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Abstract

Aims. The formation mechanisms of spectrally diverse hot subdwarfs remain unclear. While existing mass distribution analyses suggest additional channels beyond helium white dwarf (He-WD) mergers contribute to He-rich subdwarf formation, these conclusions are constrained by the limited sample sizes of mass-measured He-rich objects.

Methods. We developed a deep learning model that combines a convolutional neural network (CNN) with a squeeze-and-excitation (SE) block to calculate synthetic spectral energy distributions (SEDs) for 1012 spectroscopically confirmed hot subdwarfs. By directly comparing synthetic SEDs and the observed flux density, we derived stellar parameters (mass, radius, and luminosity) for an unprecedented number of hot subdwarf stars, enabling more conclusive channel discrimination than prior studies.

Results. The mass distribution of sdB/sdOB stars confirmed the results from model predictions of binary population synthesis (BPS). A primary and secondary peak (i.e., around 0.56 and 0.4 M⊙) is obviously presented in the mass distribution of He-rich hot subdwarf stars. By comparing this with the results from the predictions of the recent BPS model, we propose that the merger of two He-WDs could produce most of the observed He-rich hot subdwarf stars, but the mass transfer during the stable Roche lobe overflow phase in binary evolution should be partially conserved.
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1. Introduction
Hot subdwarf stars are positioned between main-sequence (MS) and white dwarf (WD) regions in the Hertzsprung-Russell diagram (HRD) (Heber 1986). Hot subdwarf stars have very low stellar masses (e.g., 0.5 M⊙) and thin envelopes (Menv ≤ 0.02 M⊙), but exhibit very high effective temperatures (e.g., 20 000 K ≤ Teff ≤ 70 000 K) and large surface gravities (e.g., 5.0 ≤ log g ≤ 6.5). These blue stars have a diversity of atmospheric compositions that could present atmospheres from pure hydrogen (H) to pure helium (He). According to their spectral line features, hot subdwarfs can be classified into sdB, sdO, sdOB, He-sdB, He-sdO, and He-sdOB types (Moehler et al. 1990; Geier et al. 2017a; Lei et al. 2018). In addition, Drilling et al. (2013) designed an MK-like classification scheme by which hot subdwarf stars could be classified in a similar way as normal MS stars (also see Jeffery et al. 2021; Zou & Lei 2024). SdB stars are also referred to as extreme horizontal branch (EHB) stars due to their location at the bluest end of the horizontal branch (HB). More characteristics of hot subdwarf stars were described in recent excellent reviews of Heber (2009, 2016).
Generally, single stars with such low stellar masses as hot subdwarfs cannot evolve into core He burning or even a late stage within Hubble time. Although formation channels connected with single stars were proposed by several authors (Castellani & Castellani 1993; Miller Bertolami et al. 2008), Pelisoli et al. (2020) found that binary interactions are always required in the formation of hot subdwarf stars, including those in wide binary systems. Furthermore, most of the sdB-type hot subdwarfs were found in close binaries (Maxted et al. 2001; Napiwotzki et al. 2004; Copperwheat et al. 2011; He et al. 2025). These results indicate that binary evolution could provide natural explanations for the formation of hot subdwarfs.
Han et al. (2002, 2003) investigated the characteristics of hot subdwarfs formed through binary evolution using the binary population synthesis (BPS) method. They found that stable Roche lobe overflow (RLOF), common envelope (CE) ejection, and the merger of two helium white dwarfs (He-WDs) could produce sdB stars in long-period binaries, short-period binaries, and single sdB stars, respectively. Most of the observed characteristics for sdB stars could be satisfied by their model predictions. Zhang & Jeffery (2012) and Zhang et al. (2017) studied in detail the mergers of two He-WDs and a WD + MS star, respectively. They found that both channels could produce He-rich sdB stars such that their observed features could be satisfied. In addition, Miller Bertolami et al. (2022) proposed that the merger of carbon-oxygen WDs with He WDs could form He-rich hot subdwarfs with atmospheres strongly enriched by carbon and oxygen. Recently, Meng & Luo (2021) and Ji et al. (2024) proposed that the MS companion of massive WD could survive the type Ia supernova (SN) explosions and become intermediate He-rich hot subdwarf stars if their envelopes are ejected during the explosion. Their model predicted that the peak of mass distribution for survived stars is around 0.4 M⊙, which is consistent with the results in Lei et al. (2023b). However, the birth rate of this channel would be too low compared to the number of He-rich hot subdwarf stars discovered up to now (Meng & Luo 2021). Li et al. (2024) proposed that massive sdO/B stars could be produced from CE ejection process with an asymptotic giant branch (AGB) star. This model could explain the recently discovered sdO binary star SMSS-J1920 (Li et al. 2022), for which strong Ca H and K lines are presented in its spectrum.
With a large number of new hot subdwarf stars having been discovered using the new data release of spectroscopic surveys (Geier et al. 2017b; Kepler et al. 2019; Lei et al. 2018, 2019, 2020, 2023a; Luo et al. 2019, 2021; Schaffenroth et al. 2019; Jeffery et al. 2021), also with the help of the Gaia mission Early Data Release 3 (Gaia EDR3, Gaia Collaboration 2021), Culpan et al. (2022) compiled two catalogs for known hot subdwarf stars and their candidates, respectively (also see the serial studies, Geier et al. 2017a, 2019; Geier 2020). The catalog of known hot subdwarfs contains more than 6000 identified hot subdwarf stars, in which more than 3000 stars have atmospheric parameters and 2700 stars have radial velocities. The candidate catalog contains more than 60 000 objects, which can be used as reliable input catalogs for follow-up analysis with new observed data from spectroscopy.
Driven by the availability of large observational datasets, machine learning has been extensively applied in astronomical research, including studies of hot subdwarfs. Bu et al. (2019) combined a convolution neural network (CNN) with a support vector machine (SVM) to classify hot subdwarf stars in the dataset of Large Sky Area Multi-Fiber Spectroscopic Telescope (LAMOST, Cui et al. 2012; Zhao et al. 2012). Tan et al. (2022) also used CNN to search for hot subdwarf candidates in a larger LAMOST spectra dataset. More recently, Liu et al. (2024) applied the machine learning method to identify hot subdwarfs using photometric data, while Cheng et al. (2024) constructed a Se-ResNet+SVM model to search for hot subdwarf stars and predicted their atmospheric parameters.
Despite considerable progress having been made both in simulation and observation of hot subdwarf stars, questions remain regarding the formation channels for those stars. Some notable challenges stem from the determination of physical parameters, such as masses, radii, and luminosities. Accurate mass estimation methods include asteroseismology and Eclipse binary. However, their applications are limited by the strict requirements of observed data that only dozens of hot subdwarfs have accurate masses determined by these methods (Fontaine et al. 2012). To analyze the mass distribution of hot subdwarfs with different companion types, Schaffenroth et al. (2022) obtained masses, radii, and luminosities for 68 hot subdwarf stars by comparing observed fluxes with synthetic fluxes calculated from spectral energy distributions (SEDs). With the help of these parameters, and with the help of space-based light curves from the Transiting Exoplanet Survey Satellite (TESS, Ricker et al. 2015) and the K2 space mission (Howell et al. 2014), Schaffenroth et al. (2023) further obtained the masses of 27 companions for these hot subdwarf binaries.
Using a similar method, Lei et al. (2023b) obtained masses, radii, and luminosities for 664 single-lined hot subdwarfs with the spectra of LAMOST. Based on this large size of sample, they obtained the mass distributions for hot subdwarf stars with different spectral types, and compared them with the results from model predictions. Although the mass distribution of sdB/sdOB stars is consistent with the prevailing model of Han et al. (2002, 2003), they found that He-rich hot subdwarf stars have an obviously lower peak of mass distribution (e.g., around 0.42 M⊙) than model predictions (e.g., 0.5−0.6 M⊙, see Fig. 12 in Lei et al. 2023b). Based on these comparisons, they proposed that besides the two He-WDs merging channel, there should be other important formation channels for He-rich hot subdwarfs. However, only 39 He-rich stars were used in their statistical analysis, and such a small size sample would influence the final conclusions.
As a further study of Lei et al. (2023b), we constructed a deep learning architecture that integrates a CNN with a squeeze-and-excitation (SE) block to calculate the synthetic SEDs for more than 2000 known hot subdwarfs selected in Culpan et al. (2022) with the spectra of LAMOST and Sloan Digital Sky Survey (SDSS, Ahumada et al. 2020). Using these SEDs, we calculated the synthetic fluxes at stellar surface and compared them with fluxes observed on the Earth to obtain masses, radii, and luminosities for the selected hot subdwarf stars. These parameters were used in following statistical analysis to help us understand the formation of hot subdwarfs more deeply. The structure of this paper is as follows. Sample selection and methods are described in Section 2. Section 3 presents our main results. A detailed discussion for mass distribution with a large size of sample is given in Section 4. A brief summary in Section 5 closes this paper.
2. Methodology and sample selection
2.1. Deep learning model SENN
We designed a deep learning model, which integrates a CNN with a SE block (hereafter SENN), to calculate synthetic SEDs for selected hot subdwarf stars. As is shown in Fig. 1, SENN accepts normalized stellar spectra with a shape of 2984 × 1 as inputs, and processes them through a hierarchical architecture to calculate SEDs. The model comprises three modules. The initial feature embedding module uses a 1D convolution layer (64 filters, 3 kernels, and ReLU activation) to capture local spectral features, and reshape the output into a 64 × 2982 tensor. The SE feature refinement module is then employed, in which a global average pooling (GAP) layer compresses global spatial information into a channel-wise descriptor. This descriptor is connected by two dense layers to fully capture channel-wise dependencies and compute channel-specific weights. These weights are then applied to the original feature map, producing the final weighted feature map. Finally, the SED regression module is used to flatten the refined features, pass them through a 64-neuron dense layer, and generate SEDs through an output layer.
	[image: Thumbnail: Fig. 1. Refer to the following caption and surrounding text.]	Fig. 1. Structure of deep learning model SENN. See Section 2.1 for detailed description.



