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The elderly among the oldest: new evidence for extremely metal-poor RR Lyrae stars⋆
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Abstract

We performed a detailed spectroscopic analysis of three extremely metal-poor RR Lyrae stars, exploring uncharted territories at these low metallicities for this class of stars. Using high-resolution spectra acquired with HARPS-N at TNG, UVES at VLT, and PEPSI at LBT, and employing Non-Local Thermodynamic Equilibrium (NLTE) spectral synthesis calculations, we provide abundance measurements for Fe, Al, Mg, Ca, Ti, Mn, and Sr. Our findings indicate that the stars have metallicities of [Fe/H] = −3.40 ± 0.05, −3.28 ± 0.02, and −2.77 ± 0.05 for HD 331986, DO Hya, and BPS CS 30317-056, respectively. Additionally, we derived their kinematic and dynamical properties to gain insights into their origins. Interestingly, the kinematics of one star (HD 331986) is consistent with the Galactic disc, while the others exhibit Galactic halo kinematics, albeit with distinct chemical signatures. We compared the [Al/Fe] and [Mg/Mn] ratios of the current targets with recent literature estimates to determine whether these stars were either accreted or formed in situ, finding that the adopted chemical diagnostics are ineffective at low metallicities ([Fe/H] ≲ −1.5). Finally, the established horizontal branch evolutionary models, indicating that these stars arrive at hotter temperatures on the Zero-Age Horizontal Branch (ZAHB) and then transition into RR Lyrae stars as they evolve, fully support the existence of such low-metallicity RR Lyrae stars. As a consequence, we can anticipate detecting more of them when larger samples of spectra become available from upcoming extensive observational campaigns.
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⋆ Based on observations acquired at the Telescopio Nazionale Galileo under program A43DDT3, on a DDT program with PEPSI at LBT (2021-2022, PI Crestani) and on VLT ESO programs 69.C-0423(A) and 165.N-0276(A).



