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Zusammenfassung
Type Ia supernovae (SNe Ia) sind wichtig für die chemische Entwicklung von Galaxien, da
schwere Elemente in den Explosionen produziert werden. Sub-Chandrasekhar Massen Kohlen-
sto�-Sauersto� Weiÿe Zwerge mit Heliumschalen stellen favorisierte Vorgänger für SNe Ia dar.
Diese Arbeit untersucht Doppeldetonations-Explosionsscenarios. Ein Fokus liegt auf einer
genauen Berechnung der Heliumdetonationspropagation in der Schale des Weiÿen Zwerges und
der Berücksichtigung von Mischen zwischen Kern und Schale. Parameterstudien wurden durchge-
führt, um zu analysieren, ob Variationen in beobachteten SNe Ia reproduziert werden, und, um
(metallizitätsabhängige) Isotopenhäu�gkeiten für anschlieÿende Strahlungstransportrechnungen
und galaktisch-chemische Evolutionsmodelle zur Verfügung zu stellen. Dreidimensionale Simula-
tionen wurden mit dem Arepo Code durchgeführt. Ein zuvor vernachlässigter Zündungsmecha-
nismus der Kohlensto�detonation wurde gefunden, welcher zeigt, dass die Konvergenze der Heli-
umdetonationswelle ausreicht, um eine Kohlensto�detonation in einer Übergangsregion zwischen
Kern und Schale auszulösen. Die Modelle reproduzieren auÿerdem eine Reihe von Helligkeiten,
welche mit SNe Ia assoziiert werden. Metallizitätsabhängige Isotopenhäu�gkeiten zeigen, dass
eine hohe Metallizität des Sterns die Produktion stabiler Isotope unterstützt, während die Man-
ganproduktion deutlich verstärkt wird. Ein Model zur galaktisch-chemischen Entwicklung legt
nahe, dass es mit Hilfe dieser Explosionsart möglich ist, 80% der solaren Manganproduktion
wieder zugeben. Eine Berücksichtigung der metallizitätsabhängigen Isotopenhäu�gkeiten unter-
stützt die Korrelation von [Mn/Fe] mit Metallizität in der Umgebung der Sonne.

Abstract
Type Ia supernovae (SNe Ia) are important for galactic chemical evolution (GCE) because they
produce heavy elements. Sub-Chandrasekhar mass carbon-oxygen white dwarfs with helium
shells are favored progenitors for SNe Ia. This thesis investigates the double detonation ex-
plosion scenario. A focus lies on an accurate calculation of the detonation propagation in the
white dwarf shell and the assumption of core-shell mixing. Parameter studies were conducted
to analyse whether variations found in observables of SNe Ia can be reproduced and to pro-
vide (metallicity-dependent) nucleosynthetic yields for subsequent radiative transfer calculations
and GCE models. Three-dimensional simulations were carried out using the Arepo code. A
previously neglected carbon detonation ignition mechanism was found showing that the helium
detonation wave convergence is su�cient to ignite carbon in a core-shell transition region. The
study shows that various luminosities coinciding with SNe Ia can be reproduced. Metallicity-
dependent yields illustrate that a high stellar metallicity shifts the production to stable isotopes
while supporting the manganese production. GCE models suggest that the inclusion of this
explosion type allows to account for about 80% of the solar manganese abundance. The cor-
relation of [Mn/Fe] with metallicity in the solar neighborhood is supported by the inclusion of
metallicity-dependent SNe Ia yields.
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I.1 Supernovae

Supernovae (SNe) are stellar explosions and occur upon the death of a star. A �rst observation
of a SN dates back to 185 while multiple observations of one SN are only made since 1006 (see
Green and Stephenson 2003 for a description of the history of SNe). That year astronomers
in China and Japan found a new 'star' in the sky which was visible for several years. It is
among the brightest transient events recorded in history. Figure I.1.1 shows an image of a SN,
SN1994D (lower left), which has a brightness similar to the center of the galaxy it belongs to.
Other observations include a new transient emerging in 1572 with a brightness similar to Venus.
Its description in 'De Nova Stella' by Brahe (1573) coined the name of these transients. A more
detailed classi�cation of the transient events was introduced as many more observations were
made in successive centuries. W.Baade and F. Zwickey �rst used the term 'supernova' in the
1930s (e.g. Baade and Zwicky 1934). Following the large amount of SN observations, di�erences
were found in the spectra leading to a subdivision of the luminous transients into several groups.

Figure I.1.1: Image of SN1994D (lower left) in galaxy NGC4526 taken by the Hubble Space
Telescope; Credit: NASA/ESA, The Hubble Key Project Team and The High-Z Supernova
Search Team.
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I.1.1 Supernova classi�cation

SNe are classi�ed based on their observables. The classi�cation by absorption lines in the spec-
trum was �rst introduced by Minkowski (1941) who separated observed SNe into two groups:
those showing hydrogen (H) absorption lines and those who do not. These groups are called
Type II SNe and Type I SNe, respectively. Li et al. (2011b) �nd that 57% of all SNe are of
Type II. SNe with neither H nor strong helium (He) lines, but a prominent silicon (Si) line at a
wavelength of about 6100Å are classi�ed as SNe Ia and make up about 24% of all SNe (Li et al.
2011b). If Si and H are absent, but He is found in the spectrum, the SN is of Type Ib. None
of the three elements are observed in SNe Ic. In sum, about 19% of all SNe are of Type Ib or Ic
(Li et al. 2011b). A simpli�ed classi�cation scheme is illustrated in Figure I.1.2 listing the four
main classes of SNe. Several more subclasses, such as SNe Iax (Li et al. 2003, Foley et al. 2013)
and SNe IIn (Schlegel 1990, Wegner and Swanson 1996), have been identi�ed until today (see
also Branch and Wheeler 2017).

SN

no H H

Si no Si

Type IIType Ia

He no He

Type Ib Type Ic

Figure I.1.2: Simpli�ed SN classi�cation scheme.

The classi�cation scheme does not capture the explosion mechanism of the di�erent SN types.
While SNe Ia are the result of a thermonuclear explosion, other SNe pass through a core-collapse.

A thermonuclear explosion following a runaway can take place in degenerate matter. It can
best be explained by a comparison of degenerate matter to an ideal gas. In an ideal gas, nuclear
reactions cause an increase in temperature. This temperature rise can support further nuclear
reactions, but also increases the pressure. A pressure increase then leads to a volume increase and
decrease in density. As a consequence the temperature as well as the nuclear energy generation
rate decrease again (see left sketch in Figure I.1.3).

This behavior is di�erent in degenerate matter which is comprised of fermions. An increase
in temperature due to nuclear reactions takes place independent of pressure and density. A
temperature increase therefore does not cause a rise in pressure. A subsequent expansion of the
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matter does not take place and the temperature is not decreased (see right sketch in Figure I.1.3).
The positive feedback loop between nuclear reactions and temperature leads to a runaway. This
develops in a hotspot in the SN Ia progenitor and a �ame gets ignited. Stellar material is burnt
and the star gets disrupted (Hoyle and Fowler 1960).

ideal gas

Nuclear reactions

Temperature

+ +

Pressure

+

Volume+

-

degenerate matter

Nuclear reactions

Temperature

+ +

Pressure Volume+

Figure I.1.3: Dependencies of pressure, volume, temperature, and nuclear reactions on each other
for an ideal gas (left) and degenerate matter (right).

I.1.2 Type Ia supernovae

Normal SNe Ia form a homogeneous class of luminous transients. Studies have found that about
one takes place per century in the Milky Way (MW, see e.g. Li et al. 2011a who �nd a value of
0.54± 0.12 per century for the MW), but they can be detected regularly in all types of galaxies
(Tammann et al. 1994, Li et al. 2011a). In some cases they can be observed with the naked
eye, like SN1604 (Kepler's Supernova) which had a maximum apparent magnitude of −2.25 to
−2.5mag (Baade 1943) which corresponds to a maximum brightness ofMV,max = −19.3±0.7mag
in the V-band (van den Bergh and Kamper 1977). The peak luminosity of a SN Ia can be about
1010 L� (Contardo et al. 2000), indicating that they can be as bright as a galaxy (see Figure I.1.1).
SNe Ia can often be observed for several hundred days while the explosion itself only takes about
2 s. Moore et al. (2015) show that the gravitational wave signal of SNe Ia lies between 10−1 and
10Hz, while the characteristic strain is expected to be below 10−21. Despite these low values,
detections might be possible with future gravitational wave detectors BBO, DECIGO, and ALIA
(Moore et al. 2015).

SNe Ia play an important role in galactic chemical evolution (GCE). They induce turbulence
to their host galaxy and can cause a compression of interstellar material which supports the
formation of new stars in these places. Furthermore, nucleosynthesis is taking place during the
explosion of the star producing elements heavier than oxygen (O), especially iron (Fe), indicating
that SNe Ia are an important Fe source (see Section I.2.7). They lead to an enrichment of the
interstellar material with these heavy elements, including manganese (Mn) and Fe.

The progenitor of a SN Ia and details of the explosion mechanism are not known to date.
Thermonuclear explosions of white dwarfs (WDs) with carbon-oxygen (CO) cores are well dis-
cussed in the literature (e.g. Whelan and Iben 1973, Nomoto 1982a, Webbink 1984, Livne 1990,
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Livne and Glasner 1990, 1991, Shigeyama et al. 1992, Livne and Arnett 1995, Nugent et al. 1997,
Hoe�ich et al. 1998, García-Senz et al. 1999, Fink et al. 2007, 2010, Sim et al. 2010, Guillochon
et al. 2010, Pakmor et al. 2010, 2011, Sim et al. 2012, Pakmor et al. 2013, Sim et al. 2013a, Moll
and Woosley 2013, Shen and Bildsten 2014, Kashyap et al. 2015, Blondin et al. 2017a, Tanikawa
et al. 2018, Shen et al. 2018a, Liu et al. 2018, Rebassa-Mansergas et al. 2019, Polin et al. 2019,
Leung and Nomoto 2020, Gronow et al. 2020). WDs are generally split into two groups: those of
Chandrasekhar mass (MCh) and those with a lower total mass, sub-MCh WDs (see Section I.2.2
for a description of the MCh). This thesis investigates sub-MCh WDs as progenitors of SNe Ia,
their explosions as thermonuclear SNe and their contribution to the chemical enrichment of the
MW. Di�erent progenitor systems are presented in Section I.2 including a description of a possi-
ble detonation mechanism for a SN Ia in Section I.2.6. The theoretical and computational basis
for simulations of such thermonuclear explosions are described in Section I.3. Chapters II, III,
and IV summarize the results of di�erent studies carried out in the framework of this thesis.
They involve explosion simulations of sub-MCh WDs and investigate the impact of core-shell
mixing on the detonation ignition mechanism (Chapter II), di�erent mass con�gurations of the
WD (Chapter III), and assume a varying metallicity of the WD (Chapter IV). A conclusion
including a discussion on future SNe Ia modeling is presented in Chapter V.

I.1.2.1 Observables of Type Ia supernovae

As described in Section I.1.1 the SN classi�cation is based on spectral features. The spectrum
of a SN Ia does, however, change over time (see Figure I.1.4). The classi�cation is made using
the most prominent spectral features around peak luminosity in the B-band light curve, with a
light curve showing the development of the luminosity as a function of time. At maximum light
the spectrum is dominated by intermediate mass elements (IMEs) which are present in the outer
layers of the ejecta (Filippenko 1997). At later times, features of iron group elements (IGEs)
become distinctive. These originate from the inner ejecta where central core material was burnt.
Typical ejecta velocities are of the order of 10.000 km/s, with outer ejecta having higher velocities
than inner ejecta (Hillebrandt and Niemeyer 2000). The change in the spectrum is illustrated
in Figure I.1.4 for SN1998aq whose maximum light was on April 27, 1998 (Branch et al. 2003,
compare black and red colored spectrum in Figure I.1.4). The most prominent absorption lines
are highlighted. A comparison of the spectra of various normal SNe Ia, like SN1998aq, illustrates
a homogeneity indicating that they have the same progenitor.

However, some variations are visible in the light curve shapes of SNe Ia (see top panel in
Figure I.1.5). These are attributed to di�erent masses of the exploding star (Fink et al. 2010
and see Section I.2.5 for details). The maximum luminosity of the explosion is about −19.5mag
which is reached within 20 days of explosion. In the �rst few weeks since peak brightness the
luminosity decreases by three orders of magnitude followed by a linear decrease in magnitudes.
The light curve is powered by the radioactive decay of 56Ni to 56Co in the �rst few days and from
56Co to stable 56Fe in the subsequent ∼ 100 days (Bodansky et al. 1968, Colgate and McKee
1969) due to the di�erent half lives of the isotopes. Phillips (1993) and Phillips et al. (1999)
found a relation between the peak brightness of a SN Ia and the decline rate over 15 days after
maximum B-band luminosity, ∆m15: Brighter light curves have a broader shape. This is the
so-called width-luminosity relation or Phillips relation. A value of ∆m15 = 0.5 indicates a broad
light curve compared to a light curve with ∆m15 = 1.5.

Several SN searches have been carried out. Among those are the Nearby Supernova Factory
(Pereira et al. 2013), the Supernova Cosmology Project (e.g. Perlmutter et al. 1999), and the
High-z Supernova Search (Schmidt et al. 1998). Many observed objects can be attributed to
SNe Ia. Among those are, for example, SN 2011fe (Nugent et al. 2011), SN 2012cg (Graur et al.
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Figure I.1.4: Spectra of SN1998aq around (black) and 32 days after (red) maximum light in the
B-band, based on Matheson et al. (2008) using data of the CfA Supernova Archive, which is
funded in part by the National Science Foundation through grant AST 0907903; plotted is the
scaled �ux Fλ (plus o�set) over wavelength λ.

2016), SN 2014J (Graur and Woods 2019), SN 2016jhr (Jiang et al. 2017), and SN2018byg (De
et al. 2019) which are used as objects of comparison in this thesis.

I.1.2.2 Type Ia supernovae in cosmology

SNe Ia are so-called standard candles (Branch and Tammann 1992), or more accurately stan-
dardisable, due to the self-similar light curve shape (see Figure I.1.5). Standard candles have a
known luminosity. If such an object is observed, it can be used as distance measure to determine
previously unknown or not well known parameters. The luminosity distance dL (in parsec) to
the object is given by

m−M = 5 log dL − 5. (I.1.1)

with the absolute and apparent magnitudes M and m, respectively. Due to their spread in
peak luminosity, SNe Ia are presumed to be standardisable. In order to use these observations
as distance measures, the width-luminosity relation needs to be considered as it connects the
luminosity to the decline rate. This is illustrated in the bottom panel of Figure I.1.5. The SNe Ia
are scaled to match the brightness of SN 1991T. Furthermore, a stretch factor of 1.16 is applied
(Takanashi et al. 2008, but also see Goldhaber et al. 2001) to account for the width-luminosity
relation. However, this value only represents an average found by Takanashi et al. (2008).
Therefore, the scaled light curves in the bottom panel of Figure I.1.5 are only approximations.
For a more accurate treatement further corrections involving the redshift of the SNe Ia need to be
applied. Riess et al. (1998) and Perlmutter et al. (1999) make use of these methods and derive
an accelerated expansion of the universe using a set of SNe Ia at high redshifts. Figure I.1.6
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Figure I.1.5: Light curves of SN 1990N, SN1991T (Lira et al. 1998), SN 2001el (Krisciunas et al.
2003), and SN2014J (Li et al. 2019b) as measured in apparent magnitudes (top) and scaled to
match SN1991T in peak brightness employing a stretch factor for the light curve width (bottom).

illustrates the distribution of the SNe Ia in the brightness-redshift plane (see also Perlmutter
et al. 1999). Via the relations

dL =
c

H0

(
z + z2

1− q0
2

+O(z3)

)
and (I.1.2)

q0 =
1

2

∑
i

Ωi(1 + 3wi) =
ΩM (a)

2
− Ωλ(a) (I.1.3)

(see Perlmutter and Schmidt 2003 for a derivation) cosmological parameters, such as the Hubble
constant H0, mass density ΩM , and vacuum energy density Ωλ can be inferred. The variables
in Equations (I.1.2) and (I.1.3) are the speed of light c, redshift z, acceleration/ deceleration
parameter q0 and equation of state parameter wi = pi

ρic2
. In a universe that only consists of

normal matter and the cosmological constant the right term in Equation (I.1.3) is derived, given
wM = 0 and wλ = −1.

The two teams of Riess et al. (1998) and Perlmutter et al. (1999) deduce an age of the universe
equal to 14.2 ± 1.7Gyr and 14.5 ± 1.0Gyr, respectively. A detailed description of the analysis
is not given here, because the impact of SNe Ia to cosmology is not the aim of this thesis. The
reader is referred to the work of S. Perlmutter, B. P. Schmidt, and A.G.Riess (Riess et al. 1998,
Perlmutter et al. 1999) instead who received the Nobel Prize in Physics for their research in 2011.
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Figure I.1.6: E�ective B-band magnitude over redshift for observed SNe Ia (data from Perlmutter
et al. 1999). Cosmological predictions are shown as dashed lines for di�erent vacuum energy and
mass densities assuming a �at universe (

∑
i Ωi = 1). The best �t is plotted in red with mass

density ΩM = 0.3 and vacuum energy density Ωλ = 0.7.

I.1.2.3 Type Ia supernovae and galactic chemical evolution

Only H and He were produced in the Big Bang. Heavier elements are synthesized in astrophysical
processes, such as SN explosions or neutron star mergers, or in stellar interiors. Observations
of objects of di�erent ages con�rm this, as older stars are de�cient in heavy elements which are
present in younger stars. Generally, the abundance of heavy elements increases over time starting
with zero at the Big Bang until it reaches today's values.

As stated above, IGEs are produced in SNe Ia. These elements are ejected into the interstellar
medium with the explosion causing an enrichment of the matter with such elements. Among
those elements that are largely produced in SNe Ia is Fe. Fe is used as a measure of time for
chemical enrichment in the form of [Fe/H] (McWilliam 1997). It is de�ned as

[Fe/H] = log

(
X(Fe)
X(H)

)
− log

(
X�(Fe)
X�(H)

)
(I.1.4)

with the mass fractions of Fe, X(Fe), and H, X(H), of the star. The subscript � denotes the
respective solar values (Asplund et al. 2009). The ratio can be used as time measure since the
Fe abundance in old stellar population is low and increases toward young population I stars.

SNe Ia occur following a delay time distribution (DTD) in the Universe (see Section I.2.6.1).
This delay originates in the expected long evolution of the progenitor star before a SN Ia is
ignited. The observed knee in the ratio of α-elements to Fe (see Figure I.1.7) is attributed to the
onset of SN Ia explosions because of the large Fe production compared to the one of IMEs. It is,
however, necessary to carry out simulations of these SN Ia explosions along with nucleosynthesis
and GCE calculations in order to get detailed estimates in which way SNe Ia contribute to
the enrichment (Greggio and Renzini 1983, Matteucci and Greggio 1986, Lach et al. 2020).
Seitenzahl et al. (2013a), for example, show that SNe Ia provide a signi�cant amount of Mn to
the galactic abundance (see also Cescutti and Kobayashi 2017, Kobayashi et al. 2020, Eitner
et al. 2020). Hendricks et al. (2014) �nd a knee in the distribution of the α-elements at [Fe/H]
≈ −1.9 for the Fornax dwarf spheroidal galaxy which corresponds to values found for other dwarf
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Figure I.1.7: α-elements (magnesium, calcium, silicon, titanium) over [Fe/H] based on data from
Gratton and Sneden (1987, 1988), Magain (1989), and Cooke et al. (2015) similar to Wheeler
et al. (1989) and Matteucci (1992); the black line illustrates an average evolution with a knee at
[Fe/H] = −1.9.

spheroidal galaxies. A sketch of an average evolution of the α-elements over time with a knee
at [Fe/H] = −1.9 is shown by the black line in Figure I.1.7. Di�erent to this, the location is
at [Fe/H] = −1.04 ± 0.02 for the MW halo �eld stars (de Boer et al. 2014). Variations in the
location of the knee are associated with the di�erent total stellar mass of the galaxies as low
mass dwarfs are less chemically enriched.



I.2 Progenitors of Type Ia supernovae:

White dwarfs

To date no progenitor of a SN Ia has been observed. Therefore, details of a progenitor are not
well known. A detection of a progenitor is challenging given the assumption that it is a faint
and compact star as described below (see also Hillebrandt and Niemeyer 2000). Only McCully
et al. (2014) claim to have found a progenitor of a SN Iax, a sub-luminous subclass of SNe Ia: A
WD accreting matter from a He star.

Some constrains on the progenitor exist based on observations. As such, Bloom et al. (2012)
state that the radius of the progenitor star must be smaller or equal to 0.02R�. This is based
on a non-detection of a progenitor 4 h prior to the explosion of SN2011fe. Further observations
limit the density of the progenitor to be at least 104 g cm−3. In addition, the observed velocities
of the SN ejecta are found to be of the order of 10.000 km/s (Hillebrandt and Niemeyer 2000).
The associated kinetic energy (about 1051 erg, Thielemann et al. 2004) can only be reached by
fusion of 1M� of C and O to heavier elements (IMEs or IGEs, Contardo et al. 2000, Hillebrandt
and Niemeyer 2000). All these �ndings imply that a compact object like a WD or neutron star
is the progenitor.

The homogeneity of the light curves and spectra indicate that the progenitor is always the
same. However, some variations of the progenitor star must be allowed in order to account for
the small di�erences found in the observables of individual SNe Ia (Hillebrandt and Niemeyer
2000, Section I.1.2.1). An explosion of the progenitor star must further produce the observed
amounts of 56Ni as well as IMEs. The absence of H in the spectra also indicates that the initial
H mass in the progenitor must be below 0.1M�. Taking these constrains into account and the
fact that neutron stars are the product of another type of SN, WDs are found to be promising
progenitors of SNe Ia (Hoyle and Fowler 1960), which is widely discussed in literature (see e.g.
Maoz et al. 2014, Livio and Mazzali 2018 for reviews of possible progenitors).

I.2.1 WD formation

In this section the creation of a WD following stellar evolution is discussed. A description
of di�erent possible progenitor systems is given in the next section. Details on the numerical
implementation of a WD and its detonation are explained in Section I.3.

Many stars become WDs at the end of their evolution. In fact, Napiwotzki (2009) state that
a large fraction of the stars in our galaxy are WDs corresponding to about 10% of the mass in
the MW.

The evolution of a star over time can be visualized in a Hertzsprung-Russel diagram (H-
R diagram, see Figure I.2.1). An H-R diagram illustrates the stellar population in the luminosity
and temperature regime. Further, changes in luminosity and temperature of a star during its
lifetime can be displayed visualizing alterations in the stellar structure. The details of such a
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Figure I.2.1: Stellar evolution track of a 1M� star with metallicity Z = 0.02 in a Hertzsprung-
Russel diagram following Koester and Chanmugam (1990) and Farag et al. (2020) using the
Modules for Experiments in Stellar Astrophysics code (MESA, Paxton et al. 2011, 2013, 2015,
2018, 2019) in revision 10108.

track depend on the mass of the star. Figure I.2.1 shows the evolutionary track for a 1M� star.

In its pre-main sequence evolution gravitational pressure causes a contraction of the stellar
core which results in a temperature increase as the H matter is non-degenerate (Koester and
Chanmugam 1990). This rise in temperature allows the formation of heavier elements. A star
primarily consists of H when it enters the main sequence (ZAMS in the �gure) in the H-R diagram
which is later burnt to He once high enough temperatures are reached for the ignition of H
burning. Burning halts only when H is exhausted in the core leaving behind a star with a He
core and a H envelope. At this point the star has left the main sequence and its luminosity
has increased due to an increase in the mean molecular weight µ (L ∝ µ4). Depending on the
mass of the star further burning phases set in (see Hayashi and Cameron 1962, Iben 1967 for a
description). Here, the discussion is limited to lower mass stars (total masses of 8M� at most),
focusing on a 1M� star, as these are expected to form CO WDs (Koester and Chanmugam 1990,
and see Iben 1967 for a description of the evolution of a 5M� star). Degeneracy is an important
parameter in these low mass stars. At high densities, ions and electrons contribute to the total
pressure in the center of such stars as ideal gas and degenerate electron gas, respectively.

After H exhaustion in the core, H burning starts in a shell producing more He and causing the
core to grow in mass. The growth leads to a contraction of the core. In order to counter balance
this, the shell expands and the luminosity increases: The star becomes a giant star (Koester and
Chanmugam 1990). The density of the core matter becomes higher as the core contracts while
the star moves along the red giant branch (RGB). The core becomes degenerate. Due to this,
the contraction does not cause a temperature increase (see Figure I.1.3), which is di�erent to the
pre-MS phase. He burning starts once high enough temperatures (of about 108K) are reached
in core material. The start of He fusion leads to a thermal runaway. The process results in
an extreme surplus of nuclear energy in a short time period which gives this evolutionary stage
its name, He �ash (Gautschy 2012). Depending on the mass, a star can experience several He
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�ashes. The energy released in these �ashes is absorbed by the outer non-degenerate matter of
the star and does not reach its surface. The degeneracy of the core is lifted as the temperature
rises at constant core density. At the high temperatures the pressure contribution of the ideal
gas is larger than the one of the degenerate matter. The matter behaves like an ideal gas and
the core expands due to the high pressure. The energy generation rate decreases until the core is
in thermal equilibrium again and the luminosity of the star drops. The core mass stays almost
constant during this phase.

He burning becomes stable in the core and is surrounded by a H burning shell. When He
is exhausted in the core, He shell burning sets in. During the He burning phase the luminosity
increases again with rising core mass moving along the asymptotic giant branch (AGB, Koester
and Chanmugam 1990). This is the case because a core contraction is mirrored by an expansion
of the shell. The matter becomes degenerate again until the increasing gravity force is balanced
by the Fermi pressure force in the degenerate state. At this point the star consists of a CO
core. In stars with masses of at least 4M� H shell burning is extinguished in the early AGB
phase (Pols et al. 2001). It is re-ignited as the convective envelope reaches up to the H layer (see
Kippenhahn et al. 2012) and thermal pulses occur. They can result in the admixture of core
material to the outer layers in so-called dredge-ups.

It is assumed that the H-rich envelope is lost either by stellar winds or interactions with other
stars (see e.g. Iben and Renzini 1983, Blöcker 1995) once the star reaches the end of the AGB
phase. When only small amounts of H remain (of the order of 10−4M�, Koester and Chanmugam
1990), the star moves to the left of the H-R diagram. In the following, the luminosity of the
star decreases as the star cools. The star becomes a WD. Over the next billion years the WD
becomes a black dwarf as the temperature decreases.

The stellar evolution track shown in Figure I.2.1 di�ers for stars of other masses. However,
the outcome is qualitatively the same for stars with masses below about 8M�. Higher mass
stars, with masses between 8M� and 10M�, are expected to form oxygen-neon(-magnesium,
ONe-Mg) cores. The location of the zero-age main sequence (ZAMS) is sketched in Figure I.2.1
based on Farag et al. (2020). The overlap of the dashed line with the blue line approximately
indicates the current position of the Sun in the H-R diagram. A detailed description of the stellar
evolution of a star can be found in Kippenhahn et al. (2012).

I.2.2 Characteristics of WDs

Koester and Chanmugam (1990) state that a �rst distinction of WDs from 'normal' stars goes
back to the 1910's. Now, several hundred thousand WD candidates have already been iden-
ti�ed by the space satellite Gaia of the European Space Agency (Data Release R2, see Gaia
Collaboration et al. 2016, 2018) as stated in Jiménez-Esteban et al. (2018), and other obser-
vational surveys. The WD closest to Earth is Sirius B located at a distance of 8.6Lyr (Bond
et al. 2017). Jiménez-Esteban et al. (2018) �nd a peak in the WD mass distribution around
0.8M� while Kleinman et al. (2013) estimate an average mass of 0.6 to 0.7M� using data of the
Sloan Digital Sky Survey (SDSS-DR7). Based on these observations WDs have radii of about
9.000 km (Shipman 1972). Taking this and their masses into account, average densities are about
2.16× 106 M

M�
g cm−3, with mass M of the WD (e.g. Chandrasekhar 1994). The central density,

however, is about six times higher (Chandrasekhar 1994).
The maximum mass is found to be 1.46M� for a non-rotating, non-magnetic WD (Chan-

drasekhar 1931). The derivation is given in Chandrasekhar (1931) under the assumptions of a
uniform density distribution and using the relativistic form of the Fermi-Dirac statistics for de-
generate matter. This so-called MCh describes the maximum mass until which gravity is balanced
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by the electron degeneracy pressure. If the WD exceeds this mass, it collapses and becomes a
di�erent stellar remnant, like for example a neutron star. For details the reader is referred to
Chandrasekhar (1931). Das and Mukhopadhyay (2013) and others �nd that the upper limit for
the WD mass is increased by the presence of magnetic �elds. Further work by, for example,
Anand (1965) adds that rotation raises the mass limit as well. Althaus et al. (2021) illustrate
in their Figure 2 what kind of WD forms given varying initial parameters. Depending on the
initial mass of the progenitor star and its rotation a CO or ONe WD is created. They show that
rotation supports the formation of ultra-massive CO WDs rather than ONe WDs.

With central temperatures of some 107K (Marshak 1940) and central densities of about
107 g cm−3 WDs are degenerate. The (self-)gravity is balanced by the pressure gradient in this
case, meaning that the WD is in hydrostatic equilibrium. As such an isolated WD is stable. It
needs to interact with a companion in order to be disrupted in a thermonuclear explosion.

I.2.3 Single- and double-degenerate systems

As stated at the beginning of this section, WDs ful�ll the requirements for SN Ia progenitors.
However, they have to be in binary systems in order for a thermonuclear explosion to be ignited.
Further, it has to be noted that WDs can have He, CO or ONe(Mg) cores. The formation
depends on several parameters such as mass of the progenitor star, mass loss rate during the
evolution and rotation (see above Sections I.2.1 and I.2.2). The discussion in this work is limited
to COWDs which are widely examined as SN Ia progenitors (e.g. Whelan and Iben 1973, Nomoto
1982a,b, Webbink 1984, Livne 1990, Livne and Glasner 1990, 1991, Shigeyama et al. 1992, Fink
et al. 2007, 2010, Sim et al. 2010, Shen and Bildsten 2014, Blondin et al. 2017a, Tanikawa et al.
2018, Shen et al. 2018a, Polin et al. 2019, Leung and Nomoto 2020, Gronow et al. 2020). While
He WDs can be excluded as progenitor for SNe Ia due to the absence of strong He lines in SNe Ia
spectra, a study on ONeMgWDs as progenitors can be found in Marquardt et al. (2015). Possible
explosion mechanisms for a CO WD as SN Ia progenitor are presented in Sections I.2.4 to I.2.6.

In a close binary system a WD can interact with its companion via accretion. In addition to
the ignition of an explosion, an accretion process allows the WD to gain mass. As the average
mass of a WD is about 0.7M�, the total mass needs to increase so that a high enough 56Ni
production is reached in the explosion to match observations. A binary system can consist
of a CO WD and another WD, such as a He WD. The system is called double-degenerate
(e.g. Whelan and Iben 1973, Webbink 1984, Tutukov and Yungelson 1996, Kashyap et al. 2015,
Tanikawa et al. 2018, Rebassa-Mansergas et al. 2019). If the companion star is, for example, a
red giant the system is single-degenerate instead (e.g. Whelan and Iben 1973, Iben et al. 1987,
Dave et al. 2017). There is no uniform conclusion on which system is favored. Fisher and Jumper
(2015) state that explosions of MCh WDs in the single-degenerate channel lead to over-luminous
SNe Ia (so-called SN1991T-like). Based on their three-dimensional (3D) models this channel only
contributes 1% to 30% of the total SNe Ia rate. However, Hillebrandt and Niemeyer (2000) favor
the single-degenerate channel as hardly any observations of double-degenerate systems were made
so far involving MCh WDs that would merge within the Hubble time. The contribution of the
double-degenerate channel to SNe Ia is estimated to about 64% by Liu et al. (2018) derived from
their model sample. Belczynski et al. (2005), Ruiter et al. (2009), and Toonen et al. (2012) agree
on a rather large contribution via the double-degenerate channel based on population synthesis
calculations. In addition, Li et al. (2019a) point out that there has been no clear observation of
a surviving non-degenerate companion in a SN remnant. In contrast to that, three hypervelocity
white dwarfs have been found in Gaia data supporting the argumentation for double-degenerate
systems (Shen et al. 2018a).
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Figure 1 of Yungelson (2005) illustrates possible formation channels for a close binary system.
In order for the separation of the two stars to be so low, at least one common envelope phase
is needed. However, some uncertainties remain in the evolutionary scenarios as indicated by
Yungelson (2005).

I.2.4 Chandrasekhar mass WDs

As stated before, two groups of WDs are regarded as possible progenitors for a SN Ia. MCh

WDs are discussed in this section. In Section I.2.5 progenitor systems of sub-MCh WDs are
explained. A discussion of super-MCh WDs as progenitors can be found in Howell et al. (2006).
However, these are unlikely candidates for normal SNe Ia as their luminosities are too bright.
They can, nevertheless, account for a subclass of SNe Ia (Taubenberger 2017).

The high homogeneity of SNe Ia observations indicates that the progenitor star is always the
same (see Section I.1.2.1). MCh WDs �t this criterion as the WD would explode at a �xed mass
(e.g. Hoyle and Fowler 1960). Riess et al. (1999) state that the standard candle SNe Ia arise from
explosions of such WDs. Further studies are carried out by Arnett (1969), Thielemann et al.
(1986), Iwamoto et al. (1999), Reinecke et al. (2002), García-Senz and Bravo (2005), Bravo et al.
(2019), and Seitenzahl et al. (2013b).

In order for a MCh WD to explode, the WD �rst needs to reach this mass limit. This
occurs through accretion of matter from a companion, such as a red giant or main sequence star.
Nomoto (1982b) and Sim et al. (2010) assume that the accreted material consists of H or He
which stably burns on the surface of the WD core until it is converted to CO and contributes to
an increase of the core mass. The central density of the WD increases during the accretion until
a thermonuclear runaway sets in which can develop due to the degenerate state of the matter
(Section I.1.1).

However, it was found that explosions of MCh WDs do not result in synthetic observables
representing the majority of SNe Ia (Arnett et al. 1971). Instead, they are proposed to be the
progenitors of a subclass of SNe Ia (e.g. Foley et al. 2013, Galbany et al. 2019). Sim et al. (2013b)
show the width-luminosity relation for their MCh models in their Figure 5. In a comparison to
observations it becomes obvious that the extreme homogeneity of this progenitor channel is
problematic. While observations show an increase in ∆m15 with decreasing maximum B-band
magnitude, the models have rather uniform values of ∆m15 between 1.1mag and 1.4mag (see
Figure 5 of Sim et al. 2013b). Further, Arnett et al. (1971) points out that these explosions can
produce too much IGEs and too little IMEs compared to observations as all material is burnt to
heavy elements.

I.2.4.1 Explosion mechanisms

MCh WDs can explode in di�erent ways. A burning front either propagates super- or subsonically.
Depending on this, it is a detonation or de�agration, respectively. Both are allowed by the
Rankine-Hugoniot jump conditions (see Röpke 2006, references therein, and Section I.3.1.3).

In a de�agration the ashes expand directly behind the burning front. They have lower
densities than the unburnt material. In this case the matter is heated by heat transport between
the fuel and ash. Pure de�agrations of MCh WDs are for example discussed by Thielemann et al.
(1986), Livne (1993), Niemeyer and Hillebrandt (1995), Iwamoto et al. (1999), Reinecke et al.
(2002), Gamezo et al. (2003), García-Senz and Bravo (2005), Röpke et al. (2007a), Long et al.
(2014), and Fink et al. (2014). A much discussed model is the W7 model of Nomoto et al. (1984)
and Thielemann et al. (1986) which is widely used in further studies though its one-dimensional
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(1D) nature. De�agrations can leave behind a bound remnant as they are not strong enough to
unbind the whole star (Jordan et al. 2012, Kromer et al. 2013). This depends on the ignition
conditions as found by Fink et al. (2014).

In an explosion, the de�agration �ame burns until it is quenched by the expansion or un-
til it turns into a detonation. These delayed detonations are investigated by Blinnikov and
Khokhlov (1986), Khokhlov (1991), Gamezo et al. (2005), Röpke and Niemeyer (2007), Röpke
(2007), Seitenzahl et al. (2013b), Bravo et al. (2019), and Bravo (2019), among others. In a
detonation the shock wave heats the matter by compression. The speed of the burnt matter
is further equal to the sound speed in it. The freed energy from burning in the shock leads
to a pressure increase behind it and with that supports the shock propagation. The concept
of a delayed detonation is suggested based on combustion experiments showing such a sponta-
neous transition according to Hillebrandt and Niemeyer (2000). Hö�ich and Khokhlov (1996)
and Iwamoto et al. (1999) show that a transition to a detonation occurs at densities of about
107 g cm−3. Their models are able to match observational features of SNe Ia and their expected
elemental abundances.

It is to be noted that an initial de�agration phase is needed in order to expand the material.
During the expansion the density decreases which allows the production of elements other than
IGEs. Without such a de�agration phase almost only IGEs, like 56Ni, would be produced in
the explosion of a MCh WD as pure detonation (Nomoto et al. 1976, 1984, Woosley et al. 1986).
This would be too bright for a normal SN Ia and the resulting abundances of IMEs would not
match those found in observations (Arnett et al. 1971).

A pulsational delayed detonation as possible explosion mechanism is not explained here.
However, details can be found in Hillebrandt and Niemeyer (2000). The reader is referred to the
above referenced works for details on the di�erent explosion mechanisms.

I.2.5 Sub-Chandrasekhar mass WDs

Contrary to MCh WDs, the total mass of sub-MCh WDs is not �xed. Changes in the total
mass allow a potential match to variations found in observations. Generally, sub-MCh WDs
are assumed to have total masses between 0.8 and 1.2M� which enables a reproduction of
luminosities found for normal SNe Ia. Due to their lower mass, sub-MCh WDs are assumed
to have a higher occurrence rate than MCh WDs. This is in part because less matter needs
to be accreted. In addition, the companion might not provide enough mass to reach the MCh

limit (Kenyon et al. 1993). Work on sub-MCh WD progenitor stars is carried out by, for example,
Nomoto (1982b), Shigeyama et al. (1992), Woosley and Weaver (1994b), Livne and Arnett (1995),
Nugent et al. (1997), Hoe�ich et al. (1998), García-Senz et al. (1999), Bildsten et al. (2007), Fink
et al. (2007, 2010), Kromer et al. (2010), Sim et al. (2010), Ruiter et al. (2011), Moll and Woosley
(2013), Sim et al. (2013a), Blondin et al. (2017a), Wilk et al. (2018), Liu et al. (2018), Shen et al.
(2018a), Tanikawa et al. (2018), Polin et al. (2019), Leung and Nomoto (2020), and Gronow et al.
(2020, 2021a).

Sim et al. (2010) �nd that explosions of sub-MCh WDs match the width-luminosity relation
relatively well (also see Kasen et al. 2009, Blondin et al. 2017b, Shen et al. 2018b). They compare
1D pure detonations of sub-MCh WDs to data in their Figure 4. Details of the abundances and
the synthetic observables of sub-MCh WD explosion are in�uenced by the total mass (Fink et al.
2010), the C mass fraction (Ohlmann et al. 2014) and other parameters.

A sub-MCh WD can interact with its companion in di�erent ways that result in thermonuclear
explosions. In a close binary with another sub-MCh CO WD a merger of the two stars is possible.
If the sub-MCh, however, is in a binary with a He star or He WD, accretion of He onto the surface
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of the sub-MCh CO WD takes place. In the case of a sub-MCh WD a C detonation is not ignited
by the accretion process directly as in the MCh case. A He detonation is ignited at the base of
the shell due to thermal instabilities instead.

I.2.5.1 Explosion mechanisms

Three di�erent explosion mechanisms are mainly discussed in literature: violent mergers (Guillo-
chon et al. 2010, Pakmor et al. 2010, 2011, 2013), pure detonations (Blondin et al. 2017a,b), and
double detonations (e.g. Woosley and Weaver 1994b, Fink et al. 2007, 2010, Moll and Woosley
2013, Shen et al. 2018a, Townsley et al. 2019, Leung and Nomoto 2020, Gronow et al. 2020).
Liu et al. (2018) estimate that violent mergers make up 16% of all SNe Ia. In this scenario
two WDs of 0.9M� each merge after a common envelope phase (Pakmor et al. 2010) and a
detonation is ignited dynamically (also see Iben and Tutukov 1984). The mass ratio can slightly
deviate from one. However, the masses need to be between 0.83M� and 0.9M� according to
Pakmor et al. (2011). This mass limit is lifted by Pakmor et al. (2013) who analyse mergers of
WDs with thin He shells. These mergers of CO WDs produce sub-luminous 1991bg-like SNe,
a subclass of SNe Ia (Pakmor et al. 2010). A more violent explosion mechanism is the collision
model (see Piro et al. 2014, Wygoda et al. 2019 for details).

Double detonations can occur when a sub-MCh CO WD accretes He from a companion
so that it becomes a WD with CO core and He shell. The work in this thesis focuses on this
explosion mechanism. Its details are described in Section I.2.6.

In pure detonations of sub-MCh WDs the WD is assumed not to have a He shell. It is
used as toy model in Sim et al. (2010). Blondin et al. (2017a,b) compare their pure detonation
model to a delayed detonation of a MCh WD. However, spectral comparisons to observations
show discrepancies as the 56Ni production is high.

I.2.6 Double detonations of sub-MCh WDs

Details of the double detonation scenario are presented in the following. It was �rst proposed in
the 1980's by Nomoto (1982a,b). Jiang et al. (2017) and De et al. (2019) propose that SNe 2016jhr
and 2018byg originate from double detonations, respectively.

I.2.6.1 Basics

In the double detonation scenario it is assumed that a CO WD accretes He from its companion
forming a He shell around the CO core. If the accreted layer is massive enough, critical conditions
for a He detonation ignition are reached at the base of the shell. Glasner et al. (2018) argue
that the minimum accreted mass depends on the accretion rate. A higher accretion rate (e.g.
2.00 × 10−8M�yr−1 compared to 0.86 × 10−8M�yr−1) allows a more e�cient compression of
the matter and heating proceeds faster. Glasner et al. (2018) are able to con�rm a successful He
detonation ignition based on two-dimensional (2D) models using two di�erent numerical codes. A
He shell of 0.05M� is high enough to trigger a He detonation ignition when considering the higher
accretion rate given above (Glasner et al. 2018). Neunteufel et al. (2016) carry out simulations
on the accretion process onto the WD. In their models the accreted mass depends on various
parameters, among those is the accretion rate.Further, Shen et al. (2010) and Glasner et al. (2018)
describe a mechanism that triggers a He detonation in more detail: The accretion of matter from
a companion heats up the shell material by compression and convection starts to set in. The
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convective burning in the shell introduces temperature �uctuations. Along with He burning the
temperature increases further leading to an increase in the burning rates. This allows hotspots to
develop with burning time scales smaller than the dynamical time scale and convective turnover
time which leads to a detonation ignition. Di�erent hotspot sizes are investigated by Shen and
Moore (2014), assuming a C enrichment of the shell as well. In the case of the double detonation
scenario, the ignition occurs due to thermal instabilities and not dynamically like in the violent
merger scenario.

The He detonation in the shell triggers a second, C detonation which disrupts the whole star.
Woosley and Weaver (1994b) investigate di�erent accretion rates from the companion onto the
WD. They �nd that a rate of 10−8M� yr−1 is su�cient to ignite a He detonation in a shell of
0.2M� followed by a successful core ignition. Fink et al. (2010) argue that a core detonation can
always be triggered if a He detonation ignition was successful based on their study of minimum
He shell masses.

A C detonation can be ignited in di�erent ways as part of a double detonation. The He
detonation can directly trigger a C detonation close to the core-shell interface which is named
edge-lit mechanism (e.g., Livne and Glasner 1990, Sim et al. 2012). García-Senz et al. (1999)
point out that the He detonation should be ignited at some distance from the base of the shell.
This allows a pressure-spike to develop which is strong enough to ignite C (Benz 1997).

In case a direct ignition is unsuccessful, a C detonation can be ignited as part of the converging
shock mechanism. In this scenario the He detonation propagates through the shell and sends a
shock wave into the CO core. The shock wave has a lower velocity than the detonation wave in
the shell due to the higher densities in the core. Once the He detonation propagated around the
whole core, it moves into the core as shock wave. The shock waves converge o�-center in the core
at densities of about 2.0×107 g cm−3 and cause a compression and heating of the material. A C
detonation is triggered (e.g., Livne 1990, Livne and Glasner 1991, Woosley and Weaver 1994b,
Livne and Arnett 1995, Fink et al. 2007, 2010, Woosley et al. 2011, Moll and Woosley 2013,
Shen and Bildsten 2014, Blondin et al. 2017a, Shen et al. 2018a, Townsley et al. 2019, Leung
and Nomoto 2020, Gronow et al. 2021a).

It is also possible that the convergence of the He detonation wave at the antipode of the He
detonation ignition spot is strong enough to ignite a C detonation in a C enriched shell which
is described as the 'scissors mechanism'. This mechanisms is neglected in literature so far, �rst
fully presented in Gronow et al. (2020) and in Chapter II (however, see also Livne and Arnett
1995, García-Senz et al. 1999, Forcada 2007). If no second detonation is ignited, the ejecta are
similar to those of a SN .Ia (see Bildsten et al. 2007, Waldman et al. 2011, Sim et al. 2012). The
edge-lit, converging shock, and scissors mechanism form a set of three di�erent C detonation
ignition mechanisms.

In order for a C detonation ignition to be successful critical values for the density and tem-
perature have to be reached. Röpke et al. (2007b) and Seitenzahl et al. (2009) investigate these
values as well as critical masses for a so-called spontaneous C detonation ignition in the CO core
which is caused by a hotspot in the fuel with a su�ciently steep temperature gradient. Accord-
ing to Röpke et al. (2007b) temperatures of 2.3 × 109K and densities of 1.41 × 106 g cm−3 are
su�cient. Seitenzahl et al. (2009) derive densities of at least 5.0× 106 g cm−3 and temperatures
of 2.0×109K. These values are used throughout this thesis to investigate whether a C detonation
ignition is plausible and physical.

Ruiter et al. (2011) list rates for explosions of sub-MCh WDs in the double detonation scenario.
The rates are given as a function of time following a star formation burst, which corresponds to
a DTD. This is a more accurate description for the time dependent rate than an averaged rate
employed at all times.
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I.2.6.2 Open questions

Explosions of sub-MCh WDs are found to cover a range of di�erent brightnesses (Sim et al. 2010,
Polin et al. 2019) as well as rise and decline rates (Sim et al. 2010, Blondin et al. 2017b). However,
despite past studies on double detonations (e.g. Fink et al. 2007, 2010, Moll and Woosley 2013,
Shen et al. 2018a, Leung and Nomoto 2020) some question are not completely answered so far.
As such, the exact mechanism of the He detonation ignition is unknown. Glasner et al. (2018)
approach this by investigating whether a He detonation can be ignited successfully in an accreted
He layer (see also Woosley and Kasen 2011, Holcomb et al. 2013, Shen and Moore 2014).

The details of the He detonation are undetermined as well. Hö�ich and Khokhlov (1996) and
Nugent et al. (1997) �nd that synthetic observables of double detonations show nickel (Ni) at
high velocities which originates from the He detonation, but this is not found in observations.
Ruiter et al. (2011), however, argue that detonations of thinner He shells produce less 56Ni and,
therefore, weaken the deviation. This is con�rmed by simulations of Bildsten et al. (2007), Shen
and Bildsten (2009), and Townsley et al. (2012, 2019). Kromer et al. (2010) further state that
titanium (Ti) and chrome (Cr) as products of the shell detonation are too prominent in synthetic
spectra compared to observations. The spectral color is too red according to Kromer et al. (2010),
Boyle et al. (2017), and Botyánszki et al. (2018) as well. An admixture of C into the shell can
decrease the amount of IGEs produced in the shell detonation as suggested by Yoon et al. (2004),
Fink et al. (2010), Kromer et al. (2010), and Fink et al. (2013). This e�ect is investigated in
this work (see Chapter II and Gronow et al. 2020). The propagation of the He detonation is
further analysed in more detail in this work as the resolution in the shell is increased compared
to previous studies (e.g. Fink et al. 2007, Moll and Woosley 2013).

Further, unknown parameters are details of the C detonation ignition. Critical values for a
successful C detonation ignition are found by Röpke et al. (2007b) and Seitenzahl et al. (2009).
However, only few full 3D simulations have been carried out so far which leaves some uncertain-
ties.

I.2.6.3 Simulations of double detonations

Simulations of double detonations of sub-MCh WDs were carried out in this work. However, the
accretion process onto the WD was omitted. In the beginning, the simulations rather presume
that a WD with CO core and He shell is in hydrostatic equilibrium. The hydrodynamic explosion
simulations were followed by a postprocessing step to get detailed nucleosynthetic yields (see
Section I.3.3) and radiative transfer calculations to obtain synthetic observables (Section I.3.4).
Details of the numerical implementation and the employed codes are given in Section I.3.

I.2.7 Nucleosynthesis in sub-MCh WD explosions

The nucleosynthesis in double detonations of sub-MCh WDs can be described by explosive He
and Si burning. Explosive He burning takes place in the He shell, while explosive Si burning
occurs in the core with C and O serving as fuel. A detailed description of the di�erent forms of
explosive burning can be found in Lach et al. (2020) (see also Arnett 1996).
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Figure I.2.2: Illustration of the di�erent burning regimes of explosive Si burning in the Tpeak −
ρpeak�plane following Woosley et al. (1973). Gray areas cover varying χ values in the range from
1 to 10 (similar to Figure 1 of Lach et al. 2020).

I.2.7.1 Explosive Si burning

Woosley et al. (1973) describe explosive Si burning by identifying three di�erent burning regimes,
namely normal freeze-out from nuclear statistical equilibrium (NSE), α-rich freeze-out, and in-
complete Si burning. They are split by gray areas in Figure I.2.2. The separation of the burn-
ing regimes depends on the cooling time scale after the burning front was crossed. The e�ect
can be described by the variable χ which in�uences the hydrodynamic time scale according to
τHD = 446χρ

−1/2
peak (see Lach et al. 2020 for details). The shaded area in Figure I.2.2 covers χ

values from 1 to 10. Burning in the three regimes results in varying compositions.
In NSE the abundances of all isotopes, from proton (p) to IGEs, are in equilibrium. Forward

and reverse reactions are in balance. However, high enough densities and temperatures to reach
NSE are not present in the explosions of sub-MCh (see the discussions in Chapter IV, and
Figures IV.2.2 and IV.2.3 therein). Only explosions of WDs with masses close to or above the
MCh are able to reach NSE (see Lach et al. 2020). A detailed discussion of this burning regime
is therefore omitted here and the reader is referred to Lach et al. (2020) instead.

In the α-rich freeze-out regime similarly high temperatures are present as in NSE. However,
the peak densities are lower. The abundance of light particles, such as p and α-particles, origi-
nating from the photodissociation of 28Si (Arnett 1996) is higher in this burning regime than in
NSE. The reaction rates are slower at the lower densities (Arnett 1996) and the light particles
react with other nuclei and cause the distribution to be out of equilibrium. The high α-particle
density results in the freeze-out of forward reactions that take place in NSE. The name of this
burning regime is coined by the high abundance of these α-particles.

At temperatures above about 5× 109K Si is exhausted while Si burning can still take place
at lower temperatures. In this temperature regime incomplete Si burning occurs. Two equilibria
form located around the isotopes 28Si and 56Ni (Woosley et al. 1973). This is due to a bottleneck
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at a mass number of 45. Elements with this mass number have a very low binding energy and,
therefore, have a low abundance. The bottleneck is lifted at higher temperatures. In the α-rich
freeze-out regime, this results in the burning of almost all material to 56Ni.

The nucleosynthesis strongly depends on the density pro�le of the WD. Therefore, the WD
mass is the leading parameter in�uencing the nucleosynthesis. Di�erent to MCh WDs, sub-MCh

WDs of about 1.05M� have much lower densities (see Figure 1 of Seitenzahl and Townsley 2017).
As a consequence the �nal abundances of sub-MCh WD explosions include less IGEs and more
IMEs compared to explosions of MCh WDs. This coincides with the di�erence in burning regimes
arising in the explosions.

I.2.7.2 Explosive He burning

Explosive He burning is in detail described by Khokhlov (1984) and Khokhlov and Érgma (1985).
According to Khokhlov (1984) the burning covers a regime with temperatures above 109K and
densities higher than 105 g cm−3. It is dominated by the triple-α reaction and α-captures. Both
are in competition with each other, with the presiding reaction changing depending on the
temperature. 12C is formed in triple-α reactions. Following α-captures onto 12C result in the
production of heavier elements in the α-process (e.g. 24Mg, 28Si, 40Ca, and 52Fe). Eleven α-
particles are needed to form 56Ni from 12C. It is the most abundant isotope at temperatures of
2 × 109K and densities of 5 × 106 g cm−3 (Khokhlov 1984) which are met in He detonations as
part of the double detonation scenario. The abundance can, however, be altered when including
an admixture of C to the shell (see Section II.2.3.1) and by the metallicity of the main sequence
progenitor star (see Chapter IV).

Once He is exhausted, a further burning regime is reached. It includes (α, γ) and (γ, α)
reactions as well as 12C+ 12C reactions, among others, and leads to NSE. As stated in Khokhlov
(1984), the regime requires densities above 107 g cm−3 and temperatures higher than 3× 109K.
This regime is, however, not reached in the He shell detonations of the sub-MCh WD explosion
models presented in this thesis (see Section IV.2).

I.2.7.3 SNe Ia as Fe source

During the SN explosion large amounts of 56Ni are produced (Greggio and Renzini 1983). Heavy
elements, like 56Ni, are produced by nuclear fusion. As 56Ni has the highest nuclear binding
energy among the symmetric isotopes fusion is halted leading to a signi�cant 56Ni production
(Audi et al. 2003). Fusion stops at an isotope with equal neutron and proton numbers due to
the symmetric structure of the C and O fuel. This 56Ni bottleneck exists as no energy would be
gained from reactions to more massive elements.

Over time, 56Ni decays to 56Fe via 56Co. The exact amount of 56Ni produced in a SN Ia
depends on the mass and density pro�le of the exploding WD. Maoz and Graur (2017) �nd a
mean Fe yield from SNe Ia of 0.7M�, contrary to a mean value of 0.074M� for core-collapse (CC)
SNe. The relatively high amount originating from SNe Ia explains the rise in the Fe production
found in galaxies (see also Section I.1.2.3). The consideration of a DTD for this type of SN
improves the match.





I.3 Detonation simulations

Basics of hydrodynamics and the treatment of a WD in numerical codes are described in Sec-
tions I.3.1.1 and I.3.1.2, respectively. Section I.3.2 goes into detail on how these hydrodynamical
principles are implemented in numerical hydrodynamic codes. Details on other codes used in
connection with this thesis are given in Sections I.3.3 and I.3.4.

I.3.1 Theoretical basis

I.3.1.1 Hydrodynamics

Under the assumption that the mean free path of the particles is small compared to the length
scale over which properties change, it is possible to treat matter as �uid (Müller 1998). This,
however, only includes short range forces. Other forces are assumed to be external. In case of
a �uid, a small mean free path results in only a small part of the particles being distributed
to neighboring �uid elements. The �uid elements are in local thermal equilibrium and the �uid
itself is described by the Euler equations.

As stated earlier (see Section I.2.2) WD matter can be described as fully ionized plasma
of degenerate electrons. This ful�lls the continuum assumption mentioned by Hillebrandt and
Niemeyer (2000) which describes that matter comprised of particles behaves like a continuous
�uid. The valid hydrodynamic equations are derived in Landau and Lifschitz (1983), and Shore
(2007) and Landau and Lifschitz (2007) using two di�erent approaches. A derivation is skipped
here and the reader is referred to the above works instead.

The governing hydrodynamic equations are given by conservation laws (see LeVeque 1998)
which can be deduced from the balance equation. The di�erential form of the balance equation
is obtained by LeVeque (1998) as

∂tq(x, t) +∇ · jq(x, t) = S(x, t) (I.3.1)

with density q, �ux density j, and source density S taking a surface �ux and the presence of
sources or sinks into account. Time and spacial coordinates are given by t and x. Based on this
equation the following conservation laws are derived:
continuity equation for conservation of mass

∂tρ+∇(ρu) = 0 (I.3.2)

with mass density ρ and �uid velocity u, momentum equation

∂t(ρu) +∇(ρu⊗ u) +∇p = ρf (I.3.3)

43
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with external force f obtained from f = ∇Φ with gravitational potential Φ and pressure p, and
the total energy equation

∂t(ρetot) +∇(ρetotu) +∇(pu) = ρu · f (I.3.4)

with total energy etot. LeVeque (1998), however, neglects further source and external force terms
in their calculations. The three equations (I.3.2) to (I.3.4) make up the Euler equations. If
viscosity is incorporated as well, the governing equations are given by the Navier-Stokes equa-
tions. Their discussion is omitted here. The relation of inertial to viscous forces is described by
the Reynolds number. Its value is rather large with 1014 for thermonuclear explosions of WDs
(Woosley et al. 2009) which shows that viscosity can be neglected in the numerical treatment
(Röpke 2017). Codes often apply a numerical viscosity to capture shock waves more accurately
(Dolag et al. 2005). The employed Arepo code, however, does not require an arti�cial viscosity
due to its adaptive mesh re�nement capability (AMR) (see Springel 2010 and Section I.3.2.2).

I.3.1.2 WD in hydrostatic equilibrium

Prior to hydrodynamical explosion simulations a WD is set up to be in hydrostatic equilibrium.
For this

∂p

∂r
= −Gmρ

r2
(I.3.5)

has to hold (see Kippenhahn et al. 2012 for the derivation). It describes the equilibrium between
gravity and pressure force with gravitational constant G. Further,

∂m(r)

∂r
= 4πρr2 (I.3.6)

gives the relation between enclosed mass m(r) and radius r with boundary condition m(0) = 0.
A relation between total mass and radius is given by Equation (37.18) of Kippenhahn et al.
(2012). Equations (I.3.5) and (I.3.6) give two equations for three variables (p, r, ρ). Therefore,
further information is needed. It is given by the inclusion of the Helmholtz equation of state
(Timmes and Swesty 2000).

I.3.1.3 Combustion

The composition of a �uid is coupled to the hydrodynamics which allows to examine individual
species as well as nuclear reactions taking place. The relation is given by

∂t(ρXj) +∇(ρuXj) = rj(ρ, T,X) (I.3.7)

with mass fractions X and reaction rate rj of species j with
∑
rj = 0 derived from mass

conservation (see Equation I.3.2). The inclusion of di�erent species also leads to an additional
source term in the energy equation proportional to ρS(x) as nuclear energy is freed or consumed
during burning.

The coupling of nuclear reactions to the hydrodynamic calculations permits to incorporate
violent burning present in detonations as well as burning inside stars. The theory of burning
fronts is described in Landau and Lifschitz (2007). The assumptions of a 1D wave front, a steady
�ow and a thin reaction zone allow to treat a burning front as shock.
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A shock wave represents a weak (or discontinuous) solution of the Euler equations. At least
one quantity is discontinuous in a shock serving as surface of discontinuity (Landau and Lifshitz
1987). The boundary conditions for the discontinuity are given by the Rankine-Hugoniot jump
conditions for the mass, energy, and momentum �ux (Landau and Lifshitz 1987):

[ρvx] = 0,

[
1

2
v2x + w] = 0, and

[p+ ρv2x] = 0

with enthalpie w. The notation [ρvx] = ρ1v1x − ρ2v2x constitutes the states before and after the
shock front.

