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relative ratios of sub- to Chandresakar mass WD progenitors, may be deter-
mined through this method with further galactic chemical evolution model-

ing.
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Chapter 1

An Overview of Type Ia

Supernovae

“How far that little candle throws his beams! So shines a good deed in a naughty

world.”

Portia, The Merchant of Venice, William Shakespeare

1.1 What are Supernovae?

Transient events in astronomy have been recorded for thousands of years.
The first observation of a supernova has been suggested to have occurred
at around 4500 BC, in the Kashmir region of India (Joglekar et al., 2011).
The brightest stellar object in the night sky in recorded history, SN 1006,
was observed around the world. Detailed records of SN 1006 survive to this
day (Stephenson, 2010), and serve to illustrate our enduring fascination with
transient astronomical events. The invention of the telescope in 1609 revolu-
tionised all astronomy, and over time many extragalactic observations were
made of transient stellar events, some of which would out-shine entire galax-

ies.
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Baade and Zwicky (1934) first described the "super-novae", but at this
time the nature of these objects was still not known. In addition to this, spec-
tra were poor and scarce. Surveys were undertaken which saw an explosion
in the number of recorded SN events and, with this new data, a description of
the mechanism of SN explosions began to be formed. Minkowski (1941) first
categorised SN events into two types: Type I were a homogeneous group of
explosions without hydrogen lines in their spectra; Type Il were more diverse
and contained H-lines.

In 1961, P. Wild discovered a new type of Supernova, with a spectrum
different to the Type I previously observed (Zwicky, 1964). Further work by
Zwicky (“Supernovae.”) proposed Types III, IV and V as possible new su-
pernovae; however, these fell out of favour. The naming convention adopted
was SN Ia, Ib after the observations of distinct SN spectra which do not show
the Sill A6150 absorption line (Da Silva, 1993). Ic was identified later, with a
theoretical description of the origins of Ib and Ic as core collapse supernovae
(CCSN) presented in Wheeler and Harkness (1990).

The homogeneity of Type Ia supernovae became a cornerstone of cosmol-
ogy, following the work of Phillips et al. (1987), which further drove efforts to
understand the mechanism by which these dramatic events occur. Not only
are SNla a key tool for cosmological studies, but their effect on galactic dy-
namics and morphology of the low mass dwarf spheroidals (Cashmore et al.,
2017), on enrichment of galaxies and the intergalactic medium, and their be-
ing host to some of the most violent and extreme conditions in the Universe,

make them an object of intense interest.

1.1.1 Types of Supernovae

Observational classifications of supernova events are shown in figure 1.1.

There are two general types of supernova explosions, namely the CCSN and
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FIGURE 1.1: Observational classification of supernova tran-
sients, with corresponding progenitor.

the thermonuclear supernova (SNla). These categories represent fundamen-
tal differences in the explosion mechanisms, with further sub-categories ex-
isting within this.

A core collapse supernova occurs when a massive star (more than 8 M)
reaches the end of its life. Burning has proceeded throughout the life of the
star, first converting H to He, forming a He core with a H burning envelope
enclosing it. This produces energy which prevents the star from collapsing
under its own weight. However, once all of the H fuel is consumed, the core
begins to contract and collapse. This contraction heats the He ashes which
then ignite, burning to carbon. Subsequent burning occurs, producing C, Ne,
O and Si shells, with a final inert core of Fe. As Fe-nuclei are some of the most
tightly bound, no further energy can be liberated from fusion. This results in
a final catastrophic collapse of the star as the weight of the iron core continues
to grow from burning in the shells above. Once degeneracy pressure can no
longer support the weight of the iron core, it collapses.

Historically, it was believed that the Fe core would reach super-nuclear

densities, at which point it rebounds due to the repulsive effect of the strong
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force at very small distances. This sends a shock wave back through the
imploding core resulting in the ejection of the outer core and envelope of
the star. However, this mechanism is no longer considered a good model of
the core collapse. Currently, two favoured models describe this explosion -
in the case of a '"normal” CCSN kinetic energies close to the binding energy
of the material are believed to originate from neutrino driven explosions,
much more energetic explosions are likely to be driven by magnetorotational
explosions (Janka et al., 2007; Janka, 2012). Other explosion mechanisms are
described in the literature, however we will not discuss these here. A neutron
star or black hole remnant can remain - dependent on the core mass - or
complete disruption of the star can occur as in the case of pair-instability
supernovae, in stars with masses of around 150 M, (see for example Fryer,
Woosley, and Heger, 2001; Heger et al., 2003).

Type Ia supernova originate from lower mass stars which end their lives
as C/O white dwarfs. In isolation these white dwarfs are unconditionally
stable on time scales much longer than the age of the Universe. SNIa explo-
sions therefore occur in binary systems, where a transfer of mass from the
companion star to the primary star causes an explosion in the C/O WD. The
exact mechanism by which this occurs is currently not well known, and may
vary between different SNIa events.

Binary star systems have been known to exist for over 250 years with the
tirst statistical analysis by Mitchell in 1767 (Kratter, 2011). Abt and Levy
(1976) found that solar-like stars are distributed with a 42:46:9:2 frequency
of single:double:triple:quadruple. More recent work revises this figure, with
an average number of companions for solar-like stars being close to 1.4, and
the number of stars with a companion being closer to 44% (see Duchéne and
Kraus, 2013, and references therein). More than half of stars in the 1.5-5 Mg,
mass range are in systems with companions (Duchéne and Kraus, 2013).

Figure 1.2 shows the evolution of a close binary system, adapted from
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Toloza et al. (2019). In (i) we begin with a main sequence binary system.
Both of the main sequence stars burn hydrogen, until the more massive star
exhausts H fuel in its core which then contracts. The outer layers of the star
continue to burn hydrogen in a shell, which increases the luminosity of the
star and causes it to expand. This leads to stage (ii) where we have a main
sequence companion star and a giant or supergiant primary. At this point,
if the system is close enough, the expanding hydrogen envelope of the pri-
mary engulfs the main sequence companion (iii). This leads to the first com-
mon envelope phase. A full description of the physics involved in common
envelope evolution is not currently available, and significant uncertainties re-
main. Merger rates of compact binaries are highly sensitive to modeling pa-
rameters, with rates changing by over two orders of magnitude when consid-
ering realistic conditions for common envelopes (Aasi et al., 2015; Belczynski
et al., 2007). The conditions required to initiate the common envelope phase
are not well constrained, the range of systems which transition from Roche
lobe overflow to the common envelope are not known (Toloza et al., 2019)
and, depending on the treatment of accretion in these systems, it is possi-
ble that significant processing of envelope material occurs through accretion
onto the compact object (Keegans et al., 2019). The ejection of the envelope
is not certain for all systems; the treatment of viscosity and its effect on en-
velope ejection and a variety of other open questions remain. Despite this, it
seems necessary that a common envelope event happen in the evolution of
our binary SNla progenitor.

The envelope of the more evolved star is eventually ejected (iv), which
leads to a potential branching point in the evolution of our system. In (c.i) the
WD accretes material from its main sequence companion, following Roche-
lobe overflow. This accretion continues until the Chandrasekhar mass is

reached (c.ii, c.iii) during which time the system appears as a super soft x-ray
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source (Southwell et al., 1996; Toloza et al., 2019). Upon reaching the Chan-
drasekhar mass, the WD explodes as a single degenerate SNIa. If the com-
panion star does not undergo Roche-lobe overflow before its giant phase (v),
the system will instead undergo a second common envelope phase. There are
two possible scenarios if this occurs: the companion star may become a C/O
core or He core (a.i). This phase results in a close compact binary of two WDs
(a.ii). One may either become disrupted, causing material to be accreted on
to the primary (a.iii), or direct merger of the two WDs can occur, in both cases
this results in the SNIa explosion. In the event where the companion star is
non-degenerate (b.i), the common envelope phase occurs and, after ejection
of the envelope, a helium star and a WD remain (b.ii). The companion he-
lium star is accreted onto the compact primary through Roche-lobe overflow
and, after reaching the Chandrasekhar mass, explodes in the SNIa event.
The Chandrasekhar mass determines the maximum possible mass that
a WD may achieve. This occurs when the WD is supported by relativistic

electron degeneracy pressure and for a stellar object is given by the equation:

My, = 5.836Y2M,,, (1.1)

Where Y, is the electron fraction. This gives a value for My, of 1.46 M, for
a C/O WD. Above the Chandrasekhar mass, addition of further mass causes
the nuclei to undergo electron captures as the Fermi energy of the electrons
exceeds the electron capture threshold on the C/O nuclei. This leads to a
contraction of the WD, driving further captures. Hydrostatic balance is lost
during this process and results in total collapse (Arnett, 1996).

Electron captures on **Mg leads to an effective reduction in the Chan-
drasekhar mass, through lowering of the Fermi energy (Nomoto and Kondo,

1991; Hurley, Tout, and Pols, 2002). Whether the system subsequently forms
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FIGURE 1.2: Evolutionary pathways for SNIa explosions. Main

sequence stars are shown in blue, giant and supergiant stars are

grey and yellow, common envelope phases are in green, and

mass transfer events are in orange-red. Cores of stars and com-

pact remnants are grey, the supernova events are represented
by the purple boxes. Adapted from Toloza et al. (2019).

a neutron star or explodes is dependent on the interplay of the electron cap-
tures and nuclear burning in the system (Nomoto and Kondo, 1991).

Depending on the evolutionary pathway of the SNIa event, the collapse
of the WD may occur through several different mechanisms. For example the
primary C/O white dwarf may reach the Chandrasekhar mass which is the
critical value (approximately 1.44M.) beyond which the WD can no longer
be supported through electron degeneracy pressure. Ignition of the C/O core
can be initiated through compressional heating from accreted layers, leading
to a deflagration front. This deflagration front becomes a detonation due to
turbulent effects (Hillebrandt and Niemeyer, 2000; Khokhlov, 1991) or may
lead to a delayed detonation (Arnett and Livne, 1994). Carbon may also be
ignited in the core of the WD through a detonation in an accreted helium
layer, as well as other formation scenarios discussed in this chapter.

Why must the progenitor of a SNIa explosion be a C/O white dwarf?

Helium white dwarfs are formed with initial masses of between ~0.5 and
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0.2 Mg, (Livio, 2000; Iben Jr and Tutukov, 1985). Ignition occurs centrally
in these objects at a mass of 0.7 M, resulting in spectra rich in He and Ni
decay products and little to no intermediate mass elements (Nomoto and
Sugimoto, 1977; Woosley, Taam, and Weaver, 1986). Branch et al. (1995) sep-
arate the evolution of progenitors of SNIa into two categories: those models
which ignite carbon first during the explosion, and those which ignite helium
followed by a carbon ignition. These two pathways correspond to the Chan-
drasekhar and sub-Chandrasekhar models respectively. They identify seven
candidate systems for the carbon igniting Chandrasekhar mass models, and
four for the helium igniting sub-Chandrasekhar mass.

The double detonation scenario was not favoured initially, as the expected
spectra and lightcurves of these explosion channels were not computed to
resemble those of a standard SNla spectra (Ruiter et al., 2014; Hoeflich et
al., 1996). For instance, the peak light of the explosion was predicted to be
incorrect (Garcia Senz, Bravo Guil, and Woosley, 1999). By constraining the
accreted helium shell to be minimally thick however, Fink et al. (2010) show
that this a viable method for initiating the explosion and Kromer et al. (2010)
show that with this thin shell the spectra is in good agreement with normal
SNiIa spectra.

O/Ne white dwarfs are expected to form from main sequence stars at
around 10 My (eg. Doherty et al., 2015) making them less numerous than
the SNIa progenitors required to match the observed Ia rate (Livio, 2000). It
is also likely that these white dwarfs will preferentially form neutron stars
through accretion induced collapse, which occurs when the WD exceeds the
Chandrasekhar mass.

The delay time distribution (DTD) of the progenitor systems is also an im-
portant constraint. Different evolutionary pathways require different timescales
to reach SNIa explosion. Greggio (2005) presents a formulation for the DTD

of SNIa, and shows that the single degenerate timescale is determined by the
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evolutionary lifetime of the companion. Greggio therefore concludes that the
total delay time for single degenerate systems is equal to the main sequence
lifetime of the companion star, and therefore depends on the mass of the
companion. In the double degenerate scenario, the delay time is the sum of
the lifetime of the secondary and the time it takes for the two compact ob-
jects to coaless, due to the radiation of gravitational waves. The gravitational
wave component depends on the initial separation of the two compact ob-
jects and their masses. There is expected to be a wide range of values for the
gravitational component, due to the wide possible range of separations and
combined binary masses.

The observed rate of SNIa explosions offers a useful constraint on the pos-
sible progenitor systems. Maoz and Mannucci (2012) present a review of for-
mations channels and find that the double degenerate channel most closely
reproduces the observed delay-time distribution of SNla events. A short-
delay component is suggested for the single degenerate channel, however the
double degenerate channel is considered to be the more likely pathway, par-
ticularly at longer timescales. Mennekens et al. (2010) also discuss the delay-
time distribution of single and double degenerate progenitors of SNla and
find that the single degenerate model cannot reproduce the observed delay-
time distribution of SNIa without a contribution from the double degenerate
scenario. Population synthesis models can reproduce the observed distribu-
tion of SNIa from combinations of WD progenitors and therefore C/O white
dwarfs are the only progenitors with the correct statistics and spectral fea-
tures to match observations of SNIa.

The modeling of the evolution of intermediate mass stars with mass < 8
Mg is a complicated and computationally expensive process. Burning in the
stellar object continues to core helium burning, much as in the early stage of

the massive stars. Karakas and Lattanzio (2014) identify stars with an initial
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mass of between approximately 0.8 and 7 M, as being capable of produc-
ing a C/O white dwarf remnant. Once the hydrogen fuel of these stars is
exhausted within the core, the core contracts.

Hydrogen burning continues in a shell around the helium core, while the
outer layers of the star expand and cool connectively. First dredge up occurs
when the star is no longer able to cool, with the connective envelope extend-
ing deeper and mixing with more processed material. At this stage, much
of the envelope may be lost to stellar winds due to the very extended nature
of the star. During this process, the helium core continues to contract, and
cooling becomes dominated by neutrinos in the dense centers of the cores.

Eventually, the necessary temperature for helium ignition is reached (ap-
proximately 10% K). Ignition occurs at different points in the star depending
on the initial mass. We now have a star with a helium burning convective
core and a hydrogen burning shell (Arnett, 1996). Helium breathing pulses
determine, in part, the mass of the final C/O core, as they mix new unburnt
material into the helium core as it is depleted. This new material extends the
helium burning phase. However there is no observational data to support
the occurrence of these events (Karakas and Lattanzio, 2014). The star now
undergoes thermal pulses, described by Schwarzschild and Harm (1965).

At this stage, we are left with a C/O core with thermal pulsing shells
above. These pulses do not effect the core, and gradual burning of the He
shell decreases the envelope mass and increases the C/O core mass. As this
continues, the shells extinguish and a C/O white dwarf remains (Kippen-
hahn, Weigert, and Weiss, 1990; Shapiro and Teukolsky, 2008).

There are a number of other possible evolutionary pathways after the for-

mation of the white dwarf:
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Double Degenerate Scenario

This progenitor model consists of two compact objects merging, whether
through tidal interaction causing the WDs to spiral and merge or through
three-body interactions. Observational counterparts to double degenerate
systems have been identified - see, for example Roelofs et al. (2010). The
merger time for a double degenerate scenario also follows the t~! DTD ob-
served in SNIa (Yungelson and Livio, 2000). Difficulties with this model,
however, include the relatively high symmetry of SNIa explosions. Bravo,
Badenes, and Garcia-Senz (2005) identify a number of features of SNIa ober-
vations which suggests that the explosions are largely spherical. calling into
question the usefulness of three dimensional models of the explosions. In
the DD scenario there are expected to be some significant deviations from
this spherical symmetry due to the accretion from the companion star. Be-
cause of this and the possibility of accretion induced collapse as an endpoint
to evolution, there are open questions as to the validity of the DD scenario as

a precursor to SNla explosions.