1. Introduction
Since the publication of the seminal paper by Baade (1958), RR Lyrae stars (RRLs) have become reliable indicators of ancient stellar populations (Layden et al. 1996; Sneden et al. 2017; Preston et al. 2019; Braga et al. 2021, and references therein). These stars are radial variables that pulsate in various modes: the fundamental mode (RRab), the first overtone mode (RRc), and both the fundamental and first overtone modes simultaneously (RRd). Their periods typically range from a few hours to just under a day. RRLs are low-mass horizontal-branch (HB) stars, with masses between ≈0.50 and 0.85 M⊙ (Marconi et al. 2015; Marsakov et al. 2019; Bobrick et al. 2024), which burn helium in their cores and hydrogen in a surrounding shell. Compared to similar stellar tracers, RRLs offer three key advantages. i) They are ubiquitous, meaning they have been identified in all stellar systems hosting old stellar populations. ii) They are accurate primary distance indicators and obey the well-defined Period-Luminosity (PL) relation for wavelengths longer than the R-band. iii) They can be easily identified due to the distinctive coupling between the shape of their light curves and the pulsation period. There are some classification difficulties for RRc variables that overlap with geometrical (binaries) and Delta Scuti variables. Still, pulsation observable (the ratio of luminosity amplitudes) can be adopted to improve their identification (Mullen et al. 2022). The main drawback is that they are several magnitudes fainter than Miras, Classical Cepheids, and type II Cepheids.
Baade was the first to observe differences in the light curves of RRLs between those located in the bulge and those in globular clusters and the halo. Even before obtaining spectroscopic measurements, he proposed that RRLs in the bulge were more metal-rich. This hypothesis was later confirmed by the pioneering spectroscopic studies conducted by Preston (1959, 1964), which demonstrated that many field RRLs were indeed metal-rich and exhibited disc kinematics. The kinematics were more typical of thick disc stars and it took over thirty years until another critical spectroscopic investigation by Layden (1995) identified, through the ΔS method1, metal-rich RRLs with thin disc kinematics. A few years earlier, Walker & Terndrup (1991) utilised the ΔS method to provide the first evidence of bulge RRLs approaching solar iron abundance. Subsequently, Wallerstein et al. (2011) employed the Ca II triplet and confirmed the existence of solar-metallicity RRLs.
Recent spectroscopic studies have shown that RRLs exhibit α-enhanced abundance patterns in metal-poor stars ([Fe/H]≤ − 1) and display a composition closer to the solar mixture in more metal-rich stars (For et al. 2011; Chadid et al. 2017; Sneden et al. 2017; Magurno et al. 2018). A similar conclusion was also reached by Marsakov et al. (2019, and references therein). Recent studies by Crestani et al. (2021b,a), D’Orazi et al. (2024) have contributed to this field by providing accurate abundances for several α elements, such as magnesium, calcium, and titanium. Using relatively large(r) samples, these investigations revealed that RRLs with iron abundances close to solar levels display sub-solar α-element abundances.
The results from these studies indicate that RRLs span over 2.5 dex in iron abundance and exhibit a wide range in α-element abundances. In this context, the low-end metallicity distribution is mainly represented by RRLs in Galactic globular clusters, particularly those in M68, M92, and M15, with iron abundances around −2.5 dex. Unexpected discoveries of extremely metal-poor (EMP, [Fe/H] ≲ −2.7) RRLs were made by Hansen et al. (2011), who identified two field RRLs with iron abundances of ≈−2.8, and by Crestani et al. (2021a), who determined that DO Hya also shares a similar iron abundance. Surprisingly, Matsunaga et al. (2022) discovered a field RRL with disc kinematics and an iron abundance possibly even more metal-poor than [Fe/H] ≈ −3. The lack of high-resolution optical spectra initially limited abundance analyses of these stars. This study aims to explore the lower limits of metallicity for field RRLs, a poorly explored region compared to our understanding of RR Lyrae in clusters. We determine detailed elemental abundances for these stars and, through dynamical and chemical analyses, investigate their origin and association with specific Galactic populations. This paper presents the first detailed spectroscopic analysis of EMP field RRLs, which exist in a metallicity range even lower than that typically found in globular clusters.
2. Spectroscopic analysis
Our observational efforts focused on the three currently known EMP RRLs field stars: HD 331986, DO Hya, and BPS CS 30317-056. We employed the HARPS-N at the Telescopio Nazionale Galileo (TNG, Roque de los Muchachos, Spain) spectroscopic data of HD 331986 (also known as Matsunaga’s star; Matsunaga et al. 2022) that exhibit a nominal resolution of R = 115 000 (Cosentino et al. 2014). This analysis focused on observations conducted near the pulsation phase ϕ = 0.87, which occurs at the onset of rising light2. At this stage, effective temperatures are still close to their minimum values within the pulsation cycle (Magurno et al. 2019), enabling us to enhance the detectability of spectral features. The selected spectrum, recorded on 24 July 2021, offers a spectral range from 3900 to 6900 Å and a signal-to-noise ratio (SNR) of 36 per pixel around 6000 Å. The Teff was determined using a Non-Local Thermodynamic Equilibrium (NLTE) approach for Hα line fitting, and the surface gravity was inferred through the ionisation equilibrium of iron absorption lines. Our analysis used the Python wrapper for TurboSpectrum 2020, TSFitPy (Gerber et al. 2023; Storm & Bergemann 2023), which enables the calculation of NLTE synthetic spectra in real-time and accounts for best-fit determinations against observed spectra using the Nelder-Mead algorithm (e.g. Storm & Bergemann 2023). The microturbulent velocity (Vmic) was determined by removing any evident trends between the Reduced Equivalent Width (REW) and the NLTE iron abundances derived from Fe I lines. All parameters and abundances reported in this study are based on NLTE calculations; our recent publication (D’Orazi et al. 2024) provides a comprehensive discussion of these methodologies and their implications. For completeness, we also reviewed additional spectra obtained with HARPS-N (three spectra at hotter phases of ϕ = 0.07, 0.431, 0.636) and PEPSI at the Large Binocular Telescope (Strassmeier et al. 2015), which consistently corroborated our metallicity estimates within an uncertainty margin of 0.1 dex.
To mitigate systematic errors and standardise the metallicity scale for the two most metal-deficient RRLs ever reported, we re-evaluated the spectrum of DO Hya, initially included by Crestani et al. (2021b); observational details regarding this spectrum are provided in the referenced study. Our elemental analysis extended beyond iron, encompassing determinations of abundances for aluminium (Al), magnesium (Mg), calcium (Ca), titanium (Ti), manganese (Mn), and strontium (Sr), with NLTE spectral fitting for all the species under scrutiny (see details provided in Table A.1). An example of the spectral synthesis technique for the Al I line at 3944 Å and the Sr II line at 4077 Å is shown in Figure 1. Unfortunately, we were unable to determine the carbon abundances for our sample stars. Nevertheless, our spectral analysis suggests that substantial enhancements in the [C/Fe] ratios (like those inferred in Carbon-Enhanced Metal-Poor stars – CEMP) are unlikely, as we establish upper limits of [C/Fe] ≲ 1. For completeness, we report that Matsunaga et al. (2022) established an upper limit of [C/H] ≤ −2.5, which aligns well with our estimate when using our metallicity value of [Fe/H] = −3.40. It is worth recalling that in their study they could only determine an upper limit on iron abundance of [Fe/H] ≤ −2.5. These findings indicate a distinct behaviour of our three EMP RRLs compared to the CEMP RRLs identified by Kennedy et al. (2014). Notably, they inferred [C/Fe] = +1.35 for WY Vir, which has a metallicity of [Fe/H] = −2.65.
	[image: thumbnail]	Fig. 1. Comparison of the observed (grey) and synthetic (green) spectra. For HD 331986 (upper panel), we present the upper limit synthesis, while for DO Hya (middle panel) and BPS CS 30317-056 (lower panel), we display the best-fit results along with a variation of ±0.2 dex (shaded areas).



