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Abstract

Context. Binary hot subdwarf B (sdB) stars are typically produced from low-mass red giant branch (RGB) stars that have lost almost all their envelopes through binary mass transfer while still fusing helium in their cores. Particularly, when a low-mass red giant enters stable Roche lobe overflow (RLOF) mass transfer near the tip of the RGB, a long-period sdB binary may be formed.

Aims. We aim to extend our previous volume-limited sample of 211 stars within 200 pc, a homogeneous sample of low-mass red giants, predicted progenitors of wide sdB binaries, to 500 pc and validate it. Additionally, our goal is to provide the distribution of stellar parameters for these stars.

Methods. We refined our original 500 pc sample by incorporating Gaia DR3 parallax values and interstellar extinction measurements. Next, we collected multi-epoch high-resolution spectra for 230 stars in the volume-limited sample using the CORALIE échelle spectrograph from 2019 to 2023. To confirm or discard binarity, we combined astrometric parameters from Gaia with the resulting radial velocity variations. We derived the distribution of stellar parameters using evolutionary models and employed the equivalent evolutionary phase to verify the evolutionary stage of the stars in our sample. Finally, we compared our stellar parameters with the literature.

Results. The derived stellar parameters confirmed that 82% of stars in our sample are indeed in the RGB phase, while 18% are red clump (RC) contaminants. This was expected due to the overlapping of RGB and RC stars in the colour-magnitude diagram. Additionally, 75% of the confirmed RGB stars have a high probability of being part of a binary system. Comparison with the literature shows good overall agreement with a scatter ≲15% in stellar parameters, while the masses show somewhat higher dispersion (∼20%).

Conclusions. We have obtained the most complete volume-limited sample of binary RGB star candidates within 500 pc. These systems are likely progenitors of hot subdwarfs and other classes of stripped helium stars.
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⋆ Based on observations collected with the CORALIE échelle spectrograph on the 1.2-m Euler Swiss telescope at La Silla observatory, European Southern Observatory (ESO) through the Chilean telescope time under program ID CN2019-58, CN2020B-77, CN2022A-82 and CN2023B-83.



1. Introduction
Hot subdwarf B (sdB) stars are core helium-burning (CHeB) stars located at the hot end of the horizontal branch (HB), the so-called extreme horizontal branch (EHB). They are characterized by surface temperatures in the range of 20 000 − 40 000 K and surface gravities between 5 ≲ log g ≲ 6 dex (cm/s2) (see Heber 2016 for a full review).
Unlike typical HB stars, sdBs have a very thin hydrogen-rich envelope (∼0.01 M⊙) which is insufficient to sustain H shell burning, suggesting that sdBs are remnant cores of red giant branch (RGB) stars that ignited He and lost most of their envelopes at the same time (Heber 2016).
Observational evidence shows that a significant fraction of sdBs are found in close binary systems (orbital period < 10 d) with WD or M dwarf companions (e.g. Maxted et al. 2001; Napiwotzki et al. 2004; Copperwheat et al. 2011; Stark & Wade 2003), as well as in long-orbital-period (> 250 d) binary systems with F, G or K type companions (e.g. Vos et al. 2012, 2013, 2017). Hence, binary evolution is considered the main formation mechanism for sdBs. Indeed, Pelisoli et al. (2020) argued that binary interaction is always required to form these systems.
Han et al. (2002, 2003) explored several formation channels for sdBs through binary interactions and their relative importance through binary population synthesis (BPS) studies. They identified three main formation channels that can explain the entire distribution of sdBs, namely common envelope (CE) evolution (Paczynski 1976), stable Roche lobe overflow (RLOF) evolution (Han et al. 2002), and double white dwarf merger (Webbink 1984), accounting for close, wide, and single sdBs, respectively. However, they predicted a period distribution of systems forming through the stable RLOF channel ranging from 10–500 days, while observation programs have discovered periods exceeding 1000 days (Barlow et al. 2012; Deca et al. 2012; Østensen & Van Winckel 2012; Vos et al. 2012, 2013, 2014, 2017).
Chen et al. (2013) revisited the models of Han et al. (2002) incorporating a more sophisticated treatment of angular momentum loss and atmospheric RLOF, showing that the final mass–orbital period relation increases with composition, resulting in models with periods up to 1100 days for solar composition and up to 1600 days when atmospheric RLOF is considered.
However, observations of long-period sdB systems also show high eccentricity, indicating a need for improvement in the models. Vos et al. (2015) proposed three eccentricity pumping mechanisms that could be responsible for the observed distribution. While two of these mechanisms (phase-dependent RLOF and interaction between a circumbinary disk and the binary) could potentially result in eccentric binaries, their models fail to reproduce the observed trend between period and eccentricity. Additionally, the orbit must be eccentric prior to mass transfer, with the proposed mechanisms enhancing this eccentricity.
Vos et al. (2019) discovered a correlation between the orbital period and the mass ratio (defined as MsdB/MMS) in observed wide sdB binaries, indicating lower mass ratios at longer orbital periods. They also identified a correlation between the initial mass ratio at the onset of RLOF and the core mass of the sdB progenitor using theoretical models. This correlation was used to test the stability of the RLOF, assuming that the companion has not accreted any material during the mass transfer phase. This assumption, supported by observational evidence (Vos et al. 2018), yielded the maximum initial companion mass and the lowest mass ratio of the binary at the onset of RLOF. They concluded that the initial mass ratio decreases with increasing core mass.
A significant step forward in understanding wide sdB systems was taken by Vos et al. (2020). Through a statistically significant BPS study using the Modules for Experiments in Stellar Astrophysics (MESA; Paxton et al. 2011) code, they achieved an excellent match with the observed period-mass ratio correlation without explicit parameter tuning. Furthermore, their study revealed a strong agreement with the observed period-metallicity correlation, highlighting the influence of the Milky Way’s metallicity history on the properties of post-mass transfer binaries. Additionally, they predicted several new correlations that connect the observed sdB binaries with their progenitors.
Based on the predictions made by Vos et al. (2020), an observational campaign to search for the progenitors of wide sdB + MS binaries was initiated by Uzundag et al. (2022, hereafter Paper I). Low-mass RGB stars were selected from Gaia DR2 using colour-magnitude cuts to exclude contaminants (e.g. stars with UV and IR excess) and quality criteria ensuring parallax and flux uncertainties below 10%. The low parallax uncertainty enabled reliable distance estimates (calculated as the inverse of parallax), allowing the identification of stars within a 500 pc volume. High-resolution spectroscopy was combined with Gaia eDR3 astrometric indicators to classify binary systems with orbital periods of 100–900 days.
The present study is the continuation of the work initiated in Paper I, where stars in the selected region were originally observed up to a distance of 200 pc. Our primary aim is to extend the observed sample up to a volume of 500 pc and validate the sample by providing a comprehensive analysis of the physical properties of the stars in the sample. The long-term goal of the project is to solve the orbital parameters of the selected low-mass RGB stars in order to confirm their binarity. Furthermore, having a volume-limited sample of binary low-mass RGB stars, which are possible progenitors of sdB systems, together with the recently published 500 pc sample of sdBs (Dawson et al. 2024) will allow to perform a direct comparison of both populations in the same volume. Combining observational results with simulations from theoretical BPS studies will further help to understand the physics of mass transfer in the stable RLOF case.
The paper is organized as follows. In Sect. 2, we describe the observations and data reduction process; we also explain the method used to compute radial velocities (RVs) and stellar parameters. In Sect. 3, we present our results and in Sect. 4, we discuss their implications. Finally, in Sect. 5, we summarize our results and give an outlook for the future.
2. Methods
In this section, we describe the current status of our observations and the data reduction process, followed by the methodology employed to compute RVs and stellar parameters.
2.1. Observations and data reduction
We have updated the selected targets outlined in Paper I by incorporating Gaia data release 3 (DR3; Gaia Collaboration 2023a) parallaxes and interstellar reddening. For the latter, we used the Combined19 3D dust maps, which combines the maps from Drimmel et al. (2003), Marshall et al. (2006), and Green et al. (2019), as implemented in the Python package mwdust1 (Bovy et al. 2016). Details of these computations are provided in Appendix A. Updating the new parallaxes from DR3 and applying interstellar reddening excluded about 10% of the stars in the original sample (Paper I).
Spectroscopic observations of the low-mass RGB candidates are ongoing using the CORALIE échelle spectrograph (Queloz et al. 2001) mounted at the Swiss 1.2-meter Leonhard Euler telescope at La Silla observatory in Chile. CORALIE has a resolving power of R ∼ 60 000, allowing for a long-term radial velocity precision up to 5 m s−1 (Ségransan et al. 2010). The spectrograph is fed by two fibres, one centred on the target and the other on a reference lamp for wavelength calibration, which can be either a Thorium-Argon (ThAr) lamp or a Fabry-Perot (FP) interferometer.
We extended the observations outlined in Paper I from 200 to 500 pc. Five observing runs have been conducted so far, gathering a total of 419 high-resolution spectra for 235 different stars (including 5 standard stars). A summary of the observing runs is provided in Table 1.
Table 1. 
Observing log of the spectroscopic data obtained for the low-mass red giant stars studied in this work.