The conservation laws (Equations I.3.2 to I.3.4) allow to derive two further relations: the
Hugoniot adiabatic and Rayleigh line (see Landau and Lifschitz 2007). Both are illustrated in
Figure I.3.1. The Rayleigh line (blue) connects the unburnt to the burnt state while the Hugoniot
adiabatic (red) describes the change in energy �ux over the discontinuity. The burnt state can
be to the left of point A or right of point A' in Figure I.3.1. In the two regimes combustion is
described by two di�erent processes: de�agrations (on the right) and detonations (on the left).
The discussion here is limited to detonations. A physical solution for a self-sustained detonation
is given in point O where the Hugoniot adiabatic and the tangent starting from the point of initial
pressure and speci�c volume cross. The point lies in the regime of larger pressure (p > p0) and
smaller speci�c volume (v < v0) relative to the initial values. It is a so-called Chapman-Jouguet
solution (Landau and Lifschitz 2007). The respective point for a de�agration is O'. Landau and
Lifschitz (2007) show that the region for a detonation is above point O with an initial velocity
higher than the speed of sound in the unburnt material and below the sound speed in the burnt
material. The burning front therefore propagates supersonically with respect to the unburnt
matter. The change in velocity indicates that the material is compressed following its burning
and that it propagates in the direction of the burning front. In a detonation the shock heats the
fuel by compression which leads to an excess of the burning threshold allowing nuclear burning
to set in. Figure 132 by Landau and Lifschitz (2007) illustrates that in this case the state of the
matter changes and moves along the Rayleigh line.

The theory of Rankine-Hugoniot was �rst used in the context of SNe Ia by Khokhlov (1988).
The Zeldovich-von Neumann-Döring theory (Zel'dovich 1940, von Neumann 1942, Döring 1943,
but also see Fickett and Davis 1979) describes planar detonations taking only monotonic exother-
mic reactions into account and states that the shock compression results in a discontinuity in the
pressure. Khokhlov (1989) are among the �rst to implement the theory in their SNe Ia models
(see Röpke 2017 for a description).

I.3.2 Hydrodynamical simulations

In order to include the physics described in Section I.3.1, a discretisation is needed. Further,
simulations of SN Ia explosions are multi-scale problems. Length scales go from the size of
centimeters to the size of the WD and beyond. At the same time, di�erent time scales are
involved as well (e.g. nuclear burning time scale vs. time scale of hydrodynamic evolution). As
an approximation nuclear reactions are therefore treated as instantaneous reactions at the �ame
discontinuity. An additional postprocessing step examines nuclear reactions in more detail (see
Section I.3.3).
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Figure I.3.1: Illustration of the jump conditions assuming a polytropic equation of state
(γ = 5/3), shown are the Hugoniot adiabatic (red) and corresponding Rayleigh lines (blue),
the Chapman-Jouguet points are O and O' (based on Figure 136 of Landau and Lifschitz 2007).

I.3.2.1 Discretisation

As part of the discretisation, the Euler equations (Equations I.3.2 to I.3.4) are solved instead of
the Navier-Stokes equation (Müller 1998). LeVeque (1998) describes the e�ective conservation
equations.

The �nite volume method (LeVeque 1998) is used to solve the Euler equations. For this, the
spatial and temporal variables are described by xi, yi, zi and tn with equal spacial (h = ∆x =
∆y = ∆z) and temporal spacing (k = ∆t). In this method the value of a quantity is calculated
as the average of its function over a �nite volume as given by

Qni =
1

h

∫ xi+1

xi

q(x, tn)dx. (I.3.8)

This is di�erent to an approximation of the function value itself. With this approach the balance
equation becomes

Qn+1
i = Qni −

k

h
(Jni+1 − Jni ) (I.3.9)

with

Jni ≈
1

k

∫ tn+1

tn

j(q(xi, t))dt. (I.3.10)

A source term is neglected here (see LeVeque 1998).
The Godunov method (see LeVeque 1998) describes such a �nite volume method and is used

to solve the Riemann problem in the form of Equation (I.3.9). In this case qn is interpreted
as a value of a piecewise constant function q̃n(xi, t) with a known exact solution in the interval
[tn, tn+1]. Considering this, the Riemann problem only needs to be solved at the cell interfaces
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and Equation (I.3.10) becomes

Jni =
1

k

∫ tn+1

tn

j(q̃n(xi, t))dt (I.3.11)

which is used to solve Equation (I.3.9). For details on the resulting Riemann problem see LeVeque
(1998). In numerical codes an appropriate Riemann solver needs to be chosen in addition to a
time step size criterion. The described methods are used in the hydrodynamic Arepo code.

I.3.2.2 Arepo

Generally, numerical codes are based on the Eulerian mesh-based or Lagrangian Smoothed Par-
ticle Hydrodynamics (SPH) method. SPH codes employ a Monte-Carlo method to solve the
above mentioned integrals. They are Galilean invariant and adaptive (Gingold and Monaghan
1977, LeVeque 1998, Springel 2010). In contrast to this, Eulerian codes enable a more accurate
treatment of the contact discontinuity as it is grid-based enabling a high resolution of the shock
(Stone and Norman 1992, Springel 2010). Agertz et al. (2007) and Mitchell et al. (2009) point
out that the method can a�ect the result of the simulations to some degree. The Arepo code
(Springel 2010) combines the advantages of both these methods. It is Eulerian mesh-based and
permits the grid to move with the �uid �ow (so-called moving-mesh). At the same time, it is
also adaptive and Galilean invariant. In this work the Arepo code was used to carry out hy-
drodynamic explosion simulations while it was developed for cosmological simulations, such as
Illustris (e.g. Vogelsberger et al. 2014). Adaptations were made in order to allow the simulation
of sub-MCh CO WDs with a He shell in the context of this thesis.

The code is based on a Voronoi grid. This is implemented as a Delauney tesselation which is
the topological dual and computationally less expensive. In order to create a Voronoi grid, mesh
generating points are distributed in the computational domain. Tetrahedra are formed in 3D
simulations using these points as corner points. Circumcircles of the tetrahedra do not enclose
other mesh generating points. The cells in a Voronoi tessellation of space contain the volume
that is closer to its mesh generating point than the one of another cell. The grid is adapted in
each time step (LeVeque 1998). A Voronoi grid in 2D is shown in Figure I.3.2.

The Riemann problem is solved using a second order �nite volume scheme (Springel 2010).
The �ux for each interface between cells is calculated separately. The Godunov method is
employed with improvements made by Pakmor et al. (2016). In this context, averages of the
quantities are calculated over the �nite volume of a cell by

Qi =

∫
Vi

 ρ
ρv
ρetot

 dV. (I.3.12)

An evolution in time gives

Qi+1 = Qi − k
∑
j

AijF̂
n+1/2
ij (I.3.13)

(see Pakmor et al. 2016). Here Aij denotes the face area between cells i and j and a time-averaged
approximation of the �ux Fij is given by F̂ij . It is calculated similar to the MUSCL-Hancock
scheme (van Leer 1984, Toro 2009) using the second order Runge-Kutta method by Heun while
replacing temporal derivatives by spacial derivatives (Pakmor et al. 2016).

Coulomb corrections are included in the equation of state and self-gravity is treated as a
source term in the Euler equations. A nuclear network solver (Pakmor et al. 2012a) was coupled
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Figure I.3.2: Voronoi grid in 2D.

to the hydrodynamics code by Pakmor et al. (2013). The consideration of nuclear reactions
adds an additional source term to the energy conservation equation and balance equations for
the nuclear species as pointed out in Section I.3.1.3. The system of equations is closed by the
Helmholtz equation of state (Timmes and Swesty 2000) which was implemented by Pakmor et al.
(2013) and connects temperature, density, and pressure as well as composition with each other.

A burning limiter is implemented in the Arepo code as described in Gronow et al. (2020)
and Gronow et al. (2021a). Burning is disabled if

∇ · v < 0 and∇p · rcell
pcell

> 0.66 (I.3.14)

are ful�lled. Based on these relations it is determined whether a region is inside the shock or
not. This method follows Fryxell et al. (1989) and Appendix A of Townsley et al. (2016). It
di�ers from the one presented in Kushnir and Katz (2020). They introduce a scaling factor for
a burning limiter in thermonuclear detonation waves. However, the scaling factor sensitively
depends on the setup requiring a careful calibration for each model which goes beyond this work.
The e�ect of their method on Arepo simulations of mergers involving hybrid HeCO WDs is
investigated by Pakmor et al. (2021). Their results do not show a signi�cant dependence on the
burning limiter.

The AMR (see LeVeque 1998 for a description) capability of Arepo allows to increase the
resolution in certain regions. This feature is used in order to reach a better resolution than
found in previous works (e.g., Fink et al. 2007, Moll and Woosley 2013). Two additional levels
of re�nement are introduced in the framework of this thesis: First, the He shell has a higher
resolution than the remaining WD to track the He detonation propagation more accurately.
Second, the resolution at the location of the convergence point of the He detonation wave is
increased. This region is located at −2×108 cm < x < 2×108 cm, −2×108 cm < y < 2×108 cm,
and −7× 108 cm < z < −3× 108 cm, if not stated otherwise. The re�nement criterion is de�ned
as the mass of a cell. This is done in a similar way to Pakmor et al. (2013). An explicit re�nement
is used which splits a cell once its mass exceeds a reference mass (MR) by a factor of two. The
reference mass is set to 2 × 1027 g in regions with the base resolution. In order to track the He
shell location a passive scalar is added to the code. This is needed since He is also present in the
background of the WD.
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I.3.3 Nuclear network

In order to derive synthetic observables for the hydrodynamic simulations which can be com-
pared to observations, it is necessary to determine detailed nucleosynthetic yields. The inclusion
of di�erent species and nuclear reactions taking place adds a set of non-linear, coupled, ordi-
nary di�erential equations (see Section I.3.1.3) which need to be evaluated. The abundances of
the individual isotopes are connected through nuclear reactions. The change in these isotopic
abundances is described by Müller (1998) as

Ẏi =
∑
j

ci(j)λjYj +
∑
j,k

ci(j, k)ρNA〈jk〉YjYk +
∑
j,k,l

ci(j, k, l)(ρNA)2〈jkl〉YjYkYl (I.3.15)

with Yi = Xi/Ai, atomic number Ai, one-body reaction rate λj , and the average products of the
cross section and relative velocity 〈jk〉 and 〈jkl〉, respectively. Müller (1998) de�nes

ci(j) = ±Ni, ci(j, k) = ± Ni

Nj !Nk!
, and ci(j, k, l) = ± Ni

Nj !Nk!Nl!
(I.3.16)

to describe one-, two- and three-body interactions. Ni gives the total number of nuclei of a
species taking part in a reaction. The signs represent production (+) or destruction (−).

I.3.3.1 Postprocessing

A calculation of detailed nucleosynthetic yields is computationally too expensive in combination
with the hydrodynamic simulation. Instead only a small nuclear reaction network is considered
in the Arepo simulations. This network is su�cient to capture the key reactions taking energy
conservation into account (see Müller 1998).

Detailed nucleosynthetic yields are determined in a postprocessing step with the YANN code
(Yet Another Nuclear Network, Pakmor et al. 2012b). The employed nuclear reaction network
consists of 384 isotopes reaching up to 98Mo and is �rst described in Pakmor et al. (2012b). The
method is based on tracer particles which are added to the hydrodynamic simulation. These
have no impact on gravity or the hydrodynamics and are advected passively in the simulation.
The tracer particles are distributed in the WD to sample the initial density distribution. Each
tracer represents a mass of 1 × 1027 g. The tracer particles record the density and temperature
in the hydrodynamic simulation which are used as input for the postprocessing (see Travaglio
et al. 2004). A similar method was already used by Thielemann et al. (1986).

Equation (I.3.15) is solved for these tracer trajectories to get detailed nucleosynthetic yields.
The number of tracer particles needs to be chosen appropriately to account for the dimensionality
of the problem. In this work two million tracer particles were used which permits an accurate
representation of the WD structure in 3D.

Similar to Pakmor et al. (2012a), the 2014 JINA Reaclib database (Rauscher and Thielemann
2000) is used in combination with weak reaction rates taken from Langanke and Martínez-Pinedo
(2001). A minimum temperature of 2 × 107K is set in order to enable the nuclear reaction
network only once this temperature is exceeded. The network further uses a solver for NSE
at temperatures above 6 × 109K. The nuclear reaction network makes use of a semi-implicit
midpoint rule (Bader and Deu�hard 1983) using a Newton-Raphson method.

In order to account for a metallicity of the star the detailed solar composition given in Asplund
et al. (2009) can be used as initial solar metallicity. These values can be scaled to the respective
metallicity of the model. A more detailed description of the metallicity implementation is given
in Sections III.1.2 and IV.1.
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I.3.4 Radiative transfer calculations

Synthetic observables were calculated for sevveral models presented in this thesis. They enable
a comparison of the models to observations of SNe Ia which can verify a model as potential
SN Ia progenitor or indicate that an adjustment of the parameters is necessary. A discussion of
these radiative transfer simulations is included here to allow a more comprehensive conclusion
on whether the explosion models resemble SN Ia explosions. The radiative transfer calculations
were carried out by Christine E. Collins formerly working at the Astrophysics Research Center
(School of Mathematics and Physics, Queen's University Belfast, Northern Ireland, UK), now
also a�liated with the GSI Helmholtzzentrum für Schwerionenforschung (Darmstadt, Germany).
The radiative transfer code Artis (Sim 2007, Kromer and Sim 2009, based on methods of Lucy
2002, 2003, 2005) is used. It is a time-dependent multi-dimensional Monte-Carlo code.

The nucleosynthetic yields of the postprocessing step as well as the ejecta densities and
velocities of the explosion simulations are used as initial parameters. These are mapped to a 503

Cartesian grid following the method described in Fink et al. (2014) (but also see Kromer et al.
2010). The grid expands in order to move with the trajectory of the ejecta over time (Kromer
and Sim 2009). The total emitted γ-ray energy originating from the decays of 56Ni and 56Co
to 56Co and 56Fe, respectively, is calculated and distributed on the grid in the form of energy
packets based on the initial 56Ni distribution (Kromer and Sim 2009). In the radiative transfer
calculations, 2.56×107 indivisible energy packets are tracked for 111 logarithmically spaced time
steps covering the time between 2 and 120 days after explosion while propagating through the
ejecta. They are used as Monte Carlo quanta (Kromer and Sim 2009). As stated in Gronow et al.
(2020), the atomic data set of Gall et al. (2012) is used along with a gray approximation that
is applied in optically thick cells (Kromer and Sim 2009). Local thermodynamic equilibrium
is assumed in the �rst 3 days since explosion (corresponding to the �rst ten time steps). For
the radiative transfer calculations homologous expansion of the ejecta is assumed. In this case
the radial position of the ejecta is directly linked to the velocity via r = vt with time t since
explosion. It allows to treat the radiative transfer independent of the hydrodynamic evolution.
This state is reached after less than two minutes in the explosion models.

A line-of-sight dependence of the light curves is calculated similar to Kromer et al. (2010) by
splitting the escaping photons into equal solid-angle bins. The employed method for line-of-sight
dependent spectra is described in Bulla et al. (2015) and Gronow et al. (2020) reducing the
Monte-Carlo noise in the angle-dependent spectrum.
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Introduction

The impact of an admixture of C into the He shell on the C detonation ignition mechanism is
analysed in this part of the thesis. Hydrodynamic explosion simulations of sub-MCh WDs with
a CO core and He shell were carried out. The work presented here is part of the paper published
in the journal Astronomy & Astrophysics, Volume 635:A169 (2020, Gronow et al. 2020).

Previous work on double detonations of sub-MCh WDs has mostly been carried out in 1D or
2D (e.g., Woosley and Weaver 1994a, Bildsten et al. 2007). Moll and Woosley (2013) present
results of 3D simulations, though only one quarter of the star is computed. 3D models are
calculated by García-Senz et al. (2018) considering a rigid rotation. The work presented here
follows up on these studies. A di�erent numerical treatment compared to, for example, the
SPH approach of García-Senz et al. (2018) is employed when using the Arepo code. The AMR
capability of the code allows an increase in the resolution relative to previous models (e.g. Fink
et al. 2007, Moll and Woosley 2013) as stated in Section I.3.2.2. This change in resolution leads
to an improved tracking of the He detonation propagation and permits a focused study of the
onset of the C detonation.

The e�ect a C admixture to the He shell has on the nucleosynthetic yields which stem from the
shell detonation is discussed in Yoon et al. (2004) and Fink et al. (2010). The study presented
here investigates the impact in more detail (Gronow et al. 2020). A previously neglected C
detonation ignition mechanism is found, while work by Livne and Arnett (1995), García-Senz
et al. (1999), Forcada (2007), and García-Senz et al. (2018) brie�y mention a similar mechanism.
However, a detailed description and dissection of the new found scissors mechanism is lacking
in their works. The following sections present an explanation of the model setup (Section II.1),
an interpretation of the hydrodynamic simulation (Section II.2), a description of the results of
radiative transfer calculations (Section II.3), and a discussion of the results in the context of
previous work (Section II.4).
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II.1 Model setup

Nine di�erent hydrodynamic models were set up to investigate the e�ect of core-shell mixing.
The masses of the WDs were selected to re�ect Models 1 and 3 of Fink et al. (2010) (Models
FM1 and FM3 hereafter). Parameters of the models are listed in Table II.1.1 (see below for a
description of the parameters). Model M2a was chosen to be the reference model with values
listed in this chapter referring to it, if not stated di�erently.

A detailed analysis of the in�uence of a C admixture to the shell is carried out by the
comparison of Models M1a and M2a. The dependence of the C detonation ignition mechanism
on further parameters is investigated by considering varying WD masses (Models M2a and M3a),
di�erent nuclear reaction networks in the hydrodynamic simulations (Models M2a and M2a_i55),
two locations of the He detonation ignition spot (Models M2a and b), and a change in resolution
(Models M2a, M2a_13, M2a_21, M2a_36, and M2a_79).

The WD was initially set up to be in hydrostatic equilibrium in 1D following the procedure
described in Section I.3.1.2 by integrating the valid equations. The total mass of the WD (Mtot)
and the density at the base of the He shell (ρS) are initial parameters. The core temperature was
set to be constant at 3 × 107K and the temperature at the base of the He shell was 6 × 107K.
The temperature declines adiabatically beyond this region going further out. The initial mass
of the shell (MiHeS) was only determined iteratively based on the input parameters Mtot and ρS.
Further, the central density (ρC) is a variable being determined only via these input parameters.
Table II.1.1 lists the parameters for each model. The He shell mass is determined under the
assumption that all cells with an initial He mass fraction of at least 0.01 are part of the shell.

The WD core was set to consist of C and O in equal parts and the WD shell is made up of He.
However, a small transition of 20 cells between core and shell was added to the 1D setup. This
transition embodies a linear change in temperature and composition. The initial 1D density,
temperature, and He mass fraction pro�les of Model M2a are shown in Figure II.1.1 in blue. The
black line in the density pro�le corresponds to the initial core radius of about 4 × 108 cm. The
transition extends from 4.039× 108 cm to 4.058× 108 cm.

In order to carry out 3D hydrodynamic calculations, the 1D pro�le was mapped onto the
Arepo grid using the HEALPix method (Górski et al. 2005) on concentric shells as described
in Ohlmann et al. (2017).

II.1.1 Relaxation

Due to the mapping of the 1D pro�le on the unstructured Voronoi grid of Arepo a relaxation step
needs to be carried out. The relaxation allows to take spurious velocities, which can originate from
a discrepancy between gravity and the pressure gradient caused by the mapping, into account
and it ensures that the model is in hydrostatic equilibrium at the beginning of the detonation
simulation. This step is not carried out in most previous work, such as for example Fink et al.
(2007, 2010), Moll and Woosley (2013), Shen et al. (2018a), and Townsley et al. (2019). Here,
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Table II.1.1: Model parameters as listed in Gronow et al. (2020).

Model M1a M2a M2b M2a_i55 M3a
Mtot [M�] 1.05 1.05 1.05 1.05 0.91
MiHeS [M�] 0.051 0.051 0.051 0.051 0.135
MpHeS [M�] 0.064 0.073 0.073 0.073 0.155
TS [107K] 6 6 6 6 6
TC [107K] 3 3 3 3 3
ρS [106 g cm−3] 1.2 1.2 1.2 1.2 1.5
ρC [107 g cm−3] 4.8 4.8 4.8 4.8 1.9
resolution [10−8M�] 3.33 3.35 3.35 3.35 2.76
# isotopes 33 33 33 35 33
ignition spot a a b a a

Model M2a_79 M2a_36 M2a_21 M2a_13
Mtot [M�] 1.05 1.05 1.05 1.05
MiHeS [M�] 0.051 0.051 0.051 0.051
MpHeS [M�] 0.073 0.073 0.073 0.073
TS [107K] 6 6 6 6
TC [107K] 3 3 3 3
ρS [106 g cm−3] 1.2 1.2 1.2 1.2
ρC [107 g cm−3] 4.8 4.8 4.8 4.8
resolution [10−8M�] 79.18 36.27 21.44 12.71
# isotopes 33 33 33 33
ignition spot a a a a

the procedure of Ohlmann et al. (2017) is employed in the relaxation simulation.
The WD was relaxed in a hydrodynamic 3D simulation without the addition of nuclear

reactions. The relaxation time is given by the time on which the stability of the star persists.
The time scale is given by τ . It is �xed to ten dynamical time scales which describes the time on
which a star contracts or expands if it is not in balance. The dynamical time scale is de�ned as

τdyn =

∫ R

0

dr
vs(r)

(II.1.1)

with radius R of the WD and vs(r) as local sound speed which depends on density and, therefore,
radius. The velocities are damped for eight dynamical time scales with the damping being
decreased over time. No damping is employed in the remaining time until ten dynamical time
scales have passed in order to assure the stability of the setup. A source term is added to the
momentum equation according to Equation (8) of Ohlmann et al. (2017) to enable damping. It
is proportional to

v̇ = −1

τ
v.

After relaxation, �ve conditions have to be ful�lled as stated by Ohlmann et al. (2017). The
models presented in this work ful�ll these criteria:

• No large deviations to the initial pressure and density pro�les developed.

• The pressure gradient and gravity balance each other.
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• Mach numbers are small in comparison to expected Mach numbers of the problem, if the
models are convectively stable.

• A steady state is reached, if the pro�les are convectively unstable.

• The potential energy is constant to eliminate pulsations.

The relaxation introduces some mixing between core and shell. As a result the transition region
broadens and the core radius decreases to 3.8×108 cm. At the same time the shell mass increases
by about 0.02M� as some C and O were mixed into the shell (approximately 0.01M� each).
The density, temperature, and He mass fraction pro�les at the time of He detonation ignition
are shown in Figure II.1.1 in red. The shell masses after relaxation (MpHeS) are included in
Table II.1.1. The green dotted and blue dashed lines in Figure II.1.1 indicate the location of the
very base of the He shell and the outer edge of the transition region. It is apparent that some
cells in the [3.5 × 108, 3.9 × 108] cm regime show an unusual temperature increase. These are
artifacts in the simulation, but do not in�uence the detonation simulation as the values are not
high enough to trigger a detonation in the material.

It needs to be pointed out that the core-shell mixing observed in the models is set by the
relaxation step with some contribution from the initial transition in the 1D pro�les. The exact
amount of mixing in WDs is not known to date as it is not well studied in progenitor evolu-
tion models. Simulations of rigidly rotating WDs are carried out by Neunteufel et al. (2017) in
1D. They consider dynamical shear instability, Goldreich-Schubert-Fricke instability, and secular
shear instability (among others) to model the mixing process accurately (for details see Neun-
teufel et al. 2017). The degree of mixing in their models primarily depends on the total mass of
the WD (massive systems showing less mixing than low mass systems). However, they point out
that it depends on various parameters, such as the initial chemical pro�le.

II.1.2 Detonation

The �nal con�gurations of the relaxation simulations were used as initial pro�les for the det-
onation simulations. In the double detonations simulated here, it was assumed that the He
detonation is ignited by a thermal instability. This is di�erent to dynamical ignition in the
so-called D6 (dynamically driven double-degenerate double detonation) models of Shen et al.
(2018a) and the violent mergers of Guillochon et al. (2010) and Pakmor et al. (2010, 2011, 2013).
In this work, the ignition is realized by an arti�cial ignition in the simulations which is done
by increasing the speci�c thermal energy to 5× 1016 erg g−1 in selected cells. The value is high
enough for a He detonation ignition while remaining physical. Simulations by Glasner et al.
(2018) show comparable values. Due to spherical symmetry, the position of the He detonation
ignition can be chosen somewhat freely. It was placed on the positive z-axis at x = y = 0 with
a radial distance to the center of the WD corresponding to the peak in the temperature pro�le.
A volume with radius ∆R was set to detonate with ∆R being 0.04 times the distance of the
central ignition spot to the WD center. Glasner et al. (2018) �nd detonation ignition volumes
of similar sizes in their simulations. The ignition volume was set up to be symmetric. However,
small asymmetries can arise due to the Voronoi structure of the grid. The cells whose speci�c
thermal energy is increased to trigger a He detonation are visible in the temperature pro�le of
Figure II.1.1. They have a temperature of at least 7× 108K and are located around a radius of
4.04× 108 cm.

In the detonation simulations a 33 isotope nuclear reaction network was used. This allows
to keep an account of the key reactions. It consist of neutron (n), p, 4He, 12C, 13N, 16O, 20Ne,
22Na, 23Na, 24Mg, 25Mg, 26Mg, 27Al, 28Si, 29Si, 30Si, 31P, 32S, 36Ar, 40Ca, 44Ti, 45Ti, 46Ti, 47V,
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Figure II.1.1: Density, temperature, and helium mass fraction (top to bottom) over radius in
the interval of 3 to 5.5 × 108 cm; shown are the initial pro�les (blue) and at helium ignition
(red) of Model M2a; the black solid, green dotted, and blue dashed lines represent the core-shell
transition, base of the helium shell, and outer edge of the transition region, respectively; the He
detonation cells have temperatures higher than 7 × 108K at He ignition (from Gronow et al.
2020).

48Cr, 49Cr, 50Cr, 51Mn, 52Fe, 53Fe, 54Fe, 55Co, and 56Ni. A list of the nuclear reactions is given
in Table A.1 in Appendix A. Detailed nucleosynthetic yields are determined in a postprocessing
step as described in Section I.3.3.

As mentioned earlier, the C detonation ignition mechanism was tested against a change in
the location of the He detonation ignition spot. In addition to a He detonation ignition at the
temperature peak (Model M2a), the He detonation was also ignited at the very base of the shell
(Model M2b). A sketch of the locations is given in Figure II.1.2. The CO core is illustrated in
yellow and the He shell in gray. The radial extend of the core and shell are not to scale.

The convergence of the He and C detonation is con�rmed via additional simulations at varying
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Figure II.1.2: Sketch of di�erent ignition spots; the CO core is shown in yellow and the He shell
in gray (from Gronow et al. 2020).

resolutions, Models M2a_79, M2a_36, M2a_21, and M2a_13. As pointed out in Section I.3.2.2
Arepo allows to increase the resolution in selected regions. For this the reference mass was de-
creased in each higher level of re�nement. No additional re�nement was used in Model M2a_79.
Models M2a_36 and M2a_21 have references masses of 4 × 1026 g and 2 × 1026 g, respectively,
as the He shell was additionally re�ned. A further re�nement was added in the convergence
region of the He detonation wave (see Section I.3.2.2) for Models M2a_13 and M2a which have
a reference mass of 1.2× 1026 g and 2× 1025 g, respectively.





II.2 Explosion simulations

Explosion simulations were carried out for the nine models listed in Table II.1.1 until 100 s after
He detonation ignition. At this time homologous expansion has set in. The focus of this and the
next section is on the reference model M2a. As described in Section II.1.2, the He detonation
was ignited arti�cially. In Model M2a, this resulted in an ignition that covers 4514 cells. In
the following sections the evolution of the double detonation including the C detonation ignition
mechanism is described (Section II.2.1) and an analysis of the abundances at 100 s (Section II.2.2)
is given. The robustness of the C detonation ignition mechanism is investigated in Section II.2.3.

II.2.1 C detonation ignition mechanism

The double detonations presented here exhibit a C detonation ignition mechanism which, so far,
received only little attention (see Section I.2.6). It is �rst fully presented in Gronow et al. (2020)
(but also see Livne and Arnett 1995, García-Senz et al. 1999, Forcada 2007, García-Senz et al.
2018) and named 'scissors mechanism' based on the similarity of its process to closing scissors.

The evolution of the double detonation of Model M2a is shown in Figure II.2.1. The time
evolution of the 12C mass fraction, temperature, and density (left to right) are shown in a slice
through the center of the WD with time since He detonation ignition increasing from top to
bottom. The He detonation ignition is visible in the temperature pro�le in the top row of
Figure II.2.1. A hotspot can be recognized on the positive z-axis. The propagation of the He
detonation wave in the shell is illustrated in the 12C mass fraction and temperature pro�les of
the second row in Figure II.2.1. The energy release in the burning front leads to a temperature
increase in this region. Furthermore, it is apparent that some 12C is burnt in the transition
region between core and shell. At this point in time, 0.803 s after He detonation ignition, the
propagation of the shock wave in the core is visible in the density pro�le. It has a much lower
velocity than the detonation wave in the shell due to the higher densities present in the core. The
third row of Figure II.2.1 shows the convergence of the He detonation wave at the antipode of its
�rst ignition point on the negative z-axis. A C detonation is ignited at this point in time, 1.123 s
after He detonation ignition. This can be con�rmed by the pro�les 1.282 s after He detonation
ignition (bottom row of Figure II.2.1). The C detonation moves inward with a velocity of about
13.1× 108cm s−1 developing into a core detonation that disrupts the WD. It is also visible that
the newly formed detonation is about to overrun the shock wave in the core as it is about to
converge o�-center in the density pro�le. A successful C detonation is also con�rmed by the
pro�le of the 12C mass fraction as 12C is burnt in the core.

It should be pointed out that small asymmetries are visible in Figure II.2.1. These, however,
are caused by the Voronoi structure of the computational grid. Further, an initial asymmetry in
the He detonation ignition spot can lead to these asymmteries as well (see Section II.1.2).

A close-up on the propagation of the He detonation wave around its convergence point is
shown in Figure II.2.2 in a zoom-in in time and space. The region plotted in Figure II.2.2 covers
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Figure II.2.1: Time evolution of Model M2a; carbon mass fraction, temperature in K, and density
in g cm−3 (left to right) at times t = 0 s, t = 0.803 s, t = 1.123 s, and t = 1.282 s top to bottom)
plotted as slices through the center of the WD in the x − z plane (from Gronow et al. 2020).
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the range −2.5 × 108 cm < x < 2.5 × 108 cm and −6.5 × 108 cm < z < −2.5 × 108 cm for times
between 1.080 s and 1.187 s of the temperature pro�le. The temperature at the burning front is
about 3.6× 109K.

The convergence of the He detonation wave which corresponds to the point of C detonation
ignition is illustrated in the central panel of Figure II.2.2. A comparison to the pro�le of the 12C
mass fraction in the third row of Figure II.2.1 shows that the point of convergence is located close
to the base of the He shell where the material is enriched with 12C. This mixing stems from the
initial pro�le of the core-shell transition in 1D as well as the relaxation step (see Section II.1.1).
The peak temperature at the convergence point is 2.7×109K. However, temperature spikes of at
least 2.4× 109K are high enough to ignite explosive C burning in cells with a 12C mass fraction
higher or equal to 0.2 at densities of about 3.0 × 106g cm−3. The temperature in these cells
increases to 2.8×109K at 1.126 s after He detonation ignition supporting the C detonation. The
detonating cells have an average volume of 3.22×1019 cm3 which corresponds to a radius of about
20 km assuming a spherical structure of the cell. This does not correspond to a resolution high
enough to resolve the C detonation ignition. Katz and Zingale (2019) state that a resolution
of 1 km is needed. This is, however, not feasible in full 3D simulations and the C detonation
ignition is therefore in part numerical.

In order to con�rm that the C detonation ignition obtained in the simulations are physical,
temperatures and densities at the C detonation ignition point are compared to critical values
found in previous work (see Section I.2.6). These critical values are reached in all simulations
presented here (see Table II.1.1) which allows to take the C detonation as physical.

II.2.2 Final abundances

Detailed nucleosynthetic yields are calculated in a postprocessing step as described in Sec-
tion I.3.3. The abundances of 4He, 12C, 16O, 28Si, 32S, 40Ca, 44Ti, and 56Ni at 100 s after
He detonation ignition for Models M1a, M2a, and M2a_i55 are listed in Table II.2.1 in solar
masses (M�). For comparison, the abundances of Model FM3 are included (from Fink et al.
2010 and Kromer et al. 2010). The nucleosynthetic yields are split into those obtained from the
He detonation and those from the core detonation. This is based on the initial He mass fraction
of the cell a tracer is associated with (see Section II.1).

The abundances of the models are in the expected range for a SN Ia. As such, the total 56Ni
yields correspond to the predictions of Stritzinger et al. (2006) and Scalzo et al. (2014) for normal
SNe Ia. The nucleosynthetic yields of Model M2a can be compared to those of Model FM3 since
both models have similar initial core and shell masses. However, Model FM3 does not exhibit
mixing between core and shell. Their He shell is therefore not enriched with C which has an
in�uence on the �nal abundances (see Section II.2.3.1 below). Furthermore, Fink et al. (2010)
observe a C detonation ignition following the converging shock scenario and not the scissors
mechanism as they assume the convergence of the He detonation wave not to be strong enough
to trigger an ignition.

In the abundances originating from the He detonation, it is visible that both IMEs and IGEs
are produced. The abundances of 32S and 40Ca are about the same (order of 10−3M�). 16O and
28Si are slightly more abundant. Only little 12C remains in the ejecta as it is burnt to heavier
elements. The 44Ti abundance is low with 7.0 × 10−4M� which is expected to have an e�ect
on the synthetic observables (see Kromer et al. 2010 and Section I.2.6.2). The relatively high
amount of unburnt 4He is caused by the expansion of the material during the burning. In this
process the density decreases, the matter cools and burning stops.

Along with the high temperatures and densities in the He detonation, the C enrichment
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Figure II.2.2: Zoom-in of temperature pro�le in Fig. II.2.1; times are increasing from t = 1.080 s
(top left) to t = 1.187 s (bottom right, from Gronow et al. 2020).
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Table II.2.1: Abundances at t = 100 s of Models M1a, FM3(1),(2), M2a, and M2a_i55 (from
Gronow et al. 2020).

He detonation
M1a FM3(1),(2) M2a M2a_i55
[M�] [M�] [M�] [M�]

4He 2.5× 10−2 3.3× 10−2 2.3× 10−2 2.3× 10−2

12C 3.6× 10−4 2.2× 10−4 1.0× 10−4 6.8× 10−5

16O 5.0× 10−3 1.9× 10−6 7.4× 10−3 7.6× 10−3

28Si 4.6× 10−3 1.4× 10−4 8.9× 10−3 9.1× 10−3

32S 1.8× 10−3 7.8× 10−4 3.2× 10−3 3.3× 10−3

40Ca 2.7× 10−3 2.2× 10−3 3.6× 10−3 3.5× 10−3

44Ti 7.2× 10−4 3.4× 10−3 7.0× 10−4 6.9× 10−4

48Cr 1.5× 10−3 4.4× 10−3 1.6× 10−3 1.6× 10−3

56Ni 1.5× 10−2 1.7× 10−3 1.2× 10−2 1.2× 10−2

core detonation
M1a FM3(1),(2) M2a M2a_i55
[M�] [M�] [M�] [M�]

4He 4.2× 10−3 5.0× 10−3 5.4× 10−3

12C 1.2× 10−3 2.7× 10−3 8.9× 10−4 8.2× 10−4

16O 5.5× 10−2 8.0× 10−2 5.2× 10−2 5.2× 10−2

28Si 1.7× 10−1 2.1× 10−1 1.6× 10−1 1.5× 10−1

32S 1.1× 10−1 1.0× 10−1 1.1× 10−1 1.0× 10−1

40Ca 2.4× 10−2 1.8× 10−2 2.3× 10−2 2.2× 10−2

44Ti 2.8× 10−5 1.1× 10−5 2.8× 10−5 2.9× 10−5

48Cr 4.9× 10−4 4.5× 10−4 4.8× 10−4 4.7× 10−4

56Ni 5.6× 10−1 5.5× 10−1 5.7× 10−1 5.9× 10−1

References. (1) Fink et al. (2010), (2) Kromer et al. (2010)

leads to an increase in the production of 56Ni compared to Model FM3. The presence of 12C
accelerates the α-capture processes (see Fink et al. 2010, Gronow et al. 2020, and Section II.2.3.1).
Di�erences of one order of magnitude between Models M2a and FM3 can be found for most
isotopes. The 12C and 40Ca abundances of Model FM3 are similar to those of Model M2a,
and more 4He is burnt in Model M2a than Model FM3. This in turn explains the higher 56Ni
production in Model M2a. These changes in the abundances are in part caused by the varying
C enrichments of Models M2a and FM3. However, the modeling approach of Model FM3 is
also di�erent. Fink et al. (2010) use a level-set method. This does not enable a self-consistent
calculation of the nuclear energy release involving nuclear burning. It is better suited to model
the hydrodynamics in high density regimes such as the WD core. Further, the core detonation
in Fink et al. (2010) is ignited by hand while the nuclear reaction network of Arepo registers a
C detonation ignition self-consistently.

The nucleosynthetic yields of the core detonation are similar in Models M2a and FM3. The
level-set method is more precise at these densities and the core masses of Models M2a and FM3
are a closer match than the shell masses. In Model M2a, 56Ni is the most abundant isotope
succeeded by 28Si and 32S. Because some 12C is mixed into the shell of Model M2a, less 12C
remains unburnt in the core than in Model FM3. The production of other isotopes is of the same
order of magnitude in both models. Small di�erences are explained by the di�erent numerical
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treatments.

II.2.3 Robustness of the C detonation ignition mechanism

The stability of the C detonation ignition mechanism is investigated regarding several parameters.
The studies are presented in the following subsections.

II.2.3.1 In�uence of core-shell mixing

As stated in Section II.1.1, details of the core-shell mixing are not yet known. The transition
could be sharp or broad. Simulations are carried out by Neunteufel et al. (2017) showing that
mixing takes place in the accretion process of rotating WDs. However, their simulations exhibit
only relative little mixing and a comparison to the models presented here is di�cult as they do
not list mixing parameters (such as 12C mass mixed into the shell). Core-shell mixing can be
caused by several e�ects: A dredge-up of core material might occur caused by He shell burning,
an accretion from a hybrid HeCO WD is possible or mixing might be due to accretion as in
Neunteufel et al. (2017).

Work by Kromer et al. (2010) shows that an admixture of C into the shell can improve a
match of synthetic observables to data compared to models without C admixture (see also Fink
et al. 2010). In a simpli�ed scheme, the e�ect of a C enrichment of the shell can be described
examining matter that only consists of He and C. An admixture of metals other than 12C is
described in Shen and Moore (2014). The admixture of C into He has two e�ects: First, the
burning rates increase. The triple-α reaction is a bottleneck as 12C needs to be produced before
burning along the α-chain sets in (starting with 12C(α, γ)16O). A seed abundance of 12C reduces
this need as α-captures are faster than the triple-α reaction at the temperatures present in He
burning (see top panel in Figure II.2.3). The bottom panel of Figure II.2.3 shows that the e�ect
is valid for temperatures higher than a cross-over temperature TX for any 12C mass fraction.
Since temperatures in He burning are typically higher than TX the burning rates are increased
leading to stronger shocks by increasing the energy release.

Second, an over-pollution of the material with C has a di�erent e�ect. It sets a limit to
the mass number of the burnt material. Since the formation of 56Ni from 12C requires eleven α
articles (see Section I.2.7), a so-called α-limited regime is entered if the ratio of He to C is lower
than 11 : 1 and the α-chain stops at a nucleon number A smaller than 56. This point can be
calculated adopting

12 + 4N = A, (II.2.1)

with the number of α particles N that is needed to form a stagnation nucleus starting from 12C,
and

Y (4He)

Y (12C)
= N = 3

X(4He)

X(12C)
. (II.2.2)

Further,
X(4He) = 1−X(12C)

is derived from mass conservation involving only two isotopes. Equation (II.2.2) gives
N = 3/X(12C) − 3 and with a substitution of N in Equation (II.2.1) the nucleon number of
the stagnation nucleus is given by

A =
12

X(12C)
(II.2.3)
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Figure II.2.3: Top: Rate of change in 4He abundance dependent on temperature for the triple-α
(red) and 12C(α, γ)16O (blue) reactions and C mass fraction of 0.1. Bottom: cross-over temper-
ature TX dependent on the initial carbon abundance; both are at a density of 1.2× 106 g cm−3.
Reaction rates are taken from the JINA Reaclib Database (Cyburt et al. 2010) in the same way
as in Xu et al. (2013) for the α-capture and Fynbo et al. (2005) for the triple-α reaction (from
Gronow et al. 2020).

(see also Gronow et al. 2020). According to Equation (II.2.3) the α-limited regime begins at a 12C
mass fraction of 0.21. Model 3m of Kromer et al. (2010), for example, exhibits a C enrichment
corresponding to 34% which leads to a stagnation point around argon. The lower Ni production
therefore has an in�uence on the synthetic observables. Di�erent to Kromer et al. (2010) the C
enrichment is not homogeneous in the models presented here. A gradient leading to a higher C
enrichment at the base of the shell than at the outer edge of the transition region exists. This is
more realistic based on simulations by Neunteufel et al. (2017).

A more detailed analysis of the mixing e�ect on the C detonation ignition mechanism is carried
out in a comparison of Models M1a and M2a. While core-shell mixing in Model M2a originates
from the relaxation step and the initial transition in 1D, the composition in Model M1a is reset
after the relaxation to match the initial pro�le. Thus, almost no C is mixed into the shell of
Model M1a. Only about 0.007M� of 12C and 16O each are present in the shell. The abundances
of Model M1a are included in Table II.2.1 for comparison. In this case the convergence of the He
detonation wave at the antipode to its ignition spot is not strong enough to cause a C detonation
ignition. This is the case because the transition region is much smaller compared to Model M2a
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and the shell is not much enriched with C. Instead of the scissors mechanism, a core detonation
is ignited following the converging shock scenario. The small di�erences in the �nal abundances
of Models M1a and M2a are attributed to the degree of core-shell mixing. Di�erences of Models
M1a and FM3 are explained by the di�erent modeling approaches.

II.2.3.2 Resolution study

Table II.2.2: Reference massMR in the He shell and at the C detonation ignition point as well as
energy release of the shell detonation and the C detonation ignition mechanism of Models M2a,
M2a_13, M2a_21, M2a_36, and M2a_79 (from Gronow et al. 2020).

MR (He shell) EHe shell MR (C ign. spot) scissors
mechanism

[1026 g] [erg] [1026 g]
M2a_79 20.0 9.78× 1049

M2a_36 4.0 9.93× 1049

M2a_21 2.0 9.97× 1049 2.0 no
M2a_13 2.0 1.2 yes
M2a 2.0 0.2 yes

A convergence study was carried out for the shell and core detonation. The respective
reference masses (MR, see Sections I.3.2.2 and II.1.2) are listed in Table II.2.2.

The level of re�nement is changed for Models M2a_79, M2a_36, and M2a_21, with in-
creasing resolution going from Model M2a_79 to Model M2a_21. The energy release of the He
detonation is listed in Table II.2.2. Since the di�erence between the simulations with a high
resolution (Models M2a_36 and M2a_21) is smaller than between those with a low resolution
(Models M2a_79 and M2a_36), convergence of the He detonation is presumed.

For a study on the convergence of the C detonation ignition mechanism Model M2a_21 is used
as basis since it has the highest resolution in the He shell. A further re�nement around the He
detonation wave convergence point for Models M2a_13 and M2a is added. As both models with
the higher resolution than Model M2a_21 show a C detonation following the scissors mechanism,
it is the converged numerical solution.

II.2.3.3 Sensitivity to ignition spot

The sensitivity of the C detonation ignition mechanism to the location of the He detonation
ignition spot is studied by moving the He detonation ignition spot further in. A sketch of the
two locations incorporated here is shown in Figure II.1.2. The models are labeled M2a and
M2b. While the He detonation in Model M2a is set to the location of the temperature peak, it
is at the very base of the He shell in Model M2b. Both models show the same propagation of
the He detonation wave and the same C detonation ignition mechanism, while changes in the
abundances are very small. The C detonation ignition mechanism is therefore regarded to be
robust against small changes in the ignition spot.
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II.2.3.4 Di�erent core and shell masses

In order to include a core-shell mass con�guration di�erent from Model M2a, Model M3a was
chosen to be similar to Model FM1 (Fink et al. 2010). Its total mass is about 0.9M� and has a
He shell about twice as massive as Model M2a. The He detonation ignition spot of Model M3a
covers a smaller volume than the one of Model M2a as ∆R is set to 0.02. The resolution is,
however, similar (see Table II.1.1). The convergence of the He detonation wave in Model M3a
is strong enough to trigger a C detonation 1.251 s after He detonation ignition. The densities
in this region are at least 5.8 × 106 g cm−3 and temperatures are above 3.2 × 109K which is
su�cient for a physical C detonation ignition (see Section I.2.6). The C mass fraction in these
cells is at least 0.32.

Table II.2.3: Abundances at t = 100 s of Models M3a and FM1(1),(2) (from Gronow et al. 2020).

He detonation core detonation
M3a FM1(1),(2) M3a FM1(1),(2)

[M�] [M�] [M�] [M�]
4He 4.2× 10−2 8.3× 10−2 1.4× 10−3

12C 7.6× 10−5 1.2× 10−3 4.0× 10−4 6.6× 10−3

16O 1.7× 10−2 3.2× 10−6 6.8× 10−2 1.4× 10−1

28Si 2.7× 10−2 4.8× 10−4 1.8× 10−1 2.7× 10−1

32S 5.0× 10−3 2.2× 10−3 1.2× 10−1 1.3× 10−1

40Ca 4.2× 10−3 4.7× 10−3 2.3× 10−2 2.0× 10−2

44Ti 1.3× 10−3 7.9× 10−3 1.9× 10−5 7.2× 10−6

48Cr 2.5× 10−3 1.1× 10−2 4.4× 10−4 3.9× 10−4

56Ni 3.1× 10−2 8.4× 10−4 3.1× 10−1 1.7× 10−1

References. (1) Fink et al. (2010), (2) Kromer et al. (2010)

The �nal abundances of Models M3a and FM1 are listed in Table II.2.3. The shell of Model
M3a is about 0.03M� more massive than the one of Model FM1. This causes a higher 56Ni
production in the He detonation of Model M3a. The abundances originating from the core
detonation are about the same in both models. More 16O is burnt in Model M3a producing
more 56Ni. The observed di�erences in the nucleosynthetic yields are attributed to the numerical
treatments used in both models as pointed out in Section II.2.2.

For a more detailed study on the robustness of the C detonation ignition mechanism regarding
di�erent WD masses, simulations involving a broader range of core and shell masses is needed
(see Chapter III).

II.2.3.5 In�uence of the nuclear network

Shen and Moore (2014) state that only a large nuclear reaction network allows to treate burning
accurately in hydrodynamic simulations. Townsley et al. (2019) state that their 55 isotope
nuclear reaction network is su�cient to capture the energy release accurately as it matches the
energy release when using a 495 isotope nuclear reaction network within a few percent. The
nuclear reaction network of Townsley et al. (2019) is best suited to follow He burning while the
33 isotope nuclear reaction network used in the hydrodynamic simulations presented here best
captures C burning.



70 CHAPTER II.2. EXPLOSION SIMULATIONS

A sensitivity of the simulation to the nuclear reaction network is tested using a nuclear reac-
tion network consisting of 55 isotopes to match that of Townsley et al. (2019), Model M2a_i55.
It comprises n, p, 4He, 11B, 12−13C, 13−15N, 15−17O, 18F, 19−22Ne, 22−23Na, 23−26Mg, 25−27Al,
28−30Si, 29−31P, 31−33S, 33−35Cl, 36−39Ar, 39K, 40Ca, 43Sc, 44Ti, 47V, 48Cr, 51Mn, 52,56Fe, 55Co,
and 56,58−59Ni. The nuclear reactions are given by Table A.3 in Appendix A. The �nal abun-
dances of Model M2a_i55 are included in Table II.2.1 and the energy release of the shell and
core detonation of Models M2a and M2a_i55 are listed in Table II.2.4. They are within a few
percent of each other. The C detonation ignition mechanism further does not change with a
larger nuclear reaction network in the hydrodynamic explosion simulation.

Table II.2.4: Energy release of Models M2a and M2a_i55 (from Gronow et al. 2020).

He detonation core detonation
[erg] [erg]

M2a 9.93× 1049 1.35× 1051

M2a_i55 1.01× 1050 1.34× 1051



II.3 Radiative transfer calculations

Radiative transfer calculations were carried out by ChristineE.Collins to obtain synthetic ob-
servables following the description in Section I.3.4. A detailed analysis of the synthetic light
curves and spectra is given in Gronow et al. (2020). This section only points out the main
�ndings.

In order to investigate the in�uence of the scissors mechanism on the observables, light
curves and spectra were calculated for Models M1a, M2a, and M2a_i55. Radiative transfer
calculations were also carried out for Model FM3 to ensure that any di�erences are only due to
the hydrodynamic models and not changes in the setup of the model in Artis. The examination
of the four models allows to look into the e�ect of mixing and the nuclear reaction network in
the hydrodynamic simulation as well as a comparison to Model FM3.

II.3.1 Angle-averaged synthetic observables

II.3.1.1 Light curves

Angle-averaged light curves in the U-, B-, and I-band for Models M1a, M2a, M2a_i55, and
FM3 are shown in Figure II.3.1 and parameters of all light curves are given in Table II.3.1.
It is apparent that the shapes of the light curves are very similar. This is also visible in the
parameters. The luminosity peak in the B-band of Model M2a is 0.3mag brighter than in Model
FM3 and occurs about 1 day earlier while the decay is slower. This is caused by the higher 56Ni
abundance in the nucleosynthetic yields coming from the shell detonation in Model M2a.

Table II.3.1: Observational parameters of Models M1a, M2a, M2a_i55, and FM3 (from Gronow
et al. 2020).

M2a FM3 M1a M2a_i55
∆m15(B) (mag) 1.82 2.00 1.62 1.83
tmax(B) (d) 16.6 17.7 16.4 16.6
MU,max (mag) -18.7 -18.4 -18.5 -18.7
MB,max (mag) -18.9 -18.6 -18.7 -18.9
MV,max (mag) -19.8 -19.7 -19.8 -19.8
MR,max (mag) -19.6 -19.6 -19.6 -19.6
MI,max (mag) -19.2 -19.2 -19.2 -19.2
(U - B)B,max (mag) 0.24 0.24 0.36 0.26
(B - V)B,max (mag) 0.81 0.95 0.92 0.82
(V - R)B,max (mag) -0.099 -0.016 -0.099 -0.093
(V - I)B,max (mag) -0.44 -0.39 -0.42 -0.47

71
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Figure II.3.1: Angle-averaged U-, B-, and I-band limited light curves of Models M1a, M2a,
M2a_i55, and FM3 compared normal SN Ia SN2011fe (Nugent et al. 2011) (from Gronow et al.
2020).

Di�erences between Models M2a and M2a_i55 are even smaller than those to Model FM3.
Therefore, the use of a 55 isotope nuclear reaction network has no signi�cant e�ect on the light
curves. If the mixing is reset (Model M1a), the B-band peak occurs about 0.2 days earlier which
is due to the thinner shell in Model M1a compared to Model M2a. Further, the peak magnitude
of Model M1a is 0.2mag fainter as less 56Ni is produced during the shell detonation. However,
the di�erences between all models are small compared to those to data (see Section II.4.2).

II.3.1.2 Spectra

The angle-averaged spectrum of Model M2a at 18 days after explosion is shown in Figure II.3.2
and the total emission spectrum is shown in black. The elemental contribution to the spectrum
was calculated as described in Gronow et al. (2020) and is color coded in the volume under the
emission spectrum. The key absorption processes are shown under the spectrum con�rming a
strong imprint of the ejecta originating from the He detonation in the bluer wavelength region
(see also Kromer et al. 2010).

The synthetic spectra of Models M1a, M2a, M2a_i55, and FM3 at 10 days (top) and 18 days
(bottom) after explosion are compared in Figure II.3.3. As expected from the comparison of
the light curves, no signi�cant di�erences appear. Gronow et al. (2020) point out that the Si ii
emission line at ∼ 6400Å and the Ca ii emission at ∼ 8500Å of Model FM3 are weaker at
10 days while the Ti ii absorption is stronger than for Model M2a.
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Figure II.3.2: Angle-averaged emission and absorption spectrum of Model M2a at 18 days after
explosion. The total emission spectrum is shown in black and the colors indicate the contribution
of ions to the emission and absorption. The ions are listed in the legend in order of greatest
contribution of �ux (from Gronow et al. 2020).

II.3.2 Angle-dependent observables

Due to the far o�-center location of the C detonation ignition spot, it is expected that the
observables have a strong viewing angle-dependency. Kromer et al. (2010) point out that a
spectrum might be redder or bluer when viewed from a polar direction than observed from
the equator. This is caused by the asymmetric distribution of the ejecta which is visible in
Figure II.3.4 showing the mass fractions of 4He, 32S, 40Ca, and 56Ni color coded in velocity space
in a slice along the x-axis for Model M2a. Figure II.3.4 illustrates that more IMEs and IGEs are
present along the positive z-axis which causes a strong viewing angle e�ect. The asymmetries in
the other models are similar as stated by Gronow et al. (2020).

Angle-dependent light curves of Model M2a are visible in Figure II.3.5 for the g- and r-
band. An angle of θ = 0◦ points to the north pole and an angle of θ = 180◦ to the south pole.
The g-band light curves show a stronger angle-dependency and have a di�erence in the peak
luminosities of about 1mag. In both bands the equatorial viewing angles (θ = 90◦) match the
angle-average light curve well. The angle-dependent spectra show a much stronger dependence
than the light curves. Figure II.3.6 illustrates this for Model M2a at 12 days after explosion.

II.3.2.1 Comparison to observations

Figures II.3.5 and II.3.6 include observational data (redshift corrected) for SN2016jhr (Jiang et al.
2017) and SN2018byg (De et al. 2019) which are used as comparison objects for the models in
this chapter. SN 2016jhr and SN2018byg were suggested to originate from double detonations.
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Figure II.3.3: Spectra of Models M1a, M2a, M2a_i55, and FM3 at 10 days (top) and 18 days
(bottom) after maximum luminosity (from Gronow et al. 2020).

SN 2016jhr has a prominent early optical �ash at 0.5 days after explosion. It has an early red and
fast color evolution and has a normal brightness. The early �ash is attributed to the decay of
56Ni originating from the He detonation by Jiang et al. (2017). SN 2018byg is a faint SN Ia, but
is included here as suggested double detonation. It shows broad Ti and IGE absorption features
and near peak a high velocity (about 25.000 km/s) Ca ii triplet which is found to be typical for
SNe Ia. It has an early fast rise in r-band (see Figure II.3.5) attributed to the radioactive decay
of the outer ejecta by De et al. (2019). For the comparison the observational data is corrected
for reddening by Galactic extinction as listed by Jiang et al. (2017) (E(B-V)MW = 0.0263mag)
and De et al. (2019) (AV= 0.032mag).

The models presented here are too bright to match SN2018byg. However, a spectral compar-
ison can be carried out. A strong absorption is necessary to account for the strong line blanketing
observed in SN2018byg. This is not found in the angle-averaged spectra. It is, however, repro-
duced by the most extreme lines-of-sight (θ = 0◦ and θ = 45◦) of Model M2a (see Figure II.3.6).
The higher abundance of heavy elements along the positive z-axis causes the strong absorption.
The spectra also show signi�cant line blanketing in the blue wavelength region and a deep Ca ii
absorption feature. The angle-dependent spectrum comparison of Model M2a with SN2018byg
illustrates well why multi-dimensional simulations are needed.



II.3.2. ANGLE-DEPENDENT OBSERVABLES 75

20 0 20
vy in 103 km/s

20

0

20

v z
 in

 1
03

 k
m

/s He

0.0

0.2

0.4

0.6

0.8

20 0 20
vy in 103 km/s

20

0

20

v z
 in

 1
03

 k
m

/s S

0.0

0.1

0.2

0.3

0.4

20 0 20
vy in 103 km/s

20

0

20

v z
 in

 1
03

 k
m

/s Ca

0.0

0.2

0.4

0.6

20 0 20
vy in 103 km/s

20

0

20

v z
 in

 1
03

 k
m

/s Ni

0.0

0.2

0.4

0.6

0.8

Figure II.3.4: Mass fractions of He, S, Ca, and Ni for Model M2a in a slice along the x-axis and
in velocity space (from Gronow et al. 2020).
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Figure II.3.5: Viewing angle-dependent g- and r-band limited and angle-averaged (black dots)
light curves of Model M2a are compared to SN2016jhr and SN2018byg (from Gronow et al.
2020).
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Figure II.3.6: Viewing angle-dependent spectra of Model M2a at 12 days after explosion, an-
gles are θ = 0◦, 45◦, 90◦, and 180◦, as well as the angle-averaged spectrum. The spectrum of
SN2018byg at 13 days after explosion is added for comparison (de-reddened and redshift cor-
rected) (from Gronow et al. 2020).



II.4 Discussion

II.4.1 In the context of previous hydrodynamic simulations

A C detonation ignition mechanism similar to the scissors mechanism presented here is found by
Livne and Arnett (1995), García-Senz et al. (1999), Forcada et al. (2006), and Forcada (2007).
A detailed description of the mechanism and other hydrodynamic results is, however, missing
in large parts which makes a comparison di�cult. Livne and Arnett (1995) and García-Senz
et al. (1999), for example, look into di�erent masses than covered in Models M1a to M3a. Livne
and Arnett (1995) cover a range of masses between 0.7M� and 1.1M�, but the core-shell mass
con�gurations di�er from the ones of Models M1a, M2a, and M3a. A WD with a total mass of
1.02M� is looked at by García-Senz et al. (1999). The model presented in Forcada et al. (2006)
and Forcada (2007) has a total mass of 0.9M� which is similar to Model M3a. However, the shell
mass in their model is higher with 0.2M�. A similar C detonation ignition mechanism is also
found by García-Senz et al. (2018) for rotating WDs of di�erent masses in 3D simulations of a
quarter of the star. All these di�erent models con�rm that the C detonation ignition mechanism
is robust and is not only valid for a WD of a speci�c core-shell mass con�guration.

Forcada (2007) point out that the location of the He detonation spot is important for a C
detonation ignition in the scissors mechanism. However, the study presented in Section II.2.3.3
shows that it is robust against small changes in the position. On the contrary, the size of the
transition region is important (Section II.2.3.1).

Many previous simulations (e.g. Fink et al. 2010) do not regard a C detonation ignition at the
convergence point of the He detonation wave as feasible. Fink et al. (2010), however, state that
a core detonation is ignited in the converging shock scenario if it is not triggered earlier. The
C detonation is not triggered self-consistently in their level-set approach, but ignited arti�cially
which causes the convergence point not to be investigated further.

II.4.2 Comparison to observations

A comparison of the angle-dependent observables with SN2016jhr and SN2018byg is given in
Section II.3.2.1. This section focuses on a comparison of the angle-averaged light curves. For this,
data of SN 2011fe (Nugent et al. 2011) is included in Figures II.3.1 and II.4.1 as it represents
a SN Ia of normal brightness. Nugent et al. (2011) �nd that the total galactic extinction in
SN2011fe is negligible and that a correction is not needed for a comparison to models.

The models presented here have a similar peak brightness as SN2011fe in the B-band (Fig-
ure II.3.1) while the decline is too fast compared to data. Further, the U-band brightness is too
low. This is caused by the absorption from the He detonation ashes. SN 2016jhr is found to have
a brightness similar to Model M2a (see Gronow et al. 2020) with the peak brightness being at
20 days which di�ers from Model M2a by 3.4 days (see Figure II.3.5).
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Figure II.4.1: Angle-averaged B-V and V-R color curves of Models M1a,M2a, M2a_i55, and
FM3. The colors of SN 2011fe (Nugent et al. 2011) are included for comparison (from Gronow
et al. 2020).

