutoff2) to designate flux-ratio areas where objects with [Fe/H]ref ≤ −1 and [Fe/H]ref ≤ −2, respectively, are primarily found ([Fe/H]ref is the reference [Fe/H]). By selecting metal-poor stars in this way, we found that there was a correlation between a high blending fraction β and contaminants (i.e. stars with [Fe/H]ref > −1). We chose the β such that there is a balance between acceptable contamination and completeness since a greater β means a greater number of stars. We defined the completeness as the ratio of the number of selected stars below a certain metallicity threshold to the total number of stars in the dataset that have [Fe/H]ref ≤ threshold, the success rate as the percent of the selected stars that have [Fe/H]ref below a certain specified value, and the contamination as the percent of selected stars that have a metallicity above the specified threshold.
The results in Fig. 3 were generated after the application of the quality cuts described above. By choosing all the stars below Cutoff1 in Fig. 3, we were able to recover from the GALAH-SAGA sample more than 98% of the stars with [Fe/H] ≤ − 2, all the ultra metal-poor stars ([Fe/H] ≤ −4), and 70% of the stars [Fe/H] < −1. We recorded a success rate of ~80%, 44%, and 20% for stars with [Fe/H] ≤ −1, −1.5, and −2, respectively. When we selected stars below Cutoff2, we made a trade-off between the success rate and the completeness. We still recovered more than 90% and 94% of the very and extremely metal-poor stars, respectively, but we lost about 40% of those with − 2 < [Fe/H] ≤ − 1 compared to the other Cutoff1. The success rate increased significantly to ~99%, 95%, and 60% for stars with [Fe/H] ≤ −1, −1.5, and −2, respectively (summarized in Fig. 4). As before, we selected all the stars that fell below the same dotted and dashed-dotted line without dereddening (left panel of Fig. 3) for comparison and calculated the statistics as above. Even though the completeness for different metallicity categories is fairly similar and in some cases even slightly better, the success rate is much lower, and consequently, the contamination is much higher.
Further, we found that by selecting the metal-poor candidates through the flux-ratio plane, we could extrapolate the theoretical method described in Paper I to a broader parameter space. Specifically, the recipe in Paper I was developed for FGK stars in the effective temperature range of 4800–6300 K, and in this study, we retrieved metal-poor stars that have 4636 K ≤ Teff ≤ 7150 K.
Finally, we estimated the iron abundances of our dataset as follows. First, we randomly sampled our GALAH-SAGA dataset and split it into two equal parts. We divided the flux ratios of the first sampled sub-dataset into frG/CaNIR bins. Then, we split each of those bins into metallicity bins, for which we calculated the mean frCaHK/Hβ. Next, we found the best fits to the sets of frCaHK/Hβ−[Fe/H] pairs (Fig. 5), which we subsequently used to estimate the iron abundance of the second sub-dataset. We used the following function to perform the fittings:
[image: equation](1)
where a, b, and c are the coefficients of the best fit, which are shown in Table 1. The respective results of the metallicity estimation are presented in Fig. 6. We were able to infer [Fe/H] with an uncertainty of [image: equation] dex. This precision is sufficient to reliably identify metal-poor stars.
	[image: thumbnail]	Fig. 4 Completeness, success rate, and contamination of the stars that were selected from below the dashed-dotted (left panel) and dotted line (right panel). The stars were selected from a dereddened flux-ratio plane.



	[image: thumbnail]	Fig. 5 Best fits to the frCaHK/Hβ-[Fe/H] pairs. The different line colors convey the frG/CaNIR range of applicability.



Table 1 
Coefficients of the best fit.

	[image: thumbnail]	Fig. 6 Metallicity estimation of a subset of the GALAH-SAGA dataset. The points that have a black circle around them are located below the black-dotted line in the flux-ratio plane (Fig. 3). The color-coding reflects the effective temperature of the stars. We plotted the inferred and reference [Fe/H] on the x- and y-axis respectively.



