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Abstract The core-degenerate (CD) scenario has been suggested tpdssible
progenitor model of type la supernovae (SNe la), in which dba@a-oxygen white
dwarf merges with the hot CO core of a massive asymptotictdieanch star dur-
ing their common-envelope phase. However, the SN la biekréor this scenario
are still uncertain. We conducted a detailed investigatiwo the CD scenario and
then gave the birthrates for this scenario using a detailedt® Carlo binary pop-
ulation synthesis approach. We found that the delay timeSN# la from this sce-
nario are~70 Myr—1400 Myr, which means that the CD scenario contributes tmgou
SN la populations. The Galactic SN la birthrates for thimse® are in the range of
~T7.4x107° yr=1 = 3.7 x 10~* yr~!, which roughly accounts for2%-10% of all
SNe la. This indicates that, under the assumptions made ther€D scenario only
contributes a small portion of all SNe Ia, which is not cotesis with the results of
lIkov & Soker.
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1 INTRODUCTION

Type la supernovae (SNe la) play an important role in asysigk. Due to their high luminosities
and uniformity, SNe la are considered to be good distancieatats to determine cosmological
parameters (e.g., Schmidt et al. 1998; Riess et al. 199BnBer et al. 1999). Studies on measuring
cosmological distance through SNe la indicate that the esipa of the Universe is accelerating,
which implies the existence of dark energy (see also, eigssret al. 2007; Kuznetsova et al. 2008).
In addition, SNe la are also crucial for the study of galactiemical evolution because they are the
main contributors of iron to their host galaxies (e.g., @ieg Renzini 1983; Matteucci & Greggio
1986).
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There is a theoretical consensus that SNe la are thermamuetplosions of carbon-oxygen
white dwarfs (CO WDs) in binary systems (Hoyle & Fowler 196@moto et al. 1997). However,
the precise nature of SNe la remains uncertain, especiatigarning their progenitor models and
explosion mechanisms (Leibundgut 2000; Hillebrandt & Négrer 2000; Parthasarathy et al. 2007,
Podsiadlowski et al. 2008; Bogomazov & Tutukov 2011; Wang &2012; Wang et al. 2013b).
The most remarkable properties of SNe la are their appai@ilagty to each other. Most of the
discussions about possible progenitors of SNe la mainlgeotnate on the Chandrasekhar mass
model. When the WD increases its mass to the Chandraseklsar limat, it may explode as an
SN la.

Several SN la progenitor scenarios have been proposed lwerast few decades, e.g., the
single-degenerate (SD) scenario where the companion @@e/D is a non-degenerate star (e.g.,
Whelan & Iben 1973; Nomoto et al. 1984; Hachisu et al. 1996& hian den Heuvel 1997; Han
& Podsiadlowski 2004; Meng et al. 2009, 2011; Chen & Li 200%n et al. 2009a, 2010, 2014b;
Ablimit et al. 2014), the double-degenerate (DD) scenati@rn@ SNe la arise from the merging of
two CO WDs (e.g., Tutukov & Yungelson 1981; Webbink 1984 nigeTutukov 1984), the double-
detonation scenario where a sub-Chandrasekhar mass Wihalataes a layer of He-rich material
from an He donor star (e.g., Woosley & Weaver 1994; Livne & éttr1995; Wang et al. 2013a),
and the WD-WD collision scenario where two WDs collide and immediatiglyite (e.g., Raskin
et al. 2009; Rosswog et al. 2009; Kushnir et al. 2013). Eatchevfbove scenarios is not completely
consistent with observations at present. Observatiorideace suggests that these scenarios may
coexist (see the review by Howell 2011; Wang & Han 2012; Maad.e2014).

