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Abstract

Context. Blue large-amplitude pulsators (BLAPs) are a recently discovered group of hot stars pulsating in radial modes. Their origin needs to be explained, and several scenarios for their formation have already been proposed.

Aims. We investigate whether BLAPs can originate as the product of a merger of two low-mass white dwarfs (WDs) and estimate how many BLAPs can be formed in this evolutionary channel.

Methods. We used the Modules for Experiments in Stellar Astrophysics (MESA) code to model the merger of three different double extremely low-mass (DELM) WDs and the subsequent evolution of the merger product. We also performed a population synthesis of Galactic DELM WDs using the COSMIC code.

Results. We find that BLAPs can be formed from DELM WDs provided that the total mass of the system ranges between 0.32 and 0.7 M⊙. BLAPs born in this scenario either do not have any thermonuclear fusion at all or show off-centre He burning. The final product evolves to hot subdwarfs and eventually finishes its evolution either as a cooling He WD or a hybrid He/CO WD. The merger products become BLAPs only a few thousand years after coalescence, and it takes them 20–70 thousand years to pass the BLAP region. We found the instability of the fundamental radial mode to be in fair agreement with observations, but we also observed instability of the radial first overtone. The calculated evolutionary rates of period change can be both positive and negative. From the population synthesis, we found that up to a few hundred BLAPs born in this scenario can exist at present in the Galaxy.

Conclusions. Given the estimated number of BLAPs formed in the studied DELM WD merger scenario, there is a good chance to observe BLAPs that originated through this scenario. Since strong magnetic fields can be generated during mergers, this scenario could lead to the formation of magnetic BLAPs. This fits well with the discovery of two likely magnetic BLAPs whose pulsations can be explained in terms of the oblique rotator model.
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1. Introduction
Blue large-amplitude pulsators (BLAPs) were discovered as a new class of variable stars by Pietrukowicz et al. (2013, 2017) in the Optical Gravitational Lensing Experiment (OGLE) project data (Udalski 2003). About a hundred BLAPs are currently known, most of which were found in the data of the aforementioned project (Borowicz et al. 2023a,b; Pietrukowicz et al. 2024). BLAPs are radially pulsating stars with effective temperatures in the range of 25–32 kK, pulsation periods between 7 and 75 minutes, and characteristic light curves with a rapid rise and a slower decline in brightness. The ranges of brightness variations are between 0.1 and 0.45 mag in the I-band, which fully justifies the use of ‘large amplitude’ in the class name. In the Hertzsprung-Russell (H-R) diagram, BLAPs are located between hot subdwarfs and hot main-sequence (MS) stars. While their effective temperatures are similar to sdB-type hot subdwarfs, their surface gravities are an order of magnitude smaller than in hot subdwarfs. The properties of these stars have been summarised recently by Pietrukowicz et al. (2024).
One of the most interesting issues related to BLAPs is their origin and the role of binarity in their formation. It is known that stars with parameters typical of BLAPs cannot form during the typical evolution of a single star. It is therefore reasonable to assume that all BLAPs have a binary origin (Byrne et al. 2021). Since BLAPs are very rare (the discovery of about 100 BLAPs required the analysis of the photometry of millions of stars), the evolutionary channels that lead to their formation must be quite rare and/or the evolution through the BLAP instability region is rapid. Several scenarios for the formation of BLAPs have been proposed so far. These predict a fairly wide range of BLAP masses, from just under 0.3 M⊙ to over 1 M⊙. They also predict different internal structures of these stars. BLAPs could thus be stars with He cores burning hydrogen in a shell (Pietrukowicz et al. 2017; Wu & Li 2018; Byrne & Jeffery 2018, 2020), core He-burning stars (Pietrukowicz et al. 2017), or shell He-burning stars (Xiong et al. 2022). They may also be surviving companions of type Ia supernovae (Meng et al. 2020). In all of these scenarios, binarity is needed to remove much of the mass of the BLAP progenitor, especially to remove much of its hydrogen envelope. According to some of these scenarios, BLAPs should be at present members of binary systems.
A very interesting scenario for the formation of BLAPs has been proposed by Zhang et al. (2023) in which BLAPs are formed by the merger of a helium white dwarf (WD) and an MS star. Another merger scenario not yet realised with modelling was proposed by Córsico et al. (2018). In their scenario, BLAPs are formed as a result of the merger of two extremely low-mass WDs. The attractiveness of the merger scenario comes from the fact that mergers can produce stars with strong magnetic fields. As we show in the accompanying paper (Pigulski et al. 2024), there are two BLAPs that we find to very likely be magnetic BLAPs.
Observations can also shed light on BLAP formation scenarios by identifying binarity. Close binary systems with BLAPs can be discovered through observations of proximity effects or eclipses. So far, however, none such BLAP is known. On the other hand, wide systems with long and intermediate orbital periods can be discovered by observations of the light travel-time effect, as is the case of HD 133729 (Pigulski et al. 2022) and ZGP-BLAP-01 = TMTS-BLAP-1 (Lin et al. 2023).
Our paper is organised as follows. In Sect. 2 we review studies devoted to WDs in binary systems. In the next Sect. 3, we describe the methods and results of modelling the mergers of double extremely low-mass WDs and the subsequent evolution of their products. We also focus on analysing their seismic properties, focusing on radial pulsations. In Sect. 4, we perform a population synthesis of Galactic double extremely low-mass WDs to estimate the number of BLAPs resulting from the mergers of these systems and to quantitatively examine the evolutionary scenarios leading to this outcome. The most important results and conclusions from our work are summarised in Sect. 5.
2. Binary white dwarfs
As mentioned above, Córsico et al. (2018) have suggested that BLAPs may be the result of the merger of two extremely low-mass WDs. This idea has never been verified by modelling, however. Extremely low-mass white dwarfs (ELM WDs, Brown et al. 2010, 2022; Kilic et al. 2012; Kosakowski et al. 2020, 2023, and references therein) are helium-core WDs (HeWDs)1 with masses ≲0.3 M⊙2 that have never managed to ignite helium in their interiors. Their presence in the Galaxy can be explained on the basis of the evolution of stars in binary systems in which, after the formation of a helium core, the stellar envelope is quickly removed before the onset of the 3α reactions (Marsh et al. 1995; Althaus et al. 2013; Zorotovic & Schreiber 2017; Sun & Arras 2018; Li et al. 2019). They cannot form as a result of the evolution of a single star, because the age of the Universe is simply too short for a low-mass star to evolve into an ELM WD in that time3.
Extremely low-mass WDs also occur in so-called double-degenerate binary systems (DDs; i.e. binary systems in which both components are WDs; e.g. Nelemans et al. 2001a; Korol et al. 2017; Lamberts et al. 2019, and references therein). Their companions may also be HeWDs or even ELM WDs (e.g. Mullally et al. 2009; Brown et al. 2022; Kosakowski et al. 2023; Antunes Amaral et al. 2024). Such systems are called double HeWDs (DHeWDs) or double ELM WDs (DELM WDs). Some of the DHeWD and DELM WD systems are so tight that they merge within a few hundred Myr due to the emission of gravitational waves (e.g. Brown et al. 2011, 2020; Burdge et al. 2019). In general, the mergers of DDs are the source of many phenomena and objects in the Universe such as ‘normal’ and subluminous type Ia supernovae (e.g. Hoyle & Fowler 1960; Taubenberger 2017; Liu et al. 2023), AM CVn stars (e.g. Zhang et al. 2018; Ramsay et al. 2018), extreme helium stars and R CrB stars (e.g. Zhang & Jeffery 2012a; Zhang et al. 2014), isolated helium- or hydrogen-rich hot subdwarfs (e.g. Hall & Jeffery 2016; Schwab 2018; Yu et al. 2021), and single ultra-massive WDs (e.g. Hollands et al. 2020; Wu et al. 2022).
Given the similar characteristics of BLAPs and single hot subdwarfs, the idea of Córsico et al. (2018) that BLAPs may originate as a result of the merger of two ELM WDs seems reasonable. Indeed, some papers investigating the origin of hot subdwarfs from DHeWD mergers present models that intersect the BLAP region in H-R and/or Kiel diagrams (e.g. Saio & Jeffery 2000; Zhang & Jeffery 2012b; Schwab 2018; Yu et al. 2021). However, the authors of these papers focus only on the evolutionary stage typical of hot subdwarfs. Although the literature on DD mergers is extremely extensive due to their association with supernovae, we are not aware of any published study that analyses the mergers of DELM WDs in the context of the formation of BLAPs. Given these facts, we investigate in this work whether DELM WD mergers (or more generally, DHeWD mergers) could be one of the potential sources of Galactic BLAPs.
3. Simulations of DELM WD merger products
3.1. Methods
3.1.1. General setup
To model the DELM WD merger and the subsequent evolution of its product, we used the Modules for Experiments in Stellar Astrophysics4 (MESA version 23.05.1, Paxton et al. 2011, 2013, 2015, 2018, 2019; Jermyn et al. 2023), a one-dimensional stellar structure and evolution code compiled using the MESA Software Development Kit for Linux (version 23.7.3, Townsend 2023). In this and the next section, we describe in detail the applied settings and the values of critical parameters in the MESA code. However, we would like to emphasize that all the MESA inlists we used to obtain the results presented in this study are available on Zenodo at the following link5. We consider three merger models, corresponding to three different total masses of the merging DELM WDs, namely 0.32, 0.4, and 0.7 M⊙. For simplicity, we refer in this paper to these models as models A, B, and C, respectively. Their key features are listed in Table 1. The models have been chosen such that models A and C intersect the area of the occurrence of BLAPs in the Kiel diagram at its edges, while model B intersects this area centrally.
Table 1. 
Fundamental properties of the three models of merging DELM WDs analysed in our study.