The angle-averaged time evolution of the models is shown in Figure II.4.1. Data of SN2011fe
is included for comparison. The B-V color points out that the models are too red at early times
in relation to data. This is also found by Kromer et al. (2010) who attribute it to the ejecta of
the He detonation.
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Introduction

Observations of SNe Ia show a relation between the peak brightness of the B-band light curve and
the decline rate as pointed out by Phillips (1993) and Phillips et al. (1999) (see Section I.1.2.1).
Previous work found that models of MCh WDs are not able to reproduce the relation while
simulations of sub-MCh show a relatively good match (see Section I.2). The study presented in
this chapter follows up on those works: A parameter study was carried out involving a range of
core and shell masses. Since the mass of the WD is the leading parameter for the production of
56Ni (Sim et al. 2010, predicted by Pinto and Eastman 2000) and therefore brightness of the light
curve, the models are expected to generate a broad range of luminosities possibly explaining the
observational trend.

Similar parameter studies have been carried out by, for example, Fink et al. (2007, 2010),
Polin et al. (2019), and Leung and Nomoto (2020). Those are, however, carried out in 1D (Polin
et al. 2019) and 2D (Fink et al. 2007, 2010, Leung and Nomoto 2020), and omit the inclusion of a
metallicity of the zero-age main sequence progenitor star (e.g. Polin et al. 2019). The simulations
presented here are calculated in 3D (see Sections II.1 and III.1 for a description of the setup)
and assume a solar metallicity of the zero-age main sequence progenitor star. The bulk of the
work presented here is part of a paper accepted to be published by the journal Astronomy &
Astrophysics (Gronow et al. 2021a).
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III.1 Models of the parameter study

III.1.1 Model setup

The models in this parameter study were set up in the same way as described in Section II.1 for
the models presented in Chapter II: A WD with CO core and He shell was constructed to be in
hydrostatic equilibrium in 1D. For this, the total mass (Mtot) and density at the base of the He
shell (ρs) were set as initial parameters along side the core temperature (Tc) and temperature at
the base of the He shell (Ts). The shell mass (Ms) and central density (ρc) were derived from
these. The 1D structure was mapped to the 3D computational Arepo grid (see Section II.1
for details). The re�nement capability of Arepo is used to increase the resolution in selected
regions (see Section I.3.2.2). Parameters of the models including the resolution at 1 s after He
detonation ignition are given in Tables III.1.1, III.1.2, and III.1.3.

The parameter study consists of 14 WDs with varying mass con�gurations covering a range
of di�erent shell and core masses. The core mass ranges from 0.8M� to 1.1M� and the shell
mass is between 0.02M� and 0.1M�. These limits allow to include models with expected low
and high luminosities (see e.g. Sim et al. 2010, Fink et al. 2010). WDs with low mass He shells
are thought to better match observables (e.g. Fink et al. 2010, Townsley et al. 2019) as they show
fewer imprints originating from the He detonation (Hö�ich et al. 1996, Fink et al. 2010, Kromer
et al. 2010). The parameter study also includes WDs with the highest expected He shell mass
(Woosley and Kasen 2011, Neunteufel et al. 2016). The He shell mass range found by Neunteufel
et al. (2016) in their binary evolution models is in part covered in this study. However, the
accretion process, and therefore the resulting shell mass, is sensitive to the donor mass, orbital
period (Neunteufel et al. 2016) as well as details of the progenitor evolution.

The core and shell masses of the initial pro�les (Mc, ini andMs, ini) are listed in Tables III.1.1,
III.1.2, and III.1.3. The split is based on the initial He mass fraction with cells having a value
of at least 0.01 being associated with the shell. The model names are based on the initial core
and shell masses �xing the �rst two and subsequent two digits, respectively. A model of a WD
with initial core mass of 1.1M� and shell mass of 0.05M� is therefore named M11_05.

III.1.2 Metallicity implementation

Di�erent to the models discussed in Chapter II, the models in this part assume a solar metallicity
of the zero-age main sequence progenitor star. This introduces metallicity as a further parameter
to those of the core and shell masses, and C enrichment of the shell. The metallicity is set by
adding 14N and 22Ne to the composition. These isotopes are chosen as they are most abundant
following the reactions described below and determine the electron fraction Ye, de�ned as

Ye =
ne
nB

(III.1.1)
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Table III.1.1: Parameters of models with core masses of 0.8M� (from Gronow et al. 2021a).

M08_10_r M08_10 M08_05 M08_03
Mc, ini [M�] 0.795 0.795 0.803 0.803
Ms, ini [M�] 0.109 0.109 0.053 0.028
Ms, det [M�] 0.109 0.127 0.075 0.040
Mtot [M�] 0.910 0.910 0.856 0.830
Ts [107 K] 6 6 6 6
Tc [107 K] 3 3 3 3
ρc [107 g cm−3] 1.864 1.887 1.413 1.224
ρs [106 g cm−3] 0.730 1.034 0.390 0.356
rdet [108 cm] 4.40 4.48 5.32 5.56
He det ign vol [1023 cm3] 0.12 0.43 1.52 6.36
M(4Hedet, s) [M�] 0.083 0.082 0.051 0.027
M(12Cdet, s) [M�] 0.013 0.023 0.012 0.006
M(14Ndet, s) [M�] 2.7e−4 2.6e−4 1.6e−4 7.7e−5
M(16Odet, s) [M�] 0.012 0.022 0.012 0.006
M(22Nedet, s) [M�] 3.4e−4 6.1e−4 3.2e−4 1.7e−4
M(12Cdet, c) [M�] 0.401 0.392 0.393 0.398
M(16Odet, c) [M�] 0.390 0.381 0.383 0.387
M(22Nedet, c) [M�] 0.011 0.010 0.011 0.011
resolution [10−8M�] 1.47 2.08 3.95 37.10
ignition mechn. s (s,) cs cs
core ign. time 1.33 1.102 2.05 2.65

with electron and baryon number densities ne and nB, respectively. The electron fraction is 0.5
if the WD only consists of He, C, and O. The value decreases with increasing metallicity. The
code was changed in order to integrate this in the 1D setup.

During CNO burning in the progenitor star and its companion the available 12C and 16O
are transformed into 14N which represents the metallicity in the WD shell. In a subsequent
burning step taking place in the core of the progenitor star, the material is converted to 22Ne via
14N(α,γ)18F(β+,νe)18O(α,γ)22Ne (Gronow et al. 2021b). Based on these processes and using the
solar abundances of Asplund et al. (2009), the shell composition is set to be X(4He) = 0.997 and
X(14N) = 0.003 in mass fractions in the initial pro�le. A small transition region between shell and
core is succeeded by a core comprised of X(12C) = 0.5, X(16O) = 0.49 and X(22Ne) = 0.01. This
results in a homogeneous distribution of the isotopes in the WD which is chosen assuming that
it originates from a homogeneous production during the evolution of the zero-age main sequence
progenitor star. The sedimentation of 22Ne can be neglected in the models as it does not cause
large changes in the 22Ne distribution in the somewhat extended sub-MCh WDs (Bildsten and
Hall 2001, Deloye and Bildsten 2002, García-Berro et al. 2008). It is to be noted that the e�ect
on the electron fraction Ye due to its metallicity-dependence is included only after the mapping
of the 1D pro�le to the 3D computational grid. In greater detail, 20Ne is used in the setup of
the initial 1D pro�le and changed to depict 22Ne in the mapping step. This has a minimal e�ect
on the hydrostatic equilibrium of the WD and a more consistent treatment would include the
consideration of 22Ne already in the initial setup. Nevertheless, perturbations in the hydrostatic
equilibrium originating from this procedure are compensated in the relaxation step. The WD is
therefore in hydrostatic equilibrium at He detonation ignition.

In order to incorporate the inclusion of metallicity the nuclear reaction network of the hydro-
dynamic simulations is extended to 35 isotopes so that it includes 14N and 22Ne (see Section II.1.2



III.1.3. RELAXATION 85

Table III.1.2: Parameters of models with a core mass of 0.9M� and 1.1M� (from Gronow et al.
2021a).

M11_05 M09_10_r M09_10 M09_05 M09_03
Mc, ini [M�] 1.100 0.888 0.888 0.899 0.905
Ms, ini [M�] 0.054 0.108 0.108 0.053 0.026
Ms, det [M�] 0.123 0.108 0.142 0.074 0.043
Mtot [M�] 1.159 1.001 1.001 0.952 0.931
Ts [107 K] 6 6 6 6 6
Tc [107 K] 3 3 3 3 3
ρc [107 g cm−3] 10.213 3.219 3.273 2.471 2.170
ρs [106 g cm−3] 2.000 1.303 2.261 0.781 0.493
rdet [108 cm] 3.53 4.21 4.21 4.59 5.02
He det ign vol [1023 cm3] 0.22 0.40 0.26 1.32 1.26
M(4Hedet, s) [M�] 0.049 0.085 0.085 0.053 0.026
M(12Cdet, s) [M�] 0.037 0.012 0.029 0.011 0.009
M(14Ndet, s) [M�] 1.5e−4 2.8e−4 2.8e−4 1.7e−4 7.1e−5
M(16Odet, s) [M�] 0.036 0.011 0.028 0.010 0.009
M(22Nedet, s) [M�] 0.001 3.1e−4 7.7e−4 2.8e−4 2.3e−4
M(12Cdet, c) [M�] 0.518 0.446 0.429 0.442 0.446
M(16Odet, c) [M�] 0.504 0.434 0.418 0.430 0.434
M(22Nedet, c) [M�] 0.014 0.012 0.011 0.012 0.012
resolution [10−8M�] 27.36 1.38 4.89 2.26 4.34
ignition mechn. edge s (s,) cs (s,) cs
core ign. time 0.006 1.17 0.50 1.71 2.14

for a list of the remaining 33 isotopes). The nuclear reactions included in the hydrodynamic sim-
ulations are given by Tables A.1 and A.2 in Appendix A. Two models with a particularly thin
He shell, Models M10_02 and M10_02T, are calculated involving a 55 isotope nuclear reaction
network (see Section II.2.3.5 for details) following work by Shen and Moore (2014) and Townsley
et al. (2019). In the postprocessing step (see Section I.3.3) a more complete set of isotopes is
included to represent metallicity based on the solar values of Asplund et al. (2009).

III.1.3 Relaxation

Before a detonation simulation was started, a relaxation step was carried out as described in
Section II.1.1. This is necessary to account for spurious velocities originating from the mapping
on the unstructured 3D grid. During the relaxation some 22Ne is mixed into the shell along with
12C. It is apparent that models with a similar initial shell mass agree well in the composition
of the shell after relaxation. The composition of the shell and core after relaxation are given in
Tables III.1.1, III.1.2, and III.1.3 by M(4Hedet, s), M(12Cdet, s), M(14Ndet, s), M(16Odet, s), and
M(22Nedet, s), and M(12Cdet, c), M(16Odet, c), and M(22Nedet, c), respectively.

The transition region between core and shell broadens during the relaxation step in the same
way as described in Section II.1 leading to a decrease of the core radius. Figure III.1.1 shows the
4He and 12C mass fraction pro�les in the radial span from 3× 108 cm to 5× 108 cm for Models
M10_10, M10_05, and M10_03 (top to bottom). The initial pro�les are in red and blue, and
pro�les after relaxation in black and magenta.

The degree of mixing between core and shell is primarily set by the relaxation step and only
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Table III.1.3: Parameters of models with a core mass of 1.0M� (data of Models M10_10,
M10_05, M10_03, and M10_02 from Gronow et al. 2021a).

M10_10 M10_05 M10_03 M10_02 M10_02T
Mc, ini [M�] 1.015 1.002 1.028 1.005 1.009
Ms, ini [M�] 0.090 0.052 0.027 0.020 0.020
Ms,det [M�] 0.133 0.074 0.047 0.028 0.027
Mtot [M�] 1.105 1.055 1.055 1.025 1.029
Ts [107 K] 6 6 6 6 50
Tc [107 K] 3 3 3 3 3
ρc [107 g cm−3] 6.847 4.777 4.777 3.904 4.068
ρs [106 g cm−3] 2.460 1.094 0.850 0.510 0.469
rdet [108 cm] 3.47 4.20 4.25 4.36 4.58
He det ign vol [1023 cm3] 0.63 0.15 0.77 0.95 0.82
M(4Hedet, s) [M�] 0.084 0.050 0.026 0.020 0.018
M(12Cdet, s) [M�] 0.024 0.012 0.010 0.004 0.003
M(14Ndet, s) [M�] 2.7e−4 1.5e−4 7.3e−5 5.2e−5 1.3e−4
M(16Odet, s) [M�] 0.023 0.012 0.010 0.004 0.005
M(22Nedet, s) [M�] 6.4e−4 3.3e−4 2.8e−4 1.1e−4 1.5e−4
M(12Cdet, c) [M�] 0.489 0.493 0.506 0.501 0.403
M(16Odet, c) [M�] 0.475 0.479 0.493 0.487 0.584
M(22Nedet, c) [M�] 0.013 0.013 0.014 0.013 0.020
resolution [10−8M�] 78.11 3.38 3.61 47.71
ignition mechn. edge s (s,) cs art cs shell
core ign. time 0.005 1.17 1.62 1.96 0.005

in part by the initial transition region of the 1D pro�le. A change in the transition region after
the relaxation step allows to investigate the e�ect of mixing on the double detonation simulation
and its results (see also Section II.2.3.1). In this parameter study the e�ect of core-shell mixing is
analysed by a change in the transition of Models M08_10 and M09_10: The composition of both
models was reset to match the pro�les before relaxation in Models M08_10_r and M09_10_r.
This is done as a �rst step for a further study on di�erent transition structures since the core-shell
mixing obtained after relaxation might overestimate the actual mixing in CO WDs with a He
shell.
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Figure III.1.1: Radial abundance pro�les of 4He and 12C of Models M10_10, M10_05 and
M10_03 (top to bottom); the initial pro�les are shown in red and blue, and the pro�les after
relaxation in black and magenta (from Gronow et al. 2021a).





III.2 Simulation results

Hydrodynamic explosion simulations were carried out for all models introduced in Section III.1.
The He detonation was ignited in the same way as in the models presented in Chapter II:
the speci�c thermal energy was arti�cially increased in selected cells around the peak in the
temperature pro�le (for details see Section II.1.2). The radial position of the He detonation
ignition spot on the positive z-axis and its volume are given in Tables III.1.1, III.1.2, and III.1.3.

III.2.1 C detonation ignition mechanism

Varying C detonation ignition mechanisms are observed in the simulations. The exact C detona-
tion ignition mechanism of a model depends on many parameters of the WD setup (also see the
discussion in Chapter II). The edge-lit mechanism is, for example, sensitive to the density at the
base of the He shell, while details of the transition region between core and shell, and especially
its C enrichment, are important for a C detonation ignition following the scissors mechanism.
The individual C detonation ignition mechanism the models exhibit are given in Tables III.1.1,
III.1.2, and III.1.3: the edge-lit, scissors and converging shock mechanisms are marked as 'edge',
's', and 'cs', respectively.

Due to the high dimensionality of the simulations (3D) it is not feasible to reach a resolution
necessary to resolve the C detonation in detail. Nevertheless, the C detonation ignition mech-
anisms found in the simulations are regarded as physical if critical values for a C detonation
ignition are met. These values were determined in previous work by Röpke et al. (2007b) and
Seitenzahl et al. (2009) (see Section I.2.6). A C detonation is triggered in all but one model. The
model with the lightest shell mass, Model M10_02, does not show a numerical ignition in the
Arepo code. A C detonation is ignited arti�cially in this model once densities of 2.5×107 g cm−3

are reached and the temperature exceeds 8.0 × 108 K. Cells ful�lling these criteria are located
o�-center in the core much like where a C detonation would be ignited in the converging shock
scenario. The arti�cial detonation ignition is carried out in order to allow a comparison of the
model to the model presented in Townsley et al. (2019) which has a very similar setup. They
observe a C detonation ignition in the converging shock scenario. This cannot be con�rmed
for Model M10_02 which might be caused by a lack of resolution. Since the criteria for the
arti�cial ignition listed above for the temperature and density correspond well with those found
for a C detonation ignition by Röpke et al. (2007b) and Seitenzahl et al. (2009) a detonation
ignition may be physical. The values at hand, however, are not su�cient to trigger a numerical
C detonation ignition in the Arepo code.

A time evolution of the di�erent C detonation ignition scenarios is shown in Figure III.2.1.
The most massive models, Models M10_10 and M11_05, show a C detonation ignition following
the edge-lit scenario. This is illustrated for Model M10_10 in the top row of Figure III.2.1. In
these models the density at the base of the shell is high, with a value of 2.2 × 106 g cm−3 for
Model M10_10, and allows a direct C detonation ignition. This is visible in the �rst two panels:
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Figure III.2.1: Time evolution of Models M10_10, M10_05, and M08_03 (top to bottom); visible
are the edge-lit, scissors, and converging shock mechanism, respectively; the temperature is given
in K at di�erent times increasing from left to right in a slice along the y-axis showing only the
positive x-axis (from Gronow et al. 2021a).
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A He detonation was ignited in a temperature hotspot in the left most panel by increasing the
temperature to about 7.0 × 108 K in Model M10_10 which triggered a C detonation shortly
after. At 0.1 s after He detonation ignition it is visible that a strong C detonation developed
propagating into the core. The right most panel shows that the C detonation moves through
the whole WD in 0.7 s. For a C detonation to be ignited successfully in the edge-lit scenario,
Livne and Glasner (1990) point out that the He detonation needs to be ignited at some distance
from the core so that the detonation develops enough strength. This is not con�rmed in Models
M10_10 and M11_05 as the He detonation is ignited around the temperature peak in the initial
temperature pro�le which corresponds to a location close to the base of the He shell. However,
the distance of the He detonation ignition spot to the very base of the shell is 2.7 × 107 cm
in Model M10_10. A signi�cantly larger distance to the base of the shell would not allow the
ignition of a C detonation. In this case the densities are too low and a He detonation would fade
out.

The densities at the base of the shell are much lower in Models M10_05, M09_10_r, and
M08_10_r. In these models the scissors mechanism is found. In the three models the densities
and temperatures at the convergence point of the He detonation wave are high enough to trigger
a C detonation in the C enriched transition region. In Model M10_05 densities of at least
5.0 × 106 g cm−3 and temperatures of 2.5 × 109 K are reached while having a C mass fraction
higher than 0.28. The evolution of Model M10_05 is shown in the middle row of Figure III.2.1.
This is very similar to the evolution shown in Figure II.2.1 for Model M2a (see also Gronow et al.
2020). A description of the scissors mechanism can be found in Section II.2.1. Both models,
Models M10_05 and M2a, have a related setup. The di�erences are described in Section III.1.
However, they are in most part attributed to the metallicity implementation in Model M10_05.

In Models M08_05, M09_05, M09_03, and M10_03 some burning can be observed at the
convergence point of the He detonation wave. The convergence is, however, not strong enough
to ignite a C detonation successfully. Instead a C detonation is triggered in the converging shock
scenario. This is marked as '(s,) cs' in Tables III.1.1, III.1.2, and III.1.3. The densities at the
convergence point are too low for a C detonation ignition. Critical values for the density and
temperature are not met, except in two cells of Model M10_03. This, however, is not su�cient
for the ignition of a C detonation. It should also be pointed out that the critical values referred
to in this work are the lowest values found by Röpke et al. (2007b) and Seitenzahl et al. (2009)
which are shown not to be adequate for Model M10_03.

The described behavior is not found in Model M08_03. Being the model with the lowest
total mass, it burns at the lowest density. Due to this, conditions for a C detonation ignition
are not met at the core-shell interface, either in the edge-lit or scissors mechanism. Instead, the
convergence of the shock wave in the core is strong enough to ignite C in the converging shock
scenario. This is shown in the bottom row of Figure III.2.1. After the He detonation is ignited
(�rst panel) and propagates through the shell (second panel), a C detonaiton is ignited o�-center
in the core (third panel). Subsequently the whole core is burnt.

Similar to the discussion presented in Chapter II, the mixing e�ect is analysed by a comparison
of Models M08_10 and M08_10_r as well as Models M09_10 and M09_10_r (see Section III.1.3
for a description of the setups). As pointed out earlier, the composition of models with the
same shell mass are similar after relaxation. The compositions of Models M08_10 and M09_10
therefore closely resemble that of Model M10_10. However, since the densities in Models M08_10
and M09_10 are lower than in Model M10_10, due to the lower total mass, a C detonation is
not ignited in the edge-lit scenario. In Models M08_10 and M09_10 the He detonation also
burns at the very base of the shell. The shallow transition region between core ad shell enables
the detonation to move into matter that is more enriched in C. A C detonation is ignited in this
region when the He detonation has only propagated around two thirds of the WD core in Model
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Figure III.2.2: Time evolution of Model M08_10; the temperature is given in K at di�erent
times increasing from left to right in a slice along the y-axis showing only the positive x-axis.

M08_10 (see Figure III.2.2). In order to investigate whether this kind of detonation is physical
or only a numerical artifact due to, for example, the limited resolution, a detailed study needs
to be carried out. An investigation involving di�erent transition regions, varying C enrichment
and a higher resolution will be conducted in the future.

The composition in Models M08_10_r and M09_10_r was reset after relaxation to match
the initial pro�les leading to a steeper transition region. This prevents the ignition of a C
detonation as found for Models M08_10 and M09_10, and a C detonation is ignited at the
convergence point of the He detonation wave following the scissors mechanism as stated above.

III.2.2 Nucleosynthetic yields

Table III.2.1: Abundances at t = 100 s of Models M08_10 and M08_10_r (from Gronow et al.
2021a).

He detonation core detonation
M08_10 M08_10_r M08_10 M08_10_r

[M�] [M�] [M�] [M�]
4He 3.1× 10−2 3.6× 10−2 1.9× 10−3 1.4× 10−3

12C 8.5× 10−5 1.2× 10−4 3.0× 10−4 1.1× 10−3

16O 1.7× 10−2 9.3× 10−3 7.9× 10−2 8.1× 10−2

28Si 2.3× 10−2 1.3× 10−2 1.9× 10−1 1.9× 10−1

32S 9.1× 10−3 5.5× 10−3 1.1× 10−1 1.1× 10−1

40Ca 8.1× 10−3 6.2× 10−3 1.6× 10−2 1.7× 10−2

44Ti 1.9× 10−3 1.8× 10−3 1.4× 10−5 1.4× 10−5

48Cr 4.5× 10−3 3.8× 10−3 3.0× 10−4 3.3× 10−4

52Fe 8.1× 10−3 7.5× 10−3 6.5× 10−3 7.3× 10−3

55Mn 6.5× 10−8 6.4× 10−8 7.9× 10−8 6.8× 10−8

55Co 8.7× 10−4 9.4× 10−4 3.9× 10−3 3.8× 10−3

56Ni 1.1× 10−2 1.5× 10−2 3.0× 10−1 3.1× 10−1
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Table III.2.2: Abundances at t = 100 s of Models M08_05 and M08_03 (from Gronow et al.
2021a).

He detonation core detonation
M08_05 M08_03 M08_05 M08_03

[M�] [M�] [M�] [M�]
4He 2.7× 10−2 1.8× 10−2 8.2× 10−5 3.2× 10−6

12C 2.3× 10−3 3.3× 10−3 7.5× 10−3 1.2× 10−2

16O 6.3× 10−3 2.6× 10−3 1.2× 10−1 1.4× 10−1

28Si 9.3× 10−3 4.2× 10−3 2.3× 10−1 2.6× 10−1

32S 4.7× 10−3 2.4× 10−3 1.3× 10−1 1.4× 10−1

40Ca 8.0× 10−3 3.1× 10−3 1.9× 10−2 1.9× 10−2

44Ti 2.7× 10−3 2.2× 10−4 1.2× 10−5 1.2× 10−5

48Cr 2.6× 10−3 7.2× 10−6 3.1× 10−4 2.9× 10−4

52Fe 8.0× 10−4 8.8× 10−7 6.8× 10−3 5.6× 10−3

55Mn 1.0× 10−7 1.8× 10−7 9.9× 10−8 2.0× 10−7

55Co 3.1× 10−5 2.8× 10−7 3.5× 10−3 2.8× 10−3

56Ni 6.7× 10−5 9.9× 10−7 2.0× 10−1 1.3× 10−1

Detailed nucleosynthetic yields for all models were calculated in a postprocessing step (see
Section I.3.3). The abundances at 100 s after He detonation ignition for 4He, 12C, 16O, 28Si, 32S,
40Ca, 44Ti, 48Cr, 52Fe, 55Mn, 55Co, and 56Ni are listed in Tables III.2.1 to III.2.6. The abundances
originating from the core and shell detonation are split in the same way as in Table II.2.1 based
on the initial He mass fraction of 0.01. The individual nucleosynthetic yields of the models
strongly depend on the WD core and shell masses. The total yields of 56Ni of all models are,
nevertheless, found to be in the expected range for SNe Ia (e.g. Stritzinger et al. 2006).

The discussion here focuses on the abundances given in Tables III.2.1 to III.2.6. Detailed
nucleosynthetic yields are given in the Appendix (Section B.1). They are calculated in the same
way as in Seitenzahl et al. (2013b). Tables B.1 to B.4 list the abundances at 100 s after He
detonation ignition for stable nuclides and radioactive nuclides with lifetime less than 2Gyr
decayed to stability. Nuclides with a longer lifetime are speci�ed with the yields at 100 s. The
nucleosynthetic yields of some radioactive nuclides at 100 s after He detonation ignition are given
in Tables B.5 to B.8.

In all models the nucleosynthetic yields originating from the shell detonation are dominated
by IMEs. The C enrichment in�uences the yields as described in Section II.2.3.1 (also see Yoon
et al. 2004, Gronow et al. 2020). Generally, WDs with massive He shells are disfavored by
observations due to the strong imprints they leave on the observables (Hö�ich et al. 1996, Fink
et al. 2010, Kromer et al. 2010). Models with a low He shell mass are therefore part of this
study and represented by Models M10_03, M10_02, M09_03, and M08_03. In these models
the 56Ni production in the shell detonation is in the range of 9.9×10−7M� (Model M08_03) and
6.0× 10−5M� (Model M10_03). The �nal abundance of 44Ti is between 2.3× 10−4M� (Model
M08_03) and 2.7× 10−3M� (Model M08_05). As pointed out in Section I.2.6.2, Ti and Cr are
too prominent in most synthetic spectra leading to color light curves that are too red (Kromer
et al. 2010) with these low values resulting in a potentially better match with observations.

The models of the parameter study show that the 56Ni production increases with core mass.
This is the case as the densities are higher for higher mass WDs allowing burning to produce
more heavy elements. Further, it needs to be noted that models with a similar shell mass burn
at di�erent densities which has an in�uence on the nucleosynthetic yields of the shell detonation.

The e�ect mixing has on the �nal abundances is visible in the comparison of the nucleosyn-
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Table III.2.3: Abundances at t = 100 s of Models M09_10 and M09_10_r (from Gronow et al.
2021a).

He detonation core detonation
M09_10 M09_10_r M09_10 M09_10_r

[M�] [M�] [M�] [M�]
4He 2.6× 10−2 3.2× 10−2 3.2× 10−3 3.9× 10−3

12C 3.1× 10−5 3.9× 10−5 2.0× 10−6 1.3× 10−4

16O 1.5× 10−2 8.5× 10−3 2.7× 10−2 5.5× 10−2

28Si 3.9× 10−2 1.3× 10−2 1.5× 10−1 1.6× 10−1

32S 1.1× 10−2 4.3× 10−3 9.4× 10−2 9.2× 10−2

40Ca 7.9× 10−3 4.7× 10−3 1.7× 10−2 1.6× 10−2

44Ti 8.5× 10−4 8.9× 10−4 1.6× 10−5 1.6× 10−5

48Cr 2.5× 10−3 1.9× 10−3 3.7× 10−4 3.4× 10−4

52Fe 5.1× 10−3 4.0× 10−3 8.2× 10−3 7.5× 10−3

55Mn 7.6× 10−8 6.2× 10−8 1.8× 10−8 4.5× 10−8

55Co 4.5× 10−4 3.7× 10−4 4.9× 10−3 3.9× 10−3

56Ni 2.2× 10−2 2.6× 10−2 4.7× 10−1 4.8× 10−1

Table III.2.4: Abundances at t = 100 s of Models M09_05 and M09_03 (from Gronow et al.
2021a).

He detonation core detonation
M09_05 M09_03 M09_05 M09_03

[M�] [M�] [M�] [M�]
4He 2.5× 10−2 1.5× 10−2 1.9× 10−3 5.8× 10−4

12C 4.3× 10−4 3.5× 10−3 2.6× 10−3 4.9× 10−3

16O 7.3× 10−3 3.9× 10−3 7.8× 10−2 9.2× 10−2

28Si 1.0× 10−2 5.8× 10−3 1.9× 10−1 2.2× 10−1

32S 4.4× 10−3 2.8× 10−3 1.1× 10−1 1.3× 10−1

40Ca 5.1× 10−3 4.0× 10−3 1.8× 10−2 2.0× 10−2

44Ti 2.0× 10−3 7.2× 10−4 1.5× 10−5 1.4× 10−5

48Cr 4.6× 10−3 1.0× 10−4 3.7× 10−4 3.9× 10−4

52Fe 5.1× 10−3 4.1× 10−6 8.1× 10−3 8.8× 10−3

55Mn 6.8× 10−8 1.3× 10−7 5.7× 10−8 7.6× 10−8

55Co 4.1× 10−4 4.3× 10−7 4.2× 10−3 4.5× 10−3

56Ni 2.0× 10−3 1.0× 10−6 3.8× 10−1 3.3× 10−1
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Table III.2.5: Abundances at t = 100 s of Models M10_10 and M10_05 (from Gronow et al.
2021a).

He detonation core detonation
M10_10 M10_05 M10_10 M10_05

[M�] [M�] [M�] [M�]
4He 2.1× 10−2 2.0× 10−2 6.5× 10−3 4.6× 10−3

12C 1.1× 10−5 4.0× 10−5 1.7× 10−5 4.4× 10−4

16O 3.1× 10−3 9.3× 10−3 2.7× 10−3 6.1× 10−2

28Si 3.7× 10−2 1.3× 10−2 7.3× 10−2 1.6× 10−1

32S 1.6× 10−2 4.9× 10−3 5.4× 10−2 9.6× 10−2

40Ca 3.4× 10−3 4.3× 10−3 1.3× 10−2 1.7× 10−2

44Ti 2.7× 10−4 7.9× 10−4 1.8× 10−5 2.1× 10−5

48Cr 5.5× 10−4 2.1× 10−3 3.8× 10−4 3.6× 10−4

52Fe 2.0× 10−3 4.1× 10−3 8.7× 10−3 7.8× 10−3

55Mn 6.1× 10−8 5.9× 10−8 9.1× 10−8 4.4× 10−8

55Co 2.7× 10−4 4.8× 10−4 4.4× 10−3 4.0× 10−3

56Ni 3.9× 10−2 8.2× 10−3 7.2× 10−1 5.4× 10−1

Table III.2.6: Abundances at t = 100 s of Models M11_05, M10_03, and M10_02 (from Gronow
et al. 2021a).

He detonation core detonation
M11_05 M10_03 M10_02 M11_05 M10_03 M10_02

[M�] [M�] [M�] [M�] [M�] [M�]
4He 1.0× 10−2 1.3× 10−2 1.3× 10−2 8.4× 10−3 5.1× 10−3 3.8× 10−3

12C 5.7× 10−6 7.6× 10−4 1.7× 10−3 2.5× 10−6 1.2× 10−3 1.9× 10−3

16O 3.8× 10−3 6.8× 10−3 1.9× 10−3 7.5× 10−4 4.9× 10−2 5.7× 10−2

28Si 5.6× 10−2 8.9× 10−3 2.9× 10−3 4.6× 10−2 1.5× 10−1 1.7× 10−1

32S 2.4× 10−2 3.7× 10−3 1.6× 10−3 3.7× 10−2 9.1× 10−2 1.0× 10−1

40Ca 5.7× 10−3 3.3× 10−3 2.4× 10−3 1.0× 10−2 1.6× 10−2 1.8× 10−2

44Ti 1.6× 10−4 1.1× 10−3 5.7× 10−4 1.7× 10−5 1.8× 10−5 1.8× 10−5

48Cr 7.4× 10−4 1.7× 10−3 2.3× 10−4 3.2× 10−4 3.7× 10−4 3.9× 10−4

52Fe 2.1× 10−3 6.5× 10−4 2.5× 10−5 7.3× 10−3 8.1× 10−3 8.8× 10−3

55Mn 6.4× 10−8 7.3× 10−8 9.9× 10−8 5.7× 10−8 3.8× 10−8 4.4× 10−8

55Co 2.2× 10−4 1.7× 10−5 1.5× 10−6 3.7× 10−3 4.2× 10−3 4.5× 10−3

56Ni 1.2× 10−2 6.0× 10−5 1.9× 10−6 8.3× 10−1 5.9× 10−1 5.4× 10−1
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thetic yields of Models M08_10_r and M08_10 as well as Models M09_10_r and M09_10. The
di�erent degrees of mixing do not have a big in�uence on the core mass or structure in general.
Therefore, the �nal abundances agree well. More 12C remains unburnt in Model M08_10_r
which is due to the higher initial 12C mass in the core. In the nucleosynthetic yields originating
from the He detonation it is apparent that less IMEs are produced in Model M08_10_r which is
due to a lower C enrichment. The presence of C in Model M08_10 stops the α-chain at a lower
mass number (Section II.2.3.1). However, the in�uence of mixing on the observables is expected
to be small since about equal masses of 44Ti are produced. Only a slightly lower 48Cr production
in Model M08_10_r might have an impact.

The spatial distribution of 56Ni is shown in Figure III.2.3 for Models M08_03 (a), M10_05
(b), and M10_10 (c). It is visible that the ejecta distribution is a�ected by the C detonation
ignition mechanism. Model M08_03 is the lightest model of the parameter study and a C
detonation is ignited in the converging shock scenario as described in Section III.2.1. The low
densities in the model only allow a production of 56Ni in the very center of the WD and at the
shock convergence point.
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Figure III.2.3: 56Ni mass fractions of Models M08_03 (top left), M10_05 (top right), and
M10_10 (bottom) in a slice along the x-axis in velocity space (from Gronow et al. 2021a).

Contrary to this, some 56Ni is produced in the He detonation in Model M10_05 which det-
onates following the scissors mechanism. Most 56Ni is, however, produced in the core. The
distribution presented in Figure III.2.3b very closely resembles the 56Ni distribution in Fig-



III.2.2. NUCLEOSYNTHETIC YIELDS 97

ure II.3.4. The density at the convergence point in Model M10_05 is slightly higher than the
one in Model M2a (1.2× 107 g cm−3 and 8.3× 106 g cm−3, respectively). This higher density in
Model M10_05 allows for some 56Ni to be synthesized at the convergence point of the He deto-
nation wave as well. The edge-lit mechanism shows a more symmetric 56Ni distribution than the
other two mechanisms (see Figure III.2.3c for Model M10_10). 56Ni is produced in the whole
core and in the shell. An impact of the C detonation ignition mechanism is visible since 56Ni
is located closer to the base of the shell on the positive z-axis and spread in a broader volume
on the negative z-axis. The 'wings' are an artifact that can potentially be resolved in a higher
resolution simulation: As the He detonation propagates around the core it reaches the base of
the He shell and causes a core detonation. However, since a C detonation was previously ignited
this does not have a substantial e�ect on the nucleosynthesis. A similar e�ect is discussed in
Section III.2.1 for Models M08_10 and M09_10. The choice of a smaller He detonation ignition
spot, a change in the details of the transition region or an increase in the resolution might prevent
the behavior.

The total yields of 56Ni are plotted over the total mass of the models in Figure III.2.4. It
illustrates the expected upward trend. Data from Scalzo et al. (2019) is included for comparison.
Di�erent to the total mass of the models the total ejected mass is derived from observations.
Both data sets cover a similar range in the parameter space which serves as some validation of
the models.
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Figure III.2.4: Total 56Ni yields over total mass for all models, observational data of the ejected
56Ni mass and total ejected mass are taken from Scalzo et al. (2019).





III.3 Comparison to previous hydrody-

namic models

Due to di�erent setups of the WDs, a comparison with previous work on explosion simulations
of sub-MCh WDs is di�cult. It also needs to be taken into account that the dimensionality of
the studies often di�ers. The simulations presented here are among the �rst in 3D (but also see
Moll and Woosley 2013, Tanikawa et al. 2018).

The similar setup of Models M10_05 and M2a enables a comparison of the two models. Only
the metallicity of the zero-age main sequence progenitor star was changed (from zero to solar)
in the initial pro�le of Model M2a (also see Section III.1). This does, nevertheless, have a small
impact on the composition after relaxation (Section II.1 and Section III.1.1). In addition to
22Ne being present in the core, 14N and 22Ne are in the shell as well with 22Ne being mixed into
the shell during the relaxation. The metallicity implementation in the postprocessing comprises
a more accurate representation of isotopes (Section III.1.2). As stated in Section III.2.1, both
models show the same C detonation ignition mechanism. The nucleosynthetic yields coming
from the He detonation show a higher IME abundance in Model M10_05 as more 4He and 12C
is burnt, while the �nal 44Ti abundance is a very close match in Models M10_05 and M2a. The
abundances obtained in the core detonation are in good agreement as well. However, in Model
M10_05 a total of 0.04M�

56Ni are produced less compared to Model M2a. The abundances are
instead shifted to stable Ni isotopes (Timmes et al. 2003, Kasen et al. 2009, Shen et al. 2018b).
A detailed discussion of the nucleosynthetic yields of Model M10_05 and in part of Model M2a
is given in Lach et al. (2020) (Models M2a� and M2a in Lach et al. 2020, respectively).

The similarity of Models M10_05 and M2a allows a subsequent comparison to Model FM3
(Fink et al. 2010) since the initial setup of Model M2a was chosen to resemble that of Model
FM3. Di�erences of Models M2a and FM3 are described in Section II.2. Similar to Model M2a,
Model FM3 di�ers from Model M10_05 as it is calculated at zero metallicity. A comparison
of the yields (Tables II.2.1 and III.2.5) shows that those of 44Ti and 48Cr originating from the
shell detonation deviate. This is, however, due to the di�erent numerical treatments as pointed
out in the comparison of Models M1a and M2a with Model FM3 (see Section II.2.2). Trends
in the comparison of the nucleosynthetic abundances of other isotopes resemble those found in
Section II.2.2 with similar values found in the abundances originating from the core detonation in
Models M10_05 and FM3 taking a small shift to stable IGEs into account due to the metallicity
of Model M10_05.

Tanikawa et al. (2018) present an explosion simulation of a WD with 0.95M� core and
a 0.05M� shell. This can be crudely compared to Model M10_05. Tanikawa et al. (2018)
carry out a 3D simulation using an SPH code while employing a 13 isotopes nuclear reaction
network in the hydrodynamic simulation. This number might be too low to capture the energy
release accurately (Shen and Moore 2014, Townsley et al. 2019). Their model accounts for some
mixing taking place between core and shell, but is calculated at zero metallicity. Generally,
the nucleosynthetic yields of 56Ni and IMEs are in good agreement with Model M10_05. The
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amount of 56Ni synthesized in the shell detonation is lower in their model which can be explained
by the lower shell mass of the WD.

Neunteufel et al. (2016) present a set of models showing that on average 0.163M� are accreted
onto a WD until a detonation is ignited. Woosley and Kasen (2011) argue against this saying
that less mass should be accumulated. Since more massive WDs with thin shells have light curves
of normal SNe Ia, a set of models is found by Neunteufel et al. (2016) that potentially resembles
classical SNe Ia. Their 1D models show that more mass is accreted onto a WD if the core mass
is lower. In addition, hot WDs are found to have lower shell masses than cold WDs. The models
presented here (Section III.1.1) are in part covered in the study of Woosley and Kasen (2011).
Comparison models calculated at zero metallicity are their Models 10D, 8A, 10HB, 10HD, 9B,
and 8HBC (for details see Woosley and Kasen 2011).

Generally, it is found that the total amount of synthesized 56Ni in the detonations are a good
match in models with similar masses. The mass con�gurations of Models 10B and 10HD are
similar to Model M10_05. The �nal IME abundances of the models are in good agreement with
each other. A lower production of 44Ti, 48Cr, and 52Fe in Model M10_05 indicates that it might
better match observations as the color is less red (Section I.2.6.2). However, the 55Co production
is slightly higher in Model M10_05 which in�uences the amount of manganese after its decay
(see Lach et al. 2020, Gronow et al. 2021b and Chapter IV for a discussion on the importance of
manganese in GCE).

Model M08_10_r can be compared to Models 8A and 8HBC. Both models by Woosley and
Kasen (2011) di�er in luminosity, but otherwise have the same setup. Model 8A shows a better
match to Model M08_10_r in the 56Ni yields. However, the 44Ti, 48Cr, and 55Co abundances
are higher in Model M08_10_r. In contrast, more 44Ti and 56Ni is produced in Model 8HC.
The di�erences between the models presented here and those of Woosley and Kasen (2011) are
in most part caused by discrepancies in the setups. Further, Woosley and Kasen (2011) carry
out 1D simulations. Transferring the setup to 3D results in a He detonation ignition in a shell
and not just one spot. This in�uences the expansion of matter behind the shock.

A further parameter study has been carried out by Polin et al. (2019) in 1D covering part
of the same parameter space as the models presented in this thesis. Their models have zero
metallicity, while core-shell mixing is incorporated. The di�erent mixing setups of the models by
Polin et al. (2019) and the ones presented here cannot be compared in detail as Polin et al. (2019)
only give the radial extend and do not list the composition of the transition region. Similar to
Tanikawa et al. (2018), the nuclear reaction network they use in the hydrodynamic simulation
(21 isotopes) is not appropriate for models with low shell masses. Nevertheless, a good agreement
in the mass con�gurations of the models presented here with some models of Polin et al. (2019)
is found. These include models with large He shells (a 0.8M� or 0.9M� core with a 0.08M�
shell, or a 1.0M� with a 0.10M� shell) and thin He shells (a 1.0M� core with a 0.02M� shell).
Generally, the IME yields are higher in their models while the models presented here show a much
lower abundance of 56Ni originating from the shell detonation. Similar to Woosley and Kasen
(2011), the di�erences in the nucleosynthetic yields are explained by the di�erent metallicities
and masses of the models, dimensionality, and numerical treatments.

As pointed out in Section III.2.1, Model M10_02 has a mass con�guration that closely resem-
bles that of the model presented in Townsley et al. (2019). However, not all model parameters
are listed in Townsley et al. (2019) making a comparison di�cult in some aspects. Due to core-
shell mixing in Model M10_02, the core is slightly less massive than in the model of Townsley
et al. (2019). Townsley et al. (2019) assume a 'modest' C enrichment. However, its details
are not provided. This di�erence is visible in the initial composition of the two models. Both
models are calculated at solar metallicity using 14N and 22Ne for the metallicity representation
in the explosion simulation. Due to a di�erent initial temperature pro�le the densities in Model
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M10_02 are slightly higher. This leads to a higher production of 56Ni originating from the He
detonation in Model M10_02 compared to Townsley et al. (2019). At the same time, a higher C
enrichment in Model M10_02 increases the 44Ti yields. The abundances obtained from the core
detonation are in good agreement, with the di�erence in 56Ni being explained by a lower core
mass of Model M10_02 due to core-shell mixing.

An additional simulation was carried out with the mass con�guration of Model M10_02, but
an increased temperature at the base of the He shell to match the value of the model by Townsley
et al. (2019). This model, M10_02T, has a minimally di�erent setup than Model M10_02 as
can be seen in Table III.1.3. The resolution is not listed as the simulation is stopped at an earlier
point. The simulation shows a He detonation ignition in a narrow shell at the base of the He shell
(given as 'shell' in Table III.1.3). This detonation quickly burns the whole He shell and triggers a
C detonation at the core-shell interface burning the core in less than one second. This detonation
ignition mechanism is di�erent to the one found by Townsley et al. (2019). It is caused by the
higher temperature at the base of the He shell. A simulation of a model with the same setup
as Model M10_02T, but involving a 35 isotope nuclear reaction network in the hydrodynamic
simulation is carried out as well, named M10_02T_35. A C detonation is ignited in the same
way as in Model M10_02. A comparison of Models M10_02T and M10_02T_35 therefore shows
that the temperature at the base of the He shell is su�ciently high in Model M10_02T to trigger
explosive burning via additional reactions that are included in the 55 isotope nuclear reaction
network (compare Tables A.1 to A.3 in Appendix A). Further studies are necessary for a reliable
conclusion on whether an accretion of matter from a companion leads to a temperature of about
5× 108K at the base of the He shell and a subsequent He detonation ignition in a shell, and not
one hotspot.





III.4 Synthetic observables

Similar to Section II.3, radiative transfer calculations were carried out by ChristineE.Collins for
the models discussed in this chapter. A part of the analysis of the synthetic observables (Gronow
et al. 2021a) is included here to allow a more complete study of the models and an extended
comparison to data. A detailed description of the synthetic observables is presented in Gronow
et al. (2021a) and part of a follow-up paper (C. E.Collins in preparation).

III.4.1 Angle-averaged light curves

Table III.4.1: Parameters of the angle-averaged bolometric light curves, including Model M2a
(Gronow et al. 2020) for comparison (from Gronow et al. 2021a).

Mbol,max tbol,max [days] ∆m15(bol) mechanism
M08_03 -17.57 17.4 0.93 cs
M08_05 -17.92 18.1 0.85 (s,) cs
M08_10_r -18.35 17.9 0.83 s
M09_03 -18.42 18.1 0.86 (s,) cs
M09_05 -18.54 18.1 0.81 (s,) cs
M09_10_r -18.82 17.2 0.89 s
M10_02 -18.91 17.4 0.86 art cs
M10_03 -18.99 17.1 0.86 (s,) cs
M10_05 -18.92 17.4 0.88 s
M10_10 -19.17 16.6 0.82 edge
M11_05 -19.28 16.1 0.81 edge
M2a -18.93 17.4 0.71 s

As stated in Section III.2 a range of 56Ni masses is produced in the double detonations of the
di�erent models. Since the 56Ni mass is directly linked to the brightness of a light curve, various
luminosities are found matching values for sub-luminous to normal SNe Ia. The bolometric light
curves are obtained as described in Gronow et al. (2021a) via an integration of the model spectra
at wavelengths between 600Å and 30000Å. Parameters of the angle-averaged light curves are
given in Table III.4.1. The peak brightness lies between −17.57mag and −19.28mag. It is
apparent that the brightness increases with model mass. Model M10_05 is an exception in
this trend showing that the C detonation ignition mechanism is important in addition to the
core and shell masses. The angle-averaged bolometric light curves of the models are presented
in Figure III.4.1 with those of Models M2a and FM3 added for comparison. Model M2a has
a similar peak brightness as Model M10_05 (values of −18.93 and −18.92). However, the
decline rate over 15 days, ∆m15(bol), is lower in Model M2a than in Model M10_05 (0.71 and
0.88, respectively). This change reveals that a higher metallicity of the zero-age main sequence
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Figure III.4.1: Angle-averaged bolometric light curves for all models introduced in Section III.1,
including Models M2a (Gronow et al. 2020) and FM3 (Fink et al. 2010) for comparison (from
Gronow et al. 2021a).

progenitor star causes an increase in the decline rate after maximum while the peak brightness
is unchanged. The metallicity likely results in a lower opacity and therefore faster decline rate.
This is supported by the fact that the decline rate of Model M2a is the slowest of the models
included in Table III.4.1. In the models of the parameter study it is found that those with similar
peak luminosities also have similar decline rates.

III.4.2 Angle-dependent light curves

Angle-dependent light curves illustrate the e�ect of the di�erent C detonation ignition mecha-
nisms and multi-dimensionality of a double detonation (see also Section II.3.2). The asymmetric
56Ni distribution of Models M08_03, M10_05, and M10_10 is shown in Figure III.2.3. Line-of-
sight dependent light curves of those models are illustrated in Figure III.4.2. An angle of θ = 0◦

corresponds to a view in direction of the north pole, θ = 90◦ in equatorial direction, and θ = 180◦

in direction of the south pole. A strong angle-dependence is visible at maximum brightness which
decreases over time as the ejecta become optically thinner. The brightest lines-of-sight are at
θ = 180◦ for Models M08_03 and M10_05. In the converging shock and scissor mechanism
these models exhibit the highest amount of 56Ni located close to the surface at this angle. In
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Figure III.4.2: Bolometric angle-dependent light curves of Models M08_03, M10_05, and
M10_10 (from Gronow et al. 2021a).

Model M08_03 the light curves at θ = 0◦ and 90◦ are very similar which can be inferred from
Figure III.2.3a. In contrast to this, 56Ni is closer to the surface at θ = 90◦ than 0◦ in Model
M10_05. The light curves of Model M10_10 show the opposite behavior than those of Model
M10_05. This is due to the fact that the C detonation is ignited in the edge-lit scenario which
results in an enhanced 56Ni abundance close to the surface in direction of the north pole.

III.4.3 Bolometric width-luminosity relation and comparison to

data

The dependence of the peak bolometric brightness on the decline rate ∆m15(bol) is shown in the
top panel of Figure III.4.3. Values for 100 di�erent viewing angles are included to demonstrate
the high angle-dependency of the parameters. Errors for the angle-averaged values are calculated
as standard deviation of the viewing angle distribution. A comparison of the angle-average to the
viewing angle-dependent values shows that angle-averages do not well represent the full range.
The angle-dependent values show an increase in decline rate with higher peak brightness. This
is due to the fact that 56Ni is closer to the surface in these cases enabling a faster decline.

Due to high uncertainties associated with band limited light curves of hydrodynamic models,
bolometric data points are calculated from observations in order to allow a comparison as initial
test. Data provided by Scalzo et al. (2019) is included in Figure III.4.3. A weak width-luminosity
dependence is found by Scalzo et al. (2019) (see also Section I.1.2.1). The brighter models of the
parameter study cover a similar parameter space as the observations. They loosely follow the
same trend. However, the viewing angle-dependent data points span a wider range than found
in observations. Further, the model with the lowest luminosity, Model M08_03, has a brightness
about 0.8mag lower than the faintest observation and declines too slow on average. A similar
behavior is found by Shen et al. (2018b) attributing the di�erence to a minimum WD mass (see
Shen and Bildsten 2014).

Scalzo et al. (2019) found a strong correlation between ∆m15(bol) and the decline rate over
40 days, ∆m40(bol). A weak trend is visible in the angle-averaged values of the models. The
addition of viewing angle-dependent values makes the trend clearer (see bottom panel in Fig-
ure III.4.3). There is, however, a signi�cant o�set from data. ∆m40(bol) is too fast which
indicates that the optical depth might be too low. This would be explained by a mass that is too
low or ejecta velocities that are in disagreement with SNe Ia. Kushnir et al. (2020) and Sharon
and Kushnir (2020) argue that models do not match the γ-ray escape time t0 to 56Ni mass re-
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Figure III.4.3: Top: peak bolometric magnitude over ∆m15(bol). Bottom: bolometric decline
rate over 40 days, ∆m40(bol), over ∆m15(bol). Angle-averaged light curve values (circles) and
100 di�erent viewing angles (crosses) are shown. Model M2a (Gronow et al. 2020) and bolometric
data of Scalzo et al. (2019) are included for comparison. The errors are calculated as standard
deviation of the viewing angle distributions (from Gronow et al. 2021a).

lation, with a light curve being driven by the γ-ray opacity at 40 days after explosion. Wygoda
et al. (2019) nevertheless state that sub-MCh models are in better agreement with observations
than models of MCh WDs.
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Introduction

The previous studies presented in this thesis have shown that the nucleosynthetic yields of an
exploding sub-MCh WD depend in some aspects on the C enrichment of the He shell (Chapter II)
and the respective core and shell masses (Chapter III). A further parameter having an in�uence on
the isotopic abundances obtained after explosion is the metallicity of the zero-age main sequence
progenitor star. Its e�ect is discussed in the following sections. It is one of the �rst studies being
carried out examining sub-MCh CO WDs with a He shell (but see also Leung and Nomoto 2020).
The work presented here is submitted for publication in the journal Astronomy & Astrophysics
(Gronow et al. 2021b).

An e�ect of the metallicity on the nucleosynthetic yields is suggested by observations. Ac-
cording to Hö�ich et al. (1998) and Timmes et al. (2003) some variations found in observational
spectra are potentially explained by it. A derivation of the metallicity of a SN Ia from obser-
vations is, however, di�cult. Lentz et al. (2000) and Taubenberger et al. (2008) deduce values
which have large inaccuracies due to the uncertainties in the observations themselves. In addi-
tion, some of the variations found in observations could also be explained by parameters other
than the metallicity.

Studies by, for example, Shigeyama et al. (1992), Umeda et al. (1999), Iwamoto et al. (1999),
Timmes et al. (2003), Sim et al. (2010), and Shen et al. (2018b) have shown that the consideration
of a non-zero metallicity shifts the isotopic production to stable IGE isotopes. Umeda et al. (1999)
and Iwamoto et al. (1999) point out that the nucleosynthetic yields of 54Fe, 56Ni, and 58Ni are
a�ected. A relation between the 56Ni production and metallicity is derived by Timmes et al.
(2003). Their 1D study of MCh WD explosions involving metallicities between 1/3Z� and 3Z�
shows a decrease by 25% going from lowest to highest metallicity. Further, Seitenzahl et al.
(2013a) suggests that the Mn production is heavily a�ected.

The in�uence of the metallicity of the zero-age main sequence progenitor star on the nucle-
osynthetic yields stems from a resulting neutronization. A neutron excess can be obtained in
di�erent ways. In a MCh WD it is caused by electron captures at high densities in the core and
from the initial metallicity of its progenitor star. In sub-MCh WDs only the initial metallic-
ity is important. Electron captures do not take place in the core as the densities are not high
enough. The neutron excess in�uences the electron fraction Ye. A lower Ye value indicates that
the production of neutron-rich IGEs is increased (Thielemann et al. 1986).

As already mentioned in Section I.1.2.3, SNe Ia are important for GCE. The nucleosynthetic
yields obtained from explosion models are input parameters for GCE models. The results of these
models in turn help to constrain the explosion mechanism by a comparison to galaxy observations.
Work by Seitenzahl et al. (2013a), Cescutti and Kobayashi (2017), Kobayashi et al. (2020), and
Eitner et al. (2020) suggests that multiple explosion channels contribute to the Mn production.
Further, GCE models involving metallicity-dependent nucleosynthetic yields better reproduced
trends found in chemical evolution from observations (Seitenzahl et al. 2013a, Kobayashi et al.
2020, Eitner et al. 2020).

The representation of metallicity in the hydrodynamic simulations is described in Section III.1.
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In the postprocessing step (Section I.3.3) a larger number of isotopes is included (see Sec-
tion III.1). In this study the hydrodynamic explosion models of Chapter III (Gronow et al. 2021a)
are used as basis. Only the postprocessing step is re-calculated employing di�erent metallicities.
This is possible as the energetics and therefore explosion dynamics only very weakly depend on
the metallicity (see Section IV.1).



IV.1 Models

As stated above, eleven hydrodynamic models of Chapter III (Gronow et al. 2021a) are used as
basis for the metallicity study (parameters are given in Tables II.1.1, III.1.1, and III.1.3). This
allows to investigate the metallicity e�ect on WDs with core masses between 0.8M� and 1.1M�,
and shell masses of 0.02M� to 0.1M�. The temperature and density evolution of the two million
tracer particles (see Section I.3.3 for a description of the method) of the hydrodynamic simula-
tions are used in re-calculations of the postprocessing taking di�erent metallicities into account.
The study in Chapter III assumes a solar metallicity of the zero-age main sequence progenitor
star. The solar abundances (Asplund et al. 2009) are scaled in order to permit the calculation
of detailed nucleosynthetic yields at 0.01Z�, 0.1Z�, and 3Z�. The full data set included in the
metallicity study therefore consists of 44 models. Following Prantzos et al. (2018), the abun-
dance ratios of α-elements are �xed at sub-solar metallicity. This gives [C/Fe]=0.18, [O/Fe]=0.47,
[Mg/Fe]=0.27, [Si/Fe]=0.37, [S/Fe]=0.35, [Ar/Fe]=0.35, [Ca/Fe]=0.33, and [Ti/Fe]=0.23 based
on observations of low metallicity stars. Since SNe Ia are expected to have contributed to the
chemical enrichment on only small scales at early times, the α-elements (which originate from
CCSNe) are increased compared to IGEs. This is realised by setting the α-elemental abundances
to the listed values and scaling down those of IGEs at early times. The scaled solar abundances
of Asplund et al. (2009) are used as input parameters in the postprocessing along with the initial
composition pro�les. Some 12C and 22Ne were mixed into the He shell during the relaxation step
of the hydrodynamic models (see Section III.1.3) which has an in�uence on the nucleosynthesis
and is incorporated in the initial pro�les of the composition. The reaction rates listed in Sec-
tion I.3.3 are employed as in all postprocessing simulations carried out in the framework of this
thesis.

The omission of a calculation of the explosion simulation for the models at the various metal-
licities is possible as the energy release is not signi�cantly a�ected by a change in metallicity.
A comparison of Models M2a (Gronow et al. 2020), M2a_pp, and M10_05_1 (Model M10_05
in Chapter III and Gronow et al. 2021a) validates the approach. The nucleosynthetic yields are
given in Tables IV.2.1 and IV.2.2. Model M2a_pp is based on the same explosion model as Model
M2a. In the postprocessing step, the metallicity is changed from zero to solar in order to match
that of Model M10_05_1. The di�erences in the total and shell masses of the models is less than
1%. It is caused by the change in the setup as described in Section III.1.1. Di�erences in the
abundances originating from the core detonations of Models M2a_pp and M10_05_1 amount
to about 10% while those produced in the shell detonation di�er by about 50% (neglecting 12C
in both cases). As the nucleosynthetic yields originating from the shell detonation contribute
only little to the total yields, the computational approach described here allows a good enough
treatment of the nucleosynthetic yields for the goal of this study. However, an impact on syn-
thetic observables might be more prominent as the spectra and light curves are sensitive to the
shell ejecta.

As indicated above, the models of Chapter III are renamed for the parameter study on the
metallicity in order to incorporate the metallicity of the various models in the name. For this
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the previous model names (Section III.1.1) are extended by a number corresponding to the
metallicity of the model (e.g. _01 for 0.1Z�). Names such as Model M10_03 are instead used
to refer to all models with a 1.0M� core and 0.03M� shell, thus combining four models at
di�erent metallicities into one notation.



IV.2 Metallicity-dependent nucleosyn-

thesis

A comparison of the hydrodynamic models that are the basis of this study was carried out in
Chapter III. Relations found in the nucleosynthetic yields of the models at solar metallicity are
the same at the other metallicities. In the following, the focus is on the in�uence of a change
in metallicity on the abundances. In addition, Shen and Moore (2014) present a study on the
metallicity e�ect on the detonation speed. The nucleosynthetic yields of the models are given
in Tables IV.2.1 to IV.2.23. The abundances of Model M2a are taken from Table II.2.1 (see
also Gronow et al. 2020) and expanded by 52Fe, 54Fe, 55Fe, 55Mn, 55Co, and 58Ni. Those of
the models at solar metallicity (taken from Tables III.2.1 to III.2.6, Gronow et al. 2021a) are
extended by 54Fe, 55Fe, and 58Ni. Detailed nucleosynthetic yields of the models are given in
Appendix B.2 in the same way as described in Section III.2.2.

The nucleosynthesis taking place in double detonations of sub-MCh WDs is described by
explosive He and Si burning (see Section I.2.7). Explosive He burning takes place in the shell
(Khokhlov 1984, Khokhlov and Érgma 1985). A comparison of the models presented here and
Figure 1 of Khokhlov (1984) shows that NSE is not reached in the burning. The abundances are
in�uenced by the presence of 14N as seed nucleus. It frees p via 14N(α, γ)18F(α,p)21Ne. The free
p can then be used to form 16O in a reaction faster than α-capture on 12C, 12C(p,γ)13N(α,p)16O
(Shen and Bildsten 2009).

