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Abstract

Context. Stars that are found on the blue horizontal-branch (BHB) evolved from low-mass stars that have completed their core hydrogen-burning main sequence (MS) stage and undergone the helium flash at the end of their red giant phase. Hence, they are very old objects that can be used as markers in studying galactic structure and formation history. The fact that their luminosity is virtually constant at all effective temperatures also makes them good standard candles.

Aims. We have compiled a catalogue of BHB stars with stellar parameters calculated from spectral energy distributions (SEDs) constructed using data from multiple large-scale photometric surveys. In addition, we update our previous Gaia Early Data Release 3 (EDR3) catalogue of BHB stars with parallax errors less than 20% by using the SED results to define the selection criteria. The purpose of these catalogues is to create a set of BHB star candidates with reliable stellar parameters. In addition, they provide a more complete full-sky catalogue with candidate objects found along the whole BHB from where RR-Lyrae are found on the instability strip to the extreme horizontal-branch (EHB).

Methods. We selected a large dataset of Gaia Data Release 3 (DR3) objects based only on their position on the colour-magnitude diagram (CMD), along with the tangential velocity and parallax errors. The SEDs were then used to evaluate contamination levels in the dataset and derive optimised data quality acceptance constraints. This allowed us to extend the Gaia DR3 colour and absolute magnitude criteria further towards the EHB. The level of contamination found using SED analysis was confirmed by acquiring spectra using the Ondrejov Echelle spectrograph, attached to the Perek 2m telescope at the Astronomical Institute of the Czech Academy of Sciences.

Results. We present a catalogue of 9172 Galactic halo BHB candidate stars with atmospheric and stellar parameters calculated from synthetic SEDs. We also present an extended Gaia DR3-based catalogue of 22 335 BHB candidate stars with a wider range of effective temperatures and Gaia DR3 parallax errors of less than 20%. This represents an increase of 33% compared to the our 2021 catalogue, with a contamination level of 10%.
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★ The catalogue is 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/685/A134