We assumed that both components of the DELM WD progenitor system had identical initial chemical compositions and initial uniform rotation rates of 10% of their critical values. Our models are characterised by the initial mass fraction of hydrogen X = 0.7 and metallicity in two variants, Z = 0.01 and Z = 0.02. When initialising the models prior to MS, we assumed a solar-scaled mixture of elements according to Asplund et al. (2009) and the corresponding opacity tables for this mixture. The microphysics data used in our MESA models are described in Appendix A. We used the convective pre-mixing scheme (Paxton et al. 2019, their Sect. 5) in combination with the Ledoux criterion to define the boundaries of convective instability. Convective mixing was incorporated into the models via mixing length theory in the formalism provided by Henyey et al. (1965), with the value of the solar-calibrated mixing length parameter αMLT = 1.82 (Choi et al. 2016). We ignored the effects of semiconvection and thermohaline mixing. The overshooting of the material above (and below, if possible) any convective, H- or He-burning region was treated in the exponential diffusion approximation developed by Herwig (2000) with an adjustable parameter, fov = 0.015. MESA uses the mathematical formalism of Heger et al. (2000) and Heger et al. (2005) to apply structural corrections, perform different types of rotationally induced mixing and ‘diffusion’ of angular momentum between adjacent shells. We have included the following rotational mixing mechanisms in MESA: dynamic shear instability, secular shear instability, Eddington-Sweet circulation, Solberg-Høiland instability, and Goldreich-Schubert-Fricke instability, all described in detail by Heger et al. (2000). Mass losses due to the radiation- or dust-driven stellar winds have been calculated according to the prescriptions given by Vink et al. (2001) and Reimers (1975), respectively. For detailed information on all the above processes, their implementation in the MESA code, and our choices of ‘physical switches’, we refer the reader to the series of MESA instrumental papers and to our inlists that accompany this paper.
3.1.2. Four stages of simulation
Each of our models consists of four distinct evolutionary stages, which we integrated separately. During the first stage, we created a chemically homogeneous and fully convective model of a single pre-MS star. When the model was in the immediate vicinity of the zero-age MS (ZAMS), we relaxed it to a uniform rotation with an angular velocity corresponding to 10% of the critical value. During the subsequent evolution, we allowed the differential rotation to develop. We followed the evolution of the model up to the point on the RGB where a helium core of the desired mass formed inside the red giant. We defined the helium core boundary as the distance from the centre of the red giant at which X = 0.01, so our models of pre-ELM WDs do not have hydrogen envelopes, although we note that some HeWDs can stably burn hydrogen in their relatively thick envelopes (e.g. Steinfadt et al. 2010).
When the ELM WD progenitor formed inside a red giant, we aborted the first stage of evolution and started to artificially remove the hydrogen-rich envelope using the MESA control named relax_mass_to_remove_H_env. For the reasons described below, we used this relaxation procedure together with extra_mass_retained_by_remove_H_env = 0 to ensure that the surface of the target ELM WD retains as little hydrogen as possible. As a result, the hydrogen-rich envelope was removed at a constant rate of 10−3 M⊙ yr−1, simulating efficient mass transfer between components or envelope ejection as a result of the common envelope (CE) phase. Despite the procedure used, the model still contained a small amount of hydrogen near the surface, which tended to burn off rapidly in a series of flashes. However, this had the disadvantage of being computationally expensive and only delayed the descent of the helium core into the HeWD region, while the products of these nuclear reactions were easy to predict. Since we were only interested in the final product, namely the formation of the ELM WD, immediately after the MESA procedure removed the envelope, we synthetically converted the trace amount of the remaining hydrogen into helium to reduce computational time6. After the removal of the envelope, we continued the evolution of the helium core until its log(L/L⊙) =  − 2. At this stage, we did not include diffusion and gravitational settling of elements near the surface, as the subsequent dynamical merger led to intense mixing of the surface layers, effectively removing any chemical composition inhomogeneities. The result of this stage was an ELM WD model on a HeWD cooling sequence.
Having a model of a single ELM WD, we started the third stage, the simulation of the coalescence of the DELM WD. We assumed that the merger involved a pair of ELM WDs with identical mass and chemical composition as in the model obtained in the previous stage7. Unfortunately, for MESA, simulating a merger of DHeWD is an extremely numerically demanding task, especially in the initial phase when it is difficult to maintain model convergence. This is due to the rapid heating and subsequent expansion of the He-rich matter deposited on the surface of the relatively cool ELM WD (Teff ≈ 10 000 K) at a very fast accretion rate. To mitigate this problem, we started the third stage of our simulation with the accretion of a thin layer of matter from the tidally disrupted ELM WD at an accretion rate of 10−7 M⊙ yr−1. This relatively slow rate allowed us to guide the evolution of the model through the most challenging phase of the merger simulation in a numerically stable way. When the total mass of He-rich material accumulated on the surface of the accretor reaches 0.01 M⊙, we increased the accretion rate to 10−5 M⊙ yr−1. This corresponds to the so-called slow merger model (e.g. Zhang & Jeffery 2012b, and references therein). This model assumes that the tidally disrupted ELM WD first forms a disc around the accretor, and then the matter from the disc settles relatively slowly (on a time scale of ∼104 years) on the surface of the accretor8. The accretion rate we adopted corresponded to about 30–60% of the Eddington rate during the main part of the mass accretion process. We stopped the accretion when the total mass of the accretor was equal to the sum of the component masses of the DELM WD, as indicated in Table 1. During the accretion of matter, we disabled all rotation-related effects to avoid problems with the convergence of the model. However, hydrodynamic simulations of DHeWD mergers carried out by, for example, Gourgouliatos & Jeffery (2006) and Dan et al. (2014) suggest that the post-merger product rotates rapidly, and the radial rotational profile quickly approaches rigid rotation. To account for this important feature, we relaxed our model to a rigid rotation with an angular velocity corresponding to 30% of its critical value (cf. Dan et al. 2014, especially their Fig. 4 and Table B.1) at the end of the accretion phase. The same authors also provide evidence that as a result of the dynamical interactions during the merger, only ∼10−3 M⊙ are irreducibly ejected from the system in the form of a ‘tidal tail’. Therefore, we could model the whole phenomenon as perfectly conservative in terms of the total mass of the interacting DELM WD system.
During the final, fourth stage of the simulation, we followed the evolution of the post-merger product, focusing on the point at which it passes through the region of BLAPs in the H-R and Kiel diagrams. Although the resulting star rotated relatively fast, suggesting significant rotational mixing in the subsurface layers, we included diffusion and gravitational settling of elements for completeness. These processes were tracked individually for each isotope, without grouping them into larger categories. We terminated the calculations when the post-merger object was on the WD cooling sequence.
3.2. Results of simulations with MESA
3.2.1. Evolution of merger in H-R and Kiel diagrams
Figure 1 illustrates the evolution of the models A, B, and C with initial Z = 0.02 in the H-R and Kiel diagrams. As can be seen in Fig. 2, the evolutionary tracks of the merger products with initial Z = 0.01 are very similar, so we do not plot them in Fig. 1 for greater clarity. We restrict our presentation of the evolutionary tracks to the slow merger9 (orange curves) and the post-merger (red curves) phases. The reason why the evolutionary track of the post-merger product does not start exactly at the point in the diagrams where the merger was formed is because the model was relaxed to a uniform rotation after the completion of the merger, as we discussed earlier in the text. For comparison, we have plotted the observed positions of BLAPs (Pietrukowicz et al. 2017, 2024; Ramsay et al. 2022; Chang et al. 2024) and hot subdwarfs (Fontaine et al. 2019; Lei et al. 2023) in Kiel diagrams10. We have also plotted the position of the ZAMS in the H-R diagrams according to the MIST evolutionary tracks (Dotter 2016; Choi et al. 2016) taking into account the initial solar metallicity and rotational effects. We describe the behaviour of each model in more detail below.
	[image: thumbnail]	Fig. 1. Evolutionary tracks for the models A (top row), B (middle row), and C (bottom row) with the initial metallicity Z = 0.02 in the H-R diagrams (left column) and Kiel diagrams (right column). The orange curves represent the evolution of the model during the slow merger phase, while the red curve corresponds to the evolution of the post-merger product. The black dots along the evolutionary tracks indicate fixed time intervals with the periods provided in the legend. Arrows indicate the direction of evolution at both stages. The dashed curve in the H-R diagrams corresponds to ZAMS. The diagonal dotted lines in the H-R diagrams correspond to the lines of constant radii and are labelled in the top right panel. For comparison, the dark blue and light blue points with error bars correspond to the observed parameters of BLAPs and hot subdwarfs, respectively. Data sources for them are given in the text.