4 OBA stars
OBA stars are young hot stars that can present emission lines in their spectra. When OB stars are highly reddened, they can appear as K-type stars. Hence, good reddening values are essential to tell them apart from metal-poor FGK stars. Also, young or accreting stars can show emission lines at various spectral regions, including the Ca H&K absorption lines. Consequently, the emission in the Ca II H&K lines results in a net weak absorption line that masks these stars as metal poor. Therefore, we wished to test to which degree those stars are expected to contaminate a selected metal-poor candidate sample.
We selected a random subset of 200 stars from the OBA stars’ golden sample4. From those, 193 stars have an externally calibrated BP/RP spectrum, and 173 have a blending fraction β ≤ 0.5. We dereddened the externally calibrated spectra as described in Sec. 2.2 and subsequently computed the flux ratios. In Fig. 7, we plot the flux ratios of the OBA golden sample subset. In order to show the effect of extinction, which depends on the color excess rather than on the flux ratios, we used logarithmic axes. The effect of extinction is indicated with an arrow (orange arrow), where its nock and point represent the flux ratios before and after dereddening, respectively, for E(B − V) ≈ 0.3 mag. As can be seen, none of the 173 stars appear in the region of the flux-ratio plane where the metal-poor stars are frequently found (Fig. 3). However, due to the fact that the location of the stars on the flux-ratio plane depends on the extinction, we caution the reader that highly reddened OBA stars with underestimated color-excess values could appear in the region of metal-poor stars (yellow area in Fig. 7) and hence contaminate the sample of metal-poor stars selected via this method.
	[image: thumbnail]	Fig. 7 Flux ratios of OBA stars. The solid and dotted lines represent Cutoff1 and Cutoff2, respectively, while the yellow shaded area designates the region that is populated by very metal-poor stars (see Fig. 3). The color-coding indicates the Galactic Latitude b of each star. As can be seen, most of the stars are located on the Galactic plane (| b |≤ 10°). The orange arrow illustrates the effect of extinction for a color excess E(B − V) ≈ 0.3 mag. The nock and the point of the arrow represent the flux ratios before and after dereddening, respectively.