Core Degenerate Mechanism

Originally developed to explain the observations of Ha emission in SN 2002ic
by Livio and Riess (2003), the core degenerate scenario supposes that a de-
generate WD spirals inward through the envelope of an AGB star, eventually
merging with the AGB core. Ha emissions therefore originate in the enve-
lope of the AGB star, which is largely ejected during any potential in-spiral,
in agreement with the observations of Hamuy et al. (2003). While this ob-
servation and model is successful in describing the spectra of SN 2002ic, the
complete absence of H features in other SNIa spectra makes the presence of
a large mass of ejected H-material from the AGB companion highly unlikely.

Livio and Riess (2003) suggests that in the specific example of SN 2002ic, the
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SN explosion happens during the common envelope phase, before ejection of
the envelope is complete. If the in-spiral and merger of the C/O remnants is
over a long time period, then the ejected envelope could be dispersed; how-
ever, this may not be the case and much shorter timescales for the merger of
the C/O WDs - on the order of 107 yrs as calculated by Meng and Podsiad-
lowski (2013) - means that H would still be detectable in the spectra. Cur-
rently, simulations of this process are not available and therefore predictions
of the ejected composition of material are not possible. In addition to this,
a number of other difficulties including the theoretical DTD, the final mass
of the merged WDs, and the possibility of accretion induced collapse, leave

doubts as to the viability of this progenitor system.

WD WD Collision

A possible evolutionary pathway to SNIa explosion involves the head-on col-
lision of two WDs. Kushnir et al. (2013) show that direct collisions of WDs in
triple systems give the correct synthesised mass of *°Ni, the correct features
of the late-time light curve and the correct distributions of velocities for the
ejected *°Ni, independent of the masses of the colliding white dwarfs and
without the need for a deflagration to detonation transition. Previous work
by Katz and Dong (2012) suggests that the number of colliding WD systems is
comparable to the observed rates of SNIa explosions, however this is not sup-
ported by other works (e.g. Hamers et al., 2013; Toonen, Perets, and Hamers,
2018) where the rate is much lower. Toonen, Perets, and Hamers (2018) find
an expected contribution to SNIa events of around 0.1% from these triple WD

systems.
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1.1.2 Modeling the Explosion

Hoyle and Fowler (1960) first suggested the detonation of a degenerate car-
bon core as the mechanism by which SNIa could be produced. Pure proton
captures are impossible on the short timescales of the explosion, and proton
captures on light nuclei (such as in the CNO cycle) provide insufficient en-
ergy generation due to the limited number of proton captures that can occur,
even at very high temperatures. He burning is likewise slow due to the very
low abundances of ®Be. It is concluded therefore, that in explosive nucle-
osynthesis, fusion of light nuclei such as 1?C is necessary to provide the huge
energy output needed for a SN event.

We now move to a description of the three models investigated in this
work, which are the 1.4 M model of Townsley et al. (2016) (T1.4), the 1.0
Mg model of Shen et al. (2018), and the 0.8 M model of Miles et al. (2019).

1.1.3 Chandrasekhar Mass Deflagration Detonation

Accretion onto the WD raises the temperature of the core due to compres-
sional heating, which ignites a slow carbon burning known as the simmer-
ing phase, which changes the Y, of the WD. This nuclear energy generation
further increases the core’s temperature. As the (12C,12C) rate is highly sen-
sitive to the temperature of the system, the energy generation increases until
neutrino cooling processes can no longer keep the core in equilibrium. Con-
vective instabilities are then formed, causing the whole of the core of the WD
to become convective until even this can no longer keep the reaction rate in
check.

When the nuclear burning and convective timescales are approximately
the same, a thermonuclear runaway occurs (Iliadis, 2015). Arnett (1996) de-
scribes the effect of degeneracy pressure in this event, which drives the det-

onation. Without degenerate matter, the star would simply expand during
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the deflagration stage, allowing it to cool. As the material is degenerate,
this cannot occur and the temperature continues to increase until the run-
away (12C,12C) reactions occur. During the detonation, it is the passage of the
shock, compressing unburnt fuel, which drives the further reactions which
power the shockwave. A pure detonation or shock is insufficient to repro-
duce the observed SNIa abundances. This transition from deflagration to
detonation is therefore a crucial consideration of the nucleosynthesis and dy-
namics of any SNIa model.

The first description of the deflagration-detonation model was presented
in Khokhlov (1991). Townsley et al. (2016) presents a deflagration-detonation
model adapted from the earlier Calder et al. (2007), with improved treat-
ments of the flame fronts which remain unresolved in hydrodynamical mod-
eling. Pure detonation models convert the whole C/O WD into iron peak
elements (Arnett, 1969), giving a good match to abundance patterns for iron
group elements but severe under-production of intermediate mass elements
(6 < Z < 21), resulting in yields incompatible with galactic chemical evolu-
tion models (Arnett, Truran, and Woosley, 1971). The detonation is a super-
sonic burning front which propagates through the WD (Townsley et al., 2016;
Khokhlov, 1989), caused by a shock-wave moving through the C/O fuel. A
deflagration is a subsonic burning front which propagates through the C/O
fuel through conduction (Timmes and Woosley, 1992; Townsley et al., 2016).

The deflagration produces more intermediate mass elements due to the
expansion of the fuel and subsequent lowering of density. The iron group
distribution of the burning products in this scenario is significantly differ-
ent to the observed Solar System abundances. Khokhlov (1991) suggests a
regime whereby the explosion begins as a deflagration front in the WD and
then evolves to a detonation due to sub-grid effects in the turbulent flame
front of the deflagration, which are unresolved in current models. In defla-

gration fronts in the T1.4 model, the temperature experienced by the tracer
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particles is not physical, due to the thickness of the front. Reconstruction is
used to give a more physical description of the actual thermodynamic con-
ditions that these particles experience in order to better model the burning
processes in the fuel.

Sufficient expansion of the WD material is necessary to produce inter-
mediate mass elements in the outer, less dense regions of the progenitor
(0 < 107gem—3), whilst in the more dense inner regions of the WD the Fe-
group nucleosynthesis of the detonation model is preserved. Ropke (2007)
found that large patches of turbulent flame fronts are viable sites for the
transition to a deflagration front, supporting the theory that deflagration to
detonation events may occur in SNIa explosions.

Comparison of predicted yields of pure deflagration explosions from three
dimensional models with observations has been investigated in Ropke et al.
(2007). Despite reproducing the light-curve of typical SNIa closely, there
were still found to be discrepancies. The deflagration-detonation model is
therefore a strong candidate for the explosion mechanism in SNIa.

Whether an accreting white dwarf is capable of growing to the Chan-
drasekhar mass is disputed. Hillman et al. (2016) found a broad range of
accretion rates for which growth to the Chandrasekhar mass is possible due
to heating of the WD core, which results in the partial lifting of degeneracy
and subsequent quasi-steady state He burning. However it is not clear that
the C/O WD grows in mass during accretion phases.

Livio and Mazzali (2018) highlight the potential diversity of progenitor
systems for the single degenerate scenario: the companion star could be any
main sequence, giant or AGB star; the progenitor systems could be classi-
cal or recurrent novae (along with other possibilities); this leads naturally to
a diversity in the explosive conditions in the SNIa, and so a spread in the

observed characteristics of the SNIa event, as is observed in Ia lightcurves.
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Some observations of early blue excesses in the lightcurves of SNla (Hos-
seinzadeh et al., 2017; Marion et al., 2016) support the existence of a non-
degenerate companion star. In addition to these, potential observations of
circumstellar material around some SNIa further suggest the presence of a
non-degenerate companion (Maguire et al., 2013). There are some difficul-
ties, however, to be found within this model. Observations of interactions
between the ejected SNIa material and a companion show no signs of opti-
cal and UV emission, which should be more luminous than the radioactive
decay in the first days of the explosion.

If the WD were to be accreting H from its companion, there should be
some evidence of H-lines in the spectra at late times. However, surveys have
shown no evidence of hydrogen in SNla spectra. Botyanszki, Kasen, and
Plewa (2017) rule out main-sequence companions due to this lack of H spec-
tra lines. We therefore see a range of issues in the observational evidence
for single degenerate SNIa. The theoretical predictions of nucleosynthesis
products, however, favour this progenitor model.

Hansen (2003) suggests the companion star in the single degenerate sce-
nario may survive the SNla event, which affords the opportunity to identify
SNIa host systems after the event of an explosion. Observations by Justham
et al. (2009) of low mass single white dwarfs with M < 0.4 M, suggest that at
least some of the observed SNIa explosions originates with a single degener-

ate scenario.

1.1.4 Sub-Chandrasekhar Mass C/O Detonation

The models of Shen et al. (2018) investigated in this work are of a 1.0 M,
single C/O detonation explosion. The model is the limiting case for a dou-

ble detonation, whereby the accreted helium layer is argued to be of a very
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small mass, and so inconsequential for the burning and nucleosynthesis out-
put. In a standard double detonation scenario, rapid transfer of He from a
binary companion initiates a He detonation in the accreted outer layers of
the star. This subsequently triggers a second explosion in the C/O core of
the white dwarf. In this model, the detonation is triggered only in the C/O
core. While this leads to a WD explosion which matches observable reason-
ably well. Neglecting to include the helium shell ashes in the models can lead
to inconsistencies however - Fink et al. (2010) show significant production of
some iron group material in the helium ashes such as >Fe.

Nomoto (1982) identifies a range of accretion rates in the SNIa progenitor
system which may give rise to a DD event. For strong helium flashes with

accretion rates between 4 x 1078 and 102 M In these models the DD

Oyr=1
explosion synthesises almost exclusively *°Ni, with only a few thousandths
of a solar mass of intermediate mass elements. Further work by Woosley
and Weaver (1994) demonstrates that accretion of 0.15-0.2 My, of helium is
sufficient to cause a DD event to occur. Fink et al. (2010) finds significantly
smaller He shell masses are sufficient to ignite the C core - down to 3.5 x 1072
Me.

Kushnir, Wygoda, and Sharon (2020) find that the amount of synthesised
6Ni differs significantly from observed values for DD models, with the dis-
crepancies in results being larger than the observational uncertainties.

The number of tracer particles for the S1.0 models is much lower than
in the T1.4 and MO0.8 cases. This is due to the Shen models being one dimen-
sional, as opposed to the two dimensional models in the T1.4 and MO0.8 cases.
The tracers in this model are therefore points in the one dimensional star, and
fewer tracers are needed to have a resolved model. For the purposes of this

thesis, the dimensionality of the progenitors is not important as we do not

investigate the effect of this on the nucleosynthesis products.
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1.1.5 Miles

The detonation of the Miles et al. (2019) model is initiated by inserting a hot
spot into the core of the C/O WD, with a temperature of 1.98x10° K. This
model therefore does not correspond to a particular progenitor system, with
only the initial mass of the C/O core and the initial abundances determining
the explosion.

The Miles models are very sub luminous due to the small amount of *°Ni
produced in the explosion. Because of this, they do not produce lightcurves
which would be classified as a normal SNIa. Sub-luminous Type Ia events
have been observed - e.g. Hoflich et al. (2002), and various explanations for
their origin are available in the literature (Howell, 2001; Pakmor et al., 2010).
This model may therefore be useful as a test of sub-luminous SNIa, but is not

representative of a typical explosion.

1.2 Nucleosynthesis in SNIa

When describing the explosion of the C/O WD, we must first consider the
composition. The core of the WD is formed during convective He burning,
and the outer layers during shell burning on the AGB (Iliadis, 2015). This
composition can be described in terms of 12C 160 and %2Ne abundances
(Timmes, Brown, and Truran, 2003). Dominguez, Hoflich, and Straniero
(2001) identify that the initial composition of the WD impacts the nucleosyn-
thesis in the outer layers only, as we find in our post-processed models.
Different stages of burning are experienced at different depths in the white
dwarf, which correspond to different peak temperatures and densities expe-
rienced in these various fluid elements, and which Iliadis (2015) models after
the various burning stages in massive stars. In the most extreme central envi-
ronments, complete silicon burning is experienced, producing a distribution

of iron group material which is sensitive to the peak density (due to the effect
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on weak reaction rates). This explosive Si-burning occurs at temperatures in
excess of 9 GK and as such, the nucleosynthesis observed at the end of the
explosion is through recombination of a particles and free neutrons, in either
an a-rich or standard freeze-out (these are explained more fully in chapter
2). The central density is therefore a defining characteristic of the eventual
ejecta, due to the weak interactions in the very dense core, which alters the
electron fraction of the fuel.

Incomplete silicon burning occurs in peak temperature regions of around
5 GK, and explosive oxygen burning accounts for the outer, cooler layers
of the WD (Iliadis, 2015). Explosive oxygen burning and incomplete sili-
con burning produce many a-chain isotopes, along with stable Fe-group nu-
clei. Incomplete Si burning occurs in quasi statistical equilibrium (QSE) giv-
ing two islands of production at intermediate masses and in the Fe-group.
The complete conversion of intermediate mass isotopes to Fe-group mate-
rial is halted by the expansion and cooling of the material as the shock wave
passes, causing a freeze-out. Iliadis (2015) therefore notes that the expansion
timescales and the initial electron fraction are likely to dictate the relative
abundances of Fe-group to intermediate mass elements (IMEs). The explo-
sive oxygen burning follows a similar trend to the incomplete Si burning;
however, as the peak temperatures are lower the total amount of material
that is processed to the Fe-group is severely reduced. In the outermost lay-
ers, explosive Ne-C burning occurs. These burning regimes are discussed in
the context of our results in Chapter 3 where they are identified as the hot
(complete-Si), intermediate (incomplete-Si and exp-O) and cool components

(exp-Ne/C).
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1.3 Reference Yields

A selection of SNIa yields available in the literature are used to benchmark
our results in Chapter 4. Here we give a brief overview of the various refer-

ence models models.

1.3.1 W7

Special consideration must be shown for the yields of Nomoto, Thielemann,
and Yokoi (1984), which have been updated in Iwamoto et al. (1999) and
Nomoto and Leung (2018). These yields have been the benchmark for SNIa
yields in GCE and lightcurves for almost 40 years.

The carbon deflagration in the original W7 model is triggered by rapid
accretion of material from the companion star, at rates greater than 4 x 108
Mqyr~!. The passage of the deflagration wave through the outer material of
the W7 model synthesises the intermediate mass elements such as Ca and S,
while the *Ni and *°Co necessary for the observed light curve are synthe-
sised in the inner regions. The WD is completely disrupted in this explosion.

A network of 205 species is used in the original Nomoto, Thielemann, and
Yokoi (1984) paper. In Nomoto, Thielemann, and Wheeler (1984) some dif-
ticulties with the abundances of some isotopes are discussed, with overpro-
duction of intermediate mass elements evident from the original paper, due
to the high central density of the original W7 model. Comparisons with the
observations of Anders and Ebihara (1982) were in good agreement with W7
due to the lower central density experienced during the explosion; however,
it is mentioned that production of >*Fe is a factor of 4 larger than expected,
largely due to excess neutronisation.

The 7’ in the W7 models correspond to the value of the mixing length
scale to pressure scale height, the W to the white dwarf progenitor (as op-

posed to the "C’ cases with a stellar core).
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1.3.2 Seitenzahl 2013

The models from Seitenzahl et al., 2013b have been used to benchmark against
our Chandrasekhar mass models. These models are three dimensional, and
vary mostly in the method of ignition. Different models have different num-
bers and distributions of ignition kernels, ranging from 1 to 1600, with three
different central densities for the progenitor WD. They find that the delayed-
detonation models all unbind the WD progenitor and produce masses of *°Ni
between 0.32 and 1.11 M. The results of this paper support a central igni-
tion with symmetrical distribution of ignition kernels as the closest match to
observational data in order to ensure the necessary pre-expansion of the WD
progenitor. Due to the computational complexity of the simmering phase the
paper presents the ignition conditions of the system as a free parameter and

investigates the difference in isotopic yields due to this.