	[image: thumbnail]	Fig. 2. Evolution of the seismic properties of the post-merger models A, B, and C (colour-coded points) in the Kiel diagrams as they pass the BLAP region. Colour-coded circles correspond to models with initial metallicity Z = 0.02, while squares correspond to Z = 0.01. The black crosses indicate the position of the BLAPs based on the same data as in Fig. 1. The colour scales in the panels correspond to the pulsation period of the fundamental radial mode (upper left), the normalised growth rate of this mode (upper right), the period ratio of the first radial overtone to the fundamental radial mode (lower left) and the normalised growth rate of the first overtone (lower right).



The evolution during the slow merger phase proceeds similarly in each of the three models. During the first approximately 10 years, the accretor hardly changes its radius, but increases its luminosity by about five orders of magnitude due to a rapid increase in effective temperature. After reaching log(L/L⊙)≈3, the assumed accretion rate becomes close to the Eddington limit, causing the accretor to maintain a nearly constant luminosity for the next few tens or hundreds of years, while rapidly increasing its radius to approximately 10 R⊙. At this stage, the accretor mimics an intermediate-mass MS star with a mass of ∼5 M⊙, although its atmosphere lacks hydrogen. Overall, after ∼104 years, the merger is complete. For the model C, off-centre He burning is initiated during the final accretion phase, causing the model to exhibit a characteristic loop at this stage of the simulation.
Once the merger is completed, the subsequent post-merger evolution differs from model to model. In the model A, the post-merger product simply evolves towards the HeWD cooling sequence, and its interior no longer undergoes thermonuclear reactions. With a mass of 0.32 M⊙, it marginally ‘grazes’ the region where BLAPs occur. Interestingly, with a mass lower by only 0.02 M⊙, the evolutionary track of the model A would miss the region of BLAPs. Therefore, we can consider 0.32 M⊙ as the minimum mass of a BLAP originating from a merger of DELM WD.
The more massive model B intersects the BLAP region centrally, and its evolution at this phase is similar to the model A. However, a difference appears after a few tens of thousands of years, when He burning begins in the model B. Initially, helium ignites outside the core in a series of flashes, causing the star to make a series of tightening loops in the H-R diagram. The burning then reaches the centre, helium is gradually burned out in the core, and the star becomes a hybrid helium-carbon-oxygen WD (He/CO WD) in which about half the mass is helium.
The evolution of the model C, with a mass of 0.7 M⊙, differs from the previous two cases. Off-centre helium burning already starts at the end of the slow merger phase and continues in a series of about ten flashes that alternately increase and decrease the radius of the star. The model C is therefore a BLAP model in which He-burning can occur, in contrast to the models A and B, which are BLAP models without any thermonuclear energy source when crossing the region of BLAPs. Once helium in the core is depleted, the model C also becomes a hybrid He/CO WD with a carbon-oxygen core and a helium envelope, although much thinner than in the model B. Increasing the mass of the model C leads to higher luminosities of the post-merger product as it approaches the BLAP region. Therefore, we consider 0.7 M⊙ to be an upper limit on the mass of the BLAP formed from the merger of the pair of ELM WDs.
For each model, a post-merger object becomes a BLAP only about four to ten thousand years after the coalescence. This is a relatively short time compared to the later time scale of the evolution of these objects. This allowed us to conclude that a DELM WD can become a BLAP almost immediately after merging. Consequently, it can be expected that BLAPs originating from this evolutionary channel should exhibit some infrared excess emission due to the dust created from the remnants of metal-rich material ejected during the tidal disruption. The time spent in the region occupied by the BLAPs is also relatively short. Regardless of the model, its duration is on the order of tens of thousands of years, which certainly correlates well with the remarkable rarity of BLAPs in the Galaxy. BLAPs formed in the models A, B, and C can be described as pre-hot subdwarfs because they always become hot subdwarfs after leaving the BLAP region. They are also relatively fast rotators. All of our BLAP models exhibit a rotation period of about 0.5 d and a typical equatorial rotational velocity of around 100 km s−1.
3.2.2. Seismic properties of the BLAP models
Tracing the evolution of the post-merger product in MESA, we also investigated its seismic properties using the GYRE11 code (Townsend & Teitler 2013; Townsend et al. 2018; Goldstein & Townsend 2020) for linear non-adiabatic stellar oscillations. As input files for GYRE with the necessary stellar structure data, we used profiles saved by MESA. Since BLAPs are expected to pulsate in radial modes, we are only interested in the period of the radial fundamental mode, PF, and the period of its first overtone, P1O. We also investigate the stability of these two modes. Our calculations in GYRE were performed in the non-adiabatic regime with MAGNUS_GL2 difference equation scheme. The corresponding gyre.in file with the input parameters we used can be found in the Zenodo repository, which we mentioned in Sect. 3.1.1.
We monitored the evolution of post-merger models with diffusion and gravitational settling of elements incorporated. Nevertheless, it turns out that the rotation rate of the post-merger product is sufficiently fast that, once the BLAP region was crossed, our three models show significant rotational mixing in the outer layers. This process is dominated by the Goldreich-Schubert-Fricke instability and Eddington-Sweet circulation, with a combined diffusion coefficient of ∼106 cm2 s−1 in the subsurface layers. Such intensive rotational mixing effectively prevents the formation of any chemical inhomogeneities near the surface, with the result that our seismic models of BLAPs have a highly homogeneous chemical composition.
The results of the seismic analysis of our models are summarised in Fig. 2. As can easily be seen, the period of fundamental radial mode (upper left panel) changes rapidly at this stage of evolution as a consequence of rapid changes in the radius of the star. Each model correctly reproduces the range of pulsation periods observed in BLAPs (which range from 7 to about 75 minutes, Sect. 1). Analysis of the stability of the fundamental radial mode (upper right panel) reveals a satisfactory agreement between the location of unstable modes and the observed positions of BLAPs. The exact location of this ‘area of instability’ significantly depends on the choice of opacity tables, initial metallicity, and the structure of the outer layers, where the radial pulsations in BLAPs are driven in the so-called Z-bump region. Given the large uncertainties associated with the mean opacities of the iron group elements (see e.g. Daszyńska-Daszkiewicz et al. 2017, and discussion therein), our result can be considered satisfactory. We also cannot exclude the possibility that a small addition of hydrogen near the surface (which could potentially survive the merger; e.g. Hall & Jeffery 2016) could change the structure of the outer layers enough to alter the geometrical location of the Z-bump, consequently affecting the position of the instability region of the fundamental radial mode that we obtained. We would like to point out that the observational sample of BLAPs does not correspond to a single evolutionary channel discussed in our study. Most likely, BLAPs originate from several different evolutionary channels. For this reason, their internal structure, chemical composition, and rotational profile may differ significantly from object to object. Consequently, our models do not necessarily need to reproduce the entire range of the seismic properties of BLAPs.
