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Abstract

Context. Mass transfer stability is a key issue in studies of binary evolution. Critical mass ratios for dynamically stable mass transfer have been analyzed on the basis of an adiabatic mass loss model, finding that the donor stars on the giant branches tend to be more stable than that based on the composite polytropic stellar model. Double white dwarfs (DWDs) are of great importance in many fields and their properties would be significantly affected under the new mass transfer stability criterion.

Aims. We seek to investigate the influence of mass transfer stability on the formation and properties of DWD populations and discuss the implications in supernova Type Ia (SN Ia) and gravitational wave (GW) sources.

Methods. We performed a series of binary population synthesis, adopting the critical mass ratios from the adiabatic mass loss model (i.e., Ge’s model) and that of the composite polytropic model, respectively. In each simulation, 5 × 106 binaries were included and evolved from zero-age main sequence to the end of their evolution and the DWDs were gradually obtained.

Results. For Ge’s model, most of the DWDs are produced from the stable non-conservative Roche lobe (RL) overflow, along with a common-envelope (CE) ejection channel (RL+CE channel), regardless of the CE ejection efficiency, αCE. Conversely, the results of the polytropic model strongly depend on the adopted value of αCE. We find DWDs produced from the RL+CE channel have comparable WD masses and the mass ratio distribution peaks at around 1. Based on the magnitude-limited sample of DWDs, the space densities for the detectable DWDs and those with extremely low-mass WD (ELM WD) companions in Ge’s model is: 1347 kpc−3 and 473 kpc−3, respectively, which is close to what has been shown in observations. On the other hand, the polytropic model overpredicts space density of DWDs by a factor of about 2−3. We also find that the results of DWD merger rate distribution per Galaxy in Ge’s model reproduce the observations better than that of the polytropic model, and the merger rate of DWDs with ELM WD companions in the Galaxy is about 1.8 × 10−3 yr−1 in Ge’s model. This result is comparable to the observation estimation of 2 × 10−3 yr−1. The findings from Ge’s model predict a Galactic SN Ia rate of ∼6 × 10−3 yr−1 from DWDs, supporting observations of (5.4 ± 1.2)×10−3 yr−1. For the fiducial model of αCE = 1, the number of detectable GW sources in the polytropic model is larger than that in Ge’s model by about 35%.

Conclusions. We confirm that mass transfer stability plays an important role in the formation and properties of DWD populations as well as in the progenitors of SNe Ia and detectable GW sources. The results of Ge’s model support the observational DWD merger rate distribution per Galaxy and the space density of DWDs in the Galaxy.
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1. Introduction
White dwarfs are the most common stellar remnants in the Universe and they provide effective ways to study stellar evolution and the star formation history of the Galaxy (Althaus et al. 2010; Tremblay et al. 2014). Double white dwarfs (DWDs) are of great importance in many fields. The merger of DWDs can produce type Ia supernovae (SNe Ia), which are crucial for studying galaxy evolution and cosmology (Riess et al. 1998; Perlmutter et al. 1999). Some close DWDs with orbital periods of several minutes, for instance, ZTF J1539+5027 with an orbital period of 6.91 min (Burdge et al. 2019) or SDSS J0651+2844 with an orbital period of 12.75 min (Brown et al. 2011b), are the main detectable sources for future space-based gravitational-waves detectors, such as Laser Interferometer Space Antenna (Amaro-Seoane et al. 2017), TianQin (Luo et al. 2016), and TaiJi (Ruan et al. 2020). The formation of DWDs is of particular interest in improving our understanding of the details of binary evolution, including stellar evolution, tidal effect, mass transfer, and common envelope (CE) evolution, and so on (Han 1998; Nelemans et al. 2000; Fuller & Lai 2013; see also Han et al. 2020 for a recent review).
The exploration of DWDs in observations has been ongoing over several decades (e.g., Saffer et al. 1988; Marsh et al. 1995, 2011; Moran et al. 1997; Chandra et al. 2021; Kosakowski et al. 2020). With the operation of large-scale survey projects, such as Sloan Digital Sky Survey (SDSS, York et al. 2000; Badenes et al. 2009; Mullally et al. 2009; Badenes & Maoz 2012; Breedt et al. 2017; Chandra et al. 2021; Kosakowski et al. 2021), ZTF Survey (Bellm et al. 2019; Burdge et al. 2019, 2020a,b; Coughlin et al. 2020; Keller et al. 2022), Gaia (Gaia Collaboration 2016; El-Badry & Rix 2018; El-Badry et al. 2021; Torres et al. 2022), and the extremely low-mass (ELM) survey (Brown et al. 2010, 2012, 2013, 2016a, 2020, 2022; Kilic et al. 2011a, 2012; Gianninas et al. 2015), the number of known DWDs has increased exponentially. However, since WDs are intrinsically faint, only about ∼150 DWDs have had their precise orbital parameters measured and most of them include one ELM component, namely, with a mass ≲0.3 M⊙, and have been found by the ELM survey. Nevertheless, the samples are sufficiently large to put some limits on theoretical studies.
In theory, binaries are expected to experience at least one mass transfer phase in order to produce close DWDs (Webbink 1979). Many factors may affect mass transfer stability, for instance: the mass ratio of the binary, structures of both components at the onset of mass transfer, mass accretion efficiency, angular momentum loss, and others. For the case of unstable mass transfer, the binary will enter into the common envelope evolution phase. A close binary will be remained if enough energy is produced to eject the CE; otherwise the binary merges. The classical treatment for the CE evolution is known as standard energy mechanism (or α-mechanism), namely, it is a part (namely α) of the orbital energy released due to orbital shrinkage is used to eject the CE (Webbink 1984; Livio & Soker 1988; De Kool 1990). Based on the α-mechanism, Han (1998) systematically investigated the formation of DWDs via binary interactions and explained, to a satisfactory extent, the distributions of masses, mass ratios, orbital periods, and birth rate of the observed DWDs at that time. When reconstructing the evolution of double helium WDs, however, Nelemans et al. (2000) found that the orbital periods of the progenitors after the first phase of mass transfer cannot be explained by the standard CE ejection, nor the stable conservative mass transfer. They then proposed a revised CE ejection mechanism, namely, the γ-mechanism, based on angular momentum balance for the first mass transfer phase to reproduce the observed properties of these DWDs. Here, γ is a dimensionless parameter and indicates the specific angular momentum of the envelope related to the average specific angular momentum of the total mass. Assuming that the first CE process is based on the γ-mechanism while the second CE process is the α-mechanism, Nelemans et al. (2001a) studied the formation of DWDs by a binary population synthesis (BPS) method and found that the Galactic DWDs are well reproduced with γ in the range of 1.5−1.75 (see also Nelemans & Tout 2005). Following these works, Toonen et al. (2012, 2017) showed that the results based on the γ-mechanism support the local populations of DWDs better than that of α-mechanism. However, there is no clear physical explanation for the γ-mechanism (Webbink 2008; Davis et al. 2010; Zorotovic et al. 2010; Woods & Ivanova 2011). Furthermore, the study of Woods et al. (2012) showed that substituting the first CE with γ-mechanism for stable non-conservative can also create most of the observed DWDs. This indicates that the criterion for mass transfer stability could have a significant influence on the formation of DWDs.
The critical mass ratio for dynamically unstable mass transfer is a long-standing problem in binary evolution. Whether or not the mass transfer is dynamically stable can be understood in terms of the response of donor star radius and Roche lobe (RL) radius to the mass transfer rate. It is convenient to define the following:
[image: thumbnail](1)
[image: thumbnail](2)
where M1 is the donor mass, R1 and RRL, 1 is the donor radius and its Roche lobe radius, respectively. In addition, ζad and ζRL represent, respectively, the adiabatic response and Roche lobe response of the donor to mass loss (Hjellming & Webbink 1987; Soberman et al. 1997; Tout et al. 1997). The case of ζad ≤ ζRL means that the donor departs from hydrostatic equilibrium and the mass transfer proceeds on a dynamical timescale. Then the donor envelope engulfs the companion star and the binary enters into CE evolution (Paczynski 1976). The tangency condition of ζad = ζRL defines a critical mass ratio, qc, above which the mass transfer is unstable to dynamical timescale mass transfer (Hjellming & Webbink 1987; Tout et al. 1997; Hurley et al. 2002). Based on the polytropic stellar models, Webbink (1988) estimates the critical mass ratio for a giant with Mc/M1 ≳ 0.2, as:
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where Mc is the core mass of the donor. The composite polytropic model is a good approximation for low-mass zero-age main sequence (MS) stars with a mass lower than 1 M⊙. However, it may underestimate the critical mass ratio for stars on the giant phase (Chen & Han 2008; Woods & Ivanova 2011). In addition, Eq. (3) is obtained based on the assumptions of conservation evolution and the mass transfer stability should also depend on the mass and angular momentum loss during the Roche lobe overflow (RLOF) phase (Pastetter & Ritter 1989; Soberman et al. 1997; Chen & Han 2008; Vos et al. 2019). Therefore, the calculation of critical mass ratio with realistic stellar models in detailed adiabatic mass-loss model is desirable.
By adopting the realistic stellar structure, the stability thresholds of stars on the Hertzsprung gap (HG) and the giant branches have been derived in many works (e.g., Chen & Han 2003, 2008; Pavlovskii & Ivanova 2015). Moreover, Ge et al. (2010, 2015, 2020) carried out a systematic survey of the thresholds for dynamical timescale mass transfer with the adiabatic mass loss model (see also Han et al. 2020). They obtained a grid of critical mass ratio for donors with masses of 0.1 − 100 M⊙ and from zero-age MS to the tip of the asymptotic giant branch (AGB), which can be put into the BPS studies.
In this work, we attempt to investigate the influence of mass transfer stability on DWD populations. To visualize the results, we perform two sets of simulations. In the two models, the critical mass ratios are obtained from the composite polytropic model (hereafter, the polytropic model) and detailed adiabatic mass-loss model with realistic stellar structures (hereafter, Ge’s model), respectively. This paper is structured as follows. The formation channels of DWDs are introduced in Sect. 2 and the model inputs are given in Sect. 3. The population synthesis results are presented in Sect. 4 and the implications for the observations are addressed in Sect. 5. In Sect. 6, we discuss our results in comparison with the γ-mechanism, followed by a summary and conclusions in Sect. 7.
2. Formation scenarios of DWDs
In general, a binary will experience one or two mass transfer phases to produce a DWD (Han 1998). The formation of DWDs is summarized as follows for convenience. For brevity, we denote the mass transfer phase with RL if it is stable, that is, the mass ratio, q, (the donor/the loser) is less than qc at the onset of mass transfer, and with CE if it is dynamically unstable (q > qc)1.
Starting with the RL + CE channel: the more massive star evolves first and fills its Roche lobe, transfers mass to the secondary stably, and leaves a WD with an unevolved secondary after this process. The secondary then evolves and fills its Roche lobe in the subsequent evolution, leading to the second mass transfer phase. On this occasion, the mass transfer is dynamically unstable, and the binary enters the CE stage. The DWD is formed after the successful ejection of CE.
As for the CE + CE channel: the process is similar to the first channel, but the first mass transfer phase is unstable. For the CE + RL channel: the first mass transfer phase is dynamically unstable, and the binary enters into CE evolution and consists of a WD and MS star after the ejection of the CE. The MS star evolves and fills its Roche lobe and transfer material to the WD stably, leaving a DWD after the end of mass transfer. For the RL + RL channel: the two mass transfer phases are stable in this channel. For the single CE: the CE phase happens when both stars are on the RGB or AGB. Here the CE is made up of the envelope of the two stars, and the DWD will be produced after the ejection of the CE.
The first two channels are the main formation channels of DWDs, as justified in previous works (e.g., Iben et al. 1997; Han 1998; Nelemans et al. 2001b). The CE+RL channel is one of two main channels for the formation of DWDs with ELM WD2 companions. The RL+RL channel will not be considered in this work. The DWDs from this channel have very wide orbits (≳1 au; Korol et al. 2022a) and the orbital parameters for such wide DWDs are difficult to determine. The last channel will also not be taken into account due to the small proportion of DWDs from this channel.
3. Methods and input parameters
We employed the rapid binary evolution code BSE (Hurley et al. 2000, 2002) to test the influence of mass transfer stability on the DWD populations. The single-star models are based on the analytic formulae that approximate the star evolutions with a wide range of stellar mass and metallicity. In this study, the initial stellar masses are adopted from 0.8 M⊙ to 10 M⊙, and the metallicity is set to be 0.02. The most important inputs are described as follows.
3.1. Stellar wind
The stellar wind during HG and beyond is adopted from Reimers (1975) for low- and intermediate-mass stars, which is:
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where L are the radius and luminosity of the star. The dimensionless parameter, η, is limited by the observations in Galactic globular clusters (Iben & Renzini 1983) and is taken to 0.5. The wind loss on the thermal pulse-AGB (TP-AGB) stage is based on the prescription from (Vassiliadis & Wood 1993):
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where P0 is the Mira pulsation period given by:
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The wind mass loss is limited by the steady superwind phase with a maximum of ṀV = 1.36 × 10−9(L/L⊙) M⊙ yr−1.
For the naked helium stars, the wind prescription is given by:
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where ṀWR = 10−13(L/L⊙)1.5 M⊙ yr−1 is the wind of Wolf-Rayet stars (Hamann et al. 1995; Hamann & Koesterke 1998).
3.2. Orbital changes
There are several physical processes that affect the orbital separation, for instance, gravitational wave radiation (GWR), magnetic braking, mass loss, wind interaction, and tidal friction. In this work, we consider all of the above processes, and the calculation methods are introduced below. The eccentricity is set to be zero for convenience.
3.2.1. Gravitational wave radiation
The GWR plays a crucial role in the close binary, and the angular momentum loss due to GWR is given by (Landau & Lifshitz 1975)
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where G is the gravitational constant, c is the speed of light, and Porb is the orbital period.
3.2.2. Magnetic braking
The magnetic braking is considered for stars with appreciable convective envelopes and the angular momentum loss is calculated as (Rappaport et al. 1983)
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where γMB = 3, Menv is the envelope mass, and Ωspin is the spin angular velocity.
3.2.3. Stable Roche lobe overflow
For DWDs from the RL+CE and CE+RL channels, the binaries experience one stable mass transfer phase. Following Woods & Ivanova (2011), we considered the non-conservative mass transfer process and the accretion efficiencies, βrlof, were adopted with different values according to the types of accretors. For the RL+CE channel, the accretor in the stable mass transfer phase is non-degenerate, and βrlof is given by (Hurley et al. 2002):
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where Ṁ1(< 0) and Ṁ2(> 0) are the mass transfer rate and the accretion rate, respectively; ṀKH,2 is the thermal timescale mass transfer rate of the accretor and βmax is the upper limit of the accretion efficiency, which is adopted as 0.5 in this work, as suggested by Han (1998). For the CE+RL channel, the WD is formed after the CE phase and the accretor in the stable mass transfer phase is degenerate. This channel is one of the formation channels for the DWDs with ELM WD companions. And the calculations of this part have been done with detailed binary evolution code Modules for Experiments in Stellar Astrophysics (MESA, version 9575; Paxton et al. 2011, 2013, 2015) in Li et al. (2019). In the simulations, the transferred material can be accumulated on the surface of WDs if the mass transfer rate is above the lower limit of the stability burning region of the WDs (Hachisu et al. 1999; Kato & Hachisu 2004) and then βrlof is given. For both cases, the lost material is assumed to remove the specific angular momentum of the accretor3. The angular momentum loss due to the mass loss can be expressed as:
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where a is the binary separation.
3.2.4. Wind accretion
The secondary can accrete some of the wind material as the star orbits through it, then the mean accretion rate is estimated as (Bondi & Hoyle 1944; Boffin & Jorissen 1988):
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where ṀW is the wind mass loss rate, [image: equation] is the wind velocity of the donor (Hurley et al. 2002), αW is the Bondi-Hoyle accretion efficiency parameter and is set to 3/2 (Boffin & Jorissen 1988), [image: equation], [image: equation], and M ≡ M1 + M2 is the total mass. To be consistent with the accretion in the stable RLOF phase, The upper limit of wind accretion efficiency is also set to be 0.5. The wind material interacts with the binary orbit and leads to the change of the orbital angular momentum, which is given by (Hurley et al. 2002):
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where ṀW is the stellar wind calculated in Sect. 3.1, [image: equation] and [image: equation]. The wind accretion processes may lead to the shrinkage of binary orbit, and this issue is discussed in Appendix A.
3.2.5. Tidal friction
The tidal torque transfers angular momentum between the stellar spin and the orbit, then leads to the orbital changes. The exchange of angular momentum can be expressed as (Hurley et al. 2002):
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where [image: equation] is the rate of change of the rotational angular momentum and the equilibrium tide with convective damping is given by:
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The constants [image: equation] and [image: equation] depends on the internal structure of a star (Hurley et al. 2000), and [image: equation] is the rate of change of the spin angular frequency, which is given by (Hut 1981):
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for convective damping, where k is the apsidal motion constant, T is the damping time-scale, q = M1/M2, and [image: equation] is the radius of gyration with momentum of inertia I (Hurley et al. 2002). The change rate of spin angular frequency is positively associated with (R1/a)6, and the tidal torque will have a non-negligible effect on the orbital evolution for a star at the giant stage (RGB or AGB; see Tauris 2001).
3.3. Common envelope evolution
Two mass transfer stability criteria are considered in this work. In the first model, the critical mass ratio qc is set to 3 for donors on the MS, He MS, and in the He-core burning phase, and to 4 during the HG (Hurley et al. 2002). For the donors on the giant branch, qc is adopted from Eq. (3). In the second model, qc is derived from realistic stellar structures with standard mixing-length convective envelopes4, as done in Ge et al. (2010, 2015, 2020). The criteria depend on the treatments of mass and angular momentum loss5. To keep the consistency in this paper, we adopt the case of the non-conservative mass transfer with βrlof = 0.56. If the mass transfer occurs at AGB, we set an upper limit of critical mass ratio of 5, since the thermal timescale mass transfer at the tip of AGB is comparable with that of the dynamical timescale mass transfer (Ge et al. 2020).
As the mass ratio at the onset of mass transfer is higher than qc, the binary enters in the CE phase. We adopt the standard energy mechanism to describe the CE ejection process (Webbink 1984), in which the orbital energy is released to eject the envelope during the orbit shrinkage. It can be expressed as (Webbink 1984; Livio & Soker 1988; De Kool 1990):
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where Eorb, i and Eorb, f are the orbital energy before and after the CE phase, respectively; αCE is the CE efficiency parameter and Ebind is the binding energy, defined as
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where λ is the envelope structure parameter and depends on the relative mass distribution of the envelope. In this work, λ is adopted from the results of Dewi & Tauris (2000), Claeys et al. (2014). The value of λ is in the range of 0.25 − 0.75 for HG stars, in the range of 1.0 − 2.0 for GB and AGB stars, and λ = 0.5 for helium stars. The CE efficiency is a poorly constrained parameter, and the choice of αCE has a large effect on the simulation results. In this work, we mainly focus on the influences of mass transfer stability on the DWD populations. For convenience, we artificially chose a value of αCE = 1 as the fiducial model to provide a more detailed investigation. Nevertheless, some other values of αCE in the range of 0.25 − 3.0 are also calculated and the effects of αCE are carefully discussed. The accretion during the CE phase is neglected due to its short timescale.
3.4. Population synthesis parameters
We generated 5 × 106 primordial binaries for the Monte Carlo simulation7. The main input distributions are introduced as follows.
First, the primary mass, M1, i, is given by the following initial mass function (IMF, Miller & Scalo 1979; Eggleton et al. 1989):
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where X is a random number between 0 and 1, which gives the mass ranging from 0.1 to 100 M⊙. Second, the secondary mass is given according to the initial mass ratio distribution (Mazeh et al. 1992), that is,
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where q′ is the mass ratio of the primordial binary. Third, the initial binary separation distribution is given by (Han 1998)
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where a0 = 10 R⊙, a1 = 5.75 × 106 R⊙ = 0.13 pc. This distribution implies that approximately 50% of systems are binary systems with orbital periods less than 100 yr, namely, the initial binary fraction is assumed to be 50% (see also Han et al. 1995). Fourth, the star formation rate is adopted to be 5 M⊙ yr−1 within 14 Gyr. It gives the total mass of the Galaxy of 7 × 1010 M⊙, which is consistent with the observation estimation (Binney & Tremaine 2008).
4. Binary population synthesis results
4.1. Critical mass ratio for the two models
To give an impression of the differences of qc between the two models adopted in this work, we show values of qc for stars with various masses and in different evolutionary stages in Fig. 1, where the left and right panels are for Ge’s and the polytropic models, respectively. We note that the results presented in Fig. 1 include all of the simulated binaries and the distributions of the initial binary parameters follow the input parameters in BPS simulations of Sect. 3.4. We see that for Ge’s model, qc is about 3 for MS donors and it is 4 for donors during HG stages, which is consistent with that in the polytropic model. A significant difference appears when the donors are giant stars, namely, the donor is an RGB star or an AGB star. The value of qc is less than 1 in most cases for the polytropic model and it is in the range of 1 − 2 in most cases based on Ge’s model. This means that the mass transfer tends to be more stable for donors on the RGB and AGB stages in Ge’s model. By comparing the mass ratio of binary systems and qc, we find that about 40.5% of binaries would enter into CE phase in Ge’s model, while that proportion rises to 74.0% for the polytropic model. Besides the DWD populations, the mass transfer stability criterion should also exert a meaningful impact on the post-CE binaries, such as WD+MS binary and cataclysmic variables (CVs, e.g., Zorotovic et al. 2010; Schreiber et al. 2016), which are worthy of investigation in further studies.
	[image: thumbnail]	Fig. 1. Critical mass ratios for stars with different masses and in different evolutionary stages. Left and right panels are for Ge’s and polytropic models, respectively. The black solid lines represent the minimum separation (q = 1) for which the primary fills its Roche lobe at a certain evolutionary stage, as indicated in the panels. A star with a mass ≳8 M⊙ has no TP-AGB phase because the CO core will ignite carbon in the AGB and results in the SN explosion (Hurley et al. 2000). We note that the results are obtained following the BPS simulations and all of the simulated binaries are considered. We find about 40.5% and 74.0% binaries would enter into CE phase for Ge’s and polytropic models, respectively. Abbreviations are as follows: ZAMS–zero-age main sequence, HG–Hertzsprung gap, RGB-red giant branch, AGB–asymptotic giant branch, TP-AGB–thermal pulse AGB.



