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ABSTRACT

The double-degenerate (DD) model, involving the merging of massive double
carbon-oxygen white dwarfs (CO WDs) driven by gravitational wave radia-
tion, is one of the classical pathways for the formation of type Ia supernovae
(SNe Ta). Recently, it has been proposed that the WD+He subgiant channel
has a significant contribution to the production of massive double WDs, in
which the primary WD accumulates mass by accreting He-rich matter from
a He subgiant. We evolved about 1800 CO WD+He star systems and ob-
tained a large and dense grid for producing SNe Ia through the DD model.
We then performed a series of binary population synthesis simulations for the
DD model, in which the WD+He subgiant channel is calculated by interpo-
lations in this grid. According to our standard model, the Galactic birthrate
of SNe Ia is about 2.4 x 1073 yr~—! for the WD+He subgiant channel of the
DD model; the total birthrate is about 3.7 x 10~3 yr~—! for all channels, repro-
ducing that of observations. Previous theoretical models still have deficit with
the observed SNe Ia with delay times <1 Gyr and >8 Gyr. After considering
the WD+He subgiant channel, we found that the delay time distributions is
comparable with the observed results. Additionally, some recent studies pro-
posed that the violent WD mergers are more likely to produce SNe Ia based
on the DD model. We estimated that the violent mergers through the DD
model may only contribute to about 16% of all SNe Ia.

Key words: binaries: close — stars: evolution — supernovae: general — white
dwarfs

1 INTRODUCTION

Type la supernovae (SNe Ia) are extremely powerful phenomena in the Universe, and play
an exceptional role in probing the mystery of the Universe, especially for revealing the
accelerating expansion of the Universe (e.g. Howell 2011; Meng, Gao & Han 2015). The
luminosities of SNe Ia are powered by the decay of *Ni produced by the thermonuclear
explosion of massive carbon-oxygen white dwarfs (CO WDs) in binaries (Hoyle & Fowler
1960). Nevertheless, the companion stars of the exploding WDs are still elusive (Hillebrandt
& Niemeyer 2000; Ropke & Hillebrandt 2005; Podsiadlowski et al. 2008; Wang &Han 2012;
Hoflich et al. 2013). In the past four decades, there are two major theories dominating the
landscape of SN Ia progenitor scenarios, in which the companion star is a non-degenerate
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star in the single-degenerate (SD) model (e.g. Whelan & Iben 1973; Nomoto, Thielemann &
Yokoi 1984; Li & van den Heuvel 1997; Langer et al. 2000; Han & Podsiadlowski 2004; Chen
& Li 2007; Lii et al. 2009) or another WD in the double-degenerate (DD) model (e.g. Iben
& Tutukov 1984; Webbink 1984; Nelemans et al. 2001). In addition, the sub-Chandrasekhar
double-detonation model has been proposed to explain the sub-luminous SNe Ia, in which
the companion star would be a He star or a He WD (e.g. Nomoto 1982; Woosley, Taam &
Weaver 1986).

It has been suggested that the WD+He star systems may produce SNe Ia via the following
pathways: (1) In the SD model, the primary WD accretes He-rich matter from a He star. The
accreted matter will be burned into C and O, leading to the mass increase of the primary
WD. When the WD mass approaches the Chandrasekhar limit, an SN Ia is expected to be
produced (Yoon & Langer 2003; Wang et al. 2009a,b; Liu et al. 2010; Wang, Podsiadlowski
& Han 2017). In the observations, HD 49798 with its compact companion and V445 Puppis
are WD+He star systems and may evolve to form SNe Ia in their future evolutions via
the SD model (Ashok & Banerjee 2003; Kato et al. 2008; Woudt et al. 2009; Mereghetti et
al. 2009, 2011; Wang & Han 2010; Liu et al. 2015). (2) In the DD model, a WD+He star
system would also produce a DD system called the WD+He subgiant channel (see Ruiter
et al. 2013; Liu et al. 2016), in which the primary WD accumulates mass via accreting
He-rich matter from a He subgiant before the binary eventually evolves to a double WD
system. KPD 1930+2752 may be a good candidate for producing SNe Ia through this model
(Maxted, Marsh & North 2000; Geier et al. 2007). (3) In the double-detonation model, the
primary WD accretes He-rich matter at a relatively low rate, and the He-rich matter will
not burn into C and O immediately but form a He-shell. A double-detonation may occur
if the He-shell can be accumulated thick enough, leading to the formation of sub-luminous
SNe Ia (e.g. Iben & Tutukov 1989; Livne 1990; Hoflich & Khokhlov 1996; Neunteufel, Yoon
& Langer 2016). CD-30° 11223 is a WD++He star system that may evolve to form an SN Ia
through this model (Geier et al. 2013; Wang, Justham & Han 2013).