The bottom row in Fig. 2 shows the expected properties of the first radial overtone. The left panel shows how the ratio of the period of the first overtone to the period of the fundamental mode changes over time. Importantly, this ratio is not constant, but varies significantly when the model crosses the BLAP region, ranging from about 0.755–0.815. Analysis of the stability of the first radial overtone (lower right panel) suggests that BLAPs born from DELM WDs can have both the fundamental radial mode and the first radial overtone excited simultaneously provided that the initial Z is high enough. In contrast, the second radial overtone is stable in all our models. Currently, only one case of a double-mode BLAP is known, most likely with two radial modes excited. This object is OGLE-BLAP-030 (Pietrukowicz et al. 2024, their Sect. 4.2). It shows three independent and some combination frequencies. The period ratio of the two dominant terms is equal to 0.762. This value is fully consistent with our predictions shown in Fig. 2 (bottom left panel). Although this does not prove that OGLE-BLAP-030 was created by the DELM WD merger, the possibility of using observed modes in this star to verify BLAP formation scenarios seems interesting.
3.2.3. Rates of period changes
We also investigated the rate of change of the pulsation period of the fundamental radial mode PF over time t, [image: equation], which can be expected from our models when passing through the region occupied by BLAPs in the Kiel diagram. Figure 3 shows the results of this analysis for models with initial Z = 0.02 (for Z = 0.01 the results are almost the same). In general, BLAPs resulting from the DELM WD mergers may show an increasing or decreasing PF at a typical order of [image: equation]–10−4 yr−1. The direction of this change, however, depends on whether the post-merger product has managed to ignite helium when crossing the BLAP region. The models A and B only show a decrease in PF (i.e. negative values of ṖF), as the radius of these stars decreases at this stage of evolution. Moreover, as long as helium ignition does not occur, the rate of period change is the smaller the lower is the mass of the merger product. For the model C, which represents a scenario with off-centre He-burning BLAPs, the star undergoes both a contraction and an expansion phase, which means that the pulsation period can either increase or decrease.
	[image: thumbnail]	Fig. 3. Evolution of the rate of change of the pulsation period of the fundamental radial mode, normalised to its instantaneous value, for models A (dashed-dotted curve), B (dashed curve), and C (solid curve) with an initial Z = 0.02 as a function of effective temperature. The shaded vertical region indicates the observed effective temperature range of the BLAPs. The dotted horizontal line indicates no change in period. The abscissa axis has been inverted to correspond to the H-R diagram; hence, time flows from right to left in the figure. Negative values on the ordinate axis indicate a shortening of the pulsation period, while positive values indicate a lengthening.



Although the pulsation periods of BLAPs are relatively short, which allows for an accurate analysis of the changes of PF, it may not be straightforward to determine evolutionary changes that could be compared to those in Fig. 3. For most BLAPs, the analysis of the period changes has been done by dividing the light curves into shorter parts and fitting a period for each part separately (e.g. Pietrukowicz et al. 2017, 2024). Such a procedure could give evolutionary period changes under the assumption that the rate of period change is constant. Unfortunately, the observed changes could be more complicated as in the case of TMTS-BLAP-01 (Lin et al. 2023) or the two BLAPs discussed in the accompanying paper by Pigulski et al. (2024), and could also include periodic component due to the light travel-time effect in a binary system.
4. Population synthesis of Galactic DELM WDs
In the previous section, we showed that the post-merger product of a DELM WD can become a BLAP, provided that the total mass of the system is in the range 0.32–0.7 M⊙. However, to answer the question of how common this formation channel is and how many such BLAPs may currently exist in the Galaxy, it is necessary to refer to the binary population synthesis simulations (see Han et al. 2020, for a concise summary of this technique). Such analyses for DHeWDs (or DDs in general) have been performed many times before (e.g. Nelemans et al. 2001b; Toonen et al. 2012; Korol et al. 2017; Li et al. 2019; Breivik et al. 2020; Yu et al. 2021; Thiele et al. 2023, to list a few), but never in the context of BLAPs. We therefore carry out a population synthesis of DHeWDs, focusing only on systems that are progenitors of BLAPs according to our criteria12.
4.1. Methods
To estimate the number of BLAPs originating from merging DELM WDs that may currently exist in the Galaxy, as well as the corresponding evolutionary scenarios and associated relative probabilities, we have performed a population synthesis of binary systems based on the COSMIC code13 (version 3.4.10; Breivik et al. 2020). This code is largely based on the SSE (Hurley et al. 2000) and BSE (Hurley et al. 2002) codes designed to track the evolution of stars and their interactions in binary systems. However, COSMIC contains many modifications compared to these two original codes and is particularly suitable to study the formation of compact binary systems. Many of the solutions in the COSMIC code have been adapted from the StarTrack binary population synthesis code (Belczynski et al. 2008).
We sampled the initial population using a multidimensional distribution of initial parameters for binary systems provided by Moe & Di Stefano (2017). This was done in the COSMIC by a built-in function that iteratively adjusted the parameters of the initial population to focus only on the group of binary systems that are likely to complete their evolution at a user-specified stage. In our case, we are interested in a population that would produce DHeWDs. Our so-called fixed population contains 1.5 × 106 of the binary systems of interest, which correspond to a total mass of all stars (both single and in binary systems) of about 1.8 × 107 M⊙ or 1.5 × 107 stars. We normalised the fixed population to the Galactic (‘astrophysical’) population based on the total mass of stars in the Milky Way, which is estimated to be 6.43 × 1010 M⊙ in the current epoch (McMillan 2011).
The fixed population was generated using a custom star formation history (SFH) assuming that the current age of the Universe is 13.8 Gyr (Planck Collaboration VI 2020). We have adopted the star formation rate (SFR) profile from Revaz et al. (2016) resulting from the chemo-dynamical modelling of a Milky Way-like galaxy performed with proprietary GEAR code (Revaz & Jablonka 2012). In addition to the separate treatment of the stellar, interstellar medium, and dark matter components, the model also allows for the direct tracking of [Fe/H] and [Mg/Fe] abundances by solving the chemical evolution equations explicitly. It was shown to accurately reproduce the observed [Fe/H]–[Mg/Fe] scatter as obtained from high-resolution spectroscopy of stars in the Milky Way and dwarf spheroidal galaxies in the Local Group. Since Revaz et al. (2016) do not provide a digital version of their SFR function, we digitised their Fig. 17, averaged, and smoothed all three curves shown therein. The result is shown in Fig. 4 (upper panel). The SFH we used shows a maximum around 1.5 Gyr after the Big Bang and an almost exponential decrease in time. We also assumed that the adopted multi-dimensional distribution of initial parameters for binary systems is universal and time-independent.
	[image: thumbnail]	Fig. 4. Summary of our population synthesis of DHeWDs performed using the COSMIC code for metallicity Z = 0.01. The upper panel shows the SFH used in the simulation. The middle panel shows the birth rate of all DHeWDs (black histogram), as well as those among them that will become AM CVn-type systems (green histogram) or BLAPs (orange histogram). The lower panel presents the merger rate of all DHeWDs with the corresponding mass ratio (grey histogram) and those systems that will become BLAPs (orange histogram). The blue vertical line marks the age of the Universe.