4.2. Evolution examples for DWDs
We present two examples to illustrate the influence of mass transfer stability on the formation of DWDs, as shown in Fig. 2, where αCE = 1 for all of the CE ejection phases.
	[image: thumbnail]	Fig. 2. Examples for the formation of DWDs from different mass transfer stability criteria (αCE = 1). Left panel shows that the DWDs produced from different models have different binary parameters. In the right panel, the DWD is formed in Ge’s model, while the binary merges in the polytropic model (see more details in the text). Abbreviations are the same as in Fig. 1.



Example 1. The initial binary consists of two MS stars with masses of 2.89 M⊙ and 2.33 M⊙, respectively, and has a separation of 266 R⊙. The more massive one evolves faster and fills its Roche lobe at the AGB stage. At this moment, the star develops a CO core with a mass of 0.65 M⊙. The orbital shrinkage by about 7% (from 266 R⊙ to 248 R⊙) is mainly due to tidal friction. As shown in Eqs. (14)–(16), the change of orbital angular momentum is positively associated with (R1/a)6. Even though the binary separation is large, the stellar radius at the tip of AGB is larger than 64 R⊙. So, the value of R/a is about ∼0.3 − 0.4. The tidal torque would exert a non-negligible effect on the orbital evolution. The result is consistent with that by Tauris (2001), who found a ∼10% orbital shrinkage for the pre-RLOF spin-orbit couplings in low-mass X-ray binaries. According to the polytropic model, qc = 0.79, the mass transfer thus is supposed to be unstable, and the binary enters into the CE phase. After the ejection of CE, the binary encompasses a CO WD and an evolved MS star with an orbital separation of 14.22 R⊙. The binary subsequently enters into the second CE phase, resulting in the formation of DWD finally. The WD formed later has a mass of 0.29 M⊙, which is significantly less than that of the first-formed WD – the reason for this is that after the first phase of CE ejection, the orbital period is relatively short and the secondary consequently cannot contain a large core before the onset of the second mass transfer phase.
Based on Ge’s model, qc = 1.26 in the first mass transfer phase, and the binary thus experiences stable RLOF. Different from that of the CE phase, the binary orbit would not shrink dramatically at the end of this stable mass transfer phase, and the secondary could accrete a part of the material from the donor. The secondary would have a large core mass at the onset of the second CE process, and a DWD is produced after the subsequent CE ejection event. Besides, the separation of the DWD formed in this way is relatively wider than that of the polytropic model. From this example, we see that the new mass transfer stability would have significant effects on the masses and binary orbital separations of DWDs.
Example 2. The binary has two MS components with masses of 3.68 M⊙ and 2.37 M⊙, and an initial orbital separation of 56.50 R⊙. The more massive one fills its Roche lobe close to the end of HG. The mass transfer at the beginning is stable since the critical mass ratio of an HG star for both models is very large (about 4, as shown in Fig. 1). However, when about 0.4 M⊙ material is lost, the donor climbs upward along the giant branch in the later evolutionary phase due to the residue hydrogen-rich envelope. At this moment, the binary encompasses a donor of 3.29 M⊙ and an accretor of 3.49 M⊙ (this epoch is not shown in the plot for clarity). For the polytropic model, the binary would enter into the CE phase on account of the relatively small qc in the RGB (about 0.76). The orbital energy is not enough to eject the CE (with λ ≃ 1.6) and the binary merge into a single star. In contrast, Ge’s model gives a prediction that the mass transfer is still stable this time (qc ≃ 1.2) and a DWD is produced finally. It suggests that more DWDs would be produced by adopting Ge’s model.
4.3. The progenitors
In this section, we provide a discussion of the progenitor evolution of the DWD populations. The number density distributions of the initial primary mass (the initial, more massive one) and initial separation that form DWDs in the current epoch are shown in Fig. 3, where the left and right panels refer to Ge’s and polytropic models, respectively. In the polytropic model, the density distribution is mainly divided into two parts, one is below the RGB line, and the other is above the early-AGB (E-AGB) line. For the first part, most primary stars start mass transfer during the HG stage, and the first mass transfer phase is stable due to the radiative envelopes of the primary stars. Eventually, most DWDs from this part are produced by the RL+CE channel. For the part above the E-AGB, but below the tip of AGB, the first mass transfer phase are almost always unstable and the final DWDs are mainly produced by the CE+CE channel. However, a significant fraction of the E-AGB part for stars close to the tip of AGB could also produce DWDs from the RL+CE channel due to relatively large qc at the tip of AGB and low primary masses resulting from the non-negligible effect of stellar wind on the AGB stage.
	[image: thumbnail]	Fig. 3. Distribution of the initial primary mass (initial massive one) and initial binary separation of binaries that produce DWDs. Left and right panels are for Ge’s and polytropic models, respectively. The dotted lines represent the minimum separation (q = 1) for which the primary fills its Roche lobe at a certain evolutionary stage, as indicated in the panels. Abbreviations are the same as in Fig. 1.