Recently, some observational and theoretical studies slightly favor the DD model (e.g.
Howell et al. 2006; Yoon Podsiadlowski & Rosswog 2007; Hichen et al. 2007; Scalzo et al.
2010; Chen et al. 2012; Liu et al. 2012; Horesh et al. 2012; Graham et al. 2015). Especially, the
DD model have advantage of explaining the Galactic birthrates and delay time distributions
of SNe Ia (e.g. Han 1998; Nelemans et al. 2001; Ruiter, Belczynski & Fryer 2009; Maoz,
Mannucci & Nelemans 2014; Yungelson & Kuranov 2017); the delay times of SNe Ia here
are defined as the time interval from the star formation to the thermonuclear explosion.
However, the delay time distributions predicted by previous theoretical studies still have
deficit with the observed SNe Ia at the early epochs of < 1 Gyr and old epochs of > 8 Gyr
(e.g. Yungelson & Kuranov 2017).

According to the DD model, SNe Ia originate from the merging of double WDs with
total masses larger than the Chandrasekar limit. Note that the WD+He subgiant channel
has been proposed as a dominant pathway for the formation of massive DD systems (e.g.
Ruiter et al. 2013; Liu et al. 2016). In the present work, we added the WD+He subgiant
channel into the DD model to explore the relative contribution of the DD model to the
formation of SNe Ia. We found that the delay time distributions of SNe Ia will match better
with observations after considering the WD+He subgiant channel, especially for SNe Ia in
the old and early epochs, in which the delay time distributions were predicted to be deficient
to compare with observations.

This paper will be organized as follows. In Sect.2, we present the numerical methods
of binary evolution calculations and corresponding results. The binary population synthesis
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(BPS) methods and results are shown in Sect. 3. We provided a discussion and summary in
Sect. 4.

2 BINARY EVOLUTION SIMULATIONS

In order to determine whether the WD+He star systems evolve to form double WDs that
can produce SNe Ia, we performed detailed binary evolution simulations and provided a grid
for producing SNe Ia via the DD model. This grid can be constructed to make interpolations
in the subsequent BPS studies (see Sect. 3).

2.1 Numerical methods

Employing Eggleton’s stellar evolution code that has undergone many revisions (Eggleton
1973; Han, Podsiadlowski & Eggleton 1994; Pols et al. 1995, 1998; Eggleton & Kiseleva-
Eggleton 2002), we evolved a large number of WD+He star systems. The ratio of the mixing
length to the local pressure scale height (i.e. a=l/H,) is assumed to be 2.0. The initial He
star models are assumed to have a He mass fraction Y'=0.98 and metallicity Z=0.02. The
loss of orbital angular momentum caused by the gravitational wave radiation is also included
(see Landau & Lifshitz 1971).

When the He star evolves to fill their Roche lobe, the mass transfer process begins.
The process of Roche lobe overflow (RLOF) is treated similar to that described in Han,
Tout & Eggleton (2000), in which the mass donor star is assumed to overflow its Roche
lobe stably and only when needed, but never too much. According to the prescriptions in
Nomoto (1982) and Kato & Hachisu (2004), we calculated the mass growth rate of the WD
(Mwp) as described below:

. MCI‘7 M2 > Mcr
MWD - M27 . Mst < M2 < Mcr (1)
nHeM27 M2 < Mst

where Mcr is the critical mass transfer rate (see Nomoto 1982), M, is the mass transfer
rate, My is the minimum accretion rate for stable He shell burning and ny, is the mass
accumulation efficiency for He shell flash (see Kato & Hachisu 2004). In the case of My > M,
the transferred He-rich matter is assumed to burn into C and O stably at the rate of M.,
whereas the rest of the He-rich matter is assumed to be blown away from the system in the
form of optically thick wind at the rate of (My — M.,) (see Hachisu, Kato & Nomoto 1996).

