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Abstract
Abstract

Magnetars are a class of slowly rotating, young neutron stars with extremely
strong magnetic fields that can produce transient radio phenomena such as
radio pulses and fast radio bursts (FRBs). We conducted radio observations of
two magnetars, SGR J1935+2154 and 3XMM J185246.64+-003317, and one high
magnetic field pulsar, PSR J1846-0258, using the Five-hundred-meter Aperture
Spherical radio Telescope (FAST). We performed single-pulse and periodicity
searches but detected no radio signals from these objects. While observing the
magnetar SGR 193542154, we serendipitously discovered a new radio pulsar,
PSR J19354-2200, in piggyback data recorded from other FAST telescope beams.
We carried out follow-up observations and obtained its timing solution based on
these new observations and FAST archival data. PSR J1935+42200 is an isolated
old pulsar with a spin period of 0.91 s, a spin period derivative of 9.19 x 10—15
s s—1, and a characteristic age of 1.57 Myr. This pulsar is weak, with a flux
density of 9.8 Jy at a frequency of 1.25 GHz. The discovery of a new pulsar
from just 30 minutes of long-duration FAST observations suggests that there
may be many more weak, old pulsars yet to be discovered in the Galactic disk.
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Abstract

The nature of progenitors of Type Ia supernovae (SNe Ia) and their explosion
mechanism remains unclear. It has been suggested that SNe Ia may result from
thermonuclear explosions of hybrid carbon-oxygen-neon white dwarfs (CONe
WDs) when they grow in mass to approach the Chandrasekhar mass limit by
accreting matter from a binary main-sequence (MS) companion. In this work,
we combine the results of detailed binary evolution calculations with population
synthesis models to investigate the rates and delay times of SNe Ia in the CONe
WD 4 MS channel at a low metallicity environment of Z = 0.0001. For a
constant star formation rate of 5 Me yr—!, our calculations predict that the SN
Ia rates in the CONe WD + MS channel at low metallicity of Z = 0.0001 are
about 0.11—3.89 x 10~* yr~!. In addition, delay times in this channel cover a
wide range of 0.05—2.5 Gyr. We further compare our results to those given by a
previous study for the CONe WD + MS channel with a higher metallicity of Z =
0.02 to explore the influence of metallicity on the results. We find that these two
metallicity environments give only a slight difference in rates and delay times
of SNe Ia from the CONe WD + MS channel, although SNe Ia produced at a
low metallicity environment of Z = 0.0001 have relatively longer delay times.

Key words: methods: numerical -(stars:) binaries (including multiple): close
-stars: evolution -(stars:) supernovae: general -(stars:) white dwarfs
1. Introduction

Type Ia supernovae (SNe Ia) are the cataclysmic explosions of intermediate-mass
stars at the end of their lives. SNe Ia have typical B-band peak magnitudes of
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around —19.5 mag, which are as bright as their host galaxies. Due to their high
luminosities and homogeneity of their light curves, SNe Ia have been used as
standard candles to measure cosmological parameters (Riess et al. 1998; Perl-
mutter et al. 1999). SNe Ia are also one of the main contributors to heavy
elements such as intermediate-mass and iron-group elements in the Universe
(e.g., Matteucci & Greggio 1986). Despite their importance, the progenitors of
SNe Ia and their explosion mechanism remain a mystery (see Maoz et al. 2014;
Livio & Mazzali 2018; Jha et al. 2019; Liu et al. 2023, for recent reviews).

It is widely accepted that SNe Ia may originate from thermonuclear explosions
of carbon-oxygen white dwarfs (CO WDs) in binary systems (e.g., Hoyle &
Fowler 1960; Nomoto 1982; Nomoto et al. 1984; Bloom et al. 2012). Depending
on the nature of donor stars, different progenitor models have been proposed for
SNe Ia, including the single-degenerate (SD) scenario (e.g., Whelan & Iben 1973;
Nomoto et al. 1984; Han & Podsiadlowski 2004), the double-degenerate (DD)
scenario (e.g., Iben & Tutukov 1984; Webbink & Iben 1987), the core-degenerate
scenario (e.g., Livio & Riess 2003; Kashi & Soker 2011; Ilkov & Soker 2012; Soker
et al. 2013, 2014; Soker 2018), the triple model (e.g., Katz & Dong 2012; Hamers
et al. 2013; Toonen et al. 2018; Rajamuthukumar et al. 2023), and the single
star model (e.g., Iben & Renzini 1983; Tout 2005; Antoniadis et al. 2020), etc.
In this work, we focus only on the SD scenario.

