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Abstract

        Context. Although type Ia supernovae (SNe Ia) play a key role in astrophysics, the companions of the exploding carbon-oxygen white dwarfs (CO WDs) are still not completely identified. It has been suggested recently that a He-rich WD (a He WD or a hybrid HeCO WD) that merges with a CO WD may produce an SN Ia. This theory was based on the double-detonation model, in which the shock compression in the CO core caused by the surface explosion of the He-rich shell might lead to the explosion of the whole CO WD. However, so far, very few binary population synthesis (BPS) studies have been made on the merger scenario of a CO WD and a He-rich WD in the context of SNe Ia.

        Aims. We aim to systematically study the Galactic birthrates and delay-time distributions of SNe Ia based on the merger scenario of a CO WD and a He-rich WD.

        Methods. We performed a series of Monte Carlo BPS simulations to investigate the properties of SNe Ia from the merging of a CO WD and a He-rich WD based on the Hurley rapid binary evolution code. We also considered the influence of different metallicities on the final results.

        Results. From our simulations, we found that no more than 15% of all SNe Ia stem from the merger scenario of a CO WD and a He-rich WD, and their delay times range from ~110 Myr to the Hubble time. This scenario mainly contributes to SN Ia explosions with intermediate and long delay times. The present work indicates that the merger scenario of a CO WD and a He-rich WD can roughly reproduce the birthrates of SN 1991bg-like events, and cover the range of their delay times. We also found that SN Ia birthrates from this scenario would be higher for the cases with low metallicities.
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1. Introduction
Type Ia supernovae (SNe Ia) are defined as SN explosions with no H or He lines in their spectra, but with strong SiII absorption lines near their maximum light (e.g., Filippenko 1997). They are highly luminous events that have great influence on the studies of precision cosmology and galactic chemical evolution (e.g., Matteucci & Greggio 1986; Riess et al. 1998; Perlmutter et al. 1999). However, the progenitor systems and explosion mechanisms of SNe Ia are still uncertain (Branch et al. 1995; Hillebrandt & Niemeyer 2000). It is widely accepted that SNe Ia originate from thermonuclear explosions of carbon-oxygen white dwarfs (CO WDs) in close binary systems (e.g., Hoyle & Fowler 1960). Nevertheless, the companion stars of exploding WDs are still not absolutely identified (e.g., Podsiadlowski et al. 2008; Howell 2011; Wang & Han 2012; Maoz et al. 2014). Up to now, two popular progenitor models of SNe Ia have been proposed, in which the companion could be a non-degenerate star for the single-degenerate model (e.g., Whelan & Iben 1973; Nomoto et al. 1984) or another He/CO WD for the double-degenerate model (e.g., Iben & Tutukov 1984; Webbink 1984). For more discussions on the progenitors of SNe Ia, see, for instance, Hachisu et al. (1996), Li & van den Heuvel (1997), Langer et al. (2000), Nelemans et al. (2001), Han & Podsiadlowski (2004), Chen et al. (2012), Liu et al. (2012), Wang et al. (2013a), and Zhou et al. (2016). 
Alternatively, it has recently been suggested that merger of a CO WD and a He-rich WD may produce SNe Ia through the double-detonation explosion mechanism (e.g., Dan et al. 2012, 2014, 2015; Pakmor et al. 2013; Papish et al. 2015)1. This could occur via steady accretion or through a merger. The companion star of the CO WD is usually a He-burning star or a helium-rich WD (e.g., Bildsten et al. 2007; Shen & Bildsten 2009; Guillochon et al. 2010; Sim et al. 2010; Wang et al. 2013b; Ruiter et al. 2014; Geier et al. 2015). It has been proposed that the detonation of the He-rich shell is triggered via thermal instability if the companion of the CO WD is a He star (e.g., Nomoto 1982), whereas the detonation of the He-rich envelope is ignited dynamically if the companion is a He-rich WD (e.g., Guillochon et al. 2010). The merging of a CO WD and a He-rich WD may produce double-detonation phenomena through the subsequent process. When the merging of a CO WD and a He-rich WD starts, the mass-transfer would be dynamically unstable and the surface of the CO WD is directly impacted by the accretion streams. When the He-rich torus is so large that the accretion streams are deflected and no longer directly impact the surface of the CO WD, Kelvin-Helmholtz instabilities would appear, leading to the detonation of the He-rich envelope (Guillochon et al. 2010). The shock waves into the CO core driven by the first detonation of the He-rich envelope may trigger a second detonation that would destroy the whole CO WD, corresponding to subluminous SNe Ia (e.g., Fink et al. 2010; Sim et al. 2010; Woosley & Kasen 2011; Pakmor et al. 2013; Dan et al. 2014). If it fails to trigger the second detonation of the CO core, it may resemble an SN Ia event (e.g., Shen et al. 2010; Waldman et al. 2011; Piersanti et al. 2015; Brooks et al. 2015). 
In recent years, the merging of a CO WD and a He-rich WD for producing SNe Ia has been studied extensively. By considering the influence of a thin He shell on the surface of the CO WDs, Pakmor et al. (2013) hypothesized that the merging of double WDs will trigger double detonations, and speculated that the merging of CO WD+He/CO WD systems might explain brightness distributions, delay times, and birthrates of SN Ia observations. Dan et al. (2012, 2014) investigated the outcomes of 225 double WD mergers with a wide range of WD masses and chemical compositions. They found that the merging of WD binaries containing a He-rich WD can achieve the conditions to trigger a detonation in the core of CO WD, and obtained the parameter space of CO WD+He-rich WD systems that can produce SNe Ia. Dan et al. (2015) recently suggested that the merging of a 0.45 M⊙ He-rich WD+0.9 M⊙ CO WD system is consistent with the properties of subluminous 1991bg-like events. Moreover, Wang & Li (2014) found that the yield of 44Ti in the Tycho SN is above 10-4M⊙, and suggested that a He WD is needed to produce this much 44Ti in the double-degenerate model (see also Troja et al. 2015). 
Crocker et al. (2017) recently studied the SN Ia progenitor scenario involving CO WD+pure He WD mergers with the binary population synthesis (BPS) method. They suggested that this population can plausibly account for the antimatter source in the Galaxy as the merging of CO WD+ pure He WD systems satisfies the age and birthrate requirements of a Galaxy positron source and matches the 44Ti yield requirements. Crocker et al. (2017) argued that the merging of CO WD+pure He WD systems may produce subluminous 1991bg-like events. 
It has been proposed that hybrid HeCO WDs have a CO-rich core surrounded by a He-rich mantle (e.g., Iben & Tutukov 1985). These WDs are thought to be produced after the He-core-burning stage of hot subdwarfs (e.g., Iben & Tutukov 1985; Tutukov & Yungelson 1996; Justham et al. 2011). The hot subdwarfs in binary systems are formed by the stripping of almost all the hydrogen envelope from a red giant star through interaction with a close companion (Han et al. 2002, 2003). Rappaport et al. (2009) recently also presented a binary evolutionary way for the production of a CO WD+He-rich WD system. They found that a 3.4 M⊙ star would evolve into a 0.475 M⊙ He-core burning subdwarf after the evolution of a common envelope (CE), and would eventually produce a hybrid HeCO WD that comprises a He envelope with about 30% of its total mass. 
By assuming that a detonation would be triggered when the local dynamical timescale is greater than the thermonuclear timescale, Dan et al. (2012) obtained the parameter space of CO WD+He-rich WD systems that could form SNe Ia. However, there exists very little corresponding BPS research for the CO WD+He-rich WD scenario in context of SNe Ia so far. In this work, we aim to investigate the birthrates and delay times of SNe Ia for the CO WD+He-rich WD scenario using a detailed Monte Carlo BPS method. In Sect. 2 we describe our numerical code for BPS calculations. The results are given in Sect. 3. A detailed discussion and a summary are provided in Sect. 4. 

