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Abstract

Context. Very metal-poor stars are important tracers of the early chemical evolution history of the Milky Way. Infrared H-band spectroscopic surveys, such as APOGEE, are less affected by extinction in the more dust-obscured environments of our Galaxy. However, H-band spectra contain very limited spectral information for stars at the most metal-poor tail ([Fe/H] < −2.5) because the available Fe lines in FGK stars in this wavelength range are weak.

Aims. The first paper in this series successfully identified a sample of 327 very metal-poor stars (with [Fe/H] < −2) from the APOGEE database, 289 of which are on the red giant branch. The spectra of these stars were not properly analysed by the APOGEE main pipeline because they are very metal poor. In this work, we measure metallicities for these stars using the abundances of the elements Mg and Si.

Methods. We demonstrate that the absorption lines of the elements Mg and Si are of good quality despite the challenging combination of (low) metallicity, wavelength regime, spectral resolution, and signal-to-noise ratios available for these spectra. A specialised pipeline was designed to measure the abundance of Mg and Si in APOGEE spectra and yielded a robust estimate of the overall metallicity. In order to provide reliable measurements, we tested three different sets of assumptions for Mg and Si enhancement.

Results. We present Mg and Si abundances as well as overall metallicities for 327 stars, all of which had previously gotten null values from the main APOGEE pipeline for either the calibrated [M/H] or [Fe/H]. The typical uncertainties for our measurements are 0.2 dex. We found five stars in our sample with unusual [Si/Mg] abundances higher than 0.5, and we connect this signature to globular cluster stars, and this might be related to specific supernova events. Our data suggest a concentration of high [Si/Mg] stars in the Sextans dwarf galaxy. Other dwarf galaxies are found to agree well with results in the literature.

Conclusions. Our derived metallicities range between −3.1 ≤ [M/H] ≤ −2.25, thereby pushing the metal-poor tail of APOGEE results down by 0.6 dex.
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1 Introduction
The outer layers of the atmosphere of a low-mass star remain a snapshot of the environment in which it formed. This opens the possibility to use metal-poor stars as a fossil record through which we can witness a long-gone landscape of chemical evolution (see for a review Beers & Christlieb 2005; Frebel & Norris 2015; Bonifacio et al. 2025, and references therein). By using spectral analysis to measure the abundance ratios of different chemical elements, the chemical evolution history in a given environment at a given point in time can be constrained.
The numerous spectral lines of Fe I and Fe II that are present in the optical wavelength region have made it common practice to use [Fe/H]1 as a proxy for the overall metallicity. However, for the most metal-poor stars, which trace the earliest chemical evolution, the Fe lines can become very weak (see e.g. Fig. 1 of Frebel 2010). This makes them difficult to detect and measure, especially in spectra with low or intermediate spectral resolution and low signal-to-noise ratios (S/N2). To measure metallicities in the lowest metallicity regimes, the strongest absorption lines in the spectra are therefore often targeted instead. In the optical wavelength regime, the strongest metal absorption lines in FGK-type stars include the Mg I triplet and the Ca II triplet, but even more prominently, the very strong Ca II H&K lines (e.g. Frebel & Norris 2013,, and their discussion on the lowest observable metallicity). However, to place the metallicities derived from these strong lines on the same scale as directly measured Fe lines, (implicit) assumptions on the nucleosynthesis in stars and chemical evolution are needed (e.g. Burbidge et al. 1957; Nomoto et al. 2013).
Mg and Ca belong to the group of α elements, which are thought to mainly originate from core-collapse supernovae (CC SNe), while iron-peak elements, such as Fe, are thought to form largely in supernovae type Ia (SNe Ia). While CC SNe continuously form both α and iron-peak elements at a steady pace, iron-peak elements form much more rapidly after the onset of SNe Ia (see more detailed discussion in e.g. Nissen & Gustafsson 2018). In a plot of [α/Fe] versus [Fe/H], this is visible as a plateau in the [α/Fe] values for the most metal-poor stars, representing the ratio before the onset of SNe Ia, broken by a knee at which the ratio starts to decrease due to the rapid Fe production from SNe Ia (this type of explanation, relating stellar lifetimes and chemical abundance ratios goes back to pioneering work by Tinsley 1979).
The exact ratio at which this plateau is found is different for each α element and for each stellar system, with typical values ranging from 0.3 to 0.6 (e.g. Kobayashi et al. 2006; Matteucci 2021; Zhang et al. 2024; Velichko et al. 2024). Additionally, some α elements receive contributions from different pathways. For instance, Si and Ca are (also) produced in SNe Ia, while Mg is not (Kobayashi et al. 2020a). Pair-instability supernovae (PISN) would produce a large amount of Ca and Si compared to Mg (Takahashi et al. 2018). The explosion energy of SNe type II also affects the ratio of Si and Mg, with higher amounts of Si released in the more energetic hypernova (e.g. Heger & Woosley 2010). Measuring the ratio of [Si/Mg], we can therefore trace the chemical enrichment history of a stellar system.
Several current surveys, as well as future instrumentation, observe in (near-) infrared wavelengths instead of in the optical wavelength regime (e.g. NIRSpec, MOONS, ANDES3 – Ferruit et al. 2012; Cirasuolo et al. 2020; Marconi et al. 2024). In addition to obvious advantages for high-redshift studies, this wavelength regime also benefits studies of different environments within the Milky Way because infrared light can more easily penetrate the gas and dust that obscures the Galactic bulge and disc, enabling higher S/N with shorter integration time. To date, the Apache Point Observatory Galactic Evolution Experiment (APOGEE, Majewski et al. 2017; Abdurro’uf et al. 2022), is the largest stellar spectroscopic survey and observed in the infrared H band. However, for H-band spectra, the metallicity at which Fe lines become undetectable at a typical S/N is significantly higher than the limit for optical spectra. This is due to the atomic structure, with the higher-wavelength lines typically originating from more sparsely populated high excitation energy states (e.g. Smith et al. 2021). While for large optical spectroscopic surveys, the most metal-poor tail is often carefully analysed, usually by an additional targeted pipeline beyond the main analysis pipeline to identify and analyse very metal-poor stars specifically (e.g. Aguado et al. 2016; Li et al. 2018; Matsuno et al. 2022; Arentsen et al. 2023; Hou et al. 2024; Viswanathan et al. 2024), no such re-analysis has been done so far for APOGEE because no Fe lines are available in stars with [M/H]4 < −2.5.
In the first paper of this series (Montelius et al., 2025, hereafter Paper I), we have identified a sample of very metal-poor stars from APOGEE by using its calibrated TEFF and LOGG and the lack of either calibrated M_H or FE_H. This selection furthermore included a minimum S/N of 30 for the spectrum to ensure that the lack of measured metallicity is not due to a low S/N and a minimum probability of being a star of 95% in the discrete source classifier from Delchambre et al. (2023) to remove non-stellar sources. Additionally, the spectra were inspected visually, and any spectra with emission lines (likely young stellar objects) or spectra with key absorption lines too close to the spectral gap in the APOGEE wavelength coverage (as discussed in more detail in Sect. 3) were removed from the sample. A literature comparison, shown in Paper I Sect. 3, showed that the resulting sample has almost no higher-metallicity interlopers. In particular, all stars on the red giant branch (RGB) overlapping with the literature were found to have [Fe/H] < −2 without outliers. For candidates in other parts of the Kiel diagram (main sequence, sub-giant branch, and horizontal branch) the selection appeared less clean, but the literature overlap was also much sparser in these regimes.
In this paper, we analyse the APOGEE spectra for the sample defined in Paper I. In Section 2, we describe the sample and the lines we used for the analysis. Section 3 describes the method we developed to measure abundances for these stars, and the assumptions we used to convert them into overall metallicities. Section 4 describes the results of this analysis and compares the [Si/Mg] abundances in stars from different substructures in our sample. We also include a comparison with literature studies for this abundance ratio. The last section summarises and discusses our main results and explores potential applications of this method in the future.
2 The sample of very metal-poor stars from APOGEE
Continuing from the results in Paper I, we took two subsamples as input for our analysis. First, we took all very metal-poor candidates that fall along the red giant branch (RGB) in the Kiel diagram of APOGEE stellar parameters (see for an illustration of the cuts adopted, Paper I, Fig. 6). This subsample of 289 stars, hereafter the high-confidence sample, was studied kinematically in Paper I. Additionally, we also analyse 38 stars that form the lower-confidence sample due to their placement on the Kiel diagram where they trace either the main-sequence turn-off, the horizontal branch, or the sub-giant branch. We use APSTAR spectra downloaded from https://data.sdss.org/sas/dr17/apogee/spectro/redux/dr17/stars/ with wget, using the APSTAR_ID and FILE columns to find the correct files. If multiple spectra were found, only the highest S/N was kept.
3 Spectral analysis method
3.1 Lines and wavelength segments for the analysis
Very low-metallicity stars have few metallic absorption lines in the infrared. The only lines suitable for analysis that could be identified from visual inspection of the spectra correspond to the λ 15 740.7, 15 748.9, and 15 765.8 Å Mg I lines and the λ 15 888.4 Å, and the 15 960.0 Å Si I lines. We note that the APOGEE spectra were carefully inspected for other features, including known carbon and aluminium atomic lines (see e.g. Hibbert et al. 1993; Chang 1990), as well as potential molecular lines, but no other analysable feature was found at these metallicities.
The three magnesium lines mentioned above are within 30 Å of each other, while the silicon lines are only 70 Å apart. Given this proximity, we choose to perform our analysis on two segments, one for Mg and one for Si. This allows us to normalise the spectrum locally. We define the region between 15 720 and 15 790 Å as the magnesium segment, while we denote the region between 15 860 and 16 000 Å as the silicon segment. We note that the silicon segment is close to a gap in the APOGEE spectral coverage that runs from ~15 810 to ~15 858 Å. Additionally, while the 15 888.4 Å silicon line is one of the intrinsically strongest lines in the infrared, it is in the wings of a hydrogen line. Nevertheless, given the relative shortness of the segment and the absence of other absorption lines, we define wavelength ranges around each line to be used as continuum masks. Using these masks, we fit a first-degree polynomial to normalise each segment. Our pipeline automatically excludes regions affected by incorrect telluric or cosmic ray removal, bad pixels, or any other artifact the spectra might present.
3.2 Atomic and solar data
In line formation, the line intensity is proportional to both the number density of a certain element, and to the log(gf) value (where g is the statistical weight and f is the oscillator strength). When measuring abundances, a shift in abundance is equivalent in magnitude to an offset in log(gf) (see for instance Rutten 2003; Gray 2008), underlining the importance of having reliable atomic data when measuring individual absorption lines. In the near-infrared wavelength regime that the APOGEE survey probes, the line list and their log(gf) values are less well tested than in the optical wavelength regime where stellar spectroscopy has a longer and richer history (although we note there are some interesting attempts to also explore weak and blended species in the APOGEE wavelength regime in Hayes et al. 2022).
As input for our pipeline, we use a line list from Montelius et al. (2022) based on the VALD3 database (Pakhomov et al. 2019). We have updated the linelist with updated calculations of log(gf) from Pehlivan Rhodin et al. (2017) for Mg lines and Pehlivan Rhodin et al. (2024) for Si lines. Their values are reported in Table 1. Both sources are cited in APOGEE’s linelist (Smith et al. 2021), with the Si values attributed to the version in preparation of Pehlivan Rhodin (2018). The reference solar values we use throughout this work are taken from Asplund et al. (2009).
3.3 Stellar parameters
Even though ASPCAP does not converge to calibrated metallicities for the stars in our sample, meaning there are no (calibrated) metallicity values available in the catalogue, the calibrated values for effective temperature (TEFF) and surface gravity (LOGG) are available.
The largest overlapping sample with stellar parameters (140 stars), is table 2 from Andrae et al. (2023b). These values are derived from Gaia XP spectra using machine learning trained partially on APOGEE data. Despite not getting a calibrated metallicity, 24 of the stars in our sample are used in the training sample. By comparing the two samples, we therefore cannot get an independent evaluation of our stellar parameters, but we can get a confirmation of whether the values for our stars are in line with what is expected for APOGEE stars. For TEFF there is a mean offset of 21 K and a standard deviation of 109 K, for LOGG the offset is −0.01 dex and the standard deviation is 0.24 dex. This is in line with what we expect for the values from Andrae et al. (2023b).
28 stars have stellar parameters from the SAGA data base of metal-poor stars (Suda et al. 2008)5. We use the recommended data set from April 2021, combining [Fe/H] and [M/H] measurements as in Paper I. For TEFF the mean offset with the calibrated APOGEE parameters is 161 K with a standard deviation of 165 K, with an offset and standard deviation of 0.38 and 0.45 for LOGG. There appears to be a metallicity dependence in the offsets, with the metal-poor stars slightly offset to higher temperatures in APOGEE compared to SAGA. As these offsets are within one standard deviation and the sample of offset stars is small (~5) we do not expect this to have a major impact on our analysis. For the lower-confidence sample, only two stars from this sample have stellar parameters from the SAGA database. Both are turnoff stars, and are therefore among the hottest stars in the sample, and not representative of all of the lower-confidence stars. While the first star matches the SAGA Teff down to 20 K and has an offset in log(g) of −0.8, the second has a 300 K offset in Teff and only −0.12 in log(g). In general we expect the lower-confidence sample to have larger uncertainties in their stellar parameters, especially as many of them are hotter, and therefore are less likely to have any metallic lines in their spectra.
The uncalibrated stellar parameters from APOGEE are somewhat better aligned with the SAGA parameters, with an offset of −96 K for Teff and −0.27 for log(g) and similar standard deviations. As our pipeline described in Sect. 3.4 often failed to converge with the uncalibrated parameters we opted to use the calibrated parameters.
Table 1 
Wavelengths and log(gf) values for the lines we analysed in Section 3, along with their fine-structure components.