In the Introduction, we referred to the work by Hansen et al. (2011), who identified two exceptionally metal-poor RRLs: BPS CS 30317-056 and BPS CS 22881-039. The re-evaluation focused on BPS CS 30317-056 and is discussed further in the subsequent sections. Our findings align with those initially reported, considering observational uncertainties. Conversely, we excluded BPS CS-22881-039 from our analysis due to its significantly broad spectral features. This broadening, likely due to high macroturbulence velocity, introduces large uncertainties in metallicity measurements, potentially exceeding 0.3 dex. This assessment aligns with findings from Crestani et al. (2021b), who, through analysis of two spectra at different phases, reported metallicity values of [Fe/H] = −2.33 and [Fe/H] = −2.66. In adherence to a conservative approach that prioritises the inclusion of only robust abundance data, we decided to omit BPS CS-22881-039 from our discussion.
3. Results and discussion
This paper presents the first comprehensive chemical and dynamical analysis of the three most metal-poor RRLs ever detected. Our study examines the stars’ origin (as detailed in the following Section 3.1) and compares observational data with theoretical evolutionary models to better understand their fundamental properties (see Section 3.2).
3.1. Chemodynamics of our EMP RR Lyrae stars
We have determined orbital parameters using the galpy code (Bovy 2015), adopting the McMillan (2017) Galactic potential. For these calculations, we adopted the Sun’s Galactocentric location as R⊙ = 8.122 kpc (GRAVITY Collaboration 2018) and z⊙ = 20.8 pc (Bennett & Bovy 2019), while as 3D components of the Sun’s velocity, we used (U⊙, V⊙, W⊙) = (12.9, 245.6, 7.78) km s−1 (Drimmel & Poggio 2018). The circularity of the orbits λz (see e.g. Massari et al. 2019), defined as the angular momentum along the z-axis (Jz) normalised by the angular momentum of a circular orbit with the same binding energy (E), was used to identify the characteristics of the orbits (for details see D’Orazi et al. 2024). Based on this classification, we found that one of the stars, HD 331986, is a disc star exhibiting kinematic properties indicative of a transition between the thin and thick disc stellar populations (see also Matsunaga et al. 2022). In contrast, the other two stars display dynamical properties characteristic of the halo (see Fig. D.1). Atmospheric parameters and abundances are listed in Table A.1. Note that vγ radial velocities are based on Gaia measurements. The vγ for HD 331986 is based on the fit of the radial velocity time series, while for the other two RRLs, it is the simple average of the radial velocity measurements (Clementini et al. 2023).
The EMP RRLs display a consistent pattern in their α-element abundances, with Mg, Ca, and Ti levels elevated to those characteristic of older stellar populations in our Galaxy. Notably, the [Ca/Fe] ratios are somewhat lower than the Mg and Ti values. This discrepancy arises because the only available Ca I line in our spectra is the 4226 Å line, which is known to provide significantly underestimated Ca abundances in giants with equivalent widths (EW) greater than 60 mÅ. This was initially highlighted by Mashonkina et al. (2007) and Spite et al. (2012) and was extensively discussed by Sitnova et al. (2019). The [Al/Fe] ratio is widely recognised as one of the most reliable indicators for distinguishing between accreted and in-situ components of our Galaxy (see e.g. Hawkins et al. 2015; Das et al. 2020; Horta et al. 2021, 2023). In our analysis, we found that the two metal-poor, halo-like RRLs exhibit [Al/Fe] ratios that are only slightly below the solar values. Notably, the presence of the Al I line at 3944 Å is detected in both stars, as shown in the middle and bottom panel in Figure 1 for DO Hya and BPS CS 30317-056, respectively. This finding contrasts sharply with the star HD 331986, for which we could only establish a conservative upper limit of [Al/Fe] < 0 (upper panel of Figure 1). To get further insights on the nature of our three EMP RRLs we compare our abundances for [Mg/Mn] vs. [Al/Fe], as done in the literature for the identification of special structures in the Galactic disc, such as the ancient proto-building block Loki by Sestito et al. (2024) or Icarus (Re Fiorentin et al. 2024). We also refer the reader to recent works by for example Bellazzini et al. (2024), Sestito et al. (2024), Nepal et al. (2024), and Zhang et al. (2024, and references therein).
Our analysis is based on optical spectroscopy with real-time NLTE spectral synthesis calculations. Therefore, a suitable choice of large-scale comparison sample would be the similarly observed/analysed GALAH survey (De Silva et al. 2015), Data Release 4 (DR4, Buder et al. 2024).
We selected giant stars with the following quality flags:

	
snr_px_ccd3 > 70 (SNR per pixel at 6500 Å > 70)



	
flag_sp = 0 (reliable spectroscopic analysis)



	
flag_X_fe = 0 for Fe, Mg, Mn, and Al (reliable abundances)