The SENN model takes observed spectra as input features and their corresponding synthetic SEDs as training labels. Through training processes, SENN established a mapping relationship between observed spectra and synthetic SEDs, enabling it to calculate the synthetic SED associated with a given observed spectrum. With these synthetic SED and the observed magnitudes retrieved from the Spanish Virtual Observatory (SVO), we could calculate the masses, radii and luminosities of hot subdwarf stars reported in Culpan et al. (2022), if their atmospheric parameters are known (e.g., Teff and log g. see Section 2.3).
2.2. Training dataset
In previous studies (Lei et al. 2018, 2019, 2020, 2023a), 950 single-lined hot subdwarf stars were identified with LAMOST spectra. Their atmospheric parameters, i.e., effective temperature (Teff), surface gravity (log g), and logarithmic number ratio of helium to hydrogen (log(nHe/nH)), were determined by fitting H and He profiles with synthetic spectra. The synthetic spectra and SEDs of these stars were generated using Synspec (version 49; Lanz & Hubeny 2007) with nonlocal thermodynamic equilibrium (NLTE) Tlusty atmospheres (version 204; Hubeny & Lanz 2017). See Lei et al. (2018) and Nemeth et al. (2014) for more details about the synthetic spectra and SED calculation.
In this study, the synthetic SEDs of the 950 stars mentioned above were used as a training sample for the SENN model, while the observed spectra of these stars were adopted as SENN inputs. The selected stars were split into two subsets, with 80% allocated to the training dataset and the remaining 20% reserved for the test dataset.
2.3. Known hot subdwarfs and their spectra
Culpan et al. (2022) compiled a catalog of the known hot subdwarf stars that contains 6616 unique sources collected from the literature. This catalog provides atmospheric parameters for 3087 stars and radial velocities for 2791 stars. To obtain the observed spectra for these stars, we cross-matched the catalog with the dataset of LAMOST DR11 and SDSS DR18, and then totally obtained 4289 spectra. After removing duplicated sources and low-quality spectra (e.g., that had a signal-to-noise ratio in the u band of less than 5.0), 3411 unique spectra of known hot subdwarfs were left. Since Teff and log g are necessary parameters to determine stellar masses and luminosities in this study, only stars with the two parameters reported in the catalog of Culpan et al. (2022) were finally selected for the following analysis, and it contains 2047 hot subdwarf stars.
Within the catalog of Culpan et al. (2022), the atmospheric parameters of hot subdwarfs were collected from different studies; these were predominantly derived through spectral fitting. However, as we lack the specific atmospheric models and parameters used in these works to calculate synthetic spectra for hot subdwarf stars, we did not employ the conventional method of deriving the SEDs for this selected sample with known atmospheric parameters. Instead, we utilized the highly efficient SENN model to compute the SEDs for these hot subdwarfs with corresponding observed spectra.
Using the SENN model constructed in Section 2.1 and the training dataset selected in Section 2.2, synthetic SEDs for 2047 selected hot subdwarf stars were calculated; these were then used to obtain stellar masses, radii, and luminosities, as is described in the next section. Note that the SENN model is much more efficient at calculating synthetic SEDs than traditional methods. For example, it just needs tens of seconds to obtain synthetic SEDs for 2000 stars, and would be more powerful when confronting with huge numbers of stars.
In Fig. 2, we compare the synthetic SED of a hot subdwarf star calculated using the SENN model (dashed blue curve) with that computed directly from the Tlusty model (solid red curve). The near-identical agreement between the two SEDs fully demonstrates that utilizing the deep learning method to calculate theoretical SEDs for hot subdwarfs is both feasible and reliable.
	[image: Thumbnail: Fig. 2. Refer to the following caption and surrounding text.]	Fig. 2. Comparison between the synthetic SED calculated with Tlusty model (solid red curve) and the SED calculated by SENN model (dashed blue curve). The bottom panel displays the residual differences between the two SEDs.