We reduced the data using the customized CERES pipeline (Brahm et al. 2017), which performs all the extraction processes from basic bias, to order tracing, wavelength calibration, and computation of precise RVs using the cross-correlation function (CCF) technique (Griffin 1967).
2.2. Radial velocity measurements
CERES computes the CCF for each extracted order using one of three possible stellar masks (G2, K5, and M5) chosen by the user. We used the G2 mask for all our targets. The CCFs are then combined using a weighted sum based on the median S/N of each order.
The CCF reaches its minimum value close to the radial velocity of the observed star. The actual RV is computed by fitting a Gaussian to the CCF, and the resulting mean is taken to be the RV of the star.
The uncertainties are calculated using empirical scaling relations determined via Monte Carlo simulations that employ the mean S/N per resolution element close to the Mg triplet zone as priors. The scaling relations are combined with the dispersion of the Gaussian fit to the CCF, σccf, and the continuum S/N at 5130 Å, denoted as SN5130. The exact equation is (Brahm et al. 2017):
[image: thumbnail](1)
where a and b are the scaling parameters found with the Monte Carlo simulations. The RVs of all our targets are presented in Table C.1, where we included the date and S/N of each observation, as well as the category for each star. The category is based on the robust binary classification method proposed in Paper I where the renormalized unit weight error (RUWE) and astrometric excess noise (AEN), taken from Gaia eDR3 (Gaia Collaboration 2021), are combined with radial velocity variations (ΔRV) between different epochs to classify the targets as:

	
If at least two of the following conditions are fulfilled: RUWE ≥ 1.4, AEN ≥ 0.4, and Δ RV ≥ 0.1.



	
Only one of the three parameters exceeds the threshold.



	
None of the thresholds are exceeded.




Objects categorized as 1 or 2 have a high probability of belonging to binary systems.
2.3. Derivation of stellar parameters
We used SPECIES, a publicly available2 code mostly written in Python, to derive stellar parameters. The code retrieves photometric and astrometric data from several catalogues and uses parallaxes and proper motions to estimate the evolutionary state of stars (Collier Cameron et al. 2007). Giants are assigned an initial metallicity ([Fe/H]initial) of zero, while initial effective temperature (Teff, initial) is calculated using colour-temperature relations from Alonso et al. (1999). Initial surface gravity (logginitial) is set by Equation (1) from Soto & Jenkins (2018). These parameters, together with Fe I and Fe II line equivalent widths, form an initial atmospheric model that is then iteratively refined using the 2017 version of MOOG (Sneden et al. 2012) and ATLAS9 atmospheric models. (Castelli & Kurucz 2003). Macroturbulence (vmac) is derived from dos Santos et al. (2016), and rotational velocity (v sin i) is determined by fitting synthetic profiles to absorption lines.
For determining physical parameters such as mass, radius, age, luminosity, and evolutionary stage, SPECIES uses the isochrones3 package (Morton 2015). Based on the derived atmospheric parameters, isochrones generates stellar tracks using MESA Isochrones and Stellar Tracks (MIST; Choi et al. 2016) models and interpolates them using MultiNest4 (Feroz et al. 2009). A Bayesian approach is then employed to select the best model. Detailed descriptions of this computation process are provided in Soto & Jenkins (2018) and Soto et al. (2021).
One useful parameter output by SPECIES is the equivalent evolutionary phase (EEP). As mentioned in Dotter (2016), MIST interpolates among a set of stellar tracks to construct isochrones by identifying specific evolutionary stages through physical conditions. These stages are known as the ‘primary’ EEPs. The most relevant primary EEPs for this work are:

	
Terminal age main sequence (TAMS): When the central Hydrogen mass fraction (Xc) decreases to Xc = 10−12.



	
The tip of the RGB (RGBTip): point at which the stellar luminosity reaches a maximum (or Teff a minimum) after core H burning is complete but before core He burning has progressed significantly. Specifically, the central He mass fraction (Yc) must satisfy the relation Yc > Yc, TAMS − 0.01.



	
The zero-age core He burning (ZACHeB): Marks the onset of sustained core He burning, indicating the HB phase. It is identified as a minimum in the core temperature while Yc > Yc, RGBTip − 0.03.



	
Terminal age core He burning (TACHeB): When the central He mass fraction decreases to Yc = 10−4, marking the end of core He burning.




After the identification of these points, the segment between two adjacent primary EEPs is further divided into equally spaced ‘secondary’ EEPs according to a distance metric function.
Following Soto et al. (2021), we consider 454 < EEP < 631 to be the RGB phase and 631 ≤ EEP ≤ 707 to be the HB phase. SPECIES also infers the probability of a star to be either in the RGB or the HB phase using the EEPs. As an example, in Fig. 1, we show isochrones computed for the stars HD114430 and HD202470, including the metallicity and age used for each isochrone. We can see that HD202470 (magenta point in the figure) is in the early stages of the RGB phase, way before reaching the tip (point B). This is reflected in its EEP value, 494, which is just slightly above the value used to identify the TAMS (454). On the other hand, HD114430 (red point) has an EEP value of 661; therefore, this star has just recently passed the ZACHeB stage (point C), as can be noted in Fig. 1.
	[image: thumbnail]	Fig. 1. Isochrones calculated using SPECIES for the stars HD114430 (red point) and HD202470 (magenta point). The isochrone of HD202470 has been displaced by 10% to the left for clarity. The blue dots indicate the location of the TAMS (marked as A), RGBtip (B), ZACHeB (C), and TACHeB (D). The inset shows a zoom to the location of the stars, where it can be noted that HD202470 is still ascending the RGB phase while HD114430 has already passed the ZACHeB; this is reflected in their EEPs (494 and 661, respectively). The metallicity and age used to create each isochrone are shown in the figure. The size of the error bars is smaller than the size of the points.



