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Abstract. Among the possible progenitor scenarios considered for Type Ia supernovae, those
that involve a carbon—oxygen white dwarf (CO WD) accreting stably towards the Chandrasekhar
mass should undergo a phase of hydrostatic carbon burning under high densities and strong
convection: the simmering or carbon—flash phase, which can extend for a few hundred years
before explosion. During this phase the progenitor CO WD can burn a small fraction of its carbon
hydrostatically, releasing energy and ashes that make the star convective and able to capture
electrons from the degenerate plasma. In this work we present simplified pre—supernova evolution
models of CO WDs growing towards the Chandrasekhar mass accreting matter stably and
evolving through the simmering phase towards ignition in order to explore the effects of different
initial masses and cooling times in the final chemical composition of the WD before explosion.
Preliminary results show that, as expected, denser systems at the start of the simmering phase
undergo stronger neutronization. The amount of neutronization is less than what is found in
the one—zone models of Chamulak et al. (2008), about a third, and can vary by about a factor
of two depending on the exact path to explosion.
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1. Introduction

Type Ia supernovae (SNe Ia) are thought to be the thermonuclear explosion of white
dwarf stars. Although significant progress has been made understanding the physics and
the environments of these explosions, it is not clear what are their exact progenitors. We
understand the likely physical origin of the energy displayed in their light curves, the
radioactive decay of different amounts of freshly synthesized *°Ni (see e.g. Mazzali et al.
1998), and significant progress has been made understanding the composition and velocity
structure of their ejecta (Stehle et al. 2005, Woosley et al. 2007, Mazzali et al. 2007).
Studying their environments, it has been found that their progenitors are generally older
than those of core collapse supernovae and span a wide range of explosion ages (see e.g.
Scannapieco & Bildsten 2005), with systems in older environments systematically fainter
than those in younger environments (Hamuy et al. 1996). Evidence for asymmetries in
the inner regions of the ejecta connected to early time diversity of SNe Ia light curves
and spectra (Benetti et al. 2005, Motohara et al. 2006, Maeda et al. 2010, Maeda et al.
2011), suggests that three dimensional effects are also important.

The consensus seems to be that SNe Ia are the the thermonuclear explosions of carbon—
oxygen white dwarf stars (Hillebrandt & Niemeyer 2000), which are expected to leave
an homologously expanding ejecta with the following structure: iron group elements
(IGEs) in the center that power the light curves via radioactive *5Ni, detected at low
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velocities and consistent with the complete burning of carbon and oxygen at relatively
high progenitor densities; intermediate mass elements (IMEs) like Si; Mg, S or O found
at higher velocities, which is consistent with the partial burning of carbon and oxygen at
lower progenitor densities; and, in some cases, unburnt carbon seen at higher velocities
and at earlier times (Parrent et al. 2011, Folatelli et al. 2011), which is consistent with
unburnt matter from the outer layers of the progenitor WD.

Observations of the nebular phase of different SNe Ia suggest that significant amount
of stable iron group elements are present at low velocities, a signature of Chandrasekhar
mass hydrostatic WDs, and that they are off-center with respect to the rest of the ejecta
(Motohara et al. 2006, Fesen et al. 2007, Gerardy et al. 2007). The only evolutionary
path that has shown to lead to a hydrostatic CO WD close to the Chandrasekhar mass
and then an SN Ia is that where a CO WD accretes matter stably from a Roche-lobe
filling companion, either a helium star, a main sequence star, a sub—giant star, or a red—
giant star, in the so—called Chandrasekhar mass, single—degenerate scenario, or SD-Mgy,,
which is studied in this work (Hachisu, Kato, & Nomoto 1996, Li & van den Heuvel
1997, Hachisu, Kato, & Nomoto 1999, Hachisu et al. 1999, Langer et al. 2000, Han &
Podsiadlowski 2004, Meng, Chen, & Han 2009).

An important requirement for the SD-Mgy scenario is that it should reproduce the
observed connection between the properties of the ejecta and the environments of SNe Ia,
namely that bright, slow declining SNe Ia occur preferentially in young stellar environ-
ments. The stochastic nature of the explosion and orientation effects can naturally give
a range of °*Ni masses and observational properties, but the systematic preference of
bright systems to occur in young environments means that there must be a systematic
connection between pre—supernova evolution and explosion diversity. Furthermore, the
SD—Mg¢y, scenario must be able to explain why some systems appear to explode off—center.