1 Introduction
The term horizontal-branch (HB) was coined to describe a horizontal structure observed in the colour-magnitude diagram (CMD) in globular clusters. The horizontal-branch extends from the red clump at the red end through the instability strip where RR-Lyrae are found to the extreme horizontal-branch (EHB) at the blue end (Catelan 2009). Thus, HB stars are what remains of low-metallicity, ~0.8 M⊙ to ~2.3 M⊙, main sequence (MS) stars that have evolved past the helium flash at the end of the red giant phase. The extent of the HB varies from cluster to cluster, which has led to the distinction of red HB stars redwards of the instability strip and blue HB stars bluewards. As such, these are early-type stars are already billions of years old when they move to the BHB. A more detailed description of BHB stars, their properties and their evolution from MS stars can be found in Moehler (2001); Catelan (2009) and references therein. Observationally, the photometry of cooler, A-type, BHB stars places them in the same colour-magnitude space as MS A- and B-type stars. The cooler A-type BHB stars fall on the bluer side of the instability strip where RR-Lyrae are found (Montenegro et al. 2019). The hotter B-type BHB stars fall on the redder side of the EHB stars, also called hot subdwarf stars (Heber 2009). The spectra of BHB stars are similar to A-type subgiant or late B-type MS stars. Because BHB stars rotate slowly (Behr 2003; Xue et al. 2008), their spectral lines are usually sharper than MS A-and B-type stars.
These classifications rely on an accurate and precise determinations of colour and absolute magnitude. Gaia has enabled immense progress to be made in this field; however, even with Gaia Data Release 3 (DR3), the uncertainties in parallax, colour, apparent magnitude, and proper motions still lead to a degree of misplacement among some stars in the CMD. This can cause contamination in catalogues that are based on Gaia DR3 data alone, presenting the additional challenge of removing such contaminants. The main categories of stars that plot closest to the BHB in the CMD (as illustrated in Fig. 1) are hot subdwarfs (see e.g. Culpan et al. 2022), extremely low-mass (ELM) white dwarfs and pre-ELM dwarfs (as compiled by Pelisoli & Vos 2019), and RR-Lyrae (see Eyer et al. 2023). Further contamination is caused by blue straggler stars, normal MS stars that have been rejuvenated through the accretion of additional hydrogen (McCrea 1964; Shara et al. 1997; Chen & Han 2009; Ekanayake & Wilhelm 2018). They follow the part of the MS that is brighter and bluer than the MS turnoff of the Galactic halo, namely, where normal MS A-type and B-type stars would no longer be present in older stellar populations. The brightest blue stragglers can be up to three magnitudes brighter than the MS turnoff (Rain et al. 2021).
Blue stragglers, because of their somewhat higher gravities, can be distinguished from A-type BHB stars spectroscopically (Xue et al. 2008, and references therein), while this is difficult for B-type stars because of their similar gravities (Hunger & Heber 1987; Raddi et al. 2021). Main-sequence stars of spectral types A and B (see e.g. Silva & Napiwotzki 2011; Raddi et al. 2021; Liu et al. 2023) are also found in this region of the CMD, but are not expected in the Galactic halo because their expected MS lifetime is shorter than the age of this region. However, low numbers of younger runaway MS stars that have been ejected from the Galactic Disc are found in this region.
Here, we present a new release of the Gaia DR3-based catalogue of halo BHB stars that is more complete than the original version of the catalogue (Culpan et al. 2021) based on Gaia Early Data Release 3 (EDR3) in crowded regions, particularly close to the Galactic Plane, and at the bluer end of the HB where late B-type BHB stars are expected. The catalogue of Galactic halo BHB candidate stars with stellar parameters derived from their spectral energy distributions (SEDs) is a subset of the newly released Gaia DR3 based catalogue. The SEDs were generated using photometric data from multiple large-scale surveys. We used the SED results to modify the Gaia DR3 selection criteria to populate the catalogue. They were further combined with newly acquired spectra to estimate the level of contamination in the catalogue. As such, the process to define the BHB selection criteria has been an iterative one. Only the final result is described in this paper.
The contents of this paper are as follows. In Sect. 2, we explain the generation of stellar parameters using SEDs and apply this method to the 16 794 BHB candidates in the parallax selection of Culpan et al. (2021) and use the results to revise and extend the Gaia DR3 CMD selection criteria. Section 3 describes how we selected and verified the applicability of various astrometric, photometric, and blending quality criteria when applied to our particular Gaia DR3 data set. In, we estimate the contamination levels and completeness of the Gaia DR3 catalogue using the stellar parameters from the SEDs, as well as the acquired spectra. Section 5 covers the apparent magnitude range, distances, and sky coverage of the Gaia DR3 catalogue. In Sect. 6, we summarise our findings and draw our conclusions.
	[image: thumbnail]	Fig. 1 Gaia DR3 CMD for 30 000 randomly selected objects with parallax errors less than 10% and tangential velocities greater than 145 km s−1 (grey dots). Shown: BHB CMD selection region from Culpan et al. (2021) (turquoise shading); a selection of RR-Lyrae from Gaia DR3 Clementini et al. (2022) (red dots); hot-subdwarf CMD-selection region from Culpan et al. (2022) (yellow shading); white dwarf CMD-selection region from Gentile Fusillo et al. (2021) (pink shading); (pre-)ELM white dwarfs from Pelisoli & Vos (2019) (blue circles).