In the SD scenario, the WD accretes material from its non-degenerate compan-
ion star to accumulate mass on its surface, triggering a thermonuclear explosion
when the WD grows in mass to approach the Chandrasekhar-mass limit. The
donor star in this scenario could be a main-sequence (MS) star, a sub-giant star,
a red giant (RG) star, or a helium (He) star (e.g., Hachisu et al. 1999; Han
& Podsiadlowski 2004; Meng et al. 2009; Ruiter et al. 2009; Wang et al. 2009;
Meng & Yang 2010; Liu & Stancliffe 2018, 2020).

The SD scenario has advantages and disadvantages on both theoretical and ob-
servational sides, which have been comprehensively reviewed by Liu et al. (2023).
We therefore only briefly summarize them here. The SD scenario seems likely to
explain the homogeneity of peak luminosities of the so-called normal SNe Ia be-
cause the WDs in this scenario are expected to explode near the Chandrasekhar-
mass limit. However, only a narrow range of mass-transfer rates can lead to sta-
ble mass accumulation onto the WD in the SD scenario. This leads to predicted
SN Ia rates in this scenario that have difficulties explaining those inferred from
observations (e.g., Paczynski 1976; Fujimoto 1982a, 1982b; Livio et al. 1989;
Han & Podsiadlowski 2004; Nomoto et al. 2007; Shen & Bildsten 2007; Meng
et al. 2009; Ruiter et al. 2009; Wang et al. 2009; Meng & Yang 2010; Wolf et
al. 2013; Claeys et al. 2014; Piersanti et al. 2014; Liu & Stancliffe 2018; Liu et
al. 2023).

On the observational side, there are certain observations that seem to suggest
some SNe Ia may be produced from the SD scenario. For instance, McCully
et al. (2014) reported that a blue luminous source was detected in the pre-
explosion image of an SN lax event, SN 2012Z. This blue luminous source has
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been thought to be a He star companion of its progenitor system. Also, some
studies reported that narrow absorption signatures of circumstellar material,
thought to originate from mass-transfer from companion stars in the SD scenario,
have been detected in some SNe Ia (e.g., Patat et al. 2007; Sternberg et al. 2011;
Dilday et al. 2012; Silverman et al. 2013; but see also Soker et al. 2013). However,
no promising surviving companion star predicted by the SD scenario has been
firmly confirmed yet in nearby SN remnants (SNRs; Kerzendorf et al. 2009;
Schaefer & Pagnotta 2012; Ruiz-Lapuente et al. 2018), although there are a
few candidates such as Tycho G (Ruiz-Lapuente et al. 2004, 2019; Fuhrmann
2005; Thara et al. 2007; Gonzalez Hernandez et al. 2009; Kerzendorf et al. 2009,
2013; Bedin et al. 2014; Ruiz-Lapuente 2023a), US 708 (Geier et al. 2015; Bauer
et al. 2019; Liu et al. 2021), and MV-G272 (Ruiz-Lapuente et al. 2023). The
features of swept-up H/He due to SN ejecta-companion interaction predicted
by hydrodynamical models have not been firmly confirmed by observations yet
(e.g., Marietta et al. 2000; Pakmor et al. 2008; Liu et al. 2012, 2013; Pan et
al. 2012; Boehner et al. 2017; McCutcheon et al. 2022), although there are a
few candidate objects that show H/He emission lines in their late-time spectra
(Leonard 2007; Lundqvist et al. 2013, 2015; Shappee et al. 2013, 2018; Maguire
et al. 2016; Graham et al. 2015, 2017; Dimitriadis et al. 2017, 2019; Hosseinzadeh
et al. 2017, 2022; Sand et al. 2018, 2019, 2021; Holmbo et al. 2019; Jacobson-
Galén et al. 2019; Tucker et al. 2019, 2020, 2022; Vallely et al. 2019; Prieto et
al. 2020; Siebert et al. 2020; Elias-Rosa et al. 2021). In addition, the lack of
X-ray emission in current observations also seems to challenge the SD scenario
(e.g., Horesh et al. 2012; Margutti et al. 2014; Meng & Han 2016).