For Ge’s model, the progenitors are also divided into two parts, and much more DWDs would be produced in comparison to the polytropic model. Meanwhile, the first mass transfer phase proceeds on a stable way for most stars filling their Roche lobes on the giant branches. We find that more than 96% binaries that form DWDs would experience a stable RLOF process in this mass transfer phase. We also note that many stars that start mass transfer in the HG stage can eventually produce DWDs in Ge’s model. These binaries follow similar physical processes as described in example 2 of Fig. 2, that is, the binaries enter into the CE phase after a short phase of stable mass transfer based on the polytropic model, while the mass transfer would be always stable for Ge’s model, leaving binaries with relatively long orbital periods at the termination of this mass transfer phase.
4.4. Properties after the first mass-transfer phase
The change of orbital period after the first mass transfer phase is important to understand the subsequent evolution of a binary. Figure 4 shows the orbital periods P1, mt (related to initial periods of Pi) of the DWD progenitors after the first mass transfer phase, where the left and right panels are for Ge’s model and for the polytropic model, respectively. The period change distributions for binaries that produce DWDs in the current Galaxy are shown in the black histogram and the corresponding cumulative distributions are shown in red solid lines. Binaries experiencing the CE processes in the first mass transfer phase would lead to a remarkable orbit shrinkage, namely, P1, mt/Pi < 0.05, in general. We have not shown this part in the figure for concision.
	[image: thumbnail]	Fig. 4. Properties of the period change after the first stable mass transfer phase. The period change distributions for binaries that produce DWDs in the current Galaxy are shown in the black histogram, and the corresponding cumulative distributions are shown in red solid lines. Left and right panels are for Ge’s and polytropic models, respectively. Here, P1, mt refers to the orbital period after the termination of the first mass transfer phase and Pi is the initial orbital period of primordial binary. We note that most binaries with P1, mt/Pi > 1 would enter into the CE processes in the subsequent evolution and some of the resulted DWDs have very short orbital periods (merge within the Hubble timescale). The DWD mergers lead to the decrease of the number for binaries with P1, mt/Pi > 1. The results without considering the DWD mergers are shown in grey histograms and grey dashed lines. It is clear that the number of DWDs with very short orbital periods decreases a lot due to the DWD mergers. For binaries experiencing CE processes in the first mass transfer phase, the period changes of P1, mt/Pi is less than 0.05, which are not shown for concision.



During the stable RLOF phase, the change of the orbital period is mainly determined by the mass loss and wind accretion process. If the mass transfer occurs at the tip of AGB, the mass loss due to the wind dominates the orbital evolution. The wind accretion processes may lead to the shrinkage of orbital separation. In Appendix A, we give a brief discussion about the effect of wind accretion on the orbit. In Fig. 3, we see that many systems enter the mass transfer stage at the tip of AGB in both models, and the shrinkage of the orbit due to wind accretion eventually results in the peak around P1, mt/Pi = 0.7 − 0.8.
For a star filling the Roche lobe below the AGB, the mass loss due to the wind is generally weaker than that of the stable mass transfer. Then the orbital evolution of a binary is mainly determined by the stable RLOF. If the mass ratio of an initial binary is around 1 − 2, the binary generally has a widened orbit after the stable mass transfer phase, as also shown in Woods et al. (2012). We note that most binaries with P1, mt/Pi > 1 would enter into the CE processes in the subsequent evolution and some of the resulted DWDs have very short orbital periods (merge within the Hubble timescale). The DWD mergers lead to the decrease of the number for binaries with P1, mt/Pi > 1. The results without considering the DWD mergers are shown in grey histograms and grey dashed lines for comparison, and we see that most of the binaries have widened orbits (P1, mt/Pi > 1) for both models (∼90% for Ge’s model and ∼70% for the Polytropic model). Since much more binaries experience the stable mass transfer phase in Ge’s model, the fraction of binaries with P1, mt/Pi > 1 is larger than that in the polytropic model. In addition, we note that there are some binaries with P1, mt/Pi < 0.5 for both models. These binaries have relatively large mass ratios (of about 4), and the donors fill the Roche lobe at the HG stage. The orbital separations during the stable mass transfer phase tend to shrink since the massive components lose material (Tauris & van den Heuvel 2006; Postnov & Yungelson 2014).
4.5. Birthrate and number
The statistical results of DWD populations are shown in Table 1, where the total number, the percentage contribution of each evolutionary channel to the total number, the birth rate, and so on, are listed. For both models, the total numbers and percentage of CE+CE channel increase with the CE efficiencies. However, it should be noted that the CE+CE channel is always subdominant in Ge’s model regardless of αCE. For the case of αCE = 1, about 96.4% of DWDs are from the RL+CE channel in Ge’s model, while the number becomes 49.8% for the polytropic model. As expected, the total number of DWDs in Ge’s model is much larger than (about four times) that of the polytropic model, since many objects that can produce DWDs from the RL+CE channel based on Ge’s model may merge into single stars during the first CE evolution based on the polytropic model (see example 2 in Sect. 4.2). The characteristics of DWDs in the two models, such as the DWD mass distributions and the orbital period distributions, will be addressed in the following sections.
Table 1. 
Statistical properties of DWDs with different αCE values in the Galaxy.

4.6. Properties of DWD populations
The DWD is produced after the second mass transfer phase. As introduced in Sect. 2, we mainly considered three evolution channels for the DWDs: RL + CE channel, CE+CE channel, and CE + RL channel. The CE+RL channel is one of two formation channels of DWDs with ELM WD companions and will be discussed in Sect. 5. For the first two channels, the main difference is the first mass transfer phase. If the first mass transfer phase is stable, the less evolved secondary could increase its mass by accreting some material from the donor and would have a large core mass due to the relatively long orbital period. The WD born from the secondary then may have a relatively large mass. On the other hand, if the DWD is produced from the CE+CE channel, the mass of the latter-born WD should be less than that of the firstborn one. In the following, we give a detailed investigation of the properties of DWD populations. We note the DWD populations refer in particular to the DWD populations in the current Galaxy, unless otherwise stated.
4.6.1. Mass distributions
The DWD mass distributions for several selected values of αCE in Ge’s model are shown in Fig. 5. With the increase in the value of αCE, the total number of DWDs in the Galaxy changes slightly, as also shown in Table 1. Moreover, the mass distributions for DWDs show similar statistical properties, namely, both of the younger WD mass (My) and the older WD mass (Mo) have peak values around 0.6 M⊙. This suggests that the results in Ge’s model are largely insensitive to the assumed αCE. For the polytropic model, as shown in Fig. 6, the αCE becomes a determined parameter of the DWD populations. For αCE ≲ 0.5, the RL+CE channel is the dominant formation channel of DWDs, similar to that in Ge’s model. For αCE ≳ 1, the CE+CE channel becomes the dominant channel of DWDs. We see that there are two peaks, ∼0.25 M⊙ and ∼0.6 M⊙, respectively, for My in the polytropic model. The peak of ∼0.25 M⊙ is attributed to the ELM WDs, which are mainly produced from the CE+RL channel for αCE ≲ 0.5 and from CE+CE channel for αCE ≳ 1. For the same value of αCE, we see that the peak values of Mo for the two models are similar (around 0.6 M⊙), but it is obvious that the Mo from Ge’s model is averagely larger than that of the polytropic model, for instance, for the fiducial model of αCE = 1, the mean and median values of Mo are 0.74 M⊙ and 0.70 M⊙ for Ge’s model, respectively, and 0.53 M⊙ and 0.54 M⊙ for the polytropic model, respectively. This could be understood as follows: for the CE process, the core mass does not increase due to the short timescale of the CE ejection processes, then the WD mass is mainly determined by the position of its progenitor on the giant branches and the distribution of Mo is only related to initial parameters of binary populations (e.g., initial mass function and orbital period distribution). However, there is a long time for the core to grow in mass if the mass transfer is stable. Thus, for the RL process, the mass of the produced WD (Mo) has also been affected by the detailed mass transfer process except for initial parameters, and should be larger than that from the CE process in general.
	[image: thumbnail]	Fig. 5. Number density distribution of DWD masses with various values of αCE in Ge’s model, where My and Mo represent the mass of the younger and older (the later and former formed) WDs, respectively. The histogram of αCE = 1 is also shown in other panels for comparisons.



	[image: thumbnail]	Fig. 6. Number density distribution of DWD masses with various values of αCE in the polytropic model. Details are similar to Fig. 5 but for the polytropic model, where My and Mo represent the mass of the younger and older (the later and former formed) WDs, respectively. We note that the scale of the color bars differs from that of Fig. 5.



4.6.2. Mass ratio distributions
The mass ratio distributions for selected values of αCE are presented in Fig. 7, where the left and right panels are for Ge’s and polytropic models, respectively. For Ge’s model, we see a main peak of q around 1.0 and a minor peak around 0.25 regardless of the αCE value. The former is for those from the RL+CE channel, while the latter is for the DWDs with ELM WDs, which are mainly produced from the CE+RL channel. However, the third peak (0.4−0.6) appears for the polytropic model (αCE ≥ 0.5), which is for the products from the CE+CE channel. In addition, the contributions of CE+CE channel become increasingly important towards large values of αCE. The fact that the two WDs have comparable masses is a typical property for DWDs from the RL+CE channel and can be understood from an analytical estimation. For donor stars with degenerate cores, i.e. He cores with primary masses initially ≲2.2 M⊙ or CO cores with masses initially ≲6 − 8 M⊙, there is a unique relation between the WD mass and the orbital period at the end of stable mass transfer (known as the WD mass-orbital period relation; e.g., Rappaport et al. 1983, 1995; Tauris & Savonije 1999; Nelson et al. 2004; Chen et al. 2013). This orbital period further determines the stellar radius (then the core mass) that the secondary can reach before the onset of the second mass transfer phase. The core mass is similar to that of the WD mass already formed since they are determined by the same orbital period. The second mass transfer phase is unstable and the resulted DWDs after the ejection of the CE would have comparable masses consequently. As we see, the masses of the two components are not strictly equal due to the details of binary evolution, for example, from the end of the first mass transfer phase (RL) to the onset of the second mass transfer phase (CE), the period could change (e.g., due to wind) but it should be narrow.
	[image: thumbnail]	Fig. 7. Mass ratio distribution for DWDs with selected values of αCE = 0.25, 0.5, 1.0, 1.5, where My and Mo represent the mass of the younger and older (the later and former formed) WDs, respectively. Left and right panels are for Ge’s and polytropic models, respectively.



4.6.3. Period distributions
In Fig. 8, the orbital period distributions with different αCE for the two models are presented (upper panels), where the DWDs from different formation channels with αCE = 1 are shown in the lower panels. In Ge’s model, most DWDs are produced from the RL+CE channel, as can be seen from the lower left panel, and the peak values of period distributions move to the right with the increase of αCE. In the polytropic model, we see that there is only one peak for the case of αCE = 0.25, 0.5, since the dominant formation channel of DWDs is RL+CE channel, similar to that in Ge’s model. For the cases of αCE ≥ 1, the period distributions show two peaks, corresponding to the CE+CE channel and RL+CE channel, respectively, as can be seen from the lower right panel. Besides, DWDs from the CE+CE channel generally have short orbital periods (≲1 d) and we see that the proportion of close DWDs in the polytropic model is larger than that in Ge’s model for αCE ≥ 1. However, it should be noted that the scale of the vertical coordinate is different for the left and right panels and the RL+CE channel is able to produce a lot of DWDs, with short orbital periods. In Table 1, we count the number of DWDs with Porb < 60 min, and the numbers of DWDs with very short orbital periods in both models are comparable for αCE ≥ 1 (see Sect. 5.4 for more details).
	[image: thumbnail]	Fig. 8. Orbital period distributions for DWDs with αCE = 0.25, 0.5, 1.0, 1.5, shown in the upper panels, orbital period distributions for different formation channels of αCE = 1, shown in the lower panels. Left and right panels: Ge’s and polytropic models, respectively. We note that the scale of the vertical axis is different for the two models.



5. Implications for observations
5.1. Magnitude-limited sample
In this section, we make a comparison between the simulation results and the observations. To judge whether the binary can be detected by the telescope, we first constructed the magnitude-limited sample in the simulations. The cooling tracks for DWDs are taken from Fontaine et al. (2001), Lauffer et al. (2018), Camisassa et al. (2019), Li et al. (2019) with pure hydrogen atmospheres8. For convenience, the SDSS g-band magnitude was adopted and the limited magnitude for the telescope is set to be 21 mag9. If any of the DWD has a g-band magnitude less than 21 mag, the binary is deemed to have been detected.
We assume that the spatial density distribution of DWD population follows the spatial density distribution of all the stars in the disk, which we model as (Binney & Tremaine 2008):
[image: thumbnail](22)
where (R, z) is the galactocentric distance and height in cylindrical coordinates, ∑t = 970.294 M⊙ pc−2 and zt = 0.3 kpc are the central surface density and the scale height of the disk (Bland-Hawthorn & Gerhard 2016), respectively. The position of the Sun is adopted as (Rsun, zsun) = (8.5 kpc, 16.5 pc) (Freudenreich 1998). The extinction is simply adopted as 1 mag kpc−1 (Carrasco et al. 2014). Finally, we obtained the magnitude-limited sample of DWDs with given location and visual magnitude of the DWDs.
5.1.1. DWD mass distribution
The DWD mass distributions with αCE = 1 are shown in Fig. 9, where the left and right panels are related to Ge’s and the polytropic model, respectively. Even though the total number of DWDs is a few times higher in Ge’s model, the number of detectable DWDs is actually larger in the polytropic model since more ELM WDs have been predicted. We find that the numbers are 3.08 × 105 and 1.55 × 105 for the polytropic and Ge’s models, respectively. The results with other values of αCE are presented in Table 1. The observational DWDs taken from Kruckow et al. (2021) are also shown for comparison and are listed in Table C.1. It should be noted that the observation samples are collected from multiple observational projects and the observational biases are very different. The overall number distribution of the simulations and the observations cannot be directly compared (Kilic et al. 2011a; Toonen et al. 2012). Therefore, we only give a qualitative analysis of the properties of DWD populations here.
	[image: thumbnail]	Fig. 9. Number density distributions of visible DWDs and the comparison with the observations. The red dots are for the observed samples with determined component masses and the green dots are for those with only minimum companion (dimmer) masses determined (Kruckow et al. 2021). The “brighter” and “dimmer” are defined as the WDs with higher and lower effective temperatures. The catalog of the observed samples is given in appendix Table C.1. Left and right panels are for Ge’s and polytropic models, respectively.