Early numerical simulations have shown that a deficiencyhen@D scenario is its tendency
to result in an accretion-induced collapse (AIC) and, dtiety, the formation of a neutron star
(Saio & Nomoto 1985; Hillebrandt & Niemeyer 2000)n order to overcome the AIC of the DD
scenario, the core-degenerate (CD) scenario has beenggabga this scenario, a Chandrasekhar
or super-Chandrasekhar mass WD is formed from the mergeC& &/D with the hot core of an
asymptotic giant branch (AGB) star during the planetaryufeephase or shortly after the termination
of the common envelope (CE) phase (e.g., Sparks & Stechef; 1970 & Riess 2003; Kashi &
Soker 2011; Soker 2013a; llkov & Soker 2012, 2013; see alst doal. 2008). Soker et al. (2014)
suggested that the properties of SN 2011fe (e.g., the caiblertomposition of the fast moving
ejector and a compact exploding object) may be explainethisyscenario. Recently, Briggs et al.
(2015) also did some population synthesis of a WAIB core merger, and found that the majority
of WDs with high magnetic fields are the carbon-oxygen tyaé therge within a CE.

It was originally assumed that circumstellar material (Q$Muld not be present in the merger
of two WDs (e.g., Maguire et al. 2013). However, recent te&oal studies, which investigated the
interaction of ejected material from the WDs with the intellar medium (Raskin & Kasen 2013;
Shen et al. 2013), have suggested that the detectable CSivhim SNe la could be explained by the
DD scenario (see also Ruiter et al. 2013). Soker et al. (2adf)ed that a prompt violent merger
via the CD scenario can explain the properties of SN PTF 1d.ky, the multiple shells of CSM and
the interaction of ejected material from the SN with the CSMah started 59 d after the explosion
of the SN. Note that Dilday et al. (2012) suggested that SN PTix can be explained by the SD
scenario.

Although the CD scenario has many advantages, as mentiboed,avhich might explain some
properties related to diversity of SNe la, many of the charéstics of the CD scenario obtained
from different methods are not consistent with each othepeeially the SN la birthrate. llkov &
Soker (2013) recently calculated the expected number ofi&Methe CD scenario, and their results
showed that the CD scenario can account for the birthrat&Nef la within the uncertainties of

1 Even if the AIC can be avoided, the WD remnant of the mergetirligse aboud.5 M, via a superwind from the
resulting giant-like structure and fail to reach the catimass needed for the SN explosion (e.g., Willson 2007; $hah
2012).
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several processes. The estimated SN la birthrate for teisaso is higher than what is observed,
based on their simulations, assuming certain values fopainemeters in their model. The purpose
of this paper is to study SN la birthrates and delay timestitr $cenario using a detailed binary
population synthesis (BPS) approach. In Section 2, we testite BPS methods for the CD sce-
nario. In Section 3, we show the simulation results of the €&nario by the BPS approach. Finally,
we present a discussion and conclusions in Section 4.

2 METHODS

Adopting tested assumptions regarding the CD scenarioefStiKL3a; llkov & Soker 2012, 2013),
we performed a series of Monte Carlo simulations via Hugegpid binary evolution code (Hurley
et al. 2000, 2002). In each simulation, we have followed th@ugion of 1 x 107 sample binaries,
some of which could form WD + AGB binaries. The criteria fort@atial SN la progenitors in the
CD scenario are as follows. (1) The total mass of the WD rernogthe primary (wp) and the
mass of the AGB corel(...., secondary) during the final CE phase should be super-Casekinar,
i.e., Mwp + Meore = 1.4 Mg . (2) Mcore = Mwnp, the core of the AGB star has a greater mass than
the WD remnant of the primary star. (3) The WD and the AGB coezga in the subsequent CE
phase.

The binary formation channel for the CD scenario in this papsimilar to that described in
llkov & Soker (2013). The mass of the primordial primary s&ain the range 02.0 — 6.5 M, and
the initial mass ratio between the secondary and the priiepy' A/, ) is in the range 00.76 — 1.0.
The primordial orbital separation of the binary system dthdne wide enough for the primary to
evolve into an AGB star (wider tha2300 R). The primary loses a lot of material by the wind
before it fills its Roche-lobe, and results in a stable Rdohe-overflow (RLOF) which occurs later.
After the stage of RLOF, the binary system becomes a CO WD # sejuence (MS) star system.
At this stage, the secondary is still an MS star which is moassive than the primordial primary.
The WD + MS system continues to evolve, and then the MS secpm#zomes an AGB star and
fills its Roche-lobe. After this stage, the system enters ap@&se owing to the deep convective
envelope of the AGB star and the large mass ratio. In the sulesg stage, if the CE cannot be
ejected, then the WD will merge with the core of the AGB statiiyuthe CE phase (see also Soker
2013b).