	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Flowchart of the pipeline, see Sect. 3.4 for details.



3.4 Pipeline for the abundances
Elemental abundances are measured using the Python version of the Spectroscopy Made Easy (SME) code (Valenti & Piskunov 1996; Valenti & Fischer 2005; Piskunov & Valenti 2017; Wehrhahn et al. 2023). A 1D LTE MARCS (Gustafsson et al. 2008) grid of atmosphere models was adopted, along with non-local thermodynamic equilibrium (NLTE) departure coefficients for both Mg and Si (following Amarsi et al. 2020). We adopt spherical geometry for the model atmospheres where possible (in particular for the majority of our targets in the VMP_RGB sample with 0.5 <log(g) < 3.5), only employing 1D geometry to fill in any gaps in parameter space.
The pipeline used in this work to measure abundances and derive a value for metallicity was written in Python and follows the multiple steps that are schematically shown in Fig. 1. In the following we will follow the step structure shown in this figure to explain the procedure in more detail.

	For the analysis of each star, the APOGEE main pipeline effective temperature, surface gravity, and microscopic velocity were used as inputs to PySME. Our initial assumption for metallicity is set to APOGEE’s uncalibrated metallicity ([M/H] ~ −2.5 for the vast majority of our sample).


	The macroturbulence velocity is measured from the Mg segment. For this purpose, the Mg segment is preferred over the Si segment, because it typically has a higher S/N, is further in wavelength from the APOGEE spectral gap, and the lines are closer to each other in wavelength making the continuum derivation more precise. However, macroscopic velocities did not always converge for all of our objects. If no convergence is reached and the value returned is the grid edge, we manually set the value to [image: Mathematical equation: $\[\overline{V}_{\text {mac}}=10.5 \mathrm{~km} / \mathrm{s}\]$]. This value was calculated by averaging the macroturbulence velocity results for a calibrated and cleaned6 set of APOGEE stars with metallicities between −2 and −2.5.


	We then calculate the Mg abundance for each of the program stars using the Mg segment.


	To convert the measurement of [Mg/H] to a general [M/H] consistent with the scale used by the APOGEE main pipeline, an assumption has to be adopted on [Mg/M] for stars in our sample. Several assumptions for this value have been tested and compared to literature data from high-resolution studies in the optical wavelength regimes (see Sect. 3.5). As a result of these tests we have adopted [Mg/M] = [Si/M] = 0.4 in this work. We note that this there are some stars in our sample that are clearly anomalous in [Si/Mg] and for which this general assumption will not be valid. These are discussed separately in Sect. 5.


	The resulting [M/H] value is compared to the [M/H] value currently adopted in Step 2, and is regarded as converged if the difference between the two values is less than 0.1 dex after which the code will proceed to Step 6. If no convergence is reached, the new [M/H] is used as an input for Step 2 and Steps 2 until 5 are repeated. In the vast majority of the cases, only one iteration (after the initial guess) is needed to reach this level of convergence.


	With the updated [M/H] value as input for the PySME structure, the Mg abundance is calculated again from the Mg segment and the Si abundance is calculated from the Si segment.


	Using the assumption of [Mg/M] = [Si/M] = 0.4 as mentioned above, both measurements of [Si/H] and [Mg/H] are combined to derive a final value for [M/H]. In this final value, the [M/H] is the weighted average of the [M/H] value derived from the Mg and Si segments separately. The uncertainties on the measurements (discussed in detail below) are used as weights in this calculation.




For the vast majority of our stars, the pipeline as described above could be fully followed. However, in some cases the [Mg/H] or [Si/H] measurement did not converge, due to the segment being too noisy, containing damaged pixel measurements in critical places, or the abundance of one of the elements being too low. When this occurred, the first five steps of the pipeline were still followed – if needed by replacing Mg with Si in Steps 2, 3 and 4 (when the Mg segment was not converging). In these cases, the final metallicity for the star was thus derived using the one available element only.
Figure 2 shows three spectra chosen to represent the median S/N for the high-confidence sample (S/N = 104), and the 16th and 84th percentiles (S/N = 58, 186). The synthetic spectra fit to each spectra to measure abundances is also shown together with the derived abundance. The identification of atomic lines shown at the top of the plot are taken from the Arcturus atlas of Hinkle et al. (1995). The main discrepancy between observed and synthetic spectra is seen at the hydrogen line at 15 880 Å. This is due to the use of APOGEE’s calibrated temperatures, and not to the uncalibrated values taken directly from the spectra. For the high-confidence sample, the calibrated values are 250 K hotter than the uncalibrated ones on average, which would explain the strengthened hydrogen lines. At lower S/N the weaker lines (Mg I at 15 740 and Si I at 15 960 Å) can be difficult to analyse, especially for the lowest metallicity stars.
	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Example synthetic fits to some of the program spectra, the spectra are artificially offset to make all three visible. The spectra are chosen to represent the median S/N, and the upper and lower quantiles.



3.5 Choice of the [Mg/M] and [Si/M] values
As noted in Sect. 3.4, our metallicity estimate requires an assumption for [Mg/M] and [Si/M] in our sample. We stress that this is not at all uncommon at these very low metallicities, as the Fe lines get weaker before some of the stronger lines of α-elements, metallicities in this regime are often based on these strongest absorption lines (in the optical often the Ca II H&K lines, the Mgb triplet, or the Ca II triplet for instance). While in this work, we adopt [Mg/M] = [Si/M] = 0.4, we have additionally tested the effect of two different assumptions for the enhancements:

	Using the same quality cuts used to find macroscopic velocity, that is, filtering using flags and 5σ clippings (see Sect. 3), we calculated the average [Mg/M] and [Si/M] of stars with metallicities between −2 and −2.5 from the APOGEE sample, resulting in [Mg/M] = 0.36 and [Si/M] = 0.28. As APOGEE presents abundances with the most commonly used nomenclature [X/Fe], [X/M] has been calculated using the general formula [X/M] = [X/Fe] + [Fe/H] − [M/H].


	Theoretical models from Kobayashi et al. (2020a) predicts that at [M/H] = −2.5 the approximate enhancements for the analysed elements are [Mg/M] = 0.45 and [Si/M] = 0.545.