Explosive Si burning occurs in the WD core with C and O serving as fuel. Woosley et al.
(1973) describe it in three di�erent burning regimes as described in Section I.2.7. They are
separated by gray areas in Figures IV.2.1, IV.2.2, and IV.2.3.

For the nucleosynthesis the generally low density in sub-MCh WDs compared to MCh WDs
is important. As mentioned in the introduction to this chapter, no electron captures take place
in the cores of sub-MCh WDs due to the low density. Further, NSE is not reached as densities
of at least 7 × 107 g cm−3 are necessary (see e.g. Figure IV.2.2 for comparison). Instead, IGEs
are produced in the α-rich freeze-out regime and in incomplete Si burning.

IV.2.1 Low and intermediate mass elements

At high densities the metallicity a�ects the nucleosynthetic yields via a neutron excess. However,
in lower density regimes, such as the shell and outer region of the core, the isotopes which
compose the metallicity (e.g. 14N and 22Ne) serve as seed nuclei. This in�uence is important
for the production of IMEs as they are in most part produced in these lower density regions
of incomplete Si burning with peak densities of up to 2.5 × 107 g cm−3. As such 14N(α,p)17O
reactions allow a speedup of the burning (Gronow et al. 2021b).

In the nucleosynthetic yields originating from the He detonation little to no in�uence of the
metallicity is detected for elements lighter or equal to 44Ti. This also applies to the abundances
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Table IV.2.1: Abundances at t = 100 s of Models M2a(3) and M2a_pp (from Gronow et al.
2021b).

He detonation core detonation
M2a(3) M2a_pp M2a(3) M2a_pp
[M�] [M�] [M�] [M�]

4He 2.3× 10−2 2.2× 10−2 5.0× 10−3 4.2× 10−3

12C 1.0× 10−4 1.0× 10−4 8.9× 10−4 8.6× 10−4

16O 7.4× 10−3 6.8× 10−3 5.2× 10−2 5.6× 10−2

28Si 8.9× 10−3 9.6× 10−3 1.6× 10−1 1.7× 10−1

32S 3.2× 10−3 3.6× 10−3 1.1× 10−1 1.0× 10−1

40Ca 3.6× 10−3 3.5× 10−3 2.3× 10−2 1.8× 10−2

44Ti 7.0× 10−4 7.1× 10−4 2.8× 10−5 2.2× 10−5

48Cr 1.6× 10−3 1.6× 10−3 4.8× 10−4 3.7× 10−4

52Fe 3.2× 10−3 3.2× 10−3 1.0× 10−2 8.0× 10−3

54Fe 2.6× 10−5 3.2× 10−5 9.2× 10−5 2.4× 10−2

55Fe 5.3× 10−7 5.7× 10−7 6.0× 10−7 4.9× 10−5

55Mn 1.6× 10−7 5.8× 10−8 6.4× 10−10 4.3× 10−8

55Co 3.8× 10−4 3.9× 10−4 1.1× 10−4 4.1× 10−3

56Ni 1.2× 10−2 1.2× 10−2 5.7× 10−1 5.3× 10−1

58Ni 2.3× 10−4 2.4× 10−4 8.9× 10−4 1.7× 10−2

References. (3) Gronow et al. (2020)

Table IV.2.2: Abundances at t = 100 s of Models M10_05_1(4) and M10_05_3 (from Gronow
et al. 2021b).

He detonation core detonation
M10_05_1(4) M10_05_3 M10_05_1(4) M10_05_3

[M�] [M�] [M�] [M�]
4He 2.0× 10−2 1.9× 10−2 4.6× 10−3 3.3× 10−3

12C 4.0× 10−5 4.0× 10−5 4.4× 10−4 4.3× 10−4

16O 9.3× 10−3 9.7× 10−3 6.1× 10−2 6.1× 10−2

28Si 1.3× 10−2 1.3× 10−2 1.6× 10−1 1.6× 10−1

32S 4.9× 10−3 4.9× 10−3 9.6× 10−2 8.4× 10−2

40Ca 4.3× 10−3 4.3× 10−3 1.7× 10−2 1.3× 10−2

44Ti 7.9× 10−4 8.1× 10−4 2.1× 10−5 1.4× 10−5

48Cr 2.1× 10−3 2.1× 10−3 3.6× 10−4 2.8× 10−4

52Fe 4.1× 10−3 4.4× 10−3 7.8× 10−3 6.4× 10−3

54Fe 4.2× 10−5 5.0× 10−5 2.2× 10−2 5.4× 10−2

55Fe 7.6× 10−7 1.1× 10−6 5.0× 10−5 3.5× 10−4

55Mn 5.9× 10−8 8.7× 10−8 4.4× 10−8 3.3× 10−7

55Co 4.8× 10−4 4.9× 10−4 4.0× 10−3 6.4× 10−3

56Ni 8.2× 10−3 8.1× 10−3 5.4× 10−1 4.8× 10−1

58Ni 1.2× 10−4 1.4× 10−4 1.8× 10−2 4.9× 10−2

References. (4) Gronow et al. (2021a)
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Table IV.2.3: Abundances at t = 100 s of Models M10_05_001 and M10_05_01 (from Gronow
et al. 2021b).

He detonation core detonation
M10_05_001 M10_05_01 M10_05_001 M10_05_01

[M�] [M�] [M�] [M�]
4He 2.0× 10−2 2.0× 10−2 5.0× 10−3 5.0× 10−3

12C 4.0× 10−5 4.0× 10−5 4.4× 10−4 4.4× 10−4

16O 9.2× 10−3 9.2× 10−3 6.0× 10−2 6.0× 10−2

28Si 1.3× 10−2 1.3× 10−2 1.6× 10−1 1.6× 10−1

32S 5.0× 10−3 5.0× 10−3 9.9× 10−2 9.9× 10−2

40Ca 4.3× 10−3 4.3× 10−3 1.8× 10−2 1.8× 10−2

44Ti 7.8× 10−4 7.8× 10−4 2.4× 10−5 2.4× 10−5

48Cr 2.1× 10−3 2.1× 10−3 4.0× 10−4 4.0× 10−4

52Fe 4.0× 10−3 4.0× 10−3 8.4× 10−3 8.4× 10−3

54Fe 3.5× 10−5 3.5× 10−5 1.2× 10−2 1.2× 10−2

55Fe 4.1× 10−7 4.2× 10−7 1.8× 10−5 1.7× 10−5

55Mn 3.3× 10−10 2.9× 10−9 4.2× 10−9 7.4× 10−9

55Co 4.8× 10−4 4.8× 10−4 3.0× 10−3 2.9× 10−3

56Ni 8.3× 10−3 8.3× 10−3 5.6× 10−1 5.6× 10−1

58Ni 1.0× 10−4 1.0× 10−4 9.6× 10−3 9.4× 10−3

Table IV.2.4: Abundances at t = 100 s of Models M10_10_001 and M10_10_01 (from Gronow
et al. 2021b).

He detonation core detonation
M10_10_001 M10_10_01 M10_10_001 M10_10_01

[M�] [M�] [M�] [M�]
4He 2.1× 10−2 2.1× 10−2 7.1× 10−3 7.1× 10−3

12C 7.4× 10−6 7.3× 10−6 2.5× 10−6 2.5× 10−6

16O 3.0× 10−3 3.0× 10−3 2.7× 10−3 2.7× 10−3

28Si 3.7× 10−2 3.7× 10−2 7.3× 10−2 7.3× 10−2

32S 1.6× 10−2 1.6× 10−2 5.6× 10−2 5.6× 10−2

40Ca 3.4× 10−3 3.4× 10−3 1.4× 10−2 1.4× 10−2

44Ti 2.7× 10−4 2.7× 10−4 2.0× 10−5 2.0× 10−5

48Cr 5.3× 10−4 5.3× 10−4 4.1× 10−4 4.1× 10−4

52Fe 2.0× 10−3 2.0× 10−3 9.3× 10−3 9.3× 10−3

54Fe 9.4× 10−4 9.5× 10−4 1.0× 10−2 1.0× 10−2

55Fe 1.8× 10−6 1.8× 10−6 3.2× 10−6 3.0× 10−6

55Mn 9.9× 10−10 3.6× 10−9 1.5× 10−9 1.4× 10−9

55Co 2.5× 10−4 2.5× 10−4 3.2× 10−3 3.1× 10−3

56Ni 4.0× 10−2 3.9× 10−2 7.4× 10−1 7.5× 10−1

58Ni 5.7× 10−4 5.7× 10−4 1.4× 10−2 1.4× 10−2
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Table IV.2.5: Abundances at t = 100 s of Models M10_10_1(4) and M10_10_3 (from Gronow
et al. 2021b).

He detonation core detonation
M10_10_1(4) M10_10_3 M10_10_1(4) M10_10_3

[M�] [M�] [M�] [M�]
4He 2.1× 10−2 2.0× 10−2 6.5× 10−3 4.5× 10−3

12C 1.1× 10−5 7.5× 10−6 1.7× 10−5 1.1× 10−6

16O 3.1× 10−3 3.2× 10−3 2.7× 10−3 2.7× 10−3

28Si 3.7× 10−2 3.8× 10−2 7.3× 10−2 7.3× 10−2

32S 1.6× 10−2 1.6× 10−2 5.4× 10−2 4.8× 10−2

40Ca 3.4× 10−3 3.5× 10−3 1.3× 10−2 1.1× 10−2

44Ti 2.7× 10−4 2.8× 10−4 1.8× 10−5 1.2× 10−5

48Cr 5.5× 10−4 6.0× 10−4 3.8× 10−4 3.0× 10−4

52Fe 2.0× 10−3 2.0× 10−3 8.7× 10−3 7.2× 10−3

54Fe 1.1× 10−3 1.1× 10−3 2.3× 10−2 4.9× 10−2

55Fe 3.1× 10−6 3.7× 10−6 8.0× 10−6 8.6× 10−5

55Mn 6.1× 10−8 8.6× 10−8 9.1× 10−8 9.2× 10−8

55Co 2.7× 10−4 2.7× 10−4 4.4× 10−3 7.2× 10−3

56Ni 3.9× 10−2 3.9× 10−2 7.2× 10−1 6.5× 10−1

58Ni 5.7× 10−4 5.4× 10−4 3.2× 10−2 6.8× 10−2

References. (4) Gronow et al. (2021a)

Table IV.2.6: Abundances at t = 100 s of Models M10_03_001 and M10_03_01 (from Gronow
et al. 2021b).

He detonation core detonation
M10_03_001 M10_03_01 M10_03_001 M10_03_01

[M�] [M�] [M�] [M�]
4He 1.3× 10−2 1.3× 10−2 5.5× 10−3 5.5× 10−3

12C 7.7× 10−4 7.7× 10−4 1.2× 10−3 1.2× 10−3

16O 6.6× 10−3 6.6× 10−3 4.8× 10−2 4.8× 10−2

28Si 8.9× 10−3 8.9× 10−3 1.5× 10−1 1.5× 10−1

32S 3.7× 10−3 3.7× 10−3 9.4× 10−2 9.4× 10−2

40Ca 3.2× 10−3 3.2× 10−3 1.8× 10−2 1.8× 10−2

44Ti 1.0× 10−3 1.0× 10−3 2.0× 10−5 2.0× 10−5

48Cr 1.7× 10−3 1.7× 10−3 4.0× 10−4 4.0× 10−4

52Fe 7.3× 10−4 7.2× 10−4 8.7× 10−3 8.7× 10−3

54Fe 4.7× 10−6 4.7× 10−6 1.2× 10−2 1.2× 10−2

55Fe 5.6× 10−8 6.2× 10−8 1.7× 10−5 1.7× 10−5

55Mn 3.4× 10−10 3.4× 10−9 3.5× 10−9 4.4× 10−9

55Co 1.7× 10−5 1.7× 10−5 3.1× 10−3 3.0× 10−3

56Ni 6.9× 10−5 6.8× 10−5 6.1× 10−1 6.1× 10−1

58Ni 2.3× 10−6 2.6× 10−6 1.0× 10−2 1.1× 10−2



IV.2.1. LOW AND INTERMEDIATE MASS ELEMENTS 117

Table IV.2.7: Abundances at t = 100 s of Models M10_03_1(4) and M10_03_3 (from Gronow
et al. 2021b).

He detonation core detonation
M10_03_1(4) M10_03_3 M10_03_1(4) M10_03_3

[M�] [M�] [M�] [M�]
4He 1.3× 10−2 1.2× 10−2 5.1× 10−3 3.6× 10−3

12C 7.6× 10−4 7.5× 10−4 1.2× 10−3 1.2× 10−3

16O 6.8× 10−3 7.1× 10−3 4.9× 10−2 4.9× 10−2

28Si 8.9× 10−3 9.0× 10−3 1.5× 10−1 1.5× 10−1

32S 3.7× 10−3 3.7× 10−3 9.1× 10−2 8.0× 10−2

40Ca 3.3× 10−3 3.5× 10−3 1.6× 10−2 1.3× 10−2

44Ti 1.1× 10−3 1.2× 10−3 1.8× 10−5 1.2× 10−5

48Cr 1.7× 10−3 1.5× 10−3 3.7× 10−4 2.8× 10−4

52Fe 6.5× 10−4 5.1× 10−4 8.1× 10−3 6.7× 10−3

54Fe 6.2× 10−6 5.3× 10−6 2.7× 10−2 5.4× 10−2

55Fe 2.1× 10−7 3.3× 10−7 4.8× 10−5 3.3× 10−4

55Mn 7.3× 10−8 1.1× 10−7 3.8× 10−8 2.7× 10−7

55Co 1.7× 10−5 1.4× 10−5 4.2× 10−3 6.6× 10−3

56Ni 6.0× 10−5 4.2× 10−5 5.9× 10−1 5.3× 10−1

58Ni 1.4× 10−5 2.2× 10−5 2.5× 10−2 5.5× 10−2

References. (4) Gronow et al. (2021a)

Table IV.2.8: Abundances at t = 100 s of Models M10_02_001 and M10_02_01 (from Gronow
et al. 2021b).

He detonation core detonation
M10_02_001 M10_02_01 M10_02_001 M10_02_01

[M�] [M�] [M�] [M�]
4He 1.4× 10−2 1.4× 10−2 4.2× 10−3 4.2× 10−3

12C 1.7× 10−3 1.7× 10−3 2.0× 10−3 2.0× 10−3

16O 1.8× 10−3 1.8× 10−3 5.7× 10−2 5.7× 10−2

28Si 2.9× 10−3 2.9× 10−3 1.7× 10−1 1.7× 10−1

32S 1.6× 10−3 1.6× 10−3 1.1× 10−1 1.1× 10−1

40Ca 2.3× 10−3 2.3× 10−3 2.0× 10−2 2.0× 10−2

44Ti 5.7× 10−4 5.7× 10−4 2.0× 10−5 2.0× 10−5

48Cr 2.5× 10−4 2.5× 10−4 4.3× 10−4 4.3× 10−4

52Fe 2.9× 10−5 2.9× 10−5 9.5× 10−3 9.5× 10−3

54Fe 5.0× 10−7 5.3× 10−7 1.4× 10−2 1.4× 10−2

55Fe 1.1× 10−8 1.4× 10−8 1.9× 10−5 1.8× 10−5

55Mn 4.6× 10−10 4.7× 10−9 3.8× 10−9 4.7× 10−9

55Co 1.3× 10−6 1.3× 10−6 3.3× 10−3 3.3× 10−3

56Ni 1.8× 10−6 1.8× 10−6 5.6× 10−1 5.6× 10−1

58Ni 9.2× 10−8 2.5× 10−7 8.9× 10−3 8.7× 10−3
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Table IV.2.9: Abundances at t = 100 s of Models M10_02_1(4) and M10_02_3 (from Gronow
et al. 2021b).

He detonation core detonation
M10_02_1(4) M10_02_3 M10_02_1(4) M10_02_3

[M�] [M�] [M�] [M�]
4He 1.3× 10−2 1.3× 10−2 3.8× 10−3 2.7× 10−3

12C 1.7× 10−3 1.6× 10−3 1.9× 10−3 1.9× 10−3

16O 1.9× 10−3 2.0× 10−3 5.7× 10−2 5.8× 10−2

28Si 2.9× 10−3 3.0× 10−3 1.7× 10−1 1.7× 10−1

32S 1.6× 10−3 1.7× 10−3 1.0× 10−1 9.0× 10−2

40Ca 2.4× 10−3 2.5× 10−3 1.8× 10−2 1.4× 10−2

44Ti 5.7× 10−4 5.5× 10−4 1.8× 10−5 1.3× 10−5

48Cr 2.3× 10−4 1.9× 10−4 3.9× 10−4 3.1× 10−4

52Fe 2.5× 10−5 1.9× 10−5 8.8× 10−3 7.2× 10−3

54Fe 1.3× 10−6 1.6× 10−6 2.5× 10−2 6.0× 10−2

55Fe 9.2× 10−8 1.5× 10−7 5.3× 10−5 3.7× 10−4

55Mn 9.9× 10−8 1.4× 10−7 4.4× 10−8 3.1× 10−7

55Co 1.5× 10−6 1.3× 10−6 4.5× 10−3 7.1× 10−3

56Ni 1.9× 10−6 1.8× 10−6 5.4× 10−1 4.9× 10−1

58Ni 5.8× 10−6 9.7× 10−6 1.7× 10−2 4.6× 10−2

References. (4) Gronow et al. (2021a)

Table IV.2.10: Abundances at t = 100 s of Models M09_10_r_001 and M09_10_r_01 (from
Gronow et al. 2021b).

He detonation core detonation
M09_10_r_001 M09_10_r_01 M09_10_r_001 M09_10_r_01

[M�] [M�] [M�] [M�]
4He 3.2× 10−2 3.2× 10−2 4.2× 10−3 4.2× 10−3

12C 3.8× 10−5 3.8× 10−5 1.4× 10−4 1.3× 10−4

16O 8.4× 10−3 8.4× 10−3 5.5× 10−2 5.5× 10−2

28Si 1.3× 10−2 1.3× 10−2 1.5× 10−1 1.5× 10−1

32S 4.4× 10−3 4.3× 10−3 9.5× 10−2 9.5× 10−2

40Ca 4.7× 10−3 4.7× 10−3 1.7× 10−2 1.7× 10−2

44Ti 8.7× 10−4 8.7× 10−4 1.8× 10−5 1.8× 10−5

48Cr 1.9× 10−3 1.9× 10−3 3.7× 10−4 3.7× 10−4

52Fe 4.0× 10−3 4.0× 10−3 8.1× 10−3 8.1× 10−3

54Fe 4.0× 10−5 4.1× 10−5 1.2× 10−2 1.2× 10−2

55Fe 3.7× 10−7 3.9× 10−7 1.7× 10−5 1.7× 10−5

55Mn 3.5× 10−10 3.0× 10−9 7.8× 10−9 1.4× 10−8

55Co 3.7× 10−4 3.7× 10−4 2.9× 10−3 2.8× 10−3

56Ni 2.6× 10−2 2.6× 10−2 4.9× 10−1 4.9× 10−1

58Ni 6.7× 10−4 6.7× 10−4 8.2× 10−3 8.0× 10−3
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Table IV.2.11: Abundances at t = 100 s of Models M09_10_r_1(4) and M09_10_r_3 (from
Gronow et al. 2021b).

He detonation core detonation
M09_10_r_1(4) M09_10_r_3 M09_10_r_1(4) M09_10_r_3

[M�] [M�] [M�] [M�]
4He 3.2× 10−2 3.1× 10−2 3.9× 10−3 2.8× 10−3

12C 3.9× 10−5 3.8× 10−5 1.3× 10−4 1.3× 10−4

16O 8.5× 10−3 8.8× 10−3 5.5× 10−2 5.6× 10−2

28Si 1.3× 10−2 1.3× 10−2 1.6× 10−1 1.5× 10−1

32S 4.3× 10−3 4.3× 10−3 9.2× 10−2 8.1× 10−2

40Ca 4.7× 10−3 4.8× 10−3 1.6× 10−2 1.3× 10−2

44Ti 8.9× 10−4 9.1× 10−4 1.6× 10−5 1.2× 10−5

48Cr 1.9× 10−3 2.0× 10−3 3.4× 10−4 2.6× 10−4

52Fe 4.0× 10−3 4.1× 10−3 7.5× 10−3 6.1× 10−3

54Fe 5.0× 10−5 6.0× 10−5 2.2× 10−2 5.2× 10−2

55Fe 8.5× 10−7 1.2× 10−6 4.7× 10−5 3.3× 10−4

55Mn 6.2× 10−8 9.0× 10−8 4.5× 10−8 3.0× 10−7

55Co 3.7× 10−4 3.8× 10−4 3.9× 10−3 6.2× 10−3

56Ni 2.6× 10−2 2.6× 10−2 4.8× 10−1 4.3× 10−1

58Ni 6.6× 10−4 6.4× 10−4 1.6× 10−2 4.1× 10−2

References. (4) Gronow et al. (2021a)

Table IV.2.12: Abundances at t = 100 s of Models M09_05_001 and M09_05_01 (from Gronow
et al. 2021b).

He detonation core detonation
M09_05_001 M09_05_01 M09_05_001 M09_05_01

[M�] [M�] [M�] [M�]
4He 2.6× 10−2 2.6× 10−2 2.1× 10−3 2.1× 10−3

12C 4.4× 10−4 4.4× 10−4 2.7× 10−3 2.7× 10−3

16O 7.1× 10−3 7.1× 10−3 7.7× 10−2 7.7× 10−2

28Si 1.0× 10−2 1.0× 10−2 1.9× 10−1 1.9× 10−1

32S 4.5× 10−3 4.5× 10−3 1.1× 10−1 1.1× 10−1

40Ca 5.1× 10−3 5.1× 10−3 2.0× 10−2 2.0× 10−2

44Ti 2.0× 10−3 2.0× 10−3 1.7× 10−5 1.7× 10−5

48Cr 4.5× 10−3 4.5× 10−3 4.0× 10−4 4.0× 10−4

52Fe 5.1× 10−3 5.1× 10−3 8.8× 10−3 8.8× 10−3

54Fe 8.3× 10−5 8.3× 10−5 1.4× 10−2 1.4× 10−2

55Fe 1.1× 10−6 1.1× 10−6 2.2× 10−5 2.1× 10−5

55Mn 3.3× 10−10 3.2× 10−9 4.4× 10−9 5.9× 10−9

55Co 4.1× 10−4 4.1× 10−4 3.1× 10−3 3.1× 10−3

56Ni 2.1× 10−3 2.1× 10−3 4.0× 10−1 4.0× 10−1

58Ni 7.3× 10−5 7.4× 10−5 5.5× 10−3 5.4× 10−3
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Table IV.2.13: Abundances at t = 100 s of Models M09_05_1(4) and M09_05_3 (from Gronow
et al. 2021b).

He detonation core detonation
M09_05_1(4) M09_05_3 M09_05_1(4) M09_05_3

[M�] [M�] [M�] [M�]
4He 2.5× 10−2 2.5× 10−2 1.9× 10−3 1.3× 10−3

12C 4.3× 10−4 4.3× 10−4 2.6× 10−3 2.6× 10−3

16O 7.3× 10−3 7.6× 10−3 7.8× 10−2 7.9× 10−2

28Si 1.0× 10−2 1.0× 10−2 1.9× 10−1 1.9× 10−1

32S 4.4× 10−3 4.5× 10−3 1.1× 10−1 9.7× 10−2

40Ca 5.1× 10−3 5.2× 10−3 1.8× 10−2 1.4× 10−2

44Ti 2.0× 10−3 2.1× 10−3 1.5× 10−5 1.1× 10−5

48Cr 4.6× 10−3 5.0× 10−3 3.7× 10−4 2.8× 10−4

52Fe 5.1× 10−3 5.3× 10−3 8.1× 10−3 6.6× 10−3

54Fe 9.1× 10−5 9.7× 10−5 2.5× 10−2 5.9× 10−2

55Fe 1.4× 10−6 1.6× 10−6 6.1× 10−5 4.2× 10−4

55Mn 6.8× 10−8 1.0× 10−7 5.7× 10−8 3.9× 10−7

55Co 4.1× 10−4 3.9× 10−4 4.2× 10−3 6.5× 10−3

56Ni 2.0× 10−3 1.7× 10−3 3.8× 10−1 3.4× 10−1

58Ni 1.0× 10−4 1.1× 10−4 1.0× 10−2 2.7× 10−2

References. (4) Gronow et al. (2021a)

Table IV.2.14: Abundances at t = 100 s of Models M09_03_001 and M09_03_01 (from Gronow
et al. 2021b).

He detonation core detonation
M09_03_001 M09_03_01 M09_03_001 M09_03_01

[M�] [M�] [M�] [M�]
4He 1.5× 10−2 1.5× 10−2 6.7× 10−4 6.8× 10−4

12C 3.5× 10−3 3.5× 10−3 4.9× 10−3 4.9× 10−3

16O 3.8× 10−3 3.8× 10−3 9.2× 10−2 9.2× 10−2

28Si 5.8× 10−3 5.8× 10−3 2.2× 10−1 2.2× 10−1

32S 2.7× 10−3 2.7× 10−3 1.3× 10−1 1.3× 10−1

40Ca 3.9× 10−3 4.0× 10−3 2.2× 10−2 2.2× 10−2

44Ti 7.5× 10−4 7.5× 10−4 1.6× 10−5 1.6× 10−5

48Cr 1.3× 10−4 1.2× 10−4 4.3× 10−4 4.3× 10−4

52Fe 5.2× 10−6 5.1× 10−6 9.5× 10−3 9.5× 10−3

54Fe 1.5× 10−7 1.9× 10−7 1.6× 10−2 1.5× 10−2

55Fe 3.6× 10−9 7.9× 10−9 2.5× 10−5 2.5× 10−5

55Mn 6.1× 10−10 6.2× 10−9 9.6× 10−9 8.0× 10−9

55Co 2.6× 10−7 2.6× 10−7 3.3× 10−3 3.3× 10−3

56Ni 7.5× 10−7 7.5× 10−7 3.4× 10−1 3.4× 10−1

58Ni 5.0× 10−8 2.4× 10−7 3.8× 10−3 3.7× 10−3
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Table IV.2.15: Abundances at t = 100 s of Models M09_03_1(4) and M09_03_3 (from Gronow
et al. 2021b).

He detonation core detonation
M09_03_1(4) M09_03_3 M09_03_1(4) M09_03_3

[M�] [M�] [M�] [M�]
4He 1.5× 10−2 1.4× 10−2 5.8× 10−4 3.3× 10−4

12C 3.5× 10−3 3.4× 10−3 4.9× 10−3 4.7× 10−3

16O 3.9× 10−3 4.2× 10−3 9.2× 10−2 9.3× 10−2

28Si 5.8× 10−3 5.9× 10−3 2.2× 10−1 2.2× 10−1

32S 2.8× 10−3 2.9× 10−3 1.3× 10−1 1.1× 10−1

40Ca 4.0× 10−3 4.1× 10−3 2.0× 10−2 1.6× 10−2

44Ti 7.2× 10−4 6.5× 10−4 1.4× 10−5 1.1× 10−5

48Cr 1.0× 10−4 7.4× 10−5 3.9× 10−4 3.0× 10−4

52Fe 4.1× 10−6 2.7× 10−6 8.8× 10−3 7.1× 10−3

54Fe 1.0× 10−6 1.4× 10−6 2.8× 10−2 6.6× 10−2

55Fe 1.3× 10−7 2.3× 10−7 7.2× 10−5 4.9× 10−5

55Mn 1.3× 10−7 1.9× 10−7 7.6× 10−8 4.8× 10−7

55Co 4.3× 10−7 5.3× 10−7 4.5× 10−3 7.0× 10−3

56Ni 1.0× 10−6 1.3× 10−6 3.3× 10−1 2.9× 10−1

58Ni 7.4× 10−6 1.3× 10−5 7.0× 10−3 1.8× 10−2

References. (4) Gronow et al. (2021a)

Table IV.2.16: Abundances at t = 100 s of Models M08_10_r_001 and M08_10_r_01 (from
Gronow et al. 2021b).

He detonation core detonation
M08_10_r_001 M08_10_r_01 M08_10_r_001 M08_10_r_01

[M�] [M�] [M�] [M�]
4He 3.6× 10−2 3.6× 10−2 1.5× 10−3 1.5× 10−3

12C 1.2× 10−4 1.2× 10−4 1.1× 10−3 1.1× 10−3

16O 9.1× 10−3 9.1× 10−3 8.0× 10−2 8.0× 10−2

28Si 1.3× 10−2 1.2× 10−2 1.9× 10−1 1.9× 10−1

32S 5.6× 10−3 5.6× 10−3 1.1× 10−1 1.1× 10−1

40Ca 6.2× 10−3 6.2× 10−3 1.9× 10−2 1.9× 10−2

44Ti 1.8× 10−3 1.8× 10−3 1.5× 10−5 1.5× 10−5

48Cr 3.8× 10−3 3.8× 10−3 3.7× 10−4 3.7× 10−4

52Fe 7.3× 10−3 7.4× 10−3 7.9× 10−3 7.9× 10−3

54Fe 6.3× 10−5 6.3× 10−5 1.3× 10−2 1.3× 10−2

55Fe 9.7× 10−7 9.9× 10−7 2.2× 10−5 2.1× 10−5

55Mn 3.3× 10−10 3.3× 10−9 3.3× 10−8 3.6× 10−8

55Co 9.2× 10−4 9.2× 10−4 2.8× 10−3 2.8× 10−3

56Ni 1.5× 10−2 1.5× 10−2 3.2× 10−1 3.2× 10−1

58Ni 1.7× 10−4 1.8× 10−4 4.2× 10−3 4.1× 10−3
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Table IV.2.17: Abundances at t = 100 s of Models M08_10_r_1(4) and M08_10_r_3 (from
Gronow et al. 2021b).

He detonation core detonation
M08_10_r_1(4) M08_10_r_3 M08_10_r_1(4) M08_10_r_3

[M�] [M�] [M�] [M�]
4He 3.6× 10−2 3.4× 10−2 1.4× 10−3 9.9× 10−4

12C 1.2× 10−4 1.2× 10−4 1.1× 10−3 1.0× 10−3

16O 9.3× 10−3 9.6× 10−3 8.1× 10−2 8.2× 10−2

28Si 1.3× 10−2 1.3× 10−2 1.9× 10−1 1.9× 10−1

32S 5.5× 10−3 5.6× 10−3 1.1× 10−1 9.6× 10−2

40Ca 6.2× 10−3 6.3× 10−3 1.7× 10−2 1.4× 10−2

44Ti 1.8× 10−3 1.8× 10−3 1.4× 10−5 1.0× 10−5

48Cr 3.8× 10−3 3.9× 10−3 3.3× 10−4 2.6× 10−4

52Fe 7.5× 10−3 7.9× 10−3 7.3× 10−3 6.0× 10−3

54Fe 7.3× 10−5 8.7× 10−5 2.3× 10−2 5.6× 10−2

55Fe 1.4× 10−6 1.7× 10−6 6.1× 10−5 4.3× 10−4

55Mn 6.4× 10−8 9.3× 10−8 6.8× 10−8 4.4× 10−7

55Co 9.4× 10−4 9.7× 10−4 3.8× 10−3 5.9× 10−3

56Ni 1.5× 10−2 1.5× 10−2 3.1× 10−1 2.8× 10−1

58Ni 2.1× 10−4 2.5× 10−4 7.8× 10−3 2.0× 10−2

References. (4) Gronow et al. (2021a)

Table IV.2.18: Abundances at t = 100 s of Models M08_05_001 and M08_05_01 (from Gronow
et al. 2021b).

He detonation core detonation
M08_05_001 M08_05_01 M08_05_001 M08_05_01

[M�] [M�] [M�] [M�]
4He 2.8× 10−2 2.8× 10−2 9.8× 10−5 9.8× 10−5

12C 2.3× 10−3 2.3× 10−3 7.5× 10−3 7.5× 10−3

16O 6.1× 10−3 6.1× 10−3 1.2× 10−1 1.2× 10−1

28Si 9.2× 10−3 9.2× 10−3 2.3× 10−1 2.3× 10−1

32S 4.7× 10−3 4.7× 10−3 1.3× 10−1 1.3× 10−1

40Ca 7.8× 10−3 7.9× 10−3 2.0× 10−2 2.0× 10−2

44Ti 2.6× 10−3 2.6× 10−3 1.3× 10−5 1.3× 10−5

48Cr 2.7× 10−3 2.7× 10−3 3.5× 10−4 3.5× 10−4

52Fe 8.9× 10−4 8.8× 10−4 7.4× 10−3 7.4× 10−3

54Fe 8.7× 10−6 8.8× 10−6 1.4× 10−2 1.3× 10−2

55Fe 1.5× 10−7 1.6× 10−7 2.6× 10−5 2.6× 10−5

55Mn 4.7× 10−10 4.7× 10−9 5.5× 10−9 8.2× 10−9

55Co 3.0× 10−5 3.0× 10−5 2.6× 10−3 2.6× 10−3

56Ni 7.5× 10−5 7.4× 10−5 2.1× 10−1 2.1× 10−1

58Ni 2.6× 10−6 3.0× 10−6 1.8× 10−3 1.8× 10−3
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Table IV.2.19: Abundances at t = 100 s of Models M08_05_1(4) and M08_05_3 (from Gronow
et al. 2021b).

He detonation core detonation
M08_05_1(4) M08_05_3 M08_05_1(4) M08_05_3

[M�] [M�] [M�] [M�]
4He 2.7× 10−2 2.6× 10−2 8.2× 10−5 4.6× 10−5

12C 2.3× 10−3 2.3× 10−3 7.5× 10−3 7.2× 10−3

16O 6.3× 10−3 6.6× 10−3 1.2× 10−1 1.2× 10−1

28Si 9.3× 10−3 9.4× 10−3 2.3× 10−1 2.3× 10−1

32S 4.7× 10−3 4.8× 10−3 1.3× 10−1 1.1× 10−1

40Ca 8.0× 10−3 8.5× 10−3 1.9× 10−2 1.4× 10−2

44Ti 2.7× 10−3 2.9× 10−3 1.2× 10−5 9.3× 10−6

48Cr 2.6× 10−3 2.4× 10−3 3.1× 10−4 2.4× 10−4

52Fe 8.0× 10−4 6.4× 10−4 6.8× 10−3 5.4× 10−3

54Fe 1.1× 10−5 1.1× 10−5 2.4× 10−2 5.7× 10−2

55Fe 4.4× 10−7 6.4× 10−7 7.5× 10−5 5.2× 10−4

55Mn 1.0× 10−7 1.5× 10−7 9.9× 10−8 5.8× 10−7

55Co 3.1× 10−5 2.7× 10−5 3.5× 10−3 5.2× 10−3

56Ni 6.7× 10−5 5.0× 10−5 2.0× 10−1 1.8× 10−1

58Ni 1.9× 10−5 3.3× 10−5 3.3× 10−3 7.8× 10−3

References. (4) Gronow et al. (2021a)

Table IV.2.20: Abundances at t = 100 s of Models M08_03_001 and M08_03_01 (from Gronow
et al. 2021b).

He detonation core detonation
M08_03_001 M08_03_01 M08_03_001 M08_03_01

[M�] [M�] [M�] [M�]
4He 1.9× 10−2 1.9× 10−2 3.5× 10−6 3.5× 10−6

12C 3.4× 10−3 3.4× 10−3 1.3× 10−2 1.3× 10−2

16O 2.5× 10−3 2.5× 10−3 1.4× 10−1 1.4× 10−1

28Si 4.2× 10−3 4.2× 10−3 2.6× 10−1 2.6× 10−1

32S 2.3× 10−3 2.3× 10−3 1.4× 10−1 1.4× 10−1

40Ca 3.1× 10−3 3.1× 10−3 2.2× 10−2 2.2× 10−2

44Ti 2.3× 10−4 2.2× 10−4 1.3× 10−5 1.3× 10−5

48Cr 8.2× 10−6 8.1× 10−6 3.2× 10−4 3.2× 10−4

52Fe 8.6× 10−7 8.6× 10−7 6.2× 10−3 6.2× 10−3

54Fe 2.2× 10−8 7.5× 10−8 1.3× 10−2 1.3× 10−2

55Fe 6.4× 10−10 4.0× 10−9 3.0× 10−5 2.9× 10−5

55Mn 8.4× 10−10 8.5× 10−9 6.3× 10−9 2.0× 10−8

55Co 1.1× 10−7 1.1× 10−7 2.2× 10−3 2.1× 10−3

56Ni 8.0× 10−7 8.1× 10−7 1.4× 10−1 1.4× 10−1

58Ni 4.3× 10−8 1.9× 10−7 1.1× 10−3 1.1× 10−3
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Table IV.2.21: Abundances at t = 100 s of Models M08_03_1(4) and M08_03_3 (from Gronow
et al. 2021b).

He detonation core detonation
M08_03_1(4) M08_03_3 M08_03_1(4) M08_03_3

[M�] [M�] [M�] [M�]
4He 1.8× 10−2 1.8× 10−2 3.2× 10−6 2.5× 10−6

12C 3.3× 10−3 3.3× 10−3 1.2× 10−2 1.2× 10−2

16O 2.6× 10−3 2.8× 10−3 1.4× 10−1 1.5× 10−1

28Si 4.2× 10−3 4.4× 10−3 2.6× 10−1 2.5× 10−1

32S 2.4× 10−3 2.6× 10−3 1.4× 10−1 1.2× 10−1

40Ca 3.1× 10−3 3.0× 10−3 1.9× 10−2 1.5× 10−2

44Ti 2.2× 10−4 1.9× 10−4 1.2× 10−5 8.9× 10−6

48Cr 7.2× 10−6 6.0× 10−6 2.9× 10−4 2.1× 10−4

52Fe 8.8× 10−7 9.6× 10−7 5.6× 10−3 4.5× 10−3

54Fe 1.3× 10−6 1.9× 10−6 2.4× 10−2 5.4× 10−2

55Fe 9.5× 10−8 1.7× 10−7 8.6× 10−5 5.9× 10−4

55Mn 1.8× 10−7 2.6× 10−7 2.0× 10−7 8.1× 10−7

55Co 2.8× 10−7 4.3× 10−7 2.8× 10−3 4.0× 10−3

56Ni 9.9× 10−7 1.2× 10−6 1.3× 10−1 1.1× 10−1

58Ni 5.5× 10−6 9.2× 10−6 2.0× 10−3 4.6× 10−3

References. (4) Gronow et al. (2021a)

Table IV.2.22: Abundances at t = 100 s of Models M11_05_001 and M11_05_01 (from Gronow
et al. 2021b).

He detonation core detonation
M11_05_001 M11_05_01 M11_05_001 M11_05_01

[M�] [M�] [M�] [M�]
4He 1.1× 10−2 1.1× 10−2 9.2× 10−3 9.2× 10−3

12C 5.2× 10−6 5.3× 10−6 3.1× 10−6 3.1× 10−6

16O 3.7× 10−3 3.7× 10−3 7.5× 10−4 7.5× 10−4

28Si 5.5× 10−2 5.6× 10−2 4.5× 10−2 4.5× 10−2

32S 2.5× 10−2 2.4× 10−2 3.8× 10−2 3.8× 10−2

40Ca 5.7× 10−3 5.7× 10−3 1.1× 10−2 1.1× 10−2

44Ti 1.5× 10−4 1.5× 10−4 2.0× 10−5 2.1× 10−5

48Cr 7.2× 10−4 7.2× 10−4 3.5× 10−4 3.5× 10−4

52Fe 2.0× 10−3 2.0× 10−3 7.8× 10−3 7.8× 10−3

54Fe 1.5× 10−3 1.5× 10−3 8.0× 10−3 7.8× 10−3

55Fe 4.5× 10−6 4.6× 10−6 1.8× 10−6 1.9× 10−6

55Mn 1.6× 10−9 4.1× 10−9 3.3× 10−10 7.4× 10−10

55Co 2.1× 10−4 2.1× 10−4 2.6× 10−3 2.6× 10−3

56Ni 1.2× 10−2 1.2× 10−2 8.5× 10−1 8.5× 10−1

58Ni 1.9× 10−4 1.9× 10−4 1.8× 10−2 1.8× 10−2
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Table IV.2.23: Abundances at t = 100 s of Models M11_05_1(4) and M11_05_3 (from Gronow
et al. 2021b).

He detonation core detonation
M11_05_1(4) M11_05_3 M11_05_1(4) M11_05_3

[M�] [M�] [M�] [M�]
4He 1.0× 10−2 9.9× 10−3 8.4× 10−3 5.7× 10−3

12C 5.7× 10−6 5.7× 10−6 2.5× 10−6 1.2× 10−6

16O 3.8× 10−3 4.0× 10−3 7.5× 10−4 7.6× 10−4

28Si 5.6× 10−2 5.6× 10−2 4.6× 10−2 4.4× 10−2

32S 2.4× 10−2 2.5× 10−2 3.7× 10−2 3.4× 10−2

40Ca 5.7× 10−3 5.8× 10−3 1.0× 10−2 9.1× 10−3

44Ti 1.6× 10−4 1.7× 10−4 1.7× 10−5 1.2× 10−5

48Cr 7.4× 10−4 8.0× 10−4 3.2× 10−4 2.6× 10−4

52Fe 2.1× 10−3 2.2× 10−3 7.3× 10−3 6.1× 10−3

54Fe 1.7× 10−3 1.8× 10−3 1.5× 10−2 3.8× 10−2

55Fe 6.9× 10−6 8.0× 10−6 4.5× 10−6 3.4× 10−5

55Mn 6.4× 10−8 9.2× 10−8 5.7× 10−8 6.6× 10−8

55Co 2.2× 10−4 2.2× 10−4 3.7× 10−3 6.1× 10−3

56Ni 1.2× 10−2 1.1× 10−2 8.3× 10−1 7.5× 10−1

58Ni 2.0× 10−4 2.1× 10−4 3.0× 10−2 8.1× 10−2

References. (4) Gronow et al. (2021a)

of 12C, 16O, and 28Si produced in the core detonation. It is apparent in the yields obtained
from the core detonation that an increase in metallicity decreases the amount of unburnt 4He
which is a product of the α-rich freeze-out. A higher neutronization supports the reaction
4He(αn,γ)9Be(α,n)12C causing it to dominate the triple-α reaction (Howard et al. 1993, Hix and
Thielemann 1999) and resulting in the e�ect on the 4He abundance.

IV.2.2 Iron group elements

The metallicity e�ect on the abundances of heavy elements is stronger as they are mostly
produced in high density regions. In the He detonation IGEs are produced via α-captures as
NSE is not reached. In the core detonation, these isotopes are formed in the regimes of incomplete
Si burning and α-rich freeze-out. A focus of the analysis is on elements which are in most part
produced in SNe Ia (Timmes et al. 1995, McWilliam 1997, Kobayashi et al. 2020), and those
which are a main product of a SN Ia, Mn, Fe, and Ni.

IV.2.2.1 Manganese

Mn is an element of interest in many studies (Seitenzahl et al. 2013a, Cescutti and Kobayashi
2017, Kobayashi et al. 2020, Eitner et al. 2020, Lach et al. 2020). It is in large parts produced
in SNe Ia (Timmes et al. 1995, McWilliam 1997, Kobayashi et al. 2020). Its only stable isotope
is 55Mn which is formed in incomplete Si burning. Mn is, however, mostly produced by the
decay of 55Co via 55Fe. The nucleosynthetic yields of both isotopes are higher than that of 55Mn
directly after explosion, with the abundance of 55Co being signi�cantly higher making the Mn
production predominantly dependent on it (Truran et al. 1967). Lach et al. (2020) describe
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Figure IV.2.1: Tracer particle distribution of the shell detonation in the Tpeak − ρpeak�plane for
Model M10_03_001 at t = 100 s with color coded 4He mass fraction (from Gronow et al. 2021b).

how the shell-core mass ratio and density of the He shell in a sub-MCh WD in�uence the Mn
production. The dependence on metallicity is discussed here.

The nucleosynthetic yields produced in the He detonation show that 55Fe and 55Co only
weakly depend on metallicity. On the contrary, the 55Mn production increases by one order of
magnitude with each metallicity increase (from 0.01Z� to 0.1Z� to 1Z� to 3Z�). Nevertheless,
the values only almost match those of 55Co for Models M09_03_3 and M08_03_3. The change
is caused by 14N, 22Ne (mixed into the shell during relaxation) and other isotopes composing
the metallicity as they serve as seed nuclei. Additional reactions are enabled which support the
nucleosynthesis of neutron-rich isotopes. The tracer particles of the He detonation are shown
in Figure IV.2.1 in the Tpeak − ρpeak�plane for Model M10_03_001. They can subsequently be
identi�ed in Figures IV.2.2 and IV.2.3.

Figure IV.2.2 illustrates the tracer particle distribution similar to Figure IV.2.1 for all tracers
of Model M10_03. The metallicity increases from left to right and color coded are the mass
fractions of 55Mn (top) and 55Co (bottom). Previously mentioned trends in the yields produced
in the He detonation are visible in the �gure. Figure IV.2.2 also shows that both isotopes are
produced in incomplete Si burning. The di�erent orders of magnitude found in the produced
amounts of 55Mn and 55Co is found in the range of the di�erent color bars.

In the yields originating from the core detonation it is visible that the 55Co abundance
doubles going from lowest to highest metallicity. The increase can be found in the incomplete
Si burning regime of the bottom panel of Figure IV.2.2. In contrast to incomplete Si burning,
55Co is destroyed in the α-rich freeze-out regime via 55Co(p,γ)56Ni (Seitenzahl et al. 2013a). A
steeper increase in the 55Mn production in the incomplete Si burning regime can be seen as well.
This was already suggested by Seitenzahl et al. (2013a).

Mn is produced in SNe Ia as well as CC SNe. A raise in [Mn/Fe] at [Fe/H] ≥ −1 is found
in observations (Gratton and Sneden 1988, 1991) reaching solar values (Matteucci and Greggio
1986, Cescutti and Kobayashi 2017, Eitner et al. 2020, Kobayashi et al. 2020). The origin of the
increase is undetermined to date. According to Seitenzahl et al. (2013a) a source with super-
solar Mn is required. They conclude that 50% of SNe Ia originate from MCh WD explosions using
CC SN yields of Woosley and Weaver (1995) as the high densities in MCh WDs are needed for
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the production of su�cient 55Co, as well as to reach NSE. The study by Seitenzahl et al. (2013a),
however, neglects to take the contribution of Mn produced in the He detonation into account.
Lach et al. (2020) show that [Mn/Fe] is signi�cantly higher in the shell, reaching super-solar
values, than in the core increasing the total value. This can be con�rmed by the nucleosynthetic
yields obtained in this study (see Tables IV.2.1 to IV.2.23). Further, the contribution of the
yields originating from the He detonation become more important at higher shell masses.

Seitenzahl et al. (2013a) argue that a metallicity e�ect on the yields can be neglected in sub-
MCh WDs as gravitational settling is needed in order for su�cient 22Ne to be present in a high
density regime. The models presented here exhibit a homogeneous distribution of the metallicity
in the core coming from a homogeneous production during the evolution of the progenitor star.
As a result isotopes of the metallicity implementation are su�ciently abundant at high densities
and alter the abundances accordingly. This leads to a higher 55Mn production with increasing
metallicity. All models reach super-solar values of [Mn/Fe] at 3Z�. However, it needs to be
pointed out that a contribution of WDs with super-solar metallicity to the solar [Mn/Fe] at
[Fe/H]= 0 is excluded in one-zone GCE models while the actual contribution is unknown. Fur-
ther, the CC SN yields have a strong impact on the GCE model. Using CC SN yields di�erent
from those by Woosley and Weaver (1995) in the model of Seitenzahl et al. (2013a) potentially
results in a less sti� demand for explosions of MCh WDs. A more detailed description is given
in Section IV.4.

IV.2.2.2 Iron and nickel

The nucleosynthesis of Ni is of particular interest as it is the main product of a SN Ia. After its
decay, the abundance of Fe is high as well. The isotopes 54Fe and 58Ni represent the next stable
isotopes to 52Fe and 56Ni which are produced in the burning along the α-chain. In addition,
observations allow the determination of the 57Ni abundance via its decay to 57Co. A comparison
to model data is therefore anticipated.

The increase found in the abundances of 54Fe and 58Ni with increasing metallicity is not as
strong as the one of 55Mn. Nevertheless, it is apparent that the production of stable isotopes
increases with metallicity, or in other words with neutronization (Shigeyama et al. 1992, Umeda
et al. 1999, Iwamoto et al. 1999, Timmes et al. 2003, Sim et al. 2010, Shen et al. 2018b).
This is well visible in the nucleosynthetic yields of the models at 3Z� obtained from the core
detonation in which the amount of 54Fe and 58Ni increase to four times their values at 0.01Z�.
Additional neutrons are present originating from the reaction 22Ne(α,n)25Mg in α-rich freeze-out
(Shigeyama et al. 1992). This enables the production of neutron-rich isotopes via (α,n) and (n,γ)
reactions, for example 25Mg(n,γ)26Mg. The neutron freed in the reaction of 22Ne with an α-
particle can further support the production of C isotopes via reactions with 20Ne (Gronow et al.
2021b). These reactions are 20Ne(n,α)17O(n,α)14C and 20Ne(n,γ)21Ne(n,α)18O(p,α)15N(p,α)12C
(Chamulak et al. 2007). Chamulak et al. (2007) describe that α-particles are freed in this process
while p are captured.

Both, 54Fe and 58Ni have two neutrons more than their counterparts on the α-chain, 52Fe and
56Ni. Contrary to the impact of the neutron excess, the yields produced in the He detonation
are in most part in�uenced by the isotopes of the metallicity implementation as seed nuclei.
Nevertheless, some 22Ne was mixed into the shell during the relaxation step which causes a small
neutron excess. This only leads to a minor enhancement of neutron-rich isotopes as the admixed
mass is small.

The tracer particle distribution of Model M10_03 is shown at 0.01Z� (left) and 3Z� (right)
in Figure IV.2.3. The color coded mass fractions correspond to 56Ni (top) and 58Ni (bottom). It
is visible that less 56Ni is produced in the low density regime of incomplete Si burning at higher
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Figure IV.2.2: Tracer particle distribution of Model M10_03 at 0.01, 0.1, 1, and 3Z� (left to
right) in the Tpeak − ρpeak�plane, mass fractions of 55Mn (top) and 55Co (bottom) at t = 100 s
are color coded (from Gronow et al. 2021b).
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metallicity. This also applies to the nucleosynthetic yields obtained form the He detonation. The
change in the 58Ni abundances is best seen in the density regime below 3× 106 g cm−3. A small
increase in the abundance is also visible in the α-rich freeze-out regime.

Curtis et al. (2018) point out that the production of 57Ni, which is slightly more neutron-rich
than 56Ni, increases with higher metallicity a�ecting the 57Ni to 56Ni ratio. The dependence
of both Ni isotopes is illustrated in Figure IV.2.4. Models with the same mass con�guration
have the same color and are connected by lines. The metallicity of the models increases to
the top left and the total mass of the models to the top right. However, due to the individual
mass con�gurations some models do not follow the overall trend of an increase in the total 56Ni
abundance with higher total mass. As such, the large shell mass of Model M08_10_r leads to a
56Ni production of the order of 10−2M�. This is su�cient to balance the di�erence in the 56Ni
abundance produced in the core detonations of Models M08_10_r and M09_03. Figure IV.2.4
shows that the 56Ni production decreases with higher metallicity while the one of 57Ni increases.
The values of the models at 0.01Z� and 0.1Z� are almost the same which makes a distinction
in the �gure di�cult.
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(left) and M10_03_3 (right) with color coded mass fractions of 56Ni (top) and 58Ni (bottom) at
t = 100 s (from Gronow et al. 2021b).
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Leung and Nomoto (2020) (dashed lines) and data for SN2011fe (Dimitriadis et al. 2017, case
1) and SN2012cg (Graur et al. 2016) is included (from Gronow et al. 2021b).
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IV.2.3 Elemental ratios relative to Fe

The elemental ratios relative to Fe are compared to solar values in Figures IV.2.5 and IV.2.6.
The ratios are de�ned similar to Equation (I.1.4) by

[X/Fe] = log

(
X(X)

X(Fe)

)
− log

(
X�(X)

X�(Fe)

)
. (IV.2.1)

Figure IV.2.5 shows the elemental ratios of selected elements for Models M08_03 (top) and
M10_03 (bottom) at the di�erent metallicities. The elemental ratios of all models are sorted by
metallicity in Figure IV.2.6 with increasing metallicity from top to bottom.

Figure IV.2.5 illustrates well how the metallicity in�uences the elemental ratios of a model.
The models shown here exhibit the same trends. These also apply to the other models. Some of
the trends were already mentioned above. This includes the increase in Mn with higher metal-
licity. A (small) decrease in Ti and Cr with increasing metallicity indicates that explosions of
WDs with higher metallicity progenitor stars are able to match observations better (see Sec-
tion I.2.6.2). However, the decrease in the abundances is associated with the yields obtained
in the core and not the shell detonation. Strong imprints caused by Ti and Cr might therefore
persist. Super-solar values of Ti, vanadium (V), and Cr originate in large part from the He
detonation. The elemental ratios are, however, almost solar for Models M08_03, M09_03, and
M10_03. Out of these Model M10_03 is the best �t at all metallicities. In addition, an odd-even
e�ect is visible in the production of IMEs. The e�ect gives an account of stable isotopes with
even numbers of neutrons and protons being favored against those with odd numbers which is
caused by the di�erent binding energies of such isotopes. The pairing e�ect leads to a stable
structure of elements with an even atomic number as the nuclear binding energy is high. These
elements are in most part produced in the burning along the α-chain. Furthermore, the pro-
duction of elements with an odd atomic number is in�uenced by the neutron excess of the WD
(Wheeler et al. 1989). This can be seen in Figures IV.2.5 and IV.2.6 and results from the fact
that these elements tend to only have stable isotopes that are neutron-rich.

A drop-o� is visible for copper (Cu), zinc (Zn), and cobalt (Co). It decreases with higher
metallicity. Figure IV.2.6 shows that models with larger shell masses produce more Co, Cu, and
Zn. This con�rms that the He detonation is the main production site for Cu and Zn. Sub-
solar values of these elements are typical for pure detonations of WDs as pointed out by Lach
et al. (2020). These features are visible in all models (see Figure IV.2.6). The in�uence of the
He detonation on the elemental ratios can be deducted by a comparison of all models. This is
carried out in Lach et al. (2020) whose �ndings are con�rmed in this study.

The models illustrate that [Mn/Fe] decreases with increasing core mass (see Figure IV.2.6).
This is the case because a high ratio stems from the Mn production in the shell detonation (see
Section IV.2.2.1). The relative contribution to the total ratio therefore decreases with increasing
mass. In addition, the Fe production in the core increases with higher core mass. Only three
models, Models M09_05_1, M09_10_r_1, and M10_05_1, have a total mass high enough for
a normal SN Ia and about solar [Mn/Fe]. Nevertheless, all models have super-solar values at
3Z�.
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Figure IV.2.5: Elemental ratios relative to Fe compared to solar ratios of Models M08_03 (top)
and M10_03 (bottom) at four di�erent metallicities (from Gronow et al. 2021b).
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Figure IV.2.6: Elemental ratios relative to Fe compared to solar ratios of all models at metallic-
ities of 0.01Z�, 0.1Z�, 1Z� and 3Z� (top to bottom) (from Gronow et al. 2021b).





IV.3 Discussion

Parameter studies involving sub-MCh WDs at non-zero metallicity are carried out by Shigeyama
et al. (1992), Timmes et al. (2003), Sim et al. (2010), Shen et al. (2018b), and Leung and
Nomoto (2020). Most of these studies, however, look into a WD without He shell. Only Leung
and Nomoto (2020) study the e�ect of metallicity on WDs with CO core and He shell.

As discussed in Section IV.2.2.1, the metallicity has an important e�ect on the Mn production.
This is also stated in Seitenzahl et al. (2013a) and Lach et al. (2020). Lach et al. (2020) further
analyse the nucleosynthetic yields of various explosion channels involving MCh and sub-MCh

WDs focusing on Mn, Zn, and Cu as well as a GCE model. The models presented here con�rm
that an increase in metallicity results in a higher Cu production as stated in Lach et al. (2020).
Nevertheless, it is still sub-solar, even in the models with high total masses such as Model
M11_05.

Lach et al. (2020) point out that a distinction between MCh and sub-MCh WD progenitors
based on super-solar values of Mn and Ni is di�cult. This is con�rmed here as models with a
1.0M� core are able to produce super-solar values of both elements. This method is, however,
used by Flörs et al. (2019) in nebular spectra. The work presented here (see also Gronow et al.
2021b) and by Lach et al. (2020) indicate that the criterion needs to be applied carefully.

Sim et al. (2010) and Shen et al. (2018b) investigate sub-MCh CO WD explosions. Shen et al.
(2018b) look into metallicities of 0Z�, 0.5Z�, 1Z�, and 2Z� using 22Ne and 56Fe to represent
metallicity in the explosion simulation. A concrete comparison is di�cult in both cases (Sim
et al. 2010 and Shen et al. 2018b) due to di�erent initial setups. However, all models (including
the ones presented here, Gronow et al. 2021b) show the same trends. The models of Shen et al.
(2018b) show a decreasing trend in the 56Ni production toward more stable isotopes. Their
models further match those of Shigeyama et al. (1992) relatively well at 2Z�.

As mentioned in the introduction to this chapter, a relation between the 56Ni production
and metallicity is found by Timmes et al. (2003). Their study shows a decrease in 56Ni by 25%
going from 0.3Z� to 3Z�. Shen et al. (2018b) �nd the same trend. However, the decrease is
higher with 50% for models with a mass of 0.8M� than for those with masses of 1.0M� who
show a decrease by 10%. The 56Ni abundance experiences a decrease by 12% in most models
presented here. Only the model with the lowest total mass, Model M08_03, shows a decrease
by 21%. Ohkubo et al. (2006) �nd a similar value of 15% in their study involving metallicities
between 0.001Z� and 0.05Z�. Timmes et al. (2003) derive a linear relation between the 56Ni
mass and metallicity. For this, they assume a �xed value of 0.6M�

56Ni produced in a normal
SN Ia. However, the 56Ni abundance changes with the total mass of the exploding WD. As listed
in Tables IV.2.1 to IV.2.23 WDs with lower total masses produce signi�cantly less 56Ni. In this
case, the relative change of the 56Ni mass with metallicity is larger than for more massive WDs.

A parameter study involving core and shell masses similar to the ones presented here is carried
out by Leung and Nomoto (2020). The models of this thesis, however, include lower masses for
both, the core and shell. The 2D simulations of Leung and Nomoto (2020) do not include core-
shell mixing which in�uences the nucleosynthesis obtained from the shell detonation as described
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in Section II.2.3.1. Their study covers metallicities of 0Z� to 5Z�. Their model groups H, I,
and J investigate the e�ect of metallicity on the nucleosynthetic yields. Out of these the models
in group I best resemble Model M10_10. Similar to the abundances discussed in Section IV.2,
they �nd an increase in the yields of stable isotopes. A decrease in the 56Ni production by 20%
is found as well while the absolute values are higher in the models of this work. The increase
in the Mn production is similar in their work and in the study presented here. However, the
abundances of neutron-rich isotopes di�er by up to four orders of magnitude. The abundances
of 30Si and 34S are one order of magnitude higher in their study. Di�erences can also be found in
the abundances of 44Ti, 55Mn, and 64Zn. In all three cases the nucleosynthetic yields presented
in Section IV.2 are a better match to solar values. The discrepancies in the nucleosynthetic yields
can be explained by the di�erent setups as described above. In addition, Leung and Nomoto
(2020) only employ a seven isotope nuclear reaction network in the hydrodynamic simulations
which is not optimal to capture the energy release in WDs with thin shells (Shen et al. 2018b,
Townsley et al. 2019). Their code further employs a level-set method which is not best suited at
the low densities in a He shell or in sub-MCh WDs in general.