3. Results
Five of the observed stars (29PSC, HD103433, HD177668, HD219470, and HD220096) suffered from errors in the fit when using SPECIES. A visual inspection of the spectra did not reveal any evident reason for the failure. While we do list their RVs computed using CERES, we decided to exclude them from further analysis. Additionally, 33 RGB binary systems with orbital periods between 100 d and 900 d were identified in Paper I by crossmatching the entire RGB sample with different surveys within a volume of 200 pc (Bluhm et al. 2016; Setiawan et al. 2004; Jones et al. 2011; Massarotti et al. 2008; Wittenmyer et al. 2016; Gaia Collaboration 2023b), seven of which are part of our observed sample. We extended this search to 500 pc and found 230 new potential binaries within our sample by cross-matching it with the non-single star (NSS) catalogue from Gaia DR35 (Gaia Collaboration 2023c). The NSS catalogue provides orbital solutions and classifications for spectroscopic binaries based on RV time-series. It includes single-lined spectroscopic binaries (SB1), circular solutions (SB1C), and systems exhibiting trends or stochastic behaviour. This catalogue, built using robust pipelines and extensive validation, represents the first Gaia release with orbital solutions derived from spectroscopic data. For a comprehensive description of the data processing and methodologies, refer to Gosset et al. (2025). We have already observed 57 matching stars. The full list is presented in Tables D.1 and D.2.
3.1. Results from CERES
Table C.1 listed the full 419 RV measurements for the 235 different stars, 131 of them having multi-epoch spectra. The first five listed stars are the RV standards observed in the different runs, followed by the seven known binaries found in Paper I. Subsequent stars are ordered first by category, which represents the probability of a star being part of a binary system, then by number of epochs, and finally by alphabetical order. Multiple epochs for the same star are ordered by date.
From stars in Table C.1, 112 are assigned category 1, 66 of which already have multiple epoch observations. From the remaining targets, 60 are categorized as category 2, 16 of which already have multi-epoch observations. The remaining 58 targets are assigned category 3.
3.2. Results from SPECIES
The distribution of stellar parameters calculated with SPECIES for the stars in our sample is shown in Fig. 2, where a total of 20 bins were used for each histogram, and listed in Table E.1. We measured the distribution of EEPs for stars in our sample (left panel of Fig. 3, where we used a bin width of 15) and distinguished between RGB and core He burning stars accordingly. The red histograms in Fig. 2 show the distributions of stellar parameters for the identified RGB stars in our sample, while the distributions for the complete sample are shown as the blue histograms. To confirm the validity of the EEPs, we constructed a Hertzsprung-Russell diagram (HRD) with the stellar parameters computed by SPECIES for stars in our sample and mapped the colour of each target to the value of its EEP (right panel of Fig. 3). We also use different symbols for RGB and CHeB stars in Fig. 3 (right panel). RGB stars are represented by circles, while CHeB stars are distinguished by squares and triangles. Squares denote stars with masses ∼1.0 M⊙, corresponding to low-mass Red Clump (RC) stars that ignited helium under degenerate conditions, known as primary RC stars (Girardi 2016). Triangles represent more massive RC stars (M∼2.0 M⊙), for which helium ignition occurred under non-degenerate conditions; these are referred to as secondary RC stars (Girardi 1999). As a comparison, a theoretical MS band from the zero-age main sequence (ZAMS) to the TAMS constructed using MESA is shown as the grey area in the right panel of Fig. 3. The band was constructed from a grid of models with solar composition and masses ranging from 1 M⊙ to 15 M⊙ in intervals of 1 M⊙.
	[image: thumbnail]	Fig. 2. Distribution of stellar parameters calculated using SPECIES for all stars in our sample. The RGB stage represented in red are stars with 454 < EEP < 631.



	[image: thumbnail]	Fig. 3. Left: Distribution of EEPs for the targets in our sample, 82% of the stars are on the RGB phase while the remaining 18% are core He burning stars. We did not find any MS stars in our sample. Right: HRD for stars in our sample constructed based on the Teff and L given by SPECIES and colour-coded by the EEPs. Circles represent RGB stars, while squares and triangles are used for primary and secondary RC stars, respectively (see the text for definitions and references). The temperature axis is logarithmic. A theoretical MS constructed with MESA from TAMS to ZAMS is shown as the grey area for comparison. Only a portion of the MS band is shown.



4. Discussion
4.1. Potential binaries
In total, 169 (∼75%) of the stars in the observed sample have a high probability of being part of a binary system (110 classified as 1 and 59 as 2), and 109 (∼48%) of these already have multi-epoch observations. Follow-up observations after having the final sample will focus primarily on these stars to construct RV curves, derive orbital parameters, and finally confirm binarity.
As mentioned in Sect. 3, we have found 230 new potential binaries within our sample by cross-matching it with the NSS catalogue from Gaia DR3 (see Tables D.1 and D.2). 119 of these objects are from the nss_acceleration_astro catalogue; hence, they do not have orbital parameters measured and are categorized as potential binaries due to having a non-linear proper motion which is compatible with an acceleration solution. We have already observed 39 of them. From the remaining 111 stars, 43 are from the nss_non_linear_spectro catalogue; therefore, they also lack orbital parameters. However, they are consistent with non-single-star orbital models for spectroscopic binaries, and we have already observed three of them. The remaining 68 objects are from the nss_two_body_orbit catalogue; these objects do have orbital parameter measurements, and we have observed 15 of them.
4.2. Identified red giants
Fig. 3 reveals that all stars in our sample are indeed beyond the MS. The HDR diagram in the right panel of the figure shows good agreement with the hypothesis that the observed targets are RGB stars. Since stars with EEP > 631 overlap with the identified RGB stars, they are most probably RC contaminants, which are expected given their characteristic colours and luminosity (Girardi 2016). We expect to find secondary RC stars within our observed sample, as they are less luminous than primary RC stars (Girardi 1999). In total, 184 (∼82%) are on the RGB, while the remaining 40 (∼18%) stars are RC contaminants, among which only 2% are primary RC stars and 16% are secondary RC stars, as expected.
Of the 184 identified RGB stars, 88 are categorized as 1, 50 as 2, and 46 as 3. In total, ∼75% of the identified RGB stars have a high probability of being part of a binary system. Once orbital parameters are determined, this sample will be useful as a prior for BPS studies aiming to test the stability of the mass transfer in the RLOF. Due to these results, we consider the selection criteria proposed in Paper I as valid to identify low-mass RGB stars in binary systems, which are possible progenitors of wide sdB stars.
4.3. Stellar parameters
Fig. 2 shows the distributions of stellar parameters for the stars in our sample. We will discuss in detail these results for the RGB sample (red histograms) and mention the differences with the complete sample (blue histograms) only when a deviation is significant.
The effective temperature distribution has a mean of 5000 K and a standard deviation of 177 K. However, it is not entirely symmetrical, showing a drop at about 5000 K, followed by a quick rise. This pattern suggests a bimodal distribution rather than a Gaussian, likely due to the presence of stars in the late sub-giant or early RGB stage, which still have a relatively high temperature.
In contrast, the log g distribution is more symmetrical, with a mean of 3.0 dex (cgs) and a standard deviation of 0.2 dex. However, there is a small asymmetry towards higher log g values, which is again consistent with the presence of sub-giant stars.
The metallicity distribution shows a pronounced peak at −0.07 dex. However, the overall distribution is quite symmetrical around 0.0, with the presence of a few metal-poor stars. This can be explained by the fact that RGB stars are systematically older than typical unevolved stars in the solar neighbourhood. Therefore, RGB stars in our sample reflect the lower metallicity the Galaxy had at the time of their formation.
The microturbulent velocity distribution is quite symmetric, concentrated around a mean of 1.16 km s−1, with a standard deviation of 0.16 km s−1, while the distribution of rotational velocity is clearly non-symmetric, with a mean of 4.48 km s−1 and a standard deviation of 0.88 km s−1. One star rotates at v sin i = 0 km s−1, which is only possible if the inclination is ∼0. However, this is an artefact from the code since the measurement error is also 0. Inspecting the star (BD+004462), we realized that the code could not fit the lines used to derive the rotational velocity. There is no obvious reason for this failure from the visual inspection, we will investigate it further in the future.
Macroturbulent velocity shows a symmetric distribution around a mean of 3.37 km s−1 with a standard deviation of 0.32 km s−1 and a small asymmetry towards higher values. Regarding luminosity, the distribution shows a mean of log L (L⊙) = 1.38 with a standard deviation of 0.19.
The radius distribution also seems to present a bimodality. For stars with a radius lower than ∼7.5 R⊙, the mean is 5.96 R⊙, and the standard deviation is 0.80 R⊙, while for stars with radii larger than ∼7.5 R⊙, the mean and standard deviation are 8.28 R⊙ and 0.48 R⊙. Notably, CHeB stars exhibit larger radii than RGB stars in the sample, which is expected given their higher luminosity and similar surface temperature. Observations of RC stars through interferometry and spectroscopy indicate that they can easily reach sizes up to 10 R⊙ (Gallenne et al. 2018).
The mass distribution also appears to be bimodal, with masses ≲2 M⊙ having a mean of 1.42 M⊙ and a standard deviation of 0.28 M⊙, while for masses ≳2 M⊙ the distribution has a mean of 2.38 M⊙ with a standard deviation of 0.19 M⊙. However, there is no physical reason to think that RGB stars should have two different populations at low and intermediate-mass. Furthermore, one has to be very careful when interpreting the mass distribution of stars in an evolving stage. It might be tempting to say that one expects to have many more low-mass stars due to the behaviour of the initial mass function. However, stellar main-sequence lifetimes, as well as the duration of the evolved phases, RGB and CHeB in our case, depend non-trivially on the initial mass. Therefore, the mass distribution of the RGB stars should not be proportional or depend in any obvious way on the initial mass function. Given that our sample is not yet complete, a deeper analysis of the mass distribution will have to wait until we compile the full 500 pc sample.
On the other hand, CHeB stars also exhibit a bimodality in the mass distribution. This bimodality arises from our selection criteria (see Eq. (1) to (4) in Paper I), which excluded most low-mass primary RC stars that ignited helium under degenerate conditions (Girardi 2016), except for a few with masses ∼1 M⊙, which are the faintest and reddest among this group. Conversely, the second and more pronounced peak originates from secondary RC stars, where helium ignition occurred under non-degenerate conditions (Girardi 1999). As expected, the peak of the mass distribution for CHeB stars lies between ∼2 and ∼2.3 M⊙, which is consistent with the expected distribution for secondary RC stars (Girardi 2016). For reference, the locations of the primary and secondary RC on the Gaia DR2 colour-magnitude diagram are shown in Fig. 10 of Gaia Collaboration (2018).
Concerning the age distribution, there is a significant presence of relatively young stars in the sample. However, very old stars are also present. This observation aligns with the range of masses. Moreover, the right panel of Fig. 4 confirms that the more massive stars are the younger and low-mass stars the older, as they should be. However, estimating the age of stars, particularly during the giant phases, is challenging and subject to significant uncertainties (Martig et al. 2015; Warfield et al. 2021; Valle et al. 2024). Therefore, while these results serve as a rough check for consistency, they cannot be interpreted as precise indicators of stellar age.
	[image: thumbnail]	Fig. 4. Left: Correlation between mass and surface gravity for stars in our sample. Two populations can be seen for the CHeB stars at around ∼1 and ∼2 M⊙, which is in accordance with the results of Girardi (2016). Right: Correlation between mass and age showing that high-mass stars are younger than low-mass stars, as expected.