1.3.3 Sim 2010

These models are used to benchmark against our 1.0 M. Good agreement
with observations are seen in this paper for WDs with masses between 0.97
and 1.15 M. In these models a WD primary accretes a He envelope from
a companion and subsequently detonates, triggering the carbon detonation
in the WD. This He shell component is missing from our sub-Chandrasekhar
mass models. As we discuss in chapter 4 and 5, inclusion of this accreted he-
lium layer is an important next step in these studies, and is likely to strengthen
our results. This paper does not address the method by which the detona-
tion is initiated, only that the C/O WD are ignited centrally with a specific
mass. In this way, the paper presents an excellent analogue to the S1.0 mod-

els, which also neglect the pathway to explosion.
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1.3.4 Gronow 2020

We take our reference for the M0.8 models from Gronow et al. (2020). This pa-
per gain follows burning in the accreted helium shell, capturing the detailed
nucleosynthesis there with high resolution hydrodynamical simulations. The
explosion mechanism in this case is again a double detonation, in this case
it is not treated as a free parameter but arises following the helium detona-
tion. The minimum mass investigated in this paper is 0.91 M, including the

accreted helium layer. This is close to the M0.8 model of our work.

1.4 Galactic Chemical Evolution

Matteucci and Greggio (1986) first investigated the impact of SNIa yields on
the solar abundances of 5 key isotopes - 2C, 10, 2*Mg, 2Si and “°Fe. They
highlight the importance of the delay time distribution as a diagnostic tool
for the differentiation of SNla progenitors, selecting a supernovae rate from
Greggio and Renzini (1983) for the single degenerate scenario, and use the
yields of Nomoto, Thielemann, and Yokoi (1984). Given these conditions,
they find that SNIa contribute ~ 70% of solar iron, and that SNIa are neces-
sary to match the observed [Fe/H] evolution of the Milky Way. They also find
an overproduction of C, Si and Mg. Work by Mannucci et al. (2005) refined
the SNIa rate, and demonstrated that this was dependent on morphology
and colour of the host galaxy - and therefore the star formation rate. Further
work by Mannucci, Della Valle, and Panagia (2006) supports the use of two
distinct delay time distributions for SNIa rates - one with a delay time on
the order of 3-4 Gy in distant galaxies (with high redshift), and one for local
SNIa which retain the dependency on colour and radio luminosity described
in other works (Mannucci et al., 2005; Della Valle et al., 2005).

Inclusion of these new rates in Matteucci et al. (2006) lead to the con-

clusion that ~ 50% of SNIa progenitors are formed from progenitors with
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initial mass > 5M¢ which explode soon after the beginning of star forma-
tion (although this may be as low as 35 or 40%). The remaining systems are
predicted to originate from lower mass progenitors. The [O/Fe] vs [Fe/H]
evolution of this DTD is compared with observations and a decrease in O
with respect to [Fe/H] is found.

Matteucci et al. (2009) discuss the effect of varying the progenitor of the
SNIa. The effect on the [O/Fe] evolution is negligible between their double
or single degenerate models; instead, this is dependent on the percentage of
prompt explosions. Here they find <30% to be the proportion of prompt ex-
plosions needed to match observations. These prompt events correspond to
the upper limits of the mass range which result in a final C/O WD remnant.

SNIa are known to contribute significantly to the abundances of the iron
group elements, along with some a elements (Maiolino and Mannucci, 2019).
Their explosions also affect the morphology of low mass host galaxies, along
with their enrichment. Cr, Mn, Fe, Ni, Co, Cu and Zn are all identified as be-
ing primarily produced from SNIa (Kobayashi, Karakas, and Lugaro, 2020),
along with the production of odd-Z elements, dependent on the initial metal-
licity of the SNIa progenitor. This metallicity dependence is due to the neu-
tron excess of the 22Ne produced during He burning. Kobayashi, Leung, and
Nomoto (2020) find that more than 75% of SNIa progenitors should reach
the Chandrasekhar mass, while Seitenzahl et al. (2013a) find a value close to
50%.

From the conflicting and sometimes contradictory results in the literature,
we can conclude that the proportion of Chandrasekhar mass progenitors of
SNIa can not currently be reliably determined, and may lie between 20% and
75%. In this work, we aim to provide a new diagnostic by which this fraction
of Chandrasekhar mass progenitors may be determined - namely the isotopic
ratio of various products of explosive burning in these events.

SNIa are one of the primary contributing factors of the solar abundances,
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Parameter T1.4 S1.0 MO.8
No. of Particles 7856 107 9996
T pear Max (GK) 10.28 6.32 5.21

No. Timesteps 6872 58738 1347

TABLE 1.1: Number of particles, maximum peak temperature

and number of timesteps for each of the three classes of model

investigated in this work. Note that particles are only equally
weighted in the M0.8 model.

along with CCSN, planetary nebulae and winds from intermediate and low
mass stars (Gibson et al., 2003). Understanding their nucleosynthesis is there-
fore vital to our description of the evolution of the Milky Way. The use of
[O]/[Fe] vs [Fe/H] (or indeed any combination of elements relative to H) to
describe the chemical evolution of a given galaxy is a common tool (Wyse
and Gilmore, 1988). Oxygen and iron are often used due to the ease of ob-
servation, although other elements are substituted frequently. The evolution
of [O/Fe] with respect to chemical enrichment (where [Fe]/[H] becomes a
proxy for evolutionary time) shows a decrease in the [O/Fe] abundance at
[Fe]/[H] ~0.1. This is caused by early contributions from massive stars in the
form of CCSN which are rich in x-elements. Although SNIa also contribute
to the production of most x-elements, their contribution to iron is larger, and
so we see a decrease with respect to time of the [O/Fe] ratio. Similar work to
that presented here has recently been carried out using the HESMA models
(Lach et al., 2020).

1.5 Review of Models

Table 1.1 shows some of the key parameters of each of the three models in-
vestigated in this work; namely the number of tracer particles post processed,
the maximum peak temperature of any particle in that set of tracer particles
ad the number of timesteps in each trajectory. The method by which explo-

sions were initiated in the hydrodynamical modelling is via a hot spot in
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all cases. M0.8 has the greatest number of particles, with approximately 10*
being extracted for the post-processing step. T1.4 has a similar number of
particles; S1.0 has only 107. 10° particles were available for post-processing
in the T1.4 models. Convergence studies showed that the total abundances
were converged at around 1:10 particles being post-processed. We therefore
chose to omit the extra particles. Due to the sparse nature of the S1.0 yields,
many of the diagnostic plots presented later in this work appear to have miss-
ing data for the S1.0 models, but this is only an artifact of the difference in
the density of the data. The large difference in the number of tracer particles
between the T1.4 and S1.0 models suggests is mostly due to the reduction to
one dimension in the S1.0 case.

Time resolution in the three models varies significantly. The S1.0 model
is highly over resolved, with close to 6x10° timesteps. This results in the
particles taking longer to post-process; however, since convergence of yields
with respect to time resolution was not investigated, the trajectories remain
as they were when extracted from the hydrodynamical modelling. This is
in order to not introduce inconsistencies in the yields with respect to those
published for 51.0. The number of timesteps for the M0.8 and T1.4 models
is comparable at around 10° per trajectory, and each particle completed post-
processing in approximately 30 minutes.

For the T1.4 model, resolution in the hotter parts of the explosion is very
high; however, the resolution in the outer layers of the WD is not as high
as that found in Travaglio et al. (2004). There may therefore be some loss of
accuracy in the outer layers, where the dominant contribution to the yields
of the intermediate mass elements is. In the models of Townsley et al. (2016),
based on the earlier work Calder et al. (2007) and Townsley et al. (2007), the
explosion in the WD progenitor is initiated through the introduction of an
artificial hot spot at a predetermined radius. This artificial hot spot is re-

ferred to as the "match head" where the temperature is raised to 10 GK. Heat
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diffuses from this region, igniting the flame in the C/O material.

There are a number of important improvements to the the original mod-
els, including the ability to change the Y, of the fuel. The most notable feature
of the Townsley et al. (2016) models, however, is the introduction of recon-
struction of the trajectories. The flame front of the shockwave during the
SNIa explosion is artificially thick in the raw data from the hydrodynamic
modelling. In order to account for this, the reconstruction process narrows
the flame by reducing the effective time that the material spends at the peak
temperatures in the simulation. This is achieved by calibrating the burning
products of the flame front (Townsley et al., 2016).

The S1.0 models utilise the flash code in order to model 3d spherically
symmetric explosion, using density profiles from MESA for the initial condi-
tions of their WD progenitor. The explosion in this model is also initialised by
a hotspot, here with a central temperature of 2 GK. The hot spot is relatively
large compared to the minimum detonatable region; however, the mass of
the spot is small. Shen et al. (2018) argue that this also therefore minimises
the impact on the ejected yields.

The M0.8 model uses a uniform composition throughout the WD progen-
itor, with 1.4% of metals. The ignition of this model is again achieved with
the introduction of a hotspot, this time at 1.98 GK. Flash is used to evolve the
system, through the initial helium detonation, leading to the triggering of the
C/0O detonation.

With the W7 model as a benchmark, Iliadis (2015) describe the nucleosyn-
thesis during the propagation of the SN shock-wave. This shock-wave deter-
mines the burning conditions experienced by the material in the progeni-
tor. In the innermost most extreme conditions, the material reaches densi-
ties of over 8.0x10% gcm 3. Under these conditions electron captures proceed
rapidly, altering the Y, of the material. The Y, is the electron fraction, which

is the ratio of electrons to baryons. This changes during the SNIa through
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B-decays or electron captures. Below these extreme density conditions, but
still at peak temperatures in excess of 5 GK, the material enters nuclear statis-
tical equilibrium (NSE). NSE is a state in which all of the reaction rates, aside
from the weak reactions, are in equilibrium in the system. NSE abundances
are determined exclusively by three factors: the temperature, density and
initial Y,. Iliadis (2015) describes the further burning regimes experienced by
material farther out in the WD, as the shockwave propagates forward and
cools. Incomplete silicon burning, oxygen burning and neon-carbon burning
proceed outwards from the center in mass shells as the peak temperature of
the shockwave decreases as it moves outwards in the exploding WD. This is
true for the higher mass models we investigate - T1.4 and S1.0 reach higher
peak temperatures than the M0.8 model, due to their larger explosion en-
ergy. In M0.8 we see that the explosion energy is not sufficient to raise the
temperature of any portion of the material above 5GK. This results in only
products from incomplete silicon, oxygen and carbon-neon burning. A de-
tailed discussion of the isotopic and elemental ejecta are presented in section

3.2.

1.6 Determination of Abundances

In order to determine the contributions from SNIa some physical property
must be measured which may be correlated with the abundance of a given
element or isotope. Most information on SNIa to date has been available
through the examination of optical or near optical light curves however or
through the determination of solar isotopic abundances. Gamma ray spec-
troscopy also offerers a path to investigating the abundances of certain ra-
dioactive isotopes present shortly after the SNIa explosion. In this section,
we describe these categories of observation - stellar spectroscopy, mass spec-

trometry and gamma ray spectroscopy and the experimental methods by
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which these are achieved.

1.6.1 Stellar Spectroscopy

Determination of elemental abundances in stars is achieved through spec-
troscopy. The emission of light from a stellar surface is determined through
the use of a spectrograph and emission or absorption lines are detected, de-
pending on the environment and the object being observed. Each element
has unique electronic transitions determined by the nuclear charge and the
ionisation state of the atom, which gives rise to unique transmission lines su-
perimposed on the continuum emission of the star. The relative strengths of
these lines gives the relative abundance of an element in the star’s surface.
Using these spectral features, the abundances of elements can be determined.
For the case of SNIa, optical and near infra-red spectra have been funda-
mental in determining physical properties of the explosion (Leibundgut and
Suntzeff, 2003), while early light curve observations in the ultra violet have
presented some constraints on the nature of the progenitors of Type Ia’s (Hos-

seinzadeh et al., 2017).

1.6.2 Mass Spectrometry

Determination of isotopic abundances in the laboratory is achieved through
mass spectrometry. In the case of presolar grains, the source of the isotopic
abundances being investigated may be a single stellar event. For the case
of bulk solar abundances, the isotopic ratios determined are an aggregate of
all of the events which have enriched the solar environment. As there have
been no presolar grains unambiguously identified as originating in a SNIa
explosion, we must therefore compare isotopic abundances with the solar
material for now. This introduces a level of uncertainty however, which is

tied to the collective uncertainty on the yields and the evolution of the yields
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of all sources of the isotopes we are concerned with. Baring this limitation in
mind, the application of mass spectrometry is not trivial. It also necessarily
relies on the chemical makeup of the solar neighborhood which may have
been enriched with a peculiar event at some epoch. Baring these limitations
in mind, mass spectrometry is still a powerful and useful tool. Through it, we
gain access to isotopic abundances, which are generally not possible to de-
termine from stellar spectroscopy (except for very close objects and for light
elements). Because the bulk solar material has many contributions from a
number of sources, if the contributions from SNla are small there is difficulty
in disentangling any information on the progenitors from these readings - as
the small differences in abundances from differences in progenitor would be
swamped by the uncertainties in GCE and yields from other sources.

In order to determine isotopic abundances, a sample of material is first
vaporised to give free ions from a sample. These ions are accelerated through
a spectrometer with a magnetic field perpendicular to the motion of the ions.
This field bends the ions, with the trajectory determined by their velocity,
mass and their charge. Detectors determine the point of impact of the ionised

material and so the mass of the isotope is determined.

1.6.3 Gamma Ray Spectroscopy

Gamma ray spectroscopy is similar to stellar spectroscopy in that it is the
detection of photons however, for the case of y-ray spectroscopy, the pho-
ton is emitted due to nuclear transitions, not electronic transitions. When
radioactive nuclei in the ejecta of SNIa decay, through § + or - reactions, the
daughter nuclei are in an excited state. The de-excitation emits a photon with
an energy unique to that isotope, which is then detected (often in germanium

detectors). This method provides information on the isotopic abundances in
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the ejecta of the Type Ia explosion, which is a stronger constraint on the nu-
cleosynthesis in these objects however improvements in current generations

of gamma telescopes are needed.

1.7 Aims of This Thesis

In this work we aim to first describe the effect of initial 2Ne mass fraction on
the nuclear burning in our three classes of model. While the effect of progen-
itor mass on the ejected elemental abundances of SNIa is well documented
and extensively researched, the inclusion of the metallicity dependence and
isotopic abundances is less well explored, being largely limited to the case of
56N in, e.g., Timmes, Brown, and Truran, 2003 and p-process nucleosynthe-
sis in, e.g., Travaglio, Hillebrandt, and Reinecke (2005). Taking these isotopic
abundances, we then investigate which of these is most reliable as a tracer of
initial progenitor mass over a wide range of the metallicities involved, which
come with a variety of practical challenges.

We discuss the various means by which these isotopic abundances might
be probed - -ray astronomy, isotopic abundance measurements of solar-
system material, and effects on the SNIa lightcurves and suggest which iso-
topes might be best answer the question - what are the progenitors of Type

Ia supernovae?
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Chapter 2

Post Processing and Model

Description

“TAKE THE UNIVERSE AND GRIND IT DOWN TO THE FINEST POWDER
AND SIEVE IT THROUGH THE FINEST SIEVE AND THEN SHOW ME ONE
ATOM OF JUSTICE, ONE MOLECULE OF MERCY.”

Death, The Hogfather, Terry Pratchett

2.1 Tppnp - Parallelised Post-Processing

Post-processing is a vital tool in astrophysical modeling, separating large re-
action networks from the hydrodynamical modeling of a system. A small
reaction network is used during the stellar evolution or the modeling of
the explosion in a stellar environment, with key reactions and isotopes con-
cerned with energy generation. After the energy evolved by the system has
been calculated, post-processing with the full nuclear network is done, using
the temperature and density profiles obtained through the initial modeling
step. This increases the speed at which the evolution of a stellar object can
be computed, and reduces the computational cost. Because of this approach,

variations of key reaction rates (for example >C-2C for SNIa) for sensitivity
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purposes are not possible, as this changes the energy generation and conse-
quently the dynamics of the system.

This work was completed using the post-processing code tppnp - Tracer
Particle Post-Processing Network - Parallel, based on previous codes ppn
and mppnp. A full description of the tppnp code can be found in Jones et
al. (2019), along with details in Ritter et al. (2018) and Pignatari et al. (2016).
A description of the key features of the code is presented here: integration
methods and nuclear networks, the treatment of initial abundances, and the
explosion mechanisms of the three classes of model.