2.4. Determination of masses, radii, and luminosities for selected hot subdwarf stars
Using the synthetic SEDs calculated by SENN model, we obtained the flux density at the stellar surface within specific pass-bands. The synthetic flux density can be compared with the flux density observed on the Earth to determine the stellar angular diameters. The synthetic flux density at stellar surface, observed flux density on the Earth, stellar angular diameter, radius, and distance of the star have the following relationships (Heber et al. 2018; Lei et al. 2023b):
[image: Mathematical equation: $$ \begin{aligned} \frac{f(\lambda )}{F(\lambda )} = \frac{\theta ^{2}}{4} = \frac{R^{2}}{d^{2}}, \end{aligned} $$](1)
where f(λ) is the flux density observed on the Earth, F(λ) is the synthetic flux density at stellar surface, θ is the angular diameter of the star, R is the radius of the star, and d is the stellar distance from the Earth.
If the distance of a star is known, the stellar radius can be determined according to Equation (1). Then, with the help of atmospheric parameters (e.g., log g and Teff), we can obtain the mass and luminosity of the star using the following equations:
[image: Mathematical equation: $$ \begin{aligned} M&= \frac{gR^{2}}{G} \end{aligned} $$](2)
[image: Mathematical equation: $$ \begin{aligned} \frac{L}{L_{\odot }}&= \left(\frac{R}{R_{\odot }}\right)^{2} \left(\frac{T_{\rm eff}}{T_{\odot }}\right)^{4}, \end{aligned} $$](3)
where L⊙, R⊙, and T⊙ are the luminosity, radius, and effective temperature of the Sun, respectively.
Distances for the stars selected in this study were calculated using Gaia DR3 parallaxes (Gaia Collaboration 2023) after zero-point correction (Lindegren et al. 2021). The flux density observed on the Earth were obtained by searching for photometric data using VO SED Analyzer (VOSA, Bayo et al. 2008) of SVO and converting observed magnitudes into fluxes.
When converting the observed magnitude into the corresponding observed flux on the Earth, an extinction correction must be applied. To determine the visual extinction, AV, we fit the synthetic SEDs with the observed fluxes by treating AV as a free parameter. For each trial value of AV, the wavelength-dependent extinction, Aλ, was computed as
[image: Mathematical equation: $$ \begin{aligned} A_\lambda = A_{\rm V} \times (k_\lambda /k_V), \end{aligned} $$](4)
where kλ/kV represents the normalized extinction law. The functional form of kλ/kV was adopted from Fitzpatrick (1999) with RV = 3.1 and kV = 211.4. The observed fluxes, fobs(λ), were then dereddened using
[image: Mathematical equation: $$ \begin{aligned} f(\lambda ) = f_{\mathrm{obs} }(\lambda ) \times 10^{\,A_\lambda /2.5}, \end{aligned} $$](5)
which yielding the intrinsic flux density, f(λ). The best-fit AV were determined simultaneously through χ2 minimization between the dereddened fluxes and the synthetic SEDs.
Using the method described above, we obtained masses, radii, and luminosities for the selected 2047 hot subdwarf stars. The stars with mass values lower than 0.1 M⊙ or higher than 1.0 M⊙ are not reported here, since these values could be significantly influenced by large uncertainties of input parameters, and are not reasonable for normal hot subdwarf stars. Furthermore, only stars with reliable parallaxes (e.g., σϖ/ϖ ≤ 0.2) are included in the following analysis. Thus, we finally have 1012 hot subdwarf stars for which the main parameters are reported in this study (see Table A.1), consisting of 606 sdB, 64 sdO, 206 sdOB, 9 He-sdB, 66 He-sdO, and 61 He-sdOB stars, respectively. The obtained parameter values are presented in Table A.1.
Using Monte Carlo methods, we obtained the statistical errors (σsta) for mass, radius, and luminosity of the selected stars. Specifically, we calculated the median values for the three parameters, along with their values at the 16th and 84th percentiles. This defines a 68% confidence interval around the median values and provides the corresponding asymmetric uncertainties.
On the other hand, we cross-matched the sample from this work with the sample from Schaffenroth et al. (2022), and identified 24 common sources. By comparing the masses, radii, and luminosities for these 24 sources, we determined the systematic errors (σsys), which were calculated using the following formula:
[image: Mathematical equation: $$ \begin{aligned} \sigma _{\rm sys} = \frac{\sum (x_{i}-y_{i})}{N}, \end{aligned} $$]
where xi is the parameter value calculated in this work, yi is the parameter value calculated in Schaffenroth et al. (2022), and N is the number of common sources. The final errors (σ) was then calculated as
[image: Mathematical equation: $$ \begin{aligned} \sigma = \sqrt{\sigma _{\rm sta}^2+\sigma _{\rm sys}^2}. \end{aligned} $$](6)
Using the method described above, we obtained systematic errors of 0.02 M⊙, 0.002 R⊙, and 1.4 L⊙ for mass, radius and luminosity, respectively. In Table A.1, we presented the final errors for these three parameters, incorporating both statistical errors and systematic errors.
3. Results
3.1. Main parameters for selected hot subdwarf stars
The masses, radii, luminosities, and other important parameters for the 1012 selected hot subdwarf stars are presented in Table A.1. From left to right, it gives object names, Gaia source_id, spectral classification, Teff, log g, extinction coefficient (AV), Gaia parallax after zero-point correction, and four parameters obtained in this study, i.e., angular diameter, radius, luminosity, and mass. Of these stars, 601 have had their masses reported in previous studies. This means that the masses of 411 hot subdwarfs are reported for the first time in this study.
The four panels in Fig. 3 present the relationships between obtained masses and atmospheric parameters; for example, from top left to bottom right, it gives planes of mass versus Teff, log g, log(nHe/nH), and log L, respectively. It can be observed that most of the selected hot subdwarfs have radii of between 0.1 and 0.3 R⊙, luminosities between 0.5 and 2.5 L⊙, and masses between 0.2 and 0.8 M⊙, respectively. These results are consistent with those of Lei et al. (2023b); see also Fig. 3 in their study.
	[image: Thumbnail: Fig. 3. Refer to the following caption and surrounding text.]	Fig. 3. Relationship between mass and atmospheric parameters for the selected hot subdwarfs. Labels with different colors indicate the spectral classification from Culpan et al. (2022).