Since most of the stars in our sample formed ∼1.5 Gyr after the Big Bang (according to the adopted SFH), we have assumed that the entire population is characterised by a metallicity [Fe/H] = −0.3 (Lian et al. 2023). Assuming that the solar metallicity is Z⊙ = 0.02 (von Steiger & Zurbuchen 2016), this corresponds to Z = 0.01. However, we also repeated our calculations for Z = Z⊙ to investigate the impact of this parameter on our results, as we describe below in the text. The wind mass-loss rate on the RGB was calculated using a Reimers-like wind with a dimensionless scaling factor ηR = 0.48 (McDonald & Zijlstra 2015). For the CE phase, we used the canonical value of the efficiency of orbital energy transfer to the envelope, αCE = 1. To distinguish between stable and unstable mass transfer depending on the evolutionary stage of the components, we adopted the set of critical mass ratios from option number ‘3’ in the COSMIC (qcflag = 3 in the bse section of input parameters), which is recommended by the documentation of this code for the synthesis of DDs. The rest of the free parameters and ‘switches’ in the COSMIC code remained mostly default. The code we used to generate the fixed population is available on Zenodo14.
4.2. Birth and merger rates
Among the 1.5 × 106 binary systems whose evolution we traced with COSMIC, we identified those that led to the formation of DHeWD. We considered two possibilities for their further evolution. Firstly, the system could undergo a merger during the CE phase or coalesce as a result of gravitational radiation. In the latter scenario, we assumed that the binary orbit is circular and shrinks according to the formalism provided by Peters (1964). In the case of mergers, we assumed that they occur when the distance between components in a circular orbit is equal to the sum of their radii. Secondly, a DHeWD system can become an AM CVn-type binary if the mass ratio of the donor to accretor is less than qcrit ≈ 2/3 (Motl et al. 2007), leading to a stable mass transfer between the components15. Systems of this kind follow different evolutionary paths than DHeWD mergers and are not investigated in this article.
According to the results presented in Sect. 3.2, we identified DHeWDs that can be the progenitors of BLAPs as those DHeWDs with a total mass not exceeding 0.7 M⊙ and a mass ratio that allows for a dynamic merger instead of forming an AM CVn-type binary system. We did not need to consider the lower mass limit for BLAPs, as all DHeWDs in our population have total masses above 0.32 M⊙. A summary of our population synthesis is shown in Fig. 4. The middle panel shows the predicted birth rates of the different types of systems. DHeWDs are mostly born between 5 and 15 Gyr after the Big Bang. In this time interval, such systems in the whole Galaxy are formed at a rate of about 3 × 106 Gyr−1. However, those that can become BLAPs are mainly born at around 6 Gyr after the Big Bang at a rate of about 1.5 × 106 Gyr−1. In contrast, the progenitors of AM CVn-type systems form with the highest rate 7–15 Gyr after the Big Bang.
The lower panel of Fig. 4 shows the merger rates for all DHeWDs that may have undergone unstable mass transfer and for the progenitors of BLAPs. These rates peak at about 6 Gyr after the Big Bang. Our simulations suggest that the vast majority of the presently merging DHeWDs are progenitors of BLAPs, with approximately 600 000 stars of this type per Gyr formed in the entire Galaxy. Assuming that the merger product becomes a BLAP shortly after the merger completes (which is a realistic assumption according to Sect. 3.2) and that the time of the passage through the region in which fundamental radial mode is unstable lasts up to ∼70 000 years (Figs. 1 and 2), it can be estimated that there should currently be around 40 BLAPs in the Galaxy that are descendants of DHeWD (including DELM WDs) mergers. This means that in the BLAP formation scenario we studied, their rarity is the result of relatively fast evolution rather than the small number of DHeWD mergers.
We also investigate from which epochs of Galactic evolution the progenitors of the currently observed BLAPs might originate. To do so, we plotted the initial birth age of the system against the age of its DHeWD merger. The results are shown in Fig. 5 and reveal a wide range of possibilities. It is clear that the progenitors of the present BLAPs, originating from the DHeWDs, could have formed practically at the beginning of the formation of the Galaxy. They are, on average, less massive than those whose initial systems only formed about 2.5 Gyr ago. Although our simulation corresponds to Z = 0.01, Fig. 5 suggests that BLAPs formed by DELM WD mergers may exhibit a very wide range of metallicities, reflecting the chemical evolution of the Galaxy. Consequently, it is to be expected that not all products of DHeWD mergers will pulsate like BLAPs when passing through their region of occurrence in the H-R diagram. This may be because the content of iron-group elements, which are responsible for driving radial pulsations in BLAPs, does not change significantly in the post-merger product compared to the initial content in the MS phase. Consequently, those mergers whose progenitors formed early in the evolution of the Galaxy, in low-metallicity environment, may not pulsate even though they have an internal structure similar to BLAPs.
	[image: thumbnail]	Fig. 5. Age of the formation of the initial binary system, τbirth as a function of the age of the corresponding DHeWD merger, τmerge. Both ages are calculated from the Big Bang. The colour scale corresponds to the total mass of the DHeWD. The dashed line represents the 1:1 relationship, while the vertical shaded bar indicates the current epoch.



The population synthesis we performed suffers from many uncertainties that are difficult to quantify. By changing the metallicity of the population to Z = 0.02 and leaving all other parameters unchanged, we verified that both the birth and merger rates of all DHeWDs decrease (Fig. B.1). Apart from the obvious limitations and approximate nature of the SSE and BSE codes, the main sources of uncertainty are (i) the normalisation of the fixed population to the astrophysical one, (ii) the assumption that the initial distribution of binary system parameters does not depend on the age of the Galaxy, and (iii) treating the Galaxy as a homogeneous stellar population without taking into account the separate chemical and dynamical evolution of stars in different components of the Galaxy. One can realistically expect that the uncertainties associated with the effects of our population synthesis can accumulate to an order of magnitude. Thus, it can be summarised that the estimated number of BLAPs in the Galaxy, formed in the merger scenario analysed here, could range from a few to several hundred.
4.3. Evolutionary scenarios
Figure 6 shows our sample of DHeWDs on the plane of the masses of their components. There are at least several groups of systems on this plane that correspond to different evolutionary scenarios. The diagram is populated on both sides of the grey dashed line, which denotes equal component masses (i.e. the ratio of component masses q = 1). Thus, there are post-RLOF systems with q > 1 in which the more massive HeWD originates from the initially less massive secondary component. The systems of interest from the point of view of BLAP formation are located in the region bounded by the pair of red dash-dotted lines. This is the area where the mass ratio allows for a dynamic merger. At the same time, the DHeWDs from which the BLAPs originate must lie within the grey-shaded area where the total mass of the system is smaller than 0.7 M⊙. A series of panels analogous to Fig. 6, but with different parameters of DHeWDs coded with colours, can be found in Fig. B.2.
	[image: thumbnail]	Fig. 6. Number of DHeWDs (colour-coded) from our binary population synthesis on the mass-mass plane. Index ‘1’ corresponds to the component that was more massive on the MS, and index ‘2’ corresponds to the less massive component. The grey dashed line corresponds to equal component masses. The red dotted-dashed lines surround the area where the mass ratio of the components allows for a merger, q > qcrit = 0.625. The grey shaded area corresponds to the sum of the masses of the components smaller than 0.7 M⊙. The blue polygon encloses the region with systems that may be progenitors of BLAPs.