In this article, Hurley’s rapid binary evolution code waoatkd in our BPS approach. In this
code, several processes are taken into consideration mdke transfer process via RLOF, e.g., dy-
namical mass transfer, nuclear mass transfer, thermal tnzanssder, etc. In addition, wind accretion
is also taken into consideration in this code. For detaits sections 2.1 and 2.6 in Hurley et al.
(2002).

We used the standard energy equations (e.g., Webbink 18&4&)dulate the output of the CE
phase. The CE is ejected if

(GMéonMaCC GM(iionMaCC) GMcilonMcnv
Qlce =

— 1
SV (1)

2a¢ 2a;

where) is a structural parameter that depends on the evolutionage ©f the donor)/y,,, is the
mass of the donoi)/,.. is the mass of the accretar,is the orbital separation\/.,,, is the mass
of the donor’s envelopeR 4., is the radius of the donor, and the indidesndf denote the initial
and final values, respectively. The right side of the equatépresents the binding energy of the
CE, the left side shows the difference between the final aitidliorbital energy, and.. is the CE
ejection efficiency. In principle, we expett a.. < 1, but we often find thatv.. exceeds 1 for the
purpose of explaining the observed binaries (Han et al. 1@@&®hbink 2008). There are two highly
uncertain parameters (i.e\,anda..), and we combine... and) into a single free parameteg.. A
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Fig. 1 The evolution of SN la birthrates with time from the CD scémdor anSFR = 5 M, yr—*
with different values ofx..A. The key to the line-styles representing different A is given in the
upper left corner.

in this paper. We change the valuewf \ to examine its influence on the birthrates and delay time
of SNe la, and set it to be 0.01, 0.1 and 1.0 (e.g., Wang et GPI20

The basic initial parameters for the Monte Carlo BPS sinnutatare as follows:

(1) A constant star formation rate (SFR) of\., yr—! over the past 14 Gyr is adopted, or alter-
natively, it is modeled as a delta function for a single insaeous starburst (a burst producing
1019My in stars is assumed).

(2) The initial mass function (IMF) proposed by Miller & Soa1979) is adopted.

(3) A constant mass-ratio distribution is taken (e.g., ®eld) & Mazeh 1994).

(4) A Monte Carlo method is utilized to generate the primartinary samples. We assume that all
stars are members of binary systems and that the distribafiseparations is constantlivg a
for wide binaries, where is separation and falls off smoothly at small separation:

. _ [ asep(a/ag)™, a < a,
a-n(a) = { Olseps ap < a < ay, (2)

whereage, ~ 0.07, a9 = 10 Rg, a1 = 5.75 x 105 Ry, = 0.13pc andm ~ 1.2 (Han et al.
1995).

(5) A circular orbit is assumed for all binaries. The orbifssemidetached binaries are generally
circularized by the tidal force on a timescale which is mutiater than the nuclear timescale.
Moreover, a binary is expected to become circularized duttie RLOF. As an alternative, we
also consider a uniform eccentricity distribution in thage [0, 1].

(6) A substantially revised version that was presented ly &bal. (1997) is used to treat RLOF in
Hurley’s rapid binary evolution code, and the stability o tmass transfer is described with the
radius-mass exponent which was defined by Webbink (1985).

(7) Metallicities were chosen to e = 0.02.
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3 RESULTS

We performed three sets of simulations to systematicallgstigate the Galactic birthrate of SNe la
for the CD scenario by changing the model parameter to exath@ir influences on the final results.
The Galactic SN la birthrate under the assumptions madeftmmethe CD scenario is in the range
of ~7.4x107° yr—' =3.7 x 10~* yr—! (see Fig. 1), which accounts fer2%—10% of the Galactic
SN la birthrate observed3—4 x10~2 yr—!; Cappellaro & Turatto 1997; Li et al. 2011). The
birthrate in this paper is much lower than the value obtafneth observations. In Figure 1, we can
see that the SN la birthrate of the CD scenario increaseseas.ih is decreased. This trend can
be understood as follows: the final orbital separation shbalsmaller to inject the same amount of
energy to the envelope, which will lead to more WBGB core mergers, and hence more SNe la.