The three enhancement assumptions were compared to previously measured metallicities from SAGA, the reanalysis of LAMOST DR10 spectra used in Paper I (following Ardern-Arentsen et al. 2025), and the Pristine survey with photometrically derived metallicities (Martin et al. 2023) by calculating their metallicity differences, that is, Δ[M/H] = [M/H]this work, weighted – [M/H]survey. The mean deviations for each assumption are: [image: Mathematical equation: $\[\overline{\triangle[M / H]_{A P O}}=0.069\]$], and [image: Mathematical equation: $\[\overline{\triangle[M / H]_{K o b}}=\]$] −0.107 and [image: Mathematical equation: $\[\overline{\Delta[M / H]_{0.4}}=-0.012\]$]. As our simplest assumption, [Mg/M] = [Si/M] = 0.4, yielded the best results in comparison with these independent datasets, we have kept this assumption for the purpose of this work.
For stars with either high or low values of [Si/Mg] this assumption is unlikely to hold. Estimating the effect this has on the metallicity would require further assumptions on whether changes arise from enhancement or depletion of either or both of the elements. To keep the method as general as possible, we instead add an extra term to the uncertainty on the metallicity of |[Si/Mg]|/3.
3.6 Estimation of the uncertainties
For the final uncertainty of each abundance measurement, we take into account three main factors: uncertainties on the stellar parameters, uncertainties in the continuum fit, and the uncertainties on the abundance measurement.
While APOGEE’s pipeline ASPCAP returns uncertainties for TEFF and LOGG, we note that these are standard deviations based on multiple observations, and can therefore be unrealistically low (down to 10 K for TEFF and 0.01 for LOGG for our sample). Instead of using these values, we adopt an uncertainty for Teff of 200 K based on the comparison of stellar parameters with the SAGA database described in Sect. 3.3. Because uncertainties on Teff and log(g) are highly correlated we re-calculate the log(g) of the star based on this uncertainty in Teff and investigate its effect on the derived abundances. In practice, every star is mapped to a corresponding phase of a MIST (Paxton et al. 2011; Dotter 2016; Choi et al. 2016) stellar isochrone selected for metallicities between −2 and −3 in 0.5 increments, and with an age of 10 Gyr. Each isochrone is pre-divided into distinct evolutionary phases. This is of importance, as for a main sequence star a higher temperature corresponds to a marginal decrease in gravity, while, in contrast, for RGB stars a higher temperature corresponds to a relatively steep increase in gravity. For an isochrone with metallicity i and phase j, each star was matched to the nearest point on the closest isochrone based on its initial stellar parameters, denoted as sij. A pair of points, l and m, were selected such that the temperature difference ΔTij = Tijl − Tijm = 200 K. A corresponding gravity difference Δ log(g)ijn = log(g)ijl − log(g)ijm was determined by placing the star again on the same isochrone. These adjusted parameters of Teff and log(g) were then input into the PySME pipeline discussed in Sect. 3.4, resulting in new estimates for [X/H]. The impact of the uncertainty over atmospheric parameters was finally calculated using a change in Teff of +200 K (upper) and −200 K (lower)7 and calculated as Δ[X/H]avg = (Δ[X/H]upper + Δ[X/H]lower)/2. The median Δ log(g) for main sequence stars is 0.12 dex, while for RGB stars the median gravity delta increases to 0.42 dex.
To derive the final uncertainty on the measurement, we combine the uncertainty from stellar parameter derivation as described above in quadrature with the uncertainties in the continuum fit and measurement of the line, both of which are provided by PySME when computing the [Mg/H] and [Si/H] measurements. The PySME errors provide an essential dependence on the S/N of the spectra, but are known to be overestimated (Wehrhahn et al. 2023). To resolve this we have rescaled our combined uncertainties for both [Mg/H] and [Si/H]. We divided the uncertainties by a factor defined as the ratio of the mean uncertainties for our stars with S/N between 100 and 200, and the mean uncertainty for APOGEE stars in the same S/N range with M_H < −2.3. Adding an extra 0.05 dex error representing systematic uncertainties to these rescaled errors in quadrature gives a mean error of ≈0.1 for the high-S/N stars, while preserving the S/N dependence and the star-to-star variance. Finally, we add the factor |[Si/Mg]|/3 to account for the uncertainty in the assumptions on [Mg/M] and [Si/M] described in Sect. 3.5.
3.7 Choice of the stellar parameters
For the results presented in this work, we have adopted the stellar parameters (e.g. TEFF and LOGG) for the program stars from the APOGEE database, despite the lack of calibrated metallicities. To evaluate the robustness of the use of these parameters, we have also tried using SAGA database stellar parameters where available. Deriving metallicities with our pipeline yielded a mean offset of Δ[M/H] = −0.02 dex with a standard deviation of 0.08 dex, with most stars being within one standard deviation of each other. These modest differences further support the use of the APOGEE parameters.
4 Results
4.1 Extending APOGEE metallicities to the extremely metal-poor regime
Out of the initial sample of 406 stars, our method converged to metallicities based on both [Mg/H] and [Si/H] or based on either of the two elements for 327 stars. Of these, 304 stars have an uncertainty on the final weighted metallicity below 0.3 dex. All results have been collected in Table A.1, with an explanation of each column in Table A.2. We note that for stars with estimated metallicities below [M/H] = −3.1 dex, the lines would become too shallow and the errors increase rapidly, leading us to conclude that the metallicities below this value are better treated as upper limits.
We validate our method making use of three groups of spectroscopic metallicities. Firstly, 29 stars in our sample for which high-resolution analysis exists in the SAGA database including at least temperature, gravity, and metallicity measurements. Secondly, we use the LAMOST DR10 reanalysis mentioned above, with 71 stars overlapping with our high-confidence sample. Finally we use the Ca II triplet based metallicities from Viswanathan et al. 2024; Matsuno et al. 2024 for 17 stars. Additionally, 134 stars have photometric metallicity estimates from the Pristine Gaia-synthetic catalogue (Martin et al. 2023, in our selection we follow the quality cuts suggested in this work and we note that the E(B-V) values for these stars do place them within the trusted photometric metallicity regime – the median E(B-V) value of this sample is 0.04 with only four outliers with 0.3 < E(B-V) < 0.43). Figure 3 shows histograms of the metallicity differences between our results and those of these external surveys, divided into spectroscopic values (SAGA, LAMOST, and data from Viswanathan et al. 2024; Matsuno et al. 2024), and photometric metallicities from Pristine. No significant bias is observed with metallicity and the standard deviations are in range with expectations. We note that we did additionally check the correlation of the difference in metallicity as function of metallicity, temperature, and surface gravity for SAGA overlapping stars (16 stars) using the Pearson correlation coefficient, and while there is weak trend with metallicity (p-value: −0.69), no systematic trends were found with temperature or surface gravity. We have also done direct comparisons of our [Mg/H] and [Si/H] measurements to the ones in SAGA, shown in Fig B.2. For the lower-confidence sample, only ten stars overlap with these reference catalogues. The agreement seems slightly worse, as perhaps expected, but also without any significant offsets (this is illustrated in Fig B.1).
With the high-confidence sample, we extend the lowest end of APOGEE’s metallicities to [M/H] = −3.1 dex. The resulting metallicity distribution function (MDF) is illustrated in the left panel of Fig. 4 as the number of stars in bins of 0.05 dex. Our sample has an average metallicity of [M/H] = −2.7 dex and nicely complements the distribution at the tail of APOGEE’s original MDF. We also note that there are no catastrophic outliers identified in our analysis, all stars in the high-confidence sample have [M/H] < −2.25 in our final spectroscopic analysis, and the stars in the lower-confidence sample all have [M/H] < −1.9.
	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Residual plot for estimated metallicities against photometric and spectroscopic metallicities, shown as a histogram. The means are shown as dashed lines, and given along with the standard deviations.



	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 The left panel is a histogram of the number of stars per bin (on a log scale) with stacked bars of the original truncated metal-poor tail of APOGEE with weighted metallicities from the high-confidence sample. The reported metallicities already include the quality cuts. On the right, the same clean sample with weighted metallicities is mapped onto the celestial sphere and superimposed on the APOGEE footprint. The location of the LMC and SMC, where there is a concentration of stars, has been marked.



4.2 Special samples
As already highlighted in Paper I, our sample contains some subsamples that are of special interest to the astronomical community. Due to its near-infrared wavelength range, APOGEE has a unique capability to look through dusty regions in the disc and bulge of the Milky Way. Due to the APOGEE targeting strategy, our sample of stars is bright, with mean G-magnitude of 14.4 mag, making them perfect targets for higher-resolution follow-up with relatively low exposure time. Additionally, in its targeting, it has deliberately included many known dwarf galaxies in its footprint, among which the Large and Small Magellanic Clouds (LMC and SMC, respectively). Paper I has already highlighted the stars that according to their positions and orbits belong to these structures. In this work, we validate their very metal-poor nature. Whenever a star is a member of any of these spatial or dynamically identified subsamples, this is highlighted in column Region in Table A.1.
An additional special subsample, highlighted in column EMP of Table A.1 consists of stars with metallicities from this work lower than [M/H] = −3, also called extremely metal-poor stars. As noted above, some of these have extremely high uncertainties. We visually inspected these spectra in detail, and found that most had relatively high S/N and did not present any anomalies that would lead us to rule them out as unfit spectra. We therefore believe that the inability of our pipeline to measure more precise abundances is likely due to their true extremely metal-poor nature and that these stars are very interesting targets for follow-up studies.
4.3 The ratio of Mg and Si
While we assume that [Mg/M] = [Si/M] in our assessment of overall metallicities, this does not necessarily hold for all stars, especially very metal-poor stars can be born in very different environments (e.g. Kobayashi et al. 2020a). As we measure both elements separately, we are in an excellent position to assess their abundance ratio in more detail. Because our [M/H] measurements are dependent on the assumed Mg and Si abundances, we will look at the evolution of [Si/Mg] as a function of [Mg/H].
For comparing [Si/Mg] ratios we have carefully selected stars from APOGEE DR17 and GALAH DR4 (Buder et al. 2025) with high S/N8, and stars from the SAGA database, excluding results from medium resolution (R ≤ 20 000) spectra. Due to anomalous [Si/Mg] ratios in globular clusters (GCs), we have used the membership probabilities from Vasiliev & Baumgardt (2021) to isolate GC stars. All stars with a probability >0.9 to belong to a globular cluster are removed from the following analysis and are further discussed in Sections 5 and 4.3.1. Dwarf galaxy stars have similarly been removed with membership probabilities from Battaglia et al. (2022), requiring their (recommended) probability >0.2.
The main difference between these comparison samples is which wavelength region is observed. While our work, and APOGEE, uses near-infrared spectra, GALAH and SAGA are both based on optical spectra. There are several factors that can cause offsets between results from the optical and the near-infrared. The lines used for the analysis will necessarily be different, with different excitation energies and different NLTE effects. As we use the same spectra as APOGEE with the same atomic data for both Mg and Si lines this should not cause any offsets, but could be a contributing factor to offsets from the optically derived abundances. The APOGEE abundances have a zeropoint offset applied to align the abundances of solar neighbourhood stars with solar values. The zeropoint offset for [Si/Mg] is −0.029 dex (Jönsson et al. 2020)9.
The comparisons are shown in Fig. 5. We note that our sample is located in a fairly unexplored region of this graph, with little overlap in [Mg/H] for APOGEE and GALAH, and significantly fewer stars in SAGA than at higher metallicities. Our sample thus provides new insights into this regime. In comparison to APOGEE, the mean [Si/Mg] of our sample is elevated by 0.033 dex. Correcting for the zeropoint offset in APOGEE would effectively eliminate the offset to our work, suggesting that our analysis does not introduce a significant bias compared to ASPCAP. In contrast to this, our results are slightly enhanced compared to the GALAH abundances, with a mean offset of 0.073 dex. Similar to APOGEE, GALAH applies a zeropoint offset to their abundances. For [Si/Mg] this offset is 0.061 dex (Buder et al. 2025), which could account for the offset we observe. While appearing significantly more scattered, the mean from SAGA is offset in the other direction by −0.060 dex. In light of these comparisons, it appears that our [Si/Mg] measurements are not significantly offset compared to optical values in this regime. The difference in offset between GALAH and SAGA could reflect the different methodologies of the samples, or the different selection functions. For direct comparison of our [Mg/H] and [Si/H] abundances with values from SAGA, see Appendix B.
	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 The three plots include the clean high-confidence sample, and all APOGEE, GALAH, and SAGA stars with [Mg/H] lower than −1. The APOGEE dataset has been filtered to exclude all stars from dwarf galaxies and GCs. The running mean shown for each dataset goes from the minimum to the maximum [Mg/H] with bins every 0.5 dex for the three surveys, and 0.2 dex for the high-confidence stars due to smaller sample size and spanning a smaller metallicity range.