Leung and Nomoto (2020) point out that the detonation position, detonation channel, time
of C detonation ignition, explosion energy, and total energy are only weakly a�ected by the
metallicity. This supports the computational approach chosen in this study, namely the omission
of a full re-calculation of the explosion simulations at all metallicities (see Section IV.1). Three
models of Leung and Nomoto (2020) are added to Figure IV.2.4 for comparison. All models
show the same trends as the models of this study. However, the models by Leung and Nomoto
(2020) have higher abundances of 57Ni due to the described di�erences. Data points for SN2011fe
(Dimitriadis et al. 2017, case 1) and SN2012cg (Graur et al. 2016) are included in the �gure as
well. The observational data lies in the same parameter space as the models of the metallicity
study. Based on the location of the data for SN2011fe its progenitor is potentially similar to
Model M09_10_r_3. A WD similar to Model M10_10 can be the progenitor of SN 2012cg.



IV.4 Galactic chemical evolution model

GCE calculations using models of this metallicity study were carried out in collaboration with
BenoitCôté. He is a�liated with the Konkoly Observatory (Research Centre for Astronomy and
Earth Sciences, Eötvös Loránd Research Network (ELKH), Budapest, Hungary), ELTE Eötvös
Loránd University (Institute of Physics, Budapest, Hungary), and the Joint Institute for Nuclear
Astrophysics - Center for the Evolution of the Elements (USA). The GCE models are included
here to discuss the impact of sub-MCh WD explosions on the Mn enrichment of the MW and are
part of the work to be published by Gronow et al. (2021b).

The GCE model was calculated using the Omega+ code (Côté et al. 2018). It is a two-
zone model describing a central galaxy encircled by a large gas reservoir. Star formation (Ṁ?),
chemical enrichment processes, and galactic in- and out�ows to the gas reservoir (Ṁin,gal and
Ṁout,gal) are taken into account. The chemical composition can be calculated as a function of
time. The evolution of the mass in the two zones is given by

Ṁgal = Ṁin,gal + Ṁej − Ṁ? − Ṁout,gal (IV.4.1)

for the galaxy and

Ṁgas = Ṁin,gas + Ṁout,gal − Ṁin,gal − Ṁout,gas (IV.4.2)

for the gas reservoir with the combined mass loss rate Ṁej and in- and out�ow rates from the
external medium to the gas reservoir (Ṁin,gas and Ṁout,gas, Côté et al. 2018). It is further
possible to track individual elements. The code is calibrated to match properties of the MW
(e.g. current star formation rate). A more detailed description of the code and how it is used as
part of this study is given in Côté et al. (2018) and Gronow et al. (2021b).

In this work only low- and intermediate-mass stars (LIMS), CC SNe and SNe Ia are included
as astrophysical sites. While the ejecta are assumed to mix homogeneously, a DTD is included
for SNe Ia which allows to take the lifetime of stars into account (details are given in Ritter
et al. 2018). All SNe Ia are assumed to originate from sub-MCh WD explosions. This permits
to investigate in which way this explosion channel contributes to the Mn evolution in the solar
neighborhood (see also Lach et al. 2020).

The metallicity-dependent nucleosynthetic yields of Model M10_03 are used in this �rst test
case with the DTD of Ruiter et al. (2014) employed at all metallicities. It is normalized in order
to account for the SN Ia rate observed in nearby galaxies (see Côté et al. 2016). In the DTD
about 10−3 SNe Ia are to emerge per unit of stellar mass formed in total.

Mass- and metallicity-dependent nucleosynthetic yields of LIMS are taken from Cristallo
et al. (2015). Two di�erent data sets for mass- and metallicity-dependent yields of CC SNe are
employed: those of Limongi and Chie� (2018 , LC18) and Nomoto et al. (2013 , N13). The yields
of LC18 are used for massive stars from 8 to 100M� assuming a mixture of rotation velocities
(Prantzos et al. 2018). In case the yields of N13 are applied, it is considered that 50% of stars
with an initial mass higher than 20M� end in hypernovae. The yields are therefore adopted for
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massive stars from 8 to 50M�. This limit was selected to prevent an overproduction of metals
produced by CC SNe.

The evolution of [Mn/Fe] over [Fe/H] in the solar neighborhood as obtained from the GCE
model is shown in Figure IV.4.1. The use of di�erent CC SN yields and SN Ia treatments is
included. The necessary contribution of SN Ia to [Mn/Fe] to reach solar values at [Fe/H]= 0
depends on the employed CC SN yields (gray solid lines in the �gure). The yields of LC18
account for a signi�cant increase in [Mn/Fe] at [Fe/H] > −0.5 (top panel in Figure IV.4.1). The
CC SN yields of N13 show a di�erent evolution (bottom panel).

0.6

0.4

0.2

0.0

0.2

0.4

[M
n/

Fe
]

Using Z-dependent CC SN yields of LC18

Z-dependent
Z-dependent (Fe ejected, Mn not ejected)
Constant Z (3Z )
Constant Z (Z )
Constant Z (0.01Z )

2.0 1.5 1.0 0.5 0.0 0.5
[Fe/H]

0.6

0.4

0.2

0.0

0.2

0.4

[M
n/

Fe
]

Using Z-dependent CC SN yields of N13

Figure IV.4.1: Model evolution of Mn in the solar neighborhood (lines) compared to the evolution
derived from stellar spectroscopy (dots, Battistini and Bensby 2015). The CC SNe yields of LC18
are used in the top and those of N13 in the bottom panel. Blue lines show the predictions using
nucleosynthetic yields at constant metallicity and orange lines the predictions using metallicity-
dependent SN Ia yields. The metallicity-dependent case assuming SNe Ia only eject Fe while
CC SNe eject Fe and Mn is shown as gray line. (from Gronow et al. 2021b).



139

The Mn evolution taking metallicity-dependent SN Ia yields into account is shown in orange.
Using the LC18 yields results in a good agreement with data (Battistini and Bensby 2015). Since
the CC SN yields employed by Seitenzahl et al. (2013a) are similar to N13, their predicted Mn
production resembles that presented in the bottom panel of Figure IV.4.1 using the N13 yields.
As stated in Section IV.2.2.1, a less sti� requirements for MCh WD explosions is obtained when
incorporating CC SN yields of LC18. The impact of metallicity-dependent SN Ia nucleosynthetic
yields is visible in a comparison of the blue lines in Figure IV.4.1. While the Mn production
at constant metallicities of 0.01Z� and 1Z� matches that of the metallicity-dependent curve
rather well, the consideration of metallicity-dependent yields is necessary to explain the trend at
[Fe/H] > 0 to higher [Mn/Fe] values.

Figure IV.4.2 illustrates the predicted solar elemental abundances of selected elements given
the use of metallicity-dependent SN Ia yields. CC SN yields of LC18 are employed in the top
and the ones of N13 in the bottom panel of Figure IV.4.2. The contribution of CC SNe to Mn is
signi�cant when using the LC18 yields. It lowers the need for MCh WD explosions to take place.
With the assumption used here that sub-MCh WD explosions are the dominant SN Ia channel,
80% of the Mn production can be accounted for. Employing other CC SN yields, like those of
N13, however, requires a contribution by MCh WD explosions as the Mn production in CC SNe
is assumed to be much lower. It should also be stated that the model involves some uncertainties
such as the number of SNe Ia that occured in the MW before Solar System formation.
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Figure IV.4.2: Model solar elemental distribution normalized to solar abundances (Asplund et al.
2009). Blue bars indicate predictions combining the contribution of CC SNe (top: Limongi and
Chie� 2018, bottom: Nomoto et al. 2013), LIMS (Cristallo et al. 2015), and metallicity-dependent
yields for SNe Ia. Orange bands show the share of SNe Ia within the total predicted abundances
(from Gronow et al. 2021b).
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A limit on the contribution of SNe Ia to the Mn production is set by other elements (see
Figure IV.4.2). Critical amounts of Ti and Cr are produced applying LC18 yields for CC SNe
�lling the solar composition. Modifying the GCE model to account for all the solar Mn would
therefore result in an overproduction of Ti and Cr. Ca and Ni are already overproduced in the
current model using LC18 yields while this is not the case when those of N13 are included.



Chapter V
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V.1 Conclusions

In the framework of this thesis several parameter studies were carried out involving double
detonations of sub-MCh WDs. The aims are to provide more detailed explosion models for
a possible progenitor channel of SNe Ia than provided by previous work (e.g. Nomoto 1982b,
Shigeyama et al. 1992, Woosley and Weaver 1994b, Livne and Arnett 1995, Nugent et al. 1997,
Bildsten et al. 2007, Fink et al. 2007, 2010, Moll and Woosley 2013) (see Chapters II and III),
and to investigate the contribution of such explosions to the chemical enrichment of the MW
(see Chapter IV).

In order to achieve these goals a new modeling approach for double detonations was intro-
duced which allows to reach higher resolutions than those of work by, for example, Fink et al.
(2007) and Moll and Woosley (2013). The numerical treatment was used to simulate explosions
of sub-MCh WDs covering a wide parameter space of di�erent core and shell masses as well as
metallicities. The following sections give a detailed summary of the �ndings in each study.

V.1.1 Impact of core-shell mixing

The double detonation scenario is a favored explosion mechanism for sub-MCh WDs to produce
SNe Ia (e.g. Nomoto 1982a,b, Livne 1990, Livne and Glasner 1990, Woosley and Weaver 1994b,
Livne and Arnett 1995, Fink et al. 2007, 2010, Woosley et al. 2011, Moll and Woosley 2013, Shen
and Bildsten 2014, Blondin et al. 2017a, Shen et al. 2018a, Tanikawa et al. 2018, Shen et al. 2018a,
Polin et al. 2019, Leung and Nomoto 2020). Some details of this scenario are, however, not well
studied to date and leave some questions unanswered. Two of these question concern the exact
ignition mechanism of the He detonation and its propagation in the He shell. Due to a lack of
resolution details of the C detonation ignition remain uncertain as well (see Section I.2.6.2 for a
discussion of the open questions). This thesis tackles the uncertainties involving the propagation
of the He detonation in the shell and the C detonation ignition mechanism by carrying out full
3D simulations of non-rotating WDs using the moving-mesh code Arepo. On the one hand, the
chosen dimensionality permits to accurately model the problem. Simulations carried out in 1D
or 2D (e.g., Woosley and Weaver 1994a, Bildsten et al. 2007, Fink et al. 2010) assume symmetries
which are not given under all circumstances. As an example, the ignition of the He detonation
in one spot in 1D corresponds to a ring or shell detonation ignition in 2D and 3D, respectively
(Section III.3). Only simulations by Moll and Woosley (2013) and Tanikawa et al. (2018) are
in 3D, with Moll and Woosley (2013) simulating a quarter of the WD. On the other hand, the
Arepo code permits the use of AMR. With this the resolution in selected regions such as the
He shell and around the convergence point of the He detonation wave is increased. This enables
a more accurate treatment of the He detonation propagation compared to earlier work (e.g. Fink
et al. 2007, Moll and Woosley 2013). Nevertheless, a su�ciently high resolution to fully resolve
the C detonation ignition is not reached.

A focus of the �rst study (Chapter II) is on the in�uence of core-shell mixing on the C
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detonation ignition mechanism. The results are presented and discussed in Sections II.2, II.3,
and II.4. A C detonation ignition mechanism is found which received little to no attention to
this point. In this scissors mechanism a C detonation is ignited at the convergence point of
the He detonation wave. It is located opposite to the �rst ignition spot of the He detonation.
The ignition mechanism is mentioned in work by Livne and Arnett (1995), García-Senz et al.
(1999), Forcada (2007), and García-Senz et al. (2018). However, a detailed description, analysis
and discussion are omitted. Other work (e.g. Fink et al. 2007, 2010, Moll and Woosley 2013,
Shen and Bildsten 2014) does not regard the convergence of the He detonation wave to be
strong enough and neglects the possibility of a C detonation ignition at this point. Instead a C
detonation ignition following the converging shock scenario is investigated.

The robustness of the scissors mechanism is analysed regarding di�erent parameters (Sec-
tion II.2.3). It was shown that small changes in the location of the He detonation ignition spot
do not a�ect a successful C detonation ignition. The mechanism is further stable toward the ap-
plication of larger nuclear reaction networks in the explosion simulation which are more accurate
for the modeling of explosions in thin shells according to Shen et al. (2018b) and Townsley et al.
(2019).

The C detonation ignition mechanism was found in WDs of two di�erent mass con�gurations
in this initial study. Along with work by García-Senz et al. (1999), Forcada (2007), and García-
Senz et al. (2018), it con�rms that the mechanism is not limited to a speci�c setup. However,
details of the transition region between core and shell are important. If the shell is not enriched
with C, C is absent at the convergence point of the He detonation wave and a C detonation
cannot be ignited. The C detonation ignition mechanism is nonetheless the converged solution
based on the resolution study carried out and discussed in Section II.2.3.2. García-Senz et al.
(2018) point out that rotation induces a symmetry axis. If the He detonation is ignited far o�
from this axis, it can smear out the convergence point of the He detonation wave which a�ects
the C detonation ignition. García-Senz et al. (2018) nevertheless �nd that a core detonation is
likely.

Despite the increased resolution in the simulations compared to previous studies, the C
detonation cannot be fully resolved as it takes place on much smaller scales. The C detonations
of the models are therefore in part numerical. However, a comparison of the density, temperature,
and composition of the detonating regions with critical values for a C detonation ignition found
in literature (Röpke et al. 2007b, Seitenzahl et al. 2009) con�rms that a physical detonation is
reasonable in all models.

The �nal yields of the models and especially the 56Ni yields are in the expected range for
normal SNe Ia (Stritzinger et al. 2006, Scalzo et al. 2014). The two initial mass con�gurations
presented in Chapter II are chosen to resemble Models FM1 and FM3 (Fink et al. 2010). Due to
the di�erent transition regions and degrees of mixing, the �nal abundances produced in the shell
detonation of Models M2a and FM3 show discrepancies. These also impact the C detonation
ignition mechanism, with Model FM3 exhibiting a core detonation following the converging shock
mechanism. As pointed out in Section II.2.1, the level-set approach used by Fink et al. (2010) is
not best suited for low densities present in, for example, the He shell.

Radiative transfer calculations were carried out by Christine E. Collins using Artis for
Models M1a, M2a M2a_i55, and FM3 (re-calculation). A comparison of the models to Model
FM3 shows no signi�cant di�erences. Similar to models by Kromer et al. (2010), the color is too
red compared to a spectroscopically normal SN, like SN2011fe, which is a general problem of
double detonation simulations. However, several spectral features, like a strong Si ii line, are met.
It is shown that Model M2a matches spectral features of SN 2016hjr rather well. The model is
not able to reproduce the extreme line blanketing found in SN2018byg around peak brightness.
Nevertheless, the most extreme lines-of-sight match this level (see Figure II.3.6).
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The study has shown that details of the transition region are important for the C detonation
ignition. A C enrichment of the shell further impacts the nucleosynthetic yields produced in
the He detonation. While the models indicate that a C detonation is ignited in the converging
shock scenario if the scissors mechanism is not successful, the detected C detonation ignition
mechanism should not be disregarded in the future. The simulations further illustrate well that
multi-dimensional simulations are needed to treat the double detonation appropriately.

V.1.2 A possible explanation for variations in SNe Ia

A second parameter study (Chapter III) investigates whether di�erent core and shell masses
of a sub-MCh WD can explain observed variations found in SNe Ia. Core masses of 0.8M� to
1.1M� and shell masses in the range of 0.02M� and 0.1M� are covered. Thin He shells are of
particular interest as their imprints on the early observables are weaker than those of massive
shells (Hö�ich et al. 1996, Kromer et al. 2010). This is taken into account in this study with
shell masses below or equal to 0.03M�. These models show signi�cant lower abundances of 44Ti
and 56Ni produced in the shell detonation than other models.

The total 56Ni mass produced in the double detonation increases with core mass. This is
the case as more material is available to be burnt and because the densities increase with higher
mass allowing to burn to heavier elements. The products of the shell detonation are generally
dominated by IMEs which are synthesised in large amounts due to the low densities in the
shell compared to those in the core. The C enrichment of the shell has an in�uence on the
nucleosynthetic yields obtained in the shell detonation in the same way as in the previous study
(see Section II.2.3.1). Di�erent degrees of mixing are studied in order to gain further insights
into its e�ect on the explosion. The models show that it can alter the C detonation ignition
mechanism while di�erences in the �nal abundances are relatively low. Independent of the C
detonation ignition mechanism, large asymmetries are found in the ejecta structure. The details
of those, however, depend on the mechanism (Section III.2). A comparison of Models M10_05
and M2a illustrates the e�ect metallicity has on the �nal abundances in a �rst step showing that
the production is shifted to more stable Ni isotopes.

Besides the C enrichment of the shell, other parameters such as the dimensionality of the
study, the numerical treatment, and nuclear reaction network of the explosion simulation (Shen
et al. 2018b, Townsley et al. 2019) in�uence the nucleosynthetic yields in some respects. Di�er-
ences in these quantities a�ect a comparison to work by others (e.g. Bildsten et al. 2007, Fink
et al. 2007, 2010, Polin et al. 2019, Leung and Nomoto 2020). Discrepancies are in addition
caused by varying initial pro�les mostly involving the mass con�gurations of the core and shell.
It is to be noted that the mass con�gurations of all models presented in this thesis are in most
part set by the relaxation step. Despite the di�erences, a comparison can be carried out in some
cases. As such, a match to models by Woosley and Kasen (2011) and Polin et al. (2019) is
found (Section III.3). The nucleosynthetic yields indicate that the new models of this work are
a potential better match to observations than the models of, for example, Polin et al. (2019).

The models show a range of peak luminosities in the light curves (Section III.4). The values
are associated with sub-luminous to normal SNe Ia. A comparison of all models shows that the
brightness increases with 56Ni mass as expected. The introduced solar metallicity increases the
decline rate, which is visible examining Models M10_05 and M2a.

The asymmetry found in the ejecta structure results in strong angle-dependencies of the
observables. The distribution of 56Ni in the ejecta has the strongest in�uence on this. The
models loosely follow the width-luminosity relation found for SNe Ia (see Sections III.4). While
the fainter models decline too slow compared to data (Scalzo et al. 2019), brighter models cover
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the same parameter space as observations. Both, data and models show a strong correlation
between the decline rates over 15 days, ∆m15(bol), and over 40 days, ∆m40(bol). However, the
models have an o�set to data. This might indicate a generic problem of the progenitor channel,
namely that the masses are too low or the ejecta velocities do not match those in observations.
Nevertheless, explosions of sub-MCh WDs remain a promising candidate for lower luminosity
SNe Ia and peculiar events.

V.1.3 Metallicity-dependent nucleosynthetic yields and GCE

A follow-up study to the models of Chapter III was carried out assuming varying metallicities
of the zero-age main sequence progenitor star. A re-calculation of the postprocessing at the
respective metallicties is found to be su�cient as the energetics only weakly depend on the
metallicity. The nucleosynthetic yields obtained this way are in good agreement with a full
re-calculation of the hydrodynamic model (Section IV.1).

The impact of the metallicity on the nucleosythetic yields is stronger at higher densities
which are present in the core. Here, the neutron excess leads to an increase in the abundances of
stable isotopes. As such, the yields of 54Fe and 58Ni increase to four times the value at 0.01Z�
if the metallicity is 3Z�. The in�uence on the Mn production is even stronger as discussed in
Section IV.2.2.1 and stated by Seitenzahl et al. (2013a). In the He detonation the isotopes of
the metallicity implementation serve as seed nuclei enabling additional reactions to take place.
The abundances of isotopes lighter than or equally massive as 44Ti is minimal. However, the
production of 55Mn increases by one order of magnitude with each step of increasing metallicity
(from 0.01Z� to 0.1Z� to Z� to 3Z�). The 54Fe and 58Ni production in the He detonation is
increased as well.

Changes in the elemental ratios relative to Fe compared to solar values are discussed in
Section IV.2.3. The same trends are visible in all models. A comparison of the models leads to
the derivation that Cu and Zn are mostly produced in the He detonation (see also Lach et al.
2020). Sub-solar values of these elements as well as Co are features of pure detonations as pointed
out by Lach et al. (2020). Super-solar values of Ti originate from the He detonation. However,
solar values are also produced in some models.

Only Leung and Nomoto (2020) carry out a parameter study for sub-MCh CO WDs with a
He shell covering di�erent metallicities. Other studies (e.g. Sim et al. 2010, Shen et al. 2018b)
omit a He shell. The �nal abundances of the models by Leung and Nomoto (2020) show the
same trends as the models of this work. Discrepancies found in the yields originate in most part
from the di�erent numerical treatments while the small size of the nuclear reaction network of
the explosion simulations in Leung and Nomoto (2020) is expected to have an impact as well.

The models con�rm a decreasing abundance of 56Ni with increasing metallicity as found by
Timmes et al. (2003) and Shen et al. (2018b), among others. The dependence is found to be not
as strong in the models of this study showing a decrease by 13% on average whereas Timmes
et al. (2003) detect a decrease in 56Ni by 25%. However, a reduction of the 56Ni yields by 15%
found by Ohkubo et al. (2006) is in agreement with the outcome of this study. It further needs
to be taken into account that the decrease depends on the WD mass as discussed in Section IV.3.

The study further shows that super-solar values of Mn can be reached in a double detonation
of sub-MCh WDs. For this, the contribution of the He detonation is important as its Mn pro-
duction is signi�cantly super-solar. Assuming double detonations to be the dominant explosion
channel for a SN Ia, it signi�cantly contributes to the observed increase of [Mn/Fe] at [Fe/H]
> −1 in the solar neighborhood. A necessary contribution of MCh WD explosions of 50% to
SNe Ia as suggested by Seitenzahl et al. (2013a) is not required taking this into account. When
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using the CC SN yields of LC18 (Limongi and Chie� 2018), the presented GCE model is able
to account for 80% of the Mn production omitting any contribution from MCh WD explosions
(Section IV.4). The metallicity study includes this GCE model (carried out by Benoit Côté) as
a test case.

V.1.4 Implications for SN Ia modeling and outlook

This thesis presents a comprehensive overview of various parameter studies, involving di�erent
core and shell masses as well as metallicities in particular. The metallicity-dependent nucleosyn-
thetic yields obtained in the parameter study of Chapter IV provide the basis for future GCE
studies. They enable a detailed analysis of the contribution to the chemical enrichment of the
MW by double detonations of sub-MCh WDs.

The 3D simulations of this thesis highlight well that multi-dimensional models are needed
to treat the problem accurately. Current 1D and 2D simulations conceal some angle-dependent
aspects of the problem. As a �rst step, a 3D simulation at signi�cantly higher resolution will
give more insights into the evolution of a double detonation. Due to the high computational cost
the setup has to be chosen carefully. In further steps, the accretion process from the companion
star onto the CO WD should be included in the hydrodynamical simulation leading to a more
precise modeling of the He shell mass and core-shell mixing. In addition, the rotation of a WD
can in�uence the C detonation ignition mechanism as stated in García-Senz et al. (2018) and
should be incorporated in simulations according to Neunteufel et al. (2017). It also needs to
be taken into account that the reaction rates used in the framework of this thesis have some
uncertainties (see Cyburt et al. 2010). These are neglected here. Future updates of the JINA
Reaclib database are planned to include data on them as stated by Cyburt et al. (2010). This
will allow the calculation of resulting inaccuracies in the �nal abundances.

More detailed radiative transfer calculations covering the early peak found in observed SN Ia
light curves should be carried out. The code used in connection with the models of this thesis,
Artis, is not best suited at these early times (Gronow et al. 2020). Calculations by Noebauer
et al. (2017), however, �nd such an early peak for Model FM3 indicating it might be present
in models such as Model M2a as well, based on the similarity of the models. Further studies
involving radiative transfer calculations of the models presented here are currently being carried
out. The treatment of non-local thermodynamic equilibrium in these calculations can result in a
decrease of the He detonation imprints on the observables improving a match to data. Generally,
explosions of sub-MCh WDs in the double detonation scenario remain a promising candidate for
SNe Ia. This study has shown that many characteristics, like varying luminosities and spectral
features, can be reproduced.

Additional notes: As is evident from the publications Gronow et al. (2020) and Gronow et al.
(2021a), the radiative transfer calculations included in Chapters II and III have been done in
collaboration with ChristineE.Collins and Stuart S. Sim. The galactic chemical evolution models
were calculated in collaboration with Benoit Côté as stated in Section IV.4 (see also Gronow
et al. 2021b).

The work was supported by the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation) � Project-ID 138713538 � SFB 881 (`The Milky Way System�, subproject A10), by
the ChETEC COST Action (CA16117) via COST (European Cooperation in Science and Tech-
nology), and by the National Science Foundation under Grant No. OISE-1927130 (IReNA). Com-
puting time was provided by the Gauss Centre for Supercomputing e.V. (www.gauss-centre.eu)
on the GCS Supercomputer JUWELS (Jülich Supercomputing Centre 2019) at Jülich Super-
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A Nuclear reactions

Nuclear reactions are listed in Tables A.1 to A.3 for the di�erent nuclear reaction networks
included in the hydrodynamic simulations. Table A.2 only lists additional nuclear reactions
which come into play when 14N and 22Ne are added to the network consisting of 33 isotopes.
Weak reaction rates from Langanke and Martínez-Pinedo (2001) are not included. Multiple
entries of the same reaction indicate that the reaction take place in di�erent forms with varying
rate parameters (see Rauscher and Thielemann 2000 for details).

Table A.1: List of nuclear reactions considered when using a 33 isotope nuclear reaction network.

n −→ p 13N −→ p +12C
13N −→ p +12C 16O −→ 4He +12C
16O −→ 4He +12C 16O −→ 4He +12C
16O −→ 4He +12C 20Ne −→ 4He +16O
20Ne −→ 4He +16O 20Ne −→ 4He +16O
23Na −→ n +22Na 24Mg −→ p +23Na
24Mg −→ p +23Na 24Mg −→ p +23Na
24Mg −→ 4He +20Ne 24Mg −→ 4He +20Ne
24Mg −→ 4He +20Ne 24Mg −→ 4He +20Ne
25Mg −→ n +24Mg 26Mg −→ n +25Mg
27Al −→ p +26Mg 27Al −→ p +26Mg
27Al −→ p +26Mg 27Al −→ 4He +23Na
28Si −→ p +27Al 28Si −→ p +27Al
28Si −→ p +27Al 28Si −→ 4He +24Mg
28Si −→ 4He +24Mg 29Si −→ n +28Si
29Si −→ 4He +25Mg 30Si −→ n +29Si
30Si −→ 4He +26Mg 30Si −→ 4He +26Mg
31P −→ p +30Si 31P −→ p +30Si
31P −→ p +30Si 31P −→ 4He +27Al
32S −→ p +31P 32S −→ p +31P
32S −→ p +31P 32S −→ 4He +28Si
36Ar −→ 4He +32S 40Ca −→ 4He +36Ar
44Ti −→ 4He +40Ca 45Ti −→ n +44Ti
46Ti −→ n +45Ti 47V −→ p +46Ti
48Cr −→ p +47V 48Cr −→ p +47V
48Cr −→ p +47V 48Cr −→ p +47V
48Cr −→ 4He +44Ti 49Cr −→ n +48Cr
49Cr −→ 4He +45Ti 50Cr −→ n +49Cr
50Cr −→ 4He +46Ti 51Mn −→ p +50Cr
51Mn −→ 4He +47V 52Fe −→ p +51Mn
52Fe −→ 4He +48Cr 53Fe −→ n +52Fe
53Fe −→ 4He +49Cr 54Fe −→ n +53Fe
54Fe −→ 4He +50Cr 55Co −→ p +54Fe
55Co −→ 4He +51Mn 56Ni −→ p +55Co
56Ni −→ 4He +52Fe 12C −→ 4He +4He +4He
12C −→ 4He +4He +4He 12C −→ 4He +4He +4He

p +12C −→ 13N p +12C −→ 13N
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Table A.1 continued.

4He +12C −→ 16O 4He +12C −→ 16O
4He +12C −→ 16O 4He +12C −→ 16O
4He +16O −→ 20Ne 4He +16O −→ 20Ne
4He +16O −→ 20Ne 4He +20Ne −→ 24Mg
4He +20Ne −→ 24Mg 4He +20Ne −→ 24Mg
4He +20Ne −→ 24Mg n +22Na −→ 23Na
p +23Na −→ 24Mg p +23Na −→ 24Mg
p +23Na −→ 24Mg 4He +23Na −→ 27Al
n +24Mg −→ 25Mg 4He +24Mg −→ 28Si

4He +24Mg −→ 28Si n +25Mg −→ 26Mg
4He +25Mg −→ 29Si p +26Mg −→ 27Al
p +26Mg −→ 27Al p +26Mg −→ 27Al

4He +26Mg −→ 30Si 4He +26Mg −→ 30Si
p +27Al −→ 28Si p +27Al −→ 28Si
p +27Al −→ 28Si 4He +27Al −→ 31P
n +28Si −→ 29Si 4He +28Si −→ 32S
n +29Si −→ 30Si p +30Si −→ 31P
p +30Si −→ 31P p +30Si −→ 31P
p +31P −→ 32S p +31P −→ 32S
p +31P −→ 32S 4He +32S −→ 36Ar

4He +36Ar −→ 40Ca 4He +40Ca −→ 44Ti
n +44Ti −→ 45Ti 4He +44Ti −→ 48Cr
n +45Ti −→ 46Ti 4He +45Ti −→ 49Cr
p +46Ti −→ 47V 4He +46Ti −→ 50Cr
p +47V −→ 48Cr p +47V −→ 48Cr
p +47V −→ 48Cr p +47V −→ 48Cr

4He +47V −→ 51Mn n +48Cr −→ 49Cr
4He +48Cr −→ 52Fe n +49Cr −→ 50Cr
4He +49Cr −→ 53Fe p +50Cr −→ 51Mn
4He +50Cr −→ 54Fe p +51Mn −→ 52Fe
4He +51Mn −→ 55Co n +52Fe −→ 53Fe
4He +52Fe −→ 56Ni n +53Fe −→ 54Fe
p +54Fe −→ 55Co p +55Co −→ 56Ni
12C +12C −→ p +23Na 12C +12C −→ 4He +20Ne
4He +13N −→ p +16O p +16O −→ 4He +13N
12C +16O −→ p +27Al 12C +16O −→ 4He +24Mg
16O +16O −→ p +31P 16O +16O −→ 4He +28Si
4He +20Ne −→ p +23Na 4He +20Ne −→ p +23Na
4He +20Ne −→ p +23Na 4He +20Ne −→ 12C +12C
12C +20Ne −→ p +31P 12C +20Ne −→ 4He +28Si
4He +22Na −→ p +25Mg p +23Na −→ 4He +20Ne
p +23Na −→ 4He +20Ne p +23Na −→ 4He +20Ne
p +23Na −→ 12C +12C 4He +23Na −→ p +26Mg
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Table A.1 continued.

4He +24Mg −→ p +27Al 4He +24Mg −→ p +27Al
4He +24Mg −→ p +27Al 4He +24Mg −→ 12C +16O
p +25Mg −→ 4He +22Na 4He +25Mg −→ n +28Si

4He +25Mg −→ n +28Si p +26Mg −→ 4He +23Na
4He +26Mg −→ n +29Si 4He +26Mg −→ n +29Si

p +27Al −→ 4He +24Mg p +27Al −→ 4He +24Mg
p +27Al −→ 4He +24Mg p +27Al −→ 12C +16O

4He +27Al −→ p +30Si n +28Si −→ 4He +25Mg
n +28Si −→ 4He +25Mg 4He +28Si −→ p +31P

4He +28Si −→ p +31P 4He +28Si −→ p +31P
4He +28Si −→ 12C +20Ne 4He +28Si −→ 16O +16O
n +29Si −→ 4He +26Mg n +29Si −→ 4He +26Mg

4He +29Si −→ n +32S p +30Si −→ 4He +27Al
p +31P −→ 4He +28Si p +31P −→ 4He +28Si
p +31P −→ 4He +28Si p +31P −→ 12C +20Ne
p +31P −→ 16O +16O n +32S −→ 4He +29Si

4He +44Ti −→ p +47V 4He +45Ti −→ n +48Cr
4He +46Ti −→ n +49Cr p +47V −→ 4He +44Ti
4He +47V −→ p +50Cr n +48Cr −→ 4He +45Ti
4He +48Cr −→ p +51Mn n +49Cr −→ 4He +46Ti
4He +49Cr −→ n +52Fe p +50Cr −→ 4He +47V
4He +50Cr −→ n +53Fe p +51Mn −→ 4He +48Cr
4He +51Mn −→ p +54Fe n +52Fe −→ 4He +49Cr
4He +52Fe −→ p +55Co n +53Fe −→ 4He +50Cr
4He +53Fe −→ n +56Ni p +54Fe −→ 4He +51Mn
p +55Co −→ 4He +52Fe n +56Ni −→ 4He +53Fe

4He +4He +4He −→ 12C 4He +4He +4He −→ 12C
4He +4He +4He −→ 12C

Table A.2: List of additional nuclear reactions when also including 14N and 22Ne.

22Na −→ 22Ne 14N −→ n +13N
14N −→ n +13N 23Na −→ p +22Ne
23Na −→ p +22Ne 23Na −→ p +22Ne
23Na −→ p +22Ne 26Mg −→ 4He +22Ne
26Mg −→ 4He +22Ne 26Mg −→ 4He +22Ne
26Mg −→ 4He +22Ne n +13N −→ 14N

n +13N −→ 14N p +22Ne −→ 23Na
p +22Ne −→ 23Na p +22Ne −→ 23Na
p +22Ne −→ 23Na 4He +22Ne −→ 26Mg

4He +22Ne −→ 26Mg 4He +22Ne −→ 26Mg
4He +22Ne −→ 26Mg p +22Ne −→ n +22Na
4He +22Ne −→ n +25Mg 4He +22Ne −→ n +25Mg
4He +22Ne −→ n +25Mg n +22Na −→ p +22Ne
n +25Mg −→ 4He +22Ne n +25Mg −→ 4He +22Ne
n +25Mg −→ 4He +22Ne
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Table A.3: List of nuclear reactions considered when using a 55 isotope nuclear reaction network.

n −→ p 13N −→ 13C
15O −→ 15N 22Na −→ 22Ne
23Mg −→ 23Na 25Al −→ 25Mg
26Al −→ 26Mg 26Al −→ 26Mg
29P −→ 29Si 30P −→ 30Si
31S −→ 31P 33Cl −→ 33S
39Ar −→ 39K 12C −→ p +11B
12C −→ p +11B 12C −→ p +11B
13C −→ n +12C 13C −→ n +12C
13N −→ p +12C 13N −→ p +12C
14N −→ n +13N 14N −→ n +13N
14N −→ p +13C 14N −→ p +13C
14N −→ p +13C 15N −→ n +14N
15O −→ p +14N 15O −→ p +14N
15O −→ p +14N 15O −→ p +14N
16O −→ n +15O 16O −→ p +15N
16O −→ p +15N 16O −→ p +15N
16O −→ 4He +12C 16O −→ 4He +12C
16O −→ 4He +12C 16O −→ 4He +12C
17O −→ n +16O 17O −→ n +16O
18F −→ p +17O 18F −→ p +17O
18F −→ p +17O 18F −→ 4He +14N
18F −→ 4He +14N 18F −→ 4He +14N
19Ne −→ p +18F 19Ne −→ p +18F
19Ne −→ p +18F 19Ne −→ 4He +15O
19Ne −→ 4He +15O 19Ne −→ 4He +15O
20Ne −→ n +19Ne 20Ne −→ 4He +16O
20Ne −→ 4He +16O 20Ne −→ 4He +16O
21Ne −→ n +20Ne 21Ne −→ 4He +17O
21Ne −→ 4He +17O 22Ne −→ n +21Ne
22Na −→ p +21Ne 22Na −→ p +21Ne
22Na −→ p +21Ne 22Na −→ p +21Ne
22Na −→ 4He +18F 23Na −→ n +22Na
23Na −→ p +22Ne 23Na −→ p +22Ne
23Na −→ p +22Ne 23Na −→ p +22Ne
23Mg −→ p +22Na 23Mg −→ p +22Na
23Mg −→ p +22Na 23Mg −→ 4He +19Ne
24Mg −→ n +23Mg 24Mg −→ p +23Na
24Mg −→ p +23Na 24Mg −→ p +23Na
24Mg −→ 4He +20Ne 24Mg −→ 4He +20Ne
24Mg −→ 4He +20Ne 24Mg −→ 4He +20Ne
25Mg −→ n +24Mg 25Mg −→ 4He +21Ne
25Mg −→ 4He +21Ne 26Mg −→ n +25Mg
26Mg −→ 4He +22Ne 26Mg −→ 4He +22Ne
26Mg −→ 4He +22Ne 26Mg −→ 4He +22Ne
25Al −→ p +24Mg 25Al −→ p +24Mg
26Al −→ n +25Al 26Al −→ p +25Mg
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Table A.3 continued.

26Al −→ p +25Mg 26Al −→ p +25Mg
26Al −→ 4He +22Na 27Al −→ n +26Al
27Al −→ p +26Mg 27Al −→ p +26Mg
27Al −→ p +26Mg 27Al −→ 4He +23Na
28Si −→ p +27Al 28Si −→ p +27Al
28Si −→ p +27Al 28Si −→ 4He +24Mg
28Si −→ 4He +24Mg 29Si −→ n +28Si
29Si −→ 4He +25Mg 30Si −→ n +29Si
30Si −→ 4He +26Mg 30Si −→ 4He +26Mg
29P −→ p +28Si 29P −→ p +28Si
29P −→ 4He +25Al 30P −→ n +29P
30P −→ p +29Si 30P −→ p +29Si
30P −→ p +29Si 30P −→ 4He +26Al
31P −→ n +30P 31P −→ p +30Si
31P −→ p +30Si 31P −→ p +30Si
31P −→ 4He +27Al 31S −→ p +30P
31S −→ p +30P 32S −→ n +31S
32S −→ p +31P 32S −→ p +31P
32S −→ p +31P 32S −→ 4He +28Si
33S −→ n +32S 33S −→ 4He +29Si
33Cl −→ p +32S 33Cl −→ p +32S
33Cl −→ p +32S 33Cl −→ 4He +29P
34Cl −→ n +33Cl 34Cl −→ p +33S
34Cl −→ 4He +30P 35Cl −→ n +34Cl
35Cl −→ 4He +31P 36Ar −→ p +35Cl
36Ar −→ p +35Cl 36Ar −→ p +35Cl
36Ar −→ p +35Cl 36Ar −→ 4He +32S
37Ar −→ n +36Ar 37Ar −→ 4He +33S
38Ar −→ n +37Ar 39Ar −→ n +38Ar
39K −→ p +38Ar 39K −→ 4He +35Cl
40Ca −→ p +39K 40Ca −→ 4He +36Ar
43Sc −→ 4He +39K 44Ti −→ p +43Sc
44Ti −→ 4He +40Ca 47V −→ 4He +43Sc
48Cr −→ p +47V 48Cr −→ p +47V
48Cr −→ p +47V 48Cr −→ p +47V
48Cr −→ 4He +44Ti 51Mn −→ 4He +47V
52Fe −→ p +51Mn 52Fe −→ 4He +48Cr
55Co −→ 4He +51Mn 56Ni −→ p +55Co
56Ni −→ 4He +52Fe 59Ni −→ n +58Ni
12C −→ 4He +4He +4He 12C −→ 4He +4He +4He
12C −→ 4He +4He +4He p +11B −→ 12C

p +11B −→ 12C p +11B −→ 12C
n +12C −→ 13C n +12C −→ 13C
p +12C −→ 13N p +12C −→ 13N

4He +12C −→ 16O 4He +12C −→ 16O
4He +12C −→ 16O 4He +12C −→ 16O
p +13C −→ 14N p +13C −→ 14N
p +13C −→ 14N n +13N −→ 14N
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Table A.3 continued.

n +13N −→ 14N n +14N −→ 15N
p +14N −→ 15O p +14N −→ 15O
p +14N −→ 15O p +14N −→ 15O

4He +14N −→ 18F 4He +14N −→ 18F
4He +14N −→ 18F p +15N −→ 16O
p +15N −→ 16O p +15N −→ 16O
n +15O −→ 16O 4He +15O −→ 19Ne

4He +15O −→ 19Ne 4He +15O −→ 19Ne
n +16O −→ 17O n +16O −→ 17O

4He +16O −→ 20Ne 4He +16O −→ 20Ne
4He +16O −→ 20Ne p +17O −→ 18F
p +17O −→ 18F p +17O −→ 18F

4He +17O −→ 21Ne 4He +17O −→ 21Ne
p +18F −→ 19Ne p +18F −→ 19Ne
p +18F −→ 19Ne 4He +18F −→ 22Na
n +19Ne −→ 20Ne 4He +19Ne −→ 23Mg
n +20Ne −→ 21Ne 4He +20Ne −→ 24Mg

4He +20Ne −→ 24Mg 4He +20Ne −→ 24Mg
4He +20Ne −→ 24Mg n +21Ne −→ 22Ne
p +21Ne −→ 22Na p +21Ne −→ 22Na
p +21Ne −→ 22Na p +21Ne −→ 22Na

4He +21Ne −→ 25Mg 4He +21Ne −→ 25Mg
p +22Ne −→ 23Na p +22Ne −→ 23Na
p +22Ne −→ 23Na p +22Ne −→ 23Na

4He +22Ne −→ 26Mg 4He +22Ne −→ 26Mg
4He +22Ne −→ 26Mg 4He +22Ne −→ 26Mg
n +22Na −→ 23Na p +22Na −→ 23Mg
p +22Na −→ 23Mg p +22Na −→ 23Mg

4He +22Na −→ 26Al p +23Na −→ 24Mg
p +23Na −→ 24Mg p +23Na −→ 24Mg

4He +23Na −→ 27Al n +23Mg −→ 24Mg
n +24Mg −→ 25Mg p +24Mg −→ 25Al
p +24Mg −→ 25Al 4He +24Mg −→ 28Si

4He +24Mg −→ 28Si n +25Mg −→ 26Mg
p +25Mg −→ 26Al p +25Mg −→ 26Al
p +25Mg −→ 26Al 4He +25Mg −→ 29Si
p +26Mg −→ 27Al p +26Mg −→ 27Al
p +26Mg −→ 27Al 4He +26Mg −→ 30Si

4He +26Mg −→ 30Si n +25Al −→ 26Al
4He +25Al −→ 29P n +26Al −→ 27Al
4He +26Al −→ 30P p +27Al −→ 28Si
p +27Al −→ 28Si p +27Al −→ 28Si

4He +27Al −→ 31P n +28Si −→ 29Si
p +28Si −→ 29P p +28Si −→ 29P

4He +28Si −→ 32S n +29Si −→ 30Si
p +29Si −→ 30P p +29Si −→ 30P
p +29Si −→ 30P 4He +29Si −→ 33S
p +30Si −→ 31P p +30Si −→ 31P
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p +30Si −→ 31P n +29P −→ 30P
4He +29P −→ 33Cl n +30P −→ 31P
p +30P −→ 31S p +30P −→ 31S

4He +30P −→ 34Cl p +31P −→ 32S
p +31P −→ 32S p +31P −→ 32S

4He +31P −→ 35Cl n +31S −→ 32S
n +32S −→ 33S p +32S −→ 33Cl
p +32S −→ 33Cl p +32S −→ 33Cl

4He +32S −→ 36Ar p +33S −→ 34Cl
4He +33S −→ 37Ar n +33Cl −→ 34Cl
n +34Cl −→ 35Cl p +35Cl −→ 36Ar
p +35Cl −→ 36Ar p +35Cl −→ 36Ar
p +35Cl −→ 36Ar 4He +35Cl −→ 39K
n +36Ar −→ 37Ar 4He +36Ar −→ 40Ca
n +37Ar −→ 38Ar n +38Ar −→ 39Ar
p +38Ar −→ 39K p +39K −→ 40Ca
4He +39K −→ 43Sc 4He +40Ca −→ 44Ti
p +43Sc −→ 44Ti 4He +43Sc −→ 47V

4He +44Ti −→ 48Cr p +47V −→ 48Cr
p +47V −→ 48Cr p +47V −→ 48Cr
p +47V −→ 48Cr 4He +47V −→ 51Mn

4He +48Cr −→ 52Fe p +51Mn −→ 52Fe
4He +51Mn −→ 55Co 4He +52Fe −→ 56Ni

p +55Co −→ 56Ni n +58Ni −→ 59Ni
4He +11B −→ n +14N 4He +11B −→ n +14N
4He +11B −→ n +14N 4He +11B −→ n +14N
4He +12C −→ n +15O 4He +12C −→ p +15N
4He +12C −→ p +15N 4He +12C −→ p +15N
4He +12C −→ p +15N 12C +12C −→ n +23Mg
12C +12C −→ p +23Na 12C +12C −→ 4He +20Ne
p +13C −→ n +13N 4He +13C −→ n +16O

4He +13C −→ n +16O n +13N −→ p +13C
4He +13N −→ p +16O n +14N −→ 4He +11B
n +14N −→ 4He +11B n +14N −→ 4He +11B
n +14N −→ 4He +11B 4He +14N −→ p +17O

4He +14N −→ p +17O 4He +14N −→ p +17O
4He +14N −→ p +17O p +15N −→ n +15O
p +15N −→ 4He +12C p +15N −→ 4He +12C
p +15N −→ 4He +12C p +15N −→ 4He +12C

4He +15N −→ n +18F n +15O −→ p +15N
n +15O −→ 4He +12C 4He +15O −→ p +18F

4He +15O −→ p +18F 4He +15O −→ p +18F
n +16O −→ 4He +13C n +16O −→ 4He +13C
p +16O −→ 4He +13N 4He +16O −→ n +19Ne

12C +16O −→ p +27Al 12C +16O −→ 4He +24Mg
16O +16O −→ n +31S 16O +16O −→ p +31P
16O +16O −→ 4He +28Si p +17O −→ 4He +14N
p +17O −→ 4He +14N p +17O −→ 4He +14N
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Table A.3 continued.

p +17O −→ 4He +14N 4He +17O −→ n +20Ne
4He +17O −→ n +20Ne 4He +17O −→ n +20Ne

n +18F −→ 4He +15N p +18F −→ 4He +15O
p +18F −→ 4He +15O p +18F −→ 4He +15O

4He +18F −→ p +21Ne n +19Ne −→ 4He +16O
4He +19Ne −→ p +22Na n +20Ne −→ 4He +17O
n +20Ne −→ 4He +17O n +20Ne −→ 4He +17O

4He +20Ne −→ n +23Mg 4He +20Ne −→ p +23Na
4He +20Ne −→ p +23Na 4He +20Ne −→ p +23Na
4He +20Ne −→ 12C +12C 12C +20Ne −→ n +31S
12C +20Ne −→ p +31P 12C +20Ne −→ 4He +28Si
p +21Ne −→ 4He +18F 4He +21Ne −→ n +24Mg

4He +21Ne −→ n +24Mg p +22Ne −→ n +22Na
4He +22Ne −→ n +25Mg 4He +22Ne −→ n +25Mg
4He +22Ne −→ n +25Mg n +22Na −→ p +22Ne
p +22Na −→ 4He +19Ne 4He +22Na −→ n +25Al

4He +22Na −→ p +25Mg p +23Na −→ n +23Mg
p +23Na −→ 4He +20Ne p +23Na −→ 4He +20Ne
p +23Na −→ 4He +20Ne p +23Na −→ 12C +12C

4He +23Na −→ n +26Al 4He +23Na −→ n +26Al
4He +23Na −→ n +26Al 4He +23Na −→ p +26Mg
n +23Mg −→ p +23Na n +23Mg −→ 4He +20Ne
n +23Mg −→ 12C +12C 4He +23Mg −→ p +26Al
n +24Mg −→ 4He +21Ne n +24Mg −→ 4He +21Ne

4He +24Mg −→ p +27Al 4He +24Mg −→ p +27Al
4He +24Mg −→ p +27Al 4He +24Mg −→ 12C +16O
n +25Mg −→ 4He +22Ne n +25Mg −→ 4He +22Ne
n +25Mg −→ 4He +22Ne p +25Mg −→ n +25Al
p +25Mg −→ 4He +22Na 4He +25Mg −→ n +28Si

4He +25Mg −→ n +28Si p +26Mg −→ n +26Al
p +26Mg −→ n +26Al p +26Mg −→ n +26Al
p +26Mg −→ 4He +23Na 4He +26Mg −→ n +29Si

4He +26Mg −→ n +29Si n +25Al −→ p +25Mg
n +25Al −→ 4He +22Na 4He +25Al −→ p +28Si
n +26Al −→ p +26Mg n +26Al −→ p +26Mg
n +26Al −→ p +26Mg n +26Al −→ 4He +23Na
n +26Al −→ 4He +23Na n +26Al −→ 4He +23Na
p +26Al −→ 4He +23Mg 4He +26Al −→ n +29P

4He +26Al −→ p +29Si p +27Al −→ 4He +24Mg
p +27Al −→ 4He +24Mg p +27Al −→ 4He +24Mg
p +27Al −→ 12C +16O 4He +27Al −→ n +30P

4He +27Al −→ n +30P 4He +27Al −→ p +30Si
n +28Si −→ 4He +25Mg n +28Si −→ 4He +25Mg
p +28Si −→ 4He +25Al 4He +28Si −→ n +31S

4He +28Si −→ p +31P 4He +28Si −→ p +31P
4He +28Si −→ p +31P 4He +28Si −→ 12C +20Ne
4He +28Si −→ 16O +16O n +29Si −→ 4He +26Mg
n +29Si −→ 4He +26Mg p +29Si −→ n +29P
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Table A.3 continued.

p +29Si −→ 4He +26Al 4He +29Si −→ n +32S
p +30Si −→ n +30P p +30Si −→ 4He +27Al

4He +30Si −→ n +33S n +29P −→ p +29Si
n +29P −→ 4He +26Al 4He +29P −→ p +32S
n +30P −→ p +30Si n +30P −→ 4He +27Al
n +30P −→ 4He +27Al 4He +30P −→ n +33Cl

4He +30P −→ p +33S p +31P −→ n +31S
p +31P −→ 4He +28Si p +31P −→ 4He +28Si
p +31P −→ 4He +28Si p +31P −→ 12C +20Ne
p +31P −→ 16O +16O 4He +31P −→ n +34Cl
n +31S −→ p +31P n +31S −→ 4He +28Si
n +31S −→ 12C +20Ne n +31S −→ 16O +16O

4He +31S −→ p +34Cl n +32S −→ 4He +29Si
p +32S −→ 4He +29P 4He +32S −→ p +35Cl

4He +32S −→ p +35Cl 4He +32S −→ p +35Cl
4He +32S −→ p +35Cl n +33S −→ 4He +30Si
p +33S −→ n +33Cl p +33S −→ 4He +30P

4He +33S −→ n +36Ar n +33Cl −→ p +33S
n +33Cl −→ 4He +30P 4He +33Cl −→ p +36Ar
n +34Cl −→ 4He +31P p +34Cl −→ 4He +31S

4He +34Cl −→ p +37Ar p +35Cl −→ 4He +32S
p +35Cl −→ 4He +32S p +35Cl −→ 4He +32S
p +35Cl −→ 4He +32S 4He +35Cl −→ p +38Ar
n +36Ar −→ 4He +33S p +36Ar −→ 4He +33Cl

4He +36Ar −→ p +39K p +37Ar −→ 4He +34Cl
4He +37Ar −→ n +40Ca p +38Ar −→ 4He +35Cl
p +39Ar −→ n +39K n +39K −→ p +39Ar
p +39K −→ 4He +36Ar n +40Ca −→ 4He +37Ar

4He +40Ca −→ p +43Sc p +43Sc −→ 4He +40Ca
4He +44Ti −→ p +47V p +47V −→ 4He +44Ti
4He +48Cr −→ p +51Mn p +51Mn −→ 4He +48Cr
4He +52Fe −→ p +55Co 4He +56Fe −→ n +59Ni
p +55Co −→ 4He +52Fe 4He +55Co −→ p +58Ni
p +58Ni −→ 4He +55Co n +59Ni −→ 4He +56Fe
p +11B −→ 4He +4He +4He p +11B −→ 4He +4He +4He

4He +4He +4He −→ 12C 4He +4He +4He −→ 12C
4He +4He +4He −→ 12C





B Abundances tables

B.1 Models at solar metallicity

The nucleosynthesis yields of the models presented in Chapter III are listed. As described in
Section III.2.2, the abundances of stable and radioactive nuclei are split. The nucleosynthetic
yields of stable isotopes are given at t = 100 s after He detonation ignition in Tables B.1 to B.4.
The abundances of radioactive nuclides with lifetime less than 2Gyr are decayed to stability
and included in those tables. Isotopes with longer lifetimes are listed with their abundances at
t = 100 s. Tables B.5 to B.8 summaries the nucleosynthetic yields of selected radioactive nuclides
at t = 100 s. For each model the abundances are split into those originating from the core and
shell detonation. The tables are taken from Gronow et al. (2021a).

Table B.1: Asymptotic nucleosynthetic yields (in M�) of Models M08_10_r, M08_05, and
M08_03.

M08_10_r M08_05 M08_03
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

12C 1.19e-04 1.05e-03 2.31e-03 7.46e-03 3.38e-03 1.25e-02
13C 5.81e-11 1.12e-10 4.08e-10 1.22e-07 1.41e-09 3.50e-07
14N 1.74e-05 1.73e-08 1.79e-05 7.46e-06 1.83e-05 1.02e-05
15N 1.86e-08 6.51e-10 6.27e-08 1.48e-08 4.42e-07 2.06e-08
16O 9.27e-03 8.08e-02 6.29e-03 1.16e-01 2.62e-03 1.45e-01
17O 1.10e-08 5.33e-09 3.02e-08 1.84e-06 6.01e-08 3.68e-06
18O 7.26e-08 2.52e-10 1.29e-07 3.27e-08 5.87e-07 4.98e-08
19F 9.88e-09 1.58e-11 4.05e-08 6.43e-10 5.06e-07 2.45e-09
20Ne 1.58e-04 2.86e-03 3.06e-03 5.23e-03 1.63e-03 6.24e-03
21Ne 4.19e-08 1.40e-07 2.64e-07 2.73e-06 1.21e-06 3.13e-06
22Ne 4.48e-07 3.45e-08 6.39e-07 7.21e-05 1.90e-06 2.67e-04
23Na 1.56e-06 1.62e-05 1.63e-05 7.22e-05 1.04e-05 9.07e-05
24Mg 3.16e-03 5.78e-03 4.21e-03 8.19e-03 2.09e-03 1.04e-02
25Mg 2.69e-06 3.44e-05 2.39e-05 1.43e-04 4.02e-05 1.71e-04
26Mg 2.60e-06 4.94e-05 3.72e-05 1.84e-04 3.55e-05 2.02e-04
27Al 7.90e-05 3.25e-04 1.49e-04 4.83e-04 8.26e-05 6.10e-04
28Si 1.28e-02 1.92e-01 9.25e-03 2.29e-01 4.21e-03 2.57e-01
29Si 9.09e-05 6.14e-04 1.11e-04 9.26e-04 5.34e-05 1.13e-03
30Si 1.07e-04 1.09e-03 1.07e-04 1.53e-03 6.99e-05 1.90e-03
31P 7.68e-05 4.53e-04 8.82e-05 6.18e-04 6.60e-05 7.58e-04
32S 5.51e-03 1.10e-01 4.69e-03 1.27e-01 2.40e-03 1.41e-01
33S 7.60e-05 3.14e-04 5.34e-05 4.17e-04 1.37e-05 5.07e-04
34S 1.31e-04 2.31e-03 2.57e-05 3.08e-03 1.14e-05 3.64e-03
36S 4.17e-09 1.49e-07 1.23e-08 3.52e-07 2.18e-08 4.03e-07
35Cl 3.31e-05 1.29e-04 4.85e-05 1.65e-04 4.91e-05 1.97e-04
37Cl 7.87e-06 2.35e-05 1.01e-05 3.00e-05 8.90e-07 3.48e-05
36Ar 1.81e-03 1.96e-02 2.11e-03 2.17e-02 1.11e-03 2.34e-02
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Table B.1 continued.

M08_10_r M08_05 M08_03
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

38Ar 4.12e-05 1.00e-03 1.49e-05 1.31e-03 2.62e-06 1.52e-03
40Ar 6.85e-10 1.77e-08 9.59e-09 7.65e-08 2.04e-08 8.18e-08
39K 9.17e-05 6.52e-05 1.37e-04 8.22e-05 1.04e-04 9.39e-05
41K 3.57e-06 4.17e-06 9.55e-06 5.21e-06 5.35e-06 5.93e-06
40Ca 6.23e-03 1.74e-02 8.00e-03 1.85e-02 3.10e-03 1.94e-02
42Ca 7.70e-06 2.60e-05 6.18e-06 3.36e-05 7.83e-06 3.88e-05
43Ca 2.99e-05 1.77e-07 2.00e-05 1.58e-07 1.93e-05 1.83e-07
44Ca 1.79e-03 1.38e-05 2.68e-03 1.21e-05 2.16e-04 1.18e-05
46Ca 2.18e-11 5.18e-09 3.62e-09 3.14e-08 7.55e-09 3.27e-08
48Ca 6.30e-10 1.35e-10 9.97e-10 2.38e-09 1.84e-09 3.47e-09
45Sc 4.24e-06 2.49e-07 5.86e-06 3.29e-07 1.15e-06 3.71e-07
46Ti 7.74e-06 9.77e-06 3.51e-06 1.24e-05 1.14e-06 1.41e-05
47Ti 7.00e-05 6.12e-07 8.07e-05 5.99e-07 7.22e-06 6.66e-07
48Ti 3.82e-03 3.33e-04 2.59e-03 3.13e-04 7.37e-06 2.86e-04
49Ti 3.55e-05 2.41e-05 2.49e-05 2.35e-05 2.72e-07 2.20e-05
50Ti 1.02e-09 2.55e-08 8.32e-09 4.52e-08 1.89e-08 5.38e-08
50V 6.01e-10 2.20e-08 1.34e-09 3.15e-08 1.23e-09 3.90e-08
51V 2.96e-04 6.70e-05 1.19e-04 6.50e-05 2.64e-07 6.03e-05
50Cr 3.80e-05 2.27e-04 9.65e-06 2.50e-04 1.49e-07 2.62e-04
52Cr 7.48e-03 7.34e-03 8.05e-04 6.78e-03 1.14e-06 5.66e-03
53Cr 1.13e-04 7.01e-04 2.29e-05 6.62e-04 1.03e-07 5.67e-04
54Cr 5.56e-09 1.25e-07 4.06e-08 2.16e-07 8.08e-08 2.61e-07
55Mn 9.42e-04 3.86e-03 3.17e-05 3.58e-03 5.87e-07 2.91e-03
54Fe 7.33e-05 2.33e-02 1.08e-05 2.44e-02 1.27e-06 2.36e-02
56Fe 1.49e-02 3.12e-01 8.14e-05 2.01e-01 2.21e-05 1.32e-01
57Fe 1.34e-03 5.53e-03 1.24e-05 2.59e-03 3.50e-06 1.55e-03
58Fe 1.55e-07 9.49e-07 2.75e-06 4.03e-06 4.14e-06 5.21e-06
59Co 4.83e-05 1.33e-04 1.65e-05 1.90e-05 6.03e-06 1.06e-05
58Ni 2.12e-04 7.84e-03 1.89e-05 3.25e-03 5.52e-06 2.03e-03
60Ni 1.60e-03 1.98e-03 2.02e-05 2.17e-04 7.13e-06 1.22e-04
61Ni 3.05e-04 8.07e-05 7.62e-06 1.43e-05 2.48e-06 1.23e-05
62Ni 1.63e-04 6.73e-04 1.54e-05 1.07e-04 3.29e-06 8.82e-05
64Ni 6.62e-08 2.67e-06 2.46e-07 3.72e-06 2.25e-07 4.57e-06
63Cu 6.90e-06 4.82e-06 2.35e-06 7.33e-06 4.96e-07 8.82e-06
64Zn 1.35e-04 9.67e-06 2.11e-06 6.50e-06 1.28e-07 8.02e-06
66Zn 2.60e-05 3.18e-05 2.50e-06 2.92e-05 2.62e-07 3.58e-05
67Zn 4.92e-06 5.55e-07 9.79e-07 6.99e-07 3.56e-08 8.23e-07
68Zn 8.43e-06 2.24e-06 1.21e-06 2.99e-06 3.76e-08 3.70e-06
70Zn 2.65e-10 2.31e-08 2.93e-09 3.09e-08 4.30e-09 3.64e-08
69Ga 6.81e-07 9.18e-07 1.04e-07 1.17e-06 1.19e-08 1.40e-06
71Ga 5.87e-08 2.01e-07 2.90e-08 2.30e-07 8.17e-09 2.70e-07
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Table B.2: Asymptotic nucleosynthetic yields (in M�) of Models M09_10_r, M09_05, and
M09_03.