5 Observational metal-poor star candidate verification
In order to verify our metal-poor candidate selection method as well as the metallicity estimation presented herein, we selected a sample of stars from Gaia DR3 that had not been observed before. We opted to select fairly bright giant stars in order to achieve a good enough signal-to-noise ratio (S/N) for the purpose of deriving precise [Fe/H]. Further, the location of the telescope to be used was known beforehand; hence we used the following selection criteria: G = 12–13 mag, Ra = 16–02 h, Dec = 00° to +20°, | b |> 20°, and β ≤ 0.5, which rendered 90 798 stars. We then computed the flux ratios. From the 90 798 stars, we chose those with flux ratios of 1 ≤ frG/CaNIR ≤ 5, which left us with 70 509 stars. Next, we selected all the stars below a more stringent cut than Cutoff2, which is a line that is shifted parallel to Cutoff2 by 0.1+frCaHK/Hβ. This cutoff left us with 77 stars, of which ten had already been observed in high resolution, and their metallicities are, or will be, in the literature. It is worth noting that all ten of the stars that appear in literature are metal poor. The reason we used a more stringent cut was that there is a clear correlation between the inferred metallicity and the position of the star on the flux-ratio plane. We opted to observe candidates with the lowest predicted metallicities, as if we had used Cutoff2, most of the stars above the more stringent cutoff would not have made it into the final target list due to the higher estimated [Fe/H]inf. We show the distribution of the inferred [Fe/H]inf for metal-poor candidates that were located between Cutoff2 and our chosen cutoff in Fig. A.1. Finally, we estimated the [Fe/H] for the remaining 67 stars, and our final target list was comprised of 32 stars with [Fe/H]inf ≤ −2.35, of which we managed to observe 26. Of the 35 stars that were not included in the target list, eight of them were outside the metallicity inference range (frG/CaNIR > 3.3). The distribution of the inferred metallicities for the remaining 27 metal-poor candidates that were not included in the final target list is shown in Fig. A.2.
5.1 Observations and metallicity determinations
The targets were observed at the McDonald Observatory with the Harlan J. Smith 2.7 m telescope and the TS23 echelle spectrograph (Tull et al. 1995). The spectra were obtained using a 1.2″ slit and 1x1 binning, yielding a resolving power of R ~ 60,000 and covering a wavelength range of 3600–10 000 Å. The 26 stars were observed over four nights in August 2023. The data was reduced using standard IRAF packages (Tody 1986, 1993), including correction for bias, flat-field, and scattered light. Table 2 lists the Gaia DR3 id, right ascension, declination, Heliocentric Julian Date (HJD), exposure times, the S/N per pixel at 5000 Å and heliocentric radial velocities. The heliocentric radial velocities were determined via cross-correlation with a spectrum of the standard star HD 182488 (Vhel = −21.2 km s−1; Soubiran et al. (2018)) obtained on the same run.
We determined the stellar parameters (Teff, log g, [Fe/H], and υt) for the observed stars from a combination of photometry and equivalent width (EW) measurements of Fe <sc>I</sc> and Fe <sc>II</sc> lines and using the software smhr5 (Casey 2014) to run the radiative transfer code MOOG6 (Sneden 1973; Sobeck et al. 2011), assuming local thermodynamical equilibrium. We used one dimensional plane-parallel α-enhanced ([α/Fe] = +0.4) stellar model atmospheres computed from the ATLAS9 grid (Castelli & Kurucz 2003) and line lists from linemake7 (Placco et al. 2021). Solar abundances were taken from Asplund et al. (2009), and Teff for the stars was determined from dereddened Gaia G, BP, RP (Anders et al. 2022; Gaia Collaboration 2018), and 2MASS K magnitudes (Cutri et al. 2003) using the color-Teff relations from Mucciarelli et al. (2021). For the K magnitudes, we used the extinction coefficient from McCall (2004). The log g was then determined by requiring ionization equilibrium between the Fe <sc>I</sc> and Fe <sc>II</sc> lines and υt by requiring no correlation of the Fe <sc>I</sc> line abundances with reduced EW. Finally, the [Fe/H]spec of the stars was taken as the mean abundances of the Fe I lines, and the uncertainties are the standard deviation of these. The final stellar parameters are listed in Table 2.
5.2 Results
The stellar parameters of the observed stars are shown in Table 2. As the parameters show, all observed stars are metal-poor FGK stars. The uncertainty in our metallicity inference is [image: equation], which agrees with the uncertainty in deriving metallicities for the GALAH-SAGA sample ([image: equation]), as described above. Figure 8 shows [Fe/H]inf versus the spectroscopic-determined [Fe/H]spec. Further, 100% of the observed stars are very metal-poor, 58% have [Fe/H] < −2.5, and 8% are EMP. Lastly, we did not have any contamination from OBA stars, which agrees with our finding in Sec. 4.
6 Catalog of stellar [Fe/H]
For the purpose of providing the community with a catalog of metallicities, we used the following criteria from The Milky Way Halo High-Resolution Survey (Christlieb et al. 2019) of the 4-meter Multi-Object Spectroscopic Telescope (4MOST) (De Jong et al. 2019) combined with the criteria developed for this work to select stars from Gaia DR3: | b | > 10°, 0.15 mag ≤ (BP − RP)0 < 1.1 mag, blending index β ≤ 0.5, 1.3 ≤ frG/CaNIR ≤ 3.3, and E(B − V) ≤ 1.5 mag. These criteria yielded 10 861 062 stars, for which we estimated the metallicity. We note that 225 498 stars in this catalog have [Fe/H]inf < − 2. 0. Further, in our catalog, 2236 stars have [Fe/H]inf < − 5. 0, which suggests that these stars probably have emission lines rather than being metal-poor. We cross-matched the stars of our catalog that have [Fe/H]inf < − 2. 0 with the Gaia OBA golden sample (European Space Agency (ESA) & DPAC Consortium 2022), and we found that 104 of the stars are indeed OBA stars. Out of those OBA contaminants, eight have an estimated metallicity [Fe/H]inf < −5.0 in the catalog. A sample of the catalog is shown in Table 3.
Table 2 
Stellar parameters and observation log of observed metal-poor candidates.

	[image: thumbnail]	Fig. 8 [Fe/H]inf versus [Fe/H]spec. The solid gray line is the 1 to 1 line, and the dashed gray line designates the 1σ uncertainty ([image: equation] = 0.31 dex) in [Fe/H]spec.



