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Abstract Type la supernovae (SNe la) are thermonuclear explosiortadifon-oxygen white dwarfs
(CO WDs), and are believed to be excellent cosmologicahdes indicators due to their high luminos-
ity and remarkable uniformity. However, there exists a diitg among SNe la, and a poor understanding
of the diversity hampers the improvement of the accuracyoshmlogical distance measurements. The
variations of the ratios of carbon to oxygen (C/O) of WDs gtlegion are suggested to contribute to the
diversity. In the canonical model of SNe la, a CO WD accretasten from its companion and increases
its mass till the Chandrasekhar mass limit when the WD e)gdoth this work, we studied the C/O ratio
for accreting CO WDs. Employing the stellar evolution code$A, we simulated the accretion of He-rich
material onto CO WDs with different initial WD masses andeti&nt mass accretion rates. We found that
the C/O ratio varies for different cases. The C/O ratio ofddereting CO WDs at explosion increases with a
decreasing initial WD mass or a decreasing accretion rae various C/O ratios may, therefore, contribute
to the diversity of SNe la.
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1 INTRODUCTION warfs (CO WDs) in close binaries. Once a CO WD in-
creases its mass close to the Chandrasekhar mass limit,
Type la supernovae (SNe la) are of great importance ithe carbon in the degenerate core is ignited, and the ex-
astrophysics. They have been successfully used as stgposive carbon burning may destroy the WD, which ex-
dardizable candles for measuring cosmological distancggodes as an SN la (Nomoto et al. 1984). However, no
due to their high luminosity and remarkable uniformity, progenitor system before SN la explosion has been con-
leading to the discovery of the accelerating expansion oflusively identified (Wang 2018). Recently, many differ-
the universe which is driven by dark energy (Riess et alent kinds of progenitor models of SNe la have been pro-
1998; Perlmutter et al. 1999). Also, SNe la are importanposed (see Wang & Han 2012 for a review), and the most
t for the evolution of their host galaxies since many heavyfavourable models are the single-degenerate (SD) model
elements can be produced during their explosions (Greggiand the double-degenerate (DD) model. For the SD mod-
& Renzini 1983; Matteucci & Greggio 1986; Rana 1991).el, a CO WD accretes material from its non-degenerate
Besides, they are accelerators of cosmic rays (e.g., Heldepmpanion, and the WD grows in mass till it is close to
et al. 2009; Fang & Zhang 2012). the Chandrasekhar mass limit and explodes as an SN la

(Whelan & Iben 1973; Nomoto et al. 1984; Hachisu et al.
Hoyle & Fowler (1960) suggested that SNe la result
y ( ) sugg 1996; Li & van den Heuvel 1997; Han & Podsiadlowski

from thermonuclear explosions of carbon-oxygen white d-
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2004; Wang et al. 2009; Meng et al. 2009; Hillman et al.in Section 2, and present the results in Section 3. Finally,
2016; Meng & Podsiadlowski 2017). For the DD model, we discuss the results and conclude in Sections 4 and 5.
an SN la arises from the coalescence of two CO WDs due

to angular momentum loss via gravitational wave radiatiof METHODS

and explosion might happen if the combined mass of thgye employ the stellar evolution code MESA (version5329)
merger is larger than the Chandrasekhar mass limit (Spa”f?’axton et al. 2011, 2013, 2015, 2018) to simulate the ac-
& Stecher 1974; Iben & Tutukov 1984; Webbink 1984; cretion of He-rich material onto CO WDs. Two relevan-
Han 1998; Chen et al. 2012). t MESA suite cases (makeo.wd and wd?2) are used for

When SNe la are applied as distance indicators, th@Ur Simulations. The suite case mat@wd is used to cre-
Phillips relation (Phillips 1993) is adopted. However réhe ate initial CO WD model§. We can. create different kinds
exists spectroscopic diversity among SNe la that is presen?]c WD_S (Z = 0.02) by u.smg the sglte case make.wd,
ly not well understood; how this diversity is linked to the and simulate the accret|or? of He—nch materil € 0.98,
properties of their progenitors is also unclear (Branch.et aZ = 0.02) onto WD? by using t.he Suite case wd2. The .nu-
1995; Wang & Han 2012). Arnett (1982) suggested thaFlear network consists of the |sgtopes needed fo_r helium,
the amount ofNi formed during a SN la explosion dom- carbon and oxygen burning, which are coupled with more

inates its maximum luminosity. However, the origin of thethan 50 nuclear reactions.
variation in the amount of°Ni for different SNe la is still Wang et al. 2015) and Wang et al. (2017) have ob-

unclear (Podsiadlowski et al. 2008). It has been suggestéained the steady burning region for helium accretion on-
that the ratio of carbon to oxygen (C/O) of a WD at the© CO WDs. We follow the W_ork of }’Vang et e}l. (2015)
moment of SN explosion is the dominant parameterforthé'?md Wang et al. (2017), adopting théifzaq and Mstapie-