	
3500 K < Teff  < 5500 K



	
log g < 3.6




In the left-hand panel of Figure 2, we display the relative abundances of [Mg/Mn] vs. [Al/Fe] for all the selected stars from GALAH DR4, irrespective of their iron content ([Fe/H]), alongside our sample of EMP RRLs and the Loki stars introduced by Sestito et al. (2024). These Loki stars have not been adjusted to match the APOGEE scale, as done in the original paper. We have included dividing lines that help classify stars as either in situ or accreted, based on their [Al/Fe] and [Mg/Mn] abundance ratios, as proposed by for example Sestito et al. (2024), among the others. Most stars are situated within the low-α in situ stellar population (lower right-hand quadrant). However, there are notable concentrations in high-α in situ (upper right-hand quadrant) and low-α accreted regions (lower left-hand quadrant, but see discussion in Buder et al. 2024).
	[image: thumbnail]	Fig. 2. [Mg/Mn] ratios as a function of [Al/Fe] for our three RRLs (filled markers) along with literature estimates, including GALAH DR4 (Buder et al. 2024, density plots in this figure) and Loki (empty circles) by Sestito et al. (2024).



When we shift our focus to the right-hand panel of Figure 2, specifically examining stars with low metallicity ([Fe/H] ≲ −1.5), these stars predominantly transition to the accreted high-α region. This observation indicates that the use of aluminium-based diagnostics is quite effective at identifying stellar origins at intermediate metallicities ([Fe/H] ≳ −1.5). However, their diagnostic power seems to diminish at even lower metallicities, as also highlighted by Sestito et al. (2024). Thus, our findings suggest that chemical planes involving combinations of aluminium, magnesium, and manganese do not prove useful for distinguishing accreted structures when dealing with very low metallicities. Consequently, the origin of our observed stars remains enigmatic, as no alternative chemical abundance plane appears viable for differentiating between in situ and accreted stars at these low metallicities. This limitation presents significant challenges for employing chemical tagging techniques on very metal-poor stars, which are vital for understanding the initial phases of galaxy formation and evolution.
We were able to derive abundances for only one post-Fe peak element, strontium (Sr, Z = 38). In the Solar system, Sr nucleosynthesis is mainly attributed to the weak and main components of the slow (s) n-capture process (Karakas & Lattanzio 2014). However, at the metallicity of our stars, the r(apid)-process is very likely the dominant production source (see the recent review by Arcones & Thielemann 2023 and references therein). HD 331986 is characterised by low [Sr/Fe], in contrast to the solar abundance pattern shown by BPS CS 30317-056 and the even super-solar levels inferred in DO Hya. The evolution of n-capture elements (e.g. Sr and Ba) at low metallicity is a debated topic, especially considering the significant spread observed at metallicities ≲ − 2.5 dex (see the review by Cowan et al. 2021). This spread is illustrated in the lower panel of Figure 3, where our EMP RRLs are compared to the [Sr/Fe] ratios as a function of metallicity for stars from Roederer et al. (2014) and François et al. (2020).
	[image: thumbnail]	Fig. 3. Carbon and Sr as a function of [Fe/H]. Upper panel: C abundances for our three EMP RRLs (green points) as a function of [Fe/H]. For comparison, we include also stars from Jeong et al. (2023), François et al. (2020), Bonifacio et al. (2018), Caffau et al. (2011), Kennedy et al. (2014). All abundances are in LTE; the blue solid line marks [C/Fe] = +1, see e.g. Beers & Christlieb (2005). Lower panel: [Sr/Fe] ratios vs. [Fe/H] for our RRLs along with literature samples (Roederer et al. 2014; François et al. 2020, 2024; Lombardo et al. 2022). We provide NLTE abundances as done by François et al. (2024), while LTE values were given by Roederer et al. (2014), François et al. (2020), Lombardo et al. (2022).