7 Comparison to other catalogs
As already described in the introduction, many studies have taken advantage of the wealth of information encapsulated in the Gaia BP/RP spectra and have provided to the community catalogs of stellar atmospheric parameters. Specifically, the catalogs of Andrae et al. (2023b) and Martin et al. (2023) have been shown to work very well in the metal-poor regime. We used the GALAH-SAGA verification sub-dataset (Fig. 6) to compare the metallicities we estimated versus those of Andrae et al. (2023b) and Martin et al. (2023). The [Fe/H]inf we estimated for this sub-dataset are independent of the fitting procedure. Figure 9 shows the performance of each catalog. At first glance, it is clear that the catalog of Martin et al. (2023) performs better in the metal-poor regime than ours and that of Andrae et al. (2023b). However, the difference in accuracy of the inferred metallicities in all three catalogs is comparable. Specifically for [Fe/H]ref < −2, the iron abundances of Martin et al. (2023) and Andrae et al. (2023b) have σ ~ 0.39 and are 0.1 dex better than ours. For [Fe/H]ref < −3, the standard deviation of the estimated metallicities in all three catalogs is the same, that is, ~0.36 dex. In the metal-rich regime, our metallicities have uncertainties that are ~0.2 dex higher than those of the other two catalogs, whose performance is similar, σ ~ 0.24 dex.
8 Summary
We applied the metal-poor star candidate selection recipe described in Paper I (Xylakis-Dornbusch et al. 2022) to Gaia DR3 BP/RP spectra. In order to do so, we updated the selection method. Specifically, instead of using the effective temperature and surface gravity information, we only used the flux ratios, frG/CaNIR and frCaHK/Hβ, determined in Paper I to estimate the metallicity of the stars. We addressed the extinction by means of dereddening the spectra before computing the flux ratios, and we found that the method can be applied to stars with color excesses E(B − V) ≤ 1.5. We then used BP/RP spectra through a crossmatch between Gaia DR3 and GALAH DR3 as well as with the SAGA database to validate the selection method. We were able to estimate the [Fe/H] solely with the use of the flux ratios, with an uncertainty of [image: equation] dex. Next, we assessed to which degree OBA stars could contaminate a metal-poor candidate sample selected via the method described herein. We found that it is not very likely as long as one has a high level of color excesses at their disposal to perform the dereddening of the spectra. Following this, we selected stars from Gaia DR3 via our updated selection procedure for spectroscopic validation. We observed 26 stars, of which 100% had [Fe/H] < −2.0, 58% had [Fe/H] < −2.5, and 8% had [Fe/H] < −3.0. We inferred the metallicites for this sample of stars prior to observations with an uncertainty [image: equation] dex. Finally, we assembled a catalog of metallicities for 10 861 062, of which 225 498 have [Fe/H]inf < −2.0.
Table 3 
Sample of the catalog of metallicities.

	[image: thumbnail]	Fig. 9 Comparison of our derived metallicities with those from the Andrae et al. (2023b) (XGBOOST) and Martin et al. (2023) (CaHKsynth) catalogs. Top (from left to right): Metallicities of our, XGBOOST, and CaHKsynth catalogs are plotted, respectively, for the GALAH-SAGA validation dataset ([Fe/H]ref). The color-coding reflects the effective temperature of the stars. Middle and bottom: same as the top panels but the color-coding depicts the color excess and surface gravity, respectively. The solid black line shows the 1–1 line, while the dashed lines show a σ = 0.36 dex uncertainty.
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Appendix A  Additional figures
We present additional figures that are described in Section 5. We show the inferred metallicity distribution of the candidate metal-poor stars that are located on the flux-ratio plane between Cutoff2 and the more stringent cut we used to select stars for observations. Lastly, we show the metallicity distribution of the metal-poor candidates below the stringent cutoff not included in the target list.
	[image: thumbnail]	Fig. A.1 Distribution of [Fe/H]inf for metal-poor candidates located between Cutoff2 and the cutoff we used to select candidates for observations.