Phillips relation. That is to say, the higher the C/O ratio,Moreover, Warlwg et al. (2017) foun‘? a.<.:ritical accretion
the larger the amount GFNi (Umeda et al. 1999a), and rate above which off-centre carbon ignition occurs when

the higher the maximum luminosity. Meng et al. (2009)the WD mass approaches the Char?drasekhar mass limit.
and Meng & Yang (2010) studied the initial masses Omece \_Ne want to study the C/O ratio for the WD at the
CO WDs in SN la progenitors with a binary population explos_lon of the SN la, the parameter space for WDs and
synthesis approach. They showed that the masses vary Wﬂqcretlon.rates we use in .our study can (.)nly- be selected
population age and explained the brightness difference df the region where explosive carb_or_1_burn|ng is shown by
SNe la between spiral galaxies and elliptical galaxiesqualwang et al. (2017) to accur. The initial WD masses are,
itatively when the C/O ratios (related to the initial masseghere@e’ chosen to be 0.8, 0.9, 1.0, andMd and the

of the CO WDs) dominate the amount ®iNi produced. ~accretion rates are 1.4,1.6,1.8, andl x 107° Mo yr—!

Recently we have made detailed stellar evolution calcula” our simulations. We only select the initial parameters

tions for accreting CO WDs, and found that the C/O ratio! which helium shell burning could be steady during the

for accreting WDs are higher than previously believed (Cwevolutlon so that the mass retention efficiency of helium

et al. 2018). However, the C/O ratios for accreting WDs the"_ burning is about 100%. However, it is diffic.ult to dg-
termine the lower boundary of the steady burning region

explosion are still not known. The ratios may influence the ) i )
brightness and diversity of SNe la (Kato & Hachisu 2004; Piersanti et al. 2014; Wang et al.

2015, 2017). The WD may undergo several flashes before

The purpose of this paper is to study the C/O ratiossteady burning if thélZ,.. is close to the lower boundary.
of He-accreting CO WDs at explosion in the SD mod-Nevertheless, these flashes could hardly affect the results
el. Previous works have shown that the region of accre- An accreting WD grows in mass via steady helium
tion rates for steady hydrogen shell burning is signifigantl shell burning and finally approaches the Chandrasekhar
lower than that for steady helium shell burning (Ma et al.mass limit. Carbon may be ignited in the centre, and
2013; Wang et al. 2015), and hydrogen-rich material acthe carbon burning can be explosive. To determine the
cretion leads to helium shell flashes (Cui et al. 2018) as atarting point of explosive carbon ignition in the simu-
result. Therefore it is unrealistic to do calculations fioht  lation, Lesaffre et al. (2006) suggested that SNe la ex-
low the accretion of H-rich material till explosion. In this plosion occurs when the accreting WD evolves to the
paper, we use the stellar evolution code MESA to simulat@oint ¢, =1/22t., wheret,, is the exponential tempera-
the accreting process, letting WDs accrete He-rich materiture growth time of carbon burning amgdis a convective
al. We describe our primary method and simulation coddo element crossing time over a pressure scale height. Chen
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etal. (2014) and Wu et al. (2016), however, chose the poirttigher carbon mass fraction than that of the initial WD.
where the central temperature of the WD increases sharplye also see that a higher accretion rate leads to a low-
but the central density of the WD remains nearly the sameer carbon fraction for a given WD. The reason is that the
Such a choice is more physical, and the point is later thatemperature of the helium shell burning region is differen-
that of Lesaffre et al. (2006). In this work, we follow Chen t for various accretion rates. A higher accretion rate leads
etal. (2014) and Wu et al. (2016) in choosing the point forto a higher temperature, and a higher temperature leads to
explosive carbon ignition. greater oxygen gain by helium burning. Moreover, the ini-
tial WD mass has a significant influence on the C/O ratio