        Table 1

             Birthrates and delay times of SNe Ia based on the merger scenario of a CO WD and a He-rich WD. 
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            Binary evolutionary channels for producing SNe Ia in the merger scenario of a CO WD and a He-rich WD.

          



      2. Numerical code and methods
2.1. Criteria for SN explosions
Employing the Hurley rapid binary evolution code (Hurley et al. 2000, 2002), we performed a series of Monte Carlo BPS simulations to investigate the properties of SNe Ia based on the CO WD+ He-rich WD scenario. Here, we evolved 1 × 107 primordial binaries in each set of simulations. In order to examine the influence of metallicity on the birthrates of SNe Ia from the CO WD+He-rich WD scenario, we set metallicities Z to be 0.0001, 0.001, 0.02, and 0.03 in our simulations. 
In our calculations, we assumed that WDs with masses lower than 0.6 M⊙ are He-rich WDs (e.g., Dan et al. 2012, 2014; Yungelson & Kuranov 2017), which may not be realistic. This assumption aims to give an upper limit of the SN Ia birthrate based on the merger scenario of a CO WD and a He-rich WD. Han et al. (2000) calculated the evolution of low- and intermediate-mass close binaries and described the final fate of these systems. According to their calculations, HeCO WDs with masses higher than 0.55 M⊙ have a He mantle larger than 0.05 M⊙ (see Table A.1 of Han et al. 2000). Alternatively, we also set the upper mass limit of He-rich WDs to be 0.55 M⊙ to test its effects on the final results. In our BPS code, a He WD is formed by the complete envelope loss of a first giant branch (FGB) star with M<MHeF, while a CO WD is formed by the envelope loss of a thermally pulsing asymptotic giant branch (TPAGB) star with M<Mup (see Hurley et al. 2000), where M is the mass of the FGB or AGB star, MHeF is the maximum initial mass of the FGB star that undergoes degenerate He ignition, and Mup is the minimum initial mass of the AGB star that undergoes non-degenerate C ignition (see Table 1 of Pols et al. 1998). 
In the present work, we assumed that an SN Ia would be formed when the masses of CO WD+He-rich WD systems are located in the region of the parameter spaces for producing SN explosions (see Fig. 2 of Dan et al. 2012). We employed the parameter space obtained through the SPH-smoothed temperature in Dan et al. (2012). In addition, the delay times of SNe Ia are shorter than the Hubble time. The delay time is defined as the time interval from the formation time of the primordial binaries to the merging time of CO WD+He-rich WD systems. 
2.2. Evolutionary channels to CO WD+He-rich WD
Four formation channels can form CO WD+He-rich WD systems and then produce SNe Ia, depending on the evolutionary phase of the primordial secondary after the first ejection of the CE (see Fig. 1), as described below. 
Channel A: when the primordial primary evolves into the TPAGB stage, it first fills its Roche lobe and starts to transfer material to the primordial secondary. In this case, the mass transfer is dynamically unstable, resulting in a CE process. After the ejection of the CE, a CO WD+MS system is formed, and the secondary continues to evolve. When the secondary evolves into the early AGB (EAGB) stage, it fills its Roche lobe and the mass-transfer is dynamically unstable at this stage, leading to the formation of a CE. If the CE can be ejected, a CO WD+He-rich WD system is produced. The CO WD+He-rich WD system may eventually merge through gravitational wave radiation and form an SN Ia based on the double-detonation model. For this channel, the parameters of the primordial binaries are in the range of M1,i ~ 2.6−6.0 M⊙, q = M2,i/M1,i ~ 0.32–0.93, and Pi ~ 2200−6300 days. 
Channel B: the formation of CO WD+MS systems for this channel is similar to the formation in Channel A. After this, the secondary continues to evolve and fills its Roche lobe at the first giant branch (FGB) stage. In this case, the mass transfer is dynamically unstable and a CE may be formed. If the CE can be ejected, the secondary is a He Hertzsprung gap (HG) star. The He HG star continues to evolve and will expand quickly, with the result that the He HG star fills its Roche lobe again. In this case, the mass transfer is dynamically unstable, leading to a CE process. If the CE can be ejected, a CO WD+He-rich WD system is produced. If the CO WD+He-rich WD system can merge through the gravitational wave radiation, an SN Ia is produced eventually. For this channel, the parameters of the primordial binaries are in the range of M1,i ~ 4.2−6.1 M⊙, q = M2,i/M1,i ~ 0.59−0.94, and Pi ~ 3600−6700 days. 
Channel C: the primordial primary first fills its Roche lobe when it evolves to the TPAGB stage and the primordial secondary evolves to the EAGB stage. In this case, a CE may be formed as a result of the dynamically unstable mass transfer. If the CE can be ejected, the primary becomes a CO WD and the secondary a He HG star. Subsequently, the He HG star continues to evolve and expands quickly, leading to the formation of a CE after the He HG star fills its Roche lobe again. If the CE can be ejected, a CO WD+He-rich WD system may be formed, and an SN Ia is eventually produced after the merging of the CO WD+He-rich WD system. For this channel, the parameters of the primordial binaries are in the range of M1,i ~ 2.4−6.1 M⊙, q = M2,i/M1,i ≥ 0.94, and Pi ~ 1200−5000 days. 
Channel D: similar to Channel B, a CE is formed when the primary is a TPAGB star and the secondary is an EAGB star as a result of the dynamically unstable mass transfer at this stage. If the CE can be ejected, the primary becomes a CO WD and the secondary a He-rich WD, or in other words, a CO WD+He-rich WD system is produced. An SN Ia is eventually produced if the CO WD+He-rich WD system can merge via the gravitational wave radiation. For this channel, the parameters of the primordial binaries are in the range of M1,i ~ 2.5−3.2 M⊙, q = M2,i/M1,i ~ 1, and Pi ~ 230−1500 days. 