2 Spectral energy distribution analysis of BHB candidates
We used all of the 16794 BHB star candidates with parallax errors <20% found by Culpan et al. (2021) as the starting point for the SED analysis. The SED of a star is defined as the observed spectral flux density as a function of wavelength. This involved retrieving the photometric data from 66 surveys, when they were available (see Appendix B). The photometric data were only used in SED generation if they had no error flags set and thereby conformed to all the quality criteria for the survey from which they came.
The grids of synthetic SEDs were calculated with an amended version of the ATLAS12 (Kurucz 1996; Irrgang et al. 2018) code. A detailed description of the SED fit method used here can be found in Heber et al. (2018) and Latour et al. (2023). An example is shown in Fig. 2 and Table B.1 lists photometic data used for the full sample. Free parameters in this χ2 fit were the star's effective temperature (Teff), surface gravity (log g), and angular diameter (Θ), as well as the colour excess caused by interstellar extinction. The latter was treated using the extinction law of Fitzpatrick et al. (2019) for a reddening parameter of R55 = 3.01, the mean value for the Milky Way. Because the metallicity could not be determined from the SED alone, we assumed [Fe/H] = −1.7, a standard value for cool BHB stars in the Galactic field (Behr 2003). Stars hotter than the Grundahl jump (11500 K, Grundahl et al. 1999) were assigned a solar metallicity because their metal abundances are increased as a result of diffusion.
Latour et al. (2023) successfully used this approach for BHB stars in globular clusters, as shown in their Fig. 7. The angular diameter allows for a measurement of the stellar radius R when combined with a distance measurement: R = Θ/(2ϖ), where ϖ is the parallax. Here, we used the Gaia DR3 parallax measurements, corrected for zero-point offsets following Lindegren et al. (2020).
We found that the SEDs for stars where photometric data were available over the full range of wavelengths (from ultraviolet to infra-red) gave the most reliable results on the Teff versus log g and the Teff versus R plots with the BHB candidates plotting close to the BaSTI zero-age horizontal-branch (ZAHB) and the terminal-age horizontal-branch (TAHB) lines, as defined in Pietrinferni et al. (2004) and updated in Hidalgo et al. (2018). More details are given in our Fig. 3. The BHB candidate stars with full range wavelength photometry available plotted in a well-defined cloud in the BHB region of the Gaia DR3 CMD (see Fig. 4). We defined the full range of wavelengths as having data available from less than 2000 Å to over 8000 Å.
To ensure that no selection effects were distorting our results, we verified that the BHB candidates with full range photometric data were not clustered within a particular colour, parallax, or apparent magnitude range. The full range photometric data was available for Galactic halo objects across all of the sky, including regions of high apparent stellar density (see Fig. 5), giving us confidence that our results from the SED analysis were applicable to the entire BHB candidate catalogue.
We plotted the SED results for Teff versus log g and Teff versus stellar radius to identify which of the BHB candidate stars with photometric data over a wide wavelength range plotted between the ZAHB and the TAHB lines (see Fig. 3). We found that the BHB candidate CMD selection of Culpan et al. (2021) was largely restricting the upper limit of the Teff, thus excluding hotter BHB stars with B-type spectra. In particular we noted that the known BHB star Feige 86 with Teff around 15 000 K (Németh 2017) was not present in the Culpan et al. (2021) catalogue (see Fig. 4).
We found that the interstellar reddening that was calculated for the SED generation was a critical issue. When we included the objects that had reddening values greater than 0.2 mag in the candidate selection, we found a greatly increased scatter in the CMD plots (see Fig. 4).
We also found that the MS contamination levels increased where the BHB candidates with high reddening overlapped with the MS in the CMD. In this way, we used the reddening as calculated in the SED generation to define the Gaia DR3 CMD selection criteria and the upper limit on absolute magnitude was taken to be 0.2 mag extinction line when plotted on the Gaia DR3 CMD.
	[image: thumbnail]	Fig. 2 Example of the results of an SED generated for the BHB candidate star Gaia DR3 6305433829332391168 with the photometric data labelled. The grey line is the best-fit SED solution for the available photometric data. The bottom panel showing the residuals between the best fit solution and the photometric data.



	[image: thumbnail]	Fig. 3 Stellar parameters calculated by the synthetic SEDs from photometric data. All SED results are shown as yellow circles, the SED results for objects with full wavelength range photometric data available are shown as turquoise triangles. The Red line is the BaSTI ZAHB line. The black line is the BaSTI TAHB. Upper panel: Teff versus log g. Lower panel: Teff versus R.



3 Revising the BHB star candidate catalogue from Gaia DR3 with SED results
In order to raise the upper limit on the Teff we extended the Gaia DR3 CMD search criteria towards the cluster of hot subdwarfs found in Culpan et al. (2022). The resulting overlap (see Fig. 6) means that 643 of the BHB candidates found are also hot subdwarf candidates as found in Culpan et al. (2022).
Based on Gaia DR3 data we calculated the absolute
G magnitude (Gabs), tangential velocity (VT), proper motion error (σpm), and tangential velocity error (σVT) as:
[image: equation](1)
[image: equation](2)
[image: equation](3)
[image: equation](4)
The Gaia DR3 CMD search criteria were also revised to follow the BaSTI theoretical Gabs versus (GBP − GRP) lines relating to the 0 mag and 0.2 mag reddening (Pietrinferni et al. 2004; Hidalgo et al. 2018). The actual selection criteria used (see Table 1 and Appendix C) were somewhat wider than the 0 mag and 0.2 mag reddening lines (see Fig. 7) to allow for errors in the calculated absolute magnitude arising from uncertainties of up to 20% in the Gaia DR3 parallax measurements.
	[image: thumbnail]	Fig. 4 Gaia DR3 CMD showing a sample of stars with tangential velocities greater than 145 km s−1 (yellow dots), Culpan et al. (2021) objects with full range SEDs (cyan dots), Culpan et al. (2021) objects with full range SEDs and a modelled reddening greater than 0.2 mag (magenta squares) and the known BHB Feige 86 (blue triangle) with a Teff value around 15 000K (Németh 2017), which lies outside the Gaia DR3 CMD BHB region from Culpan et al. (2021).