After the formation of double WD systems, the double WDs are gradually approaching
and eventually merge due to the gravitational wave radiation. In the present work, we assume
that all mergers of double CO WD systems with total masses larger than the Chandrasekhar
limit (set to be 1.378 M) would form SNe Ia, aiming to estimate the possible contribution
of the DD model to the birthrates and delay time distributions of SNe Ia. Furthermore, the
delay times of SNe la are constrained to be shorter than the Hubble time. Note that the
criteria for the WD mergers to producing SNe Ia is still under debate (e.g. Dan et al. 2012,
2014; Sato et al. 2016; Yungelson & Kuranov 2017). We will also discussed the influence of
different critical mass ratios of WD mergers on the final results.

We incorporate the prescriptions above into Eggleton’s stellar evolution code to simulate
the evolution of WD+He star systems. We assume that the mass loss from these systems will
take away specific orbital angular momentum of the accreting WDs. We have simulated the
evolution of about 1800 WD+He star systems, and thereby obtained a dense and large model
grid for producing SNe Ia via the DD model. This grid can be used in BPS simulations and
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Figure 1. The evolution of a representative WD+He star system for producing double CO WD system that potentially form
an SN Ia. The left panel shows the evolution of the mass transfer rate (solid line), the WD mass-growth rate (dashed line)
and the WD mass (dash-dotted line) changing with time. In the right panel, the solid line and the dash-dotted line show the
luminosity of the mass donor and the binary orbital period as a function of effective temperature, respectively. Asterisks in the
right panel indicate the position where the simulation begins.

for searching SN Ia progenitor candidates. In our calculations, the range of initial masses of
the primary WDs (M) is from 0.5 to 1.2 Mg, which is almost the maximum mass range
for CO WDs; the initial masses of the He stars (M) varies from 0.3 to 2.3 Mg; for the initial
orbital periods of the binaries (P'), the He stars fill their Roche lobe at the He zero-age main
sequence (MS) stage beyond the left boundary, whereas the delay times for the formation
of double WD mergers is larger than the Hubble time beyond the right boundary.

2.2 A typical binary evolution example

In Fig. 1, we present a representative example for the binary evolution of a WD-+He star
system that will evolve to a massive DD system and eventually form an SN Ia. In this figure,
the left panel presents the mass transfer rate from the He star (M), the mass growth rate
of the WD (Mwp) and the mass of the WD (Mywp) as a function of time, and the right
panel shows the evolutionary track of the He star in the Hertzsprung-Russell diagram and
the evolution of the orbital periods. The initial parameters of this WD+He star system are
(Miyp, M, log P') = (0.9,1.2,—0.7), in which M, and Mj;, are in units of My, and P! is
in units of days.

We start our simulation when the companion of the WD is at the He MS stage. After
about 1.0 x 107 yr, the He star fills its Roche lobe at the subgiant stage, resulting in a
mass transfer process from the He star onto the surface of WD. At the beginning, the mass
transfer rate is about 2.5x 1077 M@yr‘1 and keep increasing. After about 6 x 103 yr, the mass
transfer exceeds the critical rate M., and enters a stellar wind stage. During this phase, the
transferred He-rich matter burns into C and O and accumulates onto the surface of the WD
at the rate of M., whereas the rest of the He-rich matter is blown away from the system in
the form of optically thick wind at the rate of (M3 — M,,). The mass transfer rate reduces to
be lower than M., and the stellar wind stops about 2.5 x 10* yr later. During this phase, the
transferred He-rich matter burn stably and no matter is lost from the system. After about
5.5 x 10*yr, the binary system evolves into a weak He-shell flash phase and the WD mass
still increases. When the envelope of the He star is exhausted about 2.0 x 10° yr later, the
He star turns to be a WD and thus a double WD system is formed. Finally, the mass of
the primary WD is M, = 1.2440 M, the mass of the WD originating from the He star is
ME = 0.8294 M, and the orbital period is log(P!/day) = —1.7352 about 2.0 x 10° yr later.
Subsequently, the double WDs continues to cool and the system will eventually merge in
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about 11 Myr driven by the gravitational wave radiation, leading to the formation of an SN
Ia explosion.