2. Path to Type Ia Supernova in the SD Scenario

In the SD-M¢) scenario a CO WD is first formed in a close binary system via bi-
nary interactions. When the CO WD is formed it undergoes a cooling phase, where its
energy is released radiatively at almost constant density for hundreds or thousands of
Myr depending on the time remaining for the companion to fill its Roche lobe. As the
companion evolves and fills its Roche lobe a transfer phase will begin, where matter will
be accreted to the CO WD and will lead to thermally stable or unstable burning at its
surface depending on the composition of the matter being accreted, the mass transfer
rate and the mass and thermal state of the CO WD. It is thought that only when mass
transfer is in a narrow range for a given CO WD mass, thermally stable burning can
allow the CO WD to grow up to the Chandrasekhar mass (see e.g. Nomoto, Thielemann,
& Yokoi 1984, Shen & Bildsten 2007, Nomoto et al. 2007). If the mass transfer rate is
too low, weak flashes could prevent mass growth; if the mass transfer rate is too high the
WD’s envelope grows into a red giant solution or becomes the source of strong winds that
can in some cases help stabilize the accretion (Hachisu, Kato, & Nomoto 1996, Hachisu,
Kato, & Nomoto 1999). If mass transfer is stable, the CO WD can grow in mass and
must shrink to keep the hydrostatic equilibrium, and because the accretion time—scale is
typically shorter than the star’s diffusion time—scale, the star’s core compresses adiabati-
cally. This adiabatic compression at the center and heat diffusion from the hot accreting
envelope can make the central temperature increase under degenerate conditions.

As the central temperature increases, the WD will start to burn its carbon hydro-
statically in the center. Initially, the high central densities will make neutrino cooling
dominant over nuclear fusion heating, but as more carbon is burned nuclear heating will
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become dominant and the star will be forced to transport the excess central energy con-
vectively, beginning the simmering phase, or a thermonuclear carbon flash. During this
phase the convective core can grow to engulf most of the star by mass in a few hundred
years, while the ashes of carbon burning can undergo e~ —capture and S—decays as they
move between high and low density regions (see Lesaffre, Podsiadlowski, & Tout 2005
and references therein), in a process known as the convective Urca process (see Figure 1).

Finally, when the temperature is high enough, one or more ignition spots will give rise
to nuclear flames that will propagate in the highly convective medium, the thermonuclear
runaway, causing a subsonic deflagration wave to burn the inner region of the star while
expanding it, and later possibly transition into a detonation wave.

3. Numerical Experiments of the Simmering Phase

We have performed numerical simulations of the cooling, accretion and simmering
phases approaching ignition using the time-dependent theory of convection in Lesaf-
fre, Podsiadlowski, & Tout 2005, with the N1 reaction network of Forster, Lesaffre, &
Podsiadlowski 2010 and the FLASH The Tortoise stellar evolution code (Lesaffre et al.
2006). Because the e~ —capture time-scales can be similar to the convective turn-over
time—scales, it becomes necessary to use modified stellar evolution codes that include
self—consistent, time—dependent theories of convection, and in order to achieve numerical
stability it becomes necessary to solve the chemistry and structure partial differential
equations simultaneously, which requires the use of simplified nuclear reaction networks
with sufficient accuracy.

In Figure 1 we show examples of our simulations (see caption for details) in a tem-
perature — electron density diagram (7" — p Y.). The region where neutronization via
e~ —captures dominates is shown at densities higher than the zero—labeled contour in
the diagram. Over—plotted are different tracks for the central evolution of CO WDs
approaching ignition and different profiles for a particular case approaching ignition.

These experiments are an extension of the work of Lesaffre et al. 2006, but with
an improved reaction network that takes into account e”—captures and f—decays. We
are not including chemical potential changes in the energy equation due to numerical
difficulties, so these experiments should be taken only as an estimation of the amount of
neutronization during the simmering phase, and should not be taken as the solution to
the convective Urca process problem.

These simulations show that long time—delay scenarios of initially more massive CO
WDs result in stronger neutronization during the simmering phase because their con-
vective cores will be located mainly in high density regions where e~ —captures dominate
(Figure 1). Interestingly, long time-delay scenarios are predicted to come from initially
more massive CO WDs (Meng, Yang, & Li 2010), suggesting the generalization that
older SNe Ia progenitors come from denser and more neutron-rich progenitors. More-
over, Townsley et al. (2007) suggests that denser systems synthesize lower *SNi masses
systematically during the explosion, confirming that the SD-M¢y, scenario could repro-
duce the observed diversity among galaxy types.