A series of previous studies on the SD scenario generally assumed that the ac-
creting WD is a carbon-oxygen (CO) WD (e.g., Hoyle & Fowler 1960; Nomoto
et al. 1984; Hachisu et al. 1999; Han & Podsiadlowski 2004; Meng et al. 2009;
Ruiter et al. 2009; Claeys et al. 2014; Wang et al. 2014; Liu & Stancliffe 2018).
Based on stellar evolution calculations, Denissenkov et al. (2013) found that a
CO core that goes through an off-centered C-ignition in an asymptotic giant
branch (AGB) star can stall its C-burning due to convective boundary mixing.
As a result, the AGB star would eject its envelope after the core nuclear reaction,
leaving a hybrid CO-neon (Ne) WD consisting of a CO core and an ONe mantle
(Denissenkov et al. 2013). Furthermore, Chen et al. (2014) suggest that hybrid
carbon-oxygen-neon white dwarfs (CONe WDs) could be as massive as 1.3 Me
at a low value of the C-burning rate (CBR) factor of 0.1. Such massive CONe
WDs have been thought to likely accrete a small amount of mass from their
companion stars to reach the Chandrasekhar-mass limit to trigger SN Ia explo-
sions if they are in binary systems (Denissenkov et al. 2015). Therefore, some
previous studies have proposed binary systems composed of a hybrid CONe WD
and a non-degenerate companion star as a new sub-type of SD progenitor model
for SNe Ia (e.g., Garcia-Berro et al. 1997; Denissenkov et al. 2013, 2015; Chen et
al. 2014; Meng & Podsiadlowski 2014; Wang et al. 2014; Kromer et al. 2015; Liu
et al. 2015; Marquardt et al. 2015). Recently, Kromer et al. (2015) have shown
that incomplete off-center pure deflagration explosions of near-Chandrasekhar-
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mass hybrid CONe WDs (sometimes known as the “failed-detonation model”
; see also Jordan et al. 2012; Kromer et al. 2013; Fink et al. 2014; Lach et
al. 2022) could provide reasonable agreement with the observational features of
faint Type Tax SN 2008ha.

However, whether convective boundary mixing could be strong enough to stall
the C-burning inside AGB stars remains open (see Lecoanet et al. 2016; Lat-
tanzio et al. 2017).

By performing binary population synthesis (BPS) calculations, Meng & Podsi-
adlowski (2014) and Wang et al. (2014) have respectively investigated the rates
and delay times of SNe Ia produced from thermonuclear explosions of near-
Chandrasekhar-mass hybrid CONe WDs with an MS donor (i.e., CONe WD
+ MS channel) and/or a He star donor (i.e., CONe WD + He star channel).
Depending on different initial conditions and assumptions in their BPS calcu-
lations, both works have suggested SN Ia rates from near-Chandrasekhar-mass
hybrid CONe WDs to be of the order of a few per cent of the Galactic SN Ia
rates (Meng & Podsiadlowski 2014; Wang et al. 2014). In addition, because
hybrid CONe WDs are expected to form through relatively massive zero-age
MS stars (ZAMS; Chen et al. 2014), they found that this scenario could partly
explain the short delay times of SNe Iax. However, these studies focused only
on cases with solar-like metallicity (i.e., Z = 0.02).

It is unclear how different metallicities affect the SN Ia rates and delay times in
the SD scenario with accreting hybrid CONe WDs. In particular, observations
have detected SNe Ta with a high redshift of z > 2 (Rodney et al. 2014, 2015;
Williams et al. 2020; Hayden et al. 2021; Pierel et al. 2024), which seems to
indicate the production of SNe Ia in lower-metallicity environments. In this
work, we investigate SNe Ia generated from the CONe WD + MS channel at low
metallicity of Z = 0.0001 by combining the results of detailed binary evolution
into population synthesis calculations. We aim to study the effect of different
metallicities on the SN Ia rates and delay times in the CONe WD + MS channel.
The paper is organized as follows: we describe the models and methods used
in this work in Section 2. The results given by our detailed binary evolution
and BPS calculations are presented in Section 3. Our discussions are shown in
Section 4. Finally, we summarize our results in Section 5.

2.1. Binary Evolution Calculation

In this work we use the same method adopted by Han & Podsiadlowski (2004)
to predict the rates and delay times of SNe Ia produced from the hybrid CONe
WD + MS channel at a low metallicity environment, in which the results of
detailed binary evolution calculations are combined with population synthesis
models. We use the stellar evolution code Modules for Experiments in Stellar
Astrophysics (MESA, version 122.05.1; Paxton et al. 2011, 2013, 2015, 2018,
2019) to trace the detailed evolution of binary systems in the hybrid CONe WD
+ MS channel. We start our binary evolution calculations when a CONe WD +
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MS binary system is formed.

In our calculations, the detailed structures of MS companion stars are resolved
consistently, and the CONe WD is treated as a point mass. The metallicity is
set to be Z = 0.0001. This is the lowest metallicity that our codes are able to
calculate. We therefore simply take Z = 0.0001 as an extreme case to investigate
SN Ta rates and their delay times in metal-poor environments (see also Meng et
al. 2009; Chen et al. 2019). We assume that hydrogen-rich (H-rich) material is
transferred to the WD through Roche-lobe overflow (RLOF). If the WD grows
in mass to reach the near-Chandrasekhar-mass limit (which is assumed to be
1.378 Me in this work), we assume that it would explode as an SN Ia (Nomoto
et al. 1984).