Tppnp takes Lagrangian tracer particles from hydrodynamical simula-
tions which do not mix material between those particles. Mixing between
particles would result in a changing chemical composition, as well as chang-
ing thermodynamic conditions, and can significantly change the nucleosyn-
thesis in a given fluid element - as is seen in convective burning environ-
ments such as AGB stars. The post-processing code mppnp deals with mix-
ing between cells in a stellar model by the inclusion of a diffusion coefficient
and mixing length theory. However, during the course of the SNIa explosion,
there is not expected to be exchange of material between any of the tracer par-
ticles. We are therefore justified in the approach of tppnp, where each particle
is treated as an independent thermodynamic trajectory with initial chemical
composition, and time varying temperature and density conditions. The tem-
perature and density conditions, along with the initial chemical composition
at the onset of the explosion, determine the nuclear burning experienced in
the flame front and during the subsequent freeze-out.

In this work we use the new integration methods implemented in Jones
et al. (2019) - the semi-implicit Bader-Deuflhard method for rate calculation
during explosive burning, and the Cash-Karp Runge-Kutta method for nu-
clear statistical equilibrium. The specifics of the integration method can im-

pact the final yields significantly. Reverse reaction rates are calculated for the
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majority of reactions using the principle of detailed balance in order to retain
consistency between the calculated rates and the NSE solver. Those reactions
for which there are experimental data are generally considered to be the for-
ward reactions for the purposes of computing the rates. Forward reactions
are always consistent with the forward rates identified in the JINA reaclib
database. Use of the Bader-Deuflhard method increases the accuracy of the
computations, compared with the standard integration method described in
Pignatari et al. (2016) (the backward Euler Newton-Raphson method), with
typically a 30-300% increase in computational time.

Our reaction network consists of over 5200 isotopes and 75,000 reactions.
Although this is far larger number of isotopes than are necessary for the com-
plete description of burning in SNla, the adaptive solver of tppnp ensures
that any unnecessary reactions or isotopes are not carried forward in compu-
tation. Time savings on these models from decreased reaction networks are
likely to be minimal, and total computation time for even the largest models
(T1.4 with 10° particles) take only on the order of 1000 CPU hours. Further
post-processing with tracers from three-dimensional models may require re-
finement of the network, as well as methods for selecting weighted subsam-
ples of trajectories from possibly many millions of particles. Presently the
complete post-processing of all particles is relatively cheap and ensures that
errors from convergence of yields with respect to particle number are not a

concern.

2.2 Solving The Network

The change in a nuclear species N; is given by equation 2.1:
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dN;
= [Z NiNi{ov) jesi + ) ApiiNi + ZM,m+iNm]
i l B

2.1)
— [Z NuNi{oV)ni + Y AgisoNi + ZM,HpNi]
n 0 p

which has been reproduced from Iliadis, 2015. The terms in the first set of
brackets are all reactions producing the isotope N;, the first term being reac-
tions between species j and k. In the tppnp code, this is one of 4 reactions -
(p,7), (p&), (a,7) or (a,p). The second term represents all B-decay processes
which lead to isotope N;, and the third term is any photodisintegration reac-
tion which had isotope N; as a product, usually (7,p) or (7,«) in the tppnp
reaction network. This is the same for the terms in the second set of brack-
ets - however, these are destruction reactions. Iliadis (2015) describes two
modifications which are necessary when non-identical particles produce two
nuclei, or identical particles produce one nucleus. In these two cases the sum

over the first term then becomes:

2NNk (ov) jisi (2.2)
and
1.
SN (V)i (2.3)

respectively. Further to this, three particle reactions such as the triple-
« process must be considered. Table 2.1 describes all of the possible stellar
reactions in tppnp in terms of their reactants and products.

Each species which is produced or destroyed in our SNIa models will
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Charged Particle B-decay Photodisintegration

®7) (v.p)
(pa) (7,4)
(a,7)
(a,p)

TABLE 2.1: All of the reactions present in the tppnp code.

have a similar expression. The number of isotopes relevant to SNIa nucle-
osynthesis is around 250 individual nuclides, as seen in the work of Towns-
ley et al. (2016). This results in thousands of coupled ordinary differential
equations. A reaction network solves these simultaneously for the final abun-
dances of the system, given the initial conditions and temperature and den-
sity evolution. Various numerical techniques are employed to achieve this;
for example, the forward Euler method of numerical integration; the Badder-
Doeflhad method; and the Runge-Kutter method, mentioned earlier in this
work. The process of computing the nucleosynthesis of these species goes as

follows:

1. Attime t = 0, the initial abundances of all isotopes are specified.

2. The current temperature and density, and abundances of relevant iso-
topes are used to calculate all reaction rates producing or destroying a

given species over a time-step Jt.

(a) If the abundances do not converge after evolving the species for a
time Jt - i.e. if when checked against a smaller time step the final
abundances do not match - then a sub-timestep is taken, where
ot is reduced. T and p values are then interpolated between the

original timestep.

(b) This process continues until the change in abundance is resolved

3. The new abundances are then used in step 1. at t = t+dt
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FIGURE 2.1: Diagram of the Runge-Kutter integration method.
Adapted from Fadlisyah (2014).

Determination of the new values at t = t+Jt are found by determining
the slope of the function, either at that time or at a time later than the cur-
rent timestep (depending on the integration method). In the Runge-Kutter
method intermediate slopes are used to improve accuracy, as shown in fig-
ure 2.1. At Kj the slope is calculated and using the point K; is computed.
Using the slope as calculated at K;, we return to our initial conditions and
compute Kj. This is then used to compute across the whole timestep to Ky.
After this, a weighting of all of the slopes is used to reduce the error on the
integration step as far as possible. Tppnp uses the RK4 method for its much
improved accuracy compared to a small increase in computational cost ver-

sus the Euler method.
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While the formulation presented here appears simple, each of the pro-
duction and destruction terms in equation 2.1 rely on experimental and the-
oretical determinations of reaction rates, which are often challenging to pro-
duce. The majority of reaction rates relevant to SNIa nucleosynthesis are well
known experimentally - see, for example, Iliadis et al. (2001), Dillmann et al.
(2006), Angulo et al. (1999); theoretical predictions of rates become more com-
mon as nuclei become more unstable away from the valley of stability, where
experiments are much more difficult to conduct. Nuclear uncertainties, how-
ever, may still play an important role in the final post-processed abundances.
The cross-section of the reactions is determined at discrete temperatures, and
an interpolation is required to provide a rate at intermediate temperatures for
which there may be no experimental data. The interpolation carried out in

the tppnp code is a cubic spline.

2.3 Nuclear Networks

As discussed in the introduction, the sets of trajectories T1.4, S1.0 and M0.8
are based on hydrodynamics simulations using limited networks. For these
three models, post-processing is then carried out on the trajectories to pro-
duce final yields in their respective publications. We find in this work that
those networks used for post-processing are sufficient to capture the nucle-
osynthesis in these models, as our results differ at most within a factor of 2-3
for almost all abundances. We do see some leakage of material to isotopes
not included in the T1.4 models; however, abundances are low (see Chapter
3). The benefits of post-processing these models again comes with the use
of a consistent nuclear reaction network between them. With this, we dis-
entangle the nuclear physics uncertainties from hydrodynamical modeling

considerations.
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The network used in the post-processing of T1.4 is quite large, using 225
nuclides in the reconstruction of the thin flame front (Townsley et al., 2016).
These include weak reactions discussed in Calder et al. (2007), which are
necessary for the computation of the neutronisation in the flame front and
are taken from Langanke and Martinez-Pinedo (2000) and Langanke and
Martinez-Pinedo (2001). Where newer rates are not available, they use those
found in Fuller, Fowler, and Newman (1985) and Oda et al. (1994). The stan-
dard TORCH network is extended in their work, including 25 rates pertain-
ing to neutron rich Fe-group isotopes. Our large network includes many
rates which are not relevant to the SNIa explosion; however, due to the adap-
tive solver, the computational expense of post-processing is not increased
significantly relative to a more restricted network. We also see production
of trace amounts of higher-Z material not found in Townsley et al. (2016) be-
cause of our more extended network, with total ejected mass of order 10~°
M oe.

A sketch of a representative charged particle reaction crossection is shown
in figure 2.2. In this sketch it can be seen that the crossection increases with
particle energy, as the incident particles have a higher probability of over-
coming the coulomb barrier. The sharp spikes in the crossection arise from
nuclear physics considerations, such as excited nuclear states in the daughter
nucleus, which increase the probability of particle capture b orders of mag-
nitude.

The network in Shen et al. (2018) used for the hydrodynamical modeling
consists of 41 isotopes and 190 reactions, all of which were taken from the
JINA reaclib (Cyburt et al., 2010). With errors of only a few percent in energy
generation, they find that this network is sufficient to follow the explosion
dynamics. Post-processing in this work was carried out with a 205 isotope
network using MESA, again with all reactions being taken from the JINA

reaclib.
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FIGURE 2.2: A sketch of a representative charged particle cap-

ture crossection. The black line shows an increasing probabil-

ity of capture with increasing particle energy, the red spikes

show sharp increases in capture crossection due to nuclear res-
onances.
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Finally, the network in Miles et al. (2019) is again 205 isotopes, also with
JINA reaclib rates. In each case, the hydrodynamics have been calculated
separately, with the final yields being post-processed.

Whilst both the S1.0 and M0.8 models post process using the JINA rates,
these may not be consistent between the works due to different rate compila-
tions and releases from JINA. Because of this, our present work is a necessary
and useful investigation, ensuring that nuclear uncertainties are eliminated
in a comparison between the various progenitor models of SNIa.

Reaction rates are taken from a variety of different sources. The Rauscher
and Thielemann (2000) JINA reaclib, Cyburt et al. (2010) Basel reaclib, Dill-
mann et al. (2006) KADoNIS, Angulo et al. (1999), Caughlan and Fowler
(1988) and Iliadis et al. (2001) compilations between them constitute the ma-
jority of reactions other than the weak reaction rates, which are compiled
from Fuller, Fowler, and Newman (1985), Oda et al. (1994), Goriely (1999)
and Langanke and Martinez-Pinedo (2000), along with rates from Takahashi
and Yokoi (1987) as discussed in Jones et al. (2019) and Pignatari et al. (2016).
See appendix B for a selection key rates and their sources.

In NSE the prescription outlined in Calder et al. (2007), correcting for
coulomb screening, is used along with the partition functions described in
the JINA reaclib. This is calculated at 6 GK in these models; however, the ex-
act temperature at which it is appropriate to use these as opposed to solving

the full network is contended.

2.4 Initial Abundances

In this present work we select an initial abundance of metals determined
by the mass fraction of 2?Ne. ?’Ne acts as a proxy for the metallicity of the
progenitor in this work, as the weak interactions in the CNO cycle ¥F(37)180

convert protons to neutrons and changes the Y, of the system. Note that this
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definition of Z is distinct from the usual astronomical meaning, that being
the mass fraction of any element heavier than helium. Here Z refers to the
change in electron fraction Y.e.

In the extreme temperature conditions of SNIa explosions, any seed nu-
clei in the interior of the stars will be photodisintegrated to protons and He
nuclei. This leaves the composition of outer layers of the star - those which
do not reach a temperature of above around 5GK - with a non-zero abun-
dance of seed nuclei. Initial composition, beyond the electron fraction, is not
important in those particles which reach NSE and, as discussed previously,
the composition of the outer, cooler layers of the white dwarf are unlikely
to resemble scaled solar abundances. We have therefore chosen to treat our
white dwarf as having neutron excess only in the form of ?*Ne.

The use of 22Ne as a tracer of metallicity in SNIa is well established (Timmes,
Brown, and Truran, 2003; Howell et al., 2009) with the effect of initial metal-
licity accounting for up to 10% of the dispersion observed in SNIa found in
environments of differing metallicities. The results of Howell et al. (2009)
show a significantly reduced spread in the synthesised *Ni abundance due
to host galaxies not achieving the extreme enrichment required to produce
the large variations seen in Timmes, Brown, and Truran (2003). %6Fe’s linear
dependence on the initial metallicity and the dependence of other elements
is explored in chapter 3.

T1.4 choose a scaled solar abundance for their models, except for the CNO
material, which is treated as ??Ne as in Timmes, Brown, and Truran (2003),
with a constant abundance throughout the WD. The rest of the material is
composed of C and O, and convective burning ashes: 20Ne, 160, 13C and
ZNe. S1.0 includes ?>Ne and >¢Fe as proxies for the abundances of non-C/O
isotopes and as a tracer of metallicity, again with a uniform distribution of
abundances in the WD. M0.8 use solar abundances taken from Asplund et al.

(2009).
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Initial abundances in SNIa models are not treated with exact consistency
between research groups. Many use a scaled solar value of abundances along
with a proportion of 22Ne; however, recent work by Battino et al. (2020) sug-
gests a significantly different composition can be achieved in the outer layers
of the WD, leading to production of p-nuclei. In order to be consistent across
all models, initial abundances in the post-processed models consist of only
12C, 160 and ?2Ne. Whilst this undoubtedly introduces some discrepancies
with the published data of T1.4, S1.0 and MO0.8, these differences are shown
to be relatively small even when considering other uncertainties that are con-
volved between this work and those published results, such as differences in
reaction networks used. For example, see figures 4.2, 4.6 and 4.10 where the
abundances distributions of these models follow very closely the results in

the published parent models (although see discussion of M0.8 in Chapter 4).
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Results of SNIa Post-Processing

“Through me you go into eternal pain; through me you go amongst the lost people”

Dante Alighieri, The Inferno

Here we present an overview of the isotopes which are over-produced rel-
ative to solar abundances in our various models. Models are labeled accord-
ing to the initial mass of the progenitor and the metallicity. T1.4 corresponds
to the Townsley et al. (2016) 1.4 M, deflagration detonation model, S1.0 the
Shen et al. (2018) 1.0 M, double detonation model, and M0.8 the Miles et al.
(2019) 0.8 M model. Metallicities range from Z = 0 to Z =0.1, with the ini-
tial fraction of metals being represented by the mass fraction of ??Ne with a
uniform distribution through all tracer particles. For example, T1.4Z0 corre-
sponds to a zero metallicity, 1.4 M model. The full list of models is shown

in table 3.1.

3.1 Selected Tables of Data

Tables 3.2, 3.3 and 3.4 show the production factors for the three models T1.4,
S1.0 and MO0.8 at all metallicities, C (Z = 6) to As (Z = 33) (where Z is the

proton number). Yields are taken at t= co meaning all radioactive isotopes
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FIGURE 3.1: Production factors for models T1.4Z0 (top),
T1.470.014 (middle) and T1.4Z0.1 (bottom).
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T1.470 S1.0Z0 MO0.8Z0
T1.470.0000001 S1.0Z0.0000001 MO0.8Z0.0000001
T1.470.000001  51.0Z0.000001  MO0.8Z0.000001
T1.470.00001 $1.0Z0.00001 MO0.8Z0.00001
T1.470.0001 $1.0Z0.0001 MO0.8Z0.0001

T1.470.001 51.0Z0.001 MO0.8Z0.001
T1.470.002 51.0Z0.002 M0.8Z0.002
T1.470.005 51.0Z0.005 M0.8Z0.005
T1.470.014 51.020.014 MO0.8Z20.014
T1.470.01 51.0Z20.01 MO0.8Z0.01
T11.470.02 51.0Z0.02 MO0.8Z0.02
T1.470.05 51.0Z0.05 MO0.8Z0.05
T1.470.1 51.0Z20.1 M0.820.1

TABLE 3.1: Table showing the models presented in this chapter,
from lowest metallicity to highest. Initial metallicity is exclu-
sively represented by 2’Ne.

are decayed. We now discuss the effect of metallicity of each of the three
models.

In figure 3.1, the isotopic production factors for models T1.470, T1.4Z0.014
and T1.470.1 are shown. We observe a large overproduction in the iron group
region as compared with solar abundances (Asplund et al., 2009), as well as
peaks in production of Mg, Si, S, Ar and Ca isotopes. Here, the production

factor is given by the log of the ejected mass of isotope X, divided by the

abundance of that isotope in the sun:

log10(Xejc/ Xo)

We have here chosen to use production factor as it easliy allows us to
estimate the contribution from SNIa to the solar abundance of an isotope,
considering that SNIa contribute around 70% of solar iron.