3.2. Comparison with previous study
In order to evaluate the reliability of the masses, radii, and luminosities obtained in this study, we cross-matched the selected hot subdwarfs with the stars analyzed in Schaffenroth et al. (2022) and Lei et al. (2023b), respectively. Comparisons of masses, radii, and luminosities for the common stars are shown in the panels of Fig. 4. As can be seen in the figure, there is a notable agreement between the results of the present study and previous research, particularly with respect to radius and luminosity. However, the comparison of mass exhibits a slightly larger dispersion than the other two parameters. This is mainly due to the fact that the large uncertainties of surface gravity would directly influence stellar mass determination (see Equation 2), while it is not used in the determination of radius and luminosity (see Equations 1 and 3).
	[image: Thumbnail: Fig. 4. Refer to the following caption and surrounding text.]	Fig. 4. Top panels: Comparison of radii, masses, and luminosities between this study and Schaffenroth et al. (2022). Bottom panels: Comparison of radii, masses, and luminosities between this study and Lei et al. (2023b).



3.3. Mass distribution of hot subdwarf stars
Since the precision of masses obtained in this study depends mainly on the precision of the parallax (i.e., distance) and surface gravity, we show the mass distribution with different uncertainties of parallax and surface gravity in Fig. 5. In the left panel, the entire sample has been split into three groups according to the relative parallax uncertainty (e.g., σϖ/ϖ ≤ 0.2, 0.1 and 0.05, respectively). As expected, with the parallax precision increasing from 0.2 to 0.05, the number of hot subdwarf stars in each mass bin decreases. However, the three groups of hot subdwarfs show very similar mass distributions. As can be seen, all groups have a wide mass range of 0.1−1.0 M⊙ and present two distinct peaks: a primary peak at 0.47 M⊙ and a secondary peak at 0.37 M⊙ (see detailed discussion on the mass distribution in Section 4). On the other hand, the entire sample has been separated into three other groups in the right panel according to the relative uncertainty of surface gravity (e.g., uncertainty of log g over log g less than 0.09, 0.02, and 0.007, respectively). The three groups in this panel show very similar mass distributions to those in the left panel, which also present two distinct peaks at the same mass values. Considering similar mass distributions for different precisions of parameters, all the selected hot subdwarf stars were adopted in the following analysis.
	[image: Thumbnail: Fig. 5. Refer to the following caption and surrounding text.]	Fig. 5. Mass distribution for selected hot subdwarfs with different precisions of parallax (left panel) and surface gravity (right panel). See main text for details.