In order to distinguish between different evolutionary scenarios leading to the formation of BLAPs through mergers of DHeWDs and thus classify the sample shown in Fig. 6, we utilised a dimensionality reduction technique called Uniform Manifold Approximation and Projection16 (UMAP, McInnes et al. 2018). We applied this method to an 11-dimensional space containing the basic properties of the simulated DHeWDs and projected the original manifold of our sample onto the 2-dimensional (2D) plane. The analysis was performed only for those DHeWDs that, according to our criteria, could lead to the formation of BLAPs. The results are summarised in Fig. 7. Each panel represents the same 2D projection of the sample, colour-coded according to the different key parameters of DHeWDs. It can be seen that there are four well-defined and isolated groups of points, corresponding to four distinct evolutionary scenarios. For simplicity, we have labelled these scenarios as S1, S2, S3, and S4 in the upper left panel of Fig. 7. We describe their key features below.
	[image: thumbnail]	Fig. 7. Two-dimensional UMAP projection of the manifold spanned by the parameters of our DHeWD sample, whose merger can result in the formation of BLAPs. One can see the presence of four distinct evolutionary scenarios, which are labelled in the upper left panel. The colour scale on each panel corresponds to a different parameter. Starting from left to right these parameters are: upper row: initial mass of the primary component (M0, 1), which is the more massive one on the MS, the initial mass ratio (q0), the logarithm of the initial orbital period (log P0) and initial orbital eccentricity (e0); lower row: the mass of the HeWD formed from the primary component (MHeWD, 1), the mass ratio in the DHeWD system (qDHeWD), the logarithm of the orbital period of the DHeWD (log PDHeWD) and the logarithm of the age at which the DHeWD merger occurs (log τmerger). We emphasize that the dimensions on both axes are not physically meaningful and their values are the result of a non-linear UMAP projection.




	S1. The first scenario corresponds to the evolution of binary systems with an initial mass ratio very close to unity. Initially, the system is characterised by a relatively long orbital period (up to about 300 days), and its orbit can be highly eccentric. Due to the equal masses of the components, both begin to leave the MS at a similar time. As their radii rapidly grow during the evolution to the RGB, the orbit quickly circularises, leading to the ‘double-core’ common envelope (CE) phase (e.g. Brown 1995). Matter to the envelope is transferred simultaneously from both components. In this way, both HeWDs are born at virtually the same time.



	S2. The initial binary system has a close configuration because the orbital period is only about 2 days long. As the primary component begins to cross the Hertzsprung gap, it easily fills its Roche lobe and stable mass transfer to the secondary component begins. The primary component sheds its hydrogen-rich envelope and becomes an ELM WD, while the binary system behaves at this stage as the EL CVn-type system (e.g. Chen et al. 2017). When the secondary component reaches the RGB, a CE phase occurs, leaving the tightest configuration of all four scenarios, with a DHeWD with an orbital period of about 10 minutes. A characteristic feature of the S2 scenario is also that the secondary component eventually becomes a more massive HeWD than the remnant of the primary component, and its mass is almost constant and equal to ∼0.33 M⊙ (horizontal feature in Fig. 6).



	S3. In this scenario, the progenitors of BLAPs are relatively close circular binary systems with a wide range of initial component masses. As in the S2 scenario, the system first undergoes the Roche-lobe overflow (RLOF) phase and then a CE phase. However, in contrast to the S2 scenario, the interplay between the initial conditions leads to the formation of DHeWDs with much longer orbital periods of up to 100 minutes. The characteristic ‘split’ of this group into two parts on the UMAP plane is a consequence of the distinction between systems that have or have not reversed their mass ratio during the DHeWD stage.



	S4. In terms of outcome and evolutionary channel, this scenario is almost the same as S3. However, the key difference between the two concerns the initial population. In contrast to the relatively close and circular initial orbits in the S3 scenario, those in S4 are highly eccentric and have relatively long orbital periods of up to several hundred days. The implementation of this scenario also requires significant mass discrepancy between the MS components. Due to pseudosynchronisation and significant eccentricity, both components spin up significantly during the MS phase. When the primary component evolves towards the RGB, the system undergoes rapid circularisation and a reduction of the semi-major axis due to strong tides. The further evolution is similar to that of S3.




A detailed summary of the characteristics of all four scenarios can be found in Table 2. We have included typical parameter ranges and the percentage of the occurrence of each scenario. The latter statistic is integrated over the time of the Galaxy evolution, thus referring to the total number of BLAPs resulting from HeWD mergers in all epochs. The most likely scenario is the S3 scenario.
Table 2. 
Summary of four evolutionary scenarios leading to the formation of BLAPs by merging DELM WDs.

5. Summary and conclusions
In our study, we tested whether DELM WDs or DHeWDs in general could be progenitors of BLAPs (Sects. 1 and 2). To answer this question, we modelled the mergers of DELM WDs and the evolution of their products (Sect. 3). We also analysed the seismic properties of these models (Sects. 3.2.2 and 3.2.3). Finally, we estimated the number of Galactic BLAPs that could originate from this evolutionary channel by means of a dedicated binary population synthesis with the COSMIC code (Sect. 4). The main results of our analysis are as follows:

	
We find that BLAPs can be formed from a merger of a DELM WD system with a total mass in the range 0.32–0.7 M⊙. This mass range is virtually the same for models with initial metallicity of progenitors Z = 0.01 and Z = 0.02.



	
The post-merger product crosses the BLAP region on the Kiel diagram only four to ten thousand years after the coalescence of the components. The crossing time of the merger product through the BLAP region ranges from approximately 20–70 thousand years.



	
Mergers formed in this way either have no thermonuclear reactions anywhere in their interiors when crossing the BLAP region (models A and B) or undergo off-centre helium burning (model C). The models B and C eventually become hybrid He/CO WDs.



	
Seismic analysis of our models reproduces pretty well the region in which BLAPs are observed. In addition to the instability of the fundamental radial mode, we also found the first radial overtone for models with a higher initial metallicity to be unstable. Their period ratio ranges between 0.755 and 0.815.



	
The resulting rates of period changes for the fundamental radial mode, ṖF/PF, are negative for the models A and B, positive and negative for model C, and can reach ±10−4 yr−1.



	
Population synthesis showed that up to a few hundred BLAPs originating from the proposed merger scenario can exist at the present day in the Galaxy.



	
The DELM WD systems that are progenitors of BLAPs are born in four evolutionary scenarios, with the most likely scenario being the system undergoing a stable mass transfer between the components, followed by the CE phase.