In the upper panel, we compared our upper limits on carbon abundance with literature measurements. Despite the warm temperature and low metallicity of our stars hindering a robust derivation of carbon abundances via molecular features, we can exclude the possibility that these three stars are characterised by an overabundance in [C/Fe] ratios, as reported for very metal-poor carbon-enriched stars by several studies in the literature (see, e.g. Placco et al. 2014; Bonifacio et al. 2018; Arentsen et al. 2022). The three EMP RRLs align with most of the RRLs referenced by Kennedy et al. (2014), but two of their seven RRLs show a carbon overabundance.
3.2. Evolutionary timescales of EMP RR Lyrae stars
Our investigation reveals that, despite intrinsic differences in heavy element composition, EMPs are as common among RRLs as they are in the general field star population. Notably, evolutionary (Pietrinferni et al. 2021) and pulsation models (details are given in Appendix C) strongly support the existence of very metal-poor RRLs. The left panel of Fig. 4 illustrates a comparison between very metal-poor evolutionary models, which assume an α-enhanced chemical mixture with metal contents of Z = 1 × 10−5 and Z = 2 × 10−5, and the three EMP RRLs. To examine the positioning of the EMP RRLs, we plotted the zero-age horizontal branch (ZAHB, solid line) and the end of helium burning (dashed line). It is anticipated that low-mass, central helium-burning stars will spend the majority of their helium-burning phase between the ZAHB and the end-of-helium lines. Different symbols indicate the locations of two distinct stellar masses along the ZAHB and at the end of helium burning (as labelled). Furthermore, the blue and red vertical lines display the blue and red edges of the RRL instability strip (IS). Note that calculations provided by Marconi et al. (2015) did not include the very metal-poor regime (Z ≥ 10−4) and they were specifically computed for this investigation. Reddening, distances and mean magnitudes of the three EMP RRLs were adopted from different sources, depending on the star. For Figure 4 the optical mean magnitudes for HD 331986 are based on images collected with IAC80 telescope (see Appendix B), while NIR mean magnitudes are based on 2MASS measurements and light curve templates (Braga et al. 2019). The distance is based on Gaia DR3 parallax, according to Bailer-Jones et al. (2021). Moreover, we adopted a reddening estimate by Matsunaga (priv. comm.) and the reddening law by Wang & Chen (2019).
	[image: thumbnail]	Fig. 4. Left: optical B − I, V CMD showing the location of very metal-poor RRLs. The solid lines display predicted ZAHBs at different chemical compositions (see labelled values), while the dashed lines the central helium exhaustion for the same chemical compositions (Pietrinferni et al. 2021). Squares and triangles mark different stellar masses along the ZAHB and end-of-helium. The almost vertical lines display the blue (hot) and the red (cool) edge of the predicted RRL instability strip for Z = 1 × 10−5 specifically computed for this investigation (see text for more details). Right: same as the left, but for the optical-NIR (V − K, K) CMD.



For DO Hya and BPS CS 22881-039 the optical mean magnitudes come from ASAS-SN and Gaia GBpRp transformed using Pancino et al. (2022), while NIR magnitudes from 2MASS. The distance was estimated using the PL in the WISE W1 pass–band (Mullen et al. 2023), the reddening from Schlafly & Finkbeiner (2011) and the reddening law from Cardelli et al. (1989). The left panel of the same figure shows the comparison between theory and observations but in the optical-NIR V − K, K colour–magnitude diagrams (CMD). The V − K is more sensitive to temperature variations and the K is one order of magnitude less affected by uncertainties in reddening correction.
The data presented in Fig. 4 demonstrate a remarkable agreement between theoretical predictions and observations. The three EMP RRLs appear to behave as canonical HB stars during their evolution off the ZAHB, with the ZAHBs in this extremely metal-poor range reaching effective temperatures that are generally hotter than the RRL IS (see Appendix C for further details). The main finding from comparing the evolutionary lifetimes of EMP and metal-poor stars within the instability strip is that the difference is only a factor of two to three. This suggests that we should be able to detect more EMP RRLs as larger catalogues (see e.g. Medina et al. 2024) and samples of spectra become available, such as those from upcoming large-scale surveys such as 4MOST (de Jong 2019) and WEAVE (Jin et al. 2024).
4. Concluding remarks
This study presents a detailed spectroscopic analysis of three EMP RRLs, pushing the boundaries of known metallicity for this old stellar tracer. Our high-resolution spectroscopic NLTE analysis yielded abundances for key elements (Fe, Al, Mg, Ca, Ti, Mn, and Sr). Kinematic analysis revealed a diverse origin for these stars: HD 331986 exhibits disc kinematics, while DO Hya and BPS CS 30317-056 are consistent with halo populations, highlighting the ubiquity of such very metal-deficient variable stars across the Galactic components.
Interestingly, the commonly used [Al/Fe] and [Mg/Mn] ratios, effective in distinguishing accreted and in-situ stellar populations at higher metallicities, proved less effective for [Fe/H] ≲ −1.5. This challenges the current understanding of Galactic chemical evolution at the lowest metallicities and underscores the need for more sophisticated chemical tagging techniques. The observed [Sr/Fe] ratios display considerable variation amongst the three stars, suggesting a complex nucleosynthesis history and reinforcing the limitations of using single elemental ratios for tracing stellar origins. The results also highlight the need for further investigations into the production of r-process elements at extremely low metallicities.
Our theoretical models strongly support the existence of EMP RRLs; further observational studies are required to identify more EMP RRLs and refine our understanding of Galactic chemical evolution and stellar nucleosynthesis at extremely low metallicities.
5. Data availability
Appendices D–E are available on Zenodo.


1 This method exploits the strengths of Ca II H,K and hydrogen Balmer lines to estimate the metallicity (see e.g. Crestani et al. 2021a, and references therein).