In Figure 2 and Figure 3 we show two preliminary examples of the chemical evolution
during the simmering phase that confirms that denser systems during simmering undergo
stronger neutronization. The chemical profiles in Figure 2 show that: (1) because of the
high central densities 2*Ne becomes the main source of neutrons, about four times the
neutrons provided by *C, and (2) because of '?C-burning the mass fraction of **Ne is
significantly higher than the pre-burning ?*Na mass fraction. The chemical profiles in
Figure 3 show that: (1) the amount of neutronization is about half of that in Figure 2
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Figure 1. Temperature vs electron density (p Y.) diagram in the range relevant for the simmer-
ing phase of hydrostatic CO WDs near the Chandrasekhar mass. Gray contours correspond to
the logarithm of the ratio between the rates of ** Na e~ —captures onto **Ne and **Ne -decays
onto 2?Na, showing that the former is faster at high densities and that the critical line that
divides e”—capture from (-decay dominated regions depends mainly on p Y. Note that >*Na
is one of the ashes left by '>C-burning during the simmering phase. Thick continuous lines are
central T' — p Y. tracks for different CO WD reaching the Chandrasekhar mass after cooling
and accretion. The three tracks starting at lower densities correspond to an initially 0.8 Mg CO
WD that cools for 100 Myr, 500 Myr and 1 Gyr before accretion (from top to bottom) and the
four tracks starting at higher densities correspond to an initially 1.0 Mg CO WD that cools for
100 Myr, 500 Myr, 1 Gyr and 10 Gyr before accretion (from top to bottom). Dotted lines are
T — p Y. profiles for an initially 1.0 Mg CO WD that cools down for 1 Gyr before accretion.
These profiles show how the WD initially cools down to an almost isothermal core, then how
the central regions compress and heat adiabatically while from the hot envelope a diffusion wave
moves inwards during accretion, and later how the convective core is formed during the sim-
mering phase. It can be seen that during the simmering phase (high density adiabatic profile)
the convective core can engulf regions where both e™—captures or f—decays dominate, which is
the cause of the convective Urca process. Lower central densities during the simmering phase
produce more f—decay dominated convective cores at ignition. Note that ignition is not reached
in these simulations due to numerical difficulties (c.f. Lesaffre et al. 2006).

(=3 x 107* vs. 6 x 107%) and (2) because of the low densities, most of the the ?*Ne
has 3—decayed back to 2*Na, which contributes with only as many neutrons as '3C. The
total amount of neutronization in Figure 2 and 3 is approximately lower by a factor of
three than the amount of neutronization found in Chamulak et al. (2008), although our
calculations have not reached ignition due to numerical difficulties when the time-step
between solutions becomes similar to the convective turn—over time-scale.
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Figure 2. Mass fraction profiles of the main neutron-rich species >*Ne (continuous), 2 Na (dot-
ted) and '*C (dashed) during the simmering phase of a CO WD that reached the Chandrasekhar
mass after a 1 Gyr cooling phase with an initial mass of a 1.0 M. As the convective core grows,
12C is burned into 2*Na and 2°Ne, the former of which captures electrons into 2*Ne at high
densities. A sequence of T'— p Y. profiles for this particular CO WD is shown in Figure 1.
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Figure 3. Same as Figure 2, but for an initial mass of 0.8 My CO WD and a 500 Myr cooling
phase. In this case the convective core extends significantly into low density regions that make
the initial neutronization into **Ne reverse back to 2*Na, although without affecting the neu-
tronization into '*C, whose contribution to the total neutronization becomes as important as
that of **Na.
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4. Conclusions and Discussion

We have performed numerical experiments of the neutronization occurring during the
simmering phase in hydrostatic CO WDs approaching the Chandrasekhar mass in the
single degenerate scenario using a new simplified reaction network designed for this pur-
pose (Forster, Lesaffre, & Podsiadlowski 2010). We have found a total neutronization
slightly smaller than that found in Chamulak et al. (2008), similar to about a third the
neutronization that occurs before the WD formation (Timmes, Brown, & Truran 2003)
at solar metallicity. Since the cosmological SNe Ia sample is expected to occur in prefer-
entially lower metallicity galaxies, the neutronization during the simmering phase could
be dominant in high redshift SNe Ia given the expected metallicity evolution of the hosts
(Sullivan et al. 2010), although more detailed simulations of the convective Urca process
should be performed to better quantify this possibility.

Understanding the convective Urca process remains a key aspect missing from Chan-
drasekhar mass hydrostatic CO WDs models for progenitors of SNe Ia, as well as for
the application of SNe Ia to precision cosmology. This process remains a numerically
challenging phase of evolution in spite of several past and present attempts to model it
(see e.g. Iben 1978, Iben 1982).
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