	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 [Si/Mg] vs. [Mg/H] for the GC stars in our sample (shown in black), along with APOGEE abundances for the same GCs (shown with the same symbols as our measurements). The dotted lines indicate y=x lines for each cluster that match the cluster stars at high [Si/Mg] values.



4.3.1 Globular clusters
There are stars from three GCs present in our high-confidence sample: these are M 15, ω Cen and M 92. Figure 6 shows the distribution in [Si/Mg] versus [Mg/H]. We include in this figure stars that have a membership probability of at least 0.9 for any of these three clusters according to Vasiliev & Baumgardt (2021) from both our sample (black symbols) and the APOGEE catalogue (coloured symbols). We refer the reader to Fig C.1 in the Appendix for a compilation of other globular clusters (that have no stars from our dataset) in this abundance space in the APOGEE data.
Figure 6 clearly shows that [Si/Mg] is not a constant for stars within a globular cluster system and that this ratio might be enhanced up to ≈ 1 dex. Indeed, variations in the abundances of light elements for so called second population (2P) GC stars have been seen for several decades (see e.g. Kraft 1994). While the precise mechanism affecting the abundances of these stars is not clear, anti-correlations of C-N, Na-O and Mg-Al are commonly observed for 2P stars (see Milone & Marino 2022, and references within). A Mg-Si anti-correlation is rarer, but has been observed for some massive GCs. Even if Si is not enhanced, the depletion of Mg by the Mg-Al anti-correlation can make [Si/Mg] appear enhanced. We have therefore added diagonal lines to Fig. 6, any trend within a given globular cluster that is steeper than the line would thus indicate Si enhancement in addition to Mg depletion.
Of the three GCs we observe, ω Cen displays the largest amount of chemical inhomogeneity, as it is well known for (see e.g. Freeman & Rodgers 1975; Norris et al. 1996). The split between populations is clear, with a largely flat group around [Si/Mg] = 0 and a diagonal trend with decreasing [Si/Mg] as [Mg/H] increases (consistent with what we would expect for 2P). For the other GCs, only the diagonal trend is distinct, with a minor density increase around [Si/Mg] = 0. While the trend for ω Cen is notably shallower than the one-to-one line, the lines for both M 15 and M 92 seem steeper than a purely diagonal line, hinting that in these clusters there is Si enhancement on top of Mg depletion.
We subsequently focus our specific attention on the stars added to the APOGEE sample in this work. These stars are represented as black symbols in Fig. 6 (their symbol shape reflects the cluster with which they are associated) and we quantify their mean [Si/Mg] and its dispersion for stars per globular clusters in Table 2. For ω Cen all three stars in our sample belong to the first group of stars with a flat distribution, and show a mean close to zero with a small spread. For M 15 and M 92 we have stars spread over the whole range of the distribution, matching well the slope of the stars already analysed within APOGEE.
For more traditional methods of metallicity estimation, these GC stars could serve as a good validation sample. In our method there are two main issues making this difficult. The first one being Mg depletion in the 2 P, which will make these stars appear to be more metal-poor. If Si enhancement is present it will offset this to some degree, but Si enhancement is less common. The second major effect is our selection function. Both M 15 and M 92 have metallicities just above the threshold of −2.5 that our method aims to select. This means that most stars in these GCs should be analysable by APOGEE. Any star that ends up in our selection must be on the lower end of the metallicity distribution, or appear to be so by defects in the spectra reducing the strength of the lines. The remaining GC, ω Cen, is known for its large metallicity distribution and is therefore a poor choice for calibration no matter the method.
Table 2 
Means and standard deviations of [Si/Mg] as measured in this paper for the kinematically selected groups from Paper I, and likely dwarf galaxy and globular cluster stars.

4.3.2 Dwarf galaxies
To put the results for the dwarf galaxies into context, we will more closely examine the individual galaxies and compare them to literature values for other dwarf galaxies and to chemical evolution models for the Solar neighbourhood, Ultra Faint Dwarf (UFD) galaxies, and specialised models for Carina, Fornax, Sculptor and Sextans. The chemical evolution models we will use are the same as in Kobayashi et al. (2020b), but with a metal-dependent delay-time distribution function of sub-Ch mass SNe Ia. For the solar neighbourhood, the evolution of α elements against Fe is very similar to the model in Kobayashi et al. (2020b). As demonstrated in their Fig. 39, with any contribution from SNe Ia, the [Si/Mg] ratio becomes higher. Although they do not affect [Si/Mg], Wolf-Rayet stars are also included as in Kobayashi & Ferrara (2024). The star formation histories are determined from independent observations, such as the observed metallicity distribution functions of these dwarf spheroidal galaxies. The UFD model is constructed by a compilation of stars in various UFDs, and slower star formation results in the rise of [Si/Mg] at a lower metallicity. Standard, Kroupa IMF is adopted in all models.
We show the same [Si/Mg] versus [Mg/H] abundance space in Fig. 7 for stars belonging to several dwarf galaxies (by crossmatching with Battaglia et al. (2022), adopting the aforementioned probability cut of 0.2). We include stars from our work (black symbols) as well as dwarf galaxy stars from the SAGA database10. The galaxies are distributed amongst the panels for legibility. We furthermore show chemical evolution models for the Solar neighbourhood and a typical Ultra Faint Dwarf (UFD) galaxy in each panel, along with a specialised models for Carina, Fornax, Sculptor and Sextans. The median uncertainty for the stars in each panel is also shown.
The majority of the stars in Fig. 7 have [Si/Mg] ratios in the range −0.1 to 0.5, with our measurements aligning well with the SAGA data and generally following the behaviour expected by the models. A number of significant outliers with high [Si/Mg] can be seen for Carina, Horologium I and Sculptor, with [Si/Mg] > 1. Our highest measurement of [Si/Mg] ~ 0.8 for a star in Sextans, is significantly lower than these outliers, and is in line with the abundances of a Sextans star from the literature. Our lowest outlier with [Si/Mg] ~ −0.4 for a star in Bootes I, is amongst the lowest at this [Mg/H], and is significantly lower than the other star from Bootes I. A similar pattern can be seen for Bootes II, with large differences in [Si/Mg] for stars at similar [Mg/H].
Inclusion in Fig. 7 requires a measurement of both [Mg/H] and [Si/H]. As some of our stars only have one of the elements measured, they do not appear in the figure. One of the reasons for why an abundance could not be measured, is that the lines of that element were too weak to be detected above the noise level, possibly indicating a very low abundance. For this reason, it is possible that some of the most interesting outliers in this abundance space are not shown. For the dwarf galaxies, three stars are missing Si measurements, one each in Bootes I, Ursa Minor and Sextans. Six stars lack Mg measurements, one in Carina and five in Sextans. While follow-up observations would have to be made to confirm if they truly are outliers, the missing Si measurements from Bootes I and Ursa Minor align well with low [Si/Mg] stars found there, and likewise missing Mg measurements from Carina and Sextans align well with outliers found in SAGA and our measurements for these galaxies respectively.
The dwarf galaxies are also included in Table 2. Their mean [Si/Mg] and associated dispersions show differences, but quantitative comparisons are made difficult by low sample sizes and differences in overall metallicity. Most notably, both Ursa Minor and Sextans show significantly higher mean values.
	[image: Thumbnail: Fig. 7 Refer to the following caption and surrounding text.]	Fig. 7 [Si/Mg] for stars from our sample in various dwarf galaxies (as identified by the criteria of Battaglia et al. (2022); black symbols) supplemented with SAGA dwarf galaxy members according to the same criteria. Only measurements from high-resolution spectra are shown. Chemical evolution models for the Solar neighbourhood and a UFD are shown in all panels, with dedicated models for Carina, Fornax, Sculptor and Sextans shown in their respective panels.



	[image: Thumbnail: Fig. 8 Refer to the following caption and surrounding text.]	Fig. 8 Abundances for the high-confidence sample, plotted as [Mg/H] against [Si/Mg]. The sample is split according to the kinematic selection made in Paper I, and also into different dwarf galaxies according to Battaglia et al. (2022) and for the Magellanic Clouds, the selection made in Paper I. The median errors for the abundances are shown in the bottom left corner.