Explosive oxygen burning accounts for the majority of the production of
the intermediate mass elements (Mg, Si, S and Ar) in these models, with a

small contribution from trajectories reaching NSE for sulphur and argon (see
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Element | A | 2Ne =0 le-7 le-6 le-5 le-4 1le-3 2e-3 5e-3 le-2 1.4e-2 2e-2 5e-2 le-1
C 12 | 6.55e-01 | 6.55e-01 | 6.55e-01 | 6.55e-01 | 6.55e-01 | 6.53e-01 | 6.51e-01 | 6.47e-01 | 6.42e-01 | 6.39e-01 | 6.35e-01 | 6.21e-01 | 6.01e-01
C 13 | 2.12e-05 | 2.12e-05 | 2.11e-05 | 2.09e-05 | 2.04e-05 | 2.89e-05 | 4.80e-05 | 1.34e-04 | 2.92e-04 | 4.28e-04 | 6.49e-04 | 2.05e-03 | 5.31e-03
N 14 | 3.44e-05 | 3.44e-05 | 3.44e-05 | 3.42e-05 | 3.88e-05 | 1.90e-04 | 3.83e-04 | 9.01e-04 | 1.63e-03 | 2.14e-03 | 2.81e-03 | 5.29e-03 | 7.69e-03
N 15 | 5.94e-01 | 5.94e-01 | 5.92e-01 | 5.74e-01 | 3.98e-01 | 2.97e-02 | 1.13e-02 | 3.60e-03 | 2.22e-03 | 2.02e-03 | 2.07e-03 | 4.02e-03 | 1.44e-02
(] 16 | 8.84e+00 | 8.84e+00 | 8.84e+00 | 8.85e+00 | 8.86e+00 | 8.94e+00 | 9.02e+00 | 9.21e+00 | 9.43e+00 | 9.54e+00 | 9.67e+00 | 9.80e+00 | 9.35e+00
(] 17 | 2.36e-04 | 2.36e-04 | 2.38e-04 | 2.58¢e-04 | 5.23e-04 | 1.08e-02 | 2.66e-02 | 6.61e-02 | 1.08e-01 | 1.31e-01 | 1.56e-01 | 1.99e-01 | 1.98e-01
(] 18 | 4.19e-07 | 4.19e-07 | 4.21e-07 | 4.43e-07 | 7.37e-07 | 1.22e-05 | 3.03e-05 | 8.16e-05 | 1.60e-04 | 2.19e-04 | 3.07e-04 | 8.38e-04 | 3.02e-03
F 19 | 1.70e-03 | 1.70e-03 | 1.69e-03 | 1.62e-03 | 1.19e-03 | 3.59e-04 | 2.47e-04 | 2.67e-04 | 4.52e-04 | 6.34e-04 | 9.34e-04 | 2.49e-03 | 4.18e-03
NE 20 | 1.31e+00 | 1.31e+00 | 1.31e+00 | 1.31e+00 | 1.31e+00 | 1.30e+00 | 1.29e+00 | 1.27e+00 | 1.23e+00 | 1.20e+00 | 1.15e+00 | 9.96e-01 | 8.55e-01
NE 21 | 3.50e-03 | 3.50e-03 | 3.50e-03 | 3.55e-03 | 4.13e-03 | 2.13e-02 | 5.44e-02 | 1.74e-01 | 3.87e-01 | 5.75e-01 | 8.85e-01 | 2.94e+00 | 8.38e+00
NE 22| 1.99e-04 | 1.99e-04 | 2.01e-04 | 2.23e-04 | 4.83e-04 | 3.71e-03 | 8.01e-03 | 2.42e-02 | 5.94e-02 | 9.34e-02 | 1.53e-01 | 5.73e-01 | 1.72e+00
NA 23 | 2.14e-01 | 2.14e-01 | 2.14e-01 | 2.13e-01 | 2.09e-01 | 1.92e-01 | 1.94e-01 | 2.17e-01 | 2.82e-01 | 3.45e-01 | 4.49e-01 | 1.16e+00 | 3.36e+00
MG 24 | 2.54e+01 | 2.54e+01 | 2.54e+01 | 2.54e+01 | 2.55e+01 | 2.46e+01 | 2.32e+01 | 1.98e+01 | 1.58e+01 | 1.35e+01 | 1.11e+01 | 6.26e+00 | 6.04e+00
MG 25 | 2.33e-03 | 2.33e-03 | 2.34e-03 | 2.37e-03 | 2.90e-03 | 3.61e-02 | 5.86e-02 | 1.34e-01 | 2.84e-01 | 4.25e-01 | 6.67e-01 | 2.47e+00 | 8.92e+00
MG 26 | 9.78e-03 | 9.78e-03 | 9.79e-03 | 9.90e-03 | 1.12e-02 | 2.75e-02 | 4.50e-02 | 9.65e-02 | 1.81e-01 | 2.49e-01 | 3.56e-01 | 1.08e+00 | 5.70e+00
AL 27 | 6.69e-01 | 6.69e-01 | 6.69e-01 | 6.67e-01 | 6.57e-01 | 1.51e+00 | 2.72e+00 | 5.07e+00 | 7.13e+00 | 8.03e+00 | 8.78e+00 | 1.02e+01 | 1.53e+01
SI 28 | 2.54e+02 | 2.54e+02 | 2.54e+02 | 2.54e+02 | 2.55e+02 | 2.58e+02 | 2.60e+02 | 2.61e+02 | 2.61e+02 | 2.60e+02 | 2.59e+02 | 2.53e+02 | 2.41e+02
SI 29 | 8.34e-01 | 8.34e-01 | 8.34e-01 | 8.31e-01 | 8.66e-01 | 2.99e+00 | 3.91e+00 | 5.83e+00 | 8.29e+00 | 1.02e+01 | 1.32e+01 | 3.96e+01 | 1.46e+02
SI 30 | 6.98e-01 | 6.97e-01 | 6.94e-01 | 6.63e-01 | 4.45e-01 | 6.31e-01 | 2.15e+00 | 8.91e+00 | 2.22e+01 | 3.30e+01 | 4.92e+01 | 1.35e+02 | 2.89e+02
P 31 | 7.11e+00 | 7.11e+00 | 7.09e+00 | 6.91e+00 | 5.30e+00 | 4.06e+00 | 6.24e+00 | 1.28e+01 | 2.27e+01 | 2.98e+01 | 3.94e+01 | 7.60e+01 | 8.70e+01
S 32 | 3.03e+02 | 3.03e+02 | 3.02e+02 | 3.02e+02 | 3.02e+02 | 2.99e+02 | 2.98e+02 | 2.96e+02 | 2.94e+02 | 2.92e+02 | 2.88e+02 | 2.60e+02 | 2.07e+02
S 33 | 1.30e+01 | 1.30e+01 | 1.30e+01 | 1.31e+01 | 1.38e+01 | 1.38e+01 | 1.53e+01 | 2.32e+01 | 3.42e+01 | 4.11e+01 | 4.94e+01 | 7.07e+01 | 7.42e+01
S 34 | 1.88e-01 | 1.88e-01 | 1.87e-01 | 1.77e-01 | 1.05e-01 | 1.20e+00 | 3.70e+00 | 1.21e+01 | 2.80e+01 | 4.19e+01 | 6.42e+01 | 1.74e+02 | 2.89e+02
S 36 | 5.32e-05 | 5.32e-05 | 5.32e-05 | 5.32e-05 | 5.33e-05 | 6.43e-04 | 4.58e-03 | 4.34e-02 | 2.06e-01 | 4.35e-01 | 1.01e+00 | 1.57e+01 | 1.45e+02
CL 35 | 1.10e+00 | 1.10e+00 | 1.09e+00 | 1.06e+00 | 8.20e-01 | 7.03e-01 | 9.89e-01 | 2.00e+00 | 3.67e+00 | 5.01e+00 | 6.89e+00 | 1.20e+01 | 1.24e+01
CL 37 | 8.48e-01 | 8.48e-01 | 8.49e-01 | 8.51e-01 | 8.77e-01 | 9.76e-01 | 1.17e+00 | 1.76e+00 | 2.59e+00 | 3.15e+00 | 3.89e+00 | 7.08e+00 | 9.53e+00
AR 36 | 3.55e+02 | 3.55e+02 | 3.55e+02 | 3.55e+02 | 3.54e+02 | 3.46e+02 | 3.43e+02 | 3.36e+02 | 3.29e+02 | 3.23e+02 | 3.14e+02 | 2.69e+02 | 2.07e+02
AR 38 | 2.15e-01 | 2.15e-01 | 2.12e-01 | 2.14e-01 | 1.97e-01 | 7.09e-01 | 1.69e+00 | 5.44e+00 | 1.29e+01 | 1.96e+01 | 3.04e+01 | 8.77e+01 | 1.60e+02
AR 40 | 5.04e-05 | 5.04e-05 | 5.04e-05 | 5.04e-05 | 5.05e-05 | 6.78e-05 | 1.58e-04 | 9.86e-04 | 5.13e-03 | 1.29e-02 | 3.83e-02 | 7.90e-01 | 3.86e+00
K 39 | 9.18e-01 | 9.18e-01 | 9.12e-01 | 9.12e-01 | 8.52e-01 | 1.07e+00 | 1.63e+00 | 3.62e+00 | 5.71e+00 | 7.09e+00 | 8.88e+00 | 1.58e+01 | 1.80e+01
K 40 | 3.21e-04 | 3.20e-04 | 3.21e-04 | 3.24e-04 | 3.87e-04 | 2.20e-02 | 5.36e-02 | 1.95e-01 | 6.57e-01 | 1.26e+00 | 2.47e+00 | 6.23e+00 | 2.92e+00
K 41 | 4.89¢e-01 | 4.89¢e-01 | 4.91e-01 | 5.10e-01 | 6.92e-01 | 1.38e+00 | 1.88e+00 | 3.14e+00 | 4.87e+00 | 6.00e+00 | 7.42e+00 | 1.23e+01 | 1.30e+01
CA 40 | 3.44e+02 | 3.44e+02 | 3.44e+02 | 3.44e+02 | 3.42e+02 | 3.35e+02 | 3.30e+02 | 3.22e+02 | 3.13e+02 | 3.06e+02 | 2.96e+02 | 2.52e+02 | 1.96e+02
CA 42 | 596e-02 | 5.95e-02 | 5.95e-02 | 5.95e-02 | 5.89¢-02 | 3.30e-01 | 8.68e-01 | 3.33e+00 | 8.14e+00 | 1.23e+01 | 1.89e+01 | 5.05e+01 | 7.42e+01
CA 43 | 2.77e+00 | 2.77e+00 | 2.76e+00 | 2.76e+00 | 2.65e+00 | 2.86e+00 | 4.57e+00 | 1.16e+01 | 1.39e+01 | 1.41e+01 | 1.37e+01 | 1.06e+01 | 6.62e+00
CA 44 | 2.63e+01 | 2.63e+01 | 2.63e+01 | 2.63e+01 | 2.63e+01 | 2.68e+01 | 2.69e+01 | 2.64e+01 | 2.52e+01 | 2.44e+01 | 2.32e+01 | 1.81e+01 | 1.22e+01
CA 46 | 1.35e-02 | 1.35e-02 | 1.35e-02 | 1.35e-02 | 1.35e-02 | 1.35e-02 | 1.36e-02 | 1.36e-02 | 1.39e-02 | 1.42e-02 | 1.53e-02 | 4.43e-02 | 1.62e-01