          
          	[image: thumbnail]	Fig. 2
              BPS results of CO WD+He-rich WD systems in the MWD1−MWD2 plane, where MWD1 and MWD2 are the merging mass of the CO WD and He-rich WD, respectively. Here, αCE is set to be 1. The contours with the solid and dashed line represent the region of the parameter space for producing SNe Ia given by Dan et al. (2012), in which the individual particle temperature T and the SPH-smoothed temperature ⟨ T ⟩ are adopted, respectively.

            



        Karakas et al. (2015) have proposed three channels for the production of He-rich WD+CO WD mergers to explore the dust production rate in R Coronae Borealis stars. Since the masses of double WDs in Karakas et al. (2015) are significantly lower than those in the present work (the total masses of double WDs in Karakas et al. 2015, are lower than 1.05 M⊙, while those in this work are higher than 1.2 M⊙), the formation channels between these two works are quite different. In Karakas et al. (2015), the He-rich WDs are produced by the Roche-lobe overflow of subgiant stars that originated from the primordial primaries, and all of their channels only involve one CE event when the secondary is at the AGB stage. In the present work, the He-rich WDs originate from the primordial secondaries that have experienced a CE process, and Channels A, B, and C involve two CE events. 
2.3. Common-envelope calculations
When the primordial primary fills its Roche lobe in the binary, the mass ratio (q′ = Mdonor/Maccretor, where Mdonor is the mass of the donor and Maccretor is the mass of the accretor) and the evolutionary states of both stars are crucial for the stability of mass transfer. When the mass ratio is greater than a critical ratio, that is, q′>qc, the mass transfer is dynamically unstable, leading to the formation of a CE (Paczyński 1976). The critical ratio varies with the evolutionary stage of the donor when it fills its Roch lobe (Hjellming & Webbink 1987; Webbink 1988; Han et al. 2002; Podsiadlowski et al. 2002). In the present work, we assumed qc = 4.0 when the donor is in the HG stage, which is supported by detailed binary calculations (Han et al. 2000). When the donor is an FGB or AGB star, we employed [image: equation](1)where Mc1, M1 and x = dlnR1/ dlnM1 are the core mass of the donor, the donor mass, and the mass-radius exponent of the donor, respectively. When the donor is an MS star, core He-burning star or MS He-naked star, qc was set to be 3. When the donor is an HG-naked He giant star or a giant branch He star, we assumed qc = 0.748 based on Eq. (1) (for details see Hurley et al. 2002). 
After a CE has been formed, the primordial secondary and a compact core of the primordial primary are embedded in the CE. In this case, the orbit of the binary shrinks because of the frictional drag within the envelope. During this spiral-in process, a large part of the released orbital energy is injected into the envelope, which may lead to the ejection of the CE (Livio & Soker 1988). Nevertheless, it is still an open question how the ejection of the CE is to be calculated (e.g. Ivanova et al. 2013). Here, we used the standard energy prescription described in Webbink (1984) to calculate this process, which is written as [image: equation](2)where Mdon, Macc, a, Menv, and Rdon are the mass of the donor, the mass of the accretor, the orbital separation, the mass of the donor envelope, and the radius of the donor, respectively. The indices i and f represent the values before and after CE process, respectively. From Eq. (2), we can see that there are two alterable parameters in this prescription, which are the stellar structure parameter (λ) and the CE ejection efficiency (αCE; e.g., Wang et al. 2009). 
The stellar structure parameter λ was set to be constant (~0.5; e.g., de Kool 1990; Dewi & Tauris 2000; Tauris & Dewi 2001; Hurley et al. 2002), which might be far from the reality (e.g., Xu & Li 2010). In this work, we employed a variable λ that is implicitly included in a fitting formulae of envelope binding energy (Ebind; Loveridge et al. 2011; Zuo & Li 2014). Ebind is computed by integrating the gravitational and internal energies: [image: equation](3)where Mc, Ms, m and Ein are the mass from the center to the core-envelope boundary, the mass from the center to the surface of the envelope, the mass coordinate, and the internal energy per unit mass. Here, the Ein contains the radiation energy and the thermal energy of the gas, but no recombination energy (for details, see van der Sluys et al. 2006). After the internal energy of the primary envelope is taken into account, the CE ejection efficiency αCE was restricted to be less than 1 (e.g., Davis et al. 2012). Thus, we set the CE ejection efficiency αCE = 0.3, 0.5, and 1.0 to examine its influence on the final results. 

          
          	[image: thumbnail]	Fig. 3
              Evolution of Galactic SN Ia birthrates with time for a constant Population I SFR (SFR = 5 M⊙ yr-1) based on the merger scenario of a CO WD and a He-rich WD. The thick curves show the cases with an upper mass limit of He-rich WDs equal to 0.6 M⊙, while the thin curves represent the cases with a mass limit equal to 0.55 M⊙. The solid, dashed, and dash-dotted curves represent the cases with a CE ejection efficiency αCE = 0.3, 0.5, and 1.0, respectively.