An essential prediction made by Vos et al. (2020) is the correlation between mass and metallicity for progenitors of wide sdB binaries. They performed BPS analysis with MESA to model wide sdB binaries focusing on progenitors with initial masses of 0.7–2.0 M⊙ to ensure degenerative He ignition. Galactic chemical evolution is integrated, accounting for metallicity variations that influence RGB radii and orbital periods. Our results, as depicted in Fig. 5, align well with their predictions, showing that wide sdB progenitor masses increase with metallicity. For the comparison, we excluded targets with masses exceeding 2.0 M⊙, since Vos et al. (2020) limited their study to this mass value.
	[image: thumbnail]	Fig. 5. Correlation between metallicity and mass for sdB progenitors compared with the theoretical predictions from Vos et al. (2020). Filled blue circles are systems recognizable as composite sdB binary systems. Open grey circles are those where only one component is visible. Filled red squares are the SPECIES results for RGB stars in our sample with mass < 2 M⊙.



4.4. Comparison with the literature
We crossmatched our observed sample with existing spectroscopic surveys using TOPCAT (Taylor 2005). In total, we found 38 coincidences with the survey of surveys (Tsantaki et al. 2022). One of them comes from the Apache Point Observatory Galactic Evolution Experiment survey (APOGEE; Majewski et al. 2017), four are from the Large sky Area Multi-Object fiber Spectroscopic Telescope survey (LAMOST; Zhao et al. 2012), and 33 come from the RAdial Velocity Experiment survey (RAVE; Steinmetz et al. 2006). We have also found nine coincidences with the CORALIE radial-velocity search for companions around evolved stars (CASCADES; Ottoni et al. 2022), four with the catalogue of stellar rotational velocities (Glebocki & Gnacinski 2005), one with the catalogue for the ESPRESSO blind radial velocity exoplanet survey (Hojjatpanah et al. 2019), three with Soto et al. (2021), and four with Ghezzi et al. (2018). These catalogues provided us with the possibility of comparing atmospheric parameters as well as rotational velocities. The comparison results are shown in Fig. 6.
	[image: thumbnail]	Fig. 6. Comparison of stellar parameters obtained with SPECIES and different catalogues labelled as Literature. The solid blue line in each plot represents the one-to-one relation. The dashed grey lines in the lower panel show the 1-σ dispersion of the residuals.