For Ge’s model, we see that the proportion of DWDs with ELM WD companions increases with comparing to the results without selection effects (lower left panel of Fig. 5). The reason is that the ELM WD generally has a massive hydrogen-rich envelope and can sustain the high luminosity for a long time (Istrate et al. 2014; Chen et al. 2017; Li et al. 2019). For the polytropic model, we see that the simulations concentrate on the DWDs with ELM WD companions, and DWDs with massive companions decrease a lot in comparison with the lower left panel of Fig. 6. It is clear that the samples in the observations are weighted towards the low-mass WDs due to the large radial velocity variation. Our results may suggest that there are many massive DWDs expected to be detected for both models. Moreover, the simulations in Ge’s model predict more DWDs with component masses ≳0.5 M⊙ than that in the polytropic model. There are several observational DWDs with Mdim ≲ 0.2 M⊙ that cannot be explained by both models. The possible reason can be understood as follows. In our simulations, the brighter WDs are younger in most cases. However, the extra heating mechanism, such as tidal heating, may increase the surface temperature of the older WD (Burdge et al. 2019), thus, the older WD may be observed as the brighter one. Nevertheless, most of the observations can be covered by the simulations of both models. Presently, it is hard to determine which model supports the observation better due to the existence of the observational bias. A quantitative comparison between the simulations and the volume-limited DWD samples, therefore, is necessary and we will address this issue in Sect. 5.1.3.
5.1.2. Mass ratio-orbital period distribution
Figure 10 shows the density distribution of visible DWD populations as a function of mass ratio and orbital period for Ge’s and polytropic models with αCE = 1. In Ge’s model, the DWDs cluster around mass ratios of q ∼ 0.25 and ∼1.0. While the polytropic model shows q ≲ 0.5 for most DWDs and it underestimates the contribution of DWDs with q ∼ 1. The peak of mass ratio of ∼0.25 is attributed to DWDs with ELM WD companions, since the ELM WDs can sustain high luminosity for a long time and are more easily to be discovered. In the early works, Iben et al. (1997), Han (1998) studied the properties of DWD populations and found that the mass ratio distribution has a dominant peak of ∼0.5 and a second peak of ∼1.8. The former peak is consistent with the results in the polytropic model. However, the later peak of mass ratio is not found in this work. The possible reason is that the different stellar evolutionary tracks10 we adopted. By using the γ-mechanism, Nelemans et al. (2001b) found that the DWDs concentrate to q ∼ 1. The result is similar to that in Ge’s model. It should be noted that the populations of DWDs with ELM WD companions are obtained with only rapid population synthesis method in these works, while we also considered the ELM WDs from the CE+RL channel by adopting the detailed binary evolution code. Then the contributions of DWDs with ELM WD companions may be underestimated in the previous works and, thus, the peak of mass ratio around ∼0.25 is not presented.
	[image: thumbnail]	Fig. 10. Number density distribution of visible DWDs as a function of mass ratio and orbital period, where the mass ratio is defined as the ratio of the brighter WD mass to the dimmer WD mass. The red dots are for the observed samples with determined component masses and the green dots are for those with only minimum companion (dimmer) masses determined (Kruckow et al. 2021). Left and right panels are for Ge’s and polytropic models, respectively.



5.1.3. Space density of DWDs
We then calculate the space density of detectable DWDs and make a comparison with the observations, where the results with αCE = 1 are discussed in detail (see Table 1 for the results of other αCE). In the simulations, the detectable number of DWDs in 5 kpc for the polytropic model is about two times greater than that of Ge’s model, where the numbers are 3.08 × 105 and 1.55 × 105 for the polytropic and Ge’s models, respectively. The space density ρ can be estimated by ρ = N/Veff, where N is the number of the sources, and Veff is the effective volume, which can be calculated by numerical integration of space density in Eq. (22) for a given distance (see also Inight et al. 2021 for more details). For d = 5 kpc, the Veff is about 115 kpc3. Then, ρ = 1347 kpc−3 and 2513 kpc−3 for Ge’s and polytropic models, respectively (see Table 1 for other αCE). In the observations, the space density should be given with a nearly completeness sample. Holberg et al. (2016) estimated the local space density of DWDs to be > 620 kpc−3 from a volume-limited survey of 25 pc. Recently, Inight et al. (2021) extended the DWD samples to 300 pc, and found the space density is about 730 − 1350 kpc−3, where the uncertainties come from the assumption of scale height of disk. We see that the result of Ge’s model supports the observation estimation better than that of the polytropic model.
Furthermore, the samples of ELM WD binaries in the ELM Survey are fairly complete (Brown et al. 2022), and the local space density is estimated to be 160 − 300 kpc−3, depending on the disk models (see also Pelisoli & Vos 2019, who find a space density of 275 kpc−3). Li et al. (2019) studied the populations of DWD with ELM WD companions, where the ELM WD is defined as He WD with mass ≤0.3 M⊙, and its companion is assumed to be CO WD with mass ≥0.45 M⊙, which is the most common companion type of ELM WDs in the observations (Brown et al. 2020). They found the space density of ELM WD binaries in the simulations is about 1500 kpc−3, which is significantly larger than that of the observations. Here we also calculate the space density of DWD with ELM WD companions. We chose the ELM WD binaries with Porb < 2 d according to the selection effects in the ELM Survey11 (Brown et al. 2016b). The space densities of DWDs with ELM WD companions in this study are 473 kpc−3 and 1443 kpc−3 for Ge’s and polytropic models, respectively. The space density of DWDs with ELM WD companions in Ge’s model is also close to the estimation in the observations. Altogether, the simulations with the new mass transfer stability criterion support the volume-limited sample (or a sample with high completeness) in the observations better.
5.2. DWD merger rate
After the birth of DWDs, the GWR is the only angular momentum loss mechanism that shrinks the orbit. For a DWD with typical WD masses of 0.6 M⊙ and orbital period of 0.42 d, the GW merger timescale is approximately equal to Hubble timescale. We then could expect many DWD mergers in the Galaxy as seen from period distribution in Fig. 8. The DWD merger products are rich, for instance, R CrB stars, single massive WDs, or SNe Ia (Paczynski 1976; Webbink 1984; Maoz et al. 2014), depending on the WD structure and mass. In this section, we calculate the DWD merge rate and compare the simulated results with the observations.
Figure 11 presents the DWD merger rate12 distribution as a function of the merger mass, where we do not consider the possible mass loss during the merger processes and the masses of the merger products simply equal to the sum of the DWD masses. Cheng et al. (2020) analyzed the transverse-velocity distribution of high-mass WDs and obtained the relation between DWD merger rate and merger mass, as shown in red circles. Some other observations from DWD mergers and SN Ia rate are also shown for comparison (Maoz et al. 2018; Brown et al. 2020; Li et al. 2011). To make a direct comparison between the simulations and the observations, the merger rate in Fig. 11 is divided by ΔM, where ΔM equals the bin size (0.025 M⊙) in the simulations and equals the horizontal error bar of the data points. Thus, the merger rate should be understood as the area under the histogram or the horizontal error bar (see Cheng et al. 2020 for more details).
	[image: thumbnail]	Fig. 11. Merger rate distribution as a function of the merger mass for all DWD mergers (upper panel). Black solid and dotted lines are for Ge’s and polytropic models, respectively. The red circles represent the DWD mergers that produce 0.8 − 1.32 M⊙ WDs (Cheng et al. 2020), the blue one is for the ELM WD mergers (Brown et al. 2020), the grey one is for all DWD mergers (Maoz et al. 2018), and the blue stars show the observed SN Ia rate (Li et al. 2011). We note that the merger rate is divided by ΔM, where ΔM equals the bin size (0.025 M⊙) in the simulations and equals the horizontal error bar of the data points. Comparisons between a data point and the histogram should be made in terms of the area under the horizontal error bar of the data point and the area under the histogram in the same mass range. The ELM WD is defined as He WD with mass ≤0.30 M⊙, and its companion is assumed to be CO WD (≥0.45 M⊙), which is the most common companion type found in ELM Survey (shown in the lower panel).



The simulation results of Ge’s model are close to the high-mass WD mergers, while the results of the polytropic model predict more high-mass WD mergers with masses of 0.8 − 1.1 M⊙. The merger rate of DWD mergers that produce 0.8 − 1.32 M⊙ WDs in the observations is about [image: equation] −1 yr−1 (Cheng et al. 2020). In our simulations, the merger rates for those DWD mergers are [image: equation] yr−1 and [image: equation] yr−1 for Ge’s and polytropic models, respectively. It is clear that the simulation results from Ge’s model support the observations better. We also note that more mergers with a mass larger than 1.4 M⊙ (Chandrasekhar mass) are produced in Ge’s model, and it may indicate that DWD mergers in Ge’s model have a relatively larger contribution to the SN Ia. We will address this issue in Sect. 5.3. Besides, Cheng et al. (2020) also simulated the merger rate distribution of DWDs but with γ-mechanism. They find a dominant peak around 0.6 M⊙. The results are similar to that of the new criterion in this work. It may suggest that the effect of γ-mechanism is similar to that of non-conservative stable RLOF in the first mass transfer phase (Woods et al. 2012; see Sect. 6 for a discussion).
In the lower panel of Fig. 11, we only consider the merger rate of ELM WD binaries. In the observations, the total merger rate (the merger rate in the lower panel multiply the total mass of the Galaxy) of DWDs with ELM WD companions in the Galaxy is about 2 × 10−3 yr−1 (Brown et al. 2020). The corresponding values in our simulations are 11.4 × 10−3 yr−1 and 1.8 × 10−3 yr−1 for the polytropic and Ge’s models. The results show that the synthesized merge rate of ELM WD binaries in Ge’s model supports the observations well without any tuning of parameters, while the polytropic model overpredicts the merger rate of ELM WD binaries by a factor of ∼6.
5.3. SN Ia birthrate
SNe Ia are thought to be thermonuclear explosions of degenerate WD, and are possessed of an important position in astrophysics (Perlmutter et al. 1999). One of the main progenitor models of SN Ia is the single-degenerate model, and the WD accretes material from the non-degenerate companion star (Whelan & Iben 1973; Nomoto 1982). Another progenitor model is the double degenerate model, in which the merger of DWD has a mass larger than the Chandrasekhar mass (Tutukov & Yungelson 1981; Iben & Tutukov 1984; Webbink 1984; see also Wang & Han 2012 and references therein). In this section, we discuss the contribution of the DWD mergers to the SNe Ia. For convenience, we consider as SNe Ia results of mergers with a total mass larger than 1.4 M⊙, which gives an upper limit for the SN Ia rate under the double-degenerate scenario (Ablimit et al. 2016).
5.3.1. Galactic SN Ia rate
The current Galactic birth rate of SNe Ia with different CE efficiencies for the two models is presented in Fig. 12, where the SN Ia rate for a Milky Way-like galaxy in the observation is about (5.4 ± 1.2)×10−3 yr−1 (with a systematic uncertainty of a factor of ∼2, Li et al. 2011), as shown in grey shaded region. It is clear that the SN Ia rate is not a monotone function of αCE. The reason can be understood as follows. With the increase of αCE, the total number of DWDs also increases, since the CE ejection is efficient, as shown in Table 1. However, the CE efficiency also has an important effect on the final binary separation. For the CE process with a small αCE, the binary separation will be short after the ejection of CE. Then the proportion of DWD mergers in the Hubble time may increase for a low αCE (see also Claeys et al. 2014). In addition, the CE for binaries with massive components is more easily to be ejected for a small αCE.
	[image: thumbnail]	Fig. 12. Influence of αCE on the Galactic SN Ia rate. Black solid and red dashed lines are for Ge’s and polytropic model, respectively. The Galactic SN Ia rate in the observations is (5.4 ± 1.2)×10−3 yr−1 (Li et al. 2011), as shown in grey shade region.



In Fig. 12, we note that the SN Ia rate for αCE = 0.25 in Ge’s model is surprisedly large. We then present in Fig. 13 the merger rate variation with total mass of DWDs within various αCE values in Ge’s model. We clearly see that the merger rate distribution versus on total mass for αCE = 0.25 is totally different from that of other αCE values. An obvious feature is that the merger rate with Mtot ≥ 1.4 M⊙ increases in comparison with that of αCE = 0.5, and becomes comparable with that of αCE = 1.0, 1.5. We can understand this according to the following. Only DWDs with very short orbital periods, generally ≲0.1 d, would merge in the current epoch due to gravitational wave radiation. For the case of αCE = 0.25, the binary components should be massive enough to eject the CE due to the extremely small CE efficiency, and the produced DWDs have very short orbital periods as well. The proportion of massive DWDs with short orbital periods is relatively large consequently, leading to more SNe Ia being produced. With increasing of αCE values, more and more DWDs with small component masses are produced, while those with massive components have relatively long orbital periods and cannot come to merge presently. We see in figure that the case of αCE = 0.5 has a minimum value for the SN Ia rate.
	[image: thumbnail]	Fig. 13. Merge rate distributions with different αCE in Ge’s model. The vertical dotted line represents the Chandrasekhar mass (1.4 M⊙), beyond which the merger product is supposed to explode as SN Ia.