CA 48 | 1.05e-05 | 1.05e-05 | 1.05e-05 | 1.05e-05 | 1.05e-05 | 1.06e-05 | 1.06e-05 | 1.07e-05 | 1.08e-05 | 1.10e-05 | 1.12e-05 | 1.26e-05 | 4.55e-05
SC 45 | 2.79e-01 | 2.79e-01 | 2.80e-01 | 2.92e-01 | 4.16e-01 | 9.32e-01 | 1.06e+00 | 1.41e+00 | 1.94e+00 | 2.29e+00 | 2.73e+00 | 3.90e+00 | 4.26e+00
TI 46 | 4.02e+00 | 4.02e+00 | 3.99e+00 | 4.02e+00 | 3.70e+00 | 1.64e+00 | 1.10e+00 | 3.02e+00 | 7.49e+00 | 1.14e+01 | 1.76e+01 | 4.97e+01 | 8.40e+01
TI 47 | 6.02e+00 | 6.02e+00 | 5.96e+00 | 6.02e+00 | 5.58e+00 | 2.84e+00 | 2.16e+00 | 3.95e+00 | 5.31e+00 | 5.86e+00 | 6.31e+00 | 6.80e+00 | 6.80e+00
TI 48 | 2.65e+02 | 2.64e+02 | 2.64e+02 | 2.65e+02 | 2.65e+02 | 2.65e+02 | 2.65e+02 | 2.58e+02 | 2.46e+02 | 2.37e+02 | 2.25e+02 | 1.78e+02 | 1.25e+02
TI 49 | 2.70e+01 | 2.70e+01 | 2.70e+01 | 2.78e+01 | 3.96e+01 | 7.76e+01 | 8.59e+01 | 1.09e+02 | 1.39e+02 | 1.58e+02 | 1.78e+02 | 2.25e+02 | 2.42e+02
TI 50 | 6.22e+01 | 6.22e+01 | 6.22e+01 | 6.22e+01 | 6.22e+01 | 6.23e+01 | 6.24e+01 | 6.27e+01 | 6.33e+01 | 6.37e+01 | 6.44e+01 | 6.79e+01 | 7.47e+01
v 50 | 1.24e+01 | 1.24e+01 | 1.24e+01 | 1.24e+01 | 1.24e+01 | 1.24e+01 | 1.24e+01 | 1.25e+01 | 1.28e+01 | 1.31e+01 | 1.36e+01 | 1.74e+01 | 4.74e+01
v 51 | 1.03e+02 | 1.03e+02 | 1.03e+02 | 1.03e+02 | 9.75e+01 | 9.86e+01 | 1.13e+02 | 1.63e+02 | 2.23e+02 | 2.61e+02 | 3.07e+02 | 4.52e+02 | 6.28e+02
CR 50 | 7.39e+01 | 7.39e+01 | 7.38e+01 | 7.40e+01 | 7.37e+01 | 7.52e+01 | 8.36e+01 | 1.25e+02 | 2.01e+02 | 2.66e+02 | 3.68e+02 | 9.25e+02 | 1.74e+03
CR 52 | 1.03e+03 | 1.03e+03 | 1.03e+03 | 1.03e+03 | 1.03e+03 | 1.02e+03 | 1.01e+03 | 9.82e+02 | 9.45e+02 | 9.20e+02 | 8.87e+02 | 7.69e+02 | 6.95e+02
CR 53 | 2.98e+02 | 2.98e+02 | 2.98e+02 | 3.01e+02 | 3.25e+02 | 3.85e+02 | 4.09e+02 | 4.78e+02 | 5.72e+02 | 6.32e+02 | 7.04e+02 | 9.35e+02 | 1.20e+03
CR 54 | 4.14e+02 | 4.14e+02 | 4.14e+02 | 4.14e+02 | 4.14e+02 | 4.15e+02 | 4.15e+02 | 4.17e+02 | 4.20e+02 | 4.22e+02 | 4.26e+02 | 4.46e+02 | 4.88e+02
MN 55 | 3.24e+02 | 3.24e+02 | 3.24e+02 | 3.24e+02 | 3.25e+02 | 3.72e+02 | 4.11e+02 | 4.94e+02 | 5.95e+02 | 6.61e+02 | 7.47e+02 | 1.07e+03 | 1.47e+03
FE 54 | 4.49e+02 | 4.49e+02 | 4.49e+02 | 4.49e+02 | 4.49e+02 | 4.60e+02 | 4.74e+02 | 5.20e+02 | 6.00e+02 | 6.66e+02 | 7.66e+02 | 1.27e+03 | 2.07e+03
FE 56 | 6.83e+02 | 6.83e+02 | 6.83e+02 | 6.83e+02 | 6.82e+02 | 6.80e+02 | 6.78e+02 | 6.72e+02 | 6.62e+02 | 6.54e+02 | 6.42e+02 | 5.86e+02 | 4.98e+02
FE 57 | 4.43e+02 | 4.43e+02 | 4.43e+02 | 4.43e+02 | 4.47e+02 | 4.82e+02 | 5.14e+02 | 5.56e+02 | 6.11e+02 | 6.50e+02 | 7.04e+02 | 9.02e+02 | 1.08e+03
FE 58 | 2.36e+02 | 2.36e+02 | 2.36e+02 | 2.36e+02 | 2.37e+02 | 2.37e+02 | 2.37e+02 | 2.38e+02 | 2.40e+02 | 2.41e+02 | 2.43e+02 | 2.53e+02 | 2.71e+02
CcO 59 | 2.01e+02 | 2.01e+02 | 2.01e+02 | 2.01e+02 | 1.94e+02 | 1.36e+02 | 1.15e+02 | 1.44e+02 | 1.71e+02 | 1.86e+02 | 2.03e+02 | 2.52e+02 | 2.82e+02
NI 58 | 6.64e+02 | 6.64e+02 | 6.64e+02 | 6.64e+02 | 6.65e+02 | 6.66e+02 | 6.71e+02 | 7.34e+02 | 8.55e+02 | 9.52e+02 | 1.10e+03 | 1.84e+03 | 3.08e+03
NI 60 | 7.26e+02 | 7.26e+02 | 7.25e+02 | 7.26e+02 | 7.26e+02 | 7.28e+02 | 7.31e+02 | 7.09e+02 | 6.79e+02 | 6.59e+02 | 6.33e+02 | 5.33e+02 | 4.21e+02
NI 61 | 2.30e+02 | 2.30e+02 | 2.30e+02 | 2.30e+02 | 2.33e+02 | 2.65e+02 | 2.98e+02 | 3.26e+02 | 3.49e+02 | 3.65e+02 | 3.85e+02 | 4.39e+02 | 4.34e+02
NI 62 | 3.02e+02 | 3.02e+02 | 3.02e+02 | 3.02e+02 | 3.03e+02 | 3.28e+02 | 3.93e+02 | 5.45e+02 | 7.52e+02 | 9.11e+02 | 1.14e+03 | 2.13e+03 | 3.21e+03
NI 64 | 1.16e+00 | 1.16e+00 | 1.16e+00 | 1.16e+00 | 1.16e+00 | 1.17e+00 | 1.17e+00 | 1.17e+00 | 1.18e+00 | 1.19e+00 | 1.20e+00 | 1.26e+00 | 1.37e+00
CuU 63 | 1.57e+01 | 1.57e+01 | 1.57e+01 | 1.57e+01 | 1.56e+01 | 1.93e+01 | 1.70e+01 | 3.53e+00 | 3.44e+00 | 3.58e+00 | 3.93e+00 | 7.45e+00 | 1.52e+01
CuU 65 | 6.11e+00 | 6.11e+00 | 6.10e+00 | 6.13e+00 | 6.22e+00 | 6.96e+00 | 6.99e+00 | 7.13e+00 | 8.24e+00 | 9.16e+00 | 1.04e+01 | 1.37e+01 | 1.24e+01
ZN 64 | 3.13e+02 | 3.13e+02 | 3.12e+02 | 3.14e+02 | 3.16e+02 | 3.00e+02 | 1.78e+02 | 5.93e+01 | 4.05e+01 | 3.55e+01 | 3.11e+01 | 2.06e+01 | 1.20e+01
ZN 66 | 1.30e+01 | 1.30e+01 | 1.30e+01 | 1.30e+01 | 1.35e+01 | 1.79e+01 | 2.25e+01 | 3.43e+01 | 5.38e+01 | 6.91e+01 | 9.06e+01 | 1.73e+02 | 2.33e+02
ZN 67 | 6.59¢-01 | 6.58e-01 | 6.57e-01 | 6.61e-01 | 6.66e-01 | 5.97e-01 | 2.79e-01 | 8.68e-02 | 1.79e-01 | 2.69e-01 | 4.18e-01 | 1.22e+00 | 2.21e+00
ZN 68 | 6.33e+00 | 6.32e+00 | 6.28e+00 | 6.33e+00 | 6.04e+00 | 3.11e+00 | 9.89e-01 | 1.99e-01 | 1.27e-01 | 1.11e-01 | 9.97e-02 | 1.03e-01 | 2.52e-01
ZN 70 | 7.06e-06 | 7.06e-06 | 7.06e-06 | 7.06e-06 | 7.06e-06 | 7.07e-06 | 7.08e-06 | 7.12e-06 | 7.19e-06 | 7.24e-06 | 7.30e-06 | 7.75e-06 | 8.5%e-06
GA 69 | 2.64e-01 | 2.63e-01 | 2.62e-01 | 2.64e-01 | 2.59e-01 | 2.21e-01 | 2.02e-01 | 2.14e-01 | 2.34e-01 | 2.49e-01 | 2.63e-01 | 2.66e-01 | 2.16e-01
GA 71 | 2.11e-03 | 2.10e-03 | 2.10e-03 | 2.11e-03 | 2.15e-03 | 2.21e-03 | 2.70e-03 | 1.09e-02 | 2.71e-02 | 4.16e-02 | 6.39e-02 | 1.59e-01 | 2.24e-01
GE 70 | 1.02e+00 | 1.02e+00 | 1.02e+00 | 1.03e+00 | 1.04e+00 | 1.24e+00 | 1.45e+00 | 2.10e+00 | 3.23e+00 | 4.13e+00 | 5.40e+00 | 1.04e+01 | 1.40e+01
GE 72 | 4.60e-02 | 4.59e-02 | 4.54e-02 | 4.59e-02 | 4.27e-02 | 1.80e-02 | 4.65e-03 | 9.42e-04 | 1.21e-03 | 1.77e-03 | 3.15e-03 | 2.14e-02 | 8.99¢-02
GE 73 | 4.27e-03 | 4.27e-03 | 4.24e-03 | 4.28e-03 | 4.26e-03 | 4.40e-03 | 4.92e-03 | 4.11e-03 | 3.83e-03 | 3.92e-03 | 3.97e-03 | 3.47e-03 | 2.43e-03
GE 74 | 1.10e-07 | 1.10e-07 | 1.10e-07 | 1.10e-07 | 1.10e-07 | 1.10e-07 | 1.10e-07 | 1.11e-07 | 1.12e-07 | 1.12e-07 | 1.13e-07 | 1.21e-07 | 1.32e-07
GE 76 | 1.19e-10 | 1.19e-10 | 1.19e-10 | 1.19e-10 | 1.20e-10 | 1.20e-10 | 1.20e-10 | 1.21e-10 | 1.22e-10 | 1.23e-10 | 1.25e-10 | 1.35e-10 | 1.54e-10
AS 75 | 1.96e-04 | 1.95e-04 | 1.94e-04 | 1.96e-04 | 1.94e-04 | 1.59e-04 | 1.15e-04 | 2.74e-04 | 5.37e-04 | 7.52e-04 | 1.09e-03 | 2.73e-03 | 4.37e-03
TABLE 3.2: Production factors for T1.4 from Z=0to0 0.1
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Element | A | ?Ne =0 le-7 le-6 le-5 le-4 le-3 2e-3 5e-3 le-2 1.4e-2 2e-2 5e-2 le-1