Panels (a)–(c) in Fig. 6 show matches with APOGEE (red squares), LAMOST (green triangles), RAVE (purple circles), and CASCADES (cyan diamonds). Panel (d) includes matches with Ghezzi et al. (2018) (red squares), Glebocki & Gnacinski (2005) (green triangles), Hojjatpanah et al. (2019) (purple circle), and Soto et al. (2021) (cyan diamonds). The blue line in each panel represents the one-to-one relation. Residuals are computed as (XLiterature−XSPECIES)/XSPECIES, where X represents a stellar parameter and ‘Literature’ refers to the matched surveys, except for [Fe/H]. For [Fe/H], only the difference ([Fe/H]Literature – [Fe/H]SPECIES) is calculated as many values are near zero, making relative residuals unrealistically large. Grey dashed lines indicate the 1-σ dispersions in the residuals. Green triangles in panel (d) with coloured borders indicate the same stars. HD167768 (gold borders) and HD209154 (orange borders) have multiple measurements in Glebocki & Gnacinski (2005), derived using different techniques6, illustrating systematic differences in rotational velocity measurements even within the same survey.
From the comparison, parameters derived with SPECIES are generally consistent with measurements from the literature. While effective temperatures derived by SPECIES are slightly higher, as shown in Fig. 6, panel (a), the residuals remain within a 10% dispersion. Measurements of surface gravity and metallicity closely follow the one-to-one relation, as seen in panels (b) and (c). In contrast, rotational velocities show significant inconsistencies. This is expected, as the limited sample size prevents a robust statistical comparison. Also, the fact that there is a considerable dispersion even within the same survey together with the large errors on each measurement does not allow to draw significant conclusions from panel (d). Nevertheless, the figure highlights the challenges associated with accurately measuring rotational velocities.
Our measurements show remarkably good agreement with those from CASCADES, although the small sample size (nine matches) prevents robust conclusions from being drawn. This agreement remains an important validation, given that both studies used the same instrument (CORALIE) and followed a similar methodology to derive stellar parameters. The main difference is that SPECIES uses its own algorithm for measuring equivalent widths, while CASCADES used ARES (Sousa et al. 2007, 2015)7. Additionally, CASCADES derived luminosities, radii, and masses using evolutionary tracks from Pietrinferni et al. (2004), while SPECIES relies on MIST tracks. Since these additional parameters can only be compared with CASCADES and due to the limited number of matches, we exclude the comparisons from the main text; they are available in Appendix B.
Due to the limited statistics for almost all of the matches, statistical analyses were only possible with the RAVE sample. The median fractional residuals, along with the scatter of the measurements shown in Fig. 6, are –2.84 ± 2.23% for Teff, –2.78 ± 4% for logg, and 0.02 ± 0.09 for [Fe/H].
Apart from spectroscopy, asteroseismology is one of the most powerful tools to derive stellar parameters and probe stellar interiors. The technique is based on measuring stellar oscillations via Fourier analysis. Specifically, the frequency at maximum oscillation power, νmax, and large frequency separation, Δν, are measured from precise light curves obtained with space-based missions such as Kepler (Borucki et al. 2010), K2 (Howell et al. 2014) and the Transiting Exoplanet Survey Satellite (TESS, Ricker et al. 2015). Using these parameters, scaling relations can be used to measure absolute mass and radius (Ulrich 1986; Brown et al. 1991; Kjeldsen & Bedding 1995; Belkacem et al. 2011) for stars that exhibit oscillations similar to those observed in the Sun (solar-like oscillators), including RGB stars (see Aerts 2021 for a review).
Beck et al. (2024) cross-matched the NSS catalogue from Gaia DR3 with catalogues of confirmed solar-like oscillators in the MS and RGB phase from the Kepler mission and stars in the southern continuous viewing zone of TESS, finding a total of 954 new binary-system candidates hosting a solar-like oscillating RGB (909) or either a MS or a subgiant (45) star in the nss_two_body_orbit catalogue, and 937 binary candidates within the nss_non_linear_spectro and nss_acceleration_astro catalogues. They calculated masses and radii for the oscillating stars using asteroseismic scaling relations and solar values as a base reference. We found six matches with their work and our observed sample. However, for one star (CD-79305), they do not provide seismic measurements; hence, we cannot compare it with our results. The comparison with their work and results from SPECIES is listed in Table 2. Beck et al. (2024) obtained relatively higher temperatures in their work. This is reflected in the obtained masses and radii, which are also slightly higher than the ones obtained using SPECIES. However, all the masses and radii agree within their respective errors. Notice the big errors in the seismic measurements for the star CD-66436, this is a reflection of the high error in its Δν value, Δν = 12 ± 11 μHz.
Table 2. 
Comparison of SPECIES results (A) with results from Beck et al. (2024) (B).

Hon et al. (2021) detected 158 000 red giants using long-cadence (30 min) TESS data and measured their νmax using machine-learning techniques. They then derived stellar parameters from seismic scaling relations. Additionally, Gaia eDR3 parallaxes and mwdust were used to estimate distances and extinctions. Afterward, effective temperature, surface gravity, metallicity, and extinction values were interpolated from the MIST bolometric correction tables to obtain bolometric corrections (see Sect. 5.4 of Choi et al. 2016), which were applied to apparent magnitudes in order to calculate absolute magnitudes and luminosities. Colour-effective temperature relations were subsequently used to estimate effective temperatures. Finally, radii were determined using the Stefan-Boltzmann relation.
Zhou et al. (2024) computed νmax and Δν for 8651 solar-like oscillators using 2-minute cadence TESS light curves. They then derived stellar parameters from seismic scaling relations. In addition, they incorporated spectroscopic effective temperatures, surface gravities, and metallicities from Gaia DR3 RVS spectra, combining these with apparent magnitudes for spectral energy distribution (SED) fitting to derive extinction and bolometric fluxes. Using Gaia parallaxes, they determined luminosities, and with spectroscopic temperatures, they calculated radii.
We found 60 matched targets with the sample of Hon et al. (2021) and 27 with the one of Zhou et al. (2024), 20 targets are present in both works. Fig. 7 shows the comparison between our results and those from Hon et al. (2021) and Zhou et al. (2024). From the 60 matched targets with Hon et al. (2021), 52 have EEPs consistent with the RGB phase (empty symbols in Fig. 7) and the remaining 8 are CHeB stars (filled symbols in Fig. 7). In the case of Zhou et al. (2024), one of the matched targets was identified as a CHeB star. Fractional residuals for each parameter were computed again as (XLiterature − XSPECIES)/XSPECIES, where X represents a stellar parameter and ‘Literature’ refers to the studies by Hon et al. (2021) and Zhou et al. (2024). The distribution of the residuals was analysed for each parameter, and the results are summarized in Table 3. Parameters derived through asteroseismology are labelled as ‘seismic’. We distinguish radii derived from seismic scaling relations (Rseismic) from those obtained through photo-geometric methods (Rphot) which combine photometry and parallaxes - bolometric corrections and colour-effective temperature relations for Hon et al. (2021) and SED fitting for Zhou et al. (2024).
	[image: thumbnail]	Fig. 7. Comparison of stellar parameters from Hon et al. (2021), Zhou et al. (2024), and SPECIES. Open symbols represent objects with an EEP consistent with an RGB star, while filled symbols correspond to those with an EEP consistent with CHeB stars. The solid red line in the upper panels shows the one-to-one relation. ‘Literature’ refers to the studies by Hon et al. (2021) and Zhou et al. (2024), ‘seismic’ denotes parameters derived through asteroseismology in both studies. Radii are categorised into photo-geometric (from both studies) and seismic (from Zhou et al. 2024 only). The dashed grey lines in the lower panels show the 1-σ dispersion of the residuals.



Table 3. 
Comparison of SPECIES results with other works.

