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Abstract Type la supernovae (SNe la) play a key role in measuring clusgival pa-
rameters, in which the Phillips relation is adopted. Howgtlee origin of the relation
is still unclear. Several parameters are suggested, @getative content of carbon
to oxygen (C/O) and the central density of the white dwarf (MéDignition. These
parameters are mainly determined by the WD's initial maskiencooling time, re-
spectively. Using the progenitor model developed by Mengaagy, we present the
distributions of the initial WD mass and the cooling time. Wénot find any corre-
lation between these parameters. However, we notice thiieasnge of the WD’s
mass decreases, its average value increases with thegtoig These results could
provide a constraint when simulating the SN la explosian,the WDs with a high
C/O ratio usually have a lower central density at ignitiohjleithose having the high-
est central density at ignition generally have a lower C/bra he cooling time is
mainly determined by the evolutionary age of secondaries$tlae scatter of the cool-
ing time decreases with the evolutionary age. Our resulisindicate that WDs with
along cooling time have more uniform properties than thagie asshort cooling time,
which may be helpful to explain why SNe la in elliptical gakeschave a more uniform
maximum luminosity than those in spiral galaxies.
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1 INTRODUCTION

As one of the most widely used distance indicators, type peswvae (SNe la) show their impor-
tance in determining cosmological parameters, which teduh the discovery of the accelerating

expansion of the universe (Riess et al. 1998; Perimuttdr £089). The result was exciting and sug-
gested the presence of dark energy. At present, SNe la greg®d to be cosmological probes for

testing the evolution of the dark energy equation of stath tirne and testing the evolutionary his-
tory of the universe (Riess et al. 2007; Kuznetsova et al82Bowell et al. 2009a). They were even

chosen to check the consistency of general relativity (Z&tad. 2010). When SNe la are applied as
a distance indicator, the Phillips relation is adopted,olihis a linear relation between the absolute
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magnitude of SNe la at maximum light and the magnitude drap®B light curve during the first
15d following the maximum (Phillips 1993). This relationpiies that the brightness of SNe la is
mainly determined by one parameter. It is generally agreatithe amount of°Ni formed during
the supernova explosion dominates the maximum lumino$iBNe la (Arnett 1982), but the origin
of the different amounts of®Ni for different SNe la is still unclear (Podsiadlowski et 2008).
Some numerical and synthetical results showed that n@tgallias an effect on the final amount of
56N, and thus the maximum luminosity (Timmes et al. 2003; Zglio et al. 2005; Podsiadlowski et
al. 2006; Bravo et al. 2010) and there do be some observaguitgence of the correlation between
the properties of SNe la and metallicity (Branch & Bergh 199a@muy et al. 1996; Wang et al.
1997; Cappellaro et al. 1997; Shanks et al. 2002). Howelvernrtetallicity seems not to have the
ability to interpret the scatter of the maximum luminosifySiNe la (Timmes et al. 2003; Gallagher
et al. 2008; Howell et al. 2009b). Nomoto et al. (1999, 20QR)gested that the ratio of carbon to
oxygen (C/O) of a white dwarf at the moment of explosion isdbminant parameter for the Phillips
relation. The higher the C/O, the larger the amount of ni&&land then the higher the maximum
luminosity of SNe la. The C/O ratio is a function of the initiaass of the WD, which then is related
to the progenitor system of the SNe la. By comparing theodyabservations, the results of Meng
et al. (2009) and Meng & Yang (2010a) upheld this suggestienaffre et al. (2006) carried out a
systematic study of the sensitivity of ignition conditidies H-rich Chandra single degenerate ex-
ploders on various properties of the progenitors, and sstgdehat the central density of the WD at
ignition may be the origin of the Phillips relation (see amdsiadlowski et al. 2008). These authors
noticed that the more massive and/or the cooler the CO WD &nvatcretion begins, the higher
the central density is at ignition. The central density isntlalso related to the progenitor system.
When one simulates the explosion of SNe Ila, the C/O and theatelensity are always set to be
free parameters (Ropke et al. 2006a). It is thus intergstiranalyze whether there is a correlation
between the C/O and the central density. In addition, airadytzow the initial mass of the CO WD
and its cooling time vary with the delay time is also an instireg task (Greggio 2010). The purpose
of this paper is to check these interesting problems.