In Fig. 6, we present the mass distributions for hot subdwarf stars according to their spectral classifications; for example, He-poor sdB/sdOB (dashed red histogram), He-rich stars (blue histogram, including He-sdB, He-sdO, and He-sdOB), and He-poor sdO (green histogram). The mass distribution of He-poor sdB/sdOB stars, which make up the majority of the hot subdwarf population, closely mirrors that of the entire sample, with two peaks at 0.47 and 0.37 M⊙. For He-rich hot subdwarfs, two peaks are also present, but the values differ from those seen in sdB/sdOB, occurring at 0.4 and 0.58 M⊙ (see the discussion in Section 4.3), respectively. However, He-poor sdO stars have a much flatter mass distribution and consist primarily of low-mass stars.
	[image: Thumbnail: Fig. 6. Refer to the following caption and surrounding text.]	Fig. 6. Mass distributions for selected hot subdwarf stars with different spectral classifications.



4. Discussion
4.1. Comparison of mass distribution with previous study
We compared the mass distribution of the entire sample with that of Lei et al. (2023b) in Fig. 7. Both mass distributions exhibit a wide mass range of 0.1−1.0 M⊙. This is likely due to the large uncertainties of the input parameters (e.g., parallax and surface gravity) that were used in both studies to estimate the mass of hot subdwarf stars. In general, the two mass distributions show a basic consistency in that a primary peak appears around 0.47 M⊙, and the distribution trend for the low-mass and high-mass sides is nearly the same. As is described in Section 3.3, in addition to the primary one, a second mass peak (around 0.37 M⊙) is also clearly presented in the mass distribution of this study (red histogram). Nevertheless, this distinct feature is much more obscure in the mass distribution of Lei et al. (2023b) (dashed blue histogram). Note that the input surface gravities used to calculate mass for the two studies are from different catalogs. The parameters used in this study are from the catalog of Culpan et al. (2022), which were collected from other literature (Geier 2020; Luo et al. 2021; Jeffery et al. 2021). While the parameters used in Lei et al. (2023b) are from Lei et al. (2018, 2019, 2020, 2023a). The method of spectral analysis and the observed spectra used in these studies could be different, which would lead to the differences in obtained parameters. For example, the systematic errors of surface gravity between Luo et al. (2021) and Lei et al. are around 0.07 dex. Thus, these differences would cause an inconsistency in the mass distribution, especially for some local features.
	[image: Thumbnail: Fig. 7. Refer to the following caption and surrounding text.]	Fig. 7. Comparison of mass distribution between this study (red histogram) and Lei et al. (2023b) (dashed blue histogram).



4.2. Mass distribution of He-poor sdB/sdOB stars
Han et al. (2003) (hereafter Han03) have carried out a detailed BPS study on the formation of sdB-type hot subdwarfs. In their study, 12 sets of models were constructed with various input parameters to investigate their impacts on the formation of sdB stars. Among these models, the model of set 2 (with Z = 0.02, a flat initial mass ratio distribution, qcrit = 1.5, αCE = αth = 0.75) was chosen as the best-fitting model in their study, capable of satisfying most of the observed properties for sdB stars. These results from BPS models are highly convenient for making direct comparisons with observations.
The left panel of Fig. 8 exhibits comparisons between the mass distribution of set 2 in Han03 (solid black curve) and that of this study (gray histogram). As is discussed in Section 4.1, the mass distribution of sdB/sdOB stars in this study shows a wide range from 0.1 to 1.0 M⊙ due to the large uncertainties of the surface gravity and parallax, while the mass distribution of Han03 ranges from 0.3 to 0.8 M⊙, which is narrower than that of this study. Since the minimum core mass for He ignition is about 0.3 M⊙ (see Tables 1 and 2 in Han et al. 2002), there is a cutoff of mass around 0.3 M⊙ for the low-mass side in the distribution of Han03. Therefore, the stars with masses of less than 0.3 M⊙ in this study could be low-mass WDs or extremely low-mass (ELM) WDs (also see the discussion in Section 4.4 of Lei et al. 2023b).
	[image: Thumbnail: Fig. 8. Refer to the following caption and surrounding text.]	Fig. 8. Left panel: Comparison of mass distribution for sdB/sdOB stars between this study (gray histogram) and Han03 (solid black curve). Right panel: Comparison of mass distribution for sdB/sdOB stars between this study (gray histogram) and Rodríguez-Segovia et al. (2025) (solid black curve).