            



        2.4. Basic assumptions in BPS simulations
In our BPS calculations, there are some basic assumptions as follows: (1) All stars are treated as members of binary systems with circular orbits. (2) The initial mass function of Miller & Scalo (1979) is employed for the mass distribution of primordial primaries. (3) In order to generate the mass distribution of the primordial secondaries, the initial mass ratio is assumed to be constant, that is, n(q) = 1. (4) The distribution of initial orbital separations is assumed to fall off smoothly for close binaries and be constant in log  a for wide binaries, where a is orbital separation (e.g., Eggleton et al. 1989). This distribution indicates that approximately half of the stellar systems have orbital periods shorter than 100 yr, and that the number of wide binary systems is equal in each logarithmic interval. (5) The star formation rate is assumed to be constant (5 M⊙ yr-1) over the past 14 Gyr to provide an approximate description of spiral galaxies, or alternatively, a single starburst (1010M⊙ in stars), to roughly describe elliptical galaxies and globular clusters. 
3. Results
3.1. CO WD+He-rich WD systems
In order to investigate the properties of SNe Ia from the merger scenario of a CO WD and a He-rich WD, we performed a series of Monte Carlo BPS simulations from the formation of primordial systems to the merging moment of double WDs (see Table 1). According to the merger scenario of a CO WD and a He-rich WD, we found that the masses of the primordial primaries for producing SNe Ia are in the range of 2.4−6.1 M⊙, the masses of the primordial secondaries range from 1.7 to 6.0 M⊙, and the primordial orbital periods are in the range of 230−6700 days. 
Figure 2 shows the distribution of CO WD+He-rich WD systems in the MWD1−MWD2 plane, where MWD1 and MWD2 are the merging mass of the CO WD and He-rich WD, respectively. Here, αCE is set to be 1.0 and metallicity Z is assumed to be 0.02. We note that the absolute number of CO WD+He-rich WD systems decreases and the relative numbers does not change significantly when we adopt a lower CE efficiency (e.g., αCE = 0.3 or 0.5). All these double WDs can merge in the Hubble time. In this figure, we only provide CO WD+He-rich WD systems with masses of He-rich WDs higher than 0.35 M⊙, although many CO WD+He-rich WD systems have masses of He-rich WDs that are lower than 0.35 M⊙. We also show the region of the parameter space for producing SN explosions obtained by Dan et al. (2012), in which the individual particle temperature T (dashed line) and the SPH-smoothed temperature ⟨ T ⟩ (solid line) is used. This comparison is only based on the WD masses. In the present work, the region obtained via the SPH-smoothed temperature was adopted to calculate the properties of SNe Ia from the merging of CO WDs and He-rich WDs. 
3.2. Birthrates and delay times of SNe Ia
Figure 3 shows the evolution of the Galactic birthrate of SNe Ia as it changing with time by adopting a star formation rate of 5 M⊙ yr-1 and a metallicity of Z = 0.02. The theoretical Galactic birthrates of SNe Ia from the merger scenario of a CO WD and a He-rich WD are in the range of ~2.0 × 10-5 yr-1 to ~4.5 × 10-4 yr-1. Observations show that the Galactic SN Ia birthrate is ~3−4 × 10-3 yr-1 (e.g., Cappellaro & Turatto 1997). Hence, this scenario may contribute to ~0.5%−15% of all SNe Ia in the Galaxy. The theoretical birthrates of SNe Ia from the merger scenario of a CO WD and a He-rich WD are lower than observational results, which indicates that this merger scenario may only form a certain type of SNe Ia. We note that the SN Ia birthrate decreases for a larger αCE. The reason is that the CE is more difficult to eject and the ejection of the CE releases more orbital energy when a lower αCE is adopted, resulting in more mergers during the CE phase. 
The delay-time distributions of SNe Ia can be used to examine progenitor models by comparing the theoretical with observational predictions (e.g., Ruiter et al. 2009, 2011; Toonen et al. 2012). In Fig. 4 we present the delay-time distributions with various values of αCE by assuming a single starburst with 1010M⊙ in stars. The delay times of SNe Ia from the merger scenario of a CO WD and a He-rich WD range from 110 Myr to the Hubble time. This scenario mainly contributes to SNe Ia in intermediate and old populations. We note that the large end of log (t) for the case of αCE = 0.3 is a real cutoff based on our numerical simulations, while the cutoffs for other cases are artificial as the time has already reached the Hubble time. 

          
          	[image: thumbnail]	Fig. 4
              Similar to Fig. 3, but for the delay-time distributions of SNe Ia. The open square is from Graur & Maoz (2013), the filled triangles and squares are from Maoz et al. (2010, 2012), and the open circles are taken from Totani et al. (2008).

            



        The upper mass limit for He-rich WDs is still uncertain. In the present work, we set the upper mass limit to be 0.6 M⊙ (see also Dan et al. 2012, 2014; Yungelson & Kuranov 2017). However, the upper mass limit for He-rich WDs is likely to be lower, for example, 0.55 M⊙ (e.g., Han et al. 2000). In Figs. 3, 4, the thin curves show the evolution of the Galactic birthrate and delay-time distributions of SNe Ia for the cases with the masses of He-rich WDs lower than 0.55 M⊙. In this case, the theoretical Galactic birthrates of SNe Ia are from ~8.6 × 10-6 yr-1 to ~1.3 × 10-4 yr-1, contributing to ~0.2%−4.3% of all SNe Ia in the Galaxy. The delay times of SNe Ia from the merger scenario of a CO WD and a He-rich WD are in the range of 178 Myr to the Hubble time. It appears that the upper mass limit for He-rich WDs has a significant influence on the birthrates and delay times of SNe Ia from the merger scenario of a CO WD and a He-rich WD. Thus, more numerical simulations are needed to constrain the upper mass limit of He-rich WDs. 

          
          	[image: thumbnail]	Fig. 5
              Mass distributions of CO WDs in the CO WD+He-rich WD systems with αCE = 0.3,0.5 and 1.0. Here, every case is normalized to be 1.

            