In Section 2, we describe our model. We show the results itic®e8 and give discussions and
conclusions in Section 4.

2 MODEL AND PHYSICSINPUTS

As suggested by both Nomoto et al. (1999, 2003) and Lesdffaé €006), the progenitor model
is the so-called single degenerate model (SD), i.e. the eaiop is probably a main sequence or a
slightly evolved star (WD+MS) or a red-giant (WD+RG) or aibei star (WD + He star) (Whelan
& Iben 1973; Nomoto, Thielemann & Yokoi 1984). The SD modelislely accepted and studied
by many authors (Yungelson et al. 1995; Li & van den Heuvel7} $fachisu et al. 1999a,b; Nomoto
etal. 1999, 2003; Langer et al. 2000; Han & Podsiadlowsk#2@006; Chen & Li 2007, 2009; Han
2008; Lu et al. 2009; Wang et al. 2009a,b; Wang, Li & Han 2@@éng & Yang 2010b,c). In this
paper, we also explore the SD model. Meng & Yang (2010a) deeel a comprehensive progenitor
model for SNe la. In the model, the mass-stripping effect pically thick wind (Hachisu et al.
1996) and the effect of a thermally unstable disk were inetl@Hachisu et al. 2008; Xu & Li 2009).
The prescription of Hachisu et al. (1999a) for WDs accretiggrogen-rich material from their
companions was applied to calculate the WD mass growth. ing\eYang (2010a), both the WD
+ MS and WD + RG scenarios are considered, i.e. Roche lobd@avgRLOF) begins at either the
MS or the RG stage. After the RLOF, the WD accretes hydrogenmaterial from its donor and
smoothly increases its mass. When the mass of the WD rea@i&\1, (Nomoto, Thielemann &
Yokoi 1984), the WD is assumed to explode as an SN la. Theyideresl more than 1600 different
WD close binary evolution and obtained a parameter spac8Nar la which is summarized in an
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orbital period - secondary mass plameg(P!, M1). Our exploration is based on the model of Meng
& Yang (2010a).

The C/O is a function of the initial WD mass of the progenitgstem, i.e. a higher WD mass
leads to a lower C/O. We then use the initial WD mass to reptdke C/O. The central density is
mainly determined by the initial WD mass and its cooling tjine the more massive the WD and/or
the longer the cooling time, the higher the central dendifgmition. The cooling time of the CO
WD is the time which elapses between its formation and théstthe accretion phase. We thus use
the initial WD mass and its cooling time to represent the e iensity of a CO WD. The following
is how we obtain the initial WD mass and the cooling time.

To obtain the distributions of the initial WD mass and its loog time, we carried out a series
of Monte Carlo simulations via Hurley’s rapid binary evatut code (Hurley et al. 2000, 2002). The
model grids obtained by Meng & Yang (2010a) were incorpatatéo the code. We followed the
evolution of107 binaries and a circular orbit is assumed for all binarie® tetallicity is set to solar
metallicity, i.e.Z = 0.02. The basic parameters for the simulations are as folloWs €ingle star
burst; (2) the initial mass function (IMF) of Miller & Scald979); (3) the mass-ratio distribution
is constant; (4) the distribution of separations is cortstatog a for wide binaries, where is the
orbital separation; (5) the common envelope (CE) ejectificiency acg, which denotes the fraction
of the released orbital energy used to eject the CE, is set tmther 1.0 or 3.0 (see Meng & Yang
2010a for details of the parameter input).

There are three channels that produce WD + MS systems anchanea that produces a WD
+ RG system according to the situation of the primary in a priiial system at the onset of the first
RLOF, i.e. the He star channel, the EAGB channel and the TP&@&Bnel (see Meng & Yang 2010a
for details about the channels). The formed SD systemsraoatd evolve and the secondaries may
fill their Roche lobes at a later stage, leading to the staiti@RLOF. We assume that if the initial
orbital period,P! , , and the initial secondary mase/;, of an SD system is located in the appropriate
regions in thelpg P!, M1) plane for SNe la at the onset of RLOF, an SN la is then produGeel
cooling time is then the difference between the formatioretof an SD system and the starting time
of the RLOF.