The observation of SN Ia rate can be covered by both models. However, compared with the polytropic model, the results in Ge’s model predict more SNe Ia for αCE ≲ 2.75. In the fiducial model, Ge’s model predicts a Galactic supernova Ia rate about 6 × 10−3 yr−1, which supports the observations of (5.4 ± 1.2)×10−3 yr−1. Besides, we also find the SN Ia rate is significantly affected by the αCE in the polytropic model, where the values of SN Ia rate spreads a wide range from 0.3 × 10−3 to 6.2 × 10−3 yr−1 with the change of αCE. While for Ge’s model, the SN Ia rates are in a relatively narrow range of ∼3 − 7 × 10−3 yr−1. The results suggest that the current SN Ia rate in the observations may put a limit on the CE efficiency.
5.3.2. Delay time distribution
Figure 14 presents the delay time distributions (DTDs) of SNe Ia for a 1010 M⊙ single burst, where four typical examples of αCE = 0.25, 0.5, 1, 1.5 are shown for comparison. The results of Ge’s and polytropic models are shown in the black solid and red dashed lines, respectively. For the simulation with large CE efficiencies of 1.0, 1.5, the DTDs for the two models are comparable. And the results for both models are less than the observations as a whole, similarly to previous studies (e.g., Yungelson & Kuranov 2017; Liu et al. 2018). With the decrease of αCE, the total number of DWDs falls down significantly for the polytropic model, as shown in Table 1, resulting in smaller SNe Ia rates. For Ge’s model, however, the total number of DWDs changes little with αCE as mentioned before, the CE efficiency therefore has a limited effect on the DTD of SN Ia. In particular, for the case of αCE = 0.25, the results in the polytropic model are about 1 order of magnitude less than that of the observations, while the DTD in Ge’s model supports the observations well for delay time large than ∼1 Gyr.
	[image: thumbnail]	Fig. 14. DTDs of SNe Ia with different αCE. The open circles with error bars represent the observation SNe Ia rate from elliptical galaxies and galaxy clusters (Totani et al. 2008; Maoz et al. 2010, 2012; Graur & Maoz 2013). Black solid and red dashed lines are for Ge’s and polytropic models, respectively.



Unfortunately, none of the simulations are equipped to explain all of the observational constraints of the DTDs. In Ge’s model, there is a large discrepancy between the simulations and the observations for short delay time (≲1 Gyr) in the case of αCE = 0.25, and for long delay time (≳1 Gyr) in the cases of αCE = 1.0, 1.5. The results suggest that there should be other channels contributing to the SNe Ia. For example, Wang et al. (2009) found that the single-degenerate model of WD + He star channel has a significant contribution to the SNe Ia with short delay times (see also Claeys et al. 2014, and references therein), and WD+MS and WD+RGB channels can produce SNe Ia with long delay times (Wang et al. 2010). In addition, some variants of single-degenerate and double degenerate models may also have a contribution to the SNe Ia, such as the sub-Chandrasekhar mass model, the single-star model, and the delayed dynamical instability model, etc. (Wang & Han 2012). We expect that the future observations of large samples of SNe Ia could set further constraints on SN Ia progenitor models.
5.4. GW signal of DWDs
Overall, DWDs are meant to be the dominant GW sources for future space-based GW detectors. According to BPS simulations, it has been suggested that about ( ∼ 1 − 3)×104 sources are expected to be individually detected by LISA or TianQin (Evans et al. 1987; Webbink & Han 1998; Nelemans et al. 2001b; Liu 2009; Liu et al. 2010; Ruiter et al. 2010; Yu & Jeffery 2010; Nissanke et al. 2012; Korol et al. 2017, 2019, 2022b; Lamberts et al. 2019; Huang et al. 2020) and several tens of them are to be potentially observed with the combination of GW and electromagnetic observations (Korol et al. 2017, 2019; Kupfer et al. 2018; Li et al. 2020). Multi-messenger studies of DWDs provide more precise information (Shah et al. 2012, 2013) and shed light on the physics of tidal interaction and mass transfer between DWDs (Fuller & Lai 2013; Baker et al. 2019).
As discussed above, the mass transfer stability criterion has a significant effect on the formation of DWDs. Compared with the polytropic model, more DWDs are produced in Ge’s model. However, the proportion of DWDs with short orbital periods decreases in Ge’s model, since most binaries experience the stable RLOF process in the first mass transfer phase. In Table 1, we present the number of DWDs with Porb < 60 min for both models. For the polytropic model, the close DWDs (here defined as DWD with Porb < 60 min) are mainly produced from the CE+CE channel, while from the RL+CE channel in Ge’s model (CE+RL channel can also produce a small number of close DWDs; see Chen et al. 2022 for more details). Therefore, the CE efficiency would lead to a more substantial effect on the polytropic model. We see that for the cases of αCE ≤ 0.5, there are more close DWDs in Ge’s model. With the increase of αCE, the numbers of close DWDs in the polytropic model are larger than that of Ge’s model.
We then calculated the numbers of DWDs that can be detected by LISA. The specific methods to obtain the signal-noise-ratios (S/N) of the DWDs can be found in Li et al. (2020). The main input parameters are described as follows. The distance of each simulated binary to the Sun is got from the spatial distribution of stars in the Galaxy, where the Galaxy model with disk and bulge components are adopted from Binney & Tremaine (2008). The sensitivity curve of LISA is taken from Robson et al. (2019), where we adopted the current LISA configuration with an arm length of 2.5 × 106 km for the three detector arms, and a total observation time of 4 yr (Amaro-Seoane et al. 2017). A source could be detected by LISA if its S/N was higher than 7.
The numbers of LISA detectable sources for different models are shown in Table 1. For a relatively small αCE value of 0.25, the number of LISA detectable sources is 1452 in the polytropic model, which is only about 10% of that of Ge’s model. With the increase of αCE, the polytropic models predict more LISA detectable sources. The results are comparable to the previous works on the GW studies (e.g., Nelemans et al. 2001a; Yu & Jeffery 2010; Korol et al. 2017). In the fiducial model of αCE = 1, the number of detectable GW sources in the polytropic model is larger than that in Ge’s model by about 35%. It should be noted that the DWDs with a orbital period ≲1 d may contribute to the foreground noise, which has an important effect on the GW detections (e.g., Evans et al. 1987; Nelemans et al. 2001a; Nissanke et al. 2012; Korol et al. 2022b; Georgousi et al. 2023). The orbital period distributions of the two models (Fig. 8) in this work show a large difference and whether it affects the foreground noise should be addressed in further studies.
6. Discussion: Stable RLOF versus γ-mechanism
The γ-mechanism suggested by Nelemans et al. (2000) has been studied in many previous works (e.g., Toonen et al. 2012, 2017) and the observed properties of DWDs can be well reproduced in γ-mechanism. The main argument for this mechanism is that there is no clear physical explanation (as mentioned previously). An alternative solution for the formation of DWDs is that substituting the γ-mechanism to stable but non-conservative mass transfer (Woods et al. 2012), as investigated in this work. As pointed out by Toonen et al. (2012), the stable non-conservative mass transfer may have an effect alike the γ-description. Here, we offer a brief discussion on the similarity between the two mechanisms.
The governing equation of γ-mechanism can be expressed as:
[image: thumbnail](23)
where ΔJlost is the difference value between the initial and final orbital angular momentum, and the dimensionless parameter of γ is adopted around 1.5 − 1.75 (Nelemans & Tout 2005). Then, the change of orbital separation determined by Eq. (23) becomes a function of the initial and final masses of the binary components. We note that it may give a widened orbit after the ejection of CE. On the other hand, the angular momentum loss caused by stable non-conservative mass transfer in Eq. (11) can also be expressed as (Postnov & Yungelson 2014)
[image: thumbnail](24)
Comparing Eqs. (23) and (24), we see that the orbital angular momentum loss of the γ-mechanism and non-conservative mass transfer is within one order of magnitude. This may suggest that the γ-mechanism and stable non-conservative mass transfer have similar effects on the change of orbital separation.
In this work, we carry out BPS simulations with the new mass transfer stability criterion from Ge’s model and the results show that most of DWDs have experienced stable RLOF in the first mass transfer phase regardless of the adopted value of αCE (see Table 1). It means that we have succeeded in constructing the models that substitute the γ-mechanism with a stable non-conservative mass transfer for the first mass-transfer phase. Our results confirm that the stable non-conservative RLOF + CE channel can produce abundant DWDs and some of the observational properties of DWDs can be adequately reproduced in Ge’s model. Comparing the results with that of γ-mechanism (e.g., Nelemans et al. 2001a; Toonen et al. 2012, 2017; Cheng et al. 2020), both of these models give a mass ratio peak value of ∼1 and quite similar profiles for the merger rate distribution, as shown in Sect. 5. It supports the aforementioned viewpoints that the stable non-conservative mass transfer may have an effect akin to the γ-description. However, it should be noted that the accretor can accumulate a significant part of masses during the non-conservative mass transfer, which is contrary to the γ-mechanism. Therefore, these two models should lead to some differences in the DWD populations and this issue is worthy of investigation in future studies.
7. Conclusions
In this paper, we systemically investigate the influence of mass transfer stability on the DWD populations. Two criteria of stability are considered for comparison. In the two models, the critical mass ratios are obtained from the adiabatic mass-loss model with polytropic stellar structures (polytropic model) and with realistic stellar structures (Ge’s model), respectively. We performed Monte Carlo simulations to obtain the Galactic DWD populations and to make a comparison with the observations. The implications for the SN Ia rate and GW observations are also discussed. Our main conclusions are summarized as follows.

	
In the model featuring a new mass transfer stability (Ge’s model), the mass transfer tends to be stable for stars filling the Roche lobe at RGB or AGB phase. Most binaries experience stable RLOF in the first mass transfer phase and more than ∼90% DWDs are produced from the RL+CE channel regardless of the values of αCE. For the polytropic model, αCE is a determined parameter of the DWD populations, that is, the RL+CE channel is the dominant formation channel of DWDs for αCE < 1, and the CE+CE channel becomes the dominant channel of DWDs for high value of the αCE. In the fiducial model where αCE = 1, the number of DWDs in Ge’s model is about four times greater than that of the polytropic model because certain CE mergers are avoided.



	
We constructed the magnitude-limited sample for the two models. Due to the incompleteness of the observed samples, we give a qualitative discussion about the properties of DWDs in the DWD mass distribution diagram and the mass ratio-orbital period diagram. Most of the observed DWDs can be explained in our results. Then we calculate the space density of the detectable DWDs and those with ELM WD companions in Ge’s model, which are 1347 kpc−3 and 473 kpc−3, respectively. The values are close to the observation estimations. While the polytropic model overpredicts the space density of DWDs by a factor of about 2−3.



	
We calculated the merger rate of DWDs and their mass dependence, and the results of Ge’s model reproduce the observations better than the polytropic model. For the case of DWDs with ELM WD companions, we find the merger rate is about 1.8 × 10−3 yr−1, which is comparable to the observation estimation of 2 × 10−3 yr−1.



	
The results in Ge’s model predict relatively more DWD mergers contributing to the Galactic SNe Ia than that in polytropic model. For the DTDs of SNe Ia, none of the simulations could explain all of the observational constraints. It suggests that there should be other channels contributing to the SNe Ia, such as the single-degenerate model.



	
We offer a discussion about the influence of mass transfer stability on the GW observations. The numbers of DWDs that can be detected by LISA for both models have been calculated. The number of LISA detectable sources is significantly affected by αCE. In the fiducial model of αCE = 1, the number of detectable GW sources in the polytropic model is larger than that in Ge’s model by about 35%.




We confirm that mass transfer stability criterion plays an important role in the formation of DWDs. The results from Ge’s model support the observations better than what can be derived from the polytropic model.


1 According to Han (1998), there is one more formation channel which has not been shown here i.e., exposed core + CE, which only works when the tidally enhanced stellar wind has been included. In this channel, the envelope of the initially more massive component is lost by the enhanced stellar wind. The core is exposed after all the envelope is lost and becomes a WD. The secondary evolves and fills its Roche lobe during the HG or red giant branch (RGB) stage, and the binary enters into the CE phase, leaving a DWD system after the ejection of the CE. We have not considered the tidally enhanced stellar winds in our studies.


2 In this work, ELM WD is defined as He WD with mass less than 0.3 M⊙, as suggested by Li et al. (2019).


3 If more efficient angular momentum loss mechanisms, e.g., the outflow from the out Lagrangian point or a circumbinary disk, are considered, the orbital separation would shrink faster, then the critical mass ratio is supposed to get smaller. As a result, it may predict more binaries entering into the CE phase. On the other hand, if the binary still experiences stable mass transfer process, the orbital separation would shrink faster, resulting in a larger mass transfer rate and a shorter timescale for the mass transfer process. The WDs produced in this way will be smaller and have shorter orbital periods in comparison to our results in Ge’s model.