	[image: thumbnail]	Fig. 5 Sky distribution of Gaia DR3 BHB candidate stars (cyan dots) and the catalogue of BHB stars with stellar parameters based on SEDs using full photometric range data (magenta dots).



3.1 Determination of the Gaia DR3 data quality filtering criteria
Since the release of Gaia DR3 many studies were made using many different quality selection criteria. We have used the stellar parameters generated using SEDs to quantify the effect that different criteria have on the levels of contamination found in this catalogue and thus support our own quality criteria selection. We have defined contaminants as being stars that do not plot in the BHB region of the Teff versus R and the Teff versus log g plots. It should be noted that our quality criteria selection findings apply to our BHB star catalogue and may not necessarily be transferable to other situations using Gaia DR3 data.
The selection of the parallax quality criterion was examined by looking at the scatter observed in the CMD as the parallax error cutoff was varied. We observed an increase in scatter in the cloud of BHB candidates on the CMD as the parallax error cutoff was increased but there was no obvious point (e.g. a sudden increase or drop) at which a best value could be justified. We have, thus, continued to use the parallax error of <20% as the parallax quality criterion for the sake of consistency with the Culpan et al. (2021, 2022) catalogues. Relaxing the parallax quality criterion will consequently increase the possible errors of the absolute magnitude and the tangential velocity calculations (see Eqs. (1) and (2)), which will have the effect of increasing contamination levels within the catalogue.
The effect of applying the astrometric quality selection criterion used in Culpan et al. (2021), astrometric_sigma5d_max <1.5, which was taken from Lindegren et al. (2020) was compared to the fidelity_v2 criterion from Rybizki et al. (2021). We found that Rybizki et al. (2021) removed an additional 92 sources from the parallax error <20% candidates compared to Lindegren et al. (2020). This represents less than 1% of the candidates. An examination of the SEDs for these 92 objects showed no benefit in their removal in terms of reduction of contamination levels. We retained the use of the Lindegren et al. (2020) criterion.
We applied the photometry quality criterion from Riello et al. (2021, Sect. 9.4), which calculates the astrometric_excess_noise_corrected = C* and suggests a fitted scatter line of:
[image: equation](5)
Varying the value of N in Eq. (5) between 1 and 5 merely changes the number of sources selected by 25 (in a population of over 13 000) and as such, this was deemed to be of negligible significance. We have retained the value of 5 as recommended in Riello et al. (2021, Sect. 9.4).
We compared the crowded region filter from Culpan et al. (2022) to the blending criterion from Riello et al. (2021, Sect. 9.3). The Culpan et al. (2022) criterion requires that the BHB candidate's G flux must make up at least 70% of the G flux detected within a 5 arcsec radius around that candidate. The blending criterion from Riello et al. (2021) is defined as the number of transits where the Gbp or Grp photometry is likely blended with nearby sources, compared to the total number of transits used for the photometry measurements. We found that the (beta < 0.1) criterion from Riello et al. (2021) removed an additional 8639 BHB candidates compared to the Culpan et al. (2022) criterion. Once again, the contamination level found from the SED analysis was not reduced by applying the more restrictive criterion. Thus, we retained the crowded region filter from Culpan et al. (2022). The application of the data quality filters as described above to the Gaia DR3 data set resulted in 23 415 BHB candidates (see Table 1).
	[image: thumbnail]	Fig. 6 Gaia DR3 CMD for 30 000 randomly selected objects with parallax errors less than 10% and tangential velocities greater than 145 km s−1 (grey dots). Shown: BHB CMD selection region from Culpan et al. (2021) (turquoise outline); extended BHB CMD selection region (blue shading); hot-subdwarfs CMD selection region from Culpan et al. (2022) (yellow shading); white dwarfs CMD selection region from Gentile Fusillo et al. (2021) (pink shading); and Feige 86 (blue triangle).