M09_10_r M09_05 M09_03
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

12C 3.91e-05 1.32e-04 4.33e-04 2.63e-03 3.47e-03 4.88e-03
13C 1.69e-09 7.02e-12 1.98e-11 5.27e-09 8.25e-10 1.01e-07
14N 1.75e-05 2.17e-10 1.75e-05 6.02e-07 1.76e-05 3.94e-06
15N 2.59e-08 3.01e-10 1.83e-08 2.41e-09 1.04e-07 7.66e-09
16O 8.52e-03 5.50e-02 7.31e-03 7.78e-02 3.93e-03 9.22e-02
17O 1.10e-08 3.79e-11 1.14e-08 1.22e-07 3.99e-08 1.08e-06
18O 8.95e-08 2.01e-12 7.18e-08 3.73e-09 1.61e-07 1.62e-08
19F 1.13e-08 9.74e-13 1.18e-08 1.04e-10 8.06e-08 4.31e-10
20Ne 1.46e-05 6.24e-04 1.04e-03 3.56e-03 2.85e-03 3.32e-03
21Ne 5.23e-08 2.05e-08 5.49e-08 5.77e-07 4.12e-07 1.68e-06
22Ne 4.49e-07 5.40e-09 4.59e-07 2.69e-06 8.07e-07 5.20e-05
23Na 3.33e-07 3.77e-06 5.48e-06 2.76e-05 1.89e-05 4.41e-05
24Mg 2.48e-03 3.27e-03 3.25e-03 5.27e-03 3.17e-03 5.83e-03
25Mg 1.03e-06 9.04e-06 6.67e-06 5.75e-05 3.34e-05 8.72e-05
26Mg 9.01e-07 1.08e-05 1.02e-05 8.81e-05 4.53e-05 1.15e-04
27Al 3.79e-05 1.74e-04 1.10e-04 2.96e-04 1.13e-04 3.27e-04
28Si 1.26e-02 1.55e-01 9.97e-03 1.92e-01 5.77e-03 2.21e-01
29Si 6.87e-05 3.38e-04 9.01e-05 6.20e-04 8.14e-05 6.75e-04
30Si 9.22e-05 6.85e-04 9.71e-05 1.01e-03 8.29e-05 1.15e-03
31P 4.48e-05 3.07e-04 8.41e-05 4.17e-04 7.09e-05 4.79e-04
32S 4.28e-03 9.20e-02 4.42e-03 1.11e-01 2.76e-03 1.27e-01
33S 4.56e-05 2.24e-04 6.80e-05 2.86e-04 2.31e-05 3.36e-04
34S 2.21e-04 1.73e-03 5.56e-05 2.26e-03 1.22e-05 2.67e-03
36S 3.74e-09 7.02e-08 3.36e-09 1.90e-07 1.90e-08 2.44e-07
35Cl 1.95e-05 8.65e-05 3.92e-05 1.19e-04 4.14e-05 1.34e-04
37Cl 3.64e-06 1.81e-05 9.30e-06 2.30e-05 3.03e-06 2.71e-05
36Ar 1.24e-03 1.71e-02 1.53e-03 2.01e-02 1.13e-03 2.27e-02
38Ar 5.95e-05 7.74e-04 2.38e-05 1.02e-03 4.08e-06 1.20e-03
40Ar 2.76e-10 6.98e-09 1.32e-09 3.30e-08 1.65e-08 5.03e-08
39K 4.38e-05 5.11e-05 9.64e-05 6.53e-05 8.09e-05 7.61e-05
41K 1.40e-06 3.31e-06 6.57e-06 4.19e-06 1.04e-05 4.91e-06
40Ca 4.72e-03 1.58e-02 5.10e-03 1.83e-02 3.98e-03 2.04e-02
42Ca 4.08e-06 2.01e-05 8.51e-06 2.59e-05 5.50e-06 3.06e-05
43Ca 1.34e-05 2.89e-07 2.43e-05 1.83e-07 1.07e-05 1.28e-07
44Ca 8.85e-04 1.61e-05 2.03e-03 1.50e-05 7.20e-04 1.44e-05
46Ca 1.51e-11 4.97e-10 3.57e-10 1.54e-08 6.10e-09 2.10e-08
48Ca 6.28e-10 4.33e-12 6.53e-10 7.13e-10 1.29e-09 1.60e-09
45Sc 1.12e-06 1.93e-07 4.53e-06 2.52e-07 5.19e-06 2.88e-07
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Table B.2 continued.

M09_10_r M09_05 M09_03
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

46Ti 3.61e-05 7.60e-06 4.43e-06 9.81e-06 2.79e-06 1.16e-05
47Ti 5.43e-05 7.72e-07 5.93e-05 6.37e-07 4.40e-05 5.64e-07
48Ti 1.92e-03 3.40e-04 4.60e-03 3.66e-04 1.06e-04 3.89e-04
49Ti 2.40e-05 2.36e-05 4.71e-05 2.60e-05 3.83e-06 2.80e-05
50Ti 9.27e-10 6.55e-09 1.91e-09 2.41e-08 1.62e-08 2.95e-08
50V 3.10e-10 9.97e-09 1.00e-09 2.03e-08 1.57e-09 2.16e-08
51V 2.57e-04 6.61e-05 3.91e-04 7.19e-05 5.09e-06 7.74e-05
50Cr 2.08e-04 2.00e-04 2.15e-05 2.33e-04 1.51e-06 2.64e-04
52Cr 3.99e-03 7.52e-03 5.15e-03 8.16e-03 4.41e-06 8.79e-03
53Cr 7.08e-05 7.06e-04 1.54e-04 7.69e-04 5.07e-07 8.30e-04
54Cr 4.30e-09 8.43e-08 1.04e-08 1.30e-07 8.43e-08 1.63e-07
55Mn 3.75e-04 3.96e-03 4.12e-04 4.24e-03 7.16e-07 4.59e-03
54Fe 5.02e-05 2.15e-02 9.12e-05 2.46e-02 1.01e-06 2.77e-02
56Fe 2.61e-02 4.77e-01 2.01e-03 3.84e-01 1.60e-05 3.30e-01
57Fe 2.47e-03 1.04e-02 1.44e-04 7.10e-03 3.93e-06 5.07e-03
58Fe 7.34e-08 4.70e-07 5.12e-07 1.38e-06 5.13e-06 2.41e-06
59Co 3.23e-04 3.68e-04 2.12e-05 1.92e-04 8.64e-06 7.76e-05
58Ni 6.59e-04 1.55e-02 1.00e-04 1.04e-02 7.40e-06 7.00e-03
60Ni 2.70e-03 5.73e-03 8.26e-05 2.89e-03 1.09e-05 9.51e-04
61Ni 3.97e-04 2.30e-04 1.36e-05 1.15e-04 2.91e-06 3.91e-05
62Ni 1.72e-04 1.92e-03 2.99e-05 9.71e-04 4.60e-06 3.35e-04
64Ni 9.61e-09 9.45e-07 1.83e-07 2.35e-06 2.98e-07 2.44e-06
63Cu 1.37e-05 2.65e-06 2.64e-06 5.16e-06 8.31e-07 5.02e-06
64Zn 2.70e-04 1.93e-05 4.54e-06 1.08e-05 2.48e-07 5.92e-06
66Zn 3.11e-05 4.90e-05 6.81e-06 3.23e-05 3.73e-07 2.41e-05
67Zn 2.45e-06 1.98e-07 2.63e-06 4.89e-07 6.03e-08 4.72e-07
68Zn 4.21e-06 1.41e-06 4.67e-06 1.64e-06 5.99e-08 2.01e-06
70Zn 8.05e-11 7.42e-09 1.15e-09 2.07e-08 5.23e-09 2.04e-08
69Ga 3.41e-07 6.68e-07 4.65e-07 6.68e-07 1.51e-08 8.02e-07
71Ga 2.83e-08 1.10e-07 5.84e-08 1.41e-07 1.01e-08 1.57e-07
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Table B.3: Asymptotic nucleosynthetic yields (in M�) of Models M10_10, M010_05, and
M10_03.

M10_10 M10_05 M10_03
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

12C 1.09e-05 1.65e-05 4.04e-05 4.36e-04 7.61e-04 1.23e-03
13C 3.87e-09 4.13e-12 1.35e-10 1.86e-10 4.22e-11 1.95e-09
14N 1.71e-05 2.86e-10 1.75e-05 3.63e-08 1.73e-05 1.78e-07
15N 5.58e-10 9.98e-10 8.73e-09 3.86e-10 2.32e-08 8.45e-10
16O 3.09e-03 2.73e-03 9.35e-03 6.08e-02 6.79e-03 4.88e-02
17O 1.08e-08 1.24e-12 1.10e-08 8.33e-09 1.21e-08 3.84e-08
18O 5.83e-08 5.00e-10 6.90e-08 2.98e-10 7.76e-08 1.10e-09
19F 2.88e-09 1.49e-11 5.44e-09 8.21e-12 1.50e-08 3.69e-11
20Ne 7.43e-06 1.46e-07 1.98e-05 1.50e-03 1.69e-03 1.78e-03
21Ne 2.37e-08 8.14e-11 2.73e-08 6.52e-08 7.84e-08 2.26e-07
22Ne 5.21e-07 6.42e-07 4.40e-07 2.37e-07 4.68e-07 9.12e-07
23Na 1.45e-07 2.27e-09 4.94e-07 8.54e-06 8.07e-06 1.29e-05
24Mg 2.51e-04 7.85e-05 2.94e-03 4.18e-03 3.49e-03 2.98e-03
25Mg 1.09e-06 1.55e-08 1.24e-06 1.92e-05 9.85e-06 2.65e-05
26Mg 1.02e-06 1.70e-08 1.05e-06 2.49e-05 1.65e-05 4.08e-05
27Al 2.57e-06 1.90e-06 5.18e-05 2.38e-04 1.27e-04 1.59e-04
28Si 3.70e-02 7.34e-02 1.31e-02 1.62e-01 8.87e-03 1.51e-01
29Si 3.52e-05 1.25e-05 8.07e-05 4.31e-04 9.28e-05 3.57e-04
30Si 5.51e-05 1.95e-05 1.01e-04 8.11e-04 9.96e-05 6.02e-04
31P 2.39e-05 1.30e-05 5.59e-05 3.57e-04 8.50e-05 2.60e-04
32S 1.59e-02 5.42e-02 4.89e-03 9.60e-02 3.68e-03 9.12e-02
33S 1.62e-05 1.32e-05 6.05e-05 2.46e-04 5.70e-05 1.85e-04
34S 1.51e-04 1.21e-04 1.69e-04 1.78e-03 2.91e-05 1.54e-03
36S 6.62e-10 7.62e-10 4.44e-09 9.76e-08 3.89e-09 9.88e-08
35Cl 8.81e-06 5.22e-06 1.67e-05 1.04e-04 3.07e-05 7.93e-05
37Cl 1.62e-06 2.18e-06 5.46e-06 1.91e-05 7.76e-06 1.70e-05
36Ar 2.78e-03 1.23e-02 1.38e-03 1.78e-02 1.21e-03 1.73e-02
38Ar 4.38e-05 6.85e-05 4.62e-05 8.01e-04 1.34e-05 7.42e-04
40Ar 1.31e-10 8.89e-11 3.50e-10 1.09e-08 2.05e-09 1.54e-08
39K 1.14e-05 6.02e-06 4.63e-05 5.60e-05 4.93e-05 5.00e-05
41K 3.87e-07 5.35e-07 2.08e-06 3.51e-06 6.35e-06 3.27e-06
40Ca 3.42e-03 1.34e-02 4.26e-03 1.65e-02 3.26e-03 1.63e-02
42Ca 1.03e-06 1.96e-06 5.25e-06 2.13e-05 3.38e-06 1.90e-05
43Ca 4.60e-06 3.14e-07 1.36e-05 7.10e-07 5.50e-06 3.15e-07
44Ca 2.72e-04 1.79e-05 7.87e-04 2.11e-05 1.09e-03 1.78e-05
46Ca 1.28e-11 3.22e-13 1.48e-11 1.95e-09 8.30e-10 7.06e-09
48Ca 5.96e-10 3.47e-12 6.17e-10 3.12e-11 6.77e-10 3.00e-10
45Sc 3.09e-07 8.73e-08 2.47e-06 2.17e-07 3.31e-06 1.90e-07
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Table B.3 continued.

M10_10 M10_05 M10_03
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

46Ti 8.00e-06 1.11e-06 5.39e-06 7.98e-06 2.43e-06 7.43e-06
47Ti 1.68e-05 7.61e-07 3.20e-05 1.04e-06 4.01e-05 8.44e-07
48Ti 5.55e-04 3.81e-04 2.08e-03 3.59e-04 1.67e-03 3.67e-04
49Ti 9.97e-06 2.48e-05 2.33e-05 2.46e-05 1.31e-05 2.51e-05
50Ti 9.14e-10 2.13e-08 8.92e-10 9.15e-09 3.12e-09 1.21e-08
50V 2.24e-10 1.05e-10 3.60e-10 1.43e-08 1.19e-09 1.11e-08
51V 8.14e-05 6.74e-05 1.51e-04 6.85e-05 6.42e-05 6.99e-05
50Cr 9.37e-05 1.42e-04 2.34e-05 2.07e-04 4.66e-06 2.03e-04
52Cr 1.98e-03 8.66e-03 4.10e-03 7.82e-03 6.56e-04 8.13e-03
53Cr 6.03e-05 7.78e-04 6.72e-05 7.33e-04 1.36e-05 7.57e-04
54Cr 1.08e-08 2.34e-07 3.89e-09 9.16e-08 1.65e-08 8.53e-08
55Mn 2.69e-04 4.38e-03 4.85e-04 4.08e-03 1.74e-05 4.22e-03
54Fe 1.09e-03 1.90e-02 4.20e-05 2.23e-02 5.54e-06 2.23e-02
56Fe 3.93e-02 7.23e-01 8.25e-03 5.39e-01 6.99e-05 5.91e-01
57Fe 1.48e-03 1.70e-02 5.94e-04 1.21e-02 5.82e-06 1.33e-02
58Fe 2.52e-08 7.78e-07 7.79e-08 7.08e-07 1.03e-06 6.41e-07
59Co 3.69e-04 6.89e-04 2.91e-05 4.78e-04 9.46e-06 5.08e-04
58Ni 5.79e-04 2.55e-02 1.25e-04 1.83e-02 1.31e-05 2.05e-02
60Ni 2.06e-03 1.03e-02 7.57e-04 8.20e-03 1.64e-05 8.01e-03
61Ni 1.48e-04 4.03e-04 1.22e-04 3.19e-04 3.91e-06 3.19e-04
62Ni 9.92e-05 3.42e-03 8.10e-05 2.51e-03 7.01e-06 2.70e-03
64Ni 3.44e-09 2.18e-09 1.36e-08 1.54e-06 2.14e-07 1.21e-06
63Cu 1.50e-05 1.66e-06 5.38e-06 4.24e-06 1.76e-06 3.59e-06
64Zn 2.26e-04 2.97e-05 6.04e-05 2.69e-05 2.20e-06 2.39e-05
66Zn 1.64e-05 6.08e-05 1.31e-05 6.29e-05 1.05e-06 5.68e-05
67Zn 7.52e-07 4.15e-08 2.15e-06 3.30e-07 2.56e-07 2.79e-07
68Zn 1.03e-06 2.97e-08 3.55e-06 1.56e-06 3.16e-07 8.09e-07
70Zn 5.54e-11 5.12e-13 8.51e-11 1.21e-08 1.73e-09 1.02e-08
69Ga 6.82e-08 5.57e-10 3.00e-07 8.07e-07 5.82e-08 3.33e-07
71Ga 5.19e-09 2.61e-11 2.25e-08 1.49e-07 1.51e-08 6.96e-08



B.1. MODELS AT SOLAR METALLICITY 187

Table B.4: Asymptotic nucleosynthetic yields (in M�) of Models M10_02 and M11_05.

M10_02 M11_05
He det core det He det core det
[M�] [M�] [M�] [M�]

12C 1.67e-03 1.95e-03 5.71e-06 2.48e-06
13C 2.79e-10 2.74e-08 8.96e-10 9.04e-12
14N 1.72e-05 1.00e-06 1.74e-05 9.72e-10
15N 4.86e-08 2.25e-09 4.52e-09 3.70e-09
16O 1.86e-03 5.70e-02 3.82e-03 7.53e-04
17O 1.84e-08 2.49e-07 1.10e-08 8.18e-12
18O 1.03e-07 4.29e-09 6.45e-08 2.14e-09
19F 3.85e-08 1.24e-10 3.99e-09 1.17e-12
20Ne 1.32e-03 1.90e-03 6.63e-06 4.34e-08
21Ne 1.57e-07 5.59e-07 2.37e-08 2.17e-13
22Ne 5.61e-07 1.15e-05 4.41e-07 1.77e-08
23Na 8.80e-06 1.84e-05 1.50e-07 5.29e-09
24Mg 1.52e-03 3.43e-03 3.28e-04 1.61e-05
25Mg 1.44e-05 3.74e-05 5.91e-07 3.11e-09
26Mg 2.01e-05 5.34e-05 6.69e-07 2.67e-09
27Al 5.57e-05 1.85e-04 3.03e-06 3.58e-07
28Si 2.93e-03 1.71e-01 5.58e-02 4.55e-02
29Si 4.17e-05 4.08e-04 4.88e-05 3.78e-06
30Si 4.34e-05 7.01e-04 6.69e-05 4.94e-06
31P 3.77e-05 3.00e-04 3.80e-05 4.40e-06
32S 1.60e-03 1.02e-01 2.44e-02 3.68e-02
33S 1.32e-05 2.12e-04 2.74e-05 5.22e-06
34S 9.85e-06 1.77e-03 1.89e-04 3.83e-05
36S 7.65e-09 1.29e-07 7.76e-10 1.59e-10
35Cl 2.57e-05 9.05e-05 1.07e-05 2.39e-06
37Cl 2.04e-06 1.89e-05 3.73e-06 1.15e-06
36Ar 7.88e-04 1.92e-02 4.31e-03 9.02e-03
38Ar 2.49e-06 8.32e-04 8.33e-05 2.78e-05
40Ar 6.89e-09 2.25e-08 1.78e-10 3.33e-11
39K 5.79e-05 5.51e-05 1.75e-05 3.69e-06
41K 4.73e-06 3.60e-06 1.13e-06 3.38e-07
40Ca 2.38e-03 1.81e-02 5.72e-03 1.04e-02
42Ca 2.45e-06 2.12e-05 2.52e-06 9.94e-07
43Ca 5.21e-06 2.70e-07 2.51e-06 4.11e-07
44Ca 5.69e-04 1.77e-05 1.59e-04 1.74e-05
46Ca 2.85e-09 9.60e-09 1.33e-11 8.66e-14
48Ca 9.16e-10 5.81e-10 6.11e-10 7.17e-15
45Sc 2.59e-06 2.11e-07 5.62e-07 1.15e-07
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Table B.4 continued.

M10_02 M11_05
He det core det He det core det
[M�] [M�] [M�] [M�]

46Ti 1.36e-06 8.21e-06 3.25e-06 6.85e-07
47Ti 3.06e-05 7.75e-07 5.99e-06 9.53e-07
48Ti 2.32e-04 3.94e-04 7.40e-04 3.24e-04
49Ti 4.26e-06 2.72e-05 1.53e-05 2.03e-05
50Ti 8.57e-09 1.52e-08 9.92e-10 1.31e-08
50V 7.80e-10 1.30e-08 4.05e-10 3.22e-11
51V 1.12e-05 7.54e-05 3.36e-05 5.54e-05
50Cr 1.61e-06 2.25e-04 4.47e-05 1.00e-04
52Cr 2.58e-05 8.82e-03 2.09e-03 7.31e-03
53Cr 1.48e-06 8.21e-04 7.76e-05 6.48e-04
54Cr 4.38e-08 9.85e-08 1.70e-08 1.45e-07
55Mn 1.67e-06 4.57e-03 2.28e-04 3.68e-03
54Fe 1.26e-06 2.48e-02 1.68e-03 1.46e-02
56Fe 1.36e-05 5.41e-01 1.20e-02 8.26e-01
57Fe 2.96e-06 1.13e-02 3.16e-04 2.10e-02
58Fe 2.57e-06 9.30e-07 2.92e-08 4.87e-07
59Co 5.40e-06 3.86e-04 4.13e-05 9.52e-04
58Ni 5.76e-06 1.70e-02 2.06e-04 3.04e-02
60Ni 5.65e-06 6.17e-03 2.67e-04 1.38e-02
61Ni 1.76e-06 2.43e-04 2.04e-05 5.12e-04
62Ni 2.87e-06 2.07e-03 2.41e-05 4.35e-03
64Ni 1.50e-07 1.43e-06 3.53e-09 9.96e-10
63Cu 5.14e-07 3.72e-06 8.06e-06 2.89e-06
64Zn 2.05e-07 1.93e-05 3.20e-05 4.46e-05
66Zn 2.46e-07 4.74e-05 3.19e-06 7.79e-05
67Zn 5.97e-08 3.15e-07 3.04e-07 5.47e-08
68Zn 5.84e-08 9.76e-07 3.43e-07 3.07e-08
70Zn 2.75e-09 1.17e-08 5.80e-11 3.38e-16
69Ga 9.76e-09 4.07e-07 2.51e-08 5.48e-11
71Ga 5.62e-09 8.58e-08 3.59e-09 2.19e-12



B.1. MODELS AT SOLAR METALLICITY 189

Table B.5: Nucleosynthetic yields (in M�) of select radioactive nuclides of Models
M08_10_r, M08_05, and M08_03.

M08_10_r M08_05 M08_03
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

14C 6.14e-12 4.85e-09 1.94e-08 4.11e-06 7.71e-08 5.50e-06
22Na 1.33e-08 1.00e-08 8.39e-08 2.02e-08 9.95e-07 2.37e-08
26Al 6.81e-07 5.68e-06 1.00e-05 9.38e-06 1.33e-05 1.16e-05
32Si 2.45e-12 2.88e-10 3.20e-10 7.18e-09 2.33e-09 7.49e-09
32P 2.07e-08 2.91e-07 1.54e-08 4.73e-07 1.09e-08 5.68e-07
33P 1.65e-08 2.24e-07 6.81e-09 3.43e-07 6.61e-09 4.29e-07
35S 1.14e-08 3.48e-07 1.43e-08 5.19e-07 8.69e-09 6.27e-07
36Cl 7.68e-08 8.48e-07 2.88e-08 1.15e-06 6.12e-09 1.42e-06
37Ar 7.80e-06 2.28e-05 1.01e-05 2.89e-05 8.25e-07 3.34e-05
39Ar 5.98e-10 1.70e-08 1.17e-08 9.01e-08 2.74e-08 1.00e-07
40K 4.83e-09 8.20e-08 7.00e-09 1.13e-07 4.16e-09 1.36e-07
41Ca 3.57e-06 4.17e-06 9.55e-06 5.18e-06 5.34e-06 5.89e-06
44Ti 1.79e-03 1.37e-05 2.68e-03 1.19e-05 2.16e-04 1.16e-05
48V 1.21e-06 5.34e-08 1.21e-06 7.19e-08 1.10e-07 7.22e-08
49V 3.98e-07 2.96e-07 3.74e-07 3.69e-07 3.40e-08 4.27e-07
48Cr 3.82e-03 3.33e-04 2.59e-03 3.12e-04 7.23e-06 2.85e-04
49Cr 3.51e-05 2.38e-05 2.45e-05 2.31e-05 2.33e-07 2.15e-05
51Cr 2.61e-06 1.75e-06 1.35e-06 2.13e-06 1.04e-08 2.42e-06
51Mn 2.94e-04 6.52e-05 1.18e-04 6.28e-05 2.37e-07 5.78e-05
52Mn 9.81e-06 2.71e-06 2.06e-06 3.09e-06 9.67e-09 2.84e-06
53Mn 5.69e-06 2.75e-05 1.43e-06 3.17e-05 3.39e-08 3.27e-05
54Mn 2.66e-09 9.38e-08 9.85e-09 1.11e-07 6.18e-09 1.30e-07
52Fe 7.47e-03 7.31e-03 8.02e-04 6.75e-03 8.84e-07 5.63e-03
53Fe 1.07e-04 6.74e-04 2.14e-05 6.30e-04 3.33e-08 5.34e-04
55Fe 1.35e-06 6.10e-05 4.44e-07 7.52e-05 9.53e-08 8.62e-05
59Fe 4.29e-09 3.23e-07 9.78e-07 3.00e-06 2.50e-06 3.39e-06
60Fe 1.28e-08 2.37e-06 1.90e-06 1.06e-05 3.93e-06 1.14e-05
55Co 9.40e-04 3.80e-03 3.12e-05 3.50e-03 2.85e-07 2.82e-03
56Co 3.59e-06 1.31e-05 5.30e-07 1.33e-05 3.05e-08 1.09e-05
57Co 2.14e-06 8.08e-06 3.65e-06 9.72e-06 1.77e-06 1.09e-05
58Co 5.92e-08 6.11e-08 4.99e-07 7.83e-08 1.72e-07 9.95e-08
60Co 2.61e-08 1.36e-06 1.00e-06 2.68e-06 8.98e-07 3.28e-06
56Ni 1.49e-02 3.12e-01 6.67e-05 2.01e-01 9.94e-07 1.32e-01
57Ni 1.33e-03 5.52e-03 8.01e-06 2.58e-03 2.36e-07 1.54e-03
59Ni 1.34e-05 1.83e-05 8.62e-06 4.60e-06 9.89e-07 3.71e-06
63Ni 1.00e-08 1.22e-06 1.95e-07 2.48e-06 2.27e-07 2.75e-06
62Zn 1.59e-04 6.25e-04 1.32e-05 3.83e-05 2.39e-06 1.73e-06
65Zn 5.93e-07 7.73e-07 2.20e-07 9.29e-07 9.24e-09 1.17e-06
65Ge 3.28e-06 2.53e-07 1.21e-07 1.22e-08 1.06e-08 9.76e-10
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Table B.6: Nucleosynthetic yields (in M�) of select radioactive nuclides of Models
M09_10_r, M09_05, and M09_03.

M09_10_r M09_05 M09_03
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

14C 1.09e-11 4.62e-13 5.06e-11 3.22e-07 3.63e-08 2.20e-06
22Na 1.31e-08 4.67e-09 2.20e-08 1.35e-08 1.63e-07 1.29e-08
26Al 1.18e-07 1.59e-06 3.04e-06 6.28e-06 1.37e-05 5.87e-06
32Si 2.26e-12 1.08e-10 4.36e-12 1.68e-09 9.71e-10 4.75e-09
32P 1.62e-08 1.71e-07 1.56e-08 2.95e-07 1.20e-08 3.42e-07
33P 1.30e-08 1.39e-07 1.05e-08 2.02e-07 4.83e-09 2.46e-07
35S 3.81e-09 1.67e-07 1.39e-08 3.33e-07 9.83e-09 3.64e-07
36Cl 6.33e-08 5.35e-07 5.00e-08 7.53e-07 1.19e-08 8.56e-07
37Ar 3.58e-06 1.76e-05 9.26e-06 2.24e-05 2.98e-06 2.62e-05
39Ar 1.67e-10 6.89e-09 1.21e-09 3.23e-08 2.15e-08 5.73e-08
40K 1.31e-09 4.36e-08 6.22e-09 7.47e-08 4.92e-09 8.02e-08
41Ca 1.40e-06 3.31e-06 6.57e-06 4.18e-06 1.04e-05 4.89e-06
44Ti 8.85e-04 1.60e-05 2.03e-03 1.48e-05 7.19e-04 1.43e-05
48V 5.36e-07 4.44e-08 2.12e-06 5.58e-08 5.76e-07 6.57e-08
49V 2.43e-07 2.24e-07 5.36e-07 2.83e-07 1.35e-07 3.25e-07
48Cr 1.92e-03 3.39e-04 4.60e-03 3.66e-04 1.05e-04 3.89e-04
49Cr 2.38e-05 2.34e-05 4.66e-05 2.57e-05 3.69e-06 2.76e-05
51Cr 2.03e-06 1.39e-06 3.69e-06 1.75e-06 9.57e-08 2.04e-06
51Mn 2.55e-04 6.47e-05 3.87e-04 7.01e-05 4.98e-06 7.53e-05
52Mn 4.12e-06 2.56e-06 1.12e-05 2.96e-06 1.17e-07 3.50e-06
53Mn 3.32e-06 2.45e-05 7.97e-06 2.90e-05 8.28e-08 3.42e-05
54Mn 1.84e-09 6.70e-08 3.96e-09 8.50e-08 1.71e-08 9.77e-08
52Fe 3.98e-03 7.50e-03 5.14e-03 8.13e-03 4.12e-06 8.76e-03
53Fe 6.74e-05 6.81e-04 1.46e-04 7.40e-04 3.99e-07 7.96e-04
55Fe 8.49e-07 4.69e-05 1.41e-06 6.13e-05 1.31e-07 7.20e-05
59Fe 9.31e-10 1.83e-08 1.10e-07 9.79e-07 1.75e-06 1.74e-06
60Fe 4.99e-10 2.90e-07 2.69e-07 5.75e-06 3.55e-06 6.96e-06
55Co 3.74e-04 3.91e-03 4.11e-04 4.18e-03 4.33e-07 4.52e-03
56Co 1.25e-06 1.41e-05 3.09e-06 1.47e-05 4.91e-08 1.56e-05
57Co 1.10e-06 6.69e-06 1.96e-06 8.28e-06 2.39e-06 9.52e-06
58Co 2.23e-08 4.02e-08 1.35e-07 5.35e-08 3.60e-07 5.90e-08
60Co 1.34e-09 3.07e-07 2.60e-07 1.90e-06 2.21e-06 1.72e-06
56Ni 2.61e-02 4.77e-01 1.99e-03 3.84e-01 1.01e-06 3.30e-01
57Ni 2.47e-03 1.04e-02 1.42e-04 7.09e-03 3.20e-07 5.06e-03
59Ni 6.92e-05 4.45e-05 9.19e-06 2.51e-05 2.31e-06 1.30e-05
63Ni 5.86e-10 2.06e-07 8.28e-08 1.80e-06 2.48e-07 1.66e-06
62Zn 1.68e-04 1.89e-03 2.69e-05 9.28e-04 3.39e-06 2.85e-04
65Zn 3.13e-07 5.07e-07 4.31e-07 5.58e-07 3.13e-08 6.35e-07
65Ge 4.25e-06 8.59e-07 4.18e-07 3.64e-07 9.86e-09 6.90e-08



B.1. MODELS AT SOLAR METALLICITY 191

Table B.7: Nucleosynthetic yields (in M�) of select radioactive nuclides of Models M10_10,
M10_05, and M10_03.

M10_10 M10_05 M10_03
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

14C 3.28e-13 1.15e-15 3.94e-12 1.78e-08 7.86e-10 9.35e-08
22Na 8.03e-09 3.68e-09 5.29e-09 6.71e-09 3.05e-08 6.73e-09
26Al 6.03e-07 1.27e-10 1.13e-07 3.35e-06 5.02e-06 3.18e-06
32Si 5.03e-13 5.57e-13 2.80e-12 2.02e-10 1.10e-11 6.63e-10
32P 4.21e-09 3.04e-09 2.08e-08 2.15e-07 1.44e-08 1.66e-07
33P 1.75e-09 2.11e-09 1.68e-08 1.68e-07 8.37e-09 1.13e-07
35S 8.87e-10 1.56e-09 5.33e-09 2.49e-07 1.44e-08 1.85e-07
36Cl 8.43e-09 1.25e-08 7.85e-08 6.40e-07 3.97e-08 4.40e-07
37Ar 1.61e-06 2.17e-06 5.39e-06 1.86e-05 7.72e-06 1.66e-05
39Ar 4.68e-11 1.26e-10 2.32e-10 1.08e-08 1.90e-09 1.48e-08
40K 3.45e-10 7.03e-10 1.90e-09 6.21e-08 6.33e-09 4.22e-08
41Ca 3.86e-07 5.35e-07 2.08e-06 3.50e-06 6.35e-06 3.27e-06
44Ti 2.72e-04 1.79e-05 7.87e-04 2.10e-05 1.09e-03 1.77e-05
48V 1.65e-07 2.51e-08 5.88e-07 6.15e-08 5.47e-07 4.46e-08
49V 5.74e-08 1.04e-07 2.21e-07 2.51e-07 1.64e-07 2.11e-07
48Cr 5.54e-04 3.81e-04 2.08e-03 3.59e-04 1.66e-03 3.67e-04
49Cr 9.91e-06 2.46e-05 2.31e-05 2.43e-05 1.29e-05 2.49e-05
51Cr 4.42e-07 3.62e-07 1.13e-06 1.47e-06 5.51e-07 1.38e-06
51Mn 8.10e-05 6.70e-05 1.50e-04 6.70e-05 6.36e-05 6.85e-05
52Mn 1.25e-06 2.58e-06 4.71e-06 2.93e-06 9.90e-07 2.74e-06
53Mn 2.21e-06 1.71e-05 2.86e-06 2.58e-05 6.41e-07 2.57e-05
54Mn 8.54e-09 4.81e-09 1.61e-09 7.46e-08 5.06e-09 6.38e-08
52Fe 1.98e-03 8.66e-03 4.10e-03 7.80e-03 6.55e-04 8.11e-03
53Fe 5.80e-05 7.61e-04 6.44e-05 7.07e-04 1.30e-05 7.31e-04
55Fe 3.06e-06 8.04e-06 7.56e-07 5.00e-05 2.12e-07 4.81e-05
59Fe 3.98e-11 8.17e-11 4.98e-10 1.44e-07 2.63e-07 3.84e-07
60Fe 1.98e-12 3.90e-11 7.63e-10 1.10e-06 6.27e-07 2.72e-06
55Co 2.66e-04 4.38e-03 4.85e-04 4.03e-03 1.71e-05 4.17e-03
56Co 8.57e-07 1.60e-05 1.59e-06 1.93e-05 1.85e-07 1.61e-05
57Co 5.39e-07 1.92e-06 1.07e-06 7.34e-06 1.67e-06 7.10e-06
58Co 3.97e-09 1.67e-09 2.48e-08 5.22e-08 2.34e-07 3.46e-08
60Co 2.75e-11 8.99e-11 1.82e-09 7.75e-07 5.09e-07 9.98e-07
56Ni 3.93e-02 7.23e-01 8.23e-03 5.38e-01 5.97e-05 5.91e-01
57Ni 1.48e-03 1.70e-02 5.93e-04 1.21e-02 3.77e-06 1.33e-02
59Ni 4.28e-05 8.10e-05 6.80e-06 5.79e-05 6.23e-06 6.11e-05
63Ni 1.70e-11 1.76e-10 9.19e-10 5.27e-07 1.29e-07 9.05e-07
62Zn 9.89e-05 3.42e-03 7.65e-05 2.47e-03 4.42e-06 2.68e-03
65Zn 2.97e-08 1.25e-08 1.81e-07 7.04e-07 3.26e-07 3.02e-07
65Ge 3.24e-06 1.47e-06 1.72e-06 1.33e-06 3.98e-08 1.16e-06
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Table B.8: Nucleosynthetic yields (in M�) of select radioactive nuclides of Models M10_02 and
M11_05.

M10_02 M11_05
He det core det He det core det
[M�] [M�] [M�] [M�]

14C 9.14e-09 5.64e-07 2.64e-12 3.26e-16
22Na 8.07e-08 7.15e-09 6.13e-09 1.58e-08
26Al 6.95e-06 3.35e-06 2.23e-07 1.21e-10
32Si 2.77e-10 1.70e-09 6.21e-13 9.58e-14
32P 5.46e-09 1.99e-07 5.58e-09 6.89e-10
33P 1.87e-09 1.38e-07 2.11e-09 4.20e-10
35S 4.19e-09 2.24e-07 1.13e-09 3.73e-10
36Cl 6.06e-09 5.18e-07 1.30e-08 3.45e-09
37Ar 2.01e-06 1.85e-05 3.71e-06 1.14e-06
39Ar 8.16e-09 2.39e-08 7.60e-11 4.00e-11
40K 2.67e-09 5.00e-08 7.49e-10 2.79e-10
41Ca 4.72e-06 3.59e-06 1.13e-06 3.38e-07
44Ti 5.69e-04 1.76e-05 1.59e-04 1.74e-05
48V 3.38e-07 5.02e-08 1.28e-07 1.85e-08
49V 8.35e-08 2.37e-07 7.80e-08 7.53e-08
48Cr 2.32e-04 3.94e-04 7.39e-04 3.24e-04
49Cr 4.17e-06 2.69e-05 1.52e-05 2.03e-05
51Cr 1.25e-07 1.52e-06 3.60e-07 2.39e-07
51Mn 1.11e-05 7.39e-05 3.32e-05 5.52e-05
52Mn 1.88e-07 3.02e-06 1.01e-06 1.96e-06
53Mn 1.10e-07 2.80e-05 3.29e-06 1.26e-05
54Mn 8.39e-09 7.02e-08 1.46e-08 2.26e-09
52Fe 2.54e-05 8.80e-03 2.08e-03 7.30e-03
53Fe 1.35e-06 7.93e-04 7.43e-05 6.35e-04
55Fe 9.19e-08 5.27e-05 6.88e-06 4.48e-06
59Fe 8.76e-07 6.07e-07 1.82e-10 5.21e-11
60Fe 1.79e-06 3.30e-06 2.32e-11 2.51e-11
55Co 1.47e-06 4.52e-03 2.21e-04 3.68e-03
56Co 6.43e-08 1.67e-05 9.84e-07 1.46e-05
57Co 1.75e-06 7.51e-06 8.71e-07 1.62e-06
58Co 1.86e-07 3.86e-08 5.75e-09 7.42e-10
60Co 1.04e-06 1.03e-06 7.02e-11 5.83e-11
56Ni 1.87e-06 5.41e-01 1.20e-02 8.26e-01
57Ni 4.81e-07 1.13e-02 3.15e-04 2.10e-02
59Ni 1.54e-06 4.68e-05 3.58e-06 1.04e-04
63Ni 1.26e-07 9.72e-07 3.80e-11 1.09e-10
62Zn 2.25e-06 2.04e-03 2.39e-05 4.35e-03
65Zn 1.86e-08 3.69e-07 6.13e-09 1.43e-08
65Ge 9.83e-09 8.86e-07 8.24e-07 2.03e-06



B.2. MODELS AT 0.01Z�, 0.1Z�, AND 3Z� METALLICITY 193

B.2 Models at 0.01Z�, 0.1Z�, and 3Z� metallicity

The nucleosynthesis yields of the models included in the parameter study involving di�erent metallicities
(Chapter IV) are given in Tables B.9 to B.30 in the same way as described in Appendix B.1 (from
Gronow et al. 2021b). The abundances of stable nuclides (including radioactive isotopes with lifetimes
longer than 2Gyr) are found in Tables B.9 to B.19. Tables B.20 to B.30 list the nucleosynthetic yields of
some radioactive isotopes at t = 100 s after He detonation ignition.

Table B.9: Asymptotic nucleosynthetic yields (in M�) of Model M08_03 with 0.01, 0.1, and
3Z�.

M08_03_001 M08_03_01 M08_03_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

12C 3.43e-03 1.26e-02 3.43e-03 1.26e-02 3.33e-03 1.21e-02
13C 1.81e-09 2.42e-07 1.80e-09 2.32e-07 1.19e-09 9.05e-07
14N 6.43e-07 9.97e-06 1.73e-06 9.67e-06 3.67e-05 1.29e-05
15N 2.33e-07 2.11e-08 2.47e-07 2.06e-08 6.49e-07 2.62e-08
16O 2.51e-03 1.44e-01 2.52e-03 1.44e-01 2.83e-03 1.46e-01
17O 5.55e-08 3.48e-06 5.73e-08 3.40e-06 9.40e-08 4.32e-06
18O 2.69e-07 4.71e-08 2.93e-07 4.54e-08 1.04e-06 6.96e-08
19F 2.68e-07 6.87e-10 2.83e-07 7.22e-10 7.35e-07 4.97e-09
20Ne 1.58e-03 6.42e-03 1.58e-03 6.42e-03 1.70e-03 5.70e-03
21Ne 8.07e-07 2.38e-06 8.34e-07 2.29e-06 1.67e-06 7.77e-06
22Ne 9.42e-07 1.47e-04 1.00e-06 1.43e-04 2.60e-06 8.18e-04
23Na 1.03e-05 7.12e-05 1.03e-05 7.01e-05 1.06e-05 1.73e-04
24Mg 2.04e-03 1.26e-02 2.04e-03 1.30e-02 2.16e-03 5.77e-03
25Mg 3.46e-05 1.07e-04 3.49e-05 1.05e-04 4.90e-05 3.82e-04
26Mg 3.56e-05 1.34e-04 3.56e-05 1.31e-04 3.71e-05 5.19e-04
27Al 8.23e-05 5.28e-04 8.22e-05 5.31e-04 8.48e-05 6.76e-04
28Si 4.15e-03 2.57e-01 4.16e-03 2.57e-01 4.38e-03 2.54e-01
29Si 5.74e-05 7.62e-04 5.71e-05 7.54e-04 5.47e-05 2.56e-03
30Si 7.15e-05 1.06e-03 7.14e-05 1.05e-03 7.29e-05 5.61e-03
31P 6.62e-05 5.29e-04 6.62e-05 5.22e-04 6.89e-05 1.46e-03
32S 2.34e-03 1.45e-01 2.35e-03 1.45e-01 2.59e-03 1.23e-01
33S 1.33e-05 4.07e-04 1.33e-05 4.01e-04 1.58e-05 7.46e-04
34S 1.14e-05 2.10e-03 1.14e-05 2.05e-03 1.32e-05 9.81e-03
36S 6.46e-10 6.35e-08 3.18e-09 6.99e-08 3.24e-08 6.19e-06
35Cl 4.61e-05 1.31e-04 4.63e-05 1.28e-04 5.50e-05 3.45e-04
37Cl 6.60e-07 2.79e-05 6.76e-07 2.73e-05 1.22e-06 5.40e-05
36Ar 1.06e-03 2.53e-02 1.07e-03 2.52e-02 1.23e-03 1.81e-02
38Ar 2.00e-06 8.73e-04 2.05e-06 8.44e-04 3.66e-06 3.96e-03
40Ar 4.72e-10 6.21e-09 4.13e-09 1.03e-08 3.25e-08 5.95e-07
39K 9.16e-05 6.68e-05 9.23e-05 6.53e-05 1.20e-04 1.48e-04
41K 5.60e-06 4.64e-06 5.56e-06 4.54e-06 4.82e-06 8.14e-06
40Ca 3.13e-03 2.15e-02 3.13e-03 2.15e-02 3.03e-03 1.46e-02
42Ca 6.36e-06 2.25e-05 6.42e-06 2.16e-05 8.27e-06 9.31e-05
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Table B.9 continued.

M08_03_001 M08_03_01 M08_03_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

43Ca 1.78e-05 7.20e-08 1.79e-05 7.15e-08 2.00e-05 5.33e-07
44Ca 2.26e-04 1.30e-05 2.25e-04 1.30e-05 1.91e-04 1.01e-05
46Ca 1.56e-10 2.64e-10 1.50e-09 2.35e-09 1.23e-08 2.82e-07
48Ca 2.86e-11 3.09e-11 2.73e-10 3.00e-10 5.21e-09 2.60e-08
45Sc 1.13e-06 2.23e-07 1.13e-06 2.23e-07 9.56e-07 7.69e-07
46Ti 9.30e-07 8.28e-06 9.34e-07 7.99e-06 1.07e-06 3.04e-05
47Ti 7.18e-06 3.23e-07 7.14e-06 3.17e-07 5.88e-06 1.80e-06
48Ti 8.33e-06 3.21e-04 8.23e-06 3.22e-04 6.14e-06 2.17e-04
49Ti 2.86e-07 1.87e-05 2.83e-07 1.86e-05 2.20e-07 2.56e-05
50Ti 1.25e-10 7.16e-10 1.28e-09 4.64e-09 4.33e-08 7.48e-07
50V 1.28e-10 4.15e-09 1.77e-10 5.15e-09 3.84e-09 1.98e-07
51V 2.57e-07 4.51e-05 2.56e-07 4.46e-05 2.47e-07 9.21e-05
50Cr 1.30e-07 1.39e-04 1.30e-07 1.37e-04 1.29e-07 6.93e-04
52Cr 8.65e-07 6.20e-03 8.78e-07 6.21e-03 1.35e-06 4.87e-03
53Cr 2.90e-08 4.66e-04 3.19e-08 4.62e-04 1.55e-07 8.24e-04
54Cr 2.74e-10 2.17e-08 2.82e-09 3.62e-08 1.19e-07 1.42e-06
55Mn 1.09e-07 2.19e-03 1.28e-07 2.17e-03 8.88e-07 4.61e-03
54Fe 2.20e-08 1.34e-02 7.53e-08 1.31e-02 1.87e-06 5.41e-02
56Fe 8.98e-07 1.40e-01 1.75e-06 1.40e-01 3.40e-05 1.17e-01
57Fe 9.69e-08 1.22e-03 2.00e-07 1.22e-03 6.39e-06 2.21e-03
58Fe 8.95e-09 3.13e-08 9.77e-08 2.65e-07 7.06e-06 9.47e-06
59Co 3.05e-08 1.21e-06 2.12e-07 1.57e-06 8.03e-06 2.77e-05
58Ni 4.26e-08 1.15e-03 1.89e-07 1.13e-03 9.23e-06 4.60e-03
60Ni 1.17e-07 8.42e-06 5.49e-07 1.37e-05 6.29e-06 2.15e-04
61Ni 3.38e-08 2.36e-07 2.13e-07 7.28e-07 2.13e-06 2.60e-05
62Ni 4.93e-08 1.36e-06 3.73e-07 4.28e-06 2.71e-06 1.43e-04
64Ni 1.13e-09 1.29e-08 1.16e-08 1.25e-07 2.08e-07 1.17e-05
63Cu 7.17e-09 4.58e-08 4.31e-08 4.49e-07 5.17e-07 1.06e-05
64Zn 1.08e-08 9.90e-08 2.24e-08 7.80e-07 1.27e-07 2.13e-06
66Zn 4.87e-09 2.01e-07 3.44e-08 1.78e-06 1.91e-07 1.94e-05
67Zn 8.20e-10 2.89e-09 6.37e-09 2.79e-08 2.46e-08 1.70e-06
68Zn 7.00e-10 1.00e-08 5.59e-09 9.69e-08 3.67e-08 3.47e-06
70Zn 6.84e-12 9.76e-11 7.75e-11 9.44e-10 7.45e-09 7.57e-08
69Ga 7.03e-11 5.99e-09 6.65e-10 5.83e-08 1.43e-08 5.47e-07
71Ga 3.99e-11 7.92e-10 4.02e-10 7.54e-09 9.63e-09 2.25e-07
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Table B.10: Asymptotic nucleosynthetic yields (in M�) of Model M08_05 with 0.01, 0.1, and
3Z�.

M08_05_001 M08_05_01 M08_05_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

12C 2.34e-03 7.55e-03 2.33e-03 7.55e-03 2.27e-03 7.25e-03
13C 5.16e-10 7.76e-08 5.15e-10 7.40e-08 3.61e-10 4.36e-07
14N 3.44e-07 6.82e-06 1.42e-06 6.57e-06 3.62e-05 1.08e-05
15N 3.46e-08 1.49e-08 3.62e-08 1.45e-08 9.03e-08 1.95e-08
16O 6.07e-03 1.16e-01 6.10e-03 1.16e-01 6.61e-03 1.18e-01
17O 2.19e-08 1.67e-06 2.35e-08 1.62e-06 6.59e-08 2.37e-06
18O 3.67e-08 2.99e-08 4.63e-08 2.88e-08 3.53e-07 4.39e-08
19F 2.08e-08 4.93e-10 2.19e-08 4.75e-10 5.84e-08 1.52e-09
20Ne 3.05e-03 5.39e-03 3.05e-03 5.39e-03 3.07e-03 4.75e-03
21Ne 2.30e-07 2.02e-06 2.32e-07 1.93e-06 3.14e-07 7.43e-06
22Ne 1.66e-07 3.39e-05 1.89e-07 3.26e-05 8.76e-07 3.07e-04
23Na 1.65e-05 5.54e-05 1.65e-05 5.44e-05 1.63e-05 1.49e-04
24Mg 4.17e-03 1.00e-02 4.18e-03 1.03e-02 4.27e-03 4.54e-03
25Mg 2.25e-05 8.73e-05 2.25e-05 8.56e-05 2.67e-05 3.33e-04
26Mg 3.82e-05 1.21e-04 3.81e-05 1.18e-04 3.76e-05 4.75e-04
27Al 1.47e-04 4.19e-04 1.47e-04 4.21e-04 1.51e-04 5.37e-04
28Si 9.24e-03 2.28e-01 9.24e-03 2.28e-01 9.41e-03 2.26e-01
29Si 1.15e-04 6.29e-04 1.14e-04 6.23e-04 1.13e-04 2.07e-03
30Si 1.05e-04 8.54e-04 1.05e-04 8.45e-04 1.10e-04 4.51e-03
31P 8.62e-05 4.32e-04 8.63e-05 4.26e-04 9.14e-05 1.19e-03
32S 4.69e-03 1.31e-01 4.69e-03 1.31e-01 4.81e-03 1.11e-01
33S 5.55e-05 3.34e-04 5.53e-05 3.30e-04 5.46e-05 6.19e-04
34S 2.75e-05 1.78e-03 2.73e-05 1.73e-03 2.76e-05 8.29e-03
36S 1.98e-09 5.30e-08 3.22e-09 5.93e-08 1.93e-08 5.06e-06
35Cl 4.36e-05 1.11e-04 4.38e-05 1.08e-04 5.49e-05 2.89e-04
37Cl 1.03e-05 2.40e-05 1.03e-05 2.35e-05 1.04e-05 4.66e-05
36Ar 2.09e-03 2.34e-02 2.10e-03 2.34e-02 2.16e-03 1.69e-02
38Ar 1.29e-05 7.54e-04 1.30e-05 7.30e-04 1.71e-05 3.43e-03
40Ar 5.12e-10 5.24e-09 2.08e-09 9.26e-09 1.60e-08 5.27e-07
39K 1.07e-04 5.86e-05 1.09e-04 5.73e-05 1.66e-04 1.30e-04
41K 9.15e-06 4.08e-06 9.15e-06 3.99e-06 1.06e-05 7.17e-06
40Ca 7.85e-03 2.04e-02 7.86e-03 2.04e-02 8.47e-03 1.41e-02
42Ca 4.36e-06 1.95e-05 4.44e-06 1.87e-05 8.01e-06 8.10e-05
43Ca 1.93e-05 6.43e-08 1.93e-05 6.41e-08 2.31e-05 4.50e-07
44Ca 2.57e-03 1.33e-05 2.58e-03 1.33e-05 2.87e-03 1.02e-05
46Ca 6.73e-11 2.55e-10 6.49e-10 2.29e-09 6.20e-09 2.48e-07
48Ca 1.40e-11 1.95e-11 1.35e-10 1.85e-10 2.87e-09 2.16e-08
45Sc 4.73e-06 2.01e-07 4.78e-06 2.00e-07 7.28e-06 6.66e-07
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Table B.10 continued.

M08_05_001 M08_05_01 M08_05_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

46Ti 2.65e-06 7.26e-06 2.69e-06 7.01e-06 4.32e-06 2.68e-05
47Ti 6.88e-05 3.01e-07 6.94e-05 2.96e-07 9.45e-05 1.56e-06
48Ti 2.67e-03 3.48e-04 2.66e-03 3.49e-04 2.43e-03 2.40e-04
49Ti 2.03e-05 1.98e-05 2.05e-05 1.97e-05 2.83e-05 2.79e-05
50Ti 5.56e-11 6.15e-10 5.66e-10 2.79e-09 2.04e-08 5.87e-07
50V 4.16e-11 3.44e-09 1.77e-10 4.28e-09 3.41e-09 1.55e-07
51V 1.12e-04 4.83e-05 1.12e-04 4.78e-05 1.17e-04 9.96e-05
50Cr 7.60e-06 1.33e-04 7.69e-06 1.31e-04 1.12e-05 6.63e-04
52Cr 8.92e-04 7.37e-03 8.84e-04 7.39e-03 6.40e-04 5.77e-03
53Cr 2.00e-05 5.39e-04 2.01e-05 5.35e-04 2.20e-05 9.48e-04
54Cr 2.18e-10 1.96e-08 1.52e-09 2.51e-08 6.56e-08 1.19e-06
55Mn 3.04e-05 2.65e-03 3.04e-05 2.63e-03 2.76e-05 5.77e-03
54Fe 8.74e-06 1.37e-02 8.81e-06 1.35e-02 1.07e-05 5.72e-02
56Fe 7.54e-05 2.10e-01 7.51e-05 2.10e-01 7.40e-05 1.79e-01
57Fe 6.53e-06 2.04e-03 6.71e-06 2.02e-03 1.57e-05 3.73e-03
58Fe 6.06e-09 2.48e-08 6.49e-08 1.95e-07 5.09e-06 7.55e-06
59Co 8.19e-07 9.85e-06 1.33e-06 1.01e-05 2.39e-05 3.28e-05
58Ni 2.64e-06 1.81e-03 3.03e-06 1.78e-03 3.25e-05 7.82e-03
60Ni 1.39e-06 1.49e-04 2.41e-06 1.54e-04 2.17e-05 2.39e-04
61Ni 5.72e-07 4.44e-06 9.83e-07 4.84e-06 8.73e-06 2.41e-05
62Ni 6.61e-07 2.57e-05 1.58e-06 2.77e-05 1.57e-05 1.67e-04
64Ni 1.44e-09 1.09e-08 1.43e-08 1.06e-07 2.57e-07 9.25e-06
63Cu 5.06e-08 4.72e-08 2.14e-07 3.82e-07 2.53e-06 8.72e-06
64Zn 1.31e-07 3.96e-07 2.48e-07 9.31e-07 2.35e-06 1.80e-06
66Zn 8.59e-08 4.94e-07 2.42e-07 1.76e-06 1.97e-06 1.63e-05
67Zn 2.72e-08 2.72e-09 8.30e-08 2.46e-08 7.25e-07 1.37e-06
68Zn 3.58e-08 8.24e-09 1.20e-07 7.91e-08 6.68e-07 2.77e-06
70Zn 7.38e-12 8.42e-11 7.73e-11 8.14e-10 5.30e-09 6.08e-08
69Ga 2.87e-09 5.06e-09 1.05e-08 4.93e-08 6.18e-08 4.48e-07
71Ga 5.64e-10 6.97e-10 2.62e-09 6.65e-09 2.24e-08 1.82e-07
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Table B.11: Asymptotic nucleosynthetic yields (in M�) of Model M08_10_r with 0.01, 0.1, and
3Z�.

M08_10_r_001 M08_10_r_01 M08_10_r_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

12C 1.18e-04 1.07e-03 1.17e-04 1.07e-03 1.17e-04 1.04e-03
13C 7.87e-11 6.23e-11 7.69e-11 5.96e-11 4.72e-11 7.91e-10
14N 1.62e-07 1.02e-08 1.22e-06 8.98e-09 3.53e-05 1.02e-07
15N 1.00e-08 1.14e-09 1.05e-08 1.36e-09 2.70e-08 4.79e-10
16O 9.09e-03 8.03e-02 9.10e-03 8.02e-02 9.60e-03 8.17e-02
17O 1.86e-10 2.94e-09 1.58e-09 2.79e-09 4.65e-08 2.67e-08
18O 8.37e-09 1.50e-10 1.62e-08 1.44e-10 2.67e-07 1.02e-09
19F 4.11e-09 1.21e-11 4.42e-09 1.20e-11 1.41e-08 7.68e-11
20Ne 1.56e-04 2.93e-03 1.55e-04 2.93e-03 1.60e-04 2.67e-03
21Ne 1.51e-08 7.23e-08 1.65e-08 6.98e-08 6.13e-08 6.82e-07
22Ne 1.21e-08 2.04e-08 3.11e-08 1.97e-08 6.44e-07 6.34e-07
23Na 1.45e-06 1.36e-05 1.45e-06 1.36e-05 1.62e-06 2.86e-05
24Mg 3.05e-03 7.07e-03 3.09e-03 7.26e-03 3.20e-03 3.22e-03
25Mg 2.23e-06 1.99e-05 2.29e-06 1.94e-05 3.38e-06 9.07e-05
26Mg 2.20e-06 3.30e-05 2.22e-06 3.22e-05 3.31e-06 1.41e-04
27Al 7.63e-05 2.83e-04 7.71e-05 2.84e-04 7.98e-05 3.55e-04
28Si 1.28e-02 1.91e-01 1.28e-02 1.91e-01 1.30e-02 1.90e-01
29Si 8.93e-05 4.17e-04 8.96e-05 4.13e-04 9.29e-05 1.42e-03
30Si 1.02e-04 6.09e-04 1.03e-04 6.02e-04 1.10e-04 3.28e-03
31P 7.62e-05 3.17e-04 7.61e-05 3.13e-04 7.81e-05 8.81e-04
32S 5.58e-03 1.13e-01 5.56e-03 1.13e-01 5.59e-03 9.62e-02
33S 7.76e-05 2.51e-04 7.71e-05 2.48e-04 7.67e-05 4.72e-04
34S 1.31e-04 1.33e-03 1.31e-04 1.30e-03 1.35e-04 6.24e-03
36S 3.73e-09 3.36e-08 3.78e-09 3.25e-08 5.07e-09 3.29e-06
35Cl 3.14e-05 8.59e-05 3.13e-05 8.35e-05 3.61e-05 2.29e-04
37Cl 7.89e-06 1.88e-05 7.84e-06 1.84e-05 8.15e-06 3.65e-05
36Ar 1.82e-03 2.10e-02 1.82e-03 2.10e-02 1.84e-03 1.55e-02
38Ar 3.92e-05 5.76e-04 3.90e-05 5.57e-04 4.52e-05 2.64e-03
40Ar 5.79e-10 3.76e-09 5.79e-10 3.78e-09 9.88e-10 2.07e-07
39K 7.96e-05 4.67e-05 8.02e-05 4.56e-05 1.04e-04 1.04e-04
41K 3.21e-06 3.27e-06 3.21e-06 3.21e-06 4.16e-06 5.72e-06
40Ca 6.22e-03 1.91e-02 6.22e-03 1.91e-02 6.34e-03 1.36e-02
42Ca 6.48e-06 1.50e-05 6.52e-06 1.44e-05 9.41e-06 6.28e-05
43Ca 2.98e-05 1.39e-07 2.98e-05 1.38e-07 3.01e-05 3.13e-07
44Ca 1.78e-03 1.52e-05 1.78e-03 1.52e-05 1.83e-03 1.10e-05
46Ca 1.08e-12 5.56e-11 3.99e-12 3.29e-10 5.82e-11 9.89e-08
48Ca 6.43e-12 1.58e-12 6.44e-11 1.12e-11 1.94e-09 4.61e-09
45Sc 3.73e-06 1.73e-07 3.75e-06 1.70e-07 4.99e-06 4.48e-07
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Table B.11 continued.