3 RESULTS as a lower mass CO WD has a higher C/O ratio inherently.

In Figures 1-3, we present a representative case in our sim- At the moment of explosion, a convection region of
ulations, in which a WD with an initial mass of 130,  1-2Mo is developed (see panel () of Fig. 3), and the ex-
accretes He-rich material at a rate of £ 306 M, yr—'. plosive ignition is at the centre. We define the carbon frac-

Figure 1 shows the mass, the luminosity, and the radius dfon in _the convectiorl region of the WDs at the moment of
the WD during the accretion. It demonstrates that the he€XPlosion as the ratio of the total carbon mass in the re-
lium shell burns steadily as we expected, and the mass &0 to the total mass in the region. In Figure 5, we present
the WD increases linearly with time. It is evident that he-the carbon fractions of the WDs and the carbon fractions
lium shell burning converts He-rich material to carbon and" the conv.ef:'.[ion regions at the moment of explgsion for
oxygen. The radius of the WD decreases as mass increas@dange of initial WD masses and different accretion rates.
consistent with the mass-radius relation of WDs. We find that the carbon fractions and hence the C/O ra-

Figure 2 presents the evolution of central density andiosl increase with either a decreasing initial WD mass or

temperature for the accreting WD. We see that the densit§ decreasing accretion rate.
and the temperature increase first during the accretion. At
the final stage of accretion, carbon starts to burn, the wr§ DISCUSSION

expands (the central density drops), and finally the centra}h this work, we investigate the C/O ratio of CO WDs dur-

density remains nearly the same but the central temperriaﬁg the process of helium accretion. By adopting the ac-

ture increases q.wckly, which leads to the rapld_ growt_h Ofcretion rates of Wang et al. (2015, 2017) for steady helium
the carbon burning rate at the centre. In our simulation

Sshell burning, we simulate the accretion of He-rich mate-

we choose the dot in Figure 2 as the starting point of €Xtial onto WDs. We find that the C/O ratio changes with

plosive carbon burning, and it is later than what was useﬁifferent initial WD masses and different accretion rates.

in Lesaffre et al. (2006).(the cross in Fig. 2)'_ ~In particular, both a lower initial WD mass and a lower
We present the profiles of the mass fractions of he“umaccretion rate result in a higher C/O ratio.

carbon, and oxygen of the WD at the moment just before A low mass CO WD tends to result from a low mass

explosion (i.e., before the explosive ignition point) impa AGB star, and this will lead to a higher initial C/O ratio of
els (a) and (b) of Figure 3. The accreted helium shell burn§ne WD. Similarly, a lower accretion rate leads to a high-

into carbon and oxygen, and this leads to the growth of th%r C/O ratio. The reason is that the C/O ratio depends on

WD core. Similar to the results in Cui et al. (2018), the he-the temperature and the density of the helium burning re-

I|um_shell’s steady burning leads FO a higher carbon masgion. As an example, Figure 6 shows the temperature of the
fraction. Panel (c) shows the profiles of the elements an elium burning region for a 1.1, WD under different

convection region at the exact moment of carbon eXplos'ogccretion rates during its evolution. When helium burning

(i.e., at the explosive ignition point). We see the l:)Ol"f]da“étarts, both 3 reaction for C production andndreaction
of the convective core reaches abotM,. After testing ¢, o production occur. The nuclear reaction rate ford-

different initial WD masses and- accretion ra’Fes, we flndaction increases faster than that far®ith the increase of
that the boundary of the convective core remains the Sam?emperature (Duorah & Kushwaha 1963). Consequently, a

F'Q”re 4 ShOV\_/S t_he_ _evolut|0n of the carbon fraction forhigher temperature for the helium burning region leads to
accreting WDs with initial masses of 0.9 and M@ and | .. oxygen gained (i.e., a lower C/O ratio).

different accretion rates. Here the carbon fraction is de-

fined as the ratio of the total carbon mass to the total mass * Note the sum of the carbon fraction, the oxygen fraction hesfeum

raction andZ of a WD at explosion or that in the convection region is

. . i
of the WD. We see that the carbon fraction becomes hlgh:[.o, and the helium fraction is negligible. A higher carbmacfion means

er during accretion since helium shell burning results in a higher C/O ratio.
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Fig.1 The mass, luminosity and radius during accretion of He-mietterial for a WD with an initial mass of 1 and an accretion
rate of 1.6<107% Mg yr—t.