Table 1 
Criteria for selecting the BHB candidate stars.

3.2 Sources of catalogue contamination
There is a compromise needed between completeness and contamination in our Gaia DR3 based catalogue of BHB stars. The contamination levels found may be reduced by placing tighter quality and selection criteria but this will also reduce the number of candidate stars found. We considered two types of contaminants to our catalogue.
The first type of contaminant is given by stars that should not be seen plotted in the same Gaia DR3 colour-magnitude space as BHB stars, but are in fact shown because of erroneous Gaia DR3 measurements. The main contaminants in this category will be those objects that plot closest to the BHB in Gaia DR3 colour-magnitude space. The main contaminants of this type are hot subdwarfs, pre-ELM white dwarfs, and RR-Lyrae stars. The closer the true proximity of these objects to the BHB region and the larger the population the greater the expected contamination.
The most common contaminants of this type are RR-Lyrae stars. The low temperature end of the BHB meets the instability strip where RR-Lyrae are found on the CMD (see Fig. 1). Our aim is to generate a catalogue of non-intrinsically variable stars that lie between the instability strip and the EHB, making these variable stars a significant contaminant in the catalogue. We cross-matched our BHB candidate stars with the SIMBAD database and the Gaia DR3 variability RR-Lyrae catalogue (Eyer et al. 2023; Clementini et al. 2022) to find known RR-Lyrae. Of our BHB candidates we found 1004 known RR-Lyrae from the SIMBAD database and 1136 in the Gaia catalogue. It should be noted that only a small fraction of the Clementini et al. (2022) RR-Lyrae that satisfy the parallax quality criterion, the tangential velocity selection criterion, and the BHB CMD selection criteria. We then calculated the excess flux error as defined in Gentile Fusillo et al. (2021) and Culpan et al. (2022) for all BHB candidates. The excess flux error is calculated by comparing the phot_g_flux_error of each candidate object to the median G flux error of 500 similar objects in terms of colour (bp_rp), G flux (log10 phot_g_mean_flux), and the number of observations (phot_g_n_obs) taken from the full Gaia DR3 catalogue. The flux error method is sensitive to any variable stars within the limits of the Gaia exposure time and the timescale of repeat observations. We found that over 90% of the known RR-Lyrae had an excess flux error greater than 6.0 (see Fig. 8). This was later used as a criterion for the removal of a further 189 candidate variable stars that are not found among those that are known in SIMBAD or in the Gaia DR3 variability RR-Lyrae catalogue. The fact that the remaining BHB candidates that were not identified as being variable have an average excess flux error of 0.4 demonstrates that excess flux error is an effective differentiator for variability.
The second type of contaminant is stars that are not BHB stars but correctly plot in the same region in Gaia DR3 colour-magnitude space. This category includes young A-type and B-type MS stars and blue stragglers. As previously stated, we focus on the Galactic halo to remove contamination from MS A-and B-type stars by setting a lower limit on the tangential velocity. This criterion will, however, not filter out high proper motion disk objects. Furthermore, a 20% error on parallax will lead to a scatter in tangential velocities of up to 40 km s−1 around a mean value, allowing for further contamination from MS disk objects with higher errors on their parallax measurement. It should be noted that the tangential velocity that is calculated from pmra and pmdec is calculated in the heliocentric reference frame and not the Galaxy centered reference frame. Stars in the Galactic halo may have a high radial velocity along the line of sight and therefore exhibit a low tangential velocity in the heliocentric reference frame. Thus, such stars may not end up selected. This effect is more prevalent in the direction of motion of the heliocentric system.
We applied the extended Gaia DR3 CMD selection criteria for BHB stars while applying the astrometric, photometric, crowded region, and RR-Lyrae rejection criteria given above (see Table 1). This resulted in 22 335 BHB candidate stars.
	[image: thumbnail]	Fig. 7 SED based catalogue of Galactic halo BHB candidate stars. Gaia DR3 CMD showing objects with a tangential velocity greater than 145 km s−1 (grey dots). The Gaia DR3 based catalogue of BHB stars (magenta dots), the SED confirmed BHB stars (green dots), spectrally confirmed BHB stars (yellow triangles), and spectrally confirmed MS stars (red squares). Zero mag extinction (black line) and 0.2 mag extinction (cyan line) theoretical tracks are superimposed.