Figure 2 shows the evolution of SN la birthrates with timenirthe CD scenario for a single
starburst with a total mass ©6'° M, and the SNe la occur with no appreciable delay after merging
where the spin-down time is assumed to be negligible. Frasrfitiure, we can see that SNe la from
the CD scenario occur between 70 Myr and 1400 Myr after thdvstat, which means that the CD
scenario might explain some young SNe la with short delagsinm this figure, the shortest SN la
delay time would mainly be decided by the lifetime of an MS stidh 6.5 M.

In Figure 3, we display the mass distribution of the total sn&&,.1 = Mwp + Meore Of
WD+AGB systems that can ultimately produce SNe la. From thigéigwe can see that there is a
peak of Mywp + Mcore N the vicinity of 1.4M . This trend can be understood by the IMF of stars
(e.g., Miller & Scalo 1979).

Figure 4 displays the distribution d¥/\wp /Mo With different .. A. From this figure, we
can see that there is a peak &fwp/Meore in the vicinity of 1.0, and almost all the values of
Mwp/M.or. are above 0.8. This result is in disagreement with that aivl& Soker (2013), in
which the peak of\fwp /M. is in the vicinity of 0.8, indicating larger AGB cores. Thisght
be a result of the much higher mass transfer parameter atibptélkov & Soker (2013), who
consequently arrived at a much lower mass rafigp /M., (for details see Section 4).

Figure 5 presents the density distribution in the initialss\@lane ofMwp and M.... where
Mwp < M. Note that the density distribution is predominantly caricated in the vicinity of
the diagonal in this figure. This result is in disagreemeithwhat of Ilkov & Soker (2013), which
has a larger distribution area above the diagonal, indigatiore massive AGB cores. For the same
reason, this might be a result of the much higher mass trapafameter adopted by Ilkov & Soker
(2013).

According to our BPS approach, we also present some prepartiWD+AGB systems that
can produce SNe la, which would be helpful to search for g@tlprogenitor systems of SNe la.

Figure 6 shows the distribution of the initial orbital petof the WD-AGB systems for pro-
ducing SNe la. We note that there is a peak-at0®* d. In Figure 7, we display the distribution of
the initial masses of CO WDs in WWBAGB systems. From this figure, we can see that the distribu-
tion is in the range 06.64 — 1.26 M, and that most of the masses are concentrated in the interval
between~ 0.66 My and1.0 M.

In Figure 8, we show the distribution of the initial massesttod AGB stars in WB-AGB
systems. From this figure, we can see that the distributingeds1.4 — 7.2 M, and that most of
the masses are concentrated in the interval between/, and4.5 M. These properties will be
helpful to constrain the progenitor scenario studied in gaper.

In Figure 9, we present the distribution of the orbital pdraf surviving WD+WD binaries
which result from WD-AGB systems for differentv.. A with a uniform eccentricity distribution.
From this figure, we can see that@s A increases, the orbital period of the surviving WI/D bi-
naries also increases. This trend can be understood asw$obdowera..\ causes more WHPAGB
core mergers and less surviving WIWD binaries. Meanwhile, a lower..\ leads to closer surviv-
ing WD+WD binaries, the reason for which is the same as that of thedentioned birthrate trend.
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Fig.2 The evolution of SN la birthrate with time from the CD scenpafior a single starburst of
10'° M. In this figure, the spin-down time is not included in the geiene. The open circles and
filled squares are taken from Maoz et al. (2011) and Totarli é€2@08), respectively. The key to the
line-styles representing differeat. A is given in the upper right corner.