4 For mass loss in the superadiabatic surface convection regions, the adiabatic approximation fails. To quantify the possible impact of the superadiabatic mass loss on the thresholds of mass transfer stability, Ge et al. (2010) constructed the model of mass-loss sequences with isentropic envelope. The critical mass ratios with the standard mixing-length convective envelope models are smaller than that with the assumption of isentropic envelopes, and would give results more conservatively. In fact, the critical mass ratios are affected by many factors, e.g., the mass transfer efficiency, angular momentum loss, superadiabatic layer of the giant, etc, where the isentropic envelopes are used to solve the problems of superadiabatic layer. In this work, we intend to study the influence of mass transfer stability on the DWD populations with simple assumptions as a first step. Therefore, we adopted the qc derived from the standard mixing-length models.


5 In Ge et al. (2020), only the results of fully conservation case are published, the grids and codes of non-conservative cases can be requested via email to the authors.


6 The accretion efficiency given in Eq. (10) are not a constant. It is a simplified approach that we adopt a flat value of βrlof = 0.5 to derive the critical mass ratios from the adiabatic mass-loss sequences. Nevertheless, we checked the accretion efficiencies of the simulated binaries that experience the stable mass transfer phase in the fiducial model (see more details in Sect. 4) and found that the accretion efficiencies for most binaries are close to 0.5. A high value of βrlof inferred from Eq. (10) is because the thermal time scale of the accretor is not too much longer than the mass transfer time scale of the donor for most cases (see also Willems & Kolb 2004).


7 The number of primordial binaries is dozens of times larger than that in some previous works, e.g., Han (1998), Nelemans et al. (2000), and it is sufficient to model the DWD populations in the Galaxy. We carried out a test with sampling 1 × 107 binaries and the results display almost no change.


8 The transformation of absolute magnitude to visual magnitude is done with the publicly available code https://github.com/SihaoCheng/WD_models


9 In fact, the limiting magnitude of g-band in SDSS is about 23 mag (York et al. 2000). However, since the WD is an intrinsic faint object, the signal-to-noise of the spectroscopic observations is closely related to the observed magnitudes (Tremblay et al. 2011). And DWDs should be bright enough to allow for a precise determination of the orbital parameters. Therefore, the limiting magnitude is assumed to be 21 mag in this work. In Table C.1, we see that most of the observed DWD samples are below this limit.


10 Toonen et al. (2012) calculated the DWD populations with stellar evolutionary tracks adopted from Eggleton et al. (1973) and Hurley et al. (2000), respectively. They found more He WDs are produced by using the former tracks due to the difference in the stellar tracks related to helium ignition under degenerate conditions. Moreover, Toonen et al. (2012) also found that the DWDs cluster around a mass ratio of ∼0.5 with the stellar tracks, similarly to what is shown in this work, consistent with the results of the polytropic model.


11 To promise a high completeness of the observations, several selection effects are considered, including semi-amplitude k > 75 km s−1, orbital period Porb < 2 d; surface gravity in the range of 4.85 < log g(cm s−2) < 7.15; and color selection of 8000 < Teff < 22 000 K, where Teff is the effective temperature (Brown et al. 2016a, 2020). To keep the consistency in this work, we only consider the orbital period and magnitude limits rather than the selection effects in ELM Survey.


12 The merger rate has been divided by the total mass of stars in the Galaxy (7 × 1010 M⊙), it has a unit of yr−1 [image: equation].
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Appendix A:  Orbital changes due to wind accretion
In Hurley et al. (2002), the interaction between the wind material and the binary orbit is taken into account, which is different from that in some previous works, such as in Tauris & van den Heuvel (2006), Postnov & Yungelson (2014). Assuming that βW is the wind mass loss efficiency, then the wind accretion rate of the accretor is Ṁ2 = −(1 − βW)Ṁ1. Eq. 13 can be rewritten as:
[image: thumbnail](A.1)
where Jorb is the orbital angular momentum. Here, we only consider the wind accretion processes, then [image: equation]. The change of orbital separation is given by (Postnov & Yungelson 2014):
[image: thumbnail](A.2)
If βW is constant, substituting Eq. A.1 into Eq. A.2 and integrating over time, we arrive at
[image: thumbnail](A.3)
where the subscripts “i” and “f” stand for the initial and final values, respectively. We note that M2, f is a function of βW, namely, M2, f = (1 − βW)(M1, i − M1, f)+M2, i. For a given initial binary, the change of orbital separation is affected by the final masses of the binary components and the value of βW. Figure A.1 presents the orbital evolution due to the wind accretion processes with different accretion efficiencies for a binary with M1, i = 3.41 M⊙, M2, i = 3.06 M⊙. The grey line is for af/ai ≃ 0.71, corresponding to the peaks of P1, mt/Pidistributions in Figure 4. For a wind accretion efficiency lower than ∼0.2 (βW ≳ 0.8), the stellar winds always lead to a widened orbit (af/ai > 1); whereas for a greater wind accretion efficiency, the wind-fed mass transfer would lead to the shrinkage of the binary orbit. The orbital separation change of 0.71 suggests that about 40 percent transferred material needs to be accreted by the companion. For a star filling its Roche lobe at the tip of an AGB, the wind mass loss and RLOF processes happen simultaneously. In consideration of the possible increase of the orbit caused by the stable RLOF phase, the shrinkage of binary orbit then needs that the wind mass transfer dominates the binary evolution, that is, more mass is lost from the wind than that from the RLOF.
	[image: thumbnail]	Fig. A.1. Orbital changes as a function of the donor mass due to the wind accretion processes with M1, i = 3.41 M⊙, M2, i = 3.06 M⊙. The grey line is for af/ai ≃ 0.71, corresponding to the peaks of P1, mt/Pi distributions in Figure 4. The results for βW from 0.5 to 1 are shown in black and red lines, as marked in the plot. We note that the wind accretion efficiency is equal to 1 − βW.



The wind accretion rate is calculated based on Eq. 12, that is, Bondi-Hoyle accretion. The Bindi-Hoyle model is a good approximation for wind accretion if the wind is fast compared to the orbital velocity. However, AGB stars generally have slow winds, typically 5 − 30 km s−1 (Knapp et al. 1998), which is on the same order of magnitude as the orbital velocities. The slow wind interaction is much more complex and is still under debate. Several 3D hydrodynamic simulations have suggested that the wind accretion efficiencies for AGB stars are in the broad range between 0.01 − 0.4 (e.g., Liu et al. 2017; Saladino et al. 2018; Chen et al. 2020). In this work, we mainly focus on the influences of mass transfer stability on DWD populations, and the basic assumptions relating to the binary evolution are same for Ge’s and the polytropic models. Therefore, the wind accretion processes have limited effects on our main conclusions.

Appendix B:  DWD mass distribution for different channels
The WD mass distributions for DWDs from different channels are presented, where the results in Ge’s and polytropic models are shown in Figure B.1 and Figure B.2, respectively. In Ge’s model, most DWDs are produced from the RL+CE channel, while in the polytropic model, the contribution of the RL+CE channel and CE+CE channel is comparable.
	[image: thumbnail]	Fig. B.1. Number density distribution of DWDs from CE+CE channel (upper panel) and RL+CE channel (low panel) for Ge’s model. We note that the scale of the color bars is different for the two panels.



	[image: thumbnail]	Fig. B.2. The number density distribution of DWDs from CE+CE channel (upper panel) and RL+CE channel (low panel) for the polytropic model.




Appendix C:  Observation sample of DWDs
Table C.1. 
Observation sample of DWDs.
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	[image: thumbnail]	Fig. 1. Critical mass ratios for stars with different masses and in different evolutionary stages. Left and right panels are for Ge’s and polytropic models, respectively. The black solid lines represent the minimum separation (q = 1) for which the primary fills its Roche lobe at a certain evolutionary stage, as indicated in the panels. A star with a mass ≳8 M⊙ has no TP-AGB phase because the CO core will ignite carbon in the AGB and results in the SN explosion (Hurley et al. 2000). We note that the results are obtained following the BPS simulations and all of the simulated binaries are considered. We find about 40.5% and 74.0% binaries would enter into CE phase for Ge’s and polytropic models, respectively. Abbreviations are as follows: ZAMS–zero-age main sequence, HG–Hertzsprung gap, RGB-red giant branch, AGB–asymptotic giant branch, TP-AGB–thermal pulse AGB.
In the text



	[image: thumbnail]	Fig. 2. Examples for the formation of DWDs from different mass transfer stability criteria (αCE = 1). Left panel shows that the DWDs produced from different models have different binary parameters. In the right panel, the DWD is formed in Ge’s model, while the binary merges in the polytropic model (see more details in the text). Abbreviations are the same as in Fig. 1.
In the text



	[image: thumbnail]	Fig. 3. Distribution of the initial primary mass (initial massive one) and initial binary separation of binaries that produce DWDs. Left and right panels are for Ge’s and polytropic models, respectively. The dotted lines represent the minimum separation (q = 1) for which the primary fills its Roche lobe at a certain evolutionary stage, as indicated in the panels. Abbreviations are the same as in Fig. 1.
In the text



	[image: thumbnail]	Fig. 4. Properties of the period change after the first stable mass transfer phase. The period change distributions for binaries that produce DWDs in the current Galaxy are shown in the black histogram, and the corresponding cumulative distributions are shown in red solid lines. Left and right panels are for Ge’s and polytropic models, respectively. Here, P1, mt refers to the orbital period after the termination of the first mass transfer phase and Pi is the initial orbital period of primordial binary. We note that most binaries with P1, mt/Pi > 1 would enter into the CE processes in the subsequent evolution and some of the resulted DWDs have very short orbital periods (merge within the Hubble timescale). The DWD mergers lead to the decrease of the number for binaries with P1, mt/Pi > 1. The results without considering the DWD mergers are shown in grey histograms and grey dashed lines. It is clear that the number of DWDs with very short orbital periods decreases a lot due to the DWD mergers. For binaries experiencing CE processes in the first mass transfer phase, the period changes of P1, mt/Pi is less than 0.05, which are not shown for concision.
In the text



	[image: thumbnail]	Fig. 5. Number density distribution of DWD masses with various values of αCE in Ge’s model, where My and Mo represent the mass of the younger and older (the later and former formed) WDs, respectively. The histogram of αCE = 1 is also shown in other panels for comparisons.
In the text



	[image: thumbnail]	Fig. 6. Number density distribution of DWD masses with various values of αCE in the polytropic model. Details are similar to Fig. 5 but for the polytropic model, where My and Mo represent the mass of the younger and older (the later and former formed) WDs, respectively. We note that the scale of the color bars differs from that of Fig. 5.
In the text



	[image: thumbnail]	Fig. 7. Mass ratio distribution for DWDs with selected values of αCE = 0.25, 0.5, 1.0, 1.5, where My and Mo represent the mass of the younger and older (the later and former formed) WDs, respectively. Left and right panels are for Ge’s and polytropic models, respectively.
In the text



	[image: thumbnail]	Fig. 8. Orbital period distributions for DWDs with αCE = 0.25, 0.5, 1.0, 1.5, shown in the upper panels, orbital period distributions for different formation channels of αCE = 1, shown in the lower panels. Left and right panels: Ge’s and polytropic models, respectively. We note that the scale of the vertical axis is different for the two models.
In the text



	[image: thumbnail]	Fig. 9. Number density distributions of visible DWDs and the comparison with the observations. The red dots are for the observed samples with determined component masses and the green dots are for those with only minimum companion (dimmer) masses determined (Kruckow et al. 2021). The “brighter” and “dimmer” are defined as the WDs with higher and lower effective temperatures. The catalog of the observed samples is given in appendix Table C.1. Left and right panels are for Ge’s and polytropic models, respectively.
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	[image: thumbnail]	Fig. 10. Number density distribution of visible DWDs as a function of mass ratio and orbital period, where the mass ratio is defined as the ratio of the brighter WD mass to the dimmer WD mass. The red dots are for the observed samples with determined component masses and the green dots are for those with only minimum companion (dimmer) masses determined (Kruckow et al. 2021). Left and right panels are for Ge’s and polytropic models, respectively.
In the text



	[image: thumbnail]	Fig. 11. Merger rate distribution as a function of the merger mass for all DWD mergers (upper panel). Black solid and dotted lines are for Ge’s and polytropic models, respectively. The red circles represent the DWD mergers that produce 0.8 − 1.32 M⊙ WDs (Cheng et al. 2020), the blue one is for the ELM WD mergers (Brown et al. 2020), the grey one is for all DWD mergers (Maoz et al. 2018), and the blue stars show the observed SN Ia rate (Li et al. 2011). We note that the merger rate is divided by ΔM, where ΔM equals the bin size (0.025 M⊙) in the simulations and equals the horizontal error bar of the data points. Comparisons between a data point and the histogram should be made in terms of the area under the horizontal error bar of the data point and the area under the histogram in the same mass range. The ELM WD is defined as He WD with mass ≤0.30 M⊙, and its companion is assumed to be CO WD (≥0.45 M⊙), which is the most common companion type found in ELM Survey (shown in the lower panel).
In the text



	[image: thumbnail]	Fig. 12. Influence of αCE on the Galactic SN Ia rate. Black solid and red dashed lines are for Ge’s and polytropic model, respectively. The Galactic SN Ia rate in the observations is (5.4 ± 1.2)×10−3 yr−1 (Li et al. 2011), as shown in grey shade region.
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	[image: thumbnail]	Fig. 13. Merge rate distributions with different αCE in Ge’s model. The vertical dotted line represents the Chandrasekhar mass (1.4 M⊙), beyond which the merger product is supposed to explode as SN Ia.
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	[image: thumbnail]	Fig. 14. DTDs of SNe Ia with different αCE. The open circles with error bars represent the observation SNe Ia rate from elliptical galaxies and galaxy clusters (Totani et al. 2008; Maoz et al. 2010, 2012; Graur & Maoz 2013). Black solid and red dashed lines are for Ge’s and polytropic models, respectively.
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	[image: thumbnail]	Fig. A.1. Orbital changes as a function of the donor mass due to the wind accretion processes with M1, i = 3.41 M⊙, M2, i = 3.06 M⊙. The grey line is for af/ai ≃ 0.71, corresponding to the peaks of P1, mt/Pi distributions in Figure 4. The results for βW from 0.5 to 1 are shown in black and red lines, as marked in the plot. We note that the wind accretion efficiency is equal to 1 − βW.
In the text