2.3 Initial parameters for SNe Ia

Having evolved a large number of WD+He star systems until the onset of the merging of
double WDs, we provided the final outcomes of WD+He star systems in the initial orbital
period—initial He star mass (log P' — M}) plane in Fig.2. In order to produce SNe Ia via
the DD model, the masses of CO WDs are from 0.5 to 1.2 Mg, the masses of He stars
range from 0.4 to 2.2 Mg and the orbital periods change from 0.96h to 2.82day. In this
figure, the filled circles represent WD-+He star systems that can produce SNe Ia in their
future evolution based on the classical DD model, while the filled five-pointed stars indicate
that these WD+He star systems will evolve to double WDs potentially merge violently and
produce SNe Ia (see Liu et al. 2016). We also found that the primary WDs can obtain mass
up to 0.48 Mg, by accreting He-rich matter from the He donors.

In Fig.2, the WD+He star systems that locate outside of the contours cannot produce
SNe Ia through the DD mode, as follows:

(1) Binary systems denoted by crosses: double WDs produced from these systems have
total masses lower than the Chandrasekhar limit. Those systems are expected to evolve
to be a single massive CO WD. RE J0317—853, which is a magnetic WD rotating rapidly
with its mass close to the Chandrasekhar limit, seems to be a good candidate from the
merging of double CO WDs (Barstow et al. 1995; Kiilebi et al. 2010; Tout et al. 2008;
Maoz, Mannucci& Nelemans 2014).

(2) Binary systems represented by asterisks: massive He stars in these binaries will evolve
to be ONe WDs but not CO WDs, i.e. forming CO WD+0ONe WD systems. The merging
of these systems may collapse as a neutron star, which should be surrounded by C and
O rich ejections.

(3) Binary systems marked by triangles: the delay times for the production of mergers of
the DD systems originating from these systems are larger than the Hubble time.

(4) Binary systems indicated by pluses: the He stars will fill their Roche lobe when they are
at the He MS stage since the initial separations of these binaries are relatively close. In
this case, the mass transfer rate is relatively low, leading to the formation of a thick layer
of helium on the surface of the WD. The detonation of the thick He layer may trigger
the explosion of the whole WD (i.e. the double-detonation model), corresponding to
sub-luminous SNe Ia (Nomoto 1982; Woosley et al. 1986; Wang, Justham & Han 2013).

(5) Binary systems represented by squares: the primary WDs in these binaries will increase
their mass to the Chandrasekhar limit and produce SNe Ia via the SD model (see Wang
et al. 2009a).

(6) Binary systems denoted by open circles: the mass transfer is dynamically unstable when
the He subgiants fill their Roche lobe, resulting in a common envelope (CE) phase. After
the ejection of CE, these systems may also evolve to double WDs and produce SNe Ia
based on the DD model. We will discuss this scenario as part of the CE ejection channels
in the Sect. 3.

In Fig. 3, we present the parameter space of WD-+He star systems that can produce SNe
Ta through the DD model in the log P' — M] plane, in which the initial WD mass My, varies
from 0.5 to 1.2 M, for different contours. From this figure, we can see that the contours turn
to move to upstairs for lower initial WD masses, which is caused by the requirement that
the total mass of double WDs should be larger than the Chandrasekhar limit for producing
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Figure 2. The grid of WD+ He star systems for producing SNe Ia in the log P! —

particular initial WD mass. The filled circles and filled five-pointed stars in red contours represent binaries that would produce

SNe Ia via the classical DD model and violent merger scenario, respectively. Other binaries cannot evolve to form SNe Ia via

the DD model; they may form double WDs less massive than the Chandrasekhar limit (crosses), or form ONe WD+CO WD

systems (asterisks), or have delay times larger than the Hubble time (triangles), or produce SNe Ia via the double-detonation

model (pluses) or the SD model (squares), or undergo a dynamical unstable mass transfer process (open circles).
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Figure 3. Parameter space of WD-+He star systems for producing SNe Ia based on the DD model.

SNe Ia. In this figure, the square with error bar represents a WD+sdB star system KPD
1930+2752, the location of which implies that KPD 1930+2752 would produce an SN Ia via
the DD model. More detailed calculations on the future evolution of KPD 193042752 see
Sect. 4.