0.08
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Relative Frequency

MWD +Moore (MG)

Fig. 3 Distribution of the combined masses of théyp + Mo in WD+AGB systems that can
produce SNe la. Only systems wiftfwp < M-core are included in this figure. The solid, dashed
and dot-dashed lines show the caseaQf\ = 0.01, ace A = 0.1 andac. A = 1.0, respectively.

Moreover, the ratios of the number of surviving WAWD systems in this figure to the numbers of
merged WD-AGB systems in the CD scenario fag. A = 0.01,0.1 and1.0 are 2.07, 3.45and 15.54
according to our simulations, respectively. In realitylyom small portion of these surviving close
WD+WD systems would merge by gravitational waves, as in the Didado, or by tidal forces at
later evolution. If we take into consideration only thosevéting WD+WD systems which merge
within a Hubble timescale (the evolutionary timescale gresitational wave timescale is less than
the Hubble timescale), the ratios are 1.66, 0.75 and 0.6fox = 0.01, 0.1 and1.0, respectively.
From this figure, we also see that there are many survivingftWD systems, which arise from
from CE ejections, with periods shorter thau01 day for a..A=0.01. Gravitational wave radiation
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Fig.4 Similarto Fig. 3, but for the distribution of the mass rat&iween the WD and the AGB core,
Mwp /Mcore, iIn WD-+AGB systems.
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Fig.5 Density distribution in the initial mass plane dfwp and Mcor in WD+AGB systems that
can produce SNe la, in which we set.\ = 0.01.

will cause these surviving WBWD systems to merge soon after CE ejection, and this is anothe
sub-channel of the CD scenario (see Meng & Yang 2012). Fagrohtonal and theoretical papers
on WD4+WD binaries, see, e.g., Badenes & Maoz (2012) and Toonen @412).

4 DISCUSSION AND CONCLUSIONS

We found that the Galactic SN la birthrate in the CD scenasidni the range of~ 7.4 x
102 yr—1=3.7 x 10~*yr~!, which accounts for about2%—-10% of the observed value. Meng
& Yang (2012) recently obtained the SN la birthrate via a sbhnnel by which the CD scenario
can form SNe la when the merging process of double WDs occitingwabout10® yr after the CE
phase. The contribution from this sub-channel of the CD agerto all SNe la is only about 0.1%.
Even when the birthrate of this sub-channel of the CD sceriaradded, the total contribution of
the CD scenario is still less than 10%. In other words, undeassumptions the birthrate of SNe la
due to the CD scenario is only a small fraction of the totaleorsd SN la birthrate compared with
the results of llkov & Soker (2013). In contrast, Ilkov & SaK2013) claimed that the CD scenario
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Fig.6 Initial orbital period distribution of WB-AGB systems with different values @fc.\, in
which these WB-AGB systems can produce SNe la.
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Fig.7 Similar to Fig. 6, but for the initial mass distribution of V¢Iin WD+AGB systems.

plays a leading role in SN la formation, and that the birthiatiuced by the CD scenario can match
the observed birthrate of SNe la by adopting favored values.

Obviously, our results are significantly different from siecof llkov & Soker (2013). The main
difference between our work and that of Ilkov & Soker (2013)he treatment of the mass transfer
between the binary constituents. llkov & Soker (2013) clali@d the new mass of the MS secondary
(Manew) with the formulaMayew = Ma+n(M;—Mwp). Atthis step, the primary (with initial mass
M) has evolved through the AGB phase and turned into a WD (wikaih/yp) and the secondary
(with massMay,ew) is still an MS star (with initial mas84/;) but has accreted mass from the primary
star. In order to conduct a quantitative comparison withrésults of llkov & Soker (2013), we
take into account the distribution of the value of the maasdfer parametey established by our
calculations (see Fig. 10).