	[image: thumbnail]	Fig. A.2 Distribution of [Fe/H]inf of the 27 metal-poor candidates that were not included in the final target list.
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	[image: thumbnail]	Fig. 7 Flux ratios of OBA stars. The solid and dotted lines represent Cutoff1 and Cutoff2, respectively, while the yellow shaded area designates the region that is populated by very metal-poor stars (see Fig. 3). The color-coding indicates the Galactic Latitude b of each star. As can be seen, most of the stars are located on the Galactic plane (| b |≤ 10°). The orange arrow illustrates the effect of extinction for a color excess E(B − V) ≈ 0.3 mag. The nock and the point of the arrow represent the flux ratios before and after dereddening, respectively.
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	[image: thumbnail]	Fig. 8 [Fe/H]inf versus [Fe/H]spec. The solid gray line is the 1 to 1 line, and the dashed gray line designates the 1σ uncertainty ([image: equation] = 0.31 dex) in [Fe/H]spec.
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	[image: thumbnail]	Fig. 9 Comparison of our derived metallicities with those from the Andrae et al. (2023b) (XGBOOST) and Martin et al. (2023) (CaHKsynth) catalogs. Top (from left to right): Metallicities of our, XGBOOST, and CaHKsynth catalogs are plotted, respectively, for the GALAH-SAGA validation dataset ([Fe/H]ref). The color-coding reflects the effective temperature of the stars. Middle and bottom: same as the top panels but the color-coding depicts the color excess and surface gravity, respectively. The solid black line shows the 1–1 line, while the dashed lines show a σ = 0.36 dex uncertainty.
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	[image: thumbnail]	Fig. A.1 Distribution of [Fe/H]inf for metal-poor candidates located between Cutoff2 and the cutoff we used to select candidates for observations.
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	[image: thumbnail]	Fig. A.2 Distribution of [Fe/H]inf of the 27 metal-poor candidates that were not included in the final target list.
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      Coefficients of the best fit.

      
        


	a
	b
	c
	frG/CaNIR





	17.497139
	1.119316
	2.506009
	[1.3–1.8)



	22.219935
	1.512732
	2.800237
	[1.8–2.3)



	29.101554
	2.624439
	1.18252
	[2.3–2.8)



	32.268827
	3.351201
	0.815609
	[2.8–3.3]





      

      
Notes. The frG/CaNIR values are the ranges of applicability of each set of coefficients.
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      Table 2 

      Stellar parameters and observation log of observed metal-poor candidates.

      
        


	Gaia DR3 ID
	RA (J2000)
	Dec (J2000)
	HJD
	Exp. time
	S /N
	Vhel ± σ
	[Fe/H]inf
	G
	Teff
	log g
	[Fe/H]spec
	[image: equation]
	υt
	E(B − V)



	
	(h)
	(°)
	
	(s)
	5000 Å
	(km s−1)
	(dex)
	(mag)
	(K)
	(dex)
	(dex)
	(dex)
	(km s−1)
	(mag)





	4560234719702983552
	17 00 58.86
	+18 12 48.76
	2460177.61
	3 × 1200
	38
	−200.2 ± 0.7
	−3.49
	12.95
	5512
	1.81
	−2.67
	0.12
	2.26
	0.067



	2770306858573498880
	23 54 36.90
	+13 43 33.61
	2460175.83
	3 × 900
	43
	−91.8 ± 0.9
	−3.19
	12.75
	5280
	2.42
	−2.69
	0.14
	1.63
	0.043



	2740778202499153280
	00 09 13.91
	+03 34 27.64
	2460175.88
	3 × 1200
	29
	−63.3 ± 0.7
	−3.17
	12.52
	5172
	2.18
	−2.89
	0.12
	1.58
	0.024



	2783063972298129280
	00 42 31.57
	+18 34 52.58
	2460175.93
	3 × 1200
	23
	−349.7 ± 0.7
	−3.13
	12.53
	5463
	1.92
	−2.49
	0.16
	1.98
	0.058



	38721161695303808
	03 55 46.04
	+13 28 40.99
	2460178.96
	3 × 1200
	11
	59.1 ± 1.1
	−2.99
	12.89
	5666
	3.09
	−2.18
	0.21
	1.95
	0.298



	1788649988097920768
	21 20 25.52
	+19 16 40.19
	2460175.75
	3 × 1200
	35
	2.1 ± 1.4
	−3.24
	12.84
	5868
	1.95
	−3.01
	0.13
	2.65
	0.078