3 BINARY POPULATION SYNTHESIS
3.1 BPS approach

In order to calculate the birthrates and delay times of SNe la, we combined Hurley’s rapid
binary evolution code (Hurley, Tout & Pols 2002) with the Monte Carlo method. The solar
metallicity Z = 0.02 is adopted in our calculations. In each of our simulation, we evolved
1 x 107 primordial binaries from their formation to the formation of WD+He star systems.
If the parameters of the formed WD+He star systems are located in the parameter space
presented in Fig.3. We investigated the properties of the double WDs at the moment of
their formation time by interpolations in the grids from binary evolution calculations.

In this work, the formation of WD+He star systems are mainly through the following
two channels (see also Liu et al. 2016). (1) Channel A. When the primordial primary evolves
to the subgiant stage, it fills its Roche lobe and transfers H-rich envelope stably onto the
primordial secondary. After the mass transfer process, the primordial primary turns to be
a He star. Subsequently, the secondary evolves to a subgiant star and fills its Roche lobe,
forming a CE since the mass transfer is dynamical unstable. A He subgiant+He star system
is produced after the CE ejection. The He subgiant quickly fills its Roche lobe again and
enters a stable mass transfer process. After that, a CO WD+He star is formed. (2) Channel
B. Similar to Channel A, the primordial primary first evolve to a He star and continues to
evolve. When the He star evolves to the He subgiant stage, it fills its Roche lobe and transfer
He-rich matter stably onto the MS star. After that, a CO WD-+MS will be formed. When
the MS star will evolve to a subgiant star, it fills its Roche lobe and the mass transfer is
dynamically unstable, resulting in a CE process. If the CE can be ejected, a CO WD+He
star system will be formed.

There are some basic assumption and initial parameters as input of the Monte Carlo BPS
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Table 1. The primordial parameters and BPS results for different simulation sets based on the DD model. Notes: The mass
ratio ger is the minimum ¢ = Myypz/Mwp1 assumed for producing SNe Ia, where Mywpi and Myypsz are the mass of the
massive WD and the less massive WD, respectively. M1, Mao and Py are the initial mass of the primordial primary, the initial
mass of the primordial secondary and the primordial orbital period, respectively.

Set Channels QCEA Qer Mo Moo Py Birthrates DTDs
M) (Me) (days) (1073yr=%)  (Myr)

1 WD + He subgiant 0.5 Unlimited 3.0—8.5 1.5—6.0 5 — 6500 0.77 > 140
2 WD + He subgiant 1.0 Unlimited 3.0—85 1.5—6.5 2 — 4900 2.39 > 110
3 WD + He subgiant 1.5 Unlimited 3.0—-9.5 15-7.5 2 — 4900 3.70 > 110
4 CE ejection 0.5 Unlimited 3.0—6.5 1.5—6.5 1200 — 7200 0.48 > 70
5 CE ejection 1.0 Unlimited 3.0—-85 1.0-6.5 4 — 6400 1.34 > 70
6 CE ejection 1.5 Unlimited 3.0—9.5 1.0—7.0 3 — 5600 2.93 > 89
7 All 1.0 Unlimited 3.0 — 8.5 1.0-6.5 2 — 6400 3.73 > 70
8 All 1.0 0.8 3.0—85 1.0-6.5 3 — 4900 0.65 > 70
9 All 1.0 0.9 35—-85 1.5-6.0 3 — 4900 0.17 > 70

calculations, as follows: (1) We assumed that all stars are members of binaries and their orbits
are circular. (2) The mass distribution of the primordial primary stars is assumed to follow
the initial mass function described in Miller & Scalo (1979). (3) The mass ratio distribution
is taken to be constant. (4) The distribution of initial orbital separations are assumed to
be divided into two parts: one is constant in log a for the wide binaries with orbital period
lager than 100 yr, and the other one falls off smoothly for the close binaries, where a is
the orbital separation (see Eggleton, Fitchett & Tout 1989; Han, Podsiadlowski & Eggleton
1995). The number of binaries in the wide part and close part is assumed to be equal. (5)
In order to provide a approximate description for spiral galaxies and elliptical galaxies, we
simply employ a constant star formation rate (SFR) and a delta-function SFR, respectively.
For the situation of our Galaxy, the SFR is calibrated to be 5 M yr=! over the past 15 Gyr
(Yungelson & Livio 1998; Willems & Kolb 2004; Han & Podsiadlowski 2004). A star burst
of 1019 M, in stars is assumed for the case of elliptical galaxies.