Panel (a) in Fig. 7 show that SPECIES gives larger values for Teff. This is also evident in Table 3 by the relatively large negative median fractional residual for this parameter. Systematic biases in Teff determination for RGB stars using different approaches is a known issue in the literature (Salaris et al. 2018; Hegedűs et al. 2023; Yu et al. 2023; Valle et al. 2024). This effect appears in panel (a) of Fig. 7, where the comparison between the spectroscopic Teff from SPECIES and the photometric values from Hon et al. (2021) shows larger dispersion. In contrast, the dispersion is smaller when comparing with the Teff from Zhou et al. (2024), which is also derived from spectroscopy. These systematics can bias the estimated mass and thus the age (Martig et al. 2015; Warfield et al. 2021). However, investigating this discrepancy further is out of the scope of this work, and according to Table 3, the scatter is < 5%. Hence, Teff calculated by SPECIES is in good agreement with the literature.
Panel (b) in Fig. 7 shows a comparison between the radii derived by SPECIES (using synthetic isochrones) and those obtained through photo-geometric methods. The figure shows good agreement, with a median fractional residual of 3.93% and a scatter of 11.76%. Dispersion increases for R ≳8 R⊙, although the sample size is too small to draw robust conclusions for this regime.
Additionally, panel (c) in Fig. 7 shows good agreement in luminosity, which is expected due to the strong correlation between radius and luminosity. Results from SPECIES have relatively lower errors. The median fractional residual is 1.88%, with a scatter of 6.37%. It is also notable that the apparent overestimation seen in values of Teff calculated by SPECIES is not as large for luminosity and photo-geometric radius. This may come from the method used by SPECIES to estimate parameters. While Teff and log g are derived from colours and spectral equivalent widths, luminosity, and other physical parameters, are determined by fitting a stellar model using isochrones. This could also explain why errors appear smaller for physical parameters compared to atmospheric ones.
Surface gravity, shown in Fig. 7, panel (d), is derived from seismic scaling relations for both Hon et al. (2021) and Zhou et al. (2024). There is again an apparent overestimation in the values from SPECIES. However, note that seismic surface gravities are significantly more precise than spectroscopic ones. With a median fractional residual of –3.41%, a scatter of 3.91%, and most residuals within one standard deviation, we can say that SPECIES surface gravities show good agreement with the literature.
Considering the seismic radius from Zhou et al. (2024), compared to those derived with SPECIES in Fig. 7 panel (e), the median fractional residual is 6.57%, with a scatter of 14.86%. The comparison between seismic and photo-geometric radii with SPECIES appears similar, though photo-geometric values show better agreement. However, uncertainties in the seismic radii are larger than those in the photo-geometric radii, as shown in panels (b) and (e) of Fig. 7.
For mass, panel (f) in Fig. 7 shows good agreement at the low mass end. However, for M ≳ 1.25 M⊙, there is a notable discrepancy between the seismic masses and our results, with SPECIES systematically overestimating the mass. Mass discrepancy is a known issue in RGB stars (Salaris et al. 2018; Valle et al. 2024), as well as in intermediate and high-mass stars (Herrero et al. 1992; Weidner & Vink 2010; Tkachenko et al. 2020). As we mentioned, a bias in effective temperature can lead to a bias in the mass, and since we obtained overall higher effective temperatures using SPECIES in comparison to Hon et al. (2021) and Zhou et al. (2024), this could lead to the apparent overestimation in mass. These discrepancies can be used to test and calibrate the evolutionary models currently used to model RGB stars, since, for example, mixing, enhancement of α elements, and boundary conditions have a huge impact on constraining stellar parameters during the RGB phase (Salaris et al. 2018; Martig et al. 2015; Valle et al. 2024). Moreover, mixing also plays a crucial role in the formation of sdBs (Arancibia-Rojas et al. 2024). Therefore, we plan to investigate these discrepancies further with more data and refined models to have more robust constraints on the physics of sdB formation.
The median fractional residual for mass is –11.27%, with a scatter of 18.44%, larger than for other stellar parameters, and can reach up to 21.10% when we compare our results only with those from Zhou et al. (2024). However, it is not clear if the discrepancy comes from SPECIES overestimating the mass or the asteroseismic relations underestimating it since both approaches depend at a certain level on assumptions in the underlying physics of the model. The better approach to calibrate mass measurements would be using eclipsing binaries, for which the dynamic mass is measured using Kepler’s third law and is, therefore, model-independent. There have been recent efforts to find and study eclipsing binaries with RGB components (e.g. Rowan et al. 2025). Unfortunately, comparisons of dynamic masses with seismic or evolutionary ones are not yet available for the RGB phase. Therefore, we cannot calibrate our measurements. However, most residuals in Fig. 7f are within one standard deviation, indicating overall good agreement.
In general, our estimates align well with Hon et al. (2021) and Zhou et al. (2024). Even though the dispersion in mass is higher, the overall results are still within one standard deviation. Therefore, we conclude that the results from SPECIES are valid.
5. Conclusions
We continued the spectroscopic observations of potential progenitors of wide sdB binaries initiated in Paper I, including parallax measurements from Gaia DR3 and interstellar reddening. We extended the observed volume-limited sample from 200 to 500 pc. We collected, reduced, and analysed 415 high-resolution CORALIE spectra of 230 low-mass RGB binary candidates using the CERES (Brahm et al. 2017) and SPECIES (Soto & Jenkins 2018; Soto et al. 2021) pipelines. The main results from this work are:

	
Updating the parallaxes from Gaia DR2 to DR3 and including reddening measurements further cleaned the original sample outlined in Paper I by about ∼10%.



	
Stellar parameters for five of the 230 stars analysed here could not be calculated due to errors with SPECIES. Therefore, we provided their RVs calculated by CERES and excluded them from the subsequent analysis. We will investigate these stars and the potential reason for the errors in a future work.



	
From the remaining 225 stars, 168 are categorized as high-priority potential binary system members and 57 as low-priority binary system members, based on the classification method described in Paper I.



	
Approximately 82% of stars in our sample are RGB stars, while the remaining 18% are on the CHeB phase. These CHeB stars are comprised of old low-mass primary RC stars that ignited helium degenerately (2%) and younger, more massive secondary RC stars that ignited helium under non-degenerate conditions (16%).



	
75% of the identified RGB stars have a high probability of being part of a binary system, validating our sample.



	
We confirmed the theoretical prediction of Vos et al. (2020) regarding the correlation between sdB progenitor mass and metallicity.



	
Comparison with the literature shows good overall agreement. The matches with available spectroscopic surveys show a quite low scatter in the residuals (≲10% in general) except for rotational velocities. However, it is not possible to draw a robust conclusion for this last parameter due to the poor number statistics and large individual errors. From asteroseismic results, scatter in the residuals is ≲15%, except for mass, which showed a scatter of ∼20%. Similar discrepancies are also present in other works (Herrero et al. 1992; Martig et al. 2015; Salaris et al. 2018; Tkachenko et al. 2020; Hegedűs et al. 2023; Valle et al. 2024).




Future work will focus on completing multi-epoch observations for all stars in the 500 pc volume-limited sample and confirming binary systems through RV curve analysis. This, in combination with BPS studies, will help constrain the physics of mass transfer in the stable RLOF case. Additionally, our results can be used in investigating the observed discrepancies between different estimation methods, shedding light on poorly understood processes in the red giant phase for low-mass stars.

[bookmark: S15]Data availability
Tables C.1, D.1, D.2 and E.1 are available at the CDS via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/697/A98.


1 https://github.com/jobovy/mwdust


2 https://github.com/msotov/SPECIES/wiki


3 https://github.com/timothydmorton/isochrones


4 https://github.com/JohannesBuchner/PyMultiNest


5 https://cdsarc.cds.unistra.fr/viz-bin/cat/I/357


6 Descriptions of these techniques can be found in the CDS catalogue III/244


7 SPECIES also used ARES in its first version; the custom EW algorithm was introduced in the second version, which is used in this work.


8 https://gea.esac.esa.int/archive/documentation/GDR2/Data_analysis/chap_cu8par/sec_cu8par_process/ssec_cu8par_process_priamextinction.html
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Appendix A:  Including exctintion and DR3 parallaxes
Paper I used Gaia DR2 photometric and astrometric data combined with synthetic colours from MIST models to define a region in the Gaia colour-magnitude diagram containing RGB+MS candidate progenitors of long-period sdB+MS systems. This region included 2777 stars, 1932 of which lie in the southern hemisphere (declination ≤20°). Following the release of Gaia DR3, which provides improved parallax and interstellar extinction coefficients, we refined the sample using updated measurements. As extinction coefficients are unavailable for all stars, we employed the mwdust Python package (Bovy et al. 2016) to derive E(B − V) using the Combined19 3D dust maps, which combines the maps from Drimmel et al. (2003), Marshall et al. (2006), and Green et al. (2019) to cover the full sky. We compute AG = 2.35E(B − V) (Soto et al. 2021) and E(BP − RP) = (1/2)AG following Gaia’s documentation8.
Originally, all the 2777 stars in the sample fulfilled the quality criteria outlined in Lindegren et al. (2018), namely, parallax_over_error > 10, phot_g_mean_flux_over_error > 10, phot_bp_mean_flux_over_error > 10 and phot_rp_mean_flux_over_error > 10, ensuring astrometric and photometric errors less than 10%. Using the updated DR3 measurements, we realised that three stars no longer fulfil these criteria. Hence, we excluded them, reducing the sample size to 2774. The three stars are located in the northern hemisphere and are not part of our observing sample.
A second issue related to the updated parallaxes is the distance. The low errors allow us to calculate the distance as the inverse of parallax and propagate the error accordingly. However, with the updated parallaxes, some stars are beyond the 500 pc limit. This is shown in Fig. A.1, where most targets are within 500 pc, considering their errors (blue dots). However, 47 stars (∼2%) exceed the 500 pc limit (orange dots). Given that only two of these (CD-662575 and HD181405) have been observed already, we included them in this analysis. However, they will not be included when the final complete observed sample is compared with the BPS study.
	[image: thumbnail]	Fig. A.1. Updated distances using DR3 parallaxes. The red dashed vertical line represents the 500 pc limit. Blue dots indicate targets with distances consistent with 500 pc within their errors. Orange dots indicate those beyond 500 pc, and purple squares mark observed targets beyond the limit. Error bars are not visible for some dots as they are smaller than the dot size.