M08_10_r_001 M08_10_r_01 M08_10_r_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

46Ti 7.92e-06 5.71e-06 7.88e-06 5.51e-06 7.62e-06 2.14e-05
47Ti 6.90e-05 4.01e-07 6.90e-05 3.95e-07 7.23e-05 1.28e-06
48Ti 3.78e-03 3.68e-04 3.79e-03 3.69e-04 3.92e-03 2.58e-04
49Ti 3.06e-05 2.01e-05 3.09e-05 2.00e-05 4.20e-05 2.92e-05
50Ti 2.10e-11 8.20e-09 1.03e-10 1.51e-07 2.48e-09 4.25e-07
50V 2.60e-10 2.91e-09 2.80e-10 3.23e-09 1.26e-09 1.14e-07
51V 2.92e-04 4.96e-05 2.92e-04 4.91e-05 3.11e-04 1.03e-04
50Cr 4.27e-05 1.21e-04 4.23e-05 1.19e-04 3.49e-05 6.06e-04
52Cr 7.36e-03 7.93e-03 7.37e-03 7.94e-03 7.90e-03 6.23e-03
53Cr 9.66e-05 5.68e-04 9.77e-05 5.65e-04 1.36e-04 9.99e-04
54Cr 3.27e-10 3.32e-08 6.48e-10 1.94e-07 9.85e-09 8.86e-07
55Mn 9.20e-04 2.83e-03 9.22e-04 2.81e-03 9.72e-04 6.29e-03
54Fe 6.25e-05 1.30e-02 6.32e-05 1.28e-02 8.74e-05 5.57e-02
56Fe 1.49e-02 3.24e-01 1.49e-02 3.24e-01 1.49e-02 2.79e-01
57Fe 1.29e-03 4.50e-03 1.29e-03 4.47e-03 1.31e-03 7.84e-03
58Fe 1.03e-09 1.76e-08 8.95e-09 1.18e-07 2.79e-07 2.70e-06
59Co 4.16e-05 1.00e-04 4.18e-05 9.93e-05 5.33e-05 1.80e-04
58Ni 1.74e-04 4.15e-03 1.76e-04 4.07e-03 2.47e-04 2.04e-02
60Ni 1.59e-03 2.17e-03 1.59e-03 2.18e-03 1.57e-03 1.35e-03
61Ni 2.97e-04 6.96e-05 2.97e-04 6.96e-05 2.86e-04 8.84e-05
62Ni 1.24e-04 3.90e-04 1.26e-04 3.86e-04 1.80e-04 1.20e-03
64Ni 3.95e-10 7.29e-09 3.78e-09 7.00e-08 8.19e-08 6.80e-06
63Cu 5.67e-06 1.74e-07 5.72e-06 3.85e-07 6.82e-06 6.42e-06
64Zn 1.43e-04 6.61e-06 1.42e-04 7.06e-06 1.13e-04 3.78e-06
66Zn 1.56e-05 7.05e-06 1.61e-05 7.90e-06 2.39e-05 2.68e-05
67Zn 1.34e-06 5.95e-09 1.50e-06 2.27e-08 4.03e-06 1.06e-06
68Zn 8.78e-07 7.59e-09 1.37e-06 6.14e-08 4.36e-06 2.11e-06
70Zn 1.60e-12 5.33e-11 1.55e-11 5.05e-10 3.57e-10 4.68e-08
69Ga 5.31e-08 4.05e-09 1.03e-07 3.96e-08 3.10e-07 3.37e-07
71Ga 3.32e-09 6.53e-10 8.27e-09 6.24e-09 2.68e-08 1.45e-07
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Table B.12: Asymptotic nucleosynthetic yields (in M�) of Model M09_03 with 0.01, 0.1, and
3Z�.

M09_03_001 M09_03_01 M09_03_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

12C 3.52e-03 4.94e-03 3.51e-03 4.94e-03 3.42e-03 4.74e-03
13C 1.07e-09 6.50e-08 1.07e-09 6.18e-08 7.16e-10 3.37e-07
14N 3.59e-07 3.81e-06 1.42e-06 3.67e-06 3.57e-05 5.32e-06
15N 5.76e-08 8.09e-09 6.03e-08 7.90e-09 1.50e-07 1.03e-08
16O 3.78e-03 9.17e-02 3.79e-03 9.15e-02 4.17e-03 9.31e-02
17O 3.34e-08 1.01e-06 3.49e-08 9.85e-07 7.45e-08 1.30e-06
18O 5.35e-08 1.55e-08 6.39e-08 1.49e-08 3.99e-07 2.23e-08
19F 4.24e-08 3.01e-10 4.46e-08 2.90e-10 1.17e-07 1.05e-09
20Ne 2.81e-03 3.43e-03 2.81e-03 3.43e-03 2.91e-03 3.02e-03
21Ne 3.60e-07 1.25e-06 3.64e-07 1.19e-06 4.97e-07 4.64e-06
22Ne 3.02e-07 2.56e-05 3.28e-07 2.47e-05 1.09e-06 2.05e-04
23Na 1.92e-05 3.40e-05 1.92e-05 3.34e-05 1.90e-05 9.11e-05
24Mg 3.12e-03 7.17e-03 3.12e-03 7.37e-03 3.23e-03 3.19e-03
25Mg 3.09e-05 5.32e-05 3.10e-05 5.22e-05 3.80e-05 2.06e-04
26Mg 4.71e-05 7.52e-05 4.70e-05 7.34e-05 4.58e-05 3.05e-04
27Al 1.14e-04 2.84e-04 1.14e-04 2.85e-04 1.15e-04 3.62e-04
28Si 5.76e-03 2.20e-01 5.77e-03 2.20e-01 5.88e-03 2.19e-01
29Si 8.69e-05 4.69e-04 8.65e-05 4.65e-04 8.20e-05 1.47e-03
30Si 8.52e-05 6.45e-04 8.51e-05 6.38e-04 8.51e-05 3.41e-03
31P 7.16e-05 3.37e-04 7.16e-05 3.32e-04 7.29e-05 9.23e-04
32S 2.74e-03 1.31e-01 2.74e-03 1.31e-01 2.88e-03 1.11e-01
33S 2.41e-05 2.67e-04 2.40e-05 2.64e-04 2.39e-05 5.13e-04
34S 1.29e-05 1.54e-03 1.29e-05 1.50e-03 1.36e-05 7.20e-03
36S 1.15e-09 3.94e-08 3.30e-09 4.32e-08 2.87e-08 3.40e-06
35Cl 3.86e-05 9.08e-05 3.88e-05 8.84e-05 4.64e-05 2.36e-04
37Cl 3.00e-06 2.14e-05 3.00e-06 2.10e-05 3.15e-06 4.22e-05
36Ar 1.10e-03 2.44e-02 1.11e-03 2.44e-02 1.21e-03 1.80e-02
38Ar 3.39e-06 6.85e-04 3.43e-06 6.64e-04 5.14e-06 3.17e-03
40Ar 4.34e-10 3.89e-09 3.34e-09 6.44e-09 2.66e-08 3.48e-07
39K 6.89e-05 5.42e-05 6.96e-05 5.30e-05 9.54e-05 1.22e-04
41K 1.04e-05 3.82e-06 1.03e-05 3.75e-06 1.10e-05 6.80e-06
40Ca 3.95e-03 2.23e-02 3.95e-03 2.23e-02 4.07e-03 1.59e-02
42Ca 3.92e-06 1.75e-05 4.00e-06 1.68e-05 7.15e-06 7.50e-05
43Ca 8.68e-06 6.57e-08 8.78e-06 6.51e-08 1.39e-05 3.38e-07
44Ca 7.50e-04 1.58e-05 7.47e-04 1.58e-05 6.50e-04 1.19e-05
46Ca 1.20e-10 1.74e-10 1.15e-09 1.54e-09 1.01e-08 1.64e-07
48Ca 2.09e-11 1.32e-11 1.99e-10 1.25e-10 3.60e-09 1.48e-08
45Sc 4.60e-06 1.92e-07 4.63e-06 1.91e-07 5.30e-06 5.30e-07
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Table B.12 continued.

M09_03_001 M09_03_01 M09_03_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

46Ti 2.23e-06 6.73e-06 2.25e-06 6.51e-06 3.17e-06 2.53e-05
47Ti 4.07e-05 3.13e-07 4.07e-05 3.08e-07 4.13e-05 1.38e-06
48Ti 1.26e-04 4.29e-04 1.24e-04 4.30e-04 7.52e-05 3.02e-04
49Ti 3.70e-06 2.34e-05 3.69e-06 2.32e-05 3.17e-06 3.39e-05
50Ti 1.07e-10 7.98e-10 1.09e-09 1.98e-09 3.77e-08 3.97e-07
50V 3.04e-10 2.57e-09 3.74e-10 3.13e-09 4.33e-09 1.08e-07
51V 5.48e-06 5.72e-05 5.42e-06 5.67e-05 3.74e-06 1.19e-04
50Cr 1.37e-06 1.41e-04 1.37e-06 1.38e-04 1.34e-06 7.01e-04
52Cr 5.26e-06 9.50e-03 5.17e-06 9.51e-03 3.14e-06 7.45e-03
53Cr 4.67e-07 6.72e-04 4.65e-07 6.67e-04 4.37e-07 1.18e-03
54Cr 3.18e-10 2.14e-08 2.99e-09 2.24e-08 1.25e-07 1.01e-06
55Mn 2.61e-07 3.37e-03 2.76e-07 3.34e-03 9.72e-07 7.50e-03
54Fe 1.53e-07 1.55e-02 1.88e-07 1.52e-02 1.45e-06 6.63e-02
56Fe 8.12e-07 3.43e-01 1.38e-06 3.43e-01 2.62e-05 2.95e-01
57Fe 1.09e-07 4.05e-03 2.14e-07 4.02e-03 7.64e-06 7.28e-03
58Fe 1.13e-08 2.32e-08 1.23e-07 1.19e-07 8.69e-06 4.88e-06
59Co 4.38e-08 5.84e-05 3.01e-07 5.81e-05 1.19e-05 9.69e-05
58Ni 4.99e-08 3.78e-03 2.37e-07 3.71e-03 1.28e-05 1.77e-02
60Ni 1.35e-07 1.04e-03 7.78e-07 1.05e-03 9.88e-06 5.98e-04
61Ni 3.92e-08 3.14e-05 2.69e-07 3.16e-05 2.54e-06 4.02e-05
62Ni 5.63e-08 1.84e-04 4.65e-07 1.83e-04 3.87e-06 4.98e-04
64Ni 1.54e-09 7.28e-09 1.57e-08 7.06e-08 2.79e-07 6.07e-06
63Cu 8.89e-09 8.71e-08 7.59e-08 3.12e-07 8.26e-07 5.90e-06
64Zn 1.85e-08 2.15e-06 4.00e-08 2.54e-06 2.35e-07 1.79e-06
66Zn 6.70e-09 2.45e-06 4.80e-08 3.34e-06 2.77e-07 1.49e-05
67Zn 1.15e-09 2.93e-09 9.15e-09 1.83e-08 4.25e-08 8.87e-07
68Zn 1.10e-09 5.97e-09 8.89e-09 5.40e-08 5.31e-08 1.88e-06
70Zn 8.56e-12 5.68e-11 9.59e-11 5.51e-10 9.23e-09 3.93e-08
69Ga 1.03e-10 3.47e-09 9.17e-10 3.39e-08 1.85e-08 3.09e-07
71Ga 6.12e-11 4.95e-10 6.04e-10 4.74e-09 1.09e-08 1.23e-07
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Table B.13: Asymptotic nucleosynthetic yields (in M�) of Model M09_05 with 0.01, 0.1, and
3Z�.

M09_05_001 M09_05_01 M09_05_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

12C 4.37e-04 2.67e-03 4.36e-04 2.66e-03 4.29e-04 2.58e-03
13C 2.49e-11 3.02e-09 2.40e-11 2.83e-09 1.87e-11 3.17e-08
14N 1.66e-07 4.48e-07 1.23e-06 4.26e-07 3.54e-05 1.70e-06
15N 1.00e-08 2.92e-09 1.06e-08 2.93e-09 2.67e-08 4.12e-09
16O 7.12e-03 7.73e-02 7.14e-03 7.71e-02 7.61e-03 7.86e-02
17O 6.28e-10 9.49e-08 2.03e-09 9.06e-08 4.70e-08 2.48e-07
18O 7.88e-09 2.76e-09 1.57e-08 2.65e-09 2.67e-07 9.41e-09
19F 5.20e-09 7.40e-11 5.58e-09 7.09e-11 1.71e-08 3.94e-10
20Ne 1.05e-03 3.65e-03 1.04e-03 3.65e-03 1.03e-03 3.26e-03
21Ne 2.89e-08 3.53e-07 3.03e-08 3.33e-07 7.42e-08 2.49e-06
22Ne 1.88e-08 9.32e-07 3.82e-08 8.74e-07 6.58e-07 2.48e-05
23Na 5.44e-06 2.20e-05 5.41e-06 2.17e-05 5.55e-06 5.77e-05
24Mg 3.19e-03 6.48e-03 3.20e-03 6.66e-03 3.28e-03 2.89e-03
25Mg 6.19e-06 3.29e-05 6.24e-06 3.21e-05 7.53e-06 1.58e-04
26Mg 1.00e-05 5.66e-05 1.00e-05 5.51e-05 1.10e-05 2.68e-04
27Al 1.08e-04 2.58e-04 1.08e-04 2.59e-04 1.12e-04 3.32e-04
28Si 9.96e-03 1.91e-01 9.97e-03 1.91e-01 1.01e-02 1.90e-01
29Si 9.01e-05 4.23e-04 9.00e-05 4.19e-04 9.22e-05 1.38e-03
30Si 9.47e-05 5.68e-04 9.49e-05 5.62e-04 1.00e-04 2.96e-03
31P 8.31e-05 2.93e-04 8.31e-05 2.89e-04 8.59e-05 8.01e-04
32S 4.46e-03 1.14e-01 4.46e-03 1.14e-01 4.49e-03 9.72e-02
33S 6.94e-05 2.28e-04 6.92e-05 2.24e-04 6.91e-05 4.37e-04
34S 5.41e-05 1.30e-03 5.41e-05 1.27e-03 5.88e-05 6.11e-03
36S 2.52e-09 3.43e-08 2.55e-09 3.49e-08 4.77e-09 3.12e-06
35Cl 3.74e-05 8.04e-05 3.74e-05 7.83e-05 4.21e-05 2.09e-04
37Cl 9.44e-06 1.82e-05 9.41e-06 1.78e-05 9.55e-06 3.61e-05
36Ar 1.53e-03 2.15e-02 1.53e-03 2.15e-02 1.56e-03 1.60e-02
38Ar 2.13e-05 5.80e-04 2.14e-05 5.62e-04 2.67e-05 2.69e-03
40Ar 6.19e-10 3.38e-09 7.13e-10 4.48e-09 2.21e-09 2.99e-07
39K 8.48e-05 4.65e-05 8.54e-05 4.55e-05 1.07e-04 1.05e-04
41K 6.35e-06 3.26e-06 6.35e-06 3.20e-06 7.10e-06 5.83e-06
40Ca 5.08e-03 1.99e-02 5.08e-03 1.99e-02 5.22e-03 1.44e-02
42Ca 7.13e-06 1.48e-05 7.19e-06 1.42e-05 1.01e-05 6.38e-05
43Ca 2.44e-05 1.50e-07 2.43e-05 1.49e-07 2.49e-05 3.22e-07
44Ca 1.99e-03 1.65e-05 2.00e-03 1.66e-05 2.13e-03 1.18e-05
46Ca 6.66e-12 1.08e-10 5.97e-11 9.20e-10 6.68e-10 1.58e-07
48Ca 6.87e-12 4.52e-12 6.85e-11 4.15e-11 2.00e-09 1.20e-08
45Sc 4.00e-06 1.68e-07 4.02e-06 1.67e-07 5.34e-06 4.76e-07
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Table B.13 continued.

M09_05_001 M09_05_01 M09_05_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

46Ti 3.56e-06 5.70e-06 3.60e-06 5.51e-06 5.23e-06 2.16e-05
47Ti 5.47e-05 4.25e-07 5.50e-05 4.21e-07 6.80e-05 1.30e-06
48Ti 4.48e-03 4.03e-04 4.49e-03 4.04e-04 4.97e-03 2.86e-04
49Ti 4.11e-05 2.16e-05 4.14e-05 2.15e-05 5.48e-05 3.19e-05
50Ti 1.92e-11 3.30e-10 1.53e-10 1.32e-09 4.80e-09 3.44e-07
50V 1.25e-10 2.16e-09 2.15e-10 2.76e-09 2.43e-09 9.38e-08
51V 3.73e-04 5.30e-05 3.74e-04 5.25e-05 4.23e-04 1.11e-04
50Cr 1.83e-05 1.25e-04 1.85e-05 1.22e-04 2.49e-05 6.20e-04
52Cr 5.09e-03 8.80e-03 5.10e-03 8.81e-03 5.27e-03 6.91e-03
53Cr 1.36e-04 6.21e-04 1.37e-04 6.17e-04 1.72e-04 1.09e-03
54Cr 2.85e-10 1.61e-08 7.55e-10 1.86e-08 1.84e-08 8.47e-07
55Mn 4.12e-04 3.10e-03 4.12e-04 3.07e-03 3.95e-04 6.94e-03
54Fe 8.26e-05 1.38e-02 8.31e-05 1.35e-02 9.72e-05 5.93e-02
56Fe 2.13e-03 3.98e-01 2.12e-03 3.98e-01 1.72e-03 3.45e-01
57Fe 1.38e-04 5.79e-03 1.38e-04 5.76e-03 1.31e-04 1.01e-02
58Fe 1.67e-09 1.16e-08 1.52e-08 7.01e-08 1.05e-06 3.01e-06
59Co 1.22e-05 1.45e-04 1.25e-05 1.44e-04 2.37e-05 2.55e-04
58Ni 7.34e-05 5.47e-03 7.42e-05 5.36e-03 1.12e-04 2.72e-02
60Ni 7.56e-05 3.21e-03 7.56e-05 3.22e-03 6.70e-05 1.89e-03
61Ni 1.00e-05 1.01e-04 1.01e-05 1.01e-04 1.27e-05 1.19e-04
62Ni 1.30e-05 5.82e-04 1.37e-05 5.75e-04 3.05e-05 1.70e-03
64Ni 1.17e-09 7.32e-09 1.12e-08 7.10e-08 2.05e-07 5.24e-06
63Cu 5.36e-07 2.40e-07 6.37e-07 4.51e-07 3.07e-06 6.80e-06
64Zn 1.48e-06 9.50e-06 1.66e-06 9.89e-06 4.52e-06 4.26e-06
66Zn 9.24e-07 1.04e-05 1.21e-06 1.10e-05 6.33e-06 3.04e-05
67Zn 2.57e-07 7.43e-09 3.69e-07 2.34e-08 2.21e-06 8.20e-07
68Zn 3.75e-07 6.68e-09 6.45e-07 4.70e-08 2.59e-06 1.54e-06
70Zn 6.03e-12 6.02e-11 5.60e-11 5.82e-10 1.73e-09 3.47e-08
69Ga 3.35e-08 2.96e-09 6.63e-08 2.90e-08 2.23e-07 2.67e-07
71Ga 2.83e-09 4.88e-10 7.19e-09 4.69e-09 3.17e-08 1.02e-07
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Table B.14: Asymptotic nucleosynthetic yields (in M�) of Model M09_10_r with 0.01, 0.1, and
3Z�.

M09_10_r_001 M09_10_r_01 M09_10_r_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

12C 3.82e-05 1.36e-04 3.82e-05 1.35e-04 3.80e-05 1.32e-04
13C 1.89e-09 5.87e-12 1.88e-09 5.74e-12 1.55e-09 2.21e-11
14N 2.49e-07 1.93e-10 1.31e-06 1.93e-10 3.55e-05 4.65e-10
15N 1.39e-08 3.94e-10 1.47e-08 4.25e-10 3.74e-08 2.34e-10
16O 8.36e-03 5.46e-02 8.37e-03 5.45e-02 8.82e-03 5.55e-02
17O 2.08e-10 2.45e-11 1.61e-09 2.37e-11 4.67e-08 1.29e-10
18O 1.69e-08 1.80e-12 2.53e-08 1.31e-12 2.93e-07 4.78e-12
19F 4.86e-09 5.08e-13 5.22e-09 4.89e-13 1.62e-08 3.78e-12
20Ne 8.63e-06 6.41e-04 8.84e-06 6.38e-04 1.82e-05 5.90e-04
21Ne 1.95e-08 1.31e-08 2.13e-08 1.27e-08 7.74e-08 7.73e-08
22Ne 1.11e-08 6.66e-09 3.03e-08 6.32e-09 6.47e-07 8.89e-09
23Na 1.93e-07 3.57e-06 1.98e-07 3.39e-06 3.95e-07 6.21e-06
24Mg 2.37e-03 4.04e-03 2.40e-03 4.16e-03 2.51e-03 1.80e-03
25Mg 5.95e-07 5.91e-06 6.37e-07 5.81e-06 1.72e-06 2.01e-05
26Mg 4.63e-07 7.57e-06 5.03e-07 7.32e-06 1.60e-06 2.48e-05
27Al 3.59e-05 1.52e-04 3.65e-05 1.53e-04 3.82e-05 1.86e-04
28Si 1.26e-02 1.54e-01 1.26e-02 1.55e-01 1.28e-02 1.54e-01
29Si 6.67e-05 2.44e-04 6.71e-05 2.42e-04 7.00e-05 7.32e-04
30Si 8.74e-05 3.80e-04 8.87e-05 3.76e-04 9.40e-05 2.09e-03
31P 4.43e-05 2.17e-04 4.44e-05 2.14e-04 4.56e-05 5.96e-04
32S 4.37e-03 9.47e-02 4.35e-03 9.46e-02 4.31e-03 8.07e-02
33S 4.66e-05 1.78e-04 4.63e-05 1.76e-04 4.58e-05 3.44e-04
34S 2.28e-04 9.94e-04 2.26e-04 9.70e-04 2.21e-04 4.67e-03
36S 3.24e-09 2.00e-08 3.32e-09 1.97e-08 4.56e-09 1.42e-06
35Cl 1.90e-05 5.96e-05 1.90e-05 5.79e-05 2.06e-05 1.54e-04
37Cl 3.61e-06 1.44e-05 3.58e-06 1.41e-05 3.77e-06 2.80e-05
36Ar 1.24e-03 1.83e-02 1.24e-03 1.82e-02 1.25e-03 1.37e-02
38Ar 6.03e-05 4.42e-04 5.98e-05 4.28e-04 6.11e-05 2.04e-03
40Ar 1.73e-10 2.39e-09 1.79e-10 2.38e-09 5.15e-10 7.22e-08
39K 3.80e-05 3.69e-05 3.82e-05 3.60e-05 4.97e-05 8.22e-05
41K 1.14e-06 2.59e-06 1.15e-06 2.54e-06 1.74e-06 4.58e-06
40Ca 4.70e-03 1.72e-02 4.70e-03 1.72e-02 4.81e-03 1.26e-02
42Ca 3.54e-06 1.16e-05 3.54e-06 1.11e-05 4.91e-06 4.90e-05
43Ca 1.36e-05 3.10e-07 1.36e-05 3.10e-07 1.34e-05 2.68e-07
44Ca 8.70e-04 1.81e-05 8.71e-04 1.81e-05 9.07e-04 1.18e-05
46Ca 6.34e-13 4.57e-11 2.14e-12 1.43e-10 4.49e-11 1.99e-08
48Ca 6.43e-12 4.24e-12 6.43e-11 6.42e-12 1.94e-09 4.36e-08
45Sc 8.47e-07 1.44e-07 8.58e-07 1.41e-07 1.53e-06 3.01e-07
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Table B.14 continued.

M09_10_r_001 M09_10_r_01 M09_10_r_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

46Ti 4.17e-05 4.43e-06 4.13e-05 4.28e-06 3.06e-05 1.69e-05
47Ti 5.70e-05 6.54e-07 5.68e-05 6.48e-07 5.25e-05 1.09e-06
48Ti 1.88e-03 3.74e-04 1.88e-03 3.74e-04 1.99e-03 2.63e-04
49Ti 2.04e-05 1.96e-05 2.07e-05 1.95e-05 2.80e-05 2.91e-05
50Ti 2.12e-11 4.05e-10 8.87e-11 1.64e-09 2.25e-09 1.10e-06
50V 2.00e-10 1.88e-09 1.99e-10 1.94e-09 5.53e-10 6.62e-08
51V 2.67e-04 4.88e-05 2.66e-04 4.83e-05 2.50e-04 1.02e-04
50Cr 2.26e-04 1.07e-04 2.25e-04 1.05e-04 1.86e-04 5.33e-04
52Cr 3.98e-03 8.10e-03 3.98e-03 8.12e-03 4.08e-03 6.35e-03
53Cr 6.05e-05 5.69e-04 6.11e-05 5.66e-04 8.41e-05 9.98e-04
54Cr 2.57e-10 1.63e-08 4.38e-10 2.02e-08 7.17e-09 1.03e-06
55Mn 3.68e-04 2.89e-03 3.69e-04 2.86e-03 3.83e-04 6.49e-03
54Fe 4.00e-05 1.20e-02 4.05e-05 1.18e-02 6.01e-05 5.23e-02
56Fe 2.60e-02 4.93e-01 2.60e-02 4.93e-01 2.65e-02 4.29e-01
57Fe 2.40e-03 8.62e-03 2.40e-03 8.57e-03 2.42e-03 1.45e-02
58Fe 4.63e-10 1.17e-08 3.79e-09 4.41e-08 1.12e-07 1.66e-06
59Co 3.57e-04 2.81e-04 3.56e-04 2.79e-04 3.01e-04 4.97e-04
58Ni 6.69e-04 8.16e-03 6.68e-04 7.99e-03 6.42e-04 4.14e-02
60Ni 2.70e-03 6.39e-03 2.70e-03 6.41e-03 2.68e-03 3.82e-03
61Ni 3.93e-04 2.11e-04 3.92e-04 2.10e-04 3.75e-04 2.39e-04
62Ni 1.65e-04 1.19e-03 1.65e-04 1.18e-03 1.68e-04 3.50e-03
64Ni 5.11e-11 2.43e-09 5.06e-10 2.14e-08 1.29e-08 3.72e-06
63Cu 1.36e-05 4.85e-07 1.36e-05 5.66e-07 1.35e-05 4.08e-06
64Zn 2.59e-04 2.11e-05 2.59e-04 2.15e-05 2.71e-04 8.70e-06
66Zn 2.44e-05 2.32e-05 2.46e-05 2.35e-05 3.08e-05 5.69e-05
67Zn 9.43e-07 1.43e-08 1.00e-06 1.91e-08 2.02e-06 5.60e-07
68Zn 5.22e-07 8.47e-09 7.67e-07 3.93e-08 2.09e-06 1.53e-06
70Zn 4.77e-13 1.48e-11 4.59e-12 1.35e-10 1.11e-10 2.51e-08
69Ga 3.26e-08 2.50e-09 5.93e-08 2.43e-08 1.37e-07 2.72e-07
71Ga 2.18e-09 2.99e-10 4.92e-09 2.84e-09 9.66e-09 1.11e-07
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Table B.15: Asymptotic nucleosynthetic yields (in M�) of Model M10_02 with 0.01, 0.1, and
3Z�.

M10_02_001 M10_02_01 M10_02_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

12C 1.69e-03 1.97e-03 1.69e-03 1.97e-03 1.65e-03 1.90e-03
13C 3.51e-10 1.77e-08 3.50e-10 1.67e-08 2.44e-10 9.78e-08
14N 2.02e-07 9.45e-07 1.25e-06 9.07e-07 3.50e-05 1.55e-06
15N 2.72e-08 2.50e-09 2.85e-08 2.46e-09 6.99e-08 3.17e-09
16O 1.77e-03 5.67e-02 1.78e-03 5.66e-02 2.02e-03 5.76e-02
17O 8.79e-09 2.32e-07 1.02e-08 2.26e-07 5.32e-08 3.20e-07
18O 2.43e-08 3.93e-09 3.29e-08 3.77e-09 3.11e-07 6.90e-09
19F 1.96e-08 8.79e-11 2.07e-08 8.47e-11 5.59e-08 3.43e-10
20Ne 1.30e-03 1.96e-03 1.30e-03 1.96e-03 1.35e-03 1.75e-03
21Ne 1.16e-07 3.91e-07 1.19e-07 3.73e-07 2.00e-07 1.84e-06
22Ne 9.70e-08 5.45e-06 1.19e-07 5.24e-06 7.90e-07 5.14e-05
23Na 8.84e-06 1.44e-05 8.83e-06 1.42e-05 8.92e-06 3.84e-05
24Mg 1.50e-03 4.27e-03 1.50e-03 4.38e-03 1.56e-03 1.86e-03
25Mg 1.32e-05 2.23e-05 1.32e-05 2.18e-05 1.68e-05 9.46e-05
26Mg 2.03e-05 3.49e-05 2.03e-05 3.40e-05 2.11e-05 1.51e-04
27Al 5.56e-05 1.62e-04 5.56e-05 1.63e-04 5.68e-05 2.03e-04
28Si 2.92e-03 1.70e-01 2.92e-03 1.70e-01 3.00e-03 1.70e-01
29Si 4.44e-05 2.86e-04 4.42e-05 2.83e-04 4.23e-05 8.85e-04
30Si 4.46e-05 3.99e-04 4.46e-05 3.94e-04 4.46e-05 2.05e-03
31P 3.79e-05 2.12e-04 3.79e-05 2.09e-04 3.89e-05 5.81e-04
32S 1.58e-03 1.05e-01 1.58e-03 1.05e-01 1.67e-03 8.95e-02
33S 1.37e-05 1.67e-04 1.36e-05 1.65e-04 1.38e-05 3.35e-04
34S 1.14e-05 1.02e-03 1.13e-05 9.91e-04 1.05e-05 4.80e-03
36S 6.19e-10 2.33e-08 1.46e-09 2.41e-08 1.22e-08 1.98e-06
35Cl 2.35e-05 6.10e-05 2.36e-05 5.95e-05 2.92e-05 1.62e-04
37Cl 1.96e-06 1.47e-05 1.96e-06 1.44e-05 2.22e-06 3.03e-05
36Ar 7.64e-04 2.06e-02 7.66e-04 2.06e-02 8.49e-04 1.55e-02
38Ar 2.12e-06 4.68e-04 2.14e-06 4.54e-04 3.20e-06 2.23e-03
40Ar 1.89e-10 2.40e-09 1.38e-09 3.27e-09 1.15e-08 1.79e-07
39K 4.79e-05 3.91e-05 4.85e-05 3.83e-05 7.02e-05 9.01e-05
41K 4.61e-06 2.77e-06 4.61e-06 2.72e-06 5.18e-06 5.09e-06
40Ca 2.32e-03 1.96e-02 2.33e-03 1.97e-02 2.52e-03 1.44e-02
42Ca 1.74e-06 1.19e-05 1.78e-06 1.14e-05 3.18e-06 5.33e-05
43Ca 4.35e-06 2.86e-07 4.39e-06 2.86e-07 6.67e-06 2.78e-07
44Ca 5.72e-04 1.99e-05 5.72e-04 1.99e-05 5.54e-04 1.31e-05
46Ca 5.62e-11 7.27e-11 5.40e-10 6.29e-10 4.78e-09 9.12e-08
48Ca 1.25e-11 4.35e-12 1.21e-10 4.08e-11 2.68e-09 7.35e-09
45Sc 2.18e-06 1.50e-07 2.20e-06 1.49e-07 2.95e-06 3.62e-07
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Table B.15 continued.

M10_02_001 M10_02_01 M10_02_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

46Ti 1.08e-06 4.71e-06 1.09e-06 4.56e-06 1.58e-06 1.85e-05
47Ti 2.73e-05 6.31e-07 2.75e-05 6.28e-07 3.15e-05 1.18e-06
48Ti 2.53e-04 4.32e-04 2.51e-04 4.33e-04 1.95e-04 3.06e-04
49Ti 3.65e-06 2.25e-05 3.67e-06 2.24e-05 4.30e-06 3.35e-05
50Ti 5.78e-11 2.10e-10 5.92e-10 8.31e-10 1.99e-08 2.21e-07
50V 8.61e-11 1.41e-09 1.26e-10 1.80e-09 2.34e-09 6.25e-08
51V 1.10e-05 5.55e-05 1.10e-05 5.50e-05 9.88e-06 1.16e-04
50Cr 1.36e-06 1.20e-04 1.37e-06 1.18e-04 1.64e-06 6.02e-04
52Cr 2.92e-05 9.50e-03 2.89e-05 9.51e-03 1.98e-05 7.44e-03
53Cr 1.29e-06 6.62e-04 1.29e-06 6.57e-04 1.35e-06 1.16e-03
54Cr 1.73e-10 1.38e-08 1.59e-09 1.55e-08 6.43e-08 7.00e-07
55Mn 1.28e-06 3.34e-03 1.29e-06 3.30e-03 1.62e-06 7.51e-03
54Fe 5.00e-07 1.38e-02 5.30e-07 1.35e-02 1.55e-06 6.04e-02
56Fe 1.87e-06 5.59e-01 2.33e-06 5.59e-01 2.03e-05 4.87e-01
57Fe 3.03e-07 9.28e-03 3.85e-07 9.23e-03 5.05e-06 1.59e-02
58Fe 5.78e-09 8.59e-09 6.29e-08 4.47e-08 4.29e-06 2.23e-06
59Co 7.96e-08 2.94e-04 2.56e-07 2.91e-04 7.37e-06 5.20e-04
58Ni 9.22e-08 8.91e-03 2.53e-07 8.73e-03 9.67e-06 4.55e-02
60Ni 1.35e-07 6.90e-03 4.66e-07 6.92e-03 5.31e-06 4.05e-03
61Ni 5.07e-08 2.20e-04 1.76e-07 2.19e-04 1.65e-06 2.49e-04
62Ni 5.97e-08 1.27e-03 2.99e-07 1.26e-03 2.41e-06 3.73e-03
64Ni 7.97e-10 4.46e-09 8.13e-09 4.33e-08 1.40e-07 3.16e-06
63Cu 8.85e-09 5.00e-07 4.80e-08 6.27e-07 4.93e-07 5.56e-06
64Zn 1.29e-08 2.24e-05 2.74e-08 2.28e-05 1.78e-07 8.56e-06
66Zn 6.43e-09 2.46e-05 3.23e-08 2.48e-05 1.63e-07 5.70e-05
67Zn 1.59e-09 1.47e-08 8.25e-09 2.44e-08 3.43e-08 5.27e-07
68Zn 1.62e-09 7.74e-09 9.24e-09 3.17e-08 3.89e-08 9.38e-07
70Zn 4.88e-12 3.38e-11 5.42e-11 3.26e-10 4.69e-09 2.05e-08
69Ga 1.26e-10 1.82e-09 8.43e-10 1.78e-08 1.03e-08 1.60e-07
71Ga 4.64e-11 3.03e-10 3.95e-10 2.90e-09 6.05e-09 6.13e-08
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Table B.16: Asymptotic nucleosynthetic yields (in M�) of Model M10_03 with 0.01, 0.1, and
3Z�.

M10_03_001 M10_03_01 M10_03_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

12C 7.71e-04 1.24e-03 7.68e-04 1.24e-03 7.55e-04 1.20e-03
13C 4.95e-11 1.12e-09 4.92e-11 1.04e-09 3.96e-11 1.19e-08
14N 1.71e-07 1.37e-07 1.22e-06 1.29e-07 3.51e-05 5.12e-07
15N 1.27e-08 1.12e-09 1.33e-08 1.12e-09 3.35e-08 1.27e-09
16O 6.60e-03 4.85e-02 6.62e-03 4.84e-02 7.09e-03 4.93e-02
17O 1.55e-09 3.01e-08 2.94e-09 2.87e-08 4.73e-08 8.03e-08
18O 1.11e-08 8.35e-10 1.91e-08 7.95e-10 2.74e-07 2.83e-09
19F 6.87e-09 2.58e-11 7.33e-09 2.47e-11 2.16e-08 1.52e-10
20Ne 1.70e-03 1.83e-03 1.69e-03 1.83e-03 1.68e-03 1.64e-03
21Ne 4.93e-08 1.34e-07 5.10e-08 1.27e-07 1.02e-07 1.03e-06
22Ne 2.89e-08 3.28e-07 4.84e-08 3.08e-07 6.70e-07 8.38e-06
23Na 8.08e-06 1.04e-05 8.05e-06 1.03e-05 8.14e-06 2.59e-05
24Mg 3.44e-03 3.71e-03 3.45e-03 3.80e-03 3.51e-03 1.61e-03
25Mg 9.30e-06 1.52e-05 9.34e-06 1.48e-05 1.09e-05 7.31e-05
26Mg 1.65e-05 2.64e-05 1.64e-05 2.57e-05 1.73e-05 1.25e-04
27Al 1.25e-04 1.40e-04 1.25e-04 1.40e-04 1.29e-04 1.76e-04
28Si 8.88e-03 1.51e-01 8.88e-03 1.51e-01 8.96e-03 1.50e-01
29Si 9.37e-05 2.48e-04 9.36e-05 2.46e-04 9.48e-05 7.82e-04
30Si 9.79e-05 3.42e-04 9.80e-05 3.38e-04 1.02e-04 1.76e-03
31P 8.39e-05 1.83e-04 8.39e-05 1.81e-04 8.71e-05 5.04e-04
32S 3.70e-03 9.38e-02 3.70e-03 9.38e-02 3.74e-03 7.98e-02
33S 5.85e-05 1.45e-04 5.83e-05 1.43e-04 5.79e-05 2.93e-04
34S 2.87e-05 8.86e-04 2.87e-05 8.66e-04 3.07e-05 4.20e-03
36S 2.22e-09 1.92e-08 2.39e-09 1.91e-08 6.01e-09 1.65e-06
35Cl 2.93e-05 5.36e-05 2.94e-05 5.23e-05 3.32e-05 1.42e-04
37Cl 7.94e-06 1.32e-05 7.92e-06 1.29e-05 7.96e-06 2.70e-05
36Ar 1.20e-03 1.84e-02 1.20e-03 1.84e-02 1.25e-03 1.39e-02
38Ar 1.20e-05 4.18e-04 1.20e-05 4.06e-04 1.49e-05 1.99e-03
40Ar 5.42e-10 1.97e-09 7.76e-10 2.38e-09 3.60e-09 1.47e-07
39K 4.00e-05 3.56e-05 4.04e-05 3.49e-05 5.93e-05 8.11e-05
41K 6.33e-06 2.52e-06 6.32e-06 2.48e-06 6.70e-06 4.60e-06
40Ca 3.19e-03 1.77e-02 3.20e-03 1.77e-02 3.46e-03 1.30e-02
42Ca 2.59e-06 1.07e-05 2.63e-06 1.03e-05 4.11e-06 4.77e-05
43Ca 5.19e-06 3.56e-07 5.20e-06 3.57e-07 6.40e-06 2.65e-07
44Ca 1.05e-03 2.01e-05 1.05e-03 2.02e-05 1.17e-03 1.27e-05
46Ca 1.51e-11 4.74e-11 1.43e-10 3.95e-10 1.49e-09 7.98e-08
48Ca 7.45e-12 1.82e-12 7.39e-11 1.66e-11 2.06e-09 5.89e-09
45Sc 2.97e-06 1.37e-07 2.98e-06 1.36e-07 3.77e-06 3.22e-07
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Table B.16 continued.

M10_03_001 M10_03_01 M10_03_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

46Ti 1.94e-06 4.27e-06 1.96e-06 4.14e-06 2.76e-06 1.67e-05
47Ti 3.38e-05 7.36e-07 3.41e-05 7.33e-07 4.74e-05 1.12e-06
48Ti 1.71e-03 4.03e-04 1.71e-03 4.04e-04 1.55e-03 2.86e-04
49Ti 1.14e-05 2.07e-05 1.14e-05 2.06e-05 1.39e-05 3.12e-05
50Ti 2.46e-11 1.73e-10 2.31e-10 6.26e-10 7.80e-09 1.83e-07
50V 7.62e-11 1.19e-09 1.93e-10 1.52e-09 2.91e-09 5.25e-08
51V 6.08e-05 5.14e-05 6.09e-05 5.09e-05 6.20e-05 1.08e-04
50Cr 3.87e-06 1.08e-04 3.90e-06 1.06e-04 5.06e-06 5.40e-04
52Cr 7.32e-04 8.74e-03 7.25e-04 8.76e-03 5.14e-04 6.87e-03
53Cr 1.27e-05 6.09e-04 1.27e-05 6.05e-04 1.22e-05 1.07e-03
54Cr 1.23e-10 1.27e-08 7.42e-10 1.42e-08 2.83e-08 6.21e-07
55Mn 1.74e-05 3.07e-03 1.73e-05 3.04e-03 1.44e-05 6.94e-03
54Fe 4.67e-06 1.24e-02 4.69e-06 1.22e-02 5.33e-06 5.44e-02
56Fe 6.96e-05 6.10e-01 6.90e-05 6.11e-01 5.93e-05 5.33e-01
57Fe 3.40e-06 1.11e-02 3.45e-06 1.10e-02 7.22e-06 1.87e-02
58Fe 2.26e-09 7.07e-09 2.40e-08 3.25e-08 2.06e-06 1.59e-06
59Co 3.87e-07 3.88e-04 6.65e-07 3.85e-04 1.39e-05 6.88e-04
58Ni 2.33e-06 1.08e-02 2.56e-06 1.06e-02 2.22e-05 5.49e-02
60Ni 8.46e-07 8.97e-03 1.67e-06 9.00e-03 1.82e-05 5.24e-03
61Ni 2.10e-07 2.91e-04 4.06e-07 2.90e-04 4.42e-06 3.25e-04
62Ni 2.62e-07 1.69e-03 7.12e-07 1.67e-03 6.75e-06 4.85e-03
64Ni 1.36e-09 3.80e-09 1.34e-08 3.69e-08 2.30e-07 2.61e-06
63Cu 3.34e-08 6.63e-07 1.57e-07 7.67e-07 1.76e-06 5.94e-06
64Zn 8.45e-08 2.91e-05 2.39e-07 2.95e-05 2.16e-06 1.06e-05
66Zn 3.27e-08 3.25e-05 1.12e-07 3.25e-05 8.35e-07 6.99e-05
67Zn 8.82e-09 1.92e-08 2.68e-08 2.73e-08 1.76e-07 4.57e-07
68Zn 1.18e-08 9.11e-09 4.01e-08 2.89e-08 1.78e-07 7.86e-07
70Zn 6.94e-12 3.01e-11 6.98e-11 2.91e-10 2.80e-09 1.69e-08
69Ga 1.17e-09 1.49e-09 5.73e-09 1.45e-08 4.70e-08 1.35e-07
71Ga 2.42e-10 2.50e-10 1.33e-09 2.40e-09 1.42e-08 4.95e-08
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Table B.17: Asymptotic nucleosynthetic yields (in M�) of Model M10_05 with 0.01, 0.1, and
3Z�.

M10_05_001 M10_05_01 M10_05_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

12C 3.96e-05 4.45e-04 3.95e-05 4.43e-04 3.97e-05 4.30e-04
13C 1.91e-10 1.25e-10 1.88e-10 1.20e-10 9.33e-11 7.98e-10
14N 1.49e-07 2.49e-08 1.21e-06 2.40e-08 3.55e-05 7.19e-08
15N 4.65e-09 5.90e-10 4.93e-09 1.08e-09 1.25e-08 7.36e-10
16O 9.17e-03 6.04e-02 9.18e-03 6.03e-02 9.67e-03 6.15e-02
17O 1.81e-10 6.15e-09 1.58e-09 5.94e-09 4.67e-08 1.72e-08
18O 6.40e-09 1.93e-10 1.42e-08 1.83e-10 2.63e-07 5.29e-10
19F 1.60e-09 5.51e-12 1.80e-09 5.44e-12 7.77e-09 2.81e-11
20Ne 1.42e-05 1.54e-03 1.44e-05 1.53e-03 2.26e-05 1.41e-03
21Ne 7.07e-09 3.61e-08 8.12e-09 3.58e-08 3.97e-08 2.66e-07
22Ne 6.14e-09 1.18e-07 2.51e-08 1.15e-07 6.34e-07 9.70e-07
23Na 3.58e-07 7.28e-06 3.62e-07 7.30e-06 5.55e-07 1.41e-05
24Mg 2.82e-03 5.14e-03 2.86e-03 5.27e-03 2.98e-03 2.31e-03
25Mg 8.31e-07 1.15e-05 8.73e-07 1.13e-05 1.87e-06 4.73e-05
26Mg 6.27e-07 1.71e-05 6.66e-07 1.67e-05 1.73e-06 6.51e-05
27Al 4.93e-05 2.08e-04 5.01e-05 2.09e-04 5.23e-05 2.56e-04
28Si 1.31e-02 1.61e-01 1.31e-02 1.62e-01 1.32e-02 1.60e-01
29Si 7.85e-05 2.98e-04 7.90e-05 2.95e-04 8.22e-05 9.91e-04
30Si 9.60e-05 4.52e-04 9.74e-05 4.47e-04 1.04e-04 2.43e-03
31P 5.55e-05 2.50e-04 5.55e-05 2.47e-04 5.67e-05 6.91e-04
32S 4.98e-03 9.88e-02 4.95e-03 9.87e-02 4.94e-03 8.43e-02
33S 6.19e-05 1.96e-04 6.14e-05 1.93e-04 6.09e-05 3.73e-04
34S 1.71e-04 1.02e-03 1.70e-04 9.94e-04 1.73e-04 4.85e-03
36S 3.94e-09 2.43e-08 4.02e-09 2.35e-08 5.29e-09 2.18e-06
35Cl 1.58e-05 7.05e-05 1.57e-05 6.86e-05 1.82e-05 1.86e-04
37Cl 5.46e-06 1.52e-05 5.41e-06 1.49e-05 5.67e-06 2.98e-05
36Ar 1.39e-03 1.90e-02 1.38e-03 1.90e-02 1.40e-03 1.43e-02
38Ar 4.51e-05 4.56e-04 4.47e-05 4.43e-04 4.97e-05 2.12e-03
40Ar 2.52e-10 3.04e-09 2.56e-10 2.97e-09 5.93e-10 1.26e-07
39K 4.03e-05 4.09e-05 4.06e-05 4.00e-05 5.21e-05 8.75e-05
41K 1.84e-06 2.74e-06 1.84e-06 2.69e-06 2.43e-06 4.82e-06
40Ca 4.26e-03 1.79e-02 4.26e-03 1.79e-02 4.31e-03 1.31e-02
42Ca 4.59e-06 1.24e-05 4.58e-06 1.20e-05 6.16e-06 5.11e-05
43Ca 1.38e-05 7.77e-07 1.38e-05 7.77e-07 1.35e-05 4.92e-07
44Ca 7.79e-04 2.42e-05 7.80e-04 2.43e-05 8.10e-04 1.41e-05
46Ca 7.74e-13 2.41e-11 2.15e-12 1.09e-10 4.35e-11 4.89e-08
48Ca 6.33e-12 1.31e-12 6.33e-11 4.67e-12 1.90e-09 1.74e-09
45Sc 2.19e-06 1.56e-07 2.19e-06 1.53e-07 2.87e-06 3.59e-07
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Table B.17 continued.

M10_05_001 M10_05_01 M10_05_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

46Ti 5.21e-06 4.64e-06 5.20e-06 4.49e-06 5.46e-06 1.76e-05
47Ti 3.15e-05 9.28e-07 3.15e-05 9.23e-07 3.33e-05 1.29e-06
48Ti 2.06e-03 3.95e-04 2.06e-03 3.96e-04 2.15e-03 2.77e-04
49Ti 2.05e-05 2.03e-05 2.07e-05 2.02e-05 2.64e-05 3.03e-05
50Ti 2.22e-11 2.29e-10 8.62e-11 6.06e-10 2.17e-09 2.66e-07
50V 2.45e-10 2.02e-09 2.41e-10 2.22e-09 6.34e-10 8.63e-08
51V 1.48e-04 5.05e-05 1.48e-04 5.00e-05 1.59e-04 1.06e-04
50Cr 2.56e-05 1.11e-04 2.54e-05 1.08e-04 2.13e-05 5.51e-04
52Cr 4.02e-03 8.43e-03 4.03e-03 8.44e-03 4.37e-03 6.61e-03
53Cr 5.77e-05 5.91e-04 5.83e-05 5.87e-04 7.91e-05 1.04e-03
54Cr 2.97e-10 1.39e-08 4.68e-10 1.69e-08 6.75e-09 7.03e-07
55Mn 4.78e-04 2.98e-03 4.79e-04 2.95e-03 4.94e-04 6.71e-03
54Fe 3.50e-05 1.24e-02 3.54e-05 1.22e-02 4.98e-05 5.43e-02
56Fe 8.32e-03 5.56e-01 8.31e-03 5.57e-01 8.10e-03 4.85e-01
57Fe 5.75e-04 1.01e-02 5.76e-04 1.00e-02 5.73e-04 1.69e-02
58Fe 3.88e-10 7.81e-09 3.23e-09 3.34e-08 1.31e-07 2.03e-06
59Co 2.75e-05 3.67e-04 2.75e-05 3.63e-04 3.03e-05 6.40e-04
58Ni 1.02e-04 9.59e-03 1.03e-04 9.40e-03 1.44e-04 4.89e-02
60Ni 7.48e-04 9.15e-03 7.48e-04 9.17e-03 7.29e-04 5.44e-03
61Ni 1.20e-04 2.92e-04 1.20e-04 2.92e-04 1.12e-04 3.28e-04
62Ni 5.98e-05 1.57e-03 6.07e-05 1.55e-03 8.78e-05 4.54e-03
64Ni 7.39e-11 3.84e-09 7.39e-10 3.63e-08 1.77e-08 4.93e-06
63Cu 5.17e-06 8.00e-07 5.17e-06 9.36e-07 4.87e-06 6.29e-06
64Zn 6.41e-05 3.05e-05 6.37e-05 3.11e-05 4.88e-05 1.19e-05
66Zn 7.08e-06 3.22e-05 7.35e-06 3.25e-05 1.21e-05 7.46e-05
67Zn 5.48e-07 2.13e-08 6.18e-07 2.98e-08 1.73e-06 8.28e-07
68Zn 3.67e-07 1.05e-08 5.71e-07 4.54e-08 1.86e-06 1.66e-06
70Zn 4.68e-13 2.51e-11 4.60e-12 2.29e-10 1.18e-10 3.56e-08
69Ga 2.39e-08 3.16e-09 4.57e-08 3.08e-08 1.43e-07 3.10e-07
71Ga 1.47e-09 4.21e-10 3.43e-09 4.00e-09 9.10e-09 1.37e-07
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Table B.18: Asymptotic nucleosynthetic yields (in M�) of Model M10_10 with 0.01, 0.1, and
3Z�.

M10_10_001 M10_10_01 M10_10_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

12C 7.39e-06 2.46e-06 7.25e-06 2.47e-06 7.52e-06 1.12e-06
13C 4.23e-09 2.49e-12 4.21e-09 2.57e-12 3.65e-09 1.12e-12
14N 1.25e-07 3.04e-12 1.16e-06 3.13e-12 3.46e-05 1.88e-11
15N 3.15e-10 2.12e-12 3.27e-10 2.13e-12 8.11e-10 4.36e-11
16O 3.02e-03 2.70e-03 3.02e-03 2.70e-03 3.24e-03 2.75e-03
17O 1.98e-10 4.28e-16 1.57e-09 4.26e-16 4.56e-08 6.50e-16
18O 1.61e-09 1.60e-17 8.88e-09 1.59e-17 2.43e-07 1.62e-11
19F 2.39e-10 1.53e-19 3.53e-10 1.54e-19 4.14e-09 9.82e-15
20Ne 1.74e-06 1.05e-07 1.98e-06 1.03e-07 9.96e-06 1.16e-07
21Ne 1.17e-08 5.33e-13 1.23e-08 5.27e-13 2.91e-08 9.70e-13
22Ne 1.53e-08 5.44e-13 3.33e-08 5.57e-13 6.18e-07 1.84e-10
23Na 1.61e-09 1.12e-10 7.83e-09 1.10e-10 2.09e-07 3.51e-10
24Mg 2.27e-04 1.02e-04 2.32e-04 1.06e-04 2.53e-04 4.12e-05
25Mg 7.32e-07 1.50e-08 7.62e-07 1.57e-08 1.68e-06 1.00e-08
26Mg 8.44e-07 1.08e-08 8.66e-07 1.12e-08 1.59e-06 2.23e-08
27Al 2.11e-06 1.68e-06 2.16e-06 1.73e-06 2.67e-06 1.94e-06
28Si 3.68e-02 7.28e-02 3.68e-02 7.28e-02 3.75e-02 7.29e-02
29Si 3.33e-05 1.07e-05 3.36e-05 1.08e-05 3.61e-05 2.40e-05
30Si 5.15e-05 1.10e-05 5.22e-05 1.10e-05 5.60e-05 6.55e-05
31P 2.31e-05 9.49e-06 2.31e-05 9.43e-06 2.45e-05 3.10e-05
32S 1.59e-02 5.55e-02 1.59e-02 5.56e-02 1.61e-02 4.85e-02
33S 1.58e-05 1.02e-05 1.58e-05 1.00e-05 1.67e-05 2.77e-05
34S 1.50e-04 6.91e-05 1.50e-04 6.76e-05 1.51e-04 3.53e-04
36S 3.34e-10 3.68e-10 4.01e-10 3.63e-10 1.35e-09 4.22e-09
35Cl 8.94e-06 3.81e-06 8.89e-06 3.74e-06 8.95e-06 1.19e-05
37Cl 1.63e-06 1.67e-06 1.62e-06 1.64e-06 1.68e-06 4.14e-06
36Ar 2.79e-03 1.28e-02 2.79e-03 1.28e-02 2.82e-03 1.05e-02
38Ar 4.40e-05 3.90e-05 4.37e-05 3.77e-05 4.51e-05 1.96e-04
40Ar 3.76e-11 5.19e-11 4.70e-11 5.00e-11 3.35e-10 2.82e-10
39K 9.96e-06 4.57e-06 1.00e-05 4.49e-06 1.29e-05 1.17e-05
41K 3.19e-07 4.10e-07 3.21e-07 4.03e-07 4.79e-07 8.57e-07
40Ca 3.43e-03 1.42e-02 3.43e-03 1.42e-02 3.48e-03 1.14e-02
42Ca 8.96e-07 1.15e-06 8.95e-07 1.11e-06 1.26e-06 4.89e-06
43Ca 4.65e-06 4.09e-07 4.62e-06 4.11e-07 4.55e-06 1.09e-07
44Ca 2.68e-04 2.04e-05 2.68e-04 2.04e-05 2.78e-04 1.25e-05
46Ca 1.38e-13 3.20e-14 1.57e-12 2.73e-14 3.94e-11 5.58e-12
48Ca 6.10e-12 3.16e-15 6.11e-11 3.86e-19 1.83e-09 9.46e-15
45Sc 2.59e-07 5.86e-08 2.60e-07 5.80e-08 4.16e-07 1.06e-07
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Table B.18 continued.

M10_10_001 M10_10_01 M10_10_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

46Ti 9.78e-06 5.98e-07 9.66e-06 5.80e-07 6.51e-06 3.16e-06
47Ti 1.72e-05 7.81e-07 1.71e-05 7.80e-07 1.66e-05 5.36e-07
48Ti 5.30e-04 4.14e-04 5.32e-04 4.14e-04 5.97e-04 3.00e-04
49Ti 9.15e-06 2.01e-05 9.20e-06 1.99e-05 1.12e-05 3.18e-05
50Ti 1.23e-11 2.15e-10 1.10e-10 8.78e-11 2.11e-09 1.79e-08
50V 3.23e-11 3.83e-11 3.89e-11 4.36e-11 3.28e-10 8.07e-10
51V 8.52e-05 4.91e-05 8.50e-05 4.86e-05 7.96e-05 1.05e-04
50Cr 1.03e-04 7.59e-05 1.03e-04 7.44e-05 8.37e-05 3.89e-04
52Cr 1.97e-03 9.27e-03 1.97e-03 9.28e-03 2.06e-03 7.22e-03
53Cr 5.50e-05 6.23e-04 5.53e-05 6.19e-04 6.65e-05 1.07e-03
54Cr 1.74e-09 1.14e-08 1.95e-09 1.72e-09 1.44e-08 2.51e-07
55Mn 2.52e-04 3.16e-03 2.53e-04 3.13e-03 2.78e-04 7.24e-03
54Fe 9.41e-04 1.05e-02 9.48e-04 1.03e-02 1.17e-03 4.89e-02
56Fe 3.95e-02 7.45e-01 3.95e-02 7.45e-01 3.90e-02 6.52e-01
57Fe 1.37e-03 1.41e-02 1.37e-03 1.40e-02 1.50e-03 2.49e-02
58Fe 4.72e-10 1.44e-07 1.60e-09 7.18e-10 3.52e-08 6.49e-07
59Co 4.51e-04 5.19e-04 4.47e-04 5.14e-04 3.19e-04 1.18e-03
58Ni 5.86e-04 1.39e-02 5.86e-04 1.36e-02 5.58e-04 6.84e-02
60Ni 2.07e-03 1.16e-02 2.07e-03 1.16e-02 2.02e-03 6.70e-03
61Ni 1.41e-04 3.81e-04 1.41e-04 3.80e-04 1.44e-04 4.02e-04
62Ni 9.91e-05 2.25e-03 9.90e-05 2.22e-03 9.61e-05 6.05e-03
64Ni 1.65e-11 2.03e-07 1.65e-10 1.07e-11 4.92e-09 8.11e-09
63Cu 1.39e-05 8.70e-07 1.39e-05 8.56e-07 1.60e-05 3.90e-06
64Zn 2.16e-04 3.69e-05 2.16e-04 3.72e-05 2.26e-04 1.27e-05
66Zn 1.44e-05 4.25e-05 1.45e-05 4.20e-05 1.63e-05 7.98e-05
67Zn 3.23e-07 2.45e-08 3.40e-07 2.37e-08 5.96e-07 7.59e-08
68Zn 1.38e-07 1.02e-08 2.05e-07 9.21e-09 4.85e-07 8.51e-08
70Zn 2.69e-13 4.07e-11 2.68e-12 9.93e-16 7.94e-11 2.10e-12
69Ga 6.90e-09 3.71e-12 1.34e-08 2.28e-11 2.27e-08 2.98e-10
71Ga 3.88e-10 1.60e-12 9.89e-10 7.60e-13 1.84e-09 3.99e-11
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Table B.19: Asymptotic nucleosynthetic yields (in M�) of Model M11_05 with 0.01, 0.1, and
3Z�.