Based on the results obtained in our study, we can draw the following conclusions. Our simulations suggest that BLAPs, which are descendants of DELM WD mergers, can pulsate simultaneously in the fundamental radial mode and the first radial overtone provided that the initial metallicity of their progenitors is Z ≳ 0.01. This theoretical result differs from predictions in previous studies on the origin of BLAPs. In the paper reporting the discovery of BLAPs, Pietrukowicz et al. (2017) indicated that both radial modes in their models are stable, although the first overtone is more difficult to excite than the fundamental mode. Furthermore, Romero et al. (2018) reported that in their models, the first overtone is stable despite synthetically increasing metallicity in the envelope to Z = 0.05. Recently, Jadlovský et al. (2024) showed that it is possible to obtain seismic models of BLAPs with the first overtone excited using the MESA-RSP code (Smolec & Moskalik 2008; Paxton et al. 2019). However, the methods used and the assumptions made by the authors can be considered questionable in the context of BLAPs. Firstly, the authors adopted an artificially increased metallicity Z = 0.05 while retaining the canonical value of X = 0.7, which is at odds with the significant overabundance of helium observed in BLAPs. Secondly, the MESA-RSP code performs the seismic analysis on a simplified model of an isolated and chemically homogeneous outer envelope, which is constructed independently of the evolutionary scenario and the actual internal structure of the whole BLAP. For these reasons, it is difficult to attribute the models presented by Jadlovský et al. (2024) to a specific evolutionary history, whereas previous studies on the origin of BLAPs have shown that there is certainly a link between their seismic properties and origin. Unfortunately, there is no information on the stability of the first overtone in other papers on BLAPs. This includes the study by Zhang et al. (2023), which investigated the possibility of BLAP formation from MS-WD mergers. It is therefore unclear whether the potential observation of both radial modes in a BLAP (OGLE-BLAP-030 is an example) is unambiguous evidence that it originated from the coalescence of the components of a DELM WD system.
We would also like to emphasize that both radial modes in our models are excited without needing to segregate the elements in the outer layers. This contrasts with the conclusions presented by Byrne & Jeffery (2020), who argued that the excitation of radial oscillations in BLAPs is only possible with radiative levitation and gravitational settling of elements (leading to the iron accumulation in the Z-bump region). There are several factors leading to such different results. First of all, Byrne & Jeffery (2020) analysed a completely different evolutionary scenario compared to ours. The authors considered mass stripping of an RGB star via stable or unstable mass transfer. Consequently, their BLAPs still contain a low-mass hydrogen envelope, which significantly affects the seismic properties. The hydrogen envelope provides an additional source of opacity and makes the Z-bump less pronounced, hence the need for atomic diffusion to enhance the Z-bump and drive the pulsations. Secondly, the models presented by Byrne & Jeffery (2020) do not account for rotational effects that counteract diffusion of elements. This is particularly important in our scenario because the merger product rotates relatively fast and is characterised by intense rotational mixing in the outer layers. Thirdly, some of the models proposed by the aforementioned authors can undergo shell hydrogen-burning, making their evolution time through the BLAP region long enough for segregation processes to take place. In contrast, our models are relatively fresh post-merger products, and they evolve much faster through the BLAP region. Even without rotational mixing, it is unlikely that there is enough time for radiative levitation and gravitational settling to take effect.
The most optimistic observation-based estimate of the total number of BLAPs present in the Galaxy provides a number around 28 000 (Meng et al. 2020). Up to several hundred BLAPs originating from merging DELM WDs seem to represent a small, albeit non-negligible, fraction of this number. Byrne et al. (2021), on the other hand, estimate that there should be about 12 000 BLAPs in the entire Galaxy that are He-core, shell H-burning pre-WDs. Furthermore, Xiong et al. (2022) claim that between 3500 and 70 000 Galactic BLAPs can be expected that are shell He-burning sdB-type hot subdwarfs. The number of BLAPs that have survived as companions of type Ia supernovae may currently range between 750 and 7500 (Meng et al. 2020). Given the number of difficult-to-verify assumptions needed to derive these estimates, it should be noted that they are highly uncertain. This is evidenced by the fact that the sum of these estimates far exceeds the maximum number of Galactic BLAPs estimated from the observed sample.
Simulations of merging DDs suggest that a steep rotational velocity gradient during the dynamic phase of merger should lead to a significant enhancement of the magnetic field in the post-merger product (e.g. García-Berro et al. 2012; Ji et al. 2013; Beloborodov 2014; Pakmor et al. 2024). On the other hand, the CE phase may also result in an enhancement of the magnetic field of the DELM WD component(s) (e.g. Tout et al. 2008; Ohlmann et al. 2016), which may later become BLAPs. Therefore, it seems that BLAPs originating from mergers should be characterised by strong magnetic fields that are measurable by spectropolarimetric techniques (Kolokolova et al. 2015). Moreover, the radial modes of such ‘magnetic BLAPs’ may orient their pulsation axis to coincide with the magnetic axis instead of the rotational one. Consequently, their pulsations can be described by the so-called oblique rotator model in which roAp stars are explained (Kurtz 1982; Bigot & Kurtz 2011). In the presence of a strong magnetic field, radial modes no longer maintain spherical symmetry and gain components of higher-degree spherical harmonics (e.g. Shibahashi & Aerts 2000). As a result, the frequency spectra computed for the light curves of such objects show multiplets with uniform frequency spacing. In the accompanying paper (Pigulski et al. 2024), we present two such examples of BLAPs. Their unusual light curves can be explained based on the oblique rotator model, and they are therefore natural candidates for magnetic BLAPs that could have formed as a result of DELM WD mergers.

[bookmark: S16]Data availability
All the MESA inlists, GYRE and COSMIC input files we used to obtain the results presented in this study are available on Zenodo at: https://doi.org/10.5281/zenodo.13863170


1 As the nomenclature in this topic can be confusing, we clarify the differences between the terms ‘ELM WDs’, ‘HeWDs’ and ‘low-mass WDs’. Helium WDs and low-mass WDs can be considered as synonyms, referring to all WDs with masses below ∼0.5 M⊙, which are thought to have helium cores (e.g. Istrate et al. 2016). ELM WDs, on the other hand, are a unique subgroup of HeWDs, characterised by the lowest masses, smaller than ∼0.3 M⊙. They are always the products of evolution in interacting binary systems, which is not the case for all HeWDs.


2 The upper mass limit of ELM WDs varies between authors. It depends on whether we define ELM WDs as (i) HeWDs formed by evolution in a close binary system, (ii) HeWDs that would require a time longer than the Hubble time to form by the evolution of an isolated star, or (iii) HeWDs with sufficiently low mass that they do not experience hydrogen shell flashes during contraction. In this paper, we assume that this limit is 0.35 M⊙.


3 Isolated HeWDs are observed. They most likely originated from the evolution of red giants with dust-driven winds enhanced by their high metallicity (Castellani & Castellani 1993; D’Cruz et al. 1996; Kilic et al. 2007). However, this evolutionary channel does not allow for the formation of HeWDs with masses below ∼0.25 M⊙.


4 https://docs.mesastar.org/en/latest/


5 https://doi.org/10.5281/zenodo.13863170


6 A detailed spectroscopic analysis of selected BLAPs by Pietrukowicz et al. (2024) indicates that most of them are characterised by atmospheres with significantly enhanced helium and metal content. The logarithm of the helium-to-hydrogen ratio reaches log(NHe/NH) =  − 0.5, which corresponds to Y ≈ 0.55. Hydrogen is therefore still present in the atmospheres of the observed BLAPs.


7 In reality, there is always some difference between the masses of the DELM WD components, and the less massive component (with a larger radius) undergoes tidal disruption. However, for simplicity, we modelled the whole phenomenon as occurring in a system with twin ELM WDs. It seems to us that a model with a moderate discrepancy between the masses of the components, although more realistic, would not necessarily be more informative in terms of the results we obtained.