The WD+He star systems in the present work generally evolve from the CE ejections.
However, the prescription for CE ejection is still under debate (e.g. Ivanova et al. 2013). In
order to calculate the output of the CE phase, we employed the standard energy prescrip-
tion described in Webbink (1984), in which the CE ejection efficiency acg and the stellar
structure parameter A are two inconclusive parameters. Similar to Liu et al. (2016), we sim-
ply combined these two parameters as a single free parameter (i.e. acgA) to examine its
influence on the final results. Here, we set acgA = 1.0 in our standard model and change it
to 0.5 and 1.5 for comparison.

3.2 BPS Results
3.2.1 Birthrates and delay times of SNe Ia

In the WD+He subgiant channel, the mass transfer before the formation of DD system is
dynamically stable, so this channel also can be named as the stable mass transfer channel.
In addition, there are some other channels for the formation of massive DD systems that
can produce SNe Ia, in which all DD systems originate from the CE ejection process (e.g.
Han 1998; Toonen, Nelemans & Portegies 2012; Meng & Yang 2012; Yungelson & Kuranov
2017). Thus, we named these other channels as the CE ejection channels in the present work.
In Table 1, we show the birthrates and delay time distributions (DTDs) of SNe Ia from the
WD+He subgiant channel and CE ejection channels with different CE ejection parameters.
As the mass ratio of WD mergers may influence their outcomes, we show the influence of
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Figure 4. Evolution of Galactic SN Ia birthrates as a function of time based on the DD model. The thick lines represent
the case producing SNe Ia from all channels of the DD model, while the thin lines show the case from the WD-+He subgiant
channel.

the mass ratio criteria of the merging WDs on our final results of all channels here. We also
present the range of initial binary parameters for producing SNe Ia in Table 1.

In Fig. 4, we show the Galactic birthrate evolution of SNe Ia as a function of time based
on the DD model. In this figure, the thick lines represent the birthrates of SNe Ia from
all channels of the DD model, while the thin lines show that from the WD-+He subgiant
channel. Here, the star formation rate is set to be constant (5 Mgyyr~!) and the metallicity
is assumed to be 0.02. According to our standard model (acgA = 1.0), the Galactic SN Ia
birthrate of the WD-+He subgiant channel is ~2.4 x 1073 yr~!, and the total birthrate of SNe
Ia from all channels of the DD model is ~3.7 x 1073 yr~!. This is consistent with the observed
results (3 —4 x 1073 yr~!, e.g. Cappellaro & Turatto 1997). The WD+He subgiant channel
contributes about 64% of all SNe Ia from the DD model based on our standard model,
which verifies that the CO WD+He star channel is one of the most important channel for
the formation of massive DD systems. We also note that the birthrate of SNe Ia from the DD
model increase with the acgA, which is caused by the fact that less energy will be required
during the CE ejection when a larger acg) is adopted, leading to the formation of more
WD++He star systems that can produce SNe Ia based on our assumptions.

Fig. 5 presents the theoretical DTDs of SNe Ia from the merging of double WDs origi-
nating from different channels. Here, we show the results with acgA = 1.0 (left panel) and
1.5 (right panel). We assume a star burst of 10! M, in stars here and set the metallicity
Z = 0.02. The delay times of SNe Ia range from 110 Myr to the Hubble time based on the
WD+He subgiant channel, and from 70 Myr to the Hubble time based on all channels. The
cut-offs at the large end of DTDs are artificial since the system ages have already reached the
Hubble time. For SNe Ia from all channels, the DTDs are roughly proportional to ¢t~! and
the rate of SNe Ia is comparable with that in the elliptical galaxies (or galaxy clusters) from
observations. Similar to previous studies (e.g. Yungelson & Kuranov 2017), the CE ejection
channels still have deficit compared with observations for SNe Ia in early and old epochs.
After considering the WD+He subgiant channel, we found that the DTDs here can match
better with the observations. Note that the cases with acgA = 0.5 is hard to reproduce the
DTDs in observations, which indicates that a larger value of acg is needed if the DD model
can contribute to most SNe Ia.
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Figure 5. Delay time distributions of SNe Ia from different formation channels of the DD model. The acgA is set to be
1.0 (left panel) and 1.5 (right panel). Points with error bars represent the observational date of elliptical galaxies from the
Subaru/XMM—Newton Deep Survey (the open circles; Totani et al. 2008), galaxy clusters at the redshifts from Z = 0 to
Z = 1.45 (the filled triangles; Maoz, Keren & Avishay 2010), a galaxy sample from SDSS (the filled squares; Maoz, Mannucci
& Timothy 2012), and an SN Ia sample from the Cluster Lensing And Supernova survey with Hubble (the open square; Graur
& Maoz 2013).