C 12 | 3.62e-01 | 3.62e-01 | 3.62e-01 | 3.62e-01 | 3.61e-01 | 3.59¢-01 | 3.58e-01 | 3.54e-01 | 3.51e-01 | 3.50e-01 | 3.48e-01 | 3.41e-01 | 3.31e-01
C 13 | 2.01e-05 | 2.01e-05 | 2.03e-05 | 1.99e-05 | 2.01e-05 | 4.03e-05 | 8.18e-05 | 2.83e-04 | 6.85e-04 | 1.03e-03 | 1.57e-03 | 4.22e-03 | 8.07e-03
N 14 | 1.75e-05 | 1.75e-05 | 1.75e-05 | 1.74e-05 | 2.35e-05 | 1.26e-04 | 2.15e-04 | 4.14e-04 | 6.31e-04 | 7.41e-04 | 8.64e-04 | 1.34e-03 | 1.93e-03
N 15 | 3.74e-01 | 3.74e-01 | 3.72¢-01 | 3.53e-01 | 1.71e-01 | 6.17e-03 | 2.26e-03 | 8.22e-04 | 5.57e-04 | 5.22e-04 | 5.69e-04 | 2.68e-03 | 1.13e-02
(@] 16 | 7.91e+00 | 7.91e+00 | 7.91e+00 | 7.92e+00 | 7.98e+00 | 8.19e+00 | 8.30e+00 | 8.55e+00 | 8.80e+00 | 8.91e+00 | 9.01e+00 | 9.01e+00 | 8.42e+00
(@] 17 | 1.37e-04 | 1.37e-04 | 1.39e-04 | 1.61e-04 | 5.67e-04 | 9.53e-03 | 1.74e-02 | 2.90e-02 | 3.53e-02 | 3.78e-02 | 4.07e-02 | 4.32e-02 | 3.91e-02
o 18 | 3.65e-07 | 3.66e-07 | 3.70e-07 | 4.12e-07 | 1.01e-06 | 8.53e-06 | 1.39e-05 | 2.66e-05 | 4.54e-05 | 5.80e-05 | 8.16e-05 | 5.38e-04 | 2.27e-03
F 19 | 2.80e-04 | 2.80e-04 | 2.78e-04 | 2.64e-04 | 1.78e-04 | 5.22e-05 | 6.47e-05 | 1.30e-04 | 2.05e-04 | 2.67e-04 | 4.03e-04 | 8.94e-04 | 9.81e-04
NE 20 | 4.24e-01 | 4.24e-01 | 4.24e-01 | 4.24e-01 | 4.24e-01 | 4.18e-01 | 4.12e-01 | 3.99e-01 | 3.82e-01 | 3.71e-01 | 3.57e-01 | 3.12e-01 | 2.67e-01
NE 21 | 1.16e-03 | 1.16e-03 | 1.16e-03 | 1.19e-03 | 1.55e-03 | 1.48e-02 | 4.15e-02 | 1.15e-01 | 1.99e-01 | 2.72e-01 | 4.38e-01 | 1.50e+00 | 3.43e+00
NE 22 | 6.23e-05 | 6.23e-05 | 6.24e-05 | 6.27e-05 | 9.00e-05 | 1.31e-03 | 3.46e-03 | 1.31e-02 | 3.57e-02 | 5.69e-02 | 9.32e-02 | 3.50e-01 | 9.76e-01
NA 23 | 8.94e-02 | 8.94e-02 | 8.93e-02 | 8.91e-02 | 8.63e-02 | 7.59e-02 | 7.65e-02 | 9.21e-02 | 1.25e-01 | 1.56e-01 | 2.18e-01 | 5.64e-01 | 1.43e+00
MG 24 | 1.27e+01 | 1.27e+01 | 1.27e+01 | 1.27e+01 | 1.28e+01 | 1.19e+01 | 1.07e+01 | 7.81e+00 | 5.14e+00 | 3.95e+00 | 2.92e+00 | 1.54e+00 | 2.04e+00
MG 25| 1.03e-03 | 1.03e-03 | 1.04e-03 | 1.05e-03 | 1.45e-03 | 1.63e-02 | 2.59e-02 | 5.77e-02 | 1.19e-01 | 1.77e-01 | 2.74e-01 | 9.18e-01 | 2.88e+00
MG 26 | 3.68e-03 | 3.68e-03 | 3.68e-03 | 3.74e-03 | 4.43e-03 | 1.17e-02 | 1.90e-02 | 3.90e-02 | 7.09e-02 | 9.57e-02 | 1.33e-01 | 3.86e-01 | 1.49e+00
AL 27 | 2.95e-01 | 2.95e-01 | 2.94e-01 | 2.92e-01 | 2.71e-01 | 7.11e-01 | 1.21e+00 | 2.02e+00 | 2.51e+00 | 2.64e+00 | 2.69e+00 | 3.02e+00 | 5.09e+00
SI 28 | 2.91e+02 | 2.91e+02 | 2.91e+02 | 2.91e+02 | 2.92e+02 | 2.96e+02 | 2.98e+02 | 3.00e+02 | 2.99e+02 | 2.99e+02 | 2.98e+02 | 2.94e+02 | 2.85e+02
SI 29 | 7.44e-01 | 7.44e-01 | 7.43e-01 | 7.37e-01 | 7.67e-01 | 2.75e+00 | 3.50e+00 | 4.69e+00 | 5.80e+00 | 6.53e+00 | 7.67e+00 | 1.73e+01 | 6.93e+01
SI 30 | 5.67e-01 | 5.67e-01 | 5.63e-01 | 5.21e-01 | 2.34e-01 | 4.98e-01 | 1.64e+00 | 5.86e+00 | 1.29e+01 | 1.81e+01 | 2.59e+01 | 7.82e+01 | 2.47e+02
P 31 | 4.71e+00 | 4.71e+00 | 4.69e+00 | 4.53e+00 | 3.19e+00 | 3.72e+00 | 5.77e+00 | 1.12e+01 | 1.84e+01 | 2.32e+01 | 2.96e+01 | 5.71e+01 | 8.64e+01
S 32 | 3.52e+02 | 3.52e+02 | 3.52e+02 | 3.52e+02 | 3.51e+02 | 3.45e+02 | 3.43e+02 | 3.42e+02 | 3.39e+02 | 3.35e+02 | 3.29e+02 | 2.91e+02 | 2.29e+02
S 33 | 6.15e+00 | 6.15e+00 | 6.17e+00 | 6.30e+00 | 7.58e+00 | 1.30e+01 | 1.68e+01 | 2.65e+01 | 3.86e+01 | 4.63e+01 | 5.60e+01 | 8.94e+01 | 1.04e+02
S 34 | 1.36e-01 | 1.36e-01 | 1.34e-01 | 1.23e-01 | 4.78e-02 | 2.39e+00 | 7.00e+00 | 2.22e+01 | 4.94e+01 | 7.20e+01 | 1.06e+02 | 2.80e+02 | 5.11e+02
S 36 | 9.28e-08 | 9.28e-08 | 9.32e-08 | 9.75e-08 | 1.78e-07 | 5.42e-04 | 3.23e-03 | 2.55e-02 | 1.07e-01 | 2.30e-01 | 5.37e-01 | 8.02e+00 | 7.19e+01
CL 35 | 8.07e-01 | 8.07e-01 | 8.04e-01 | 7.74e-01 | 5.74e-01 | 1.03e+00 | 1.67e+00 | 3.35e+00 | 5.85e+00 | 7.71e+00 | 1.02e+01 | 1.77e+01 | 1.97e+01
CL 37| 6.07e-01 | 6.07e-01 | 6.09e-01 | 6.29e-01 | 8.00e-01 | 1.50e+00 | 2.01e+00 | 3.26e+00 | 4.87e+00 | 5.96e+00 | 7.33e+00 | 1.18e+01 | 1.35e+01
AR 36 | 3.99e+02 | 3.99e+02 | 3.99e+02 | 3.99e+02 | 3.96e+02 | 3.83e+02 | 3.76e+02 | 3.66e+02 | 3.55e+02 | 3.47e+02 | 3.35e+02 | 2.77e+02 | 2.06e+02
AR 38 | 4.87e-02 | 4.92e-02 | 4.95e-02 | 4.70e-02 | 4.10e-02 | 1.58e+00 | 4.09¢+00 | 1.30e+01 | 3.06e+01 | 4.63e+01 | 7.09e+01 | 1.88e+02 | 3.13e+02
AR 40 | 9.23e-09 | 9.23e-09 | 9.27e-09 | 9.64e-09 | 1.46e-08 | 2.85e-05 | 1.47e-04 | 1.03e-03 | 5.09e-03 | 1.24e-02 | 3.50e-02 | 5.66e-01 | 3.30e+00
K 39 | 5.51e-01 | 5.52e-01 | 5.51e-01 | 5.37e-01 | 4.77e-01 | 1.89e+00 | 3.31e+00 | 6.64e+00 | 1.11e+01 | 1.42e+01 | 1.81e+01 | 2.96e+01 | 2.93e+01
K 40 | 9.10e-05 | 9.10e-05 | 9.14e-05 | 9.49e-05 | 1.67e-04 | 4.73e-02 | 1.08e-01 | 3.51e-01 | 1.00e+00 | 1.73e+00 | 3.02e+00 | 6.90e+00 | 5.46e+00
K 41 | 8.71e-01 | 8.71e-01 | 8.75e-01 | 9.16e-01 | 1.30e+00 | 2.70e+00 | 3.78e+00 | 6.39e+00 | 9.73e+00 | 1.19e+01 | 1.45e+01 | 2.10e+01 | 1.90e+01
CA 40 | 3.68e+02 | 3.68e+02 | 3.68e+02 | 3.68e+02 | 3.65e+02 | 3.50e+02 | 3.42e+02 | 3.30e+02 | 3.16e+02 | 3.06e+02 | 2.93e+02 | 2.41e+02 | 1.83e+02
CA 42 | 9.93e-03 | 9.94e-03 | 9.94e-03 | 9.64e-03 | 5.63e-03 | 6.98e-01 | 2.01e+00 | 7.19e+00 | 1.82e+01 | 2.82e+01 | 4.42e+01 | 1.12e+02 | 1.52e+02
CA 43 | 7.27e-01 | 7.26e-01 | 7.16e-01 | 6.96e-01 | 5.03e-01 | 8.55e-01 | 1.90e+00 | 3.30e+00 | 3.62e+00 | 3.50e+00 | 3.35e+00 | 2.35e+00 | 1.62e+00
CA 44 | 1.58e+01 | 1.56e+01 | 1.57e+01 | 1.59e+01 | 1.57e+01 | 1.53e+01 | 1.50e+01 | 1.41e+01 | 1.32e+01 | 1.26e+01 | 1.18e+01 | 8.76e+00 | 5.86e+00
CA 46 | 2.02e-13 | 2.02¢-13 | 2.05e-13 | 2.34e-13 | 9.31e-13 | 9.10e-09 | 1.55e-07 | 5.43e-06 | 8.34e-05 | 3.37e-04 | 1.47e-03 | 3.01e-02 | 1.98e-01
CA 48 | 3.81e-23 | 3.82e-23 | 3.92e-23 | 5.04e-23 | 5.05e-22 | 1.15e-16 | 7.93e-15 | 7.06e-13 | 2.48e-11 | 2.04e-10 | 1.19e-09 | 3.13e-07 | 3.03e-05
SsC 45| 3.23e-01 | 3.22e-01 | 3.24e-01 | 3.44e-01 | 5.68e-01 | 1.16e+00 | 1.37e+00 | 1.87e+00 | 2.45e+00 | 2.81e+00 | 3.22e+00 | 4.00e+00 | 3.96e+00
TI 46 | 5.63e-01 | 5.72e-01 | 5.77e-01 | 5.43e-01 | 5.01e-01 | 6.17e-01 | 1.65e+00 | 6.44e+00 | 1.66e+01 | 2.54e+01 | 3.87e+01 | 9.41e+01 | 1.31e+02
TI 47 | 1.10e+00 | 1.11e+00 | 1.11e+00 | 1.06e+00 | 9.63e-01 | 5.31e-01 | 7.65e-01 | 1.37e+00 | 1.93e+00 | 2.24e+00 | 2.66e+00 | 4.03e+00 | 5.87e+00
TI 48 | 2.15e+02 | 2.15e+02 | 2.15e+02 | 2.15e+02 | 2.15e+02 | 2.12e+02 | 2.10e+02 | 2.03e+02 | 1.93e+02 | 1.85e+02 | 1.76e+02 | 1.38e+02 | 9.77e+01
TI 49 | 1.66e+01 | 1.66e+01 | 1.67e+01 | 1.75e+01 | 3.03e+01 | 6.10e+01 | 6.80e+01 | 8.75e+01 | 1.13e+02 | 1.28e+02 | 1.45e+02 | 1.82e+02 | 1.97e+02
TI 50 | 2.35e-13 | 2.35e-13 | 2.38e-13 | 2.66e-13 | 7.41e-13 | 1.24e-07 | 1.99e-06 | 5.20e-05 | 4.53e-04 | 1.07e-03 | 2.11e-03 | 6.03e-03 | 3.74e-02
\4 50 | 1.57e-07 | 1.57e-07 | 1.60e-07 | 1.71e-07 | 3.92e-07 | 1.51e-03 | 9.55e-03 | 1.19e-01 | 7.39e-01 | 1.47e+00 | 2.38e+00 | 7.72e+00 | 4.64e+01
\4 51 | 2.35e+01 | 2.36e+01 | 2.36e+01 | 2.31e+01 | 1.83e+01 | 3.17e+01 | 5.14e+01 | 9.49e+01 | 1.46e+02 | 1.78e+02 | 2.18e+02 | 3.43e+02 | 5.19e+02
CR 50 | 2.92e+00 | 2.95e+00 | 3.00e+00 | 2.88e+00 | 3.13e+00 | 9.22e+00 | 2.15e+01 | 6.47e+01 | 1.45e+02 | 2.13e+02 | 3.21e+02 | 9.18e+02 | 1.73e+03
CR 52 | 7.69e+02 | 7.69e+02 | 7.69e+02 | 7.70e+02 | 7.68e+02 | 7.59e+02 | 7.50e+02 | 7.27e+02 | 6.95e+02 | 6.72e+02 | 6.43e+02 | 5.44e+02 | 5.17e+02
CR 53 | 1.19e+02 | 1.19e+02 | 1.19e+02 | 1.22e+02 | 1.48e+02 | 1.89e+02 | 2.10e+02 | 2.71e+02 | 3.51e+02 | 4.01e+02 | 4.61e+02 | 6.59e+02 | 9.21e+02
CR 54 | 9.15e-09 | 9.18e-09 | 9.47e-09 | 1.02¢-08 | 4.59e-08 | 9.17e-05 | 4.74e-04 | 3.97e-03 | 1.81e-02 | 3.77e-02 | 8.36e-02 | 8.76e-01 | 6.41e+00
MN 55 | 1.04e+01 | 1.04e+01 | 1.04e+01 | 1.04e+01 | 1.15e+01 | 5.80e+01 | 9.13e+01 | 1.63e+02 | 2.49e+02 | 3.02e+02 | 3.70e+02 | 6.06e+02 | 8.91e+02
FE 54 | 5.86e-01 | 5.87e-01 | 5.93e-01 | 6.02e-01 | 7.65e-01 | 1.07e+01 | 2.40e+01 | 6.64e+01 | 1.40e+02 | 2.00e+02 | 2.91e+02 | 7.27e+02 | 1.35e+03
FE 56 | 4.49e+02 | 4.49e+02 | 4.49e+02 | 4.49e+02 | 4.49e+02 | 4.47e+02 | 4.46e+02 | 4.41e+02 | 4.33e+02 | 4.28e+02 | 4.19e+02 | 3.81e+02 | 3.24e+02
FE 57 | 1.56e+02 | 1.56e+02 | 1.55e+02 | 1.57e+02 | 1.59e+02 | 1.87e+02 | 2.07e+02 | 2.33e+02 | 2.73e+02 | 3.02e+02 | 3.40e+02 | 4.81e+02 | 6.16e+02
FE 58 | 7.20e-09 | 7.22e-09 | 7.29e-09 | 7.86e-09 | 2.59e-08 | 4.90e-06 | 2.07e-05 | 1.47e-04 | 6.21e-04 | 1.26e-03 | 2.67e-03 | 2.10e-02 | 9.70e-02
CcO 59 | 6.40e+01 | 6.43e+01 | 6.49e+01 | 6.26e+01 | 5.81e+01 | 1.75e+01 | 1.83e+01 | 3.49e+01 | 5.07e+01 | 5.99e+01 | 7.07e+01 | 9.89e+01 | 1.07e+02
NI 58 | 1.40e+01 | 1.40e+01 | 1.42e+01 | 1.38e+01 | 1.37e+01 | 9.50e+00 | 1.28e+01 | 5.65e+01 | 1.31e+02 | 1.92e+02 | 2.84e+02 | 7.67e+02 | 1.61e+03
NI 60 | 2.94e+02 | 2.93e+02 | 2.94e+02 | 2.94e+02 | 2.95e+02 | 2.99e+02 | 2.99e+02 | 2.81e+02 | 2.63e+02 | 2.51e+02 | 2.36e+02 | 1.70e+02 | 9.16e+01
NI 61 | 9.87e+01 | 9.83e+01 | 9.81e+01 | 9.91e+01 | 1.01e+02 | 1.22e+02 | 1.37e+02 | 1.45e+02 | 1.58e+02 | 1.66e+02 | 1.77e+02 | 1.95e+02 | 1.64e+02
NI 62 | 1.54e+01 | 1.55e+01 | 1.40e+01 | 1.56e+01 | 1.53e+01 | 4.79e+01 | 8.64e+01 | 1.59e+02 | 2.75e+02 | 3.64e+02 | 4.92e+02 | 9.76e+02 | 1.24e+03
NI 64 | 4.81e-17 | 4.77e-17 | 4.86e-17 | 4.85e-17 | 5.14e-17 | 1.07e-13 | 2.20e-12 | 2.96e-11 | 3.36e-11 | 3.62e-11 | 4.40e-11 | 3.32e-10 | 6.04e-09
CU 63 | 9.72e+00 | 9.73e+00 | 9.33e+00 | 9.76e+00 | 9.87e+00 | 1.30e+01 | 1.34e+00 | 5.96e-01 | 6.19e-01 | 7.16e-01 | 9.39e-01 | 2.47e+00 | 4.55e+00
CU 65 | 2.73e+00 | 2.71e+00 | 2.75e+00 | 2.74e+00 | 2.80e+00 | 2.71e+00 | 2.48e+00 | 2.60e+00 | 2.99e+00 | 3.24e+00 | 3.60e+00 | 3.77e+00 | 2.07e+00
ZN 64 | 1.72e+02 | 1.71e+02 | 1.76e+02 | 1.72e+02 | 1.76e+02 | 1.05e+02 | 4.14e+01 | 2.10e+01 | 1.52e+01 | 1.32e+01 | 1.15e+01 | 6.43e+00 | 2.37e+00
ZN 66 | 4.60e+00 | 4.55e+00 | 4.56e+00 | 4.64e+00 | 4.80e+00 | 6.59e+00 | 8.26e+00 | 1.33e+01 | 2.16e+01 | 2.76e+01 | 3.61e+01 | 5.90e+01 | 5.04e+01
ZN 67 | 2.92e-01 | 2.90e-01 | 2.99e-01 | 2.91e-01 | 2.94e-01 | 1.37e-01 | 1.16e-02 | 2.28e-02 | 5.37e-02 | 8.05e-02 | 1.24e-01 | 2.95e-01 | 3.32e-01
ZN 68 | 1.55e+00 | 1.56e+00 | 1.59e+00 | 1.51e+00 | 1.44e+00 | 3.82e-01 | 1.07e-01 | 4.59¢-02 | 3.14e-02 | 2.69e-02 | 2.40e-02 | 2.64e-02 | 6.53e-02
ZN 70 | 1.14e-22 | 1.14e-22 | 1.14e-22 | 1.19e-22 | 1.97e-22 | 4.45e-19 | 9.13e-18 | 2.00e-16 | 1.57e-15 | 4.55e-15 | 7.58e-15 | 7.46e-17 | 4.20e-18
GA 69 | 7.39e-02 | 7.38e-02 | 7.48e-02 | 7.33e-02 | 7.28e-02 | 5.85e-02 | 5.65e-02 | 5.53e-02 | 5.59e-02 | 5.53e-02 | 5.56e-02 | 4.18e-02 | 2.21e-02
GA 71 | 2.43e-04 | 2.42e-04 | 2.50e-04 | 2.41e-04 | 2.41e-04 | 2.02e-04 | 5.22e-04 | 1.63e-03 | 3.47e-03 | 4.80e-03 | 6.91e-03 | 1.07e-02 | 6.22e-03
GE 70 | 2.76e-01 | 2.73e-01 | 2.76e-01 | 2.77e-01 | 2.84e-01 | 3.42e-01 | 4.10e-01 | 6.17e-01 | 9.66e-01 | 1.21e+00 | 1.56e+00 | 2.35e+00 | 1.69e+00
GE 72| 6.08e-03 | 6.18e-03 | 6.27e-03 | 5.88e-03 | 5.48e-03 | 1.04e-03 | 1.76e-04 | 9.75e-05 | 2.17e-04 | 4.04e-04 | 8.54e-04 | 5.43e-03 | 1.11e-02
GE 73 | 8.00e-04 | 7.96e-04 | 8.07e-04 | 7.97e-04 | 8.07e-04 | 7.68e-04 | 5.73e-04 | 3.65e-04 | 3.19e-04 | 2.95e-04 | 2.85e-04 | 1.79e-04 | 8.14e-05
GE 74 | 5.78e-20 | 5.78e-20 | 5.77e-20 | 6.44e-20 | 1.72e-19 | 2.06e-17 | 1.06e-16 | 1.55e-15 | 1.45e-14 | 2.73e-14 | 2.21e-14 | 1.33e-17 | 1.21e-19
GE 76 | 9.89e-27 | 9.72e-27 | 9.06e-27 | 1.02e-26 | 1.03e-26 | 9.87e-27 | 9.58e-22 | 3.63e-20 | 3.23e-18 | 1.35e-17 | 1.93e-17 | 2.86e-20 | 1.76e-23
AS 75 | 2.95e-05 | 2.94e-05 | 3.06e-05 | 2.91e-05 | 2.92e-05 | 1.45e-05 | 2.07e-05 | 5.09e-05 | 8.97e-05 | 1.18e-04 | 1.64e-04 | 2.79e-04 | 1.82e-04