We set the ratio of typical mixing length to the local pressure scaleheight, o =
1/Hp, to 2. In addition, the convective overshooting parameter, dov, is set to
0.12 (Pols et al. 1997; Schroder et al. 1997), which means that the overshooting
length is approximately equal to 0.25 pressure scaleheights (Hp). In this work,
we focus on the hybrid CONe WD+MS channel for SNe Ia. In Chen et al. (2014),
they suggest that a hybrid CONe WD forms when a massive AGB star stalls
its CO core burning due to convective boundary mixing. They further showed
that the formed CONe WDs have a range of masses of 1.02-1.30 Me for a range
of CBR factors of 0.1-10.

Following the results of Chen et al. (2014), we therefore set a mass range of our
initial CONe WDs to 1.0-1.3 Me in our detailed binary evolution calculations.
It is important to note that the CBR during the C-burning process is quite
uncertain. For instance, taking the possible resonance and hindrance effects
(Jiang et al. 2007; Spillane et al. 2007) into account could cause the values of
the CBR to change by a few orders of magnitude (Chen et al. 2014). Therefore,
we treat the CBR as a free parameter in our calculations and set it to be the
same values as used in Chen et al. (2014).

As the MS companion star evolves, it expands to fill its Roche lobe during either
the MS phase or the Hertzsprung gap (HG) phase. As a result, the companion
star starts to transfer H-rich material to the WD through RLOF. As described
in Han & Podsiadlowski (2004), we also adopt the prescription of Hachisu et
al. (1999) for the accumulation of transferred H-rich material onto the CONe
WD (i.e., the mass growth of a CONe WD). If the mass-transfer rate (|M,]) is
above the critical rate (M{cr}), we assume that the transferred H burns steadily
on the surface of the WD and that the accreted H-rich material converts into He
at a rate of M{cr}, and the unprocessed H-rich material will be lost from the
binary system in an optically thick wind. Here, the critical mass-transfer rate
is given as follows (see also Hachisu et al. 1999):

(17— X)

)y _ -7
M =53 % 107715

(MWD — 04) M@ yril,

where M {WD} is the mass of the accreting WD (mass is in Me) and X is the
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H mass fraction.

When |M,| is lower than M{er}, different assumptions are adopted for the mass
growth of the accreting WD: (i) when [M,] is higher than 0.5M{cr}, we assume
that the transferred H-rich material will burn steadily on the WD surface or
that weak H flashes occur, and all the transferred material would be retained
onto the WD. (ii) When |M,| is lower than 0.5M_ {cr}, H-shell flashes are too
strong to accumulate any transferred material.

Therefore, the accumulation rate of the He-shell of the accreting WD can be
described as follows:

MHe :nH‘M2|’

where

1.0 ‘M2| 2 Mcr
M . . .
T = % O‘5Mcr S |M2‘ < Mcr
0.0 |M,| <0.5M,
We further assume that the He ignites when the He layer reaches a certain mass
and that He is converted into CO. He flashes may occur during He-shell burning
and a portion of the shell mass is assumed to be blown away in our calculations.

In this work, the mass accumulation efficiency for He-shell flashes is taken from
Hachisu et al. (1999), which can be described as follows:

| —0.1751og,,(|My)) + 0.1751og, o (M,,) + 1.05 | M,| > 10775 M yr~
e =9 0.0 M| < 10775 M yr!

Finally, we can calculate the mass growth rate (i.e., M__{WD}) of an accreting
CONe WD, which is

MWD = 77He77H|M2"

The mass lost from the binary system is assumed to take away the specific
orbital angular momentum of the accreting WD. According to the results of
Chen et al. (2014, see their Figure 5 [Figure 5: see original paper]), we consider
cases with different CBR factors of 0.1, 1.0, and 10.0, and set the initial mass
of CONe WD (M__i,WD) to range from 1.0 to 1.3 Me. For WDs with a mass
range of 1.0-1.2 Me, we set the initial mass range of the donor star (M_i,2) to
1.0—3.6 Me, which is consistent with that in Meng & Podsiadlowski (2014). For
cases with a WD mass of 1.3 Me, we range the donor mass M_ i,2 from 1.0 Me
to 4.0 Me. In addition, we set a range of initial orbital periods (P_i) to 0.25-
20 days.
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2.2. Binary Population Synthesis

In order to calculate the birth rates and delay times of SNe Ia produced from
the CONe WD + MS channel, we perform a series of population synthesis cal-
culations with the rapid binary evolution code developed by Hurley et al. (2000,
2002), i.e., the Binary Star Evolution (BSE) code. The BSE code can evolve a
large number of binary systems rapidly from ZAMS to the formation of CONe
WD + MS binary systems.