2 Note that we adopted, as reference epoch, the time of the mean magnitude on the rising branch and not the typical time of maximum light (Inno et al. 2015; Braga et al. 2021).
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Appendix A:  Atmospheric parameters and abundances for our three EMP stars
In Table A.1 we provide atmospheric parameters and elemental abundances for the stars HD 331986, DO Hya, and BPS CS 30317-056. It includes Teff, logg, and Vmic, along with [Fe/H], [Al/Fe], [Mg/Fe], [Ca/Fe], [Ti/Fe], [Mn/Fe], and [Sr/Fe], all derived in NLTE. Additionally, the table contains data on RV, pulsation periods, and classification types of each star, indicating their variability class with HD 331986 categorised as type RRc, while DO Hya and BPS CS 30317-056 are classified as RRab.
Table A.1. 
Atmospheric parameters, abundances, radial velocity, pulsation period and class of HD 331986, DO Hya and BPS CS 30317-056. All abundances are in NLTE with model atoms retrieved from the following sources: iron (Bergemann et al. 2012b; Semenova et al. 2020), calcium (Mashonkina et al. 2017; Semenova et al. 2020), titanium (Bergemann 2011), manganese (Bergemann et al. 2019), aluminium (Ezzeddine et al. 2018), magnesium (Bergemann et al. 2017), and strontium come from (Bergemann et al. 2012a; Gerber et al. 2023). The line list is available upon request.


Appendix B:  Photometric properties
We performed optical photometry for HD 331986 using the IAC80 telescope located at the Teide Observatory in Tenerife (Spain). We used two different photometric systems (i.e. wide-band Johnson-Cousins UBVRI and mid-band Strömgren uvby) to constrain the phase of the spectroscopic observations and determine a first estimate of different stellar parameters from the pulsation properties. We obtained a total of 600 epochs for UBVRI and 100 epochs for Strömgren, observing mainly during the summer of 2021. We carried out data reduction, aperture photometry and calibration of the scientific frames using a Python custom-based pipeline, astrometry.net (Lang et al. 2010), SCAMP (Bertin 2006), SEXTRACTOR (Bertin & Arnouts 1996), and gnuastro (Akhlaghi 2018). We standardised the photometry using the same pipeline, aligning it with the Landolt system for the Johnson-Cousins filters (Stetson 2000) and the Hauck & Mermilliod system for the Strömgren filters (Hauck & Mermilliod 1998). The precision achieved in the photometry was between 0.01 and 0.03 magnitudes for the UBVRI passbands and between 0.02 and 0.10 magnitudes for the Strömgren passbands. This precision decreases toward the bluer filters due to the lower quantum efficiency of the CCD. The resulting light curve is presented in Figure B.1.
We acquired near-infrared photometry for HD331986 using the Nishiharima Infrared Camera (NIC) on the 2.0 m Nayuta telescope at the Nishi-Harima Astronomical Observatory. The observations were made at 14 epochs in 2021 November. Reduction of the images followed a standard procedure for near-infrared images, including dark subtraction and flat-field correction. The aperture photometry was made also with SExtractor (Bertin & Arnouts 1996) and the photometric zero points was determined by comparing the measurements of ∼20 stars in the 2′.73 × 2′.73 field-of-view with their JHKs magnitudes in the 2MASS catalogue (Skrutskie et al. 2006). Figure B.2 shows the light curves. The mean magnitudes were obtained with fitting light-curve templates (Braga et al. 2019).
For the reddening estimate, we used an extinction of AV = 0.85 mag, derived by Matsunaga et al. (2021). We adopted the reddening law from Schlafly & Finkbeiner (2011), obtaining the following corrections for each of the Strömgren passbands:
cu = 1.61
cb = 1.25
cv = 1.41
cy = 1.00
Strömgren photometry can be used to define several colour indices that are sensitive to different stellar parameters, that is, temperature, surface gravity, and metallicity. These indices are defined as follow:
(b-y), for temperature
c1 = (u-v)-(v-b), for surface gravity
m1 = (v-b)-(b-y), for metallicity
As so, we computed both c1 index and the reddening-sfree [c1] (defined as [c1] = c1 - 0.19 (b-y)) for every epoch, before and after applying the reddening correction, obtaining the following mean values:
c1 = 1.28±0.28
c1 with de-reddened magnitudes c1 = 1.25±0.28
[c1] = 1.20±0.28
[c1] with de-reddened magnitudes [c1] = 1.22±0.28
To study the relation among c1 index and surface gravity, we employed a set of synthetic CM diagrams covering a broad range in metallicities ([Fe/H] = −0.09, −3.62), obtained using the BaSTI horizontal branch evolutionary models (Hidalgo et al. 2018). The synthetic HB models were adopted to investigate on a quantitative basis the possible dependence of the c1-log g relation on the metal content for effective temperatures and surface gravities typical of RRLs. Figure B.3 shows the synthetic HB models for twelve different iron abundances and the red dots mark the predicted RRLs adopted to derive the c1-log g relation. We performed a linear fit over the entire data set, namely selecting stars located inside the RRL instability strip, i.e objects with an effective temperature ranging from ∼5600 K to ∼8000 K. Interestingly enough, we found no significant dependence on the iron abundance, as can be seen on the left panel of Figure B.4. This shows the linear fit for each metallicity diagram together with a plot with the dependency of the slope and intercept with the metallicity. Taking this into account, we joined together all the CMDs to obtain a single and simpler relation between the surface gravity and the c1/[c1] indices, the second one being a reddening free index, as noted previously in the text. This is valid in the selected range of temperatures and has a linear dependency as follows:
log g (cgs) = m c1 + n
m = 0.763±0.003
n = 2.131±0.002
log g (cgs) = m [c1] + n
m = 0.713±0.002
n = 2.208±0.002
As a final step, surface gravity was computed from this relation and the c1/[c1] index that arose from photometry at the same phase where the spectra were gathered. There is excellent agreement between our photometric and spectroscopic surface gravity log g (difference less than 0.1 dex).
	[image: thumbnail]	Fig. B.1. Light curves of HD 331986 in Strömgren ybvu filters. Magnitudes other than b are artificially shifted by the number indicated in the legend for the sake of a better representation in a single plot.