	[image: thumbnail]	Fig. 8 Distribution of excess flux error for known SIMBAD and Gaia DR3 RR Lyrae found among our catalogue of BHB candidates. A bestfit Gaussian distribution (cyan line) is superimposed.



4 Catalogue contamination estimation
To estimate the levels of contamination in the Gaia DR3 catalogue of BHB stars, we used two independent methods that were not dependent on Gaia DR3 data: the SED method as described in Sect. 3 as well as the analysis of spectra acquired specifically for this project using the Astronomical Institute of the Czech Academy of Sciences’ Perek 2m telescope located at Ondrejov in the Czech Republic.
4.1 Contamination estimation using SED results
As stated in Sect. 2, the BHB candidate stars with a full wavelength range of photometric data available give the most reliable SEDs. Full range photometric data were used in generating the SED for 10604 of the 22 335 (53%) BHB candidates found (see Table 1). Since we found no apparent selection effects with regard to Gaia DR3 colour, parallax, or apparent magnitude, we consider the BHB candidates with full range photometric data to be representative of the catalogue as a whole.
When plotting the Teff against the log g (see Fig. 9) we found that 9172 of the 10 604 objects with full photometric range data plotted within the horizontal-branch region, defined by the cutoff lines:
[image: equation](6)
[image: equation](7)
These lines are based on the ZAHB and TAHB isochrones from BaSTI models given in Pietrinferni et al. (2004), but somewhat widened to include the coherent cloud of BHBs. This gave an estimated contamination level of 14%. We confirmed these selection criteria by plotting the same BHB candidates in Teff versus R space, as well as the Teff versus L space, where they also occupy a coherent region around the ZAHB and TAHB isochrones (see Fig. 9).
	[image: thumbnail]	Fig. 9 Teff versus log g as calculated from the 22 335 BHB candidate objects where an SED calculation was made (yellow dots); 10 604 SEDs where the full frequency range is available (cyan dots), of which 9172 (magenta dots) lie within the horizontal-branch region as marked by the green lines defined by Eq. (6) and (7) (upper panel). The BaSTI ZAHB (blue line) and TAHB (black line) are also shown. Middle panel: Teff versus R. Lower panel: Teff versus L for the same subsets.