The basic assumptions and treatments for some fundamental processes in our
population synthesis calculations are similar to those in Meng & Podsiadlowski
(2014), which are briefly described as follows.

2.2.1. Formation of CONe WD + MS Systems

In Figure 5 of Chen et al. (2014), they have provided mass boundaries that
allow formation of CO WDs, ONe WDs, and hybrid CONe WDs for different
CBR factors. Usually, CO cores in AGB stars with significantly large masses
will go through a C-burning process and evolve into an ONe core. However,
according to Denissenkov et al. (2013), the C-burning process may stall due to
convective boundary mixing and form a hybrid CONe core. Since the convective
boundary mixing process is not considered in the BSE code, hybrid CONe WDs
will be mis-evaluated as ONe WDs in our rapid binary evolution calculations.
We therefore simply assume that a WD would be a hybrid CONe WD if its mass
is lower than the upper-limit mass boundaries of hybrid CONe WDs given by
Figure 5 of Chen et al. (2014, the upper panel) and appears to be an ONe WD
in the binary population synthesis (see also Meng & Podsiadlowski 2014).

Based on the results of Chen et al. (2014), we performed BPS calculations for
three different CBR factors of 0.1, 1, and 10. If a CONe WD + MS binary
system is formed and its binary parameters at the onset of RLOF fall into the
initial contours in the P_i-M_ 1,2 plane given by our detailed binary evolution
calculation in Section 2.1, we assume that this system would eventually explode
as an SN Ia.

2.2.2. Treatment for Common-envelope Evolution

Different binary systems start their first RLOF in different stages, which depend
on the mass, mass ratios, and orbital periods. Whether or not a binary system
can lead to dynamically unstable mass-transfer to form a CE mainly depends
on the mass ratio of the system at the onset of RLOF. If the mass ratio is larger
than the critical mass ratio, q_ ¢, the dynamically unstable RLOF will happen
to form a CE. Here, the critical ratio q_ c varies with the evolutionary stages of
the binary systems at the onset of RLOF (Hjellming & Webbink 1987; Webbink
1988; Han et al. 2002; Podsiadlowski et al. 2002; Chen & Han 2008). Based on
the results of previous detailed binary evolution studies (e.g., Han et al. 2000;
Chen & Han 2002, 2003), we set q_c¢ = 4.0 when the primary star is either on
the MS phase or on the HG phase. If the primary star is a naked He giant, we
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set q_c = 0.748. If the primary star is on the first giant branch or AGB, we set
q_c as follows:

M, M
q. = cl _|_0_157PdR£7
Mp Rp dMp

where M_P and M_ {cl} are the mass and the core mass of the primary star,
respectively; dR_P/dM_P is the mass-radius exponent of the primary star,
which varies with composition.

Binary systems inside the CE are expected to release their orbital energies
through frictional drag and then undergo an in-spiral. The released energy
would be partly used to eject the CE. Once a binary system enters the CE
phase, we assume that the CE could be ejected completely if

acgAE.L 2> Eyinas

orb =

where AE_{orb} is the orbital energy released during the spiral-in phase,
E_{bind} is the binding energy of the CE, and a{CE} is the CE ejection
efficiency. Because the internal energy in the CE is not incorporated into the
binding energy, a{CE} may be greater than 1. The exact value of a{CE}
is still poorly constrained from both theoretical and observational sides (e.g.,
Zorotovic et al. 2010; Ivanova et al. 2013; Toonen € Nelemans 2013; Ropke &
De Marco 2023; Scherbak & Fuller 2023; Ge et al. 2024). In this work, similar
to various previous works (e.g., Meng et al. 2009; Meng & Podsiadlowski 2014,
2018; Liu & Stancliffe 2018; Wang et al. 2013, 2014, 2017), we simply set
a{CE} to be 0.5, 0.75, 1.0, and 3.0 to investigate the influence of different CE
ejection efficiencies on the results.

E {bind} is given by

GMp(Mp — M,,)
Acelp 7

Ebind =

where G is the gravitational constant, M_ P is the mass of the primary giant
star, and M_ {c1} is the mass of the removed envelope from the giant primary.
Here R_ P is the radius of the primary giant star at the onset of CE, while
M CE} is the binding energy factor, which is set to characterize the envelope
central concentration of the giant primary. In this work, the binding energy
factor is set to be A{CE} = 0.5.