4.3.3 Galactic environments
To illustrate how the [Si/Mg] ratio changes for different regions of the Galaxy we show [Si/Mg] plotted against [Mg/H] in Fig. 8. The figure shows only stars from the high-confidence sample of RGB stars. The stars are split up according to the orbital categories introduced by Paper I. These are: halo (Zmax > 3.5 kpc, Apomean > 3.5 kpc), inner sample (RGC < 3.5 kpc, Apomean < 5 kpc), outer sample (RGC < 3.5 kpc, 5 < Apomean < 15 kpc), and confined stars (Zmax < 3.5 kpc, Apomean > 3.5). Additionally we show different symbols for stars likely belonging to (the outskirts of) the LMC and SMC (see for membership criteria Paper I) and the stars identified as belonging to dwarf galaxies by Battaglia et al. (2022) or globular clusters by Vasiliev & Baumgardt (2021).
The mean and standard deviation of the [Si/Mg] abundances and the number of stars associated with each of these kinematic selections are given in Table 2. Most notably, the mean of the SMC is offset one sigma above the general halo. The LMC is more similar to the halo, with a slightly larger dispersion. While the Inner sample is very similar to the Halo, the mean of the Outer sample is slightly higher but still within one sigma of the halo distribution. The confined sample is more similar to the inner sample, with no significant outliers.
Generally speaking, for the kinematically defined inner, outer and confined samples, the sample sizes are too small and the uncertainties are too large to provide very clear statistics. However, we note that the slightly elevated [Si/Mg] in the outer sample could be consistent with a higher degree of accreted stars from substructures where we see enhancement (GCs and dwarf galaxies, as shown in the previous subsections).
5 Discussion: Scenarios explaining the variation in [Si/Mg]
There are several mechanisms that can alter [Si/Mg]. In this section we will go over the most significant mechanisms and discuss where they could be signifiant for our measurements.
5.1 Globular cluster origin
For the stars in our sample that have been identified as members of GCs, the 2P light element anti-correlations offer a clear explanation to why some of them are enhanced in [Si/Mg]. For the stars with enhanced [Si/Mg] in the halo, or in dwarf galaxies, this opens up an intriguing scenario that some of them were born in a GC that has been stripped and phase-mixed. Such a hypothesis to explain these low-metallicity, high [Si/Mg] stars, is especially relevant in the present-day framework where more and more stellar streams of very low-metallicity clusters are discovered (e.g. Wan et al. 2020; Martin et al. 2022), indicating that (lower mass) cluster formation was more efficient in the early Universe than previously assumed. We have investigated whether we could confirm such an enrichment hypothesis for some of our halo stars by crossmatching our results with STREAMFINDER (Ibata et al. 2024), a catalogue of stellar stream candidates based on Gaia data. While two of our stars overlap, both match with the Orphan stream, that is not associated with a GC progenitor. Additionally, both these stars are not enhanced in [Si/Mg].
As mentioned above, it is possible that stars associated with dwarf galaxies are also enhanced by the GC 2P anti-correlation. As the [Si/Mg] enhancement does not require Si enhancement, merely Mg depletion, it is not limited to the rarer GCs with the Si-Mg anti-correlation. Additional exploration of other elements often found in anti-correlations in globular clusters (C, N, Na, O, and Al) would be helpful to further investigate this possibility by constraining Mg–Al, Si–Al, Ca–Al, and O–Mg correlations. If a sufficient number of enriched stars could be associated within a dwarf galaxy, the slope of their enhancement in the [Si/Mg] versus [Mg/H] space could potentially give information on the nature of that origin.
5.2 Supernovae la
As chemical enrichment proceeds more slowly in dwarf galaxies compared to the Milky Way, the knee in the [α/Fe] vs [Fe/H] distribution, indicating the onset of SNe Ia, will occur at lower metallicities (de Boer et al. 2014a; Lemasle et al. 2014). The majority of our stars have [Mg/H] lower than the threshold for SNe Ia contribution for their galaxies. As such, we do not expect enhancement in our measurements to be caused by SNe Ia. The SAGA stars shown in Fig. 7 cover a wider range of [Mg/H], and cross the knee for several of the dwarf galaxies, most significantly for Fornax (at [Mg/H] ~ −1.5 (Hendricks et al. 2014)) and Carina (at [Mg/H] ~ −2.1 (de Boer et al. 2014b)). As Si is produced significantly more in SNe Ia compared to Mg, an upward trend at higher [Mg/H] is expected (Kobayashi et al. 2020b). This could explain the dispersion in [Si/Mg] for Fornax at the highest metallicities.
5.3 Supernovae II
While SNe II are believed to be the source of most of the Mg and Si in the stars in our sample, there are differences in how much of each element is produced depending on the mass and explosion energies of the SNe. More massive stars are predicted to produce different fractions of Mg and Si compared to lower-mass stars, but the models can vary significantly in their quantitative predictions (Kobayashi et al. 2006; Heger & Woosley 2010). Additionally, not all of it is deposited in the ISM. Hypernovae, with a high explosion energy, release more of the Si compared to faint or fall-back supernovae (e.g. Heger & Woosley 2010), where the heavier Si is retained in the SNe remnant to a higher degree. The shape of the top of the IMF will therefore be important for the [Si/Mg] ratio. For smaller systems where only a few massive SNe are likely to have contributed to the earliest star formation, the sampling of the IMF could introduce anomalous abundances. Our outlier at low [Si/Mg] in Bootes I, would be consistent with the low hypernovae contribution deduced for the galaxy from the low [Ba/Fe] ratio. Low [Si/Mg] ratios may be caused by aspherical (jet-like) explosions (Nomoto et al. 2009). Similar to fallback SNe this mechanism can explain very low [Si/Mg] ratios. Conversely, the high [Si/Mg] outlier in Sextans aligns well with the enhanced [Sr/Ba] found in Sextans stars (Mashonkina et al. 2022), which could be connected to hypernovae (Izutani et al. 2009; Mashonkina et al. 2017). Another signature of hypernovae enrichment would be enhancement in Zn. In the SAGA database, five of the dwarf galaxy stars in our sample have Zn measurements11, but neither our Bootes I nor the Sextans outliers have it available. One of the stars do appear enhanced in [Zn/Fe], our second star in Bootes I ([Zn/Fe] = 0.4). We do not have a [Si/H] measurement for this star due to artifacts in the spectra close to the Si lines, but Si does not appear to be enhanced.
As the number of significant outliers in the dwarf galaxies is small, another plausible interpretation to the outliers is inhomogeneous mixing of SNe ejecta in the ISM. As SNe with different progenitor masses will produce different ratios of elements, and in a dwarf galaxy with a more limited number of progenitors, this could be a source of outliers. This has been suggested previously for [Ca/Mg] variations in Carina by Venn et al. (2012) based on simulations by Revaz & Jablonka (2012).
For the Magellanic Clouds, the evolution of α elements have been the topic of some attention in recent years (Bekki & Tsujimoto 2012; Nidever et al. 2020), but the specific ratio of [Si/Mg] is not considered as frequently. The analysis of APOGEE stars by Hasselquist et al. (2021) hints at a higher [Si/Fe] ratio for the SMC compared to the LMC at higher metallicities, but the results for the SMC also appear more scattered. Hasselquist et al. (2024) study the [Si/Mg] versus [Mg/H] space for the Magellanic Clouds with APOGEE data, but are constrained to the more metal-rich end ([Mg/H] > −2). Their APOGEE selection indicates a slightly elevated [Si/Mg] for dwarf galaxies as a group at [Mg/H] < −1, but the values for the individual dwarf galaxies are not shown. They also demonstrate with chemical evolution models how a top-light IMF without the most massive stars could increase the [Si/Mg] ratio (see Fig. 13 Hasselquist et al. 2024). Studies independent of APOGEE also find some level of [Si/Mg] enhancement in the Clouds, using young stars (Venn 1999), the interstellar medium (De Cia et al. 2024) and optical spectroscopy (Van der Swaelmen et al. 2013).
5.4 Pair-instability supernova
High [Si/Mg] ratios ([Si/Mg] > 0.5) have also been identified as a possible Pair-instability supernova (PISN) signature (Takahashi et al. 2018). However, additional abundances are required to confirm whether PISN as a likely progenitor. One of the elements that could be important for this is aluminium, which has strong lines in the H band and thus provides an alternative to sodium in the optical wavelength range (in the same vein, calcium can be used in the optical to trace silicon). The [Al/Mg] ratio expected for PISN descendants is very low ([Al/Mg]<−1), which makes it very unlikely to be measured from APOGEE spectra. We indeed verified that no Al line is detected for any of these spectra, and no meaningful upper limits could be derived either. If the stars observed with elevated [Si/Mg] would have a strong PISN contribution to their abundance pattern, we would furthermore expect: solar [O/Mg], extremely low nitrogen levels, abundance ratios of [C/Mg], [Na/Mg], and [Al/Mg] all approximately −1. Iron abundances can further constrain the progenitor mass and rotating PISN are predicted to differ from their non-rotating counterparts in their nitrogen yields: N levels become comparable to those of C and O. A very characteristic element for PISN is Zn, with extremely low yields from low-mass models and low [Zn/Fe] or [Zn/Mg] ratios ranging from −1 to significantly lower values. Of the five stars with Zn measurements in SAGA mentioned above, all have [Si/Mg] < 0.2 from our measurements and none are depleted in Zn, with [Zn/Fe] = 0.10 being the lowest value. We note that Sestito et al. (2023) carefully examined the possible contribution of PISN in Ursa Minor, one of the dwarf galaxies that shows a general higher [Si/Mg] trend, but concluded it was ruled out. The outlier star in Sextans does meet the [Si/Mg] > 0.5 criteria, but has no recorded measurements of other elements to verify a PISN signature.
6 Conclusions and future outlook
We have reanalysed a sample of 327 very metal-poor stars from the APOGEE spectrum database that had no calibrated metallicity estimates from the general pipeline. We demonstrated that it is possible to measure elemental abundances in the infrared for stars with a metallicity lower than −2.5 in the H band. While in the first paper of this series, Paper I, a method was designed to create a reliable sample of very metal-poor stars from APOGEE and investigate their orbits, in this work, we have designed a specialised pipeline for analysing the remaining available Mg and Si lines at these low abundances. We used these lines to measure Mg and Si abundances as well as a general metallicity for our sample, and we confirm their very metal-poor nature.
The [Si/Mg] ratios we derived highlight some intriguing differences between stars of different populations. The SMC stars have significantly higher [Si/Mg] than the halo, as is also the case for stars in Ursa Minor. Other interesting stars are highlighted among the highly likely members of various dwarf galaxies. As seen in the GCs, light element anti-correlations can be a method of achieving high [Si/Mg] enhancement, even with minimum Si enhancement. Their occurrence might also be related to the ratio of hypernovae (or even pair-instability supernovae) products that enriched these galaxies at an early stage. Our most interesting stars for testing these theories are found in Sextans (high [Si/Mg]) and Bootes I (low [Si/Mg]).
The ratio of [Si/Mg] alone is not sufficient to precisely constrain the origin of a star, and several scenarios have been explored for many cases in this work. Especially in stars exhibiting enhanced [Si/Mg], follow-up observations and a determination of more abundance ratios in the same stars are needed to correctly determine progenitor scenarios.
The analysis we presented might be very useful for future H-band spectroscopic surveys, such as the MOONS instrument that is soon to be deployed at the VLT (Cirasuolo et al. 2020). In addition, our analysis provides precise abundances for Si at metallicities lower than can be measured by most current optical surveys. This adds another important α-element to the abundance ratio analysis.

Data availability
Table A.1 is available at the CDS via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/707/A308.
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1 This notation is defined as [A/B] = log(NA/NB)* − log(NA/NB)⊙, with NA and NB being the number densities of elements A and B.


2 We use the S/N reported by APOGEE, which is calculated per pixel across the full wavelength range of APOGEE, including all pixels not affected by telluric absorption or sky lines (Nidever et al. 2015).