9.4

9.2 | i

9L Explosive C ignition

38 | Lesaffre et al.(2006) |

8.6

log T (K)

8.2

78 I I I
7 7.5 8 8.5 9 9.5

logp (g cm™3)

Fig.2 The central density and central temperature during acerefi He-rich material for a WD with an initial mass of\1. Thedot
represents the starting point for explosive carbon burniagise, while therossshows the point of Lesaffre et al. (2006).

We only simulate the steady burning region of He-lower than that of the steady burning region, the C/O ratio
accreting CO WDs. But if the accretion rate is relativelywould be lower because of the flash.
low, the helium shell would flash and the mass retention ef-
ficiency of the WD would be low. Therefore, the C/O ratio
for WDs may be different from that of steady burning. We
make a comparison in Figure 7 for a sample of al{ 0
WD at a low accretion rate (0:910~% M, yr—1). Since
the calculation of helium shell flashes is difficult and con-
sume too much cpu time, we only increase the WD mas
to about 1.09//,. We can see that if the accretion rate is

In our simulation, we do not consider the rotation of
the WDs. If rotation is taken into account, the WD mass
may exceed the Chandrasekhar mass limit (see Yoon &
Langer 2004; Hachisu et al. 2012; Wang et al. 2014). This
gould lead to more helium shell burning and the burning
region would have a lower temperature. We would, there-
fore, expect a higher final C/O ratio.
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Fig.3 The chemical profile of the accreting WD just before explogjeanels a, b) and at the moment of explosion (c). filtesl area

is for the convective region.
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Fig.6 The temperature of the helium burning region for a4 WD with different accretion rates during the evolution. Blafi)
shows the details at the beginning of the evolution; theuhelinay undergo several flashes before steady burning ebpdoiethe
lower accretion rate.

For the standard SD model, a WD can also accrete Hinates its maximum luminosity (Arnett 1982), a higher
rich matter from its non-degenerate donor. In this case, HE/O ratio for the CO WD at explosion may lead to more
rich material is accreted onto a CO WD and the resulting®Ni formed and make the resulting SN la more luminous.
hydrogen burning shell converts hydrogen to helium. TheéPrevious works have usually used a low C/O ratio resulting
resulting helium shell underneath the hydrogen shell burnom central helium burning, and the C/O ratio at explo-
helium into carbon and oxygen, leading to the growth ofsion is often assumed to be a particular value (Umeda et al.
the CO WD (Cui et al. 2018). Previous works have showrl999b; Hoflich et al. 2010; Meng & Yang 2011). However,
that the steady burning region for hydrogen is much low-our study shows that the C/O ratios could be quite diverse
er than that of helium burning (e.g., Nomoto et al. 1984 for WDs of different initial masses and different accretion
Hachisu et al. 1996; Ma et al. 2013; Wang et al. 2015rates, which should be taken into account in future studies.
Piersanti et al. 2014; Hillman et al. 2016). The C/O ratio
for WDs accreting H-rich material may be different from 5 CONCLUSIONS
that of WDs accreting He-rich material. The accretion is

more complicated because of helium shell flashes. Employing MESA, we have investigated the accretion pro-
It has been suggested that the C/O ratio of a WD at theess of He-rich material onto CO WDs. We use different
moment of the explosion may affect the amount @i initial WD masses (0.8, 0.9, 1.0, and 14.)) and accre-

formed during an SN la (Umeda et al. 1999a). Since theion rates (1.4, 1.6, 1.8, and %00 % M yr—!) in our
amount of°SNi formed during an SN la explosion dom- simulations, and the results indicate that both a lower ini-
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Fig.7 Similar to Fig. 4, a comparison of carbon fractions for alZ@ WD with low accretion rates. The different line types reirds
different accretion rates. The accretion rate obl0~° M, yr~' corresponds to the helium shell flash.

tial WD mass and a lower accretion rate result in a higheHan, Z. 1998, MNRAS, 296, 1019

C/O ratio for accreting CO WDs before their explosion. Han, Z., & Podsiadlowski, P. 2004, MNRAS, 350, 1301
These results can be used for future explosion simulation§elder, E. A., Vink, J., Bassa, C. G., et al. 2009, Sciencé, 32
of SNe la. The variation of the C/O ratio of CO WDs atthe 719

moment of explosion may be one of the reasons for SN Ié—nllman, Y., Prialnik, D., Kovetz, A., & Shara, M. M. 2016, Ap

diversity. 819, 168
) Hoflich, P., Krisciunas, K., Khokhlov, A. M., et al. 2010, Ap
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