        3.3. Mass distributions of CO WD+He-rich WD
There are several ongoing projects that are searching for double WDs as SN Ia progenitor candidates, e.g., ESO-VLT Supernova-Ia Progenitor Survey (e.g., Napiwotzki et al. 2004;  Nelemans et al. 2005; Geier et al. 2007) and SWARMS survey (e.g., Badenes et al. 2009). According to our BPS calculations, we can present some properties of CO WD+He-rich WD systems for producing SNe Ia, which may be useful for searching progenitor candidates of SNe Ia. 
In the double-detonation model, the exploding masses of the CO WDs play a key role in the production of 56Ni and the brightness distribution of SNe Ia (e.g., Sim et al. 2010; Ruiter et al. 2013). In Fig. 5 we plot the distribution of the final masses of CO WDs in CO WD+He-rich WD systems for producing SNe Ia with different αCE. Here, we set the metallicity Z = 0.02 and we assumed an ongoing constant star formation rate. According to our calculations, we found that CO WD+He-rich WD systems with high-mass CO WDs are mainly produced from Channels A and B in Fig. 1. This figure shows that a lower αCE forms CO WDs that are more massive. For a lower αCE, the formed double WDs originate from primordial binaries with wider separations, and those with smaller separations will merge during the CE phase and form new AGB stars, which therefore do not contribute to the double WD population that can produce SNe Ia via the CO WD+He-rich scenario. It is obvious that there is a second peak around 1.0−1.1 M⊙ only for the case of αCE = 0.5. We note that if we do not consider the restriction of the contour presented in Fig. 2, the final mass distribution of CO WDs will also show double peaks for the cases of αCE = 0.3. However, the right-hand peak for the case with αCE = 0.3 is beyond the right-hand boundary of the contour shown in Fig. 2. These double peaks are mainly produced from different formation channels in Fig. 1; the left-hand peak is mainly from Channel A and the right-hand peak is mainly produced from Channel B. For the extreme case of αCE = 1.0, a large number of CO WD+He-rich WD systems that contribute to the left-hand peak are produced by Channel A, the number of which is so large that it engulfs the right-hand peak, resulting in a single-peaked distribution. Ruiter et al. (2013) also obtained a double-peaked WD mass distribution, resulting from the mass-accretion of CO WD from a He-rich companion before merger, although this mass-accretion process is not relevant here (see also Liu et al. 2016). 
Figure 6 shows the distribution of the final masses of He-rich WDs in CO WD+He-rich WD systems. This figure shows that the masses of He-rich WDs are higher than 0.45 M⊙. Since all He WDs have a mass lower than 0.46 M⊙, hybrid HeCO WD may be the only option for WDs with masses slightly higher than 0.45 M⊙ (e.g., Sweigart et al. 1990). Thus, we suggest that in order to produce SNe Ia, the companion of CO WD relies on a hybrid HeCO WD but not a He WD based on the merger scenario of a CO WD and a He-rich WD. In Fig. 7 we display the distribution of the total masses of CO WD+He-rich WD systems for producing SNe Ia. The total masses are in the range of 1.2−1.75 M⊙. This distribution with αCE = 0.5 also has two peaks, which is caused by the double peaks of the masses of CO WDs. We note that the fractions of CO WD+He-rich WD systems with total masses higher than the Chandrasekhar limit are in the range of 45%−86% for different αCE. 
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              Similar to Fig. 5, but for the mass distributions of He-rich WDs.
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              Similar to Fig. 5, but for the distributions of total masses of double WDs.

            



        3.4. Influence of metallicities
It has been suggested that there may be a correlation between SN Ia properties and metallicity in observations (e.g., Branch & Bergh 1993; Hamuy et al. 1996; Wang et al. 1997; Cappellaro et al. 1997). Numerical calculations also show that the metallicity may influence the final amount of 56Ni and the light curves of SNe Ia (e.g., Timmes et al. 2003; Travaglio et al. 2005; Podsiadlowski et al. 2006). In Fig. 8 we present the BPS results of SNe Ia with various metallicities (i.e., Z = 0.0001,0.01,0.02, and 0.03), in which αCE is set to be 1.0. We employed the same IMF for all metallicities. This figure shows that the birthrates of SNe Ia range from ~4.1 × 10-4 yr-1 to ~6.6 × 10-4 yr-1 for different metallicities. The birthrates of SNe Ia are higher for the cases with low metallicities. This is because the less massive primordial binaries that are not massive enough to produce SNe Ia in a higher-Z model retain their mass because of the decreased wind in a lower-Z model, and thus they contribute to the formation of CO WDs that are more massive. According to the initial mass function, there are more less massive primordial binaries than massive binaries. We also note that when we evolve the same binaries that can form SNe Ia in the lower-Z model, the cores of the secondaries are too low to produce SNe Ia in a higher-Z model when the second CE is formed. 

          
          	[image: thumbnail]	Fig. 8
              Similar to Fig. 3, but for various metallicities. Here, αCE is set to be 1.0.

            