Furthermore, three distinct peaks are presented in the mass distribution of Han03, at around 0.46, 0.4, and 0.36 M⊙. These were generated through the combination of the first CE, the second CE, and the first stable RLOF channels (see Fig. 12 and Section 7.3 in their study). As can clearly be seen in the panel, the primary mass peak (around 0.47 M⊙) in our study is consistent very well with the model prediction of Han03. The secondary mass peak in our study (e.g., around 0.36 M⊙) corresponds to the left mass peak in Han03, which demonstrates that these stars are mainly produced by the stable RLOF channel with their progenitors at the Hertzsprung gap evolution stage. On the other hand, the middle mass peak (e.g., around 0.4 M⊙) in Han03 is obscure in our mass distribution, for which the stars are mainly produced from the first and the second CE channel with the mass of progenitors around 1.9 M⊙ (see Table 1 in Han et al. 2002).
Rodríguez-Segovia et al. (2025) also studied the impacts of various parameters on the formation of sdB stars through BPS methods. Unlike previous BPS models (e.g., Han03, Clausen et al. 2012), they considered H-rich shells using an analytic prescription in the study that gets more closer to the real evolution of sdB stars. In the right panel of Fig. 8, we compare the mass distribution predicted by Rodríguez-Segovia et al. (2025) with that of this study. The mass range of sdB stars predicted by Rodríguez-Segovia et al. (2025) (shown by the solid black curve in the right panel) is roughly from 0.3 to 0.62 M⊙ and is a little narrower than that of Han03 and this study. Note that the results of two He-WDs merging are not included in the BPS code COMPAS (Riley et al. 2022) that was used in their study1; therefore, some massive hot subdwarf stars are absent in the mass distribution of Rodríguez-Segovia et al. (2025). As is shown in the panel, a sharp primary peak around 0.47 M⊙ is clearly presented in both two mass distributions, which indicates a good agreement between the predictions of BPS model and observations. Furthermore, a second peak of around 0.37 M⊙ is also presented in the mass distribution of Rodríguez-Segovia et al. (2025) (see also Fig. 7 in Rodríguez-Segovia & Ruiter 2025). Although the relative number of stars around this peak in their study is less than that of present study, it shows a one-to-one correspondence between the two studies.
4.3. Mass distribution for He-rich Hot subdwarfs
Two He-WDs merger is considered as the dominant formation channel for He-rich hot subdwarf stars (e.g., log(nHe/nH) >  − 1.0). The mass range of He-rich hot subdwarfs produced by this channel in Han03 is roughly from 0.42 to 0.76 M⊙, with a relatively flat peak between 0.5 and 0.6 M⊙. Zhang & Jeffery (2012) studied three different merging models for two He-WDs, and found that the results could explain most of observed gravities, effective temperatures, and surface chemical abundance for He-rich stars. Furthermore, Zhang et al. (2017) found that the mergers of He-WDs with low-mass MS stars could contribute to the formation of intermediate He-rich (iHe-rich) hot subdwarfs. On the other hand, Meng & Luo (2021) proposed that MS companions could survive Ia SN explosions and evolve as He-rich hot subdwarfs (see also Ji et al. 2024). They obtained a wide mass range of 0.35 to 1.0 M⊙ for this formation channel, with a mass peak at around 0.4 M⊙.
As was mentioned above, Lei et al. (2023b) obtained a wide mass range and a sharp mass peak around 0.42 M⊙ for He-rich hot subdwarf stars observed by LAMOST. The mass peak in their study is much lower than the prediction of Han03 and Zhang & Jeffery (2012). On the other hand, the mass peak in Lei et al. (2023b) is basically consistent with the value predicted by Meng & Luo (2021), but the birth rate for this channel could be too low to explain the discovered He-rich hot subdwarfs (see Section 4.1 of Meng & Luo 2021). According to these results, Lei et al. (2023b) proposed that, besides the two He-WDs merger, some other channels could contribute to the formation of He-rich hot subdwarfs. Luo et al. (2024) came to a similar conclusion after analyzing the surface chemical abundances of He-rich hot subdwarf stars.
However, only 39 He-rich stars in group 3 of their sample (see Table 2 in Lei et al. 2023b), this sample limitation and incompleteness would influence the statistical results for mass distribution. Thanks to the deep learning model SENN designed in the present study (see Section 2.1), more than 2000 synthetic SEDs of the selected hot subdwarfs were calculated. Using these information, the masses of 131 He-rich stars were determined in this study, with the sample size being much larger than that analyzed in Lei et al. (2023b). Therefore, a comparison of the mass distribution between this study and previous studies could help us better understand the formation of He-rich hot subdwarf stars.
In the left panel of Fig. 9, we compare the mass distribution of He-rich stars obtained in the present study with that of in Lei et al. (2023b). As can be seen in the panel, it exhibits a relatively wide mass distribution that is roughly from 0.3 to 0.9 M⊙ for both two studies (Note that hot subdwarf stars with masses of less than 0.3 M⊙ cannot be produced in model predictions; thus, we excluded these stars from our results for the comparison). Two distinct mass peaks are presented in the mass distribution of this study (gray histogram): a primary peak around 0.56 M⊙ and a secondary peak around 0.4 M⊙. As was mentioned above, a sharp mass peak around 0.42 M⊙ is clearly shown in the mass distribution of Lei et al. (2023b) (dotted red curve), which corresponds to the secondary mass peak in this study. However, it could be due to the small sample size used in the study of Lei et al. (2023b) that no distinct mass peak between 0.5 and 0.6 M⊙ can be distinguished in their mass distribution.
	[image: Thumbnail: Fig. 9. Refer to the following caption and surrounding text.]	Fig. 9. Left panel: Comparison of mass distribution for He-rich stars between this study (gray histogram) and Lei et al. (2023b) (dotted red curve). Middle panel: Comparison of mass distribution for He-rich stars between this study and Han03 (solid black curve). Right panel: Comparison of mass distribution for He-rich stars between this study and Rodríguez-Segovia et al. (2025) (dash-dotted blue curve).