Fig. A.2 is an update of Fig. 1 from Paper I using DR3 parallaxes and applying the interstellar reddening. The original parameter space from Paper I (eq. (1)-(4)) is defined by the yellow shaded area: the lower cut excludes MS stars, the side cuts exclude UV and IR excess objects, and the upper cut avoids RC stars. To validate the upper cut, we over-plotted the RC parameter space defined in the (Gabs,Teff) plane in Khan et al. (2023), converting Teff to BP-RP using the colour-Teff relations from Mucciarelli et al. (2021). For the sky distribution (lower panel in Fig. A.2), we used the Mollweide projection in Galactic coordinates instead of the Aitoff projection in equatorial coordinates from Paper I, better illustrating that the Galactic plane is mostly uncovered.
	[image: thumbnail]	Fig. A.2. Upper panel: Updated Gaia colour-magnitude distribution for the 2777 stars selected in Paper I using DR3 parallaxes and extinction coefficients. Green dots represent the original complete sample, while pink squares represent the stars observed by now. The yellow shaded box is defined in Paper I (eq. (1)-(4)), and the sky-blue dashed rectangle is the RC parameter space from Khan et al. (2023). Lower panel: Sky distribution (Mollweide projection) in Galactic coordinates. The colours are the same as in the upper plot.



With updated measurements, 264 of the 2727 stars now fall outside the original parameter space defined in Paper I (Fig. A.2, upper panel), representing < 10% of the sample. Out of the stars that have been observed by now, 54 of 228 (∼24%) lie outside the original parameter space. Since observations began before the release of DR3 (see Table 1), this was unavoidable. Some of the stars lie within the RC parameter space from Khan et al. (2023) and are most likely the expected RC contaminants.
In this way, the original 2777 sample (from Paper I) has been further cleaned to 2463 stars.

Appendix B:  Comparison with CASCADES
Fig. B.1 shows the comparison of stellar parameters derived by SPECIES and CASCADES that are not part of Fig. 6.
We can see a remarkable agreement in the parameters shown in Fig. B.1. Although the comparison suffers due to the poor number of matches, one can recognize that all the parameters agree well within the 1-σ dispersion. As we already mentioned in sec. 4, this agreement is expected due to the similarities in the methodologies to derive the parameters. However, it is still interesting to remark on the relatively low dispersion in the derived logL, mass, and radius, with some scatter that can be due to the different evolutionary tracks employed in both cases.
	[image: thumbnail]	Fig. B.1. Comparison of stellar parameters obtained with SPECIES and CASCADES. The dashed grey lines in the lower panel show the 1−σ dispersion of the residuals.




Appendix C:  Radial velocity measurements
Table C.1. 
Radial velocity measurements for all stars that are presented in this work.


Appendix D:  New potential binaries
Table D.1. 
Potential new low-mass RGB+MS binary systems found in the Gaia DR3 NSS catalogue with measured orbital parameters.

Table D.2. 
Potential new low-mass RGB+MS binary systems found in the Gaia DR3 NSS catalogue with no measured orbital parameters.


Appendix E:  Fundamental parameters
Table E.1. 
SPECIES results for stars observed with CORALIE.
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	[image: thumbnail]	Fig. 1. Isochrones calculated using SPECIES for the stars HD114430 (red point) and HD202470 (magenta point). The isochrone of HD202470 has been displaced by 10% to the left for clarity. The blue dots indicate the location of the TAMS (marked as A), RGBtip (B), ZACHeB (C), and TACHeB (D). The inset shows a zoom to the location of the stars, where it can be noted that HD202470 is still ascending the RGB phase while HD114430 has already passed the ZACHeB; this is reflected in their EEPs (494 and 661, respectively). The metallicity and age used to create each isochrone are shown in the figure. The size of the error bars is smaller than the size of the points.
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	[image: thumbnail]	Fig. 3. Left: Distribution of EEPs for the targets in our sample, 82% of the stars are on the RGB phase while the remaining 18% are core He burning stars. We did not find any MS stars in our sample. Right: HRD for stars in our sample constructed based on the Teff and L given by SPECIES and colour-coded by the EEPs. Circles represent RGB stars, while squares and triangles are used for primary and secondary RC stars, respectively (see the text for definitions and references). The temperature axis is logarithmic. A theoretical MS constructed with MESA from TAMS to ZAMS is shown as the grey area for comparison. Only a portion of the MS band is shown.
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	[image: thumbnail]	Fig. 7. Comparison of stellar parameters from Hon et al. (2021), Zhou et al. (2024), and SPECIES. Open symbols represent objects with an EEP consistent with an RGB star, while filled symbols correspond to those with an EEP consistent with CHeB stars. The solid red line in the upper panels shows the one-to-one relation. ‘Literature’ refers to the studies by Hon et al. (2021) and Zhou et al. (2024), ‘seismic’ denotes parameters derived through asteroseismology in both studies. Radii are categorised into photo-geometric (from both studies) and seismic (from Zhou et al. 2024 only). The dashed grey lines in the lower panels show the 1-σ dispersion of the residuals.
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	[image: thumbnail]	Fig. A.2. Upper panel: Updated Gaia colour-magnitude distribution for the 2777 stars selected in Paper I using DR3 parallaxes and extinction coefficients. Green dots represent the original complete sample, while pink squares represent the stars observed by now. The yellow shaded box is defined in Paper I (eq. (1)-(4)), and the sky-blue dashed rectangle is the RC parameter space from Khan et al. (2023). Lower panel: Sky distribution (Mollweide projection) in Galactic coordinates. The colours are the same as in the upper plot.
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      Table 1. 

      Observing log of the spectroscopic data obtained for the low-mass red giant stars studied in this work.

      
        


	Instrument
	Date
	Range
	S/N



	
	
	(Å)
	





	CORALIE
	15-16-17 June 2019
	3800–6800
	30–80



	CORALIE
	18-19-20 November 2021
	3800–6800
	50–100



	CORALIE
	4 April 2022
	3800–6800
	40–60



	CORALIE
	14-16-17 July 2023
	3800–6800
	10–60



	CORALIE
	6-7-8-9 October 2023
	3800–6800
	25–65





      

    

  
    
      Fig. 1. 
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        Isochrones calculated using SPECIES for the stars HD114430 (red point) and HD202470 (magenta point). The isochrone of HD202470 has been displaced by 10% to the left for clarity. The blue dots indicate the location of the TAMS (marked as A), RGBtip (B), ZACHeB (C), and TACHeB (D). The inset shows a zoom to the location of the stars, where it can be noted that HD202470 is still ascending the RGB phase while HD114430 has already passed the ZACHeB; this is reflected in their EEPs (494 and 661, respectively). The metallicity and age used to create each isochrone are shown in the figure. The size of the error bars is smaller than the size of the points.