	2739719922558093440
	23 50 58.88
	+02 36 12.99
	2460176.84
	3 × 600
	38
	15.4 ± 1.3
	−2.89
	12.10
	6488
	3.40
	−2.85
	0.15
	1.77
	0.033



	3268830653286376704
	03 15 35.79
	+02 25 49.29
	2460176.96
	3 × 1200
	27
	203.3 ± 0.7
	−2.72
	12.81
	5114
	2.18
	−2.59
	0.18
	1.49
	0.095



	4446252678577892224
	16 34 16.18
	+08 49 40.19
	2460178.63
	3 × 900
	22
	−12.1 ± 0.8
	−2.71
	12.27
	4995
	1.88
	−2.48
	0.15
	1.81
	0.065



	2719036833232602752
	22 57 03.19
	+12 58 25.60
	2460175.80
	3 × 600
	41
	−242.8 ± 0.5
	−2.68
	12.15
	5316
	1.90
	−2.34
	0.12
	2.06
	0.047



	4229999872631438848
	20 32 11.41
	+01 02 05.16
	2460177.71
	3 × 1200
	37
	−240.6 ± 0.5
	−2.67
	12.82
	5221
	2.71
	−2.49
	0.17
	1.36
	0.097



	1757147197551005952
	21 09 25.50
	+11 48 44.80
	2460175.70
	3 × 1200
	26
	71.0 ± 1.3
	−2.86
	12.60
	5440
	1.23
	−2.80
	0.11
	2.29
	0.108



	1730672812979631104
	20 56 02.56
	+02 07 13.56
	2460178.69
	3 × 1200
	14
	−160.8 ± 1.0
	−2.58
	12.84
	5194
	1.09
	−2.35
	0.21
	2.38
	0.107



	2814304091236720000
	23 27 36.00
	+15 23 54.70
	2460177.80
	3 × 1200
	31
	−81.5 ± 0.9
	−2.56
	12.96
	5096
	1.95
	−2.76
	0.12
	2.05
	0.054



	4561199025759521920
	17 02 37.48
	+19 17 21.35
	2460177.66
	3 × 1200
	31
	−174.7 ± 0.5
	−2.54
	12.79
	5267
	2.57
	−2.38
	0.18
	1.73
	0.088



	4503007613380083328
	17 53 57.89
	+17 45 19.99
	2460176.64
	3 × 1200
	50
	−100.9 ± 1.0
	−2.69
	12.42
	6030
	4.22
	−2.78
	0.15
	1.72
	0.081



	4449403019908847488
	16 48 40.46
	+13 32 43.83
	2460176.61
	3 × 600
	36
	195.9 ± 0.7
	−2.45
	12.15
	5214
	2.33
	−2.65
	0.17
	1.48
	0.060



	2574400790177777408
	01 58 30.71
	+11 18 42.38
	2460177.93
	3 × 1200
	38
	−101.6 ± 1.0
	−2.42
	12.58
	6547
	4.04
	−2.23
	0.13
	1.62
	0.116



	2554217295745049856
	00 39 13.34
	+04 23 33.16
	2460176.87
	3 × 1200
	38
	−145.0 ± 0.9
	−2.39
	12.81
	6235
	3.51
	−2.32
	0.10
	1.55
	0.027



	2580053787477560576
	01 19 10.86
	+10 07 08.75
	2460177.85
	3 × 1200
	40
	−29.0 ± 0.6
	−2.45
	12.55
	5139
	2.33
	−2.47
	0.14
	1.68
	0.070



	2732958716319826048
	22 33 41.08
	+14 49 05.58
	2460178.73
	3 × 900
	20
	26.8 ± 0.9
	−2.35
	12.23
	5636
	2.59
	−2.54
	0.17
	1.24
	0.069



	2756350516963035904
	23 40 19.64
	+05 34 00.66
	2460176.80
	3 × 1200
	33
	111.7 ± 1.7
	−2.35
	12.91
	6235
	2.40
	−2.73
	0.12
	1.50
	0.081



	2698131578134995456
	21 34 27.89
	+04 04 38.23
	2460177.76
	3 × 900
	39
	−299.1 ± 0.6
	−2.35
	12.27
	5294
	2.90
	−2.51
	0.15
	1.39
	0.054