2.2.3. Basic Assumptions

We use a Monte Carlo method to generate a large number of binary systems and
follow their rapid evolution from the ZAMS phase to the formation of CONe
WD + MS systems. The basic assumptions adopted in our rapid calculations
are described as follows:
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(1) We assume that all stars are in binary systems. Also, all binary systems
are assumed to have a circular orbit.

(2) We use the initial mass function (IMF) given by Miller & Scalo (1979).
The primary star is generated according to the formula of Eggleton et

al. (1989):
(7 +(&)

where R is a random number uniformly distributed in the range [0,1], M_P is
the mass of the primary star, which is between 0.1 Me and 100 Me.

1.55

R 0.25

Mp =0.19———
" (1-R)

(3) We assume that the mass ratios of the initial binary systems at the ZAMS
phase, q, have a constant distribution (Mazeh et al. 1992; Goldberg &
Mazeh 1994):

ng)=1 0<q¢ <1

(4) We assume that the distribution of binary separations is constant for wide
binary systems (where a is separation), and falls off smoothly for close
binary systems (Han et al. 1995):

an(a) = {a ()" a<a

Qgep ag < a < ay

where a {sep} 0.07, a_ 0 = 10 Re, a_1 = 5.75 x 10 Re = 0.13 pc, and
m 1.2. This distribution implies that the number of wide binary systems
per logarithmic interval is equal and about 50% of binary systems have orbital
periods less than 100 yr (Han et al. 1995).

(5) Either a single starburst with 10*! Me or a constant star formation rate
(SFR) of 5 Me yr—! in the past 15 Gyr is assumed in our calculations.

3. Results

In this section, we present the main results from our detailed binary evolution
and population synthesis calculations, including the initial parameter spaces
(i.e., the orbital period-secondary mass plane) which eventually lead to SNe Ia
in the hybrid CONe WD + MS channel, and the predicted birth rates and delay
times of SNe Ia from this channel.

3.1. Initial Parameter Contours

We use the MESA code to perform detailed binary evolution calculations for
about 1000 binary systems consisting of a CONe WD (which is treated as a
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point mass) and an MS companion star using the method described in Section
2.1. The initial masses of CONe WDs and MS companions and orbital periods
of these binary systems cover the ranges of 1.0-1.3 Me, 1.0-4.0 Me, and 0.25-20
days, respectively. Figure 1 [Figure 1: see original paper| presents the results
from our detailed binary evolution calculations in the P_i-M_i,2 plane for
different given initial WD masses. The filled circles and cross symbols in Figure
1 respectively correspond to models that are able and unable to successfully
produce SN Ia explosions in our calculations.

The left boundaries of initial contours (solid lines) in Figure 1 are constrained
by the requirement that the binary systems do not fill their Roche lobes before
the MS phase. Binary systems outside the upper boundaries of the contours
subsequently experience dynamically unstable mass-transfer and lead to CE
objects. For binary systems outside the right boundaries, their mass-transfer
rates are too high to lead to a long enough mass-transfer phase. This inhibits
the WDs from accumulating mass to reach the Chandrasekhar limit. For binary
systems below the lower boundaries of the contours, the MS donors are not
massive enough to lead to sufficient mass-transfer rates to allow the WDs to
accumulate mass to reach the Chandrasekhar limit.

As shown in Figure 1, the contours for the initial CONe WD mass of 1.3 Me
extend to a significantly higher initial donor mass (the upper boundary) com-
pared to those of other models, i.e., the enclosed region of this contour is much
larger. This is because binary systems close to the upper boundaries may go
through a short dynamically stable mass-transfer phase before dynamically un-
stable mass-transfer starts. This phase will only allow a small amount of mass
accumulation (~0.1 Me) onto the CONe WD due to the short timescale. Thus,
only a 1.3 Me CONe WD can accumulate enough mass to reach a mass of 1.378
Me to trigger an SN Ia explosion.

3.2. Results of Binary Population Synthesis

By using the method described in Section 2.2, we follow the rapid evolution
of 10® binary systems from the ZAMS phase to the formation of CONe WD +
MS systems. Once the formed CONe WD + MS systems fall into the initial
contours given by detailed binary evolution calculations (i.e., Figure 1) at the
moment of RLOF, we simply assume that the systems would eventually lead to
successful SN Ia explosions. Figure 2 [Figure 2: see original paper| presents the
predicted birth rates of SNe Ia from our BPS calculations for the hybrid CONe
WD + MS channel by assuming a constant star formation rate (SFR) of ~5 Me
yr~! over the past 15 Gyr. As shown in Figure 2, the SN Ia rate in a galaxy
with a constant SFR is affected not only by the assumed CE ejection efficiencies
in our BPS calculations but also by the adopted CBR factors. Depending on
different a{CE} and CBR factors, we find that the SN Ia rate in a galaxy with
a constant SFR in the hybrid CONe WD + MS channel at Z = 0.0001 is about
0.11-8.89 x 10~* yr=t. In addition, Figure 2 shows that a lower a{CE} tends
to give a higher SN Ia rate. This is because the lower the a_ {CE} values are,