3 Near-Infrared Spectrograph, Multi-object Optical and Near-IR spectrograph, and ArmazoNes high Dispersion Echelle Spectrograph.


4 [M/H], or metallicity, is sometimes used interchangeably with [Fe/H]. In this paper we use [M/H] to represent the same quantity denoted as M_H by APOGEE, derived by full spectrum fitting.


5 Using data from Aoki et al. (2002); Honda et al. (2004); Sadakane et al. (2004); Aoki et al. (2005); Andrievsky et al. (2009); Kirby et al. (2009, 2010); Tafelmeyer et al. (2010); Zhang et al. (2011); Ren et al. (2012); Jacobson et al. (2015); Li et al. (2015); Norris et al. (2017); Sakari et al. (2018); Spite et al. (2018); Amarsi et al. (2019); Li et al. (2022).


6 For this reference dataset we removed all the stars with less than 70 S/N and less than three visits, and filtered by the following STARFLAGS and ASPCAPFLAGS: BAD_PIXELS, VERY_BRIGHT_NEIGHBOR, LOW_SNR, STAR_BAD, M_H_BAD, TEFF_WARN, and LOGG_WARN. We filtered these stars further by performing 5σ clippings on the macroscopic velocity.


7 Occasionally, adding or subtracting 200 K and adjusting gravity accordingly would take stars outside the utilised atmospheric grids, meaning it was not possible to calculate the error on either side. In such cases, we assume the effect to be symmetric.


8 For APOGEE we require S/N > 150. For GALAH we require S/N > 40 on all four CCDs, no flags on Mg and Si, and none of the 1, 4, 8, 9, 10 or 12 flags in sp_flag.


9 We cite the DR16 values as the offsets are not available for DR17.


10 Using data from Shetrone et al. (2001, 2003); Fulbright et al. (2004); Sadakane et al. (2004); Geisler et al. (2005); Koch et al. (2008); Cohen & Huang (2009); Letarte et al. (2010); Frebel et al. (2010); Tafelmeyer et al. (2010); Norris et al. (2010); Lemasle et al. (2012); Venn et al. (2012); Gilmore et al. (2013); Lemasle et al. (2014); Frebel et al. (2014); Fabrizio et al. (2015); Jablonka et al. (2015); Simon et al. (2015); Ural et al. (2015); Jacobson et al. (2015); Ji et al. (2016a,b); Norris et al. (2017); Kirby et al. (2017); Nagasawa et al. (2018); Ji & Frebel (2018); Chiti et al. (2018). We use the same cuts to exclude studies based on medium resolution spectra that were used for Fig. 5.


11 Using data from Venn et al. (2012); Gilmore et al. (2013); Sadakane et al. (2004); Cohen & Huang (2010); Skúladóttir et al. (2017).




Appendix A  Results table
The results of our spectroscopic analysis are presented in Table A.1 Details on the columns are shown in Table A.2. Measurements for both the high- and low-confidence samples are included, as well as the stars that have been removed by visual inspection.
Table A.1 
Extract of the full table of results to be made available electronically. Descriptions of the columns are presented in Table A.2.

Table A.2 
Definitions for the columns in Table A.1.


Appendix B  Additional comparison to literature abundances
While the lower-confidence sample has significantly fewer overlaps with metallicity measurements from the literature, there are some that can be shown. In Fig. B.1 we show a histogram of the differences between our metallicities and the literature metallicity values from Pristine and spectroscopic sources for the lower-confidence sample, analogous to Fig. 3. Due to the very low number statistics, it is difficult to make direct comparisons between the samples, especially as the Kiel diagram is not evenly sampled for the few stars we do have literature values for in the lower-confidence sample. As there are no catastrophic outliers, we can conclude that the lower-confidence sample can be used to find interesting stars, but with higher uncertainty.
As we mainly focus on the [Si/Mg] ratio in Sect. 4, we show a comparison between our [Mg/H] and [Si/H] measurements with those from SAGA in Fig. B.2, colour-coded by the [Fe/H] from SAGA. For both elements the mean offset is small (μMg = 0.04 and μSi = −0.02), indicating that there are no significant systematic offsets between our near-infrared abundances and the optical ones from SAGA. The standard deviations are of the same order of magnitude as the standard deviation observed for the metallicity (σMg = 0.16 and σSi = 0.26). The significantly lower value for σMg could be attributed to either a higher precision in our [Mg/H] values or to a lack of precision in SAGA [Si/H] values. As there are three Mg lines compared to the two Si lines, and the strongest Si line suffers from a blend with a hydrogen line, a higher precision for the [Mg/H] measurements would be expected. As for the SAGA [Si/H], Si is more difficult to measure from optical spectra, compared to Mg. However, as we exclude the results derived from medium resolution spectra, we judge it unlikely that the SAGA [Si/H] values are the main cause of the observed difference in σ.
	[image: Thumbnail: Fig. B.1 Refer to the following caption and surrounding text.]	Fig. B.1 Analogous figure to Fig. 3, but for the lower-confidence sample.



	[image: Thumbnail: Fig. B.2 Refer to the following caption and surrounding text.]	Fig. B.2 Direct comparisons of [Mg/H] (top panel) and [Si/H] (bottom panel) from this work and from the same SAGA sample used for Fig. 7, with results derived from medium resolution spectra removed. The colourbar shows [Fe/H] as compiled by SAGA.




Appendix C  [Si/Mg] in globular clusters from APOGEE
In Fig. 6 we show [Si/Mg] versus [Mg/H] for the three GCs with which we can associate some of our stars. For a wider view of how GCs behave in this chemical space we present the full crossmatch between APOGEE and the GC identifications from Vasiliev & Baumgardt (2021) in Fig. C.1. Similar to the Figure above, we have added lines corresponding to y=x to assist with spotting Si enhancement.
	[image: Thumbnail: Fig. C.1 Refer to the following caption and surrounding text.]	Fig. C.1 [Si/Mg] versus [Mg/H] for globular clusters identified by Vasiliev & Baumgardt (2021), following Fig. 6. As we do not have stars from the high-confidence sample in any of these clusters, the abundances shown are from APOGEE, using the same sample shown in Fig. 5.
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Wavelengths and log(gf) values for the lines we analysed in Section 3, along with their fine-structure components.
In the text

Table 2 
Means and standard deviations of [Si/Mg] as measured in this paper for the kinematically selected groups from Paper I, and likely dwarf galaxy and globular cluster stars.
In the text
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Extract of the full table of results to be made available electronically. Descriptions of the columns are presented in Table A.2.
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	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Flowchart of the pipeline, see Sect. 3.4 for details.
In the text



	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Example synthetic fits to some of the program spectra, the spectra are artificially offset to make all three visible. The spectra are chosen to represent the median S/N, and the upper and lower quantiles.
In the text



	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Residual plot for estimated metallicities against photometric and spectroscopic metallicities, shown as a histogram. The means are shown as dashed lines, and given along with the standard deviations.
In the text



	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 The left panel is a histogram of the number of stars per bin (on a log scale) with stacked bars of the original truncated metal-poor tail of APOGEE with weighted metallicities from the high-confidence sample. The reported metallicities already include the quality cuts. On the right, the same clean sample with weighted metallicities is mapped onto the celestial sphere and superimposed on the APOGEE footprint. The location of the LMC and SMC, where there is a concentration of stars, has been marked.
In the text



	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 The three plots include the clean high-confidence sample, and all APOGEE, GALAH, and SAGA stars with [Mg/H] lower than −1. The APOGEE dataset has been filtered to exclude all stars from dwarf galaxies and GCs. The running mean shown for each dataset goes from the minimum to the maximum [Mg/H] with bins every 0.5 dex for the three surveys, and 0.2 dex for the high-confidence stars due to smaller sample size and spanning a smaller metallicity range.
In the text



	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 [Si/Mg] vs. [Mg/H] for the GC stars in our sample (shown in black), along with APOGEE abundances for the same GCs (shown with the same symbols as our measurements). The dotted lines indicate y=x lines for each cluster that match the cluster stars at high [Si/Mg] values.
In the text



	[image: Thumbnail: Fig. 7 Refer to the following caption and surrounding text.]	Fig. 7 [Si/Mg] for stars from our sample in various dwarf galaxies (as identified by the criteria of Battaglia et al. (2022); black symbols) supplemented with SAGA dwarf galaxy members according to the same criteria. Only measurements from high-resolution spectra are shown. Chemical evolution models for the Solar neighbourhood and a UFD are shown in all panels, with dedicated models for Carina, Fornax, Sculptor and Sextans shown in their respective panels.
In the text



	[image: Thumbnail: Fig. 8 Refer to the following caption and surrounding text.]	Fig. 8 Abundances for the high-confidence sample, plotted as [Mg/H] against [Si/Mg]. The sample is split according to the kinematic selection made in Paper I, and also into different dwarf galaxies according to Battaglia et al. (2022) and for the Magellanic Clouds, the selection made in Paper I. The median errors for the abundances are shown in the bottom left corner.
In the text



	[image: Thumbnail: Fig. B.1 Refer to the following caption and surrounding text.]	Fig. B.1 Analogous figure to Fig. 3, but for the lower-confidence sample.
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	[image: Thumbnail: Fig. B.2 Refer to the following caption and surrounding text.]	Fig. B.2 Direct comparisons of [Mg/H] (top panel) and [Si/H] (bottom panel) from this work and from the same SAGA sample used for Fig. 7, with results derived from medium resolution spectra removed. The colourbar shows [Fe/H] as compiled by SAGA.
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	[image: Thumbnail: Fig. C.1 Refer to the following caption and surrounding text.]	Fig. C.1 [Si/Mg] versus [Mg/H] for globular clusters identified by Vasiliev & Baumgardt (2021), following Fig. 6. As we do not have stars from the high-confidence sample in any of these clusters, the abundances shown are from APOGEE, using the same sample shown in Fig. 5.
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        Example synthetic fits to some of the program spectra, the spectra are artificially offset to make all three visible. The spectra are chosen to represent the median S/N, and the upper and lower quantiles.

      

    

  
    
      Fig. 3 

      
        [image: Fig. 3 Refer to the following caption and surrounding text.]
      

      
        Residual plot for estimated metallicities against photometric and spectroscopic metallicities, shown as a histogram. The means are shown as dashed lines, and given along with the standard deviations.

      

    

  
    
      Fig. 4 

      
        [image: Fig. 4 Refer to the following caption and surrounding text.]
      

      
        The left panel is a histogram of the number of stars per bin (on a log scale) with stacked bars of the original truncated metal-poor tail of APOGEE with weighted metallicities from the high-confidence sample. The reported metallicities already include the quality cuts. On the right, the same clean sample with weighted metallicities is mapped onto the celestial sphere and superimposed on the APOGEE footprint. The location of the LMC and SMC, where there is a concentration of stars, has been marked.