	4432234794379005952
	16 34 54.04
	+02 06 14.94
	2460178.60
	3 × 900
	17
	85.5 ± 0.8
	−2.35
	12.23
	5257
	1.60
	−2.30
	0.16
	1.99
	0.062



	2706127364131151744
	22 41 26.08
	+05 07 30.91
	2460178.77
	3 × 1000
	21
	−139.7 ± 2.1
	−2.83
	12.65
	5648
	2.56
	−3.29
	0.14
	2.09
	0.077



	1733398605383859840
	21 09 34.21
	+05 14 05.85
	2460176.69
	3 × 1200
	30
	−52.3 ± 0.7
	−2.74
	12.70
	5200
	1.26
	−2.62
	0.11
	1.97
	0.112





      

    

  
    
      Fig. 8 
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        [Fe/H]inf versus [Fe/H]spec. The solid gray line is the 1 to 1 line, and the dashed gray line designates the 1σ uncertainty ([image: equation] = 0.31 dex) in [Fe/H]spec.

      

    

  
    
      Table 3 

      Sample of the catalog of metallicities.

      
        


	source_id
	RA (J2000)
	Dec (J2000)
	E(B − V)
	frCaHK/Hβ
	frG/CaNIR
	[Fe/H]inf
	G
	GBP
	GRP



	
	(°)
	(°)
	(mag)
	
	
	(dex)
	(mag)
	(mag)
	(mag)





	1736084918450522624
	311.672374
	6.454326
	0.086352
	0.395785
	3.040589
	−0.65
	14.839189
	15.116240
	14.387665



	1736086121041383936
	311.640473
	6.501470
	0.080705
	0.386366
	2.951276
	−0.53
	12.410907
	12.699553
	11.959683



	1736086464640617472
	311.605184
	6.517305
	0.079810
	0.384081
	3.279787
	−0.51
	12.523436
	12.753575
	12.055906



	1736086769579627008
	311.686028
	6.547942
	0.081594
	0.440737
	2.951817
	−1.27
	14.591786
	14.878093
	14.132823



	1736089213417835264
	311.740409
	6.639877
	0.088562
	0.383000
	2.963972
	−0.50
	14.826837
	15.120335
	14.363322



	1736089934974194688
	311.614227
	6.572804
	0.078512
	0.320748
	2.815581
	0.09
	12.647016
	12.943399
	12.197193



	1736090381648971776
	311.524228
	6.550632
	0.083777
	0.382586
	2.909278
	−0.49
	13.581572
	13.875311
	13.124882



	1736093847685000960
	311.868064
	6.611197
	0.092579
	0.410637
	3.239939
	−0.84
	14.073834
	14.347256
	13.636151



	1736099693138064384
	311.706790
	6.756967
	0.085753
	0.351283
	2.938921
	−0.17
	13.712016
	14.000586
	13.259321



	1736099693138065408
	311.698148
	6.754874
	0.084601
	0.376363
	2.852484
	−0.42
	15.257664
	15.554148
	14.791958





      

      
Notes. The color excess values, E(B − V), are from Schlegel et al. (1998) (re-calibrated by Schlafly & Finkbeiner 2011). The full catalog is available at the CDS.




    

  
    
      Fig. 9 
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        Comparison of our derived metallicities with those from the Andrae et al. (2023b) (XGBOOST) and Martin et al. (2023) (CaHKsynth) catalogs. Top (from left to right): Metallicities of our, XGBOOST, and CaHKsynth catalogs are plotted, respectively, for the GALAH-SAGA validation dataset ([Fe/H]ref). The color-coding reflects the effective temperature of the stars. Middle and bottom: same as the top panels but the color-coding depicts the color excess and surface gravity, respectively. The solid black line shows the 1–1 line, while the dashed lines show a σ = 0.36 dex uncertainty.

      

    

  
    
      Fig. A.1 
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        Distribution of [Fe/H]inf for metal-poor candidates located between Cutoff2 and the cutoff we used to select candidates for observations.

      

    

  
    
      Fig. A.2 
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        Distribution of [Fe/H]inf of the 27 metal-poor candidates that were not included in the final target list.