	[image: thumbnail]	Fig. B.2. Black, red and blue circles represent the J − ,H− and K− band data for HD 331986 collected with NIC at Nayuta Telescope in November 2021. Solid lines of the same colour represent the light curve templates by Braga et al. (2019), adopted to fit the empirical data.



	[image: thumbnail]	Fig. B.3. Hertzsprung Russell diagrams for the simulated HBs. Each panel shows a synthetic HB for different metal abundances (see labeled values). The dashed vertical lines display the blue (hot) and the red (cool) edge of the RRL instability strip.



Table B.1. 
Edges of the instability strip.

	[image: thumbnail]	Fig. B.4. Left - c1 coefficient as a function of surface gravity measured in cgs units. Each of the frames represents this relation for a different [Fe/H] in the range (-0.09, -3.62). Both the metallicity and the parameters of the fit are over-impressed in the bottom central area of each frame. Points are colour-coded according to the effective temperature of each star. Right - [c1] coefficient as a function of surface gravity. In this plot, all the metallicities have been joined together to compute a relation for the whole set of parameters at once, given that dependency with [Fe/H] is negligible, as seen in the left panel.




Appendix C:  Theoretical models
To provide a more comprehensive theoretical framework for low-mass central helium-burning stars, Figure C.1 shows in the Hertzsprung-Russell diagram predicted ZAHBs (black dashed lines), end-of-central-helium burning (purple dashed lines) and representative HB evolutionary models (solid lines) for a wide range of metal-poor and extremely metal-poor α-enhanced chemical compositions (see labelled values). Note that the current ZAHBs have been constructed by assuming a progenitor age of 13.5 Gyr at the tip of the red giant branch. The location on the ZAHB and on the end-of-helium burning of this progenitor mass are marked with filled circles.
The predicted instability strip for RRLs provided by Marconi et al. (2015) only covers the metal-poor regime ([Fe/H]∼−2.50, Z = 1×10−4). Therefore, we performed detailed calculations, using non-linear pulsation models, including a time-dependent treatment of the convective transport, for an α-enhanced chemical composition of [Fe/H]∼−3.62 (Z = 1×10−5). The new instability strip is plotted in the top left panel of Fig. C.1 and the edges are listed in Table C.1, alongside their optical and NIR magnitudes. The instability strip for [Fe/H]∼−3.20 (Z = 2×10−5) was linearly interpolated.
The current evolutionary and pulsation prescriptions indicate that for iron abundances more metal-poor [Fe/H]∼−2.20 (Z = 2×10−4), the ZAHBs (black dashed lines) based on old progenitors either do not cross or minimally cross the instability strip, that is the ZAHB attains colours that are systematically bluer (hotter) than the predicted RRL instability strip. The consequence is that in the very metal-poor and metal-poor regime ([Fe/H]≤−2.2) RRLs can only be produced by stars during their off-ZAHB evolution.
The consequence of the systematic shift toward higher effective temperatures in the extremely metal-poor regime is that these stars are expected to spend, on average, two to three times less time inside the IS compared to their metal-poor and metal-intermediate counterparts. Evolutionary prescriptions listed in Table C.2 indicate that given an increase in iron abundance of ∼1.5 dex, from [Fe/H]=−3.6 to [Fe/H]=−2.2, the evolutionary time spent inside the IS ranges from ∼25–30 Myr in the very metal-poor regime to ∼70 Myr in more metal-rich stars. Note that in these preliminary estimates we are assuming that the mass distribution inside the IS is linear over the entire range in effective temperatures covered by the IS. Moreover, we are also assuming that the star formation rate in moving from the very metal-poor stars to the more metal-rich ones is constant in time. Despite these assumptions, the statistics of EMP RRLs, which occur at a rate well below the 1%, align with the occurrence rate of stars with metallicity [Fe/H] ≲− 2.75 (see e.g. Andrae et al. (2023)) and there is no significant tension as we observe consistent numbers.
	[image: thumbnail]	Fig. C.1. Hertzsprung-Russell diagram for low-mass stars during central helium-burning phases. The different panels display predictions for different metal-poor and extremely metal-poor chemical compositions (see labelled values). The dashed lines show the ZAHB (black) and the end-of-central-helium burning (endHB, purple). Coloured lines are selected HB evolutionary models showing the typical RRL crossing of the IS. The green line shows the evolutionary path of a star close to the ZAHB while the orange line the evolutionary path of a low-mass evolved RRL. Masses that produced RRLs are highlighted in the legend. The almost vertical blue and red lines display the predicted RRL instability strip from Marconi et al. (2015) updated with extremely metal-poor pulsation models at Z = 0.00001.