chinarxiv.org/items/chinaxiv-202502.00274 Machine Translation


https://chinarxiv.org/items/chinaxiv-202502.00274

ChinaRxiv [$X]

the more orbital energy will be lost when the primordial binary systems eject
the CE to form a CONe WD + MS system. As a result, the CONe WD + MS
systems will have shorter initial orbital separations. This refers to a shorter
initial Roche-lobe radius, thus making it easier to start the RLOF, leading to
higher SN Ia rates.

Figure 3 [Figure 3: see original paper| presents the delay-time distributions
(DTDs) of SNe Ia in the hybrid CONe WD + MS channel at Z = 0.0001 after
a starburst of 10'* Me. We find that the delay times of SNe Ia in this channel
cover a range of 0.05-2.5 Gyr. Two peaks are observed in the DTDs of SNe
Ia, which is consistent with the result shown in Meng & Podsiadlowski (2014).
The right peak, around 0.3 Gyr, is given by SNe Ia produced from the normal
CONe WD + MS evolutionary channel. The left peak, around 0.06 Gyr, is
from the so-called He-enriched MS (HEMS) evolutionary channel (see Meng
et al. 2009; Liu & Stancliffe 2018, for a detailed description). In the HEMS
channel, the primary star begins its first episode of RLOF mass-transfer during
the HG phase or during the RG phase. The binary system then undergoes a
CE phase due to dynamically unstable mass-transfer. After the CE ejection,
the primary He star and a companion MS star remain in the system. As the
primary He star continues to evolve and expand, the second episode of RLOF
mass-transfer occurs. In this phase, He-rich material transfers onto the surface
of the companion MS star and eventually forms a CONe WD + HEMS binary
system (Liu & Stancliffe 2018). SNe Ia formed in the hybrid CONe WD +
HEMS channel have relatively shorter delay times compared to those of the
normal hybrid CONe WD + MS channel.

Figure 4 [Figure 4: see original paper] shows the mass distribution of the initial
hybrid CONe WDs of the systems which successfully produce SNe Ia. The
lower- and upper-limits for the initial CONe WD masses (which are about 1.02
Me and 1.30 Me) are respectively constrained by the upper-limits for CO WD
and CONe WD masses given by Figure 5 of Chen et al. (2014). The difference
in distribution between the CBR factor of 0.1 and 1 is relatively small, leading
to the SN Ia rates of these two cases being quite similar (see Figures 2 and 3).
For a CBR factor of 10, however, more CONe WD + MS systems that fulfill
the condition for SN Ia production are formed, as well as the SN Ia rates shown
in Figure 2.

4.1. Comparisons with Previous Works

In Figure 5, we compare the initial contours in the P_i-M_1i,2 plane from
our detailed binary evolution calculations (Z = 0.0001) to those given by the
previous work of Meng & Podsiadlowski (2014) with Z = 0.02. It shows that
our contours cover shorter orbital periods and lower MS companion masses than
theirs. Similar trends are also shown in the binary systems from the CO WD +
MS channel in Meng et al. (2009). In Figure 6 [Figure 6: see original paper], we
further compare the predicted SNe Ia rates in a galaxy with a constant SFR and
delay times of SNe Ia between the two metallicities. Here, only the results with
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a CBR factor of 0.1 are presented. It shows that the SNe Ia rates in a galaxy
with a constant SFR do not change significantly as the metallicity varies from
7Z = 0.02 to Z = 0.0001. However, Figure 6 shows that SNe Ia have relatively
longer delay times in lower-metallicity environments. This is because progenitor
systems in lower-metallicity environments have smaller initial secondary masses
(see Figure 5), leading to longer evolutionary timescales until they fill their
Roche lobe and thus longer delay times (see also Meng et al. 2009).

