
Publication Year 2022

Acceptance in OA 2022-03-25T11:22:43Z

Title Type Ia SN progenitors: pre-explosion phase in nearly Chandrasekhar mass WDs

Authors Domínguez, Inma, PIERSANTI, Luciano, Bravo, Eduardo, STRANIERO, Oscar, CRISTALLO, 

Sergio

Publisher's version (DOI) 10.1051/epjconf/202226006001

Handle http://hdl.handle.net/20.500.12386/31928

Journal EPJ WEB OF CONFERENCES

Volume 260



Type Ia SN progenitors: pre-explosion phase in nearly
Chandrasekhar mass WDs

Inma Domínguez1,∗, Luciano Piersanti2, Eduardo Bravo3, Oscar Straniero2, and Sergio
Cristallo2

1Universidad de Granada 18071, Granada, Spain
2INAF-Osservatorio Astronomico d’Abruzzo, I-64100, Teramo, Italy
3E.T.S. Arquitectura del Vallés, Universitat Politècnica de Catalunya, 08173 Sant Cugat del Vallès,
Spain

Abstract. Type Ia supernovae are used as distance indicators to measure the
expansion rate of the Universe and to constrain the nature of dark energy. Cur-
rent and upcoming surveys will allow to extend supernova Hubble diagrams to
higher redshifts and to improve further their statistics.
It is accepted that Type Ia supernovae are thermonuclear explosions of carbon-
oxygen white dwarfs in binary systems. However, the identification of their
progenitors, the evolutionary path leading to the explosion and the explosion
mechanism itself have not been identified yet. This is critical, as we need to
understand the potential evolution of their luminosity with cosmic time and,
thus, with their stellar progenitors.
We will review the current situation, considering observational hints. We will
focus on our recent models, that follow the evolution of carbon-oxygen white
dwarfs accreting mass up to thermonuclear runaway, and on their dependence
with the initial metallicity of the white dwarf progenitors.

1 Introduction

Bright and homogeneous, Type Ia Supernovae (SNeIa) are our best extragalactic distance
indicators. Since the 60s SNIa Hubble diagrams (HDs) have been used to measure the value
of the Hubble-Lemaitre constant, which is still a subject of hot debate [e.g. 1]. SNIa HDs
show the recent acceleration of the expansion rate of the universe [2, 3], and its previous
deceleration [4]. The challenge today is to reach enough precision in SNIa HDs to reveal the
nature of that enigmatic component of the Universe, which currently dominates its dynamics,
the dark energy [see 5]. SNeIa are not equal, and the precision of SNeIa as distance indicators
relies on calibration relations, such as the maximum-decline relation [6], that link maximum
absolute magnitudes with the shape of the light curve peaks and colours. New calibration
relations are proposed trying to increase the precision [7], which in current HDs is above
0.15 mag. Moreover, SNeIa play a central role in the origin and evolution of the nuclei, in
particular, of the so called iron group nuclei, being responsible of about 60% of their universal
abundances [e.g. 8, 9].
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In spite of their central role in cosmology, in nucleosynthesis, and in other fields, SNIa
progenitors and explosion mechanisms are still unknown. The classical scenario consists
of a thermonuclear explosion of a carbon-oxygen white dwarf (CO WD), which accreting
mass from a companion reachs explosion conditions when its mass is very close to the Chan-
drasekhar mass limit [10], MCh scenario. Starting from C-ignition in the central inner zone,
the whole WD is incinerated and its ashes contain intermediate-mass elements and a substan-
tial amount of iron group nuclei. Among these nuclei, 56Ni is mostly produced, and it is the
radioactive energy from the cascade 56Ni−56Co−56Fe that powers SNIa light curves (LCs).
More 56Ni implies more luminosity at maximum. This simple scenario perfectly agrees with
SNIa homogenity and their tight calibration relation. It also implies that, to a great extent,
the memory of the properties of the WD progenitor, such as the initial mass and chemical
composition, is lost in the supernova outcomes, i.e., LCs and spectra.

At the other side, there is a growing amount of evidences pointing to a dependence of the
LC properties with the local and/or general properties of the host galaxies. Brighter (post-
maximum slow decline LCs) SNe Ia are associated with young stellar populations, in which
the SNIa rate is higher. Dimmer (post-maximum fast decline LCs) also occur in galaxies in
which star formation ceased several Gyr ago, and there, the SNIa rate is smaller. Moreover,
after calibration, a dependence remains with the galaxy total stellar mass, and likely with
specific star formation rate and metallicity, which may be interpreted as a dependence with
the progenitor stellar population age [e.g. 11–19].

It may well be that two or more progenitor systems contribute to the normal (non peculiar)
SNIa population. In fact, several progenitor systems have been proposed [see for detailed
reviews, 20–23]. A critical property is the total mass of the WD at the explosion time, which
is strictly connected to the explosion mechanism. Explosions of sub-Chandrasekhar mass
WDs (sub-MCh) have been suggested to represent a significant part of SNe Ia. In these sub-
MCh WDs, the explosion starts with a detonation at the external recently accreted He-rich
layer. Then, an inward shock moves toward the center triggering a carbon detonation. Also,
the nature of the companion object is still under debate: broadly speaking, it could be a
normal star (Single Degenerate, or SD, scenario) or another WD (Double Degenerate, or DD,
scenario). Other scenarios, that may explain some peculiar events, have been proposed, such
as the merging of a CO WD with the CO core of an AGB companion star, or violent mergers
of two white dwarfs.