8 Detailed hydrodynamic simulations provide evidence that this process is more complex. After a tidal disruption of a less massive WD, about half of its material strikes directly the surface of the accretor in the form of a stream, immediately forming a ‘hot corona’ of significant size that prevents further settling of matter on the dynamical time scale. In contrast, the remaining matter forms an almost Keplerian-rotating disc from which the matter is consumed by the accretor on a much longer time scale. For a discussion on this topic see e.g. Yoon et al. (2007), Lorén-Aguilar et al. (2009), and Dan et al. (2014). Here we have chosen the slow merger model due to its relatively simple implementation in MESA.


9 In Fig. 1 we have omitted the initial merger phase with the accretion rate limited to 10−7 M⊙ yr−1; hence, the grey line does not start at log(L/L⊙) =  − 2, which characterises the initial state of the ELM WD accretor.


10 We did not draw the positions of the BLAPs on the H-R diagram, because reliably determining their luminosities is a difficult task, as most of them are relatively far away and are characterised by strong interstellar absorption.


11 https://gyre.readthedocs.io/en/latest/


12 Although we have defined the range of masses of BLAPs originating from DELM WD mergers in Sect. 3, it cannot be excluded that binary systems consisting of an ELM WD and a HeWD (with mass higher than 0.35 M⊙) are also progenitors of BLAPs, provided that their total mass is within this range.


13 https://cosmic-popsynth.github.io/docs/


14 https://doi.org/10.5281/zenodo.13863170


15 In our study we assume qcrit = 0.625, according to the choice of qcflag in the COSMIC input file.


16 https://umap-learn.readthedocs.io/en/latest/
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Appendix A:  MESA micro- and macrophysics data
Our work uses the MESA stellar evolution code, which incorporates a vast compilation of knowledge, mainly from micro- and macrophysic, collected by many authors. The MESAeos module is a mixture of OPAL (Rogers & Nayfonov 2002), SCVH (Saumon et al. 1995), FreeEOS (Irwin 2004), HELM (Timmes & Swesty 2000), PC (Potekhin & Chabrier 2010), and Skye (Jermyn et al. 2021) equations of state. Radiative opacities are taken primarily from OPAL (Iglesias & Rogers 1993, 1996), with low-temperature data from Ferguson et al. (2005) and the high-temperature, Compton-scattering dominated regime by Poutanen (2017). Electron conduction opacities are from Cassisi et al. (2007) and Blouin et al. (2020). Nuclear reaction rates are from JINA REACLIB (Cyburt et al. 2010) and NACRE (Angulo et al. 1999), and additional tabulated weak reaction rates are from Fuller et al. (1985), Oda et al. (1994), and Langanke & Martínez-Pinedo (2000). Screening is included via the prescription of Chugunov et al. (2007). Thermal neutrino loss rates are taken from Itoh et al. (1996).

Appendix B:  Additional figures
	[image: thumbnail]	Fig. B.1. Same as Fig. 4 but for Z = Z⊙ = 0.02. We note the smaller birth and merger rates for the progenitors of BLAPs compared to the Z = 0.01 case.



	[image: thumbnail]	Fig. B.2. Set of panels analogous to Fig. 6 but showing each generated DHeWD as a colour-coded point. The parameter symbols indicated on the colour bars have the same meaning as in Fig. 7. The bottom right panel shows the distinction between systems that have already merged to the present time.
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Summary of four evolutionary scenarios leading to the formation of BLAPs by merging DELM WDs.
In the text

All Figures
	[image: thumbnail]	Fig. 1. Evolutionary tracks for the models A (top row), B (middle row), and C (bottom row) with the initial metallicity Z = 0.02 in the H-R diagrams (left column) and Kiel diagrams (right column). The orange curves represent the evolution of the model during the slow merger phase, while the red curve corresponds to the evolution of the post-merger product. The black dots along the evolutionary tracks indicate fixed time intervals with the periods provided in the legend. Arrows indicate the direction of evolution at both stages. The dashed curve in the H-R diagrams corresponds to ZAMS. The diagonal dotted lines in the H-R diagrams correspond to the lines of constant radii and are labelled in the top right panel. For comparison, the dark blue and light blue points with error bars correspond to the observed parameters of BLAPs and hot subdwarfs, respectively. Data sources for them are given in the text.
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	[image: thumbnail]	Fig. 2. Evolution of the seismic properties of the post-merger models A, B, and C (colour-coded points) in the Kiel diagrams as they pass the BLAP region. Colour-coded circles correspond to models with initial metallicity Z = 0.02, while squares correspond to Z = 0.01. The black crosses indicate the position of the BLAPs based on the same data as in Fig. 1. The colour scales in the panels correspond to the pulsation period of the fundamental radial mode (upper left), the normalised growth rate of this mode (upper right), the period ratio of the first radial overtone to the fundamental radial mode (lower left) and the normalised growth rate of the first overtone (lower right).
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	[image: thumbnail]	Fig. 3. Evolution of the rate of change of the pulsation period of the fundamental radial mode, normalised to its instantaneous value, for models A (dashed-dotted curve), B (dashed curve), and C (solid curve) with an initial Z = 0.02 as a function of effective temperature. The shaded vertical region indicates the observed effective temperature range of the BLAPs. The dotted horizontal line indicates no change in period. The abscissa axis has been inverted to correspond to the H-R diagram; hence, time flows from right to left in the figure. Negative values on the ordinate axis indicate a shortening of the pulsation period, while positive values indicate a lengthening.
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	[image: thumbnail]	Fig. 4. Summary of our population synthesis of DHeWDs performed using the COSMIC code for metallicity Z = 0.01. The upper panel shows the SFH used in the simulation. The middle panel shows the birth rate of all DHeWDs (black histogram), as well as those among them that will become AM CVn-type systems (green histogram) or BLAPs (orange histogram). The lower panel presents the merger rate of all DHeWDs with the corresponding mass ratio (grey histogram) and those systems that will become BLAPs (orange histogram). The blue vertical line marks the age of the Universe.
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	[image: thumbnail]	Fig. 5. Age of the formation of the initial binary system, τbirth as a function of the age of the corresponding DHeWD merger, τmerge. Both ages are calculated from the Big Bang. The colour scale corresponds to the total mass of the DHeWD. The dashed line represents the 1:1 relationship, while the vertical shaded bar indicates the current epoch.
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	[image: thumbnail]	Fig. 6. Number of DHeWDs (colour-coded) from our binary population synthesis on the mass-mass plane. Index ‘1’ corresponds to the component that was more massive on the MS, and index ‘2’ corresponds to the less massive component. The grey dashed line corresponds to equal component masses. The red dotted-dashed lines surround the area where the mass ratio of the components allows for a merger, q > qcrit = 0.625. The grey shaded area corresponds to the sum of the masses of the components smaller than 0.7 M⊙. The blue polygon encloses the region with systems that may be progenitors of BLAPs.
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	[image: thumbnail]	Fig. 7. Two-dimensional UMAP projection of the manifold spanned by the parameters of our DHeWD sample, whose merger can result in the formation of BLAPs. One can see the presence of four distinct evolutionary scenarios, which are labelled in the upper left panel. The colour scale on each panel corresponds to a different parameter. Starting from left to right these parameters are: upper row: initial mass of the primary component (M0, 1), which is the more massive one on the MS, the initial mass ratio (q0), the logarithm of the initial orbital period (log P0) and initial orbital eccentricity (e0); lower row: the mass of the HeWD formed from the primary component (MHeWD, 1), the mass ratio in the DHeWD system (qDHeWD), the logarithm of the orbital period of the DHeWD (log PDHeWD) and the logarithm of the age at which the DHeWD merger occurs (log τmerger). We emphasize that the dimensions on both axes are not physically meaningful and their values are the result of a non-linear UMAP projection.
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