3 RESULTS
3.1 Distributions of the Initial WD Mass and their Cooling Time

In Figure 1, we show the distributions of the initial WD masasl &s cooling times for differentcg.
We see from the figure thatcg does not significantly affect the distributions. We do notl fany
correlation between the initial WD mass and its cooling timkich means that taking the C/O ratio
and the central density of a CO WD as free parameters is rabkiHowever, the range of the WD
mass decreases and the mean value of the WD mass increaséisenéboling time, i.e. the range
of the cooling time increases with the WD mass (see fig. 9 indi&rivang 2010a). In addition,
it is important to notice that there are some events with § la@rg cooling time, i.e. several Gyrs,
although the majority of CO WDs have a cooling time shortentth Gyr. The models in Lesaffre
et al. (2006) include cooling time ages =f 1 Gyr at most. For a long cooling time, the CO WD
may become more degenerate before the start of the accpéiame, and some other process like C
and O separation or crystallization may occur, and domithet@roperties of the CO WD (Fontaine
et al. 2001). The simulation of the SNe la explosion undereenély degenerate conditions should
then be a more important problem than that presented iafitess.

We also investigate the distributions of the initial orbpj@riod and the cooling time of a CO
WD. Similar to the distribution of the initial WD mass and @soling time, no correlation between
the initial orbital period and the cooling time of a CO WD wasavered.
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Fig.1 Distributions of initial WD masses and their cooling times flifferentace.
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Fig. 2 Distributions of the initial secondary masses and the ogdimes of CO WDs for
differentace.

3.2 Distributions of the Initial Secondary Mass and the Cooling Time

We present the distributions of the initial secondary masstae cooling time for differentvcg
values in Figure 3.1. Althoughcr also does not significantly affect the distributions, theisgri-
butions differ remarkably from those of the initial WD mas&ldahe cooling time. The cooling time
is highly relevant to the secondary mass. It is clearly shiowFigure 3.1 that there is an upper limit
of the cooling time for a given secondary mass, and most oétkats have a cooling time equal to
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Fig.3 Relation between the cooling time of CO WDs and the delay oim8Ne la for
differentack.

the upper limit. The upper limit is derived from a constrahmt the cooling time should be smaller
than the evolutionary age of the secondary. However, tisestlii a scatter in the cooling time for a
certain secondary mass, which originated from the diffeirgtial orbital period for an initial sys-
tem with given WD and secondary masses. The shorter thaliaithital period, the earlier the onset
of the RLOF between the WD and secondary, and then the shbeerooling time. In addition,
the scatter decreases with the decrease of secondary mdsghan the cooling time is larger than
2 Gyr, the scatter almost disappears.

3.3 Relation between the Cooling Time of CO WDs and the Delay Time of SNe la

Itis interesting to analyze how the WD cooling time variethwhe delay time of SNe la. In Figure 3,
the relation between the cooling time and the delay timeadsgmted. The relation is very tight, and
there is also an upper limit of the cooling time for a givenagetfime. This result is directly from
the relation between the secondary mass and delay time. ¢strafithe progenitor systems with a
certain secondary, the delay time is the evolutionanyilifetof the secondary (Meng & Yang 2010a;
Greggio 2010). So, using the secondary evolutionary tint@adelay time of SNe la is an excellent
approximation when one applies an analytic method to sthdydelay time of SNe la (Greggio
2010). There is also a scatter for the relation between théngptime and the delay time, and the
scatter decreases with the delay time. When the delay titagger than 2 Gyr, the cooling time is
almost equal to the delay time.