	[image: thumbnail]	Fig. B.1. Number density distribution of DWDs from CE+CE channel (upper panel) and RL+CE channel (low panel) for Ge’s model. We note that the scale of the color bars is different for the two panels.
In the text



	[image: thumbnail]	Fig. B.2. The number density distribution of DWDs from CE+CE channel (upper panel) and RL+CE channel (low panel) for the polytropic model.
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        Critical mass ratios for stars with different masses and in different evolutionary stages. Left and right panels are for Ge’s and polytropic models, respectively. The black solid lines represent the minimum separation (q = 1) for which the primary fills its Roche lobe at a certain evolutionary stage, as indicated in the panels. A star with a mass ≳8 M⊙ has no TP-AGB phase because the CO core will ignite carbon in the AGB and results in the SN explosion (Hurley et al. 2000). We note that the results are obtained following the BPS simulations and all of the simulated binaries are considered. We find about 40.5% and 74.0% binaries would enter into CE phase for Ge’s and polytropic models, respectively. Abbreviations are as follows: ZAMS–zero-age main sequence, HG–Hertzsprung gap, RGB-red giant branch, AGB–asymptotic giant branch, TP-AGB–thermal pulse AGB.
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        Examples for the formation of DWDs from different mass transfer stability criteria (αCE = 1). Left panel shows that the DWDs produced from different models have different binary parameters. In the right panel, the DWD is formed in Ge’s model, while the binary merges in the polytropic model (see more details in the text). Abbreviations are the same as in Fig. 1.
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	1.08 × 105
	939.1
	0.22 × 105
	1452



	Ge’s model
	60025
	3.53
	98.59%
	0.04%
	1.37%
	0.042
	5.05 × 104
	439.1
	2.55 × 105
	14098



	




	αCE = 0.5
	
	
	
	
	



	Pol model
	23010
	0.83
	75.8%
	5.7%
	18.5%
	0.016
	1.29 × 105
	1121.7
	2.21 × 105
	11096



	Ge’s model
	71714
	4.34
	96.80%
	0.05%
	3.15%
	0.051
	9.81 × 104
	853.0
	2.46 × 105
	12940



	




	αCE = 0.75
	
	
	
	
	



	Pol model
	42890
	1.26
	71.43%
	15.71%
	12.86%
	0.030
	1.93 × 105
	1678.3
	6.43 × 105
	25427



	Ge’s model
	87035
	4.55
	96.63%
	0.16%
	3.21%
	0.060
	1.34 × 105
	1165.2
	4.03 × 105
	19504



	




	αCE = 1.0
	
	
	
	
	



	Pol model
	58789
	1.27
	49.8%
	38.3%
	11.9%
	0.041
	3.08 × 105
	2678.3
	1.04 × 106
	36487



	Ge’s model
	95045
	4.70
	96.4%
	0.6%
	3.0%
	0.067
	1.55 × 105
	1347.8
	7.16 × 105
	27137



	




	αCE = 1.25
	
	
	
	
	



	Pol model
	72021
	1.74
	39.10%
	52.61%
	8.29%
	0.050
	4.03 × 105
	3504.3
	1.4 × 106
	42479



	Ge’s model
	103222
	4.96
	95.95%
	1.32%
	2.73%
	0.072
	1.47 × 105
	1278.3
	9.8 × 105
	31147



	




	αCE = 1.5
	
	
	
	
	



	Pol model
	81155
	2.07
	33.0%
	62.7%
	4.3%
	0.057
	4.87 × 105
	4234.8
	1.70 × 106
	45384



	Ge’s model
	109009
	5.11
	96.0%
	1.7%
	2.3%
	0.077
	1.59 × 105
	1382.6
	1.34 × 106
	37003



	




	αCE = 1.75
	
	
	
	
	



	Pol model
	89422
	2.60
	29.47%
	67.73%
	2.80%
	0.063
	5.91 × 105
	5139.1
	1.92 × 106
	49010



	Ge’s model
	112830
	5.39
	95.15%
	3.60%
	1.25%
	0.079
	1.99 × 105
	1730.4
	1.58 × 106
	41173



	




	αCE = 2.0
	
	
	
	
	



	Pol model
	95738
	3.13
	27.60%
	70.43%
	1.97%
	0.067
	6.99 × 105
	6078.3
	2.04 × 106
	49632



	Ge’s model
	116307
	5.75
	93.91%
	5.17%
	0.92%
	0.082
	2.44 × 105
	2121.7
	1.73 × 106
	43255



	




	αCE = 2.25
	
	
	
	
	



	Pol model
	101575
	3.66
	26.60%
	71.57%
	1.83%
	0.071
	8.03 × 105
	6982.6
	2.14 × 106
	49679



	Ge’s model
	119860
	6.21
	92.43%
	6.70%
	0.87%
	0.084
	3.00 × 105
	2608.7
	1.82 × 106
	43521



	




	αCE = 2.5
	
	
	
	
	



	Pol model
	106727
	4.18
	26.66%
	71.66%
	1.68%
	0.075
	8.98 × 105
	7808.7
	2.17 × 106
	48720



	Ge’s model
	123088
	6.70
	90.94%
	8.24%
	0.82%
	0.086
	3.54 × 105
	3078.3
	1.84 × 106
	43006



	




	αCE = 2.75
	
	
	
	
	



	Pol model
	110871
	4.66
	27.30%
	71.21%
	1.49%
	0.078
	1.00 × 106
	8695.7
	2.17 × 106
	47370



	Ge’s model
	125615
	7.54
	89.73%
	9.55%
	0.72%
	0.088
	4.08 × 105
	3547.8
	1.81 × 106
	47936



	




	αCE = 3.0
	
	
	
	
	



	Pol model
	114485
	5.12
	28.23%
	70.44%
	1.33%
	0.080
	1.10 × 106
	9565.2
	2.14 × 106
	45498



	Ge’s model
	127869
	7.60
	88.68%
	10.68%
	0.64%
	0.090
	4.5 × 105
	3913.0
	1.71 × 106
	46312





      

      
Notes. Nsim is the total number of DWDs from 5 × 106 primordial binaries. NGal is the total number of DWDs in the current Galaxy; f means the percentage of the number of DWDs from the corresponding channels; ν is the DWD birth rate; Ng < 21 is the total number of magnitude-limit samples in the simulations; ρ ≡ Ng < 21/Veff is the space density (see Sect. 5.1); N< 60 min is the number of DWDs with orbital periods < 60 min; NLISA is the number of LISA detectable sources (see Sect. 5.4).



    

  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
        Number density distribution of DWD masses with various values of αCE in Ge’s model, where My and Mo represent the mass of the younger and older (the later and former formed) WDs, respectively. The histogram of αCE = 1 is also shown in other panels for comparisons.

      

    

  
    
      Fig. 6. 

      
        [image: thumbnail]
      

      
        Number density distribution of DWD masses with various values of αCE in the polytropic model. Details are similar to Fig. 5 but for the polytropic model, where My and Mo represent the mass of the younger and older (the later and former formed) WDs, respectively. We note that the scale of the color bars differs from that of Fig. 5.

      

    

  
    
      Fig. 7. 
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        Mass ratio distribution for DWDs with selected values of αCE = 0.25, 0.5, 1.0, 1.5, where My and Mo represent the mass of the younger and older (the later and former formed) WDs, respectively. Left and right panels are for Ge’s and polytropic models, respectively.

      

    

  
    
      Fig. 8. 

      
        [image: thumbnail]
      

      
        Orbital period distributions for DWDs with αCE = 0.25, 0.5, 1.0, 1.5, shown in the upper panels, orbital period distributions for different formation channels of αCE = 1, shown in the lower panels. Left and right panels: Ge’s and polytropic models, respectively. We note that the scale of the vertical axis is different for the two models.

      

    

  
    
      Fig. 10. 
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        Number density distribution of visible DWDs as a function of mass ratio and orbital period, where the mass ratio is defined as the ratio of the brighter WD mass to the dimmer WD mass. The red dots are for the observed samples with determined component masses and the green dots are for those with only minimum companion (dimmer) masses determined (Kruckow et al. 2021). Left and right panels are for Ge’s and polytropic models, respectively.

      

    

  
    
      Fig. 11. 
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        Merger rate distribution as a function of the merger mass for all DWD mergers (upper panel). Black solid and dotted lines are for Ge’s and polytropic models, respectively. The red circles represent the DWD mergers that produce 0.8 − 1.32 M⊙ WDs (Cheng et al. 2020), the blue one is for the ELM WD mergers (Brown et al. 2020), the grey one is for all DWD mergers (Maoz et al. 2018), and the blue stars show the observed SN Ia rate (Li et al. 2011). We note that the merger rate is divided by ΔM, where ΔM equals the bin size (0.025 M⊙) in the simulations and equals the horizontal error bar of the data points. Comparisons between a data point and the histogram should be made in terms of the area under the horizontal error bar of the data point and the area under the histogram in the same mass range. The ELM WD is defined as He WD with mass ≤0.30 M⊙, and its companion is assumed to be CO WD (≥0.45 M⊙), which is the most common companion type found in ELM Survey (shown in the lower panel).

      

    

  
    
      Fig. 12. 

      
        [image: thumbnail]
      

      
        Influence of αCE on the Galactic SN Ia rate. Black solid and red dashed lines are for Ge’s and polytropic model, respectively. The Galactic SN Ia rate in the observations is (5.4 ± 1.2)×10−3 yr−1 (Li et al. 2011), as shown in grey shade region.

      

    

  
    
      Fig. 13. 
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        Merge rate distributions with different αCE in Ge’s model. The vertical dotted line represents the Chandrasekhar mass (1.4 M⊙), beyond which the merger product is supposed to explode as SN Ia.

      

    

  
    
      Fig. 14. 

      
        [image: thumbnail]
      

      
        DTDs of SNe Ia with different αCE. The open circles with error bars represent the observation SNe Ia rate from elliptical galaxies and galaxy clusters (Totani et al. 2008; Maoz et al. 2010, 2012; Graur & Maoz 2013). Black solid and red dashed lines are for Ge’s and polytropic models, respectively.

      

    

  
    
      Fig. A.1. 

      
        [image: thumbnail]
      

      
        Orbital changes as a function of the donor mass due to the wind accretion processes with M1, i = 3.41 M⊙, M2, i = 3.06 M⊙. The grey line is for af/ai ≃ 0.71, corresponding to the peaks of P1, mt/Pi distributions in Figure 4. The results for βW from 0.5 to 1 are shown in black and red lines, as marked in the plot. We note that the wind accretion efficiency is equal to 1 − βW.

      

    

  
    
      Fig. B.1. 
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        Number density distribution of DWDs from CE+CE channel (upper panel) and RL+CE channel (low panel) for Ge’s model. We note that the scale of the color bars is different for the two panels.

      

    

  
    
      Fig. B.2. 

      
        [image: thumbnail]
      

      
        The number density distribution of DWDs from CE+CE channel (upper panel) and RL+CE channel (low panel) for the polytropic model.

      

    

  
    
      Table C.1. 

      Observation sample of DWDs.

      
        


	Name
	Period
	Mbrighter
	Mdim
	SDSS g−band
	Refs



	
	d
	M⊙
	M⊙
	mag
	





	ZTF J1539+5027
	0.00480
	
[image: equation]
	
[image: equation]
	20.37 ± 0.019
	1



	ZTF J2243+5242
	0.00611
	
[image: equation]
	
[image: equation]
	20.359 ± 0.029
	2



	J0651+2844
	0.00886
	0.247
	0.49
	19.109 ± 0.010
	3,4,5



	ZTF J0538+1953
	0.01003
	
[image: equation]
	
[image: equation]
	18.734 ± 0.008
	6



	PTF J0533+0209
	0.01428
	0.167
	0.652
	18.980 ± 0.010
	7



	ZTF J2029+1534
	0.01449
	0.32
	0.30
	20.380 ± 0.024
	6



	ZTF J0722-1839
	0.01646
	
[image: equation]
	
[image: equation]
	18.976 ± 0.012
	6



	ZTF J1749+0924
	0.01836
	
[image: equation]
	
[image: equation]
	20.357 ± 0.022
	6



	J0106+1000
	0.02715
	
[image: equation]
	
[image: equation]
	19.728 ± 0.016
	8,9,5



	J1630+4233
	0.02766
	
[image: equation]
	
[image: equation]
	19.037 ± 0.009
	10,9,5



	SDSS J0822+3048
	0.02813
	
[image: equation]
	
[image: equation]
	20.337 ± 0.021
	11,12



	ZTF J1901+5309
	0.02820
	
[image: equation]
	
[image: equation]
	17.891 ± 0.006
	13,6



	SDSS J1043+0551
	0.03170
	
[image: equation]
	≥0.07
	19.126 ± 0.011
	11



	J1235+1543
	0.03438
	
[image: equation]
	≥0.179
	17.328 ± 0.005
	14



	J1053+5200
	0.04256
	
[image: equation]
	
[image: equation]
	18.936 ± 0.009
	15,9,5



	J0056-0611
	0.04338
	
[image: equation]
	
[image: equation]
	17.419 ± 0.005
	16,17,9,5



	J1056+6536
	0.04351
	
[image: equation]
	