In the middle panel of Fig. 9, we compare the mass distribution of He-rich stars in this study with that of Han03. As can be seen clearly in the panel, our mass distribution is much wider than that in Han03 (e.g., roughly from 0.42 to 0.76 M⊙, solid black curve). As was discussed in Section 4.1, this could be due to the large uncertainties of the parallax and gravity, which significantly affect the precision of mass determination in this study. He-rich stars produced through two He-WDs merger in Han03 present a flat mass peak between 0.5 and 0.6 M⊙, which could corresponding roughly to the primary mass peak around 0.56 M⊙ in this study. However, the secondary mass peak around 0.4 M⊙ is not predicted by BPS models of Han03, which would demonstrate that two He-WDs merging channel cannot explain the formation of all He-rich hot subdwarf stars.
Nevertheless, when comparing our results with recent BPS model predictions from Rodríguez-Segovia et al. (2025), we arrive at a slightly different conclusion (see the right panel in Fig. 9). The mass distribution of He-rich stars from the merging channel of Rodríguez-Segovia et al. (2025) (dash-dotted blue curve) presents two distinct mass peaks around 0.55 M⊙ and 0.41 M⊙ (see Fig. 14 in their study), which correspond perfectly to the two peaks shown in our study (gray histogram). However, the relative number of He-rich stars around the secondary mass peak (e.g., 0.41 M⊙) predicted by Rodríguez-Segovia et al. (2025) is less than in this study. As is discussed in Section 3.2.4 of their study, the secondary mass peak heavily depends on mass-transfer accretion efficiency at stable RLOF phase. It would disappear when the accretion efficiency equals 0, and it would merge with the primary peak and form a symmetrical distribution with a peak around 0.47 M⊙ if the accretion efficiency equals 1.
Note that the formation of two He-WD binaries2 requires two RLOF phases. The whole envelope of the primary star will be removed through stable mass transfer during the first RLOF phase, while the two components will be surrounded by a CE formed due to unstable mass transfer during the second RLOF phase, and the CE should be ejected before the two He-WDs binary is formed (Webbink 1984). The mass-transfer accretion efficiency during the first RLOF phase has significant effects on the loss of angular momentum due to mass loss from the system, which in turn determines the subsequent evolution of the orbital separation. Therefore, a lower accretion efficiency during the first RLOF phase would result in either systems not triggering CE events (too far from each other) or merging (too close), both resulting in a final configuration different from the two He-WD binaries.
Based on the discussion mentioned above, if the second mass peak (around 0.4 M⊙) is a real feature, the two He-WDs merging channel could produce most of the observed He-rich hot subdwarf stars on the condition that mass transfer during the first RLOF phase to produce the two He-WDs’ binary should be partially conserved, and the accretion efficiency is not too low.
5. Summary
In this study, a deep learning model SENN was designed to calculate synthetic SEDs for a large number of known hot subdwarfs with the help of spectra from LAMOST and SDSS. Through the VOSA service of the Spanish Virtual Observatory, the physical parameters (e.g., masses, radii, and luminosities) of 1012 hot subdwarfs were obtained by comparing the synthetic SEDs with the observed flux density. With the obtained parameters for a large sample size, comparisons between observations and model predictions would help us understand the formation of hot subdwarf stars more deeply and comprehensively.
The two mass peaks (e.g., 0.47 and 0.37) in the mass distribution of sdB/sdOB stars are consistent with the prediction from BPS models, which corresponds to the production of CE ejection and stable RLOF respectively. There is also a primary peak (around 0.56 M⊙) and a secondary peak (around 0.4 M⊙) clearly visible in the mass distribution of He-rich stars. Although the primary mass peak is well predicted by BPS models, the occurrence of the secondary peak in the models depends heavily on the mass-transfer accretion efficiency at stable RLOF stage in binary evolution. These results indicate that the two He-WDs’ merging channel could produce most of the observed He-rich hot subdwarf stars, but mass transfer should be partially conserved during the stable RLOF phase. Considering the large uncertainties of the masses obtained in this study, other alternative formation channels for He-rich hot subdwarfs would not be completely excluded. More accurate determinations of the physical parameters of hot subdwarf stars are urgently needed.
It is important to note that although we could efficiently obtain synthetic SEDs of hot subdwarfs using the SENN model, deriving their masses, radii, and luminosities still requires atmospheric parameters (Teff and log g). Accurate atmospheric parameters, however, must still be acquired through the conventional method of synthetic spectral fitting. Fortunately, we are actively exploring the use of machine learning methods to predict the atmospheric parameters of hot subdwarfs (Lei et al. 2026). This approach, in the near future, should enable us to directly obtain both the atmospheric parameters and masses of hot subdwarfs using artificial intelligence techniques, without having to compute stellar atmosphere models.

Data availability
Table A.1 is available at the CDS via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/709/A52
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1 Although the results of two He-WDs merging are not taken into account in COMPAS, Rodríguez-Segovia et al. (2025) still give a simplified and qualitative analysis on this channel; see Section 3.2.4 in their study and Section 4.3 in this study for details.