M11_05_001 M11_05_01 M11_05_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

12C 5.24e-06 3.11e-06 5.27e-06 3.12e-06 5.65e-06 1.23e-06
13C 1.01e-09 3.17e-12 1.00e-09 3.27e-12 8.18e-10 1.04e-12
14N 1.38e-07 7.05e-13 1.20e-06 7.21e-13 3.54e-05 4.99e-11
15N 2.43e-09 1.14e-12 2.56e-09 1.15e-12 6.49e-09 1.37e-10
16O 3.74e-03 7.48e-04 3.74e-03 7.47e-04 4.02e-03 7.62e-04
17O 1.96e-10 1.02e-16 1.60e-09 1.02e-16 4.67e-08 5.95e-16
18O 4.18e-09 3.96e-18 1.18e-08 3.96e-18 2.56e-07 6.23e-11
19F 8.08e-10 9.86e-20 9.57e-10 9.97e-20 5.73e-09 3.40e-14
20Ne 7.67e-07 4.48e-08 1.02e-06 4.43e-08 9.37e-06 3.90e-08
21Ne 7.03e-09 1.52e-13 7.80e-09 1.51e-13 3.29e-08 2.64e-13
22Ne 1.11e-08 1.74e-13 2.98e-08 1.77e-13 6.33e-07 6.86e-10
23Na 2.98e-09 3.96e-11 9.36e-09 3.91e-11 2.15e-07 3.04e-10
24Mg 2.98e-04 2.07e-05 3.03e-04 2.15e-05 3.40e-04 9.17e-06
25Mg 2.44e-07 2.90e-09 2.72e-07 3.04e-09 1.19e-06 1.83e-09
26Mg 3.30e-07 1.89e-09 3.59e-07 1.97e-09 1.31e-06 3.77e-09
27Al 2.51e-06 3.15e-07 2.57e-06 3.23e-07 3.20e-06 3.61e-07
28Si 5.55e-02 4.54e-02 5.55e-02 4.54e-02 5.62e-02 4.43e-02
29Si 4.59e-05 3.15e-06 4.62e-05 3.18e-06 5.07e-05 7.57e-06
30Si 6.09e-05 2.80e-06 6.15e-05 2.88e-06 6.96e-05 1.62e-05
31P 3.60e-05 3.34e-06 3.62e-05 3.33e-06 3.94e-05 1.03e-05
32S 2.45e-02 3.76e-02 2.45e-02 3.76e-02 2.45e-02 3.35e-02
33S 2.65e-05 3.98e-06 2.65e-05 3.94e-06 2.85e-05 1.06e-05
34S 1.80e-04 2.18e-05 1.80e-04 2.15e-05 1.96e-04 1.15e-04
36S 4.31e-10 8.10e-11 4.67e-10 8.51e-11 1.50e-09 7.47e-10
35Cl 1.00e-05 1.85e-06 1.00e-05 1.83e-06 1.15e-05 4.61e-06
37Cl 3.57e-06 8.73e-07 3.57e-06 8.62e-07 3.95e-06 1.94e-06
36Ar 4.34e-03 9.35e-03 4.34e-03 9.36e-03 4.35e-03 7.97e-03
38Ar 7.81e-05 1.57e-05 7.81e-05 1.52e-05 8.93e-05 7.88e-05
40Ar 7.68e-11 1.97e-11 8.59e-11 1.92e-11 3.92e-10 9.32e-11
39K 1.51e-05 2.95e-06 1.52e-05 2.92e-06 1.98e-05 5.22e-06
41K 9.97e-07 2.58e-07 1.00e-06 2.55e-07 1.30e-06 4.85e-07
40Ca 5.72e-03 1.09e-02 5.72e-03 1.09e-02 5.85e-03 9.10e-03
42Ca 2.19e-06 6.32e-07 2.20e-06 6.16e-07 2.93e-06 2.14e-06
43Ca 2.60e-06 5.40e-07 2.59e-06 5.43e-07 2.42e-06 1.29e-07
44Ca 1.53e-04 2.05e-05 1.53e-04 2.05e-05 1.74e-04 1.15e-05
46Ca 1.45e-13 2.14e-15 1.40e-12 6.86e-15 4.08e-11 4.18e-13
48Ca 6.27e-12 3.32e-21 6.27e-11 1.37e-19 1.88e-09 7.17e-15
45Sc 4.64e-07 4.56e-08 4.68e-07 4.52e-08 7.37e-07 8.50e-08
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Table B.19 continued.

M11_05_001 M11_05_01 M11_05_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

46Ti 2.95e-06 3.22e-07 2.96e-06 3.14e-07 3.55e-06 1.59e-06
47Ti 5.71e-06 9.79e-07 5.72e-06 9.79e-07 6.56e-06 5.31e-07
48Ti 7.17e-04 3.52e-04 7.19e-04 3.53e-04 8.03e-04 2.57e-04
49Ti 1.39e-05 1.63e-05 1.40e-05 1.62e-05 1.67e-05 2.68e-05
50Ti 1.32e-11 1.44e-12 7.86e-11 2.04e-11 2.30e-09 1.32e-08
50V 5.28e-11 1.14e-11 6.52e-11 1.50e-11 6.19e-10 2.61e-10
51V 3.15e-05 4.01e-05 3.16e-05 3.97e-05 3.63e-05 8.80e-05
50Cr 4.09e-05 5.39e-05 4.10e-05 5.29e-05 4.57e-05 2.66e-04
52Cr 2.04e-03 7.80e-03 2.05e-03 7.81e-03 2.24e-03 6.11e-03
53Cr 7.19e-05 5.16e-04 7.21e-05 5.13e-04 8.16e-05 8.97e-04
54Cr 4.45e-09 7.59e-10 4.77e-09 1.14e-09 2.32e-08 1.71e-07
55Mn 2.14e-04 2.63e-03 2.15e-04 2.61e-03 2.32e-04 6.14e-03
54Fe 1.48e-03 7.96e-03 1.49e-03 7.82e-03 1.77e-03 3.78e-02
56Fe 1.24e-02 8.47e-01 1.24e-02 8.48e-01 1.14e-02 7.46e-01
57Fe 3.04e-04 1.77e-02 3.04e-04 1.76e-02 3.00e-04 3.35e-02
58Fe 1.15e-09 2.69e-10 2.46e-09 4.32e-10 3.98e-08 4.95e-07
59Co 5.17e-05 7.12e-04 5.10e-05 7.06e-04 3.47e-05 2.05e-03
58Ni 1.91e-04 1.83e-02 1.91e-04 1.79e-02 2.11e-04 8.08e-02
60Ni 2.72e-04 1.54e-02 2.71e-04 1.54e-02 2.42e-04 8.87e-03
61Ni 2.01e-05 5.15e-04 2.00e-05 5.14e-04 1.78e-05 5.10e-04
62Ni 2.09e-05 3.08e-03 2.10e-05 3.04e-03 2.27e-05 7.57e-03
64Ni 1.73e-11 1.23e-13 1.72e-10 1.22e-12 5.06e-09 1.28e-09
63Cu 7.84e-06 1.22e-06 7.82e-06 1.20e-06 7.33e-06 5.23e-06
64Zn 3.52e-05 4.88e-05 3.49e-05 4.92e-05 2.72e-05 1.69e-05
66Zn 2.86e-06 5.82e-05 2.86e-06 5.75e-05 2.69e-06 1.01e-04
67Zn 1.76e-07 3.39e-08 1.80e-07 3.34e-08 1.95e-07 9.78e-08
68Zn 8.39e-08 1.34e-08 1.09e-07 1.31e-08 1.30e-07 1.00e-07
70Zn 2.98e-13 4.12e-19 2.94e-12 4.02e-18 8.27e-11 1.07e-15
69Ga 3.50e-09 5.02e-13 6.67e-09 3.00e-12 7.07e-09 2.14e-11
71Ga 2.93e-10 3.84e-14 7.98e-10 1.26e-13 1.31e-09 1.23e-12
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Table B.20: Nucleosynthetic yields (inM�) of select radioactive nuclides of Model M08_03 with
0.01, 0.1, and 3Z�.

M08_03_001 M08_03_01 M08_03_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

14C 7.29e-08 4.85e-06 7.43e-08 4.62e-06 9.15e-08 8.76e-06
22Na 5.45e-07 2.50e-08 5.75e-07 2.50e-08 1.44e-06 1.74e-08
26Al 1.13e-05 1.37e-05 1.14e-05 1.37e-05 1.53e-05 5.47e-06
32Si 8.10e-10 7.80e-10 1.39e-09 1.05e-09 2.34e-09 8.25e-08
32P 7.78e-09 2.23e-07 8.35e-09 2.19e-07 1.27e-08 3.92e-06
33P 1.94e-09 1.65e-07 2.43e-09 1.64e-07 1.25e-08 2.53e-06
35S 1.95e-09 1.61e-07 2.68e-09 1.55e-07 1.51e-08 5.73e-06
36Cl 4.68e-09 6.97e-07 4.80e-09 6.76e-07 8.63e-09 5.33e-06
37Ar 6.59e-07 2.73e-05 6.69e-07 2.68e-05 1.07e-06 4.70e-05
39Ar 3.73e-10 6.49e-09 3.50e-09 1.27e-08 6.29e-08 5.16e-07
40K 4.30e-10 4.27e-08 8.18e-10 4.18e-08 9.09e-09 4.46e-07
41Ca 5.60e-06 4.63e-06 5.56e-06 4.54e-06 4.80e-06 7.89e-06
44Ti 2.26e-04 1.29e-05 2.25e-04 1.29e-05 1.91e-04 8.87e-06
48V 1.00e-07 5.76e-08 1.00e-07 5.72e-08 8.65e-08 1.10e-07
49V 2.03e-08 2.07e-07 2.09e-08 2.10e-07 4.18e-08 1.04e-06
48Cr 8.23e-06 3.21e-04 8.13e-06 3.21e-04 5.97e-06 2.14e-04
49Cr 2.66e-07 1.85e-05 2.62e-07 1.84e-05 1.59e-07 2.42e-05
51Cr 5.82e-09 1.03e-06 6.12e-09 1.02e-06 1.33e-08 1.51e-05
51Mn 2.51e-07 4.40e-05 2.49e-07 4.36e-05 2.07e-07 7.59e-05
52Mn 7.45e-09 2.69e-06 7.56e-09 2.68e-06 1.02e-08 3.93e-06
53Mn 2.85e-09 1.86e-05 4.03e-09 1.84e-05 5.36e-08 1.70e-04
54Mn 2.56e-11 2.10e-08 2.24e-10 2.35e-08 9.49e-09 9.59e-07
52Fe 8.56e-07 6.19e-03 8.59e-07 6.20e-03 9.58e-07 4.49e-03
53Fe 2.61e-08 4.47e-04 2.65e-08 4.44e-04 4.07e-08 6.53e-04
55Fe 6.43e-10 3.00e-05 4.00e-09 2.94e-05 1.73e-07 5.90e-04
59Fe 7.18e-09 1.68e-08 7.71e-08 1.70e-07 3.24e-06 4.15e-06
60Fe 2.88e-08 4.48e-08 2.86e-07 4.40e-07 2.96e-06 2.83e-05
55Co 1.08e-07 2.16e-03 1.14e-07 2.14e-03 4.29e-07 4.02e-03
56Co 6.58e-10 7.18e-06 1.76e-09 7.11e-06 4.64e-08 2.11e-05
57Co 6.74e-09 3.83e-06 6.70e-08 3.77e-06 2.96e-06 6.27e-05
58Co 4.52e-10 7.29e-09 4.72e-09 1.25e-08 3.25e-07 2.42e-07
60Co 7.49e-09 1.64e-08 7.39e-08 1.64e-07 6.22e-07 3.34e-06
56Ni 8.04e-07 1.40e-01 8.11e-07 1.40e-01 1.18e-06 1.14e-01
57Ni 8.62e-08 1.22e-03 9.15e-08 1.21e-03 3.13e-07 2.14e-03
59Ni 5.68e-09 9.79e-07 3.92e-08 1.05e-06 1.28e-06 1.30e-05
63Ni 1.02e-09 1.04e-08 1.03e-08 1.00e-07 2.66e-07 4.72e-06
62Zn 3.26e-08 1.03e-06 2.23e-07 1.02e-06 1.94e-06 3.43e-06
65Zn 1.02e-10 9.59e-09 8.96e-10 9.77e-08 7.30e-09 2.67e-07
65Ge 4.73e-10 8.68e-10 2.25e-09 8.64e-10 8.75e-09 1.03e-09
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Table B.21: Nucleosynthetic yields (inM�) of select radioactive nuclides of Model M08_05 with
0.01, 0.1, and 3Z�.

M08_05_001 M08_05_01 M08_05_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

14C 2.09e-08 3.37e-06 2.12e-08 3.19e-06 2.26e-08 7.51e-06
22Na 5.09e-08 2.15e-08 5.29e-08 2.15e-08 1.16e-07 1.47e-08
26Al 9.81e-06 1.12e-05 9.79e-06 1.12e-05 1.03e-05 4.40e-06
32Si 9.42e-11 8.05e-10 1.77e-10 1.02e-09 3.25e-10 8.08e-08
32P 1.44e-08 1.87e-07 1.47e-08 1.83e-07 1.65e-08 3.20e-06
33P 5.99e-09 1.32e-07 6.08e-09 1.31e-07 8.27e-09 2.04e-06
35S 1.14e-08 1.35e-07 1.17e-08 1.29e-07 1.82e-08 4.64e-06
36Cl 2.73e-08 5.66e-07 2.74e-08 5.49e-07 3.23e-08 4.26e-06
37Ar 1.03e-05 2.35e-05 1.03e-05 2.30e-05 1.03e-05 4.10e-05
39Ar 4.60e-10 5.56e-09 1.77e-09 1.11e-08 2.67e-08 4.59e-07
40K 2.94e-09 3.57e-08 3.31e-09 3.51e-08 1.38e-08 3.58e-07
41Ca 9.15e-06 4.07e-06 9.15e-06 3.99e-06 1.06e-05 6.95e-06
44Ti 2.57e-03 1.33e-05 2.58e-03 1.33e-05 2.87e-03 9.29e-06
48V 9.56e-07 5.98e-08 9.69e-07 5.94e-08 1.45e-06 1.04e-07
49V 2.54e-07 1.86e-07 2.61e-07 1.88e-07 5.02e-07 8.95e-07
48Cr 2.67e-03 3.48e-04 2.66e-03 3.49e-04 2.43e-03 2.38e-04
49Cr 2.01e-05 1.96e-05 2.02e-05 1.95e-05 2.78e-05 2.67e-05
51Cr 1.17e-06 9.24e-07 1.18e-06 9.05e-07 1.45e-06 1.33e-05
51Mn 1.11e-04 4.74e-05 1.11e-04 4.69e-05 1.15e-04 8.55e-05
52Mn 1.78e-06 2.95e-06 1.78e-06 2.95e-06 2.13e-06 4.12e-06
53Mn 1.12e-06 1.86e-05 1.13e-06 1.84e-05 1.54e-06 1.54e-04
54Mn 1.15e-10 1.90e-08 4.65e-10 2.06e-08 1.67e-08 8.36e-07
52Fe 8.90e-04 7.36e-03 8.82e-04 7.38e-03 6.37e-04 5.44e-03
53Fe 1.89e-05 5.20e-04 1.89e-05 5.17e-04 2.04e-05 7.94e-04
55Fe 1.47e-07 2.64e-05 1.58e-07 2.58e-05 6.40e-07 5.17e-04
59Fe 2.59e-09 1.46e-08 2.76e-08 1.49e-07 1.47e-06 3.79e-06
60Fe 1.16e-08 4.22e-08 1.16e-07 4.15e-07 1.69e-06 2.51e-05
55Co 3.03e-05 2.63e-03 3.02e-05 2.60e-03 2.68e-05 5.25e-03
56Co 2.83e-07 9.27e-06 2.92e-07 9.19e-06 6.31e-07 2.57e-05
57Co 7.32e-08 3.48e-06 1.72e-07 3.42e-06 7.17e-06 5.64e-05
58Co 1.12e-09 6.48e-09 1.18e-08 1.03e-08 9.80e-07 2.09e-07
60Co 6.32e-09 1.37e-08 6.23e-08 1.37e-07 9.31e-07 2.68e-06
56Ni 7.50e-05 2.10e-01 7.42e-05 2.10e-01 4.98e-05 1.77e-01
57Ni 6.45e-06 2.03e-03 6.51e-06 2.02e-03 6.95e-06 3.68e-03
59Ni 2.28e-07 2.10e-06 4.91e-07 2.14e-06 1.24e-05 1.32e-05
63Ni 1.47e-09 9.60e-09 1.42e-08 9.27e-08 2.06e-07 4.08e-06
62Zn 6.36e-07 2.54e-05 1.36e-06 2.51e-05 1.34e-05 5.56e-05
65Zn 2.49e-09 7.76e-09 1.69e-08 7.82e-08 2.15e-07 2.15e-07
65Ge 8.95e-09 1.15e-08 1.74e-08 1.15e-08 9.34e-08 1.05e-08
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Table B.22: Nucleosynthetic yields (in M�) of select radioactive nuclides of Model
M08_10_r with 0.01, 0.1, and 3Z�.

M08_10_r_001 M08_10_r_01 M08_10_r_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

14C 2.53e-12 2.17e-09 2.81e-12 1.29e-09 1.15e-11 5.76e-08
22Na 8.66e-09 1.03e-08 8.97e-09 1.04e-08 1.79e-08 7.49e-09
26Al 6.65e-07 6.65e-06 6.63e-07 6.67e-06 7.06e-07 2.76e-06
32Si 2.18e-12 8.20e-10 2.24e-12 4.33e-11 2.54e-12 1.41e-08
32P 2.00e-08 1.19e-07 2.01e-08 1.16e-07 2.14e-08 2.09e-06
33P 1.59e-08 9.33e-08 1.60e-08 9.05e-08 1.70e-08 1.36e-06
35S 1.17e-08 9.64e-08 1.16e-08 9.04e-08 1.18e-08 3.50e-06
36Cl 7.72e-08 4.18e-07 7.66e-08 4.05e-07 7.95e-08 3.24e-06
37Ar 7.83e-06 1.84e-05 7.79e-06 1.81e-05 8.08e-06 3.28e-05
39Ar 6.02e-10 4.02e-09 5.91e-10 3.96e-09 6.93e-10 1.51e-07
40K 4.76e-09 2.83e-08 4.66e-09 2.71e-08 5.58e-09 2.71e-07
41Ca 3.21e-06 3.27e-06 3.21e-06 3.21e-06 4.16e-06 5.64e-06
44Ti 1.78e-03 1.52e-05 1.78e-03 1.52e-05 1.83e-03 1.04e-05
48V 1.01e-06 4.33e-08 1.02e-06 4.29e-08 1.53e-06 8.12e-08
49V 3.26e-07 1.59e-07 3.29e-07 1.59e-07 5.10e-07 7.22e-07
48Cr 3.78e-03 3.68e-04 3.79e-03 3.69e-04 3.92e-03 2.57e-04
49Cr 3.03e-05 2.00e-05 3.06e-05 1.99e-05 4.15e-05 2.83e-05
51Cr 2.49e-06 7.82e-07 2.50e-06 7.66e-07 2.88e-06 1.11e-05
51Mn 2.89e-04 4.88e-05 2.90e-04 4.83e-05 3.09e-04 9.16e-05
52Mn 8.90e-06 2.55e-06 8.96e-06 2.55e-06 1.13e-05 3.71e-06
53Mn 4.78e-06 1.67e-05 4.84e-06 1.65e-05 6.96e-06 1.30e-04
54Mn 3.05e-10 2.43e-08 4.66e-10 2.29e-08 5.57e-09 6.93e-07
52Fe 7.35e-03 7.92e-03 7.36e-03 7.93e-03 7.88e-03 5.96e-03
53Fe 9.18e-05 5.52e-04 9.29e-05 5.48e-04 1.29e-04 8.69e-04
55Fe 9.68e-07 2.18e-05 9.85e-07 2.15e-05 1.73e-06 4.28e-04
59Fe 2.84e-11 1.49e-09 2.75e-10 1.53e-08 6.90e-09 3.33e-07
60Fe 8.26e-11 7.26e-09 8.13e-10 6.97e-08 1.27e-08 9.60e-06
55Co 9.19e-04 2.81e-03 9.21e-04 2.79e-03 9.70e-04 5.87e-03
56Co 3.02e-06 8.91e-06 3.05e-06 8.82e-06 4.15e-06 2.65e-05
57Co 1.07e-06 3.01e-06 1.11e-06 3.02e-06 2.81e-06 4.73e-05
58Co 3.90e-10 5.81e-09 2.39e-09 8.90e-09 1.07e-07 1.71e-07
60Co 1.59e-10 5.96e-09 1.55e-09 5.88e-08 2.97e-08 1.84e-06
56Ni 1.49e-02 3.24e-01 1.49e-02 3.24e-01 1.49e-02 2.78e-01
57Ni 1.29e-03 4.50e-03 1.29e-03 4.47e-03 1.31e-03 7.79e-03
59Ni 9.42e-06 1.28e-05 9.54e-06 1.28e-05 1.61e-05 3.07e-05
63Ni 7.89e-11 3.81e-09 7.46e-10 3.63e-08 1.10e-08 2.66e-06
62Zn 1.24e-04 3.90e-04 1.26e-04 3.84e-04 1.75e-04 1.12e-03
65Zn 2.13e-07 8.52e-09 2.32e-07 6.73e-08 6.21e-07 1.77e-07
65Ge 2.95e-06 2.37e-07 2.95e-06 2.36e-07 2.93e-06 2.15e-07
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Table B.23: Nucleosynthetic yields (inM�) of select radioactive nuclides of Model M09_03 with
0.01, 0.1, and 3Z�.

M09_03_001 M09_03_01 M09_03_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

14C 3.68e-08 1.93e-06 3.73e-08 1.83e-06 4.31e-08 3.71e-06
22Na 9.34e-08 1.38e-08 9.78e-08 1.38e-08 2.32e-07 9.36e-09
26Al 1.33e-05 7.04e-06 1.33e-05 7.09e-06 1.45e-05 2.74e-06
32Si 3.09e-10 5.35e-10 5.69e-10 6.89e-10 9.61e-10 5.47e-08
32P 1.00e-08 1.39e-07 1.05e-08 1.36e-07 1.32e-08 2.22e-06
33P 2.57e-09 9.66e-08 2.82e-09 9.56e-08 7.86e-09 1.43e-06
35S 5.02e-09 9.84e-08 5.57e-09 9.44e-08 1.51e-08 3.14e-06
36Cl 1.06e-08 4.32e-07 1.07e-08 4.19e-07 1.48e-08 3.04e-06
37Ar 3.00e-06 2.10e-05 2.99e-06 2.06e-05 3.04e-06 3.82e-05
39Ar 3.54e-10 4.23e-09 2.82e-09 7.54e-09 4.90e-08 2.97e-07
40K 8.71e-10 2.69e-08 1.26e-09 2.63e-08 1.11e-08 2.47e-07
41Ca 1.04e-05 3.82e-06 1.03e-05 3.74e-06 1.10e-05 6.65e-06
44Ti 7.50e-04 1.57e-05 7.47e-04 1.58e-05 6.50e-04 1.12e-05
48V 4.44e-07 5.42e-08 4.50e-07 5.37e-08 6.06e-07 9.88e-08
49V 8.92e-08 1.80e-07 9.15e-08 1.80e-07 1.64e-07 7.95e-07
48Cr 1.25e-04 4.29e-04 1.23e-04 4.30e-04 7.45e-05 3.00e-04
49Cr 3.61e-06 2.32e-05 3.60e-06 2.30e-05 3.00e-06 3.29e-05
51Cr 7.69e-08 8.98e-07 7.77e-08 8.81e-07 9.33e-08 1.27e-05
51Mn 5.40e-06 5.63e-05 5.34e-06 5.58e-05 3.62e-06 1.06e-04
52Mn 1.00e-07 3.34e-06 1.01e-07 3.34e-06 9.94e-08 4.58e-06
53Mn 3.67e-08 2.09e-05 3.81e-08 2.07e-05 1.13e-07 1.53e-04
54Mn 9.17e-11 1.84e-08 6.34e-10 1.94e-08 2.56e-08 7.84e-07
52Fe 5.16e-06 9.49e-03 5.06e-06 9.50e-03 2.75e-06 7.13e-03
53Fe 4.30e-07 6.51e-04 4.26e-07 6.47e-04 2.81e-07 1.03e-03
55Fe 3.58e-09 2.55e-05 7.93e-09 2.49e-05 2.34e-07 4.94e-04
59Fe 4.71e-09 8.35e-09 5.04e-08 8.51e-08 2.48e-06 2.26e-06
60Fe 2.46e-08 2.75e-08 2.44e-07 2.71e-07 2.84e-06 1.66e-05
55Co 2.57e-07 3.34e-03 2.60e-07 3.31e-03 5.27e-07 7.01e-03
56Co 4.61e-09 1.08e-05 6.05e-09 1.07e-05 7.43e-08 3.14e-05
57Co 8.22e-09 3.50e-06 7.74e-08 3.43e-06 4.55e-06 5.49e-05
58Co 7.42e-10 6.24e-09 8.00e-09 8.64e-09 7.18e-07 1.94e-07
60Co 1.77e-08 8.85e-09 1.75e-07 8.88e-08 1.61e-06 1.72e-06
56Ni 7.45e-07 3.43e-01 7.54e-07 3.43e-01 1.26e-06 2.94e-01
57Ni 9.79e-08 4.04e-03 1.06e-07 4.02e-03 4.22e-07 7.22e-03
59Ni 1.12e-08 8.88e-06 8.45e-08 8.85e-06 3.02e-06 2.32e-05
63Ni 1.40e-09 6.59e-09 1.38e-08 6.37e-08 2.81e-07 2.61e-06
62Zn 3.80e-08 1.84e-04 2.97e-07 1.81e-04 2.81e-06 4.16e-04
65Zn 2.98e-10 6.09e-09 2.76e-09 5.40e-08 2.43e-08 1.55e-07
65Ge 4.03e-10 6.83e-08 1.90e-09 6.82e-08 8.78e-09 4.42e-08
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Table B.24: Nucleosynthetic yields (inM�) of select radioactive nuclides of Model M09_05 with
0.01, 0.1, and 3Z�.

M09_05_001 M09_05_01 M09_05_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

14C 6.91e-11 2.08e-07 6.95e-11 1.95e-07 5.21e-11 1.18e-06
22Na 1.49e-08 1.41e-08 1.54e-08 1.41e-08 2.93e-08 1.00e-08
26Al 3.04e-06 7.54e-06 3.03e-06 7.58e-06 3.06e-06 2.94e-06
32Si 4.31e-12 2.23e-10 4.13e-12 2.40e-10 4.67e-12 3.72e-08
32P 1.54e-08 1.19e-07 1.54e-08 1.16e-07 1.63e-08 2.06e-06
33P 1.04e-08 8.24e-08 1.04e-08 8.06e-08 1.10e-08 1.22e-06
35S 1.40e-08 9.21e-08 1.39e-08 8.71e-08 1.48e-08 2.98e-06
36Cl 5.00e-08 3.72e-07 4.98e-08 3.61e-07 5.24e-08 2.70e-06
37Ar 9.40e-06 1.79e-05 9.38e-06 1.75e-05 9.50e-06 3.27e-05
39Ar 6.51e-10 3.68e-09 7.05e-10 4.77e-09 2.14e-09 2.27e-07
40K 5.22e-09 2.44e-08 5.25e-09 2.39e-08 8.56e-09 2.28e-07
41Ca 6.35e-06 3.26e-06 6.35e-06 3.20e-06 7.10e-06 5.71e-06
44Ti 1.99e-03 1.65e-05 2.00e-03 1.65e-05 2.13e-03 1.12e-05
48V 1.83e-06 4.56e-08 1.85e-06 4.53e-08 2.54e-06 8.44e-08
49V 4.35e-07 1.54e-07 4.41e-07 1.54e-07 6.76e-07 6.86e-07
48Cr 4.47e-03 4.03e-04 4.49e-03 4.04e-04 4.97e-03 2.84e-04
49Cr 4.06e-05 2.14e-05 4.10e-05 2.13e-05 5.42e-05 3.10e-05
51Cr 3.41e-06 7.68e-07 3.43e-06 7.54e-07 4.14e-06 1.08e-05
51Mn 3.69e-04 5.23e-05 3.71e-04 5.18e-05 4.19e-04 9.97e-05
52Mn 1.03e-05 2.80e-06 1.04e-05 2.80e-06 1.23e-05 3.96e-06
53Mn 6.93e-06 1.76e-05 6.99e-06 1.75e-05 9.00e-06 1.31e-04
54Mn 2.57e-10 1.58e-08 4.91e-10 1.68e-08 8.01e-09 6.71e-07
52Fe 5.08e-03 8.79e-03 5.09e-03 8.80e-03 5.25e-03 6.65e-03
53Fe 1.29e-04 6.03e-04 1.30e-04 5.99e-04 1.63e-04 9.62e-04
55Fe 1.09e-06 2.17e-05 1.11e-06 2.12e-05 1.63e-06 4.21e-04
59Fe 2.81e-10 4.66e-09 2.98e-09 4.79e-08 1.83e-07 1.16e-06
60Fe 1.59e-09 2.06e-08 1.58e-08 2.01e-07 2.61e-07 1.57e-05
55Co 4.11e-04 3.08e-03 4.11e-04 3.05e-03 3.94e-04 6.52e-03
56Co 2.72e-06 1.03e-05 2.74e-06 1.02e-05 3.18e-06 2.94e-05
57Co 6.54e-07 3.11e-06 6.95e-07 3.05e-06 2.95e-06 4.75e-05
58Co 5.51e-10 5.41e-09 4.09e-09 7.77e-09 2.80e-07 1.66e-07
60Co 1.50e-09 9.69e-09 1.43e-08 9.68e-08 2.83e-07 1.81e-06
56Ni 2.13e-03 3.98e-01 2.12e-03 3.98e-01 1.70e-03 3.43e-01
57Ni 1.37e-04 5.79e-03 1.37e-04 5.76e-03 1.27e-04 1.00e-02
59Ni 2.90e-06 1.82e-05 3.09e-06 1.80e-05 1.17e-05 3.98e-05
63Ni 6.78e-10 6.72e-09 6.50e-09 6.48e-08 8.20e-08 2.91e-06
62Zn 1.29e-05 5.82e-04 1.35e-05 5.73e-04 2.72e-05 1.63e-03
65Zn 1.15e-08 7.67e-09 3.72e-08 5.04e-08 4.48e-07 1.33e-07
65Ge 1.14e-07 3.45e-07 1.27e-07 3.44e-07 4.07e-07 2.90e-07
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Table B.25: Nucleosynthetic yields (in M�) of select radioactive nuclides of Model
M09_10_r with 0.01, 0.1, and 3Z�.

M09_10_r_001 M09_10_r_01 M09_10_r_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

14C 3.84e-12 2.80e-13 4.47e-12 1.73e-13 2.36e-11 3.61e-11
22Na 7.85e-09 5.73e-09 8.22e-09 5.68e-09 1.83e-08 6.08e-09
26Al 9.78e-08 1.84e-06 9.91e-08 1.84e-06 1.43e-07 7.96e-07
32Si 1.93e-12 4.35e-10 2.03e-12 7.81e-11 2.34e-12 3.41e-09
32P 1.52e-08 7.62e-08 1.55e-08 7.39e-08 1.65e-08 1.07e-06
33P 1.22e-08 6.01e-08 1.25e-08 5.81e-08 1.32e-08 8.09e-07
35S 3.80e-09 5.22e-08 3.78e-09 4.92e-08 3.93e-09 1.55e-06
36Cl 6.30e-08 2.80e-07 6.30e-08 2.71e-07 6.46e-08 1.91e-06
37Ar 3.56e-06 1.41e-05 3.53e-06 1.39e-05 3.70e-06 2.59e-05
39Ar 1.60e-10 2.51e-09 1.57e-10 2.40e-09 2.07e-10 4.74e-08
40K 1.23e-09 1.80e-08 1.20e-09 1.70e-08 1.52e-09 1.45e-07
41Ca 1.14e-06 2.59e-06 1.15e-06 2.54e-06 1.74e-06 4.55e-06
44Ti 8.70e-04 1.81e-05 8.71e-04 1.81e-05 9.07e-04 1.15e-05
48V 4.23e-07 3.68e-08 4.30e-07 3.63e-08 7.18e-07 6.74e-08
49V 1.98e-07 1.37e-07 2.00e-07 1.35e-07 3.03e-07 5.57e-07
48Cr 1.88e-03 3.73e-04 1.88e-03 3.74e-04 1.99e-03 2.62e-04
49Cr 2.02e-05 1.95e-05 2.05e-05 1.93e-05 2.77e-05 2.84e-05
51Cr 2.06e-06 6.40e-07 2.05e-06 6.28e-07 2.05e-06 8.69e-06
51Mn 2.65e-04 4.81e-05 2.64e-04 4.77e-05 2.48e-04 9.26e-05
52Mn 3.70e-06 2.42e-06 3.73e-06 2.42e-06 4.78e-06 3.45e-06
53Mn 2.77e-06 1.54e-05 2.81e-06 1.52e-05 3.99e-06 1.06e-04
54Mn 2.38e-10 1.56e-08 3.08e-10 1.72e-08 3.64e-09 5.43e-07
52Fe 3.98e-03 8.09e-03 3.98e-03 8.11e-03 4.08e-03 6.14e-03
53Fe 5.77e-05 5.54e-04 5.83e-05 5.50e-04 8.01e-05 8.92e-04
55Fe 3.69e-07 1.69e-05 3.88e-07 1.66e-05 1.24e-06 3.32e-04
59Fe 2.72e-11 1.07e-10 2.05e-10 1.07e-09 8.18e-10 2.42e-08
60Fe 1.38e-11 1.92e-09 9.32e-11 1.18e-08 4.44e-10 1.89e-06
55Co 3.68e-04 2.87e-03 3.69e-04 2.84e-03 3.82e-04 6.16e-03
56Co 1.01e-06 1.00e-05 1.02e-06 9.96e-06 1.47e-06 2.78e-05
57Co 5.21e-07 2.67e-06 5.43e-07 2.62e-06 1.39e-06 3.86e-05
58Co 1.53e-10 4.51e-09 1.02e-09 6.04e-09 3.38e-08 1.36e-07
60Co 1.28e-11 1.21e-09 1.05e-10 1.17e-08 1.56e-09 5.26e-07
56Ni 2.60e-02 4.93e-01 2.60e-02 4.93e-01 2.65e-02 4.28e-01
57Ni 2.40e-03 8.62e-03 2.40e-03 8.57e-03 2.42e-03 1.45e-02
59Ni 7.59e-05 3.31e-05 7.56e-05 3.29e-05 6.49e-05 6.60e-05
63Ni 5.55e-12 5.83e-10 4.89e-11 5.31e-09 6.79e-10 6.46e-07
62Zn 1.65e-04 1.19e-03 1.65e-04 1.17e-03 1.63e-04 3.45e-03
65Zn 2.41e-07 1.03e-08 2.43e-07 4.42e-08 3.06e-07 1.62e-07
65Ge 4.13e-06 8.10e-07 4.13e-06 8.08e-07 3.88e-06 7.19e-07
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Table B.26: Nucleosynthetic yields (inM�) of select radioactive nuclides of Model M10_02 with
0.01, 0.1, and 3Z�.

M10_02_001 M10_02_01 M10_02_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

14C 9.13e-09 4.82e-07 9.25e-09 4.55e-07 1.07e-08 1.09e-06
22Na 4.63e-08 7.63e-09 4.85e-08 7.62e-09 1.15e-07 5.23e-09
26Al 6.68e-06 4.05e-06 6.69e-06 4.08e-06 7.41e-06 1.57e-06
32Si 9.92e-11 2.11e-10 1.67e-10 2.53e-10 2.82e-10 2.52e-08
32P 4.98e-09 8.29e-08 5.13e-09 8.09e-08 5.94e-09 1.31e-06
33P 1.26e-09 5.62e-08 1.33e-09 5.51e-08 2.79e-09 8.13e-07
35S 2.55e-09 6.27e-08 2.74e-09 5.95e-08 6.27e-09 1.94e-06
36Cl 5.32e-09 2.60e-07 5.39e-09 2.52e-07 7.63e-09 1.82e-06
37Ar 1.96e-06 1.45e-05 1.96e-06 1.42e-05 2.17e-06 2.80e-05
39Ar 1.42e-10 2.70e-09 1.08e-09 3.69e-09 1.89e-08 1.44e-07
40K 4.62e-10 1.74e-08 6.79e-10 1.69e-08 6.00e-09 1.51e-07
41Ca 4.61e-06 2.77e-06 4.61e-06 2.71e-06 5.17e-06 5.02e-06
44Ti 5.72e-04 1.99e-05 5.72e-04 1.99e-05 5.54e-04 1.27e-05
48V 2.60e-07 4.18e-08 2.64e-07 4.15e-08 3.83e-07 7.60e-08
49V 5.38e-08 1.38e-07 5.52e-08 1.38e-07 1.08e-07 5.80e-07
48Cr 2.53e-04 4.32e-04 2.51e-04 4.33e-04 1.95e-04 3.05e-04
49Cr 3.59e-06 2.24e-05 3.61e-06 2.22e-05 4.19e-06 3.28e-05
51Cr 1.01e-07 6.76e-07 1.02e-07 6.65e-07 1.30e-07 9.60e-06
51Mn 1.09e-05 5.49e-05 1.09e-05 5.43e-05 9.73e-06 1.06e-04
52Mn 1.46e-07 2.87e-06 1.47e-07 2.87e-06 1.91e-07 4.00e-06
53Mn 6.49e-08 1.76e-05 6.64e-08 1.74e-05 1.29e-07 1.20e-04
54Mn 5.15e-11 1.37e-08 3.21e-10 1.44e-08 1.25e-08 5.87e-07
52Fe 2.91e-05 9.49e-03 2.87e-05 9.51e-03 1.93e-05 7.21e-03
53Fe 1.22e-06 6.44e-04 1.22e-06 6.40e-04 1.19e-06 1.04e-03
55Fe 1.08e-08 1.86e-05 1.37e-08 1.82e-05 1.51e-07 3.72e-04
59Fe 2.37e-09 2.82e-09 2.54e-08 2.89e-08 1.23e-06 8.06e-07
60Fe 1.27e-08 1.21e-08 1.26e-07 1.19e-07 1.41e-06 9.11e-06
55Co 1.27e-06 3.32e-03 1.27e-06 3.29e-03 1.32e-06 7.14e-03
56Co 1.81e-08 1.21e-05 1.97e-08 1.20e-05 8.33e-08 3.24e-05
57Co 1.04e-08 2.94e-06 6.76e-08 2.90e-06 3.05e-06 4.34e-05
58Co 4.09e-10 4.69e-09 4.36e-09 6.07e-09 3.61e-07 1.45e-07
60Co 8.52e-09 5.15e-09 8.40e-08 5.15e-08 7.48e-07 1.09e-06
56Ni 1.80e-06 5.59e-01 1.80e-06 5.59e-01 1.79e-06 4.86e-01
57Ni 2.90e-07 9.28e-03 2.97e-07 9.23e-03 4.86e-07 1.58e-02
59Ni 1.85e-08 3.47e-05 6.98e-08 3.44e-05 2.07e-06 6.96e-05
63Ni 7.22e-10 3.78e-09 7.13e-09 3.65e-08 1.41e-07 1.52e-06
62Zn 5.05e-08 1.27e-03 2.17e-07 1.26e-03 1.84e-06 3.69e-03
65Zn 1.82e-10 9.79e-09 1.43e-09 3.76e-08 1.42e-08 9.24e-08
65Ge 8.47e-10 8.36e-07 2.07e-09 8.34e-07 6.04e-09 7.22e-07
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Table B.27: Nucleosynthetic yields (inM�) of select radioactive nuclides of Model M10_03 with
0.01, 0.1, and 3Z�.

M10_03_001 M10_03_01 M10_03_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

14C 8.73e-10 6.33e-08 8.84e-10 5.84e-08 8.62e-10 3.51e-07
22Na 1.96e-08 7.01e-09 2.04e-08 6.99e-09 4.12e-08 4.96e-09
26Al 5.01e-06 3.83e-06 5.00e-06 3.85e-06 5.07e-06 1.49e-06
32Si 7.27e-12 9.32e-11 8.88e-12 9.69e-11 1.12e-11 1.72e-08
32P 1.43e-08 6.92e-08 1.43e-08 6.73e-08 1.50e-08 1.13e-06
33P 8.37e-09 4.71e-08 8.35e-09 4.59e-08 8.74e-09 6.75e-07
35S 1.41e-08 5.25e-08 1.41e-08 4.95e-08 1.57e-08 1.62e-06
36Cl 3.95e-08 2.21e-07 3.94e-08 2.14e-07 4.22e-08 1.54e-06
37Ar 7.91e-06 1.30e-05 7.89e-06 1.28e-05 7.92e-06 2.50e-05
39Ar 5.67e-10 2.20e-09 7.15e-10 2.55e-09 3.91e-09 1.10e-07
40K 4.48e-09 1.46e-08 4.61e-09 1.42e-08 1.00e-08 1.27e-07
41Ca 6.33e-06 2.52e-06 6.32e-06 2.48e-06 6.70e-06 4.54e-06
44Ti 1.05e-03 2.01e-05 1.05e-03 2.02e-05 1.17e-03 1.24e-05
48V 4.48e-07 3.68e-08 4.52e-07 3.66e-08 6.26e-07 6.81e-08
49V 1.12e-07 1.24e-07 1.16e-07 1.24e-07 2.21e-07 5.16e-07
48Cr 1.71e-03 4.03e-04 1.71e-03 4.03e-04 1.55e-03 2.85e-04
49Cr 1.13e-05 2.06e-05 1.13e-05 2.05e-05 1.36e-05 3.06e-05
51Cr 4.72e-07 6.15e-07 4.75e-07 6.07e-07 5.91e-07 8.57e-06
51Mn 6.03e-05 5.08e-05 6.04e-05 5.03e-05 6.14e-05 9.90e-05
52Mn 9.08e-07 2.59e-06 9.08e-07 2.59e-06 9.37e-07 3.64e-06
53Mn 5.24e-07 1.60e-05 5.27e-07 1.59e-05 6.62e-07 1.08e-04
54Mn 8.14e-11 1.25e-08 3.24e-10 1.33e-08 9.76e-09 5.31e-07
52Fe 7.31e-04 8.74e-03 7.24e-04 8.75e-03 5.12e-04 6.66e-03
53Fe 1.22e-05 5.93e-04 1.22e-05 5.89e-04 1.16e-05 9.63e-04
55Fe 5.64e-08 1.70e-05 6.23e-08 1.68e-05 3.26e-07 3.31e-04
59Fe 6.53e-10 1.77e-09 6.99e-09 1.82e-08 4.26e-07 4.55e-07
60Fe 3.80e-09 9.38e-09 3.79e-08 9.12e-08 5.80e-07 7.94e-06
55Co 1.74e-05 3.06e-03 1.73e-05 3.02e-03 1.40e-05 6.61e-03
56Co 1.14e-07 1.19e-05 1.16e-07 1.18e-05 1.97e-07 3.06e-05
57Co 2.59e-08 2.85e-06 6.87e-08 2.82e-06 3.40e-06 3.94e-05
58Co 5.28e-10 4.33e-09 5.48e-09 5.66e-09 4.94e-07 1.31e-07
60Co 2.93e-09 5.03e-09 2.90e-08 5.02e-08 5.19e-07 9.67e-07
56Ni 6.95e-05 6.10e-01 6.85e-05 6.11e-01 4.25e-05 5.32e-01
57Ni 3.37e-06 1.11e-02 3.37e-06 1.10e-02 3.09e-06 1.86e-02
59Ni 9.35e-08 4.59e-05 2.81e-07 4.55e-05 9.02e-06 8.90e-05
63Ni 1.08e-09 3.39e-09 1.04e-08 3.26e-08 1.26e-07 1.45e-06
62Zn 2.42e-07 1.69e-03 5.20e-07 1.67e-03 4.01e-06 4.81e-03
65Zn 2.87e-09 1.15e-08 2.59e-08 3.40e-08 3.17e-07 7.87e-08
65Ge 4.42e-09 1.10e-06 7.68e-09 1.10e-06 2.61e-08 9.23e-07
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Table B.28: Nucleosynthetic yields (inM�) of select radioactive nuclides of Model M10_05 with
0.01, 0.1, and 3Z�.

M10_05_001 M10_05_01 M10_05_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

14C 1.41e-12 1.03e-08 1.64e-12 9.76e-09 8.35e-12 4.47e-08
22Na 3.59e-09 7.16e-09 3.71e-09 8.19e-09 7.09e-09 6.42e-09
26Al 1.11e-07 3.88e-06 1.11e-07 3.89e-06 1.24e-07 1.64e-06
32Si 2.44e-12 8.01e-10 2.54e-12 8.60e-11 2.90e-12 6.30e-09
32P 1.97e-08 9.13e-08 2.00e-08 8.83e-08 2.12e-08 1.50e-06
33P 1.59e-08 7.06e-08 1.61e-08 6.81e-08 1.71e-08 1.02e-06
35S 5.37e-09 7.25e-08 5.33e-09 6.83e-08 5.50e-09 2.46e-06
36Cl 7.84e-08 3.19e-07 7.82e-08 3.09e-07 8.05e-08 2.47e-06
37Ar 5.40e-06 1.49e-05 5.35e-06 1.46e-05 5.59e-06 2.71e-05
39Ar 2.36e-10 3.24e-09 2.30e-10 3.12e-09 2.63e-10 8.73e-08
40K 1.86e-09 2.33e-08 1.82e-09 2.21e-08 2.17e-09 2.12e-07
41Ca 1.84e-06 2.74e-06 1.84e-06 2.69e-06 2.42e-06 4.77e-06
44Ti 7.79e-04 2.42e-05 7.80e-04 2.43e-05 8.10e-04 1.37e-05
48V 4.79e-07 5.44e-08 4.86e-07 5.40e-08 7.56e-07 8.20e-08
49V 1.85e-07 1.43e-07 1.87e-07 1.43e-07 2.72e-07 6.16e-07
48Cr 2.06e-03 3.95e-04 2.06e-03 3.96e-04 2.15e-03 2.75e-04
49Cr 2.03e-05 2.02e-05 2.05e-05 2.01e-05 2.61e-05 2.96e-05
51Cr 1.07e-06 6.55e-07 1.07e-06 6.49e-07 1.27e-06 9.06e-06
51Mn 1.47e-04 4.98e-05 1.47e-04 4.93e-05 1.58e-04 9.63e-05
52Mn 4.23e-06 2.81e-06 4.27e-06 2.80e-06 5.45e-06 3.80e-06
53Mn 2.40e-06 1.60e-05 2.43e-06 1.59e-05 3.42e-06 1.11e-04
54Mn 2.78e-10 1.38e-08 3.49e-10 1.58e-08 3.43e-09 5.76e-07
52Fe 4.02e-03 8.42e-03 4.03e-03 8.43e-03 4.36e-03 6.39e-03
53Fe 5.53e-05 5.75e-04 5.59e-05 5.71e-04 7.56e-05 9.27e-04
55Fe 4.09e-07 1.77e-05 4.22e-07 1.74e-05 1.08e-06 3.47e-04
59Fe 9.45e-12 6.17e-10 7.11e-11 6.38e-09 6.18e-10 1.31e-07
60Fe 7.26e-12 3.88e-09 6.09e-11 3.51e-08 7.48e-10 4.85e-06
55Co 4.77e-04 2.96e-03 4.78e-04 2.93e-03 4.93e-04 6.37e-03
56Co 1.33e-06 1.51e-05 1.34e-06 1.50e-05 1.84e-06 3.30e-05
57Co 4.61e-07 2.97e-06 4.83e-07 2.92e-06 1.43e-06 4.05e-05
58Co 1.54e-10 4.61e-09 1.00e-09 7.07e-09 4.24e-08 1.46e-07
60Co 1.07e-11 3.41e-09 1.00e-10 3.36e-08 2.27e-09 1.05e-06
56Ni 8.32e-03 5.56e-01 8.31e-03 5.57e-01 8.07e-03 4.84e-01
57Ni 5.75e-04 1.01e-02 5.75e-04 1.00e-02 5.71e-04 1.69e-02
59Ni 5.36e-06 4.35e-05 5.39e-06 4.31e-05 7.93e-06 8.35e-05
63Ni 6.77e-12 1.58e-09 6.42e-11 1.51e-08 1.06e-09 1.34e-06
62Zn 5.98e-05 1.57e-03 6.04e-05 1.55e-03 8.24e-05 4.48e-03
65Zn 6.44e-08 1.57e-08 6.96e-08 6.41e-08 1.93e-07 1.95e-07
65Ge 1.52e-06 1.26e-06 1.52e-06 1.25e-06 1.51e-06 1.10e-06
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Table B.29: Nucleosynthetic yields (inM�) of select radioactive nuclides of Model M10_10 with
0.01, 0.1, and 3Z�.

M10_10_001 M10_10_01 M10_10_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

14C 3.58e-14 7.47e-16 7.04e-14 7.84e-16 1.08e-12 2.09e-15
22Na 1.25e-08 3.21e-13 1.22e-08 3.20e-13 6.93e-09 1.65e-10
26Al 8.09e-07 1.46e-10 7.98e-07 1.50e-10 5.20e-07 5.55e-11
32Si 4.10e-13 2.13e-13 5.85e-13 2.19e-13 5.18e-13 6.99e-12
32P 3.87e-09 1.77e-09 3.93e-09 1.78e-09 4.29e-09 1.01e-08
33P 1.58e-09 1.12e-09 1.63e-09 1.12e-09 1.78e-09 9.16e-09
35S 8.28e-10 8.03e-10 8.54e-10 7.88e-10 9.10e-10 5.69e-09
36Cl 8.25e-09 7.97e-09 8.24e-09 7.82e-09 8.67e-09 3.00e-08
37Ar 1.63e-06 1.66e-06 1.62e-06 1.63e-06 1.65e-06 4.09e-06
39Ar 4.45e-11 6.70e-11 4.50e-11 6.45e-11 5.23e-11 4.16e-10
40K 3.04e-10 4.33e-10 3.00e-10 4.18e-10 3.91e-10 1.70e-09
41Ca 3.19e-07 4.10e-07 3.21e-07 4.03e-07 4.78e-07 8.56e-07
44Ti 2.68e-04 2.04e-05 2.68e-04 2.04e-05 2.78e-04 1.25e-05
48V 1.28e-07 2.54e-08 1.28e-07 2.54e-08 2.28e-07 2.60e-08
49V 4.58e-08 8.20e-08 4.62e-08 8.14e-08 7.37e-08 1.66e-07
48Cr 5.30e-04 4.14e-04 5.32e-04 4.14e-04 5.96e-04 3.00e-04
49Cr 9.11e-06 2.00e-05 9.16e-06 1.99e-05 1.11e-05 3.16e-05
51Cr 3.81e-07 2.28e-07 3.79e-07 2.23e-07 4.86e-07 2.04e-06
51Mn 8.48e-05 4.88e-05 8.46e-05 4.83e-05 7.91e-05 1.02e-04
52Mn 1.10e-06 2.52e-06 1.11e-06 2.52e-06 1.47e-06 3.11e-06
53Mn 1.66e-06 1.32e-05 1.67e-06 1.31e-05 2.55e-06 3.98e-05
54Mn 1.71e-09 1.37e-09 1.76e-09 1.50e-09 1.12e-08 6.67e-08
52Fe 1.96e-03 9.26e-03 1.97e-03 9.28e-03 2.05e-03 7.19e-03
53Fe 5.34e-05 6.10e-04 5.36e-05 6.06e-04 6.39e-05 1.03e-03
55Fe 1.77e-06 3.22e-06 1.80e-06 3.00e-06 3.65e-06 8.56e-05
59Fe 7.84e-13 3.86e-10 5.87e-12 8.77e-16 4.55e-11 6.54e-11
60Fe 1.60e-13 1.57e-09 9.65e-13 2.09e-17 1.60e-12 3.40e-11
55Co 2.50e-04 3.16e-03 2.51e-04 3.13e-03 2.74e-04 7.15e-03
56Co 7.09e-07 1.24e-05 7.17e-07 1.23e-05 9.47e-07 3.08e-05
57Co 3.22e-07 1.17e-06 3.30e-07 1.12e-06 6.31e-07 1.19e-05
58Co 3.28e-10 4.92e-10 4.63e-10 4.41e-10 5.09e-09 1.61e-08
60Co 2.96e-13 6.85e-11 2.26e-12 4.86e-14 3.61e-11 7.93e-11
56Ni 3.95e-02 7.45e-01 3.95e-02 7.45e-01 3.89e-02 6.52e-01
57Ni 1.37e-03 1.41e-02 1.37e-03 1.40e-02 1.50e-03 2.49e-02
59Ni 5.24e-05 6.09e-05 5.19e-05 6.04e-05 3.69e-05 1.41e-04
63Ni 1.41e-13 2.85e-09 1.19e-12 4.59e-13 2.23e-11 1.61e-10
62Zn 9.91e-05 2.25e-03 9.89e-05 2.21e-03 9.57e-05 6.05e-03
65Zn 2.51e-08 1.19e-08 2.52e-08 1.19e-08 2.77e-08 1.01e-08
65Ge 3.17e-06 1.42e-06 3.16e-06 1.42e-06 2.97e-06 1.13e-06
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Table B.30: Nucleosynthetic yields (inM�) of select radioactive nuclides of Model M11_05 with
0.01, 0.1, and 3Z�.

M11_05_001 M11_05_01 M11_05_3
He det core det He det core det He det core det
[M�] [M�] [M�] [M�] [M�] [M�]

14C 1.02e-12 1.39e-16 1.15e-12 1.46e-16 5.25e-12 4.72e-16
22Na 7.64e-09 1.36e-13 7.56e-09 1.35e-13 6.16e-09 6.06e-10
26Al 2.78e-07 3.39e-11 2.75e-07 3.48e-11 2.00e-07 1.71e-11
32Si 5.17e-13 3.42e-14 5.32e-13 6.53e-14 6.65e-13 9.46e-13
32P 5.12e-09 4.12e-10 5.18e-09 4.19e-10 5.77e-09 2.17e-09
33P 1.91e-09 2.25e-10 1.94e-09 2.35e-10 2.18e-09 1.75e-09
35S 1.04e-09 1.92e-10 1.05e-09 1.93e-10 1.18e-09 1.37e-09
36Cl 1.24e-08 2.21e-09 1.24e-08 2.17e-09 1.36e-08 8.57e-09
37Ar 3.56e-06 8.71e-07 3.56e-06 8.60e-07 3.93e-06 1.93e-06
39Ar 6.85e-11 2.07e-11 6.88e-11 2.01e-11 8.86e-11 1.39e-10
40K 6.61e-10 1.70e-10 6.62e-10 1.65e-10 8.37e-10 6.83e-10
41Ca 9.97e-07 2.58e-07 1.00e-06 2.55e-07 1.30e-06 4.85e-07
44Ti 1.53e-04 2.05e-05 1.53e-04 2.05e-05 1.74e-04 1.15e-05
48V 9.25e-08 1.90e-08 9.44e-08 1.90e-08 1.85e-07 1.77e-08
49V 6.15e-08 5.94e-08 6.21e-08 5.90e-08 9.53e-08 1.12e-07
48Cr 7.16e-04 3.52e-04 7.19e-04 3.53e-04 8.03e-04 2.57e-04
49Cr 1.38e-05 1.62e-05 1.39e-05 1.61e-05 1.66e-05 2.67e-05
51Cr 2.25e-07 1.57e-07 2.29e-07 1.56e-07 4.43e-07 8.98e-07
51Mn 3.12e-05 4.00e-05 3.14e-05 3.96e-05 3.59e-05 8.71e-05
52Mn 8.78e-07 1.91e-06 8.86e-07 1.91e-06 1.17e-06 2.26e-06
53Mn 2.42e-06 9.85e-06 2.44e-06 9.79e-06 3.72e-06 2.33e-05
54Mn 4.42e-09 7.53e-10 4.64e-09 1.09e-09 1.98e-08 2.86e-08
52Fe 2.04e-03 7.79e-03 2.04e-03 7.80e-03 2.23e-03 6.09e-03
53Fe 6.94e-05 5.06e-04 6.97e-05 5.03e-04 7.79e-05 8.74e-04
55Fe 4.55e-06 1.85e-06 4.60e-06 1.89e-06 7.97e-06 3.42e-05
59Fe 5.94e-12 1.69e-17 4.37e-11 1.60e-16 1.46e-10 5.21e-11
60Fe 2.83e-12 9.92e-20 1.68e-11 3.32e-18 1.14e-11 2.51e-11
55Co 2.10e-04 2.63e-03 2.10e-04 2.61e-03 2.24e-04 6.11e-03
56Co 8.28e-07 1.23e-05 8.35e-07 1.23e-05 1.04e-06 2.63e-05
57Co 5.44e-07 1.13e-06 5.51e-07 1.15e-06 1.01e-06 5.85e-06
58Co 9.70e-10 2.38e-10 1.16e-09 3.29e-10 7.19e-09 6.47e-09
60Co 2.78e-12 4.02e-15 1.80e-11 1.46e-14 7.02e-11 5.90e-11
56Ni 1.24e-02 8.47e-01 1.23e-02 8.48e-01 1.14e-02 7.46e-01
57Ni 3.03e-04 1.77e-02 3.03e-04 1.76e-02 2.99e-04 3.35e-02
59Ni 4.36e-06 7.82e-05 4.30e-06 7.76e-05 3.04e-06 2.24e-04
63Ni 6.87e-13 8.60e-15 5.30e-12 8.55e-14 4.06e-11 1.12e-10
62Zn 2.09e-05 3.08e-03 2.10e-05 3.04e-03 2.24e-05 7.57e-03
65Zn 2.04e-09 1.43e-08 2.15e-09 1.43e-08 5.73e-09 1.12e-08
65Ge 8.14e-07 2.04e-06 8.07e-07 2.04e-06 6.46e-07 1.53e-06





Acknowledgements

This work could not have been carried out without the support of other people. First and foremost, I
thank Fritz Röpke for his supervision of the project. It would not have been realized without his initia-
tion. His help and advice was always appreciated. Further, I am grateful for the support Sabine Re�ert
and Stefan Jordan gave me while overseeing the progress of my thesis.

My thanks go to Volker Springel who provided me with the access to the Arepo code which allowed
me to carry out the simulations in the way presented here. In connection to this, many thanks go to
Rüdiger Pakmor who was always available for discussions and to answer questions. The close collabora-
tion with Christine E. Collins and Stuart S. Sim in Belfast has always been very positive and fruitful.
Thank you for the nice working environment and the many SN meetings we had throughout the years.

Moreover, the work has always been great with the people of the PSO group, thanks to Flo, Leo,
Theo, Christian and many others. The time spent at HITS, Philosophenweg or Marstall has been won-
derful. I especially want to thank those who proof-read my thesis.

I am further grateful to HITS and the Klaus Tschira Foundation for providing me with the needed
computational resources and wonderful workspace. Many friendships were formed during my time at the
institute.

Last but not least, I thank my family and friends, Simone, Salvador, Daniel, Tobias, and Anton, for
being there when I needed to talk.

227


	List of Figures
	List of Tables
	List of Abbreviations
	List of Physical Constants
	I Context and theoretical background
	I.1 Supernovae
	I.1.1 Supernova classification
	I.1.2 Type Ia supernovae

	I.2 Progenitors of Type Ia supernovae: White dwarfs
	I.2.1 WD formation
	I.2.2 Characteristics of WDs
	I.2.3 Single- and double-degenerate systems
	I.2.4 Chandrasekhar mass WDs
	I.2.5 Sub-Chandrasekhar mass WDs
	I.2.6 Double detonations of sub-MCh WDs
	I.2.7 Nucleosynthesis in sub-MCh WD explosions

	I.3 Detonation simulations
	I.3.1 Theoretical basis
	I.3.2 Hydrodynamical simulations
	I.3.3 Nuclear network
	I.3.4 Radiative transfer calculations


	II Impact of core-shell mixing on the C detonation ignition mechanism
	II.1 Model setup
	II.1.1 Relaxation
	II.1.2 Detonation

	II.2 Explosion simulations
	II.2.1 C detonation ignition mechanism
	II.2.2 Final abundances
	II.2.3 Robustness of the C detonation ignition mechanism

	II.3 Radiative transfer calculations
	II.3.1 Angle-averaged synthetic observables
	II.3.2 Angle-dependent observables

	II.4 Discussion
	II.4.1 In the context of previous hydrodynamic simulations
	II.4.2 Comparison to observations


	III Can different core and He shell masses explain variations of Type Ia supernovae?
	III.1 Models of the parameter study
	III.1.1 Model setup
	III.1.2 Metallicity implementation
	III.1.3 Relaxation

	III.2 Simulation results
	III.2.1 C detonation ignition mechanism
	III.2.2 Nucleosynthetic yields

	III.3 Comparison to previous hydrodynamic models
	III.4 Synthetic observables
	III.4.1 Angle-averaged light curves
	III.4.2 Angle-dependent light curves
	III.4.3 Bolometric width-luminosity relation and comparison to data


	IV Metallicity-dependent nucleosynthetic yields
	IV.1 Models
	IV.2 Metallicity-dependent nucleosynthesis
	IV.2.1 Low and intermediate mass elements
	IV.2.2 Iron group elements
	IV.2.3 Elemental ratios relative to Fe

	IV.3 Discussion
	IV.4 Galactic chemical evolution model

	V Summary
	V.1 Conclusions
	V.1.1 Impact of core-shell mixing
	V.1.2 A possible explanation for variations in SNeIa
	V.1.3 Metallicity-dependent nucleosynthetic yields and GCE
	V.1.4 Implications for SNIa modeling and outlook

	Publications by Sabrina Gronow
	Bibliography
	A Nuclear reactions
	B Abundances tables
	B.1 Models at solar metallicity
	B.2 Models at 0.01Z, 0.1Z, and 3Z metallicity

	Acknowledgements