        4. Discussions and summary
The peak luminosity of SN 1991bg-like events are fainter than the luminosity in normal SNe Ia, and their light curves decline faster (Filippenko et al. 1992; Leibundgut et al. 1993). The low peak luminosity of SN 1991bg-like events reveals a small amount of 56Ni produced during these events (~0.07 M⊙, see Mazzali et al. 1997). This type of events belongs to old populations (>1 Gyr, see Sullivan et al. 2006), and their birthrates account for about 16 ± 7% of all SNe Ia (Li et al. 2001, 2010). The subluminous property of SN 1991bg-like events is generally explained by the double-detonation model from a CO WD+He star system or the merger of a CO WD+He-rich WD system as the exploding CO WDs in the double-detonation model have sub-Chandrasekhar masses (Branch et al. 1995; Livio 1999, 2003). Crocker et al. (2017) recently suggested that the merging of CO WD and He WD systems may produce SN 1991bg-like events, and argued that this type of events might be the main source of Galactic positrons. In this work, we found that the merging of a CO and a He-rich WD may contribute to ~0.5−15% of all SNe Ia, and their delay times range from ~110 Myr to the Hubble time. This indicates that the merger scenario of a CO WD and a He-rich WD could match the birthrates and cover the delay times of SN 1991bg-like events. 
The spectra and colors of SNe Ia from the double-detonation model simulated by Kromer et al. (2010) favor a hybrid HeCO companion star. The authors found that the light curves of SNe Ia from their simulations cover the range of brightness and the rise and decline times of SN Ia observations, while the colors and spectra are too red to match the observed ones since too much 44Ti and 48Cr is produced during the explosion of the CO core. Kromer et al. (2010) found that the theoretical colors and spectra of SNe Ia would match the observations if the He stars contain 34% of 12C by mass. Interestingly, this component abundance is similar to the composition of hybrid HeCO WDs (e.g., Dan et al. 2014). According to the calculations of Han et al. (2000), the mass fractions of carbon in hybrid HeCO WDs are in the range of 20−95% and increase with the WD masses, which are in the range of 0.32−0.6 M⊙. 
Many WD binary systems have been found in observations, and some of them might be (or will evolve into) CO WD+HeCO hybrid WD systems. These double WDs include V458 Vulpeculae with Porb ~ 0.3 d, M1> 1.0 M⊙, and M2 ~ 0.6 M⊙ (Rodríguez-Gil et al. 2010) and SBS 1150+559A with Porb ~ 0.163 d, M1 ~ 0.86 M⊙, and M2 = 0.54 ± 0.02 M⊙ (Tovmassian et al. 2010). Additionally, KPD 1930+2752 and CD−30° 11 223 are two WD+sdB binary systems that may eventually evolve into CO WD+HeCO hybrid WD systems. KPD 1930+2752 and CD−30° 11223 have current parameters of (MWD, MsdB, Porb) = ( ~ 0.97 M⊙, ~0.55 M⊙, 2.283 h) and (~0.76 M⊙, ~0.51 M⊙, 1.2 h), respectively (Geier et al. 2007; Geier et al. 2013). All of these binaries have a merging time shorter than the Hubble timescale. More observations of these systems are needed to constrain their properties. 
However, the outcome of the merging of CO WD+He-rich WD systems may not be merely SNe Ia. In order to reproduce the observation properties of the faintest SNe Ia, Sim et al. (2010) suggested that the minimum mass of the exploding CO WD is 0.8 M⊙ (see also Ruiter et al. 2013). Our results show that the fraction of CO WD+He-rich WD systems with a CO WD mass lower than 0.8 M⊙ ranges from 0.5% to 24% based on different values of αCE. The merging of these systems may only trigger the detonation of He-rich shell and the CO WD is likely to survive, which corresponds to an SN Ia event (e.g., Bildsten et al. 2007; Piersanti et al. 2015). If the first detonation of the He-rich shell results in an off-center ignition of a CO WD, the CO WD will be converted into an ONe WD. If the ONe WD approaches the Chandrasekhar mass limit, it will eventually evolve into a neutron star initiated by the electrons capture of Ne and Mg (e.g., Nomoto 1984; Podsiadlowski et al. 2004; Kitaura et al. 2006). Perets et al. (2010) recently suggested that a binary with a primary WD and a He-rich secondary may also produce faint 2005E-like events (see also Meng & Han 2015). 
We here performed a series of Monte Carlo BPS simulations to study the birthrates and delay times of SNe Ia based on the merger scenario of a CO WD and a He-rich WD. We found that this scenario contributes to ~0.5−15% of all SNe Ia in our Galaxy, and the delay times from this scenario range from 110 Myr to the Hubble time. We note that this scenario can roughly reproduce the birthrates of SN 1991bg-like events, and it covers the range of their delay-time distributions. The total masses of CO WD+He-rich WD systems required to produce SNe Ia are in the range of 1.2−1.75 M⊙. The fraction of the systems with a total mass higher than the Chandrasekhar limit is in the range of 45%−86% for the cases with different αCE. We also found that the companion of a CO WD relies on a hybrid HeCO WD based on the merger scenario of a CO WD and a He-rich WD. In order to place further constraints on this merger scenario of SNe Ia, more observations and numerical simulations on this scenario are required. 

    
1  We note that the violent merger of double CO WDs can also produce SNe Ia if the mass ratio of the double WDs is higher than ~ 0.8 (e.g., Pakmor et al. 2010, 2011; Röpke et al. 2012; Ruiter et al. 2013). Liu et al. (2016) recently estimated that the overall SN Ia birthrate from the violent merger scenario accounts for at most 10% of the inferred observational results in the Galaxy.



    Acknowledgments
We acknowledge useful comments and suggestions from the anonymous referee. We also thank Xuefei Chen for her helpful discussions. This work is supported by the National Basic Research Program of China (973 programme, 2014CB845700), the National Natural Science Foundation of China (Nos. 11673059, 11521303, 11390374 and 11573016), the Chinese Academy of Sciences (Nos. KJZD-EW-M06-01), the Key Research Program of Frontier Science CAS (No. QYZDB-SSW-SYS001), the Youth Innovation Promotion Association CAS, and the Natural Science Foundation of Yunnan Province (Nos. 2013HB097 and 2013HA005). 