4.2 Contamination estimation from spectral analysis
Spectra were acquired for BHB candidates with a Gaia DR3 apparent G magnitude of brighter than 11.0 mag at the Ondře-jov Observatory in the Czech Republic over a 18 month period. The spectra were acquired using the Perek 2m telescope through an Echelle spectrograph with a resolving power of R = 51 600 around Ha. The resulting spectra were reduced using the IRAF1 (Tody 1986, 1993) package and a dedicated semi-automatic pipeline Cabezas (2023), which incorporates a full range of standard procedures for echelle spectra reduction, including bias correction, flat-fielding, wavelength calibration, heliocentric calibration, and continuum normalization.
The criteria used to differentiate between spectra from BHB stars and from MS stars were the width and the depth of the Balmer series hydrogen spectral lines in a similar fashion to Xue et al. (2008). Examples of BHB and MS spectra are shown in Fig. 10. Over an 18 month period, we acquired spectra for 69 BHB candidates; of these, 6 were found to be MS stars giving a 9 ± 3% contamination level, similar to what was found with the SED analyses (Sect. 4.1), albeit with a far smaller sample.
5 Sky coverage, magnitude, and distance
The extended catalogue of BHB candidate stars presented here covers a similar apparent magnitude range and, thus, a similar distance range as the Culpan et al. (2021) predecessor; however, it contains 32% more BHB candidates. Thus, the level of completeness of the catalogue has been improved (see Fig. 11).
The catalogue of BHB candidates with stellar parameters calculated from SEDs using full photometry range data contains 9172 stars with a the same sky coverage given in Fig. 5, along with a distance range of 235 pc to 7435 pc, as shown in Fig. 12, calculated from the zero-point corrected parallax (Bailer-Jones et al. 2021) and an apparent magnitude range of 7.6 mag to 15.5 mag (as shown in Fig. 11).
6 Summary and conclusions
The Gaia DR3 catalogue of BHB star candidates is an update to the parallax selected catalogue presented in Culpan et al. (2021). This latest version of the catalogue has improved coverage at the hotter end of the BHB at Teff greater than 10 500 K. The data quality of Gaia DR3 permits less restrictive criteria being applied in regions of high apparent stellar density allowing more BHB candidates to be found. The final parallax selection in the Culpan et al. (2021) catalogue had 16794 candidate objects. The extended catalogue presented here (see Fig. 5 and Appendix A) contains 22 335 BHB candidates. This represents an increase of 32%.
We have used photometric data from 66 large scale surveys to generate synthetic SEDs and associated stellar parameters for a large number of BHB candidates, where no spectra are available. The use of such a rich dataset has allowed reliable stellar parameters to be computed. The modelled SEDs have then been used to refine the Gaia DR3 CMD selection criteria and to demonstrate contamination levels of less than 12% in the catalogue. This contamination level has also been observationally conflrmed using spectra acquired in the Ondrejov Observatory in the Czech Republic (see Fig. 7).
We have demonstrated that the use of theoretically interpolated SEDs is a powerful tool in constructing a richer, more complete and less contaminated catalogue than was done in the past. This increase of 32% in the number of BHB candidate stars compared to Culpan et al. (2021), albeit within the same volume and apparent magnitude range, represents another step in generating a more complete full-sky catalogue of BHB stars in the inner Galactic halo.
We then generated the SEDs as described above and used the results to extinction correct the Gaia DR3 (Gbp − Grp) and Gabs values. This was then used to define the lower absolute magnitude limit of the Gaia DR3 CMD BHB candidate selection region.
A further iteration was made using these newly defined Gaia DR3 CMD selection criteria and, as a result, 22 335 BHB candidates (see Fig. 7) were found. Of these candidates 10222 (46%) had photometric data available that supported the generation of stellar- and atmospheric parameters from SEDs. The stellar- and atmospheric parameters generated indicate that 9172 (41%) of these objects lie in the parameter space expected for BHBs.
	[image: thumbnail]	Fig. 10 Reduced spectra for a BHB star TYC 1738-745-1 (left panels) and a high proper-motion MS star TYC 3655-1179-1 (right panels) for Ha (upper panels) and Hβ (lower panels).



	[image: thumbnail]	Fig. 11 Comparison of the Culpan et al. (2021) Gaia DR3 apparent magnitude distribution of the BHB candidate objects from the SED based catalogue (magenta) and the Gaia DR3 based catalogue (cyan). The peak values of these two histograms are found at similar values indicating that both catalogues are investigating similar volumes. Finding additional BHB candidates in the same volume indicates increased completeness of the new catalogue.



	[image: thumbnail]	Fig. 12 Histogram of the geometric distance (Bailer-Jones et al. 2021) to BHB candidates from the Gaia DR3 based catalogue (blue) and the SED based catalogue of BHB candidates with stellar parameters (green).
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Appendix A  Gaia DR3 catalogues of BHB candidate stars
Table A.1 
Catalogue columns.


Appendix B  Photometric surveys used for synthetic SED generation
Table B.1 
66 Surveys used in SED calculations.


Appendix C  ADQL query for BHB candidates
The following query can be used on the https://gea.esac.esa.int/archive/ website to get a file containing the 30 228 BHB candidates from the Gaia DR3 data set:

SELECT *
FROM gaiadr3.gaia_source 
WHERE parallax_over_error >= 5
AND parallax > 0
AND (4.74 / parallax * pm) >= 145
AND phot_g_mean_mag + 5 + 5*log10(parallax/1000) < 138.07*power(bp_rp,6) - 153.85*power(bp_rp,5)
   −40.727*power(bp_rp,4) + 73.368*power(bp_rp,3) - 7.4054*power(bp_rp,2) - 9.5575*bp_rp + 3.8459
AND phot_g_mean_mag + 5 + 5*log10(parallax/1000) > −3.2382*power(bp_rp,3) + 7.1259*power(bp_rp,2)
   −3.583*bp_rp - 0.2
AND bp_rp < 0.5 AND bp_rp > −0.4
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	[image: thumbnail]	Fig. 6 Gaia DR3 CMD for 30 000 randomly selected objects with parallax errors less than 10% and tangential velocities greater than 145 km s−1 (grey dots). Shown: BHB CMD selection region from Culpan et al. (2021) (turquoise outline); extended BHB CMD selection region (blue shading); hot-subdwarfs CMD selection region from Culpan et al. (2022) (yellow shading); white dwarfs CMD selection region from Gentile Fusillo et al. (2021) (pink shading); and Feige 86 (blue triangle).
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	[image: thumbnail]	Fig. 7 SED based catalogue of Galactic halo BHB candidate stars. Gaia DR3 CMD showing objects with a tangential velocity greater than 145 km s−1 (grey dots). The Gaia DR3 based catalogue of BHB stars (magenta dots), the SED confirmed BHB stars (green dots), spectrally confirmed BHB stars (yellow triangles), and spectrally confirmed MS stars (red squares). Zero mag extinction (black line) and 0.2 mag extinction (cyan line) theoretical tracks are superimposed.
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	[image: thumbnail]	Fig. 8 Distribution of excess flux error for known SIMBAD and Gaia DR3 RR Lyrae found among our catalogue of BHB candidates. A bestfit Gaussian distribution (cyan line) is superimposed.
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	[image: thumbnail]	Fig. 9 Teff versus log g as calculated from the 22 335 BHB candidate objects where an SED calculation was made (yellow dots); 10 604 SEDs where the full frequency range is available (cyan dots), of which 9172 (magenta dots) lie within the horizontal-branch region as marked by the green lines defined by Eq. (6) and (7) (upper panel). The BaSTI ZAHB (blue line) and TAHB (black line) are also shown. Middle panel: Teff versus R. Lower panel: Teff versus L for the same subsets.
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	[image: thumbnail]	Fig. 10 Reduced spectra for a BHB star TYC 1738-745-1 (left panels) and a high proper-motion MS star TYC 3655-1179-1 (right panels) for Ha (upper panels) and Hβ (lower panels).
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	[image: thumbnail]	Fig. 11 Comparison of the Culpan et al. (2021) Gaia DR3 apparent magnitude distribution of the BHB candidate objects from the SED based catalogue (magenta) and the Gaia DR3 based catalogue (cyan). The peak values of these two histograms are found at similar values indicating that both catalogues are investigating similar volumes. Finding additional BHB candidates in the same volume indicates increased completeness of the new catalogue.
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	[image: thumbnail]	Fig. 12 Histogram of the geometric distance (Bailer-Jones et al. 2021) to BHB candidates from the Gaia DR3 based catalogue (blue) and the SED based catalogue of BHB candidates with stellar parameters (green).
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        Stellar parameters calculated by the synthetic SEDs from photometric data. All SED results are shown as yellow circles, the SED results for objects with full wavelength range photometric data available are shown as turquoise triangles. The Red line is the BaSTI ZAHB line. The black line is the BaSTI TAHB. Upper panel: Teff versus log g. Lower panel: Teff versus R.
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        Sky distribution of Gaia DR3 BHB candidate stars (cyan dots) and the catalogue of BHB stars with stellar parameters based on SEDs using full photometric range data (magenta dots).
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        SED based catalogue of Galactic halo BHB candidate stars. Gaia DR3 CMD showing objects with a tangential velocity greater than 145 km s−1 (grey dots). The Gaia DR3 based catalogue of BHB stars (magenta dots), the SED confirmed BHB stars (green dots), spectrally confirmed BHB stars (yellow triangles), and spectrally confirmed MS stars (red squares). Zero mag extinction (black line) and 0.2 mag extinction (cyan line) theoretical tracks are superimposed.
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        Reduced spectra for a BHB star TYC 1738-745-1 (left panels) and a high proper-motion MS star TYC 3655-1179-1 (right panels) for Ha (upper panels) and Hβ (lower panels).
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        Comparison of the Culpan et al. (2021) Gaia DR3 apparent magnitude distribution of the BHB candidate objects from the SED based catalogue (magenta) and the Gaia DR3 based catalogue (cyan). The peak values of these two histograms are found at similar values indicating that both catalogues are investigating similar volumes. Finding additional BHB candidates in the same volume indicates increased completeness of the new catalogue.
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        Histogram of the geometric distance (Bailer-Jones et al. 2021) to BHB candidates from the Gaia DR3 based catalogue (blue) and the SED based catalogue of BHB candidates with stellar parameters (green).
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