3.2.2  Mass distributions of double WDs

In Fig.6, we present the density distribution for the masses of double WDs potentially
producing SNe Ia in the M, — Mi plane, where M, and M} are the final mass of the
primary WD and the mass of the WD originating from the He star, respectively. In most
cases, Miyp, is larger than M}, whereas the fraction for M&, < M} is about 2.5%. It is worth
noting that this distribution divided into two parts: MI is concentrated in the vicinity of
0.7 M, for the primary WDs in the mass range of 0.8 —1.25 M, and M! mainly distribute in
the range of 0.8 —1.0 M, for the primary WDs with masses larger than 1.25 M. This divided
distribution is caused by the WD-+He subgiant channel, whereas double WDs originating
from the CE ejection channels are totally located in the less massive part. According to
the WD+He subgiant channel, double WDs in the less massive part are mainly originated
from WD+He star system produced via Channel A, while the massive part are formed via
Channel B (see Sect.3.1). The filled squares with error bars in Fig.6 represent the DD
core of a planetary nebula Henize 2-428 and the double WDs that would evolve from KPD
193042752, respectively. Henize 2-428 is a planetary nebula with double degenerate core that
has a total mass of ~1.76 My, mass ratio g~1 and orbital period ~4.2h (Santander-Garcia
et al. 2015), which is a good candidate for violent merger scenario of SN Ia progenitors. In
addition, the merging of another super-Chandrasekhar DD system NLTT 12758 may also
lead to an SN Ia based on the violent merger scenario, although the gravitational wave
radiation time for its merging is larger than the Hubble timescale (Kawka et al. 2017).
The distribution of the masses of WD mergers for producing SNe la varies with time.
Fig. 7 shows the evolution of the massive WD mass Myp; (the top left panel), the less-
massive WD mass Mwps (the top right panel), the total mass Myp; + Mwpa (the bottom
left panel) and the mass ratio Mwps/Mwp1 (the bottom right panel) as a function of time.
All of these DD systems potentially merge to form SNe Ia. The total mass of WD mergers
are in the range of 0.8 — 1.0 M, and their mass ratio are mainly concentrated between 0.6
and 0.7. Note that Yungelson & Kuranov (2017) also presented a similar distribution in
their Fig.5. The mainly difference between these two works are as follows: (1) Yungelson
& Kuranov (2017) have not considered the WD+He subgiant channel for the production
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Figure 7. The density distribution of the massive WD mass (Mywp1), the less massive WD mass (Mwpa2), the total mass
(Mwp1 + Mwp2) and the mass ratio (Mwp2/Mwp1) of the double WDs as a function of time. Here, every time-bin has been

normalized to 1.

of SNe Ia. (2) Yungelson & Kuranov (2017) assumed that the merging of CO WDs more
massive than 0.47 My with a He or hybrid HeCO WDs more massive than 0.37 My can
produce SN Ia. This merger scenario is not included in our CE ejection channels. Obviously
the total mass of these mergers could be less than the Chandrasekhar limit for producing

SNe Ia (see also Liu et al. 2017).
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Figure 8. Similar to the right panel of Fig. 1, but for the particular evolution of a CO WD+sdB system KPD 1930+2752.

4 DISCUSSION AND SUMMARY

In the observations, there are many candidates for SN Ia progenitors, in which KPD 193042752
is a massive WD—+sdB star system and may evolve to form an SN Ia via the DD model
(Maxted et al. 2000; Geier et al. 2007). Downes (1986) firstly identified KPD 193042752
as a sdB star. Billéres et al. (2000) found that the sdB star has a massive companion, and
predicted that the orbital period of KPD 193042752 is about 2.83 h. Geier et al. (2007) sug-
gested that the mass of the sdB star in KPD 1930+2752 is in the range of 0.45 — 0.52 M,
and the total mass of the binary ranges from 1.36 to 1.48 M, which is likely to exceed the
Chandrasekhar limit. In Fig8, we present the evolution of the sdB star in KPD 1930+2752.
Here, the solid curve shows the luminosity evolution of the sdB star as a function of effec-
tive temperature, and the dash-dotted curve represents the evolution of the binary orbital
period. From our calculations, we found that KPD 193042752 will not experience mass
transfer process until the formation of a DD system. It takes ~214 Myr for KPD 193042752
to evolve to double WDs, and the DD system will merge in about 4 Myr.