      

    

  
    
      Fig. 2. 
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        Distribution of stellar parameters calculated using SPECIES for all stars in our sample. The RGB stage represented in red are stars with 454 < EEP < 631.

      

    

  
    
      Fig. 3. 
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        Left: Distribution of EEPs for the targets in our sample, 82% of the stars are on the RGB phase while the remaining 18% are core He burning stars. We did not find any MS stars in our sample. Right: HRD for stars in our sample constructed based on the Teff and L given by SPECIES and colour-coded by the EEPs. Circles represent RGB stars, while squares and triangles are used for primary and secondary RC stars, respectively (see the text for definitions and references). The temperature axis is logarithmic. A theoretical MS constructed with MESA from TAMS to ZAMS is shown as the grey area for comparison. Only a portion of the MS band is shown.

      

    

  
    
      Fig. 4. 
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        Left: Correlation between mass and surface gravity for stars in our sample. Two populations can be seen for the CHeB stars at around ∼1 and ∼2 M⊙, which is in accordance with the results of Girardi (2016). Right: Correlation between mass and age showing that high-mass stars are younger than low-mass stars, as expected.

      

    

  
    
      Fig. 5. 
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        Correlation between metallicity and mass for sdB progenitors compared with the theoretical predictions from Vos et al. (2020). Filled blue circles are systems recognizable as composite sdB binary systems. Open grey circles are those where only one component is visible. Filled red squares are the SPECIES results for RGB stars in our sample with mass < 2 M⊙.

      

    

  
    
      Fig. 6. 
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        Comparison of stellar parameters obtained with SPECIES and different catalogues labelled as Literature. The solid blue line in each plot represents the one-to-one relation. The dashed grey lines in the lower panel show the 1-σ dispersion of the residuals.

      

    

  
    
      Table 2. 

      Comparison of SPECIES results (A) with results from Beck et al. (2024) (B).

      
        


	Star
	HD270913
	HD40525
	HD45616
	CD-66436





	Teff,A (K)
	4836±88
	5103±58
	4994±75
	4875±85



	Teff,B (K)
	5245±80
	5746±80
	5619±80
	5586±80



	MA (M⊙)
	1.7[image: equation]
	2.23±0.07
	2.22[image: equation]
	1.2±0.1



	MB (M⊙)
	1.9±0.4
	3.0±0.7
	3.3±0.6
	2±6



	RA (R⊙)
	6.3±0.2
	8.9±0.1
	9.1±0.1
	4.89[image: equation]



	RB (R⊙)
	6.7±0.5
	10.6±0.8
	10.7±0.7
	6±11





      

    

  
    
      Fig. 7. 

      
        [image: thumbnail]
      

      
        Comparison of stellar parameters from Hon et al. (2021), Zhou et al. (2024), and SPECIES. Open symbols represent objects with an EEP consistent with an RGB star, while filled symbols correspond to those with an EEP consistent with CHeB stars. The solid red line in the upper panels shows the one-to-one relation. ‘Literature’ refers to the studies by Hon et al. (2021) and Zhou et al. (2024), ‘seismic’ denotes parameters derived through asteroseismology in both studies. Radii are categorised into photo-geometric (from both studies) and seismic (from Zhou et al. 2024 only). The dashed grey lines in the lower panels show the 1-σ dispersion of the residuals.

      

    

  
    
      Table 3. 

      Comparison of SPECIES results with other works.

      
        


	
	Hon et al. (2021)
	Zhou et al. (2024)



	
	

	




	Parameter
	MFR
	Scatter
	MFR
	Scatter





	Teff
	–2.09%
	2.86%
	–2.43%
	1.51%



	log gseismic
	–3.93%
	3.79%
	–2.67%
	4.13%



	logL
	1.53%
	6.08%
	1.99%
	7.22%



	Rseismic
	–
	–
	6.57%
	14.86%



	Rphot
	2.60%
	11.87%
	5.41%
	12.42%



	M
	–11.95%
	16.97%
	–10.43%
	21.10%





      

      
Notes. MFR stands for median fractional residual.



    

  
    
      Fig. A.1. 

      
        [image: thumbnail]
      

      
        Updated distances using DR3 parallaxes. The red dashed vertical line represents the 500 pc limit. Blue dots indicate targets with distances consistent with 500 pc within their errors. Orange dots indicate those beyond 500 pc, and purple squares mark observed targets beyond the limit. Error bars are not visible for some dots as they are smaller than the dot size.

      

    

  
    
      Fig. B.1. 

      
        [image: thumbnail]
      

      
        Comparison of stellar parameters obtained with SPECIES and CASCADES. The dashed grey lines in the lower panel show the 1−σ dispersion of the residuals.

      

    

  
    
      Table C.1. 

      Radial velocity measurements for all stars that are presented in this work.

      
        


	Star
	Category
	JD
	S/N
	RV
	RV error



	
	
	−2450000
	
	(km s−1)
	(km s−1)





	*BCAP
	1
	8650.82
	64
	-20.962
	0.003



	
	
	9538.57
	62
	-20.994
	0.005



	
	
	9673.89
	62
	-20.974
	0.003



	
	
	9737.90
	66
	-20.976
	0.003



	
	
	9739.91
	29
	-20.973
	0.003



	HD131900
	2
	10140.49
	11
	-5.87
	0.01



	
	
	10140.5
	35
	-6
	0.03



	
	
	10140.5
	44
	-5.83
	0.02



	HD196800
	3
	10224.5
	31
	-63.653
	0.008



	
	
	10225.49
	44
	-63.65
	0.007



	
	
	10227.49
	28
	-63.644
	0.006



	HD1000
	3
	10140.93
	38
	-13.83
	0.02



	
	
	10140.93
	10
	-13.84
	0.03



	HD116338
	1
	8651.59
	37
	-30.528
	0.004



	
	
	9673.73
	43
	-29.169
	0.003



	
	
	9737.7
	62
	-34.554
	0.003



	
	
	10140.55
	62
	-28.362
	0.004



	
	
	⋮
	
	
	



	TYC6951-496-1
	3
	8650.77
	62
	5.741
	0.003





      

      
Notes. This is a short version of the table for the online version of this manuscript. All the tables mentioned in these appendixes are available at the CDS. All the stars listed here were observed using the CORALIE instrument. The category is based on the classification method from Paper I.



    

  
    
      Table D.1. 

      Potential new low-mass RGB+MS binary systems found in the Gaia DR3 NSS catalogue with measured orbital parameters.

      
        


	Star
	Solution type*
	Period
	T0
	e



	
	
	(days)
	(days)
	





	HD155046
	AS
	899±8
	-401±8
	0.19±0.01



	
	
	⋮
	
	



	HD137608
	AS
	146.08±0.04
	35±1
	0.129±0.004





      

      
Notes. T0 refers to the time of periastron and e to the eccentricity.* AS: AstroSpectroSB1



    

  
    
      Table D.2. 

      Potential new low-mass RGB+MS binary systems found in the Gaia DR3 NSS catalogue with no measured orbital parameters.

      
        


	Star
	Solution type





	BD+11208
	FirstDegreeTrendSB1



	
	⋮



	HD23151
	Acceleration7





      

    

  
    
      Table E.1. 

      SPECIES results for stars observed with CORALIE.

      
        


	Star
	Teff
	⋯
	EEP
	PMS
	PRGB
	PHB



	
	(K)
	
	
	
	





	HD116338
	5126±50
	⋯
	527.2[image: equation]
	0
	0.98
	0.02



	
	
	⋮
	
	
	
	



	TYC8519-263-1
	4642±74
	⋯
	505.4[image: equation]
	0
	1
	0





      

      
Notes. PMS, PRGB and PHB correspond to the probability of the star being on the MS, RGB, or HB, respectively.
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