    References
	Badenes, C., Mullally, F., Thompson, S. E., & Lupton, R. H. 2009, ApJ, 707, 971[See]
	Bildsten, L., Shen, K. J., Weinberg, N. N., & Nelemans, G. 2007, ApJ, 622, 95 [See]
	Branch, D., & Bergh, S. V. 1993, AJ, 105, 2231 [See]
	Branch, D., Livio, M., Yungelson, L. R., et al. 1995, PASP, 107, 1019 [See]
	Brooks, J., Bildsten, L., Marchant, P., & Paxton, B. 2015, ApJ, 807, 74 [See]
	 Cappellaro, E., & Turatto, M. 1997, in Thermonuclear Supernovae, eds. P. Ruiz-Lapuente, R. Cannal, & J. Isern (Dordrecht: Kluwer), 77 [See]
	Chen, X., Jeffery, C. S., Zhang, X., & Han, Z. 2012, ApJ, 755, L9 [See]
	Crocker, R. M., Ruiter, A. J., & Seitenzahl, I. R. 2017, Nat. Astron., 1, 0135 [See]
	Dan, M., Rosswog, S., Guillochon, J., & Ramirez-Ruiz, E. 2012, MNRAS, 422, 2417 [See]
	Dan, M., Rosswog, S., Brügen, M., & Podsiadlowski, Ph. 2014, MNRAS, 438, 14 [See]
	Dan, M., Guillochon, J., Brüggen, M., Ramirez-Ruiz, E., & Rosswog, S. 2015, MNRAS, 454, 4411 [See]
	Davis, P. J., Kolb, U., & Knigge, C. 2012, MNRAS, 419, 287 [See]
	 de Kool, M. 1990, ApJ, 358, 189 [See]
	 Dewi, J. D. M., & Tauris, T. M. 2000, A&A, 360, 1043 [See]
	Eggleton, P. P., Fitchett, M. J., & Tout, C. A. 1989, ApJ, 347, 998 [See]
	Filippenko, A. V. 1997, ARA&A, 35, 309 [See]
	Filippenko, A. V., Richmond, M. W., Branch, D., et al. 1992, AJ, 104, 1543 [See]
	Fink, M., Röpke, F. K., Hillebrandt, W., et al. 2010, A&A, 514, A53 [See]
	Geier, S., Nesslinger, S., Heber, U., et al. 2007, A&A, 464, 299 [See]
	Geier, S., Marsh, T. R., Wang, B., et al. 2013, A&A, 554, A54 [See]
	Geier, S., Fürst, F., Ziegerer, E., et al. 2015, Science, 347, 1126 [See]
	Graur, O., & Maoz, D. 2013, MNRAS, 430, 1746 [See]
	Guillochon, J., Dan, M., Ramirez-Ruiz, E., & Rosswog, S. 2010, ApJ, 709, L64 [See]
	Hachisu, I., Kato, M., & Nomoto, K. 1996, ApJ, 470, L97 [See]
	Hamuy, M., Phillips, M. M., Schommer, R. A., et al. 1996, AJ, 112, 2391 [See]
	Han, Z., & Podsiadlowski, Ph. 2004, MNRAS, 350, 1301 [See]
	Han, Z., Tout, C. A., & Eggleton, P. P. 2000, MNRAS, 319, 215 [See]
	Han, Z., Podsiadlowski, Ph., Maxted, P. F. L., Marsh, T. R., & Ivanova, N. 2002, MNRAS, 336, 449 [See]
	Han, Z., Podsiadlowski, Ph., Maxted, P. F. L., & Marsh, T. R. 2003, MNRAS, 341, 669 [See]
	Hillebrandt, W., & Niemeyer, J. C. 2000, ARA&A, 38, 191 [See]
	Hjellming, M. S., & Webbink, R. F. 1987, ApJ, 318, 794 [See]
	Howell, D. A. 2011, Nat. Comm., 2, 350 [See]
	Hoyel, F., & Fowler, W. A. 1960, ApJ, 132, 565 [See]
	Hurley, J. R., Pols, O. R., & Tout, C. A. 2000, MNRAS, 315, 543 [See]
	Hurley, J. R., Pols, O. R., & Tout, C. A. 2002, MNRAS, 329, 897 [See]
	Iben, I., & Tutukov, A. V. 1984, ApJS, 54, 335 [See]
	Iben, I., & Tutukov, A. V. 1985, ApJS, 58, 661 [See]
	 Ivanova, N., Justham, S., Avendano Nandez, J. L., & Lombardi, J. C. 2013, Science, 339, 433 [See]
	Justham, S., Podsiadlowski, Ph., & Han, Z. 2011, MNRAS, 410, 984 [See]
	Karakas, A. I., Ruiter, A. J., & Hampel, M. 2015, ApJ, 809, 184 [See]
	Kitaura, F. S., Janka, H.-T., & Hillebrandt, W. 2006, A&A, 450, 345 [See]
	Kromer, M., Sim, S. A., Fink, M., et al. 2010, ApJ, 719, 1067 [See]
	Langer, N., Deutschmann, A., Wellstein, S., & Höflich, P. 2000, A&A, 362, 1046[See]
	Leibundgut, B., Kirshner, R. P., Phillips, M. M., et al. 1993, AJ, 105, 301 [See]
	Li, X.-D., & van den Heuvel, E. P. J. 1997, A&A, 322, L9 [See]
	Li, W., Filippenko, A. V., Treffers, R. R., et al. 2001, ApJ, 546, 734 [See]
	Li, W., Leaman, J., Chornock, R., et al. 2010, MNRAS, 412, 1441 [See]
	Liu, J., Di Stefano, R., Wang, T., & Moe, M. 2012, ApJ, 749, 141 [See]
	Liu, D., Wang, B., Podsiadlowski, P., & Han, Z. 2016, MNRAS, 461, 3653 [See]
	 Livio, M. 1999, in Type Ia Suppernova: Theory and Cosmology, eds. J. Truran, & T. Niemeyer (New York: Cambridge Univ. Press), 33 [See]
	Livio, M. 2003, in From Twilight to Highlight: The Physics of supernova, ESO/Springer serious, ESO Astrophysics Symposia, eds. W. Hillebrandt, & B. Leibundgut (Berlin: Springer), 33 [See]
	Livio, M., & Soker, N. 1988, ApJ, 329, 764 [See]
	Loveridge, A. J., van der Sluys, M. V., & Kalogera, V. 2011, ApJ, 743, 49 [See]
	Maoz, D., Keren, S., & Avishay, G. Y. 2010, ApJ, 722, 1879 [See]
	Maoz, D., Mannucci, F., & Timothy, D. B. 2012, MNRAS, 426, 3282 [See]
	Maoz, D., Mannucci, F., & Nelemans, G. 2014, ARA&A, 52, 107 [See]
	Matteucci, F., & Greggio, L. 1986, A&A, 154, 279 [See]
	Mazzali, P. A., Chugai, N., Turatto, M., et al. 1997, MNRAS, 284, 151 [See]
	Meng, X., & Han, Z. 2015, A&A, 573, A57 [See]
	Miller, G. E., & Scalo, J. M. 1979, ApJS, 41, 513 [See]
	Napiwotzki, R., Yungelson, L., Nelemans, G., et al. 2004, ASP Conf. Ser., 318, 402 [See]
	 Nelemans, G., Yungelson, L. R., Portegies Zwart, S. F., & Verbunt, F. 2001, A&A, 365, 491 [See]
	Nelemans, G., Napiwotzki, R., Karl, C., et al. 2005, A&A, 440, 1087 [See]
	Nomoto, K. 1982, ApJ, 257, 780 [See]
	Nomoto, K., Thielemann, F. K., & Yokoi, K. 1984, ApJ, 286, 644 [See]
	 Paczyński, P. 1976, in Structure and Evolution of Close Binary Systems, eds. P. Eggleton, S. Mitton, & J. Whelan (Cambridge: Cambridge Univ. Press), IAU Symp., 73, 75 [See]
	Pakmor, R., Kromer, M., Röpke, F. K., et al. 2010, Nature, 463, 61 [See]
	Pakmor, R., Hachinger, S., Röpke, F. K., Hillebrandt, W. 2011, A&A, 528, A117 [See]
	Pakmor, R., Kromer, M., Taubenberger, S., & Springel, V. 2013, ApJ, 770, L8 [See]
	Papish, O., Soker, N., García-Berro, E., & Aznar-Siguan, G. 2015, MNRAS, 449, 942 [See]
	Perets, H. B., Gal-Yam, A., Mazzali, P. A., et al. 2010, Nature, 465, 332 [See]
	Perlmutter, S., Aldering, G., Goldhaber, G., et al. 1999, ApJ, 517, 565 [See]
	Piersanti, L., Yungelson, L. R., & Tornambé, A. 2015, MNRAS, 452, 2897 [See]
	Podsiadlowski, Ph., Rappaport, S., & Pfahl, E. D. 2002, ApJ, 565, 1107 [See]
	Podsiadlowski, P., Langer, N., Poelarends, A. J. T., et al. 2004, ApJ, 612, 1044 [See]
	 Podsiadlowski, P., Mazzali, P. A., Lesaffre, P., Wolf, C., & Forster, F. 2006, ArXiv e-prints [arXiv:astro-ph/0608324] [See]
	Podsiadlowski, Ph., Mazzali, P., Lesaffre, P., Han, Z., & Förster, F. 2008, New Astron. Rev., 52, 381 [See]
	Pols, O. R., Schröder, K. P., Hurly, J. R., Tout, C. A., & Eggleton, P. P. 1998, MNRAS, 298, 525 [See]
	Rappaport, S., Podsiadlowski, Ph., & Horev, I. 2009, ApJ, 698, 666 [See]
	Riess, A. G., Filippenko, A. V., Challis, P., et al. 1998, AJ, 116, 1009 [See]
	Rodríguez-Gil, P., Santander-García, M., Knigge, C., et al. 2010, MNRAS, 407, L21 [See]
	Ruiter, A. J., Belczynski, K., & Fryer, C. 2009, ApJ, 699, 2026 [See]
	Ruiter, A. J., Belczynski, K., Sim, S. A., et al. 2011, MNRAS, 417, 408 [See]
	Ruiter, A. J., Sim, S. A., Pakmor, R., et al. 2013, MNRAS, 429, 1425 [See]
	Ruiter, A. J., Belczynski, K., Sim, S. A., Seitenzahl, I. R., & Kwiatkowski, D. 2014, MNRAS, 440, L101 [See]
	Shen, K. J., & Bildsten, L. 2009, ApJ, 699, 1365 [See]
	Shen, K. J., Kasen, D., Weinberg, N. N., Bildsten, L., & Scannapieco, E. 2010, ApJ, 715, 767 [See]
	Sim, S. A., Röpke, F. K., Hillebrandt, W., et al. 2010, ApJ, 714, L52 [See]
	 Sullivan, M., Le Borgne, D., & Pritchet, C. J., et al. 2006, ApJ, 648, 868 [See]
	Sweigart, A. V., Greggio, L., & Renzini, A. 1990, ApJ, 364, 527 [See]
	Tauris, T. M., & Dewi, J. D. M. 2001, A&A, 369, 170 [See]
	Timmes, F. X., Brown, E. F., & Truran, J. W. 2003, ApJ, 590, L83 [See]
	Toonen, S., Nelemans, G., & Portegies, Z. S. 2012, A&A, 546, A70 [See]
	Totani, T., Morokuma, T., Oda, T., Doi, M., & Yasuda, N. 2008, PASJ, 60, 1327 [See]
	Tovmassian, G., Yungelson, L., Rauch, T., et al. 2010, ApJ, 714, 178 [See]
	Travaglio, C., Hillebrandt, W., & Reinecke, M. 2005, A&A, 443, 1007 [See]
	Tutukov, A., & Yungelson, L. 1996, MNRAS, 280, 1035 [See]
	 van der Sluys, M. V., Verbunt, F., & Pols, O. R. 2006, A&A, 460, 209 [See]
	Waldman, R., Sauer, D., Livne, E., et al. 2011, ApJ, 738, 21 [See]
	Wang, B., & Han, Z. 2012, New Astron. Rev., 56, 122 [See]
	Wang, W., & Li, Z. 2014, ApJ, 789, 123 [See]
	Wang, L., Höflich, P., & Wheeler, J. C. 1997, ApJ, 483, L29 [See]
	Wang, B., Chen, X., Meng, X., & Han, Z. 2009, ApJ, 701, 1540 [See]
	Wang, X.-F., Wang, L., Filippenko, A. V., Zhang, T., & Zhao, X. 2013a, Science, 340, 170[See]
	Wang, B., Justham, S., & Han, Z. 2013b, A&A, 559, A94 [See]
	Webbink, R. F. 1984, ApJ, 277, 355 [See]
	 Webbink, R. F. 1988, in The Symbiotic Phenomenon, eds. J. Mikolajewska, M. Friedjung, S. J. Kenyon, & R. Viotti (Dordrecht: Kluwer), 311 [See]
	Whelan, J., & Iben, I. 1973, ApJ, 186, 1007 [See]
	Woosley, S. E., & Kasen, D. 2011, ApJ, 734, 38 [See]
	Xu, X. J., & Li, X. D. 2010, ApJ, 716, 114 [See]
	Yungelson, L. R., & Kuranov, A. G. 2017, MNRAS, 464, 1607 [See]
	Zhou, P., Chen, Y., Safi-Harb, S., et al. 2016, ApJ, 831, 192 [See]
	Zuo, Z. Y., & Li, X. D. 2014, MNRAS, 442, 1980[See]