      

    

  
    
      Fig. 5 

      
        [image: Fig. 5 Refer to the following caption and surrounding text.]
      

      
        The three plots include the clean high-confidence sample, and all APOGEE, GALAH, and SAGA stars with [Mg/H] lower than −1. The APOGEE dataset has been filtered to exclude all stars from dwarf galaxies and GCs. The running mean shown for each dataset goes from the minimum to the maximum [Mg/H] with bins every 0.5 dex for the three surveys, and 0.2 dex for the high-confidence stars due to smaller sample size and spanning a smaller metallicity range.

      

    

  
    
      Fig. 6 

      
        [image: Fig. 6 Refer to the following caption and surrounding text.]
      

      
        [Si/Mg] vs. [Mg/H] for the GC stars in our sample (shown in black), along with APOGEE abundances for the same GCs (shown with the same symbols as our measurements). The dotted lines indicate y=x lines for each cluster that match the cluster stars at high [Si/Mg] values.

      

    

  
    
      Table 2 

      Means and standard deviations of [Si/Mg] as measured in this paper for the kinematically selected groups from Paper I, and likely dwarf galaxy and globular cluster stars.

      
        


	Region
	μ
	σ
	N





	Halo
	0.02
	0.15
	159



	Inner
	0.01
	0.13
	13



	Outer
	0.09
	0.11
	11



	Confined
	0.04
	0.15
	21



	LMC
	0.04
	0.15
	9



	SMC
	0.19
	0.11
	8



	BootesI
	−0.42
	
	1



	Carina
	0.03
	
	1



	Draco
	0.18
	0.18
	3



	Sculptor
	−0.09
	0.23
	3



	Sextans
	0.23
	0.32
	6



	UrsaMinor
	0.21
	0.08
	9



	M 15
	0.15
	0.21
	16



	Omega Cen
	−0.02
	0.07
	3



	M 92
	0.21
	0.23
	2





      

    

  
    
      Fig. 7 

      
        [image: Fig. 7 Refer to the following caption and surrounding text.]
      

      
        [Si/Mg] for stars from our sample in various dwarf galaxies (as identified by the criteria of Battaglia et al. (2022); black symbols) supplemented with SAGA dwarf galaxy members according to the same criteria. Only measurements from high-resolution spectra are shown. Chemical evolution models for the Solar neighbourhood and a UFD are shown in all panels, with dedicated models for Carina, Fornax, Sculptor and Sextans shown in their respective panels.

      

    

  
    
      Fig. 8 

      
        [image: Fig. 8 Refer to the following caption and surrounding text.]
      

      
        Abundances for the high-confidence sample, plotted as [Mg/H] against [Si/Mg]. The sample is split according to the kinematic selection made in Paper I, and also into different dwarf galaxies according to Battaglia et al. (2022) and for the Magellanic Clouds, the selection made in Paper I. The median errors for the abundances are shown in the bottom left corner.

      

    

  
    
      Table A.1 

      Extract of the full table of results to be made available electronically. Descriptions of the columns are presented in Table A.2.

      
        


	source_id
	ra [deg]
	dec [deg]
	TEFF [K]
	LOGG [dex]
	Flag
	Sample
	S/N
	M_H [dex]
	M_H err [dex]
	Mg_H [dex]
	Si_H [dex]
	Lit. spec
	Region
	EMP





	1206440580982968704
	242.2381
	22.5140
	4900± 26
	1.8± 0.1
	3
	1
	94
	−2.6
	0.11
	[image: Mathematical equation: $\[-2.3_{-0.12}^{+0.10}\]$]
	[image: Mathematical equation: $\[-2.2_{-0.09}^{+0.05}\]$]
	
	H
	



	




	1095977904781400320
	115.2676
	67.1338
	5320± 39
	2.9± 0.1
	3
	1
	94
	−2.8
	0.12
	[image: Mathematical equation: $\[-2.3_{-0.16}^{+0.14}\]$]
	[image: Mathematical equation: $\[-2.4_{-0.10}^{+0.09}\]$]
	*
	H
	



	




	2608992211966631168
	338.2448
	−10.1329
	5124± 35
	2.6± 0.1
	3
	1
	94
	−2.6
	0.13
	[image: Mathematical equation: $\[-2.3_{-0.11}^{+0.10}\]$]
	[image: Mathematical equation: $\[-2.1_{-0.14}^{+0.12}\]$]
	
	H
	



	




	3650528932367561472
	221.3746
	−1.2552
	5087± 33
	2.5± 0.1
	3
	1
	93
	−2.4
	0.16
	[image: Mathematical equation: $\[-2.2_{-0.26}^{+0.22}\]$]
	[image: Mathematical equation: $\[-2.0_{-0.13}^{+0.11}\]$]
	
	H
	



	




	1645415547490608384
	228.3763
	67.1102
	4531± 20
	1.0± 0.1
	3
	1
	93
	−2.5
	0.23
	[image: Mathematical equation: $\[-2.2_{-0.24}^{+0.24}\]$]
	[image: Mathematical equation: $\[-2.0_{-0.24}^{+0.25}\]$]
	*
	UrsaMinor
	



	




	1770025090051944448
	323.3399
	12.7636
	5113± 38
	2.5± 0.1
	3
	1
	93
	−2.7
	0.14
	[image: Mathematical equation: $\[-2.2_{-0.18}^{+0.15}\]$]
	[image: Mathematical equation: $\[-2.4_{-0.12}^{+0.10}\]$]
	
	H
	



	




	1745949083942421504
	322.4083
	12.1995
	4836± 25
	1.8± 0.1
	3
	1
	92
	−2.6
	0.10
	[image: Mathematical equation: $\[-2.3_{-0.23}^{+0.19}\]$]
	[image: Mathematical equation: $\[-2.2_{-0.11}^{+0.09}\]$]
	
	M 15
	



	




	3887764470323417600
	153.1543
	13.7081
	4881± 26
	1.6± 0.1
	3
	1
	92
	−3.2
	0.13
	[image: Mathematical equation: $\[-2.7_{-0.23}^{+0.19}\]$]
	[image: Mathematical equation: $\[-2.8_{-0.15}^{+0.13}\]$]
	*
	H
	



	




	1398482862437904256
	240.5563
	46.0700
	5182± 38
	2.7± 0.1
	3
	1
	91
	−2.8
	0.12
	[image: Mathematical equation: $\[-2.3_{-0.17}^{+0.15}\]$]
	[image: Mathematical equation: $\[-2.4_{-0.11}^{+0.10}\]$]
	
	C
	



	




	4108901513082802304
	257.0177
	−26.8994
	4857± 26
	1.8± 0.1
	3
	1
	90
	−2.5
	0.10
	[image: Mathematical equation: $\[-2.0_{-0.14}^{+0.11}\]$]
	[image: Mathematical equation: $\[-2.1_{-0.09}^{+0.07}\]$]
	*
	I
	



	




	2613732481471351424
	329.9184
	−11.2870
	5094± 37
	2.5± 0.1
	3
	1
	90
	−2.9
	0.16
	[image: Mathematical equation: $\[-2.5_{-0.22}^{+0.18}\]$]
	[image: Mathematical equation: $\[-2.6_{-0.20}^{+0.18}\]$]
	
	H
	



	




	3829054779943345536
	153.4240
	−2.1901
	4529± 21
	0.8± 0.1
	3
	1
	90
	−2.8
	0.29
	[image: Mathematical equation: $\[-2.7_{-0.36}^{+0.30}\]$]
	[image: Mathematical equation: $\[-2.3_{-0.19}^{+0.18}\]$]
	*
	Sextans
	



	




	4112211184855035392
	256.0187
	−25.8176
	4775± 24
	1.5± 0.1
	3
	1
	89
	−2.7
	0.12
	[image: Mathematical equation: $\[-2.3_{-0.15}^{+0.09}\]$]
	[image: Mathematical equation: $\[-2.4_{-0.13}^{+0.09}\]$]
	*
	I
	



	




	1738839195076542592
	320.5891
	6.3290
	4903± 30
	1.8± 0.1
	3
	1
	89
	−2.6
	0.10
	[image: Mathematical equation: $\[-2.2_{-0.23}^{+0.19}\]$]
	[image: Mathematical equation: $\[-2.2_{-0.12}^{+0.09}\]$]
	
	H
	



	




	1096118607909233408
	118.1415
	67.1204
	5345± 53
	3.3± 0.1
	3
	1
	89
	−3.0
	0.19
	[image: Mathematical equation: $\[-2.6_{-0.27}^{+0.23}\]$]
	[image: Mathematical equation: $\[-2.6_{-0.27}^{+0.25}\]$]
	
	H
	



	




	5178632322954178560
	39.7226
	−6.5777
	4811± 25
	1.5± 0.1
	3
	1
	88
	−2.9
	0.16
	[image: Mathematical equation: $\[-2.5_{-0.26}^{+0.15}\]$]
	[image: Mathematical equation: $\[-2.4_{-0.21}^{+0.11}\]$]
	
	H
	



	




	1424320389257881856
	244.0036
	50.5439
	4867± 26
	1.8± 0.1
	3
	1
	88
	−2.5
	0.09
	[image: Mathematical equation: $\[-2.1_{-0.10}^{+0.08}\]$]
	[image: Mathematical equation: $\[-2.2_{-0.11}^{+0.08}\]$]
	*
	H
	



	




	4111995921113976320
	257.0354
	−25.7340
	4922± 28
	2.0± 0.1
	3
	1
	88
	−2.7
	0.17
	[image: Mathematical equation: $\[-2.4_{-0.25}^{+0.21}\]$]
	[image: Mathematical equation: $\[-2.2_{-0.16}^{+0.14}\]$]
	*
	C
	



	




	3951071364849361408
	180.7090
	19.0618
	4593± 21
	0.9± 0.1
	3
	1
	87
	−2.6
	0.13
	[image: Mathematical equation: $\[-2.2_{-0.17}^{+0.15}\]$]
	[image: Mathematical equation: $\[-2.1_{-0.18}^{+0.17}\]$]
	
	H
	



	




	3628485957613518080
	199.0081
	−6.8123
	4772± 25
	1.5± 0.1
	3
	1
	86
	−2.5
	0.13
	[image: Mathematical equation: $\[-2.1_{-0.13}^{+0.08}\]$]
	[image: Mathematical equation: $\[-2.2_{-0.18}^{+0.16}\]$]
	
	H
	



	