In Figure 10, we can see that the values of the mass transfamptern are in the range of
~0.22-0.43 for all potential WB-AGB systems, and-0.33-0.43 for those WB-AGB systems
which can result in SNe la. The maximum value;a$ under 0.45, which is only half the value pf
taken by llkov & Soker (2013);=0.8-0.9. From this figure, we can also see that the mass transfer
process plays a crucial role in forming SNe la in the CD sdenar
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Fig.8 Similar to Fig. 6, but for the initial mass distribution of ASstars in WDHAGB systems.
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Fig.9 The final orbital period distribution for the surviving WBND binaries which result from
WD+AGB systems with a uniform eccentricity distribution. Ttadid, dashed and dot-dashed lines
show the cases @fc..\ = 0.01, ace A = 0.1 andacc A = 1.0, respectively. The ratios of the number
of surviving systems in this figure to those that merged inGBescenario fore.. A = 0.01, 0.1 and
1.0 are 2.07, 3.45 and 15.54, respectively. If only those simgiWwD+WD systems which merge
within a Hubble timescale are taken into considerationn tthe ratios are 1.66, 0.75 and 0.0 for
aceA = 0.01, 0.1 and1.0, respectively.

As a consequence of the high mass transfer parameter, théatains of llkov & Soker (2013)
resulted in more massive AGB stars and larger cores (thieibss been discussed above when
analyzing Figs. 4 and 5), and consequently reached a mublerigrthrate of SNe la. In addition,
llkov & Soker (2013) estimated the number of SNe la from thes€Bnario with a simple population
synthesis method, and calculated the birthrate based ateahinitial parameter space. In fact, the
true initial parameter space (capable of generatingfMXBB systems which can result in SNe Ia)
may be relatively small, and the resultant birthrate of SiNeill not be so high.

Observations of several overluminous SNe la imply that tbeye from the WD explosion
where the WD has a mass exceeding the standard Chandra$iekhée.g., Howell et al. 2006;
Astier et al. 2006; Hicken et al. 2007; Yamanaka et al. 20@®igka et al. 2010; Yuan et al. 2010;
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Fig. 10 The distribution of mass transfer paramejevhich is adopted in our code, in which we set
aceA = 0.01. The dashed line shows the distributionroffor all potential WD+AGB systems. The
solid line represents the distributionpfor those WDAGB systems which can result in SNe la.

Scalzo et al. 2010). Tout et al. (2008) claimed that the faionaf massive rotating WDs with strong
magnetic fields might be attributed to the merger of a WD whth¢ore of an AGB star.

In Figure 3, we can see that most of the masses of thelABB cores were larger than 14,
Therefore, the CD scenario might be in a position to accoontie formation of overluminous
SNe Ia, and the contribution to SN la birthrates from the C&nhstio might mainly manifest itself in
the form of overluminous SNe la. Note that the SD model of SiNméay also produce overluminous
SNe la if the WDs have been prevented from exploding by thecefff differential rotation (e.g.,
Yoon & Langer 2005; Chen & Li 2009; Hachisu et al. 2012; Wangle2014a).

Pakmor et al. (2010) proposed that some SNe la are the rdsaulviolent merger of two ap-
proximately equally massive WDs, in which the mass raticeisMeen 0.8 and 1.0. The main SN la
forming mechanism of the CD scenario may be the violent ptamgrger of a WD with the core
of an AGB star because the mass range and the mass ratio ofdhend/the AGB core meets the
criteria that were proposed by Pakmor et al. (2010). For g@nfrom Figure 4, we can see that
almost all of the values aifwp /M. are concentrated in the interval of 8:8.0.

In this paper, we obtained an upper limit on the birthrate Mé$a based on the CD scenario
by taking into account all the potential WEAGB systems. Under our assumptions and parameters,
the total contribution from all of the potential WPAGB systems to all SNe la is no more than
10%. We note that some of our assumptions are not in consaiiusthers (llkov & Soker 2013).
We also obtained the delay time distribution of SNe la aggiom the CD scenario, the slope of
which follows a power law witht—! (e.g., Graur et al. 2011; Maoz et al. 2011), and the CD soenari
may explain some young SNe la with short delay times. The gd&Me la may play an important
role in Galactic chemical evolution (Scannapieco & Bilasg905; Aubourg et al. 2008; Mannucci
et al. 2008; Wang et al. 2009b), because large amounts ofvoatd be returned to the interstellar
medium much earlier than what was found in previous studies.
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