2 In Rodríguez-Segovia et al. (2025), the treatment of the two He-WDs’ merging channel was very sample. They did not evolve the two He-WDs binary into merging phase, but instead considered the binary system as hot subdwarfs if they could merge within the age of our Universe (e.g., 14 Gyr).
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        Comparison between the synthetic SED calculated with Tlusty model (solid red curve) and the SED calculated by SENN model (dashed blue curve). The bottom panel displays the residual differences between the two SEDs.
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        Relationship between mass and atmospheric parameters for the selected hot subdwarfs. Labels with different colors indicate the spectral classification from Culpan et al. (2022).
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        Top panels: Comparison of radii, masses, and luminosities between this study and Schaffenroth et al. (2022). Bottom panels: Comparison of radii, masses, and luminosities between this study and Lei et al. (2023b).
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        Mass distribution for selected hot subdwarfs with different precisions of parallax (left panel) and surface gravity (right panel). See main text for details.
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        Mass distributions for selected hot subdwarf stars with different spectral classifications.
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        Comparison of mass distribution between this study (red histogram) and Lei et al. (2023b) (dashed blue histogram).
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        Left panel: Comparison of mass distribution for sdB/sdOB stars between this study (gray histogram) and Han03 (solid black curve). Right panel: Comparison of mass distribution for sdB/sdOB stars between this study (gray histogram) and Rodríguez-Segovia et al. (2025) (solid black curve).
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        Left panel: Comparison of mass distribution for He-rich stars between this study (gray histogram) and Lei et al. (2023b) (dotted red curve). Middle panel: Comparison of mass distribution for He-rich stars between this study and Han03 (solid black curve). Right panel: Comparison of mass distribution for He-rich stars between this study and Rodríguez-Segovia et al. (2025) (dash-dotted blue curve).
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	Name
	Source_id
	sp_class
	Teff
	log g
	AV
	plx_zp
	Angular diameter
	Radius
	Luminosity
	Mass



	
	Gaia DR3
	
	K
	(cm s−2)
	mag
	mas
	log(rad)
	R/R⊙
	L/L⊙
	M/M⊙





	BD+423250
	2105469320138052864
	sdB
	28700 ± 1000
	5.08 ± 0.02
	0.422
	4.1508 ± 0.0319
	[image: Mathematical equation: $ -10.268^{+0.036}_{-0.020} $]
	[image: Mathematical equation: $ 0.287^{+0.003}_{-0.003} $]
	[image: Mathematical equation: $ 50.2^{+7.5}_{-6.8} $]
	[image: Mathematical equation: $ 0.36^{+0.03}_{-0.03} $]



	BD+481777
	825628714431805056
	sdO
	47565 ± 251
	5.84 ± 0.04
	0.010
	4.2560 ± 0.0617
	[image: Mathematical equation: $ -10.503^{+0.019}_{-0.014} $]
	[image: Mathematical equation: $ 0.163^{+0.003}_{-0.003} $]
	[image: Mathematical equation: $ 122.7^{+4.7}_{-4.5} $]
	[image: Mathematical equation: $ 0.67^{+0.07}_{-0.07} $]



	BD-32179
	3068744791442939904
	sdO
	59121 ± 686
	4.55 ± 0.03
	0.010
	1.0124 ± 0.0666
	[image: Mathematical equation: $ -10.458^{+0.020}_{-0.029} $]
	[image: Mathematical equation: $ 0.767^{+0.054}_{-0.047} $]
	[image: Mathematical equation: $ 6445.7^{+992.0}_{-811.9} $]
	[image: Mathematical equation: $ 0.76^{+0.13}_{-0.10} $]



	BPSCS22890-74
	4420741294390728448
	sdB
	24560 ± 567
	5.14 ± 0.06
	1.135
	1.0170 ± 0.0312
	[image: Mathematical equation: $ -10.690^{+0.064}_{-0.016} $]
	[image: Mathematical equation: $ 0.430^{+0.014}_{-0.013} $]
	[image: Mathematical equation: $ 60.4^{+7.1}_{-6.4} $]
	[image: Mathematical equation: $ 0.93^{+0.15}_{-0.13} $]



	Bal90100005
	2845710850610464640
	sdB
	32789 ± 123
	5.66 ± 0.02
	0.302
	1.2124 ± 0.0358
	[image: Mathematical equation: $ -11.098^{+0.011}_{-0.052} $]
	[image: Mathematical equation: $ 0.146^{+0.005}_{-0.005} $]
	[image: Mathematical equation: $ 22.2^{+2.0}_{-1.9} $]
	[image: Mathematical equation: $ 0.36^{+0.04}_{-0.03} $]



	Bal90900004
	1874534323107953664
	sdB
	42860 ± 1590
	5.51 ± 0.12
	0.168
	1.3991 ± 0.0553
	[image: Mathematical equation: $ -10.883^{+0.018}_{-0.016} $]
	[image: Mathematical equation: $ 0.207^{+0.009}_{-0.008} $]
	[image: Mathematical equation: $ 129.9^{+23.4}_{-20.3} $]
	[image: Mathematical equation: $ 0.51^{+0.17}_{-0.13} $]



	CBS250
	1373881186687373696
	sdB
	32280 ± 140
	5.76 ± 0.03
	0.052
	0.8909 ± 0.0328
	[image: Mathematical equation: $ -11.194^{+0.010}_{-0.007} $]
	[image: Mathematical equation: $ 0.159^{+0.006}_{-0.006} $]
	[image: Mathematical equation: $ 24.6^{+2.4}_{-2.2} $]
	[image: Mathematical equation: $ 0.53^{+0.06}_{-0.05} $]



	CBS274
	1605239049014274560
	sdOB
	36833 ± 2000
	5.83 ± 0.20
	0.030
	0.3374 ± 0.0601
	[image: Mathematical equation: $ -11.708^{+0.014}_{-0.005} $]
	[image: Mathematical equation: $ 0.128^{+0.028}_{-0.020} $]
	[image: Mathematical equation: $ 27.3^{+15.3}_{-9.1} $]
	[image: Mathematical equation: $ 0.41^{+0.34}_{-0.18} $]



	CBS282
	1591755325606144640
	sdOB
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