Table C.1. 
Evolutionary time spent inside the instability strip for different chemical compositions.
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	[image: thumbnail]	Fig. 1. Comparison of the observed (grey) and synthetic (green) spectra. For HD 331986 (upper panel), we present the upper limit synthesis, while for DO Hya (middle panel) and BPS CS 30317-056 (lower panel), we display the best-fit results along with a variation of ±0.2 dex (shaded areas).
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	[image: thumbnail]	Fig. 2. [Mg/Mn] ratios as a function of [Al/Fe] for our three RRLs (filled markers) along with literature estimates, including GALAH DR4 (Buder et al. 2024, density plots in this figure) and Loki (empty circles) by Sestito et al. (2024).
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	[image: thumbnail]	Fig. 3. Carbon and Sr as a function of [Fe/H]. Upper panel: C abundances for our three EMP RRLs (green points) as a function of [Fe/H]. For comparison, we include also stars from Jeong et al. (2023), François et al. (2020), Bonifacio et al. (2018), Caffau et al. (2011), Kennedy et al. (2014). All abundances are in LTE; the blue solid line marks [C/Fe] = +1, see e.g. Beers & Christlieb (2005). Lower panel: [Sr/Fe] ratios vs. [Fe/H] for our RRLs along with literature samples (Roederer et al. 2014; François et al. 2020, 2024; Lombardo et al. 2022). We provide NLTE abundances as done by François et al. (2024), while LTE values were given by Roederer et al. (2014), François et al. (2020), Lombardo et al. (2022).
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	[image: thumbnail]	Fig. 4. Left: optical B − I, V CMD showing the location of very metal-poor RRLs. The solid lines display predicted ZAHBs at different chemical compositions (see labelled values), while the dashed lines the central helium exhaustion for the same chemical compositions (Pietrinferni et al. 2021). Squares and triangles mark different stellar masses along the ZAHB and end-of-helium. The almost vertical lines display the blue (hot) and the red (cool) edge of the predicted RRL instability strip for Z = 1 × 10−5 specifically computed for this investigation (see text for more details). Right: same as the left, but for the optical-NIR (V − K, K) CMD.
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	[image: thumbnail]	Fig. B.1. Light curves of HD 331986 in Strömgren ybvu filters. Magnitudes other than b are artificially shifted by the number indicated in the legend for the sake of a better representation in a single plot.
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	[image: thumbnail]	Fig. B.2. Black, red and blue circles represent the J − ,H− and K− band data for HD 331986 collected with NIC at Nayuta Telescope in November 2021. Solid lines of the same colour represent the light curve templates by Braga et al. (2019), adopted to fit the empirical data.
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	[image: thumbnail]	Fig. B.3. Hertzsprung Russell diagrams for the simulated HBs. Each panel shows a synthetic HB for different metal abundances (see labeled values). The dashed vertical lines display the blue (hot) and the red (cool) edge of the RRL instability strip.
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	[image: thumbnail]	Fig. B.4. Left - c1 coefficient as a function of surface gravity measured in cgs units. Each of the frames represents this relation for a different [Fe/H] in the range (-0.09, -3.62). Both the metallicity and the parameters of the fit are over-impressed in the bottom central area of each frame. Points are colour-coded according to the effective temperature of each star. Right - [c1] coefficient as a function of surface gravity. In this plot, all the metallicities have been joined together to compute a relation for the whole set of parameters at once, given that dependency with [Fe/H] is negligible, as seen in the left panel.
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	[image: thumbnail]	Fig. C.1. Hertzsprung-Russell diagram for low-mass stars during central helium-burning phases. The different panels display predictions for different metal-poor and extremely metal-poor chemical compositions (see labelled values). The dashed lines show the ZAHB (black) and the end-of-central-helium burning (endHB, purple). Coloured lines are selected HB evolutionary models showing the typical RRL crossing of the IS. The green line shows the evolutionary path of a star close to the ZAHB while the orange line the evolutionary path of a low-mass evolved RRL. Masses that produced RRLs are highlighted in the legend. The almost vertical blue and red lines display the predicted RRL instability strip from Marconi et al. (2015) updated with extremely metal-poor pulsation models at Z = 0.00001.
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      Fig. B.1. 
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        Light curves of HD 331986 in Strömgren ybvu filters. Magnitudes other than b are artificially shifted by the number indicated in the legend for the sake of a better representation in a single plot.

      

    

  
    
      Fig. B.3. 
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        Hertzsprung Russell diagrams for the simulated HBs. Each panel shows a synthetic HB for different metal abundances (see labeled values). The dashed vertical lines display the blue (hot) and the red (cool) edge of the RRL instability strip.
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