[image: equation]
	19.761 ± 0.015
	16,18,9,5



	J0923+3028
	0.04495
	
[image: equation]
	
[image: equation]
	15.677 ± 0.003
	19,9,5



	J1436+5010
	0.04580
	
[image: equation]
	
[image: equation]
	18.220 ± 0.006
	20,15,9,5



	J1711+2724
	0.05200
	
[image: equation]
	≥0.192
	17.156 ± 0.005
	14



	J0825+1152
	0.05819
	
[image: equation]
	
[image: equation]
	18.755 ± 0.008
	18,9,5



	WD0597-666
	0.06099
	
[image: equation]
	
[image: equation]
	−
	21,22



	J1741+6526
	0.06111
	
[image: equation]
	
[image: equation]
	18.411 ± 0.007
	20,23,9,5



	J0755+4906
	0.06302
	
[image: equation]
	
[image: equation]
	20.246 ± 0.020
	19,9,5



	J0736+1622
	0.06900
	
[image: equation]
	≥0.033
	16.305 ± 0.005
	14



	J2338-2052
	0.07644
	
[image: equation]
	
[image: equation]
	19.655 ± 0.017
	16,9,5



	J2309+2603
	0.07653
	
[image: equation]
	
[image: equation]
	19.26 ± 0.010
	5



	J0849+0445
	0.07870
	
[image: equation]
	
[image: equation]
	19.292 ± 0.010
	20,15,9,5



	J0022-1014
	0.07989
	
[image: equation]
	≥0.23
	19.761 ± 0.018
	24,9,5



	J0751-0141
	0.08001
	
[image: equation]
	
[image: equation]
	17.453 ± 0.005
	16,23,9,5



	J2119-0018
	0.08677
	
[image: equation]
	
[image: equation]
	20.168 ± 0.020
	19,17,9,5



	J1234+0228
	0.09143
	
[image: equation]
	
[image: equation]
	17.843 ± 0.005
	24,20,9,5



	J1152+0248
	0.09987
	
[image: equation]
	
[image: equation]
	18.35 ± 0.020
	25



	J1005-2249
	0.11602
	
[image: equation]
	
[image: equation]
	17.266 ± 0.005
	26



	WD1242-205
	0.11877
	
[image: equation]
	
[image: equation]
	19.109 ± 0.010
	27



	WD1704+481.2
	0.14479
	
[image: equation]
	
[image: equation]
	14.434 ± 0.004
	28,22



	WD1101+364
	0.14500
	0.32
	0.37
	14.496 ± 0.003
	29



	J0112+1835
	0.14698
	
[image: equation]
	
[image: equation]
	17.110 ± 0.016
	20,17,9,5



	J1233+1602
	0.15090
	
[image: equation]
	
[image: equation]
	19.911 ± 0.017
	19,9,5



	LAMOST J0140355+392651
	0.15863
	
[image: equation]
	
[image: equation]
	17.64 ± 0.020
	30



	WD 2331+290
	0.16649
	0.44
	≥0.34
	15.53 ± 0.04
	31,29



	J1112+117
	0.17248
	
[image: equation]
	
[image: equation]
	16.307 ± 0.016
	32,20,9,5



	Hen2-428
	0.17580
	
[image: equation]
	
[image: equation]
	−
	33,34



	J1005+3550
	0.17652
	
[image: equation]
	
[image: equation]
	19.004 ± 0.610
	18,16,9,5



	J2349+3553
	0.18130
	
[image: equation]
	≥0.742
	18.406 ± 0.007
	14



	J0818+3536
	0.18315
	
[image: equation]
	
[image: equation]
	20.756 ± 0.026
	19,9,5



	SDSS J2357+5428
	0.18979
	
[image: equation]
	
[image: equation]
	16.829 ± 0.004
	35,36



	J1443+1509
	0.19053
	
[image: equation]
	
[image: equation]
	18.650 ± 0.016
	20,9,5



	J1840+6423
	0.19130
	
[image: equation]
	
[image: equation]
	18.963 ± 0.014
	32,20,9,5



	J2103-0027
	0.20308
	
[image: equation]
	
[image: equation]
	18.488 ± 0.014
	18,16,9,5



	HE0225-1912
	0.22000
	0.545
	0.23
	−
	37



	J1238+1946
	0.22275
	
[image: equation]
	
[image: equation]
	17.291 ± 0.023
	16,9,5



	J0345+1748
	0.23503
	
[image: equation]
	
[image: equation]
	−
	38



	J0822+2753
	0.24400
	
[image: equation]
	
[image: equation]
	18.314 ± 0.013
	15,20,9,5



	J1717+6757
	0.24614
	
[image: equation]
	
[image: equation]
	−
	39



	J1631+0605
	0.24776
	
[image: equation]
	
[image: equation]
	19.262 ± 0.011
	5



	J2132+0754
	0.25056
	
[image: equation]
	
[image: equation]
	18.110 ± 0.006
	16,9,5



	J1141+3850
	0.25958
	
[image: equation]
	
[image: equation]
	19.058 ± 0.017
	16,9,5



	J1630+2712
	0.27646
	
[image: equation]
	
[image: equation]
	20.146 ± 0.017
	19,9,5



	HE2209-1414
	0.27693
	
[image: equation]
	
[image: equation]
	−
	40



	WD2020-425
	0.30000
	0.813
	0.54
	−
	41



	J1005+0542
	0.30560
	
[image: equation]
	
[image: equation]
	19.763 ± 0.023
	18,9



	J0917+4638
	0.31642
	
[image: equation]
	
[image: equation]
	18.764 ± 0.019
	41,9,5



	PG1114+224
	0.31980
	0.41
	≥0.07
	16.094 ± 0.004
	29



	J0152+0749
	0.32288
	
[image: equation]
	
[image: equation]
	18.033 ± 0.009
	20,9,5



	WD0453-295
	0.36000
	0.399
	0.44
	−
	37



	J1422+4352
	0.37930
	
[image: equation]
	
[image: equation]
	19.822 ± 0.023
	19,9,5



	WD0028-474
	0.38960
	
[image: equation]
	
[image: equation]
	−
	43,37



	J1046-0153
	0.39539
	
[image: equation]
	
[image: equation]
	18.098 ± 0.018
	20,16,9



	J1557+2823
	0.40741
	
[image: equation]
	
[image: equation]
	17.712 ± 0.029
	20,16,9



	J1538+0252
	0.41915
	
[image: equation]
	
[image: equation]
	18.721 ± 0.014
	16,9,5



	J1439+1002
	0.43741
	
[image: equation]
	
[image: equation]
	17.938 ± 0.012
	19,9,5



	J0940+6304
	0.48438
	
[image: equation]
	
[image: equation]
	19.765 ± 0.014
	5



	J0022+0031
	0.49135
	
[image: equation]
	
[image: equation]
	19.284 ± 0.033
	24,16,9



	HE0410-1137
	0.50867
	
[image: equation]
	
[image: equation]
	−
	43,37



	HE1414-0848
	0.51781
	
[image: equation]
	
[image: equation]
	−
	44



	J0840+1527
	0.52155
	
[image: equation]
	
[image: equation]
	19.319 ± 0.027
	16,9,5



	J0755+4800
	0.54627
	
[image: equation]
	
[image: equation]
	16.039 ± 0.017
	16,9



	J0802-0955
	0.54687
	
[image: equation]
	
[image: equation]
	18.885 ± 0.012
	16,9,5



	J1104+0918
	0.55319
	
[image: equation]
	
[image: equation]
	16.659 ± 0.014
	16,9,20



	J1157+0546
	0.56500
	
[image: equation]
	
[image: equation]
	19.818 ± 0.024
	16,9,20



	J1518+1354
	0.57655
	
[image: equation]
	
[image: equation]
	19.121 ± 0.010
	5



	J1512+2615
	0.59999
	
[image: equation]
	
[image: equation]
	19.486 ± 0.012
	19,9,5



	J1518+0658
	0.60935
	
[image: equation]
	
[image: equation]
	17.581 ± 0.017
	20,32,9,5



	WD1210+140
	0.64194
	0.334
	≥0.46
	14.45 ± 0.03
	29,37,45



	J1151+5858
	0.66902
	
[image: equation]
	
[image: equation]
	20.150 ± 0.025
	16,9,20



	J0730+1703
	0.69770
	
[image: equation]
	
[image: equation]
	20.076 ± 0.028
	18,16,9,5



	WD1534+503
	0.71129
	
[image: equation]
	
[image: equation]
	−
	46



	J0845+1624
	0.75599
	
[image: equation]
	
[image: equation]
	19.817 ± 0.020
	18,9



	J0811+0225
	0.82194
	
[image: equation]
	
[image: equation]
	18.669 ± 0.024
	16,9,5



	J1039+1645
	0.82470
	
[image: equation]
	≥0.31
	19.065 ± 0.01
	5



	PG1519+500
	0.86030
	0.42
	≥0.14
	16.210 ± 0.03
	29



	HE0320-1917
	0.86492
	0.311
	≥0.45
	−
	37,45



	J0125+2017
	0.88758
	
[image: equation]
	≥0.14
	17.335 ± 0.005
	5



	J1241+0633
	0.95912
	
[image: equation]
	
[image: equation]
	17.795 ± 0.006
	5



	WD2234+222
	1.01016
	
[image: equation]
	
[image: equation]
	17.163 ± 0.019
	47,20,16,9,5



	J0815+2309
	1.07357
	
[image: equation]
	
[image: equation]
	17.805 ± 0.015
	16,9,5



	PG0934+338
	1.11420
	0.38
	≥0.50
	16.121 ± 0.004
	29



	PG1713+333
	1.12740
	0.41
	≥0.19
	14.258 ± 0.003
	31,29



	WD1428+373
	1.15674
	0.348
	≥0.233
	15.299 ± 0.003
	48,49



	WD1022+050
	1.15700
	0.44
	≥0.30
	14.132 ± 0.005
	29



	PG0834+501
	1.28490
	0.40
	≥0.22
	14.994 ± 0.003
	29



	PG1036+086
	1.32830
	0.42
	≥0.37
	16.177 ± 0.004
	29



	WD0136+768
	1.40722
	0.47
	0.37
	−
	22,50



	PG1202+608
	1.49300
	0.40
	≥0.34
	13.34 ± 0.08
	29



	WD0135-052
	1.55578
	
[image: equation]
	
[image: equation]
	13.098 ± 0.001
	51,52,22



	J1130+0933
	1.55935
	
[image: equation]
	≥0.19
	16.939 ± 0.004
	5



	WD1204+450
	1.60266
	0.46
	0.52
	15.049 ± 0.003
	50,22



	WD0326-273
	1.87540
	0.364
	≥0.96
	−
	37,45



	J0318-0107
	1.91280
	
[image: equation]
	
[image: equation]
	14.585 ± 0.003
	37,43



	PG1632+177
	2.04987
	
[image: equation]
	
[image: equation]
	13.412 ± 0.002
	46



	J1128+1743
	2.16489
	
[image: equation]
	≥0.11
	19.494 ± 0.013
	5



	WD1349+144
	2.21000
	0.553
	0.33
	15.058 ± 0.010
	37,45



	HE1511-0448
	3.22200
	0.497
	≥0.67
	−
	37,45



	WD 1241-010
	3.34741
	0.4
	≥0.42
	16.327 ± 0.014
	31,29



	WD 1317+453
	4.87214
	0.36
	≥0.44
	16.218 ± 0.013
	31,29



	WD 2032+188
	5.08460
	0.406
	≥0.469
	−
	49,50



	WD 1824+040
	6.26602
	0.428
	≥0.515
	−
	49,50



	PG 1115+166
	30.08730
	0.69
	≥0.52
	14.92 ± 0.02
	37,53





      

      
Notes. Mbrighter and Mdim are for the WDs with higher and lower effective temperature. References – (1) Burdge et al. (2019); (2) Burdge et al. (2020a); (3) Brown et al. (2011b); (4) Hermes et al. (2012); (5) Brown et al. (2016a); (6) Burdge et al. (2020b); (7) Burdge et al. (2019); (8) Kilic et al. (2011b); (9) Gianninas et al. (2014); (10) Kilic et al. (2011c); (11) Brown et al. (2017); (12) Kosakowski et al. (2021); (13) Coughlin et al. (2020); (14) Breedt et al. (2017); (15) Kilic et al. (2010); (16) Brown et al. (2013); (17) Hermes et al. (2014); (18) Kilic et al. (2012); (19) Brown et al. (2010); (20) Brown et al. (2012); (21) Moran et al. (1997); (22) Maxted et al. (2002b); (23) Kilic et al. (2014); (24) Kilic et al. (2011a); (25) Hallakoun et al. (2016); (26) Bours et al. (2014); (27) Debes et al. (2015); (28) Maxted et al. (2000); (29) Brown et al. (2011a); (30) El-Badry et al. (2021); (31) Marsh et al. (1995); (32) Hermes et al. (2013); (33) Santander-García et al. (2015); (34) Reindl et al. (2020); (35) Marsh et al. (2011); (36) Bours et al. (2015); (37) Napiwotzki et al. (2020); (38) Parsons et al. (2013); (39) Vennes et al. (2011); (40) Karl et al. (2003); (41) Napiwotzki et al. (2007); (42) Kilic et al. (2007); (43) Rebassa-Mansergas et al. (2017); (44) Napiwotzki et al. (2002); (45) Nelemans et al. (2005); (46) Kilic et al. (2021); (47) Kilic et al. (2009); (48) Marsh (2000); (49) Morales-Rueda et al. (2005); (50) Maxted & Marsh (1999); (51) Bergeron et al. (1989); (52) Saffer et al. (1988); (53) Maxted et al. (2002a).
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