To compare our results with observations, following the previous work of Kistler
et al. (2013), we simply calculate the galactic masses in a low metallicity galaxy
with Z = 0.0001 by using the relation between stellar metallicities and galactic
masses derived from Sloan Digital Sky Survey (SDSS) observations (Gallazzi et
al. 2005). This gives a galactic mass of ~2.5 x 107 Me for Z = 0.0001. We then
use the observational relation between SNe Ia birth rates and stellar masses
provided by Wiseman et al. (2021) to calculate the expected SN Ia rates at Z =
0.0001, which is ~6.6 x 107° yr~!. These rates are relatively lower than those
from our BPS calculations of ~3.9 x 10~* yr~! by a factor of 6. However, it
is important to note that BPS calculations have some uncertainties (e.g., Han
et al. 2020, see also Section 4.2). Also, we directly use the relations given by
Gallazzi et al. (2005) and Wiseman et al. (2021) for calculations under some
assumptions such as that the effect of redshift could be neglected. This may
lead to some uncertainties in the expected SN Ia rates at Z = 0.0001.

4.2. Uncertainties of Our Results

In this work, we simply assume that all stars are in binary systems. This means
that our calculations only present upper limits of the SNe Ia birth rates. We
also assume that all binary systems are in circular orbits. This assumption may
lead to some uncertainties in the results. In previous work, Wang et al. (2013)
investigated the effect of different initial eccentricities on their BPS results. They
suggested that different initial eccentricities lead to a small difference in rates
and delay times of SNe Ia from their BPS calculations compared with those
with an assumption of a circular orbit. In addition, we simply use a constant
SFR of ~5 Me for our calculations, which could lead to SN Ia rates in Figure 6
being under- or over-estimated. For comparison, we adopt a variable SFR given
by Kubryk et al. (2015) to study its effect on SN Ia rates. As shown in Figure 6,
with a variable SFR, SN Ia rates rise and reach a peak at delay times around 1
Gyr, then decline exponentially. This indicates that different SFRs need to be
taken into account in BPS studies for SNe Ia.

We adopt the optically thick wind model (Hachisu et al. 1996, 1999; Kato
& Hachisu 1999) for the treatment of the mass accumulation efficiency onto
the WDs. However, the exact mass accumulation efficiency is still not well-
constrained, which might bring some uncertainties to our results. Previous BPS
studies have shown that adopting different mass accumulation efficiencies onto
the WDs in BPS calculations could give a significant difference in the predicted
SN Ia rates (e.g., Piersanti et al. 2014; Ruiter et al. 2014; Toonen et al. 2014).
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We have tested the influence of different CE ejection efficiencies on the results by
varying the values of a{ CE} from 0.5 to 8.0 in our BPS calculations. However,
current constraints on the CE ejection efficiency are still quite weak. Mean-
while, a fized binding energy factor value (A{CE} = 0.5) is used for all evolu-
tionary phases in a single BPS calculation (see also Meng & Podsiadlowski 2014).
Ivanova (2011) suggested that the value of A\{CE} is dependent on the relative
mass distribution of the envelope of the donor stars, thus the exact \{CE} value
might vary with different evolutionary phases. In addition, other initial condi-
tions and assumptions in BPS calculations such as the SFR and initial mass
function are still quite uncertain (see Claeys et al. 2014, for a detailed descrip-
tion of theoretical uncertainties in BPS studies of SNe Ia). This may also lead
to some uncertainties in our BPS results.

5. Summary

In this work, we have addressed the rates and delay times of SNe Ia produced
from the hybrid CONe WD + MS channel at low metallicity of Z = 0.0001
by combining the results of detailed binary evolution calculation with MESA
(Paxton et al. 2011, 2013, 2015, 2018, 2019) into the population synthesis models
computed from BSE (Hurley et al. 2000, 2002). We adopt the ‘optically thick
wind model’ for the treatment of the mass accumulation efficiency onto the
accreting CONe WD. Compared with previous works for solar-like metallicity
of Z = 0.02 (Meng & Podsiadlowski 2014), we attempt to explore how different
metallicities affect the rates and delay times of SNe Ia in the hybrid CONe WD
+ MS channel. Our main results and conclusions can be summarized as follows:

(1) Depending on different CE ejection efficiencies and CBR factors adopted
in BPS calculations, we find that the SN Ia rates in a galaxy with a
constant SFR of ~5 Me from the hybrid CONe WD + MS channel at low
metallicity of Z = 0.0001 are (0.11—3.89) x 10~* yr—1.

(2) The DTDs of SNe Ia from the hybrid CONe WD + MS channel at Z =
0.0001 cover a wide range of 0.05-2.5 Gyr, and most SNe Ia have delay
times of ~0.3 Gyr.

(3) Comparing with previous works of Meng & Podsiadlowski (2014) for Z
= 0.02, we find that SN Ia rates and delay times given by our work are
not significantly different from theirs, although SNe Ia produced at a low
metallicity environment of Z = 0.0001 have relatively longer delay times.
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