4 DISCUSSION AND CONCLUSIONS

In this paper, we do not find a correlation between the inilW@ mass and its cooling time. Since
the C/O ratio is a function of the initial WD mass and the caldensity for a WD with given initial

mass is mainly determined by the cooling time (Nomoto et 8991 2003; Lesaffre et al. 2006),
our results may imply that the C/O ratio and the central dgrsiignition are free parameters when
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simulating an SN la explosion. However, our results stiiide a constraint when simulating these
types of explosions, i.e. the cooling time of WDs with anialimass less than M, is generally
shorter than 1 Gyr, but it may be as long as 15 Gyr for WDs witliné&ral mass larger than 1/,
(see Fig. 1). Because a high initial WD mass means a lower &i@®,a massive WD and a long
cooling time leads to a high central density at ignition (Ndmet al. 1999, 2003; Lesaffre et al.
2006), the above result could imply that WDs with a high C/Qally have a lower central density
at ignition, but those having the highest central densifgmition generally have a lower C/O.

We also checked the effect of metallicity on the distribn§®f the initial WD mass and the
cooling time byZ = 0.001 (Meng, Li & Yang 2010) and no significant effect was found. dhe
and observations did confirm that the effect of metallicéipigot explain the scatter in the maximum
luminosity of SNe la (Timmes et al. 2003; Gallagher et al. 208owell et al. 2009b). Metallicity
should, at most, be the secondary parameter for the Phililagion, i.e. it is the origin for the
scatter of the Phillips relation (Podsiadlowski et al. 200808). Furthermore, even regarding the
secondary parameter, there is not a consensus. Mazzali &&thowski (2006) suggested that a
variation of the relative content of4{Fe+$Ni) versus®Ni may be responsible for the observed
scatter of the Phillips relation. However, Kasen, Ropke &aley (2009) argued that the breaking
of spherical symmetry is a critical factor in determiningtothe Phillips relation and the observed
scatter around it. Then, the origin of both the Phillips tiela and the scatter of the relation still
should be investigated carefully.

We found that the range of the initial WD mass decreases andwbrage WD mass increases
with the cooling time, which is similar to the relation bes®wethe initial WD mass and the delay
time found by Meng & Yang (2010a). In addition, the scattethef cooling time also decreases with
delay time. These results may indicate that the differenoergy the WDs with a short cooling time
could be huge, but the properties of WDs with a long coolingetmight be more uniform (see from
Fig. 1 that all the WDs with a cooling time longer than sev&wt have a mass larger than 2.0;).
Since a long cooling time is equivalent to a long delay timez(Big. 3), our results may imply that
the properties of SNe la with long delay times might be moriéoum than those with short delay
times. It is widely known that there exists a scatter of theimam luminosity of SNe la, and the
scatter is affected by their environment. The most lumir®Ne la always occur in spiral galaxies,
but both spiral and elliptical galaxies are hosts for dimi@ile la, which lead to a dimmer mean
peak brightness in elliptical than in spiral galaxies, ite maximum luminosity of SNe la hosted
in elliptical galaxies is more uniform (Hamuy et al. 1996heBe properties may be qualitatively
interpreted by the model developed by Meng & Yang (2010dgaHt if the C/O ratio is the origin
of the Phillips relation. However, the quantitative study Ropke et al. (2006a) showed that the
C/O has only little impact on the amount of producénli. It should be noticed that the results in
Ropke et al. (2006a) are model dependent, and are muchatiiffieom those of Nomoto et al. (1999,
2003). Considering that the central density is mainly deieed by the initial mass of the WD and
its cooling time, the results in Figures 1 and 3, i.e. theagewalues of the WD mass and the cooling
time increase with the delay time, which means that the gesvéithe central density increases with
the delay times of SNe la. A high central density at ignitieads to a larger amount of the produced
%6Ni (Ropke et al. 2006a). The effect of the central densityttamount of®Ni seems then to
be opposite with observations of Hamuy et al. (1996). Funtloee, the variation of the amount of
6Ni derived from the central density only amounts to about W#ich cannot be used to interpret
the variation in the maximum luminosity of SNe la (Ropke et2006a). Perhaps, the C/O ratio,
the central density and the metallicity all contribute te thariation of the maximum luminosity of
SNe la (Ropke et al. 2006b). Then, which is the dominantmatar for the Phillips relation is still
an open question. In addition, as the cooling/delay timeeages, the CO WDs become more and
more degenerate, and even crystallization may occur (Fenét al. 2001). What is the effect of the
crystallization on the amount 6¢Ni should be an interesting problem.
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