      

    

  OEBPS/aa48885-23-eq8.png
Orre/H],, ~ 0.31





OEBPS/aa48885-23-eq9.png





OEBPS/aa48885-23-fig9_small.jpg





OEBPS/aa48885-23-eq4.png





OEBPS/aa48885-23-eq5.png





OEBPS/aa48885-23-eq6.png
frG/canr =





OEBPS/aa48885-23-eq7.png
TFe/H],, ~ 0.306









OEBPS/aa48885-23-fig5_small.jpg





OEBPS/aa48885-23-fig2_small.jpg





OEBPS/aa48885-23-eq3.png
(0saca ~ 0.17 dex)





OEBPS/aa48885-23-fig8_small.jpg





OEBPS/aa48885-23-fig1.jpg
7000 6000 5000 4000
Teff





OEBPS/aa48885-23-fig2.jpg
104

103

102

10!

100

0.00 0.25 0.50 0.75 1.00 1.25 1.50
E(B—-V)





OEBPS/aa48885-23-fig3.jpg
fro/canir

freank/mg

fre/canir

s = Cutoffl
20 N Cutoff2
T
0.0 0.2 0.4 0.6
freamkmp





OEBPS/aa48885-23-fig4.jpg
1001 1001

80 801

601

—+#— completeness
—&— success rate
—=— contamination

\

%

401

201

—+— completeness
—&— success rate
—#— contamination

1 - - - - -
-3.0 -25 -20 -15 -1.0 -3.0 -25 -20 -15 -10
[Fe/H] [Fe/H]






OEBPS/aa48885-23-fig5.jpg
1
B 13=<frgeanr<1.8
| 1-85er/CaNIR<2-3
B 2.3 =<frgeanr<2.8
] Z.BSfFG/CaN|RS3.3

-0.5
_-10
<
]

L -15

-2.0

-25

" 7024 7 0327 T 0.0
frcankmg






OEBPS/aa48885-23-fig6.jpg
7000

6500

6000

Teff

5500

[Fe/H] er

5000

4500

4000

-3 =2 -1 0 1
[Fe/Hlinf





OEBPS/aa48885-23-fig7.jpg
102] Cutoffl
—— Cuto
] Cutoff2 R 20
VMP star region ° r
30
1011 20
o ]
=2 10~
S L
S Q
W= 0
0
10 1 10
-20
-30
1071
1071 10°

freamkmp





OEBPS/aa48885-23-fig8.jpg
-3.0 =25
[Fe/H]ins

T3S





OEBPS/aa48885-23-fig10_small.jpg





OEBPS/aa48885-23-fig9.jpg
[Fe/Hlrer

[Fe/Hlrer

[Fe/Hlrer

|
-

|
N

!
w

=2
[Fe/H]ine

7000

o0

00

5000

500

3
e

[Fe/H)rer

[Fe/Hrer

[Fe/Hlrer

7000

a0

00

500

2
[Fe/Hlcanksyn

Martin+2023

0

=2
[Fe/H]camksyn

Martin+2023

0

3
i

[Fe/Her

[Fe/Hrer

[Fe/Hlrer

-4

|
1

|
N

|
w

-1

8

4 Andrae+2023
7] -2 0
[Fe/Hlxgboost

4 Andrae+2023
e
) 2 [}

[Fe/Hlxgboost

1 Andrae+2023
4 -2 0
[Fe/H]xgboost





OEBPS/aa48885-23-fig1_small.jpg





OEBPS/dash.png





OEBPS/aa48885-23-fig4_small.jpg





OEBPS/aa48885-23-fig7_small.jpg





OEBPS/aa48885-23-fig3_small.jpg
N

N





OEBPS/aa48885-23-fig10.jpg
0 T275°2:50-2.25-2.00-1.75 -1.50 ~1.25
[Fe/H]inf





OEBPS/aa48885-23-fig11.jpg
-2.4 -2.2 -2.0 -1.8
[Fe/H]inf





OEBPS/aa48885-23-eq12.png
TFe/H],, ~ 0.30





OEBPS/aa48885-23-eq11.png
T(Fe/Hlgpee —





OEBPS/aa48885-23-eq13.png
Ore/my,, ~ 0.31





OEBPS/aa48885-23-fig11_small.jpg





OEBPS/aa48885-23-eq10.png
UFe/Hlspec





OEBPS/aa48885-23-fig6_small.jpg