2 Selected hints from observations and implications

Hints of a non-degenerate companion (MS, RG or AGB stars) have not been found yet. Hy-
drogen is not detected at maximum light epoch (otherwise it would be a Type II SNe) and,
in most events, neither at late times, disfavouring H accretion. In the well studied nearby
SNe, 2011fe and 2014J, a single degenerate companion has been excluded for 2011fe and
a RG or an AGB companion for 2014J [24–27]. Late LCs are expected to show signatures
of non-degenerate companions, but no detection has been claimed yet, as in the recent study
[28] including above 100 SNe Ia. Although these observations are challenge and more high
quality data are needed, they are easily explained within the DD scenario. Moreover, delayed
time distributions and rates agree better with the DD scenario [19, 22, 29].

At the other side, SNIa nebular spectra [30, 31] and some Supernova Remnants (like Ty-
cho, Kepler, 3C 397 and N103B) observations [e.g. 32–36] require burning at high densities
and thus, better agree with a MCh explosion.

Taking together, observations suggest that the MCh DD scenario plays a major role. But
then, Why the outcome of thermonuclear explosions of CO WDs with the same mass (MCh)
should be related with the stellar population from which they come from ?
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3 Models, results and conclusions

In this work we explore in detail the physical and chemical properties of the pre-explosive
evolution of the MCh DD scenario. For all details we refer to our recent accepted article [37].

Based on the 1D hydrostatic code FUNS [38, 39], we follow the evolution of the WD
progenitors, the accretion phase up to C-ignition and the subsequent convective C-burning
phase up to the explosion, which is assumed to occur when the temperature reaches 800
MK. We include e-captures and all the relevant URCA reactions. The initial model is the
one presented in [40], which consists of two CO WDs with initial masses 0.6 M⊙ and 0.8
M⊙ and Z=0.138. As the WD increases its mass due to accretion, it contracts and its density
increases, reaching the threshold densities of different e-capture nuclear reactions. At the
corresponding URCA shell, the rate of electron captures and beta decays are equal, while in
the denser zones, bellow the URCA shell, e-captures dominate and in the less dense zones,
above the URCA shell, the corresponding URCA pair nuclei decay. At the URCA shell, all
terms in the energy budget cancel each other, except those corresponding to the neutrino and
antineutrino emission, so URCA pairs produce cooling at the shell.

As the WD continues to accrete mass and contract, successive URCA shells form, while
those previously formed move outwards.

After C-gnition, the situation becomes more complex, convection develops carrying
URCA nuclei up and down. In fact, if convective URCA produced a net heating or a net
cooling has been an open question for a long time. To calculate properly the URCA energy
budget all terms should be consider. In particular, in the high density inner zones, heating is
produced due to the thermal energy of the captured electrons, while cooling is produced due
to the absorbed thermal energy needed to move down the electrons.

In order to include properly all physical and chemical processes we decide to adopt the
following set-up for the simulations: (1) full coupling of physical and chemical evolution,
including burning and mixing; (2) the Ledoux criterium to define the border of the convective
zones, as the chemical gradients at the URCA shells are relevant and play a critical role; (3)
full nuclear network, at least up to 32P, including all relevant e-captures and URCA pairs.

In order to investigate the impact of different initial metallicities of the WD pro-
genitors on the explosion ignition conditions, we adopt 5 different initial metallicities:
Z=(0.0245, 0.6, 1.38, 2 and 4) × 10−2, and accrete CO rich matter according to the same
procedure described in [40] at a rate of =10−7M⊙ /yr.

In agreement with previous works [40–44] we obtain that electron captures and URCA
pairs imply a net cooling of the inner region, C-ignition occurs at higher densities and both,
the explosion density and the neutronization levels, are higher as compared with models that
do not include URCA reactions.

We identify, and this is a new result with respect to previous calculations, the relevant
role played by the 21(Ne,F) URCA pair [45]. The inclusion of this pair, along with the correct
URCA energy budget and the Ledoux criterium, stops the growth of the convective core, and
hence, stops the inward circulation of nuclei and electrons, and cooling dominates. Thus, the
cooling of this isolated core implies that a larger amount of nuclear energy is needed to trigger
the explosion, hence, the amount of C-consumption is also larger, as well as the explosion
density and neutronization level. As the amount of 21Ne depends on Z, the maximum mass
attained by the convective core and the explosion density also depend on Z, except for the
lower Z, in which the amount of initial 21Ne is too low and does not play any significant role.

Our results show that:
(1) Convective core masses at the explosion depend on Z, increasing from 0.12 M⊙ to

0.24 M⊙ as Z increases, for the studied models. Note that different convective core masses
imply different chemical gradients.
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(2) Explosion densities increase with Z, from 5.02 to 6.34 109 g/cm3. These high densities
may be a hint of high accretion rates.

(3) Both, the central and average (over the convective core mass) neutronization levels at
the explosion time also increase with Z with respect to the corresponding initial values. In
principle, if the neutronization level of the inner zones of a SNIa could be deduced from the
observed chemical pattern of neutronised elements, it would be possible to infer the initial
metallicity of the WD progenitor:

Zpro = 10.975 × ηexp − 1.094 × 10−3
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