  All Tables
Table 1

             Birthrates and delay times of SNe Ia based on the merger scenario of a CO WD and a He-rich WD. 

          In the text

All Figures
	[image: thumbnail]	Fig. 1
            Binary evolutionary channels for producing SNe Ia in the merger scenario of a CO WD and a He-rich WD.
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              BPS results of CO WD+He-rich WD systems in the MWD1−MWD2 plane, where MWD1 and MWD2 are the merging mass of the CO WD and He-rich WD, respectively. Here, αCE is set to be 1. The contours with the solid and dashed line represent the region of the parameter space for producing SNe Ia given by Dan et al. (2012), in which the individual particle temperature T and the SPH-smoothed temperature ⟨ T ⟩ are adopted, respectively.
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              Evolution of Galactic SN Ia birthrates with time for a constant Population I SFR (SFR = 5 M⊙ yr-1) based on the merger scenario of a CO WD and a He-rich WD. The thick curves show the cases with an upper mass limit of He-rich WDs equal to 0.6 M⊙, while the thin curves represent the cases with a mass limit equal to 0.55 M⊙. The solid, dashed, and dash-dotted curves represent the cases with a CE ejection efficiency αCE = 0.3, 0.5, and 1.0, respectively.
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              Similar to Fig. 3, but for the delay-time distributions of SNe Ia. The open square is from Graur & Maoz (2013), the filled triangles and squares are from Maoz et al. (2010, 2012), and the open circles are taken from Totani et al. (2008).
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              Mass distributions of CO WDs in the CO WD+He-rich WD systems with αCE = 0.3,0.5 and 1.0. Here, every case is normalized to be 1.
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              Similar to Fig. 5, but for the mass distributions of He-rich WDs.
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              Similar to Fig. 5, but for the distributions of total masses of double WDs.
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              Similar to Fig. 3, but for various metallicities. Here, αCE is set to be 1.0.
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