In addition, some He stars with masses lower than 0.6 M, will not experience mass
transfer process and directly evolve to WDs. The He star with low mass (~0.45—0.6 M, see
Dan et al. 2012, 2014) will evolve to a HeCO hybrid WD that have a CO core surrounded by
a He mantle (e.g. Iben & Tutukov 1985; Tutukov & Yungelson 1996; Han, Tout & Eggleton
2000). Thus, alternatively the outcome of the sdB star in KPD 1930+2752 might be a HeCO
hybrid WD. The merging of a HeCO hybrid WD+CO WD may also lead to the production
of SNe Ia via the double detonation model, in which the surface explosion of the He-rich shell
drives a shock compression onto the CO WD, leading to another explosion of the whole CO
WD (e.g., Guillochon et al. 2010; Dan et al. 2012, 2014, 2015; Pakmor et al. 2013; Papish
et al. 2015; Liu et al. 2017).

It has been supposed that the DD model can roughly reproduce the birthrates and delay
time distributions of SNe Ia in observations (see also Ruiter et al. 2009; Yungelson & Kuranov
2017). However, the outcome of these merging of double CO WDs is still under debate. Some
theoretical studies argued that the double WD merger may lead to an accretion-induced
collapse and finally forms a neutron star as the mass transfer rate is relatively high (e.g.
Saio & Nomoto 1985, 1998; Kawai, Saio & Nomoto 1987; Timmes, Woosley & Taam 1994;
Shen et al. 2012; Schwab, Quataert & Kasen 2016). Recently, it has been proposed that
the accretion-induced collapse may be avoided when the merger of double WDs is violent
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Figure 9. The influence of different critical mass ratio of WD mergers on the birthrates (the left panel) and delay time
distributions (the right panel) of SNe Ia. Here, the acgA is set to be 1.0.

(Pakmor et al. 2010, 2011, 2012). The mass ratio of WD mergers have a great influence
on the outcome of the merging of double WDs (e.g. Sato et al. 2016); an SN Ia would be
produced when the mass ratio of WD mergers larger than a critical value based on the
violent merger scenario (~0.8; see Pakmor et al. 2011; Liu et al. 2016). In Fig. 9, we present
the Galactic birthrates of SNe Ia as a function of time based on different critical mass ratios
of WD mergers (g.), in which the g, is set to be 0.8, 0.9 or unlimited. The critical mass ratio
Jer = 0.8 is consistent with previous assumptions (e.g. Pakmor et al. 2011; Liu et al. 2016),
which is, however, somewhat optimistic. Thus, we also present the case with ¢., = 0.9 for
comparison. Here, we show the results from all channels and set acgA = 1 (see Table 1). The
birthrate of SNe Ia is ~0.65 x 1072 yr~! for the case with ¢, = 0.8, and ~0.17 x 1073 yr~!
for the case with ¢, = 0.9, corresponding to about 16% and 5% of all SNe Ia, respectively.

In the present work, we evolved a large number of WD+He star systems until the merging
time of double WDs, and thus obtained a dense and large grid for producing SNe Ia based on
the DD model. Using these binary evolution results, we carried out a series of Monte Carlo
BPS simulations and found that the DTDs of SNe Ia fit better with that of observations after
considering the WD-+He subgiant channel, especially for old epoches and early epoches that
cannot be reproduced by previous studies. Our standard model shows that the Galactic SN Ia
birthrate from the WD-+He subgiant channel is about 2.4 x 1073 yr~!, and the total birthrate
of SNe Ia from all channels of the DD model is about 3.7 x 1073 yr=! that is consistent with
the observed results. The WD+He subgiant channel is one of the most important channel for
the formation of massive DD systems, which may corresponding to double DB/DO WDs. In
order to provide constraints on the DD model of SNe Ia, large samples of observed WD+He
star systems and massive double WDs are expected, and further numerical researches on
the double WD mergers are needed.
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