	1261551024344105600
	225.0830
	21.7677
	5300± 45
	2.9± 0.1
	3
	1
	86
	−3.1
	0.25
	[image: Mathematical equation: $\[-2.5_{-0.35}^{+0.29}\]$]
	[image: Mathematical equation: $\[-2.7_{-0.21}^{+0.19}\]$]
	
	H
	



	




	5972285340875232000
	258.2171
	−39.4903
	4921± 28
	1.9± 0.1
	3
	1
	86
	−2.6
	0.09
	[image: Mathematical equation: $\[-2.2_{-0.15}^{+0.13}\]$]
	[image: Mathematical equation: $\[-2.2_{-0.12}^{+0.10}\]$]
	
	
	



	




	131045813048526976
	36.3466
	28.9178
	4943± 31
	1.8± 0.1
	1
	1
	85
	−3.0
	0.17
	[image: Mathematical equation: $\[-2.6_{-0.13}^{+0.11}\]$]
	nan
	*
	H
	



	




	4703711675634898816
	10.5992
	−67.6494
	4532± 21
	0.7± 0.1
	3
	1
	84
	−2.5
	0.22
	[image: Mathematical equation: $\[-2.2_{-0.20}^{+0.17}\]$]
	[image: Mathematical equation: $\[-1.9_{-0.20}^{+0.19}\]$]
	
	SMC
	



	




	3608743053810741504
	198.4250
	−14.4735
	4924± 29
	1.7± 0.1
	3
	1
	84
	−2.9
	0.10
	[image: Mathematical equation: $\[-2.5_{-0.27}^{+0.22}\]$]
	[image: Mathematical equation: $\[-2.5_{-0.12}^{+0.10}\]$]
	*
	H
	



	




	6049700103459502464
	243.7338
	−24.5012
	4996± 30
	1.8± 0.1
	3
	1
	83
	−2.5
	0.11
	[image: Mathematical equation: $\[-2.0_{-0.16}^{+0.13}\]$]
	[image: Mathematical equation: $\[-2.1_{-0.13}^{+0.10}\]$]
	
	H
	



	




	3686374351462686336
	200.7340
	−1.3600
	4530± 21
	0.8± 0.1
	3
	1
	83
	−2.5
	0.14
	[image: Mathematical equation: $\[-2.1_{-0.17}^{+0.14}\]$]
	[image: Mathematical equation: $\[-2.1_{-0.21}^{+0.20}\]$]
	*
	H
	



	




	1433128989225211392
	259.4107
	58.0775
	4749± 27
	1.4± 0.1
	3
	1
	82
	−2.9
	0.19
	[image: Mathematical equation: $\[-2.8_{-0.62}^{+0.51}\]$]
	[image: Mathematical equation: $\[-2.5_{-0.09}^{+0.07}\]$]
	*
	Draco
	



	




	2478219120752687872
	21.0915
	−7.5586
	4987± 30
	1.9± 0.1
	3
	1
	81
	−3.3
	0.40
	[image: Mathematical equation: $\[-3.2_{-1.38}^{+1.15}\]$]
	[image: Mathematical equation: $\[-2.9_{-0.31}^{+0.28}\]$]
	
	H
	*



	




	1301924850798604288
	243.5225
	23.5025
	5616± 50
	2.4± 0.1
	3
	2
	80
	−2.7
	0.23
	[image: Mathematical equation: $\[-2.5_{-0.22}^{+0.18}\]$]
	[image: Mathematical equation: $\[-2.2_{-0.23}^{+0.18}\]$]
	
	
	



	




	4061570977806163712
	262.9129
	−26.8637
	4579± 22
	1.0± 0.1
	3
	1
	80
	−2.7
	0.18
	[image: Mathematical equation: $\[-2.4_{-0.30}^{+0.27}\]$]
	[image: Mathematical equation: $\[-2.3_{-0.15}^{+0.16}\]$]
	
	O
	



	




	1433158676039064192
	260.4925
	57.9345
	4530± 21
	1.0± 0.1
	3
	1
	78
	−2.7
	0.18
	[image: Mathematical equation: $\[-2.4_{-0.15}^{+0.18}\]$]
	[image: Mathematical equation: $\[-2.2_{-0.13}^{+0.17}\]$]
	*
	Draco
	



	




	4107573234311253376
	258.2238
	−29.1121
	5023± 32
	2.0± 0.1
	3
	1
	78
	−2.9
	0.20
	[image: Mathematical equation: $\[-2.6_{-0.25}^{+0.26}\]$]
	[image: Mathematical equation: $\[-2.4_{-0.16}^{+0.21}\]$]
	*
	C
	



	




	6327510957665689728
	221.5805
	−7.7394
	4902± 30
	2.0± 0.1
	3
	1
	78
	−2.7
	0.19
	[image: Mathematical equation: $\[-2.3_{-0.13}^{+0.11}\]$]
	[image: Mathematical equation: $\[-2.1_{-0.23}^{+0.21}\]$]
	
	O
	



	




	1645194511293583616
	229.3008
	66.7776
	4545± 23
	0.9± 0.1
	3
	1
	78
	−2.7
	0.19
	[image: Mathematical equation: $\[-2.3_{-0.15}^{+0.12}\]$]
	[image: Mathematical equation: $\[-2.1_{-0.25}^{+0.23}\]$]
	
	UrsaMinor
	



	




	3641322652789440256
	217.2128
	−6.2453
	5160± 28
	2.4± 0.1
	3
	1
	77
	−2.9
	0.15
	[image: Mathematical equation: $\[-2.4_{-0.13}^{+0.11}\]$]
	[image: Mathematical equation: $\[-2.6_{-0.12}^{+0.11}\]$]
	
	H
	



	




	4651129593635024384
	81.7586
	−73.3484
	4433± 20
	0.7± 0.1
	3
	1
	77
	−2.6
	0.24
	[image: Mathematical equation: $\[-2.3_{-0.36}^{+0.30}\]$]
	[image: Mathematical equation: $\[-2.2_{-0.28}^{+0.25}\]$]
	
	LMC
	



	




	4629265426946935040
	61.0086
	−74.2750
	4848± 27
	1.5± 0.1
	3
	1
	76
	−2.7
	0.14
	[image: Mathematical equation: $\[-2.3_{-0.23}^{+0.12}\]$]
	[image: Mathematical equation: $\[-2.3_{-0.24}^{+0.17}\]$]
	
	LMC
	



	




	2772003641237241600
	0.5039
	14.9268
	5158± 37
	2.1± 0.1
	3
	1
	76
	−2.6
	0.09
	[image: Mathematical equation: $\[-2.3_{-0.09}^{+0.08}\]$]
	[image: Mathematical equation: $\[-2.2_{-0.12}^{+0.10}\]$]
	
	H
	



	




	4032024523351835904
	176.8643
	35.4369
	5100± 42
	2.5± 0.1
	3
	1
	75
	−2.6
	0.10
	[image: Mathematical equation: $\[-2.3_{-0.15}^{+0.13}\]$]
	[image: Mathematical equation: $\[-2.2_{-0.09}^{+0.08}\]$]
	
	H
	





      

    

  
    
      Table A.2 

      Definitions for the columns in Table A.1.

      
        


	Column name
	details





	source_id
	Gaia DR3 Source ID



	RA
	Right accension in degrees, from APOGEE



	DEC
	Declination in degrees, from APOGEE



	TEFF
	Calibrated effective temperature, from APOGEE



	TEFF_ERR
	Uncertainty for the calibrated effective temperature, from APOGEE



	LOGG
	Calibrated surface gravity, from APOGEE



	LOGG_ERR
	Uncertainty for the calibrated surface gravity, from APOGEE



	
	Visual inspection flag: 0, unanalysable spectrum; 1, useable Mg;



	Flag
	2, useable Si; 3, useable Mg and Si



	Sample
	Confidence sample flag: 0, unanalysable spectrum; 1, high-confidence sample; 2, low confidence sample



	S/N
	Signal-to-noise ratio measured by APOGEE, per pixel



	M_H
	Weighted [M/H] as calculated in Sect. 3.4



	M_H_unc
	Weighted uncertainty for the weighted [M/H]



	Mg_H
	[Mg/H] as calculated in Sect. 3.4



	Mg_H_lower
	Lower uncertainty estimate for [Mg/H]



	Mg_H_upper
	Upper uncertainty estimate for [Mg/H]



	Si_H
	[Si/H] as calculated in Sect. 3.4



	Si_H_lower
	Lower uncertainty estimate for [Si/H]



	Si_H_upper
	Upper uncertainty estimate for [Si/H]



	Lit. spec
	Stars marked * have a spectroscopic metallicity from the literature sources used in Paper I,



	Viswanathan et al. 2024; Matsuno et al. 2024; Buder et al. 2025; Suda et al. 2008



	DESI Collaboration 2025; Arentsen et al. 2020; Aguado et al. 2016



	Aguado et al. 2019; Deng et al. 2012; Sneden et al. 2000; Fabrizio et al. 2012; Xue et al. 2014



	Tan et al. 2014; Walker et al. 2015; Spencer et al. 2018; Reichert et al. 2020; Dietz et al. 2020



	Limberg et al. 2021; Shank et al. 2022; Olivares Carvajal et al. 2022; Oh et al. 2023



	Region
	Region of the Local Group the star is assigned to in Paper I: H, halo; I, inner sample RGC < 3.5 kpc Apomean < 5 kpc;



	O, outer sample RGC < 3.5 kpc 5 kpc < Apomean < 15 kpc; C, confined sample zmax < 3.5 kpc Apomean > 3.5 kpc;



	LMC, Large Magellanic Cloud; SMC, Small Magellanic Cloud; other dwarf galaxies have their names written out



	EMP
	Extremely metal-poor star candidates





      

    

  
    
      Fig. B.1 

      
        [image: Fig. B.1 Refer to the following caption and surrounding text.]
      

      
        Analogous figure to Fig. 3, but for the lower-confidence sample.

      

    

  
    
      Fig. B.2 

      
        [image: Fig. B.2 Refer to the following caption and surrounding text.]
      

      
        Direct comparisons of [Mg/H] (top panel) and [Si/H] (bottom panel) from this work and from the same SAGA sample used for Fig. 7, with results derived from medium resolution spectra removed. The colourbar shows [Fe/H] as compiled by SAGA.

      

    

  
    
      Fig. C.1 

      
        [image: Fig. C.1 Refer to the following caption and surrounding text.]
      

      
        [Si/Mg] versus [Mg/H] for globular clusters identified by Vasiliev & Baumgardt (2021), following Fig. 6. As we do not have stars from the high-confidence sample in any of these clusters, the abundances shown are from APOGEE, using the same sample shown in Fig. 5.
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