TABLE 3.3:

Production factors for S1.0 from Z=0to 0.1
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Element | A | ®Ne=0 le-7 le-6 le-5 le-4 le-3 2e-3 5e-3 le-2 1.4e-2 2e-2 5e-2 le-1

C 12 | 2.85e+00 | 2.85e+00 | 2.85e+00 | 2.85e+00 | 2.85e+00 | 2.84e+00 | 2.83e+00 | 2.81e+00 | 2.79e+00 | 2.78e+00 | 2.76e+00 | 2.70e+00 | 2.61e+00
C 13 | 2.17e-06 | 2.17e-06 | 2.16e-06 | 2.12e-06 | 2.64e-06 | 4.90e-05 | 1.31e-04 | 4.17e-04 | 9.47e-04 | 1.41e-03 | 2.19e-03 | 7.39e-03 | 1.97e-02
N 14 | 1.02e-04 | 1.02e-04 | 1.02e-04 | 1.01e-04 | 1.14e-04 | 5.51e-04 | 1.07e-03 | 2.44e-03 | 4.41e-03 | 5.83e-03 | 7.76e-03 | 1.53e-02 | 2.34e-02
N 15 | 1.65e+00 | 1.65e+00 | 1.65e+00 | 1.59e+00 | 1.04e+00 | 7.96e-02 | 3.11e-02 | 1.07e-02 | 6.42e-03 | 5.76e-03 | 5.87e-03 | 1.28e-02 | 4.90e-02
O 16 | 2.94e+01 | 2.94e+01 | 2.94e+01 | 2.94e+01 | 2.95e+01 | 2.97e+01 | 2.99e+01 | 3.07e+01 | 3.16e+01 | 3.21e+01 | 3.25e+01 | 3.30e+01 | 3.15e+01
O 17 | 7.61e-04 | 7.62e-04 | 7.67e-04 | 8.21e-04 | 1.56e-03 | 3.04e-02 | 7.10e-02 | 1.70e-01 | 2.80e-01 | 3.41e-01 | 4.08e-01 | 5.40e-01 | 5.35e-01
(] 18 | 1.33e-06 | 1.33e-06 | 1.34e-06 | 1.40e-06 | 2.36e-06 | 3.60e-05 | 8.22e-05 | 2.14e-04 | 4.33e-04 | 6.11e-04 | 8.88e-04 | 2.76e-03 | 1.06e-02
F 19 | 4.90e-03 | 4.90e-03 | 4.87e-03 | 4.65e-03 | 3.29e-03 | 9.46e-04 | 6.58e-04 | 7.86e-04 | 1.51e-03 | 2.20e-03 | 3.32e-03 | 9.38e-03 | 1.54e-02
NE 20 | 5.22e+00 | 5.22e+00 | 5.22e+00 | 5.22e+00 | 5.22e+00 | 5.18e+00 | 5.14e+00 | 5.03e+00 | 4.85e+00 | 4.72e+00 | 4.55e+00 | 3.93e+00 | 3.39e+00
NE 21 | 1.17e-02 | 1.17e-02 | 1.17e-02 | 1.20e-02 | 1.42e-02 | 7.04e-02 | 1.76e-01 | 5.77e-01 | 1.36e+00 | 2.06e+00 | 3.24e+00 | 1.14e+01 | 3.27e+01
NE 22 | 6.86e-04 | 6.89e-04 | 7.17e-04 | 9.97e-04 | 3.82e-03 | 3.38e-02 | 6.94e-02 | 1.87e-01 | 4.08e-01 | 6.05e-01 | 9.29e-01 | 3.01e+00 | 8.28e+00
NA 23 | 8.75e-01 | 8.75e-01 | 8.75e-01 | 8.73e-01 | 8.56e-01 | 7.92e-01 | 7.96e-01 | 8.64e-01 | 1.09e+00 | 1.32e+00 | 1.72e+00 | 4.55e+00 | 1.31e+01
MG 24 | 6.45e+01 | 6.45e+01 | 6.45e+01 | 6.45e+01 | 6.45e+01 | 6.21e+01 | 5.83e+01 | 4.82e+01 | 3.67e+01 | 3.06e+01 | 2.45e+01 | 1.36e+01 | 1.29e+01
MG 25 | 6.67e-03 | 6.67e-03 | 6.68e-03 | 6.82e-03 | 8.79e-03 | 9.03e-02 | 1.62e-01 | 4.26e-01 | 9.88e-01 | 1.53e+00 | 2.48e+00 | 9.71e+00 | 3.24e+01
MG 26 | 391e-02 | 3.91e-02 | 3.92e-02 | 3.97e-02 | 4.49e-02 | 1.06e-01 | 1.68e-01 | 3.45e-01 | 6.47e-01 | 9.05e-01 | 1.32e+00 | 4.28e+00 | 1.76e+01
AL 27 | 2.36e+00 | 2.36e+00 | 2.36e+00 | 2.36e+00 | 2.33e+00 | 4.78e+00 | 8.03e+00 | 1.43e+01 | 1.96e+01 | 2.18e+01 | 2.35e+01 | 2.73e+01 | 4.14e+01
SI 28 | 4.68e+02 | 4.68e+02 | 4.68e+02 | 4.68e+02 | 4.69e+02 | 4.78e+02 | 4.84e+02 | 4.91e+02 | 4.94e+02 | 4.94e+02 | 4.94e+02 | 4.87e+02 | 4.70e+02
SI 29 | 1.77e+00 | 1.77e+00 | 1.77e+00 | 1.79e+00 | 2.19e+00 | 7.99e+00 | 1.01e+01 | 1.49e+01 | 2.14e+01 | 2.67e+01 | 3.53e+01 | 1.05e+02 | 3.96e+02
SI 30 | 1.27e+00 | 1.27e+00 | 1.26e+00 | 1.22e+00 | 9.63e-01 | 1.86e+00 | 6.10e+00 | 2.44e+01 | 5.96e+01 | 8.82e+01 | 1.31e+02 | 3.64e+02 | 8.52e+02
P 31 | 1.44e+01 | 1.44e+01 | 1.43e+01 | 1.38e+01 | 9.58e+00 | 9.69e+00 | 1.72e+01 | 3.81e+01 | 6.89e+01 | 9.08e+01 | 1.20e+02 | 2.30e+02 | 2.64e+02
S 32 | 5.02e+02 | 5.02e+02 | 5.02e+02 | 5.02e+02 | 4.99e+02 | 4.91e+02 | 4.88e+02 | 4.85e+02 | 4.81e+02 | 4.77e+02 | 4.69e+02 | 4.12e+02 | 3.06e+02
S 33 | 3.65e+01 | 3.65e+01 | 3.66e+01 | 3.69e+01 | 3.97e+01 | 4.52e+01 | 5.24e+01 | 8.02e+01 | 1.16e+02 | 1.38e+02 | 1.64e+02 | 2.26e+02 | 2.06e+02
S 34 | 2.89e-01 | 2.89e-01 | 2.87e-01 | 2.72e-01 | 1.70e-01 | 5.21e+00 | 1.56e+01 | 4.89e+01 | 1.09e+02 | 1.60e+02 | 2.40e+02 | 6.26e+02 | 9.83e+02
S 36 | 5.07e-07 | 5.07e-07 | 5.09e-07 | 5.29e-07 | 8.40e-07 | 2.03e-03 | 1.36e-02 | 1.17e-01 | 5.38e-01 | 1.16e+00 | 2.91e+00 | 5.25e+01 | 4.79e+02
CL 35 | 1.57e+00 | 1.57e+00 | 1.56e+00 | 1.49e+00 | 9.49e-01 | 1.95e+00 | 3.29e+00 | 6.94e+00 | 1.33e+01 | 1.83e+01 | 2.51e+01 | 3.97e+01 | 3.45e+01
CL 37 | 2.69e+00 | 2.69e+00 | 2.69e+00 | 2.71e+00 | 2.96e+00 | 3.35e+00 | 4.08e+00 | 6.24e+00 | 9.19e+00 | 1.12e+01 | 1.37e+01 | 2.18e+01 | 2.60e+01
AR 36 | 5.09e+02 | 5.09e+02 | 5.09e+02 | 5.09¢+02 | 5.04e+02 | 4.80e+02 | 4.66e+02 | 4.43e+02 | 4.20e+02 | 4.04e+02 | 3.83e+02 | 2.90e+02 | 1.92e+02
AR 38 | 3.48e-02 | 3.48e-02 | 3.47e-02 | 3.39e-02 | 2.49e-02 | 3.23e+00 | 8.39e+00 | 2.60e+01 | 6.10e+01 | 9.21e+01 | 1.41e+02 | 3.77e+02 | 6.11e+02
AR 40 | 3.23e-08 | 3.23e-08 | 3.24e-08 | 3.36e-08 | 4.92e-08 | 8.59e-05 | 4.79e-04 | 3.54e-03 | 1.81e-02 | 4.60e-02 | 1.42e-01 | 3.12e+00 | 1.67e+01
K 39 | 441e-01 | 4.40e-01 | 4.39e-01 | 4.21e-01 | 3.41e-01 | 3.31e+00 | 5.73e+00 | 1.15e+01 | 1.97e+01 | 2.56e+01 | 3.33e+01 | 5.48e+01 | 5.24e+01
K 40 | 3.13e-04 | 3.13e-04 | 3.14e-04 | 3.23e-04 | 4.70e-04 | 1.06e-01 | 2.30e-01 | 7.44e-01 | 2.45e+00 | 4.68e+00 | 9.15e+00 | 2.28e+01 | 8.73e+00
K 41 | 1.62e+00 | 1.62e+00 | 1.63e+00 | 1.71e+00 | 2.47e+00 | 5.14e+00 | 6.90e+00 | 1.12e+01 | 1.69e+01 | 2.07e+01 | 2.54e+01 | 3.66e+01 | 3.20e+01
CA 40 | 4.11e+02 | 4.11e+02 | 4.11e+02 | 4.10e+02 | 4.06e+02 | 3.77e+02 | 3.58e+02 | 3.27e+02 | 2.97e+02 | 2.79e+02 | 2.57e+02 | 1.81e+02 | 1.15e+02
CA 42 | 1.03e-02 | 1.02e-02 | 1.02e-02 | 9.37e-03 | 1.47e-03 | 1.44e+00 | 4.09e+00 | 1.44e+01 | 3.68e+01 | 5.77e+01 | 9.12e+01 | 2.38e+02 | 3.13e+02
CA 43 | 2.40e-01 | 2.40e-01 | 2.36e-01 | 1.97e-01 | 1.63e-03 | 7.15e-03 | 2.01e-02 | 8.72¢-02 | 2.72e-01 | 4.57e-01 | 7.53e-01 | 1.77e+00 | 2.38e+00
CA 44 | 7.95e+00 | 7.95e+00 | 7.95e+00 | 7.94e+00 | 7.82e+00 | 7.06e+00 | 6.59e+00 | 5.82e+00 | 5.13e+00 | 4.75e+00 | 4.32e+00 | 3.02e+00 | 2.01e+00
CA 46 | 7.65e-13 | 7.66e-13 | 7.75e-13 | 8.80e-13 | 3.08e-12 | 5.79e-08 | 9.50e-07 | 2.88e-05 | 3.67e-04 | 1.37e-03 | 5.81e-03 | 1.43e-01 | 8.16e-01
CA 48 | 3.21e-20 | 3.24e-20 | 3.47e-20 | 5.78e-20 | 2.00e-19 | 2.33e-16 | 1.29e-14 | 1.36e-12 | 4.99e-11 | 3.44e-10 | 3.33e-09 | 1.52e-06 | 1.52e-04
sC 45 | 4.51e-01 | 4.52e-01 | 4.57e-01 | 5.11e-01 | 9.85e-01 | 1.56e+00 | 1.90e+00 | 2.58e+00 | 3.35e+00 | 3.84e+00 | 4.41e+00 | 5.03e+00 | 4.17e+00
TI 46 | 6.07e-03 | 6.08e-03 | 6.12e-03 | 6.31e-03 | 1.35e-02 | 1.05e+00 | 3.13e+00 | 1.21e+01 | 3.16e+01 | 4.89e+01 | 7.54e+01 | 1.84e+02 | 2.38e+02
TI 47 | 8.17e-02 | 8.16e-02 | 8.10e-02 | 7.46e-02 | 1.78e-02 | 7.69e-02 | 1.38e-01 | 3.30e-01 | 7.29e-01 | 1.10e+00 | 1.69e+00 | 4.62e+00 | 8.48e+00
TI 48 | 9.19e+01 | 9.19e+01 | 9.19e+01 | 9.18e+01 | 9.13e+01 | 8.70e+01 | 8.34e+01 | 7.53e+01 | 6.56e+01 | 5.95e+01 | 5.22e+01 | 3.14e+01 | 1.98e+01
TI 49 | 2.32e+00 | 2.33e+00 | 2.38e+00 | 3.00e+00 | 2.32e+01 | 3.16e+01 | 3.68e+01 | 4.85e+01 | 6.03e+01 | 6.58e+01 | 7.04e+01 | 6.78e+01 | 6.64e+01
TI 50 | 5.51e-13 | 5.52e-13 | 5.59e-13 | 6.35e-13 | 2.03e-12 | 2.45e-07 | 4.34e-06 | 1.38e-04 | 1.41e-03 | 3.40e-03 | 6.51e-03 | 1.63e-02 | 6.51e-02
v 50 | 1.25e-07 | 1.25e-07 | 1.26e-07 | 1.40e-07 | 5.31e-07 | 3.59e-03 | 2.24e-02 | 3.02e-01 | 2.02e+00 | 3.96e+00 | 5.95e+00 | 1.24e+01 | 6.12e+01
v 51 | 8.71e+00 | 8.71e+00 | 8.70e+00 | 8.59¢+00 | 1.46e+00 | 1.87e+01 | 3.02e+01 | 5.41e+01 | 8.08e+01 | 9.67e+01 | 1.15e+02 | 1.68e+02 | 3.19e+02
CR 50 | 2.71e-01 | 2.72e-01 | 2.75e-01 | 3.14e-01 | 4.24e-01 | 1.01e+01 | 2.40e+01 | 7.18e+01 | 1.63e+02 | 2.42e+02 | 3.69e+02 | 1.09e+03 | 2.02e+03
CR 52 | 2.15e+02 | 2.15e+02 | 2.15e+02 | 2.15e+02 | 2.14e+02 | 2.06e+02 | 1.98e+02 | 1.81e+02 | 1.60e+02 | 1.47e+02 | 1.32e+02 | 1.08e+02 | 2.49e+02
CR 53 | 2.76e+01 | 2.76e+01 | 2.78e+01 | 2.98e+01 | 5.05e+01 | 6.46e+01 | 7.64e+01 | 1.02e+02 | 1.29e+02 | 1.43e+02 | 1.58e+02 | 2.34e+02 | 5.03e+02
CR 54 | 8.11e-10 | 8.13e-10 | 8.37e-10 | 1.15e-09 | 4.05e-08 | 1.49e-04 | 7.23e-04 | 5.89¢-03 | 2.60e-02 | 5.35e-02 | 1.19e-01 | 1.25e+00 | 9.00e+00
MN 55 | 1.95e+00 | 1.95e+00 | 1.93e+00 | 1.75e+00 | 1.98e+00 | 2.38e+01 | 3.67e+01 | 6.14e+01 | 8.71e+01 | 1.02e+02 | 1.19e+02 | 1.78e+02 | 2.89e+02
FE 54 | 1.66e-01 | 1.66e-01 | 1.66e-01 | 1.66e-01 | 1.95e-01 | 9.67e+00 | 2.11e+01 | 5.64e+01 | 1.16e+02 | 1.65e+02 | 2.36e+02 | 5.52e+02 | 8.77e+02
FE 56 | 3.86e+01 | 3.86e+01 | 3.86e+01 | 3.85e+01 | 3.85e+01 | 3.72e+01 | 3.61e+01 | 3.33e+01 | 3.00e+01 | 2.79e+01 | 2.55e+01 | 1.91e+01 | 1.84e+01
FE 57 | 5.25e+00 | 5.25e+00 | 5.25e+00 | 5.27e+00 | 5.44e+00 | 6.91e+00 | 8.22e+00 | 1.12e+01 | 1.43e+01 | 1.60e+01 | 1.78e+01 | 2.16e+01 | 2.51e+01
FE 58 | 6.56e-09 | 6.57e-09 | 6.69e-09 | 7.94e-09 | 4.87e-08 | 1.07e-05 | 3.63e-05 | 2.27e-04 | 9.20e-04 | 1.85e-03 | 3.91e-03 | 3.04e-02 | 1.37e-01
co 59 | 5.89e-02 | 5.88e-02 | 5.84e-02 | 5.38e-02 | 4.10e-03 | 4.60e-03 | 1.10e-02 | 4.33e-02 | 1.30e-01 | 2.23e-01 | 3.96e-01 | 1.89e+00 | 4.15e+00
NI 58 | 4.84e-01 | 4.84e-01 | 4.86e-01 | 5.01e-01 | 6.30e-01 | 1.60e+00 | 2.69e+00 | 6.08e+00 | 1.18e+01 | 1.63e+01 | 2.27e+01 | 4.76e+01 | 7.07e+01
NI 60 | 1.85e-02 | 1.84e-02 | 1.81e-02 | 1.53e-02 | 2.82e-04 | 3.90e-04 | 1.46e-03 | 1.07e-02 | 5.00e-02 | 1.05e-01 | 2.32e-01 | 1.79e+00 | 7.02e+00
NI 61 | 7.65e-04 | 7.64e-04 | 7.53e-04 | 6.57e-04 | 3.96e-05 | 7.27e-06 | 1.62e-05 | 7.42e-05 | 2.86e-04 | 5.94e-04 | 1.32e-03 | 1.08e-02 | 5.39e-02
NI 62 | 1.98e-06 | 1.98e-06 | 1.99e-06 | 2.05e-06 | 2.66e-06 | 4.88e-06 | 9.59e-06 | 2.78e-05 | 6.32e-05 | 1.05e-04 | 1.99e-04 | 1.69e-03 | 1.26e-02
NI 64 | 3.85e-20 | 3.86e-20 | 3.91e-20 | 4.42e-20 | 1.87e-19 | 5.60e-13 | 8.06e-12 | 8.66e-11 | 7.71e-11 | 7.61e-11 | 8.80e-11 | 3.73e-10 | 6.71e-09
CU 63 | 1.43e-08 | 1.43e-08 | 1.45e-08 | 1.69e-08 | 6.90e-08 | 4.49e-08 | 1.04e-07 | 4.83e-07 | 2.21e-06 | 5.24e-06 | 1.32e-05 | 1.35e-04 | 6.42e-04
CU 65 | 1.60e-10 | 1.60e-10 | 1.57e-10 | 1.32e-10 | 1.47e-11 | 3.36e-10 | 7.34e-10 | 2.29¢-09 | 5.38e-09 | 1.17e-08 | 2.81e-08 | 2.46e-07 | 9.85e-07
ZN 64 | 2.60e-09 | 2.60e-09 | 2.60e-09 | 2.64e-09 | 6.91e-09 | 5.21e-08 | 1.37e-07 | 8.19e-07 | 3.74e-06 | 7.87e-06 | 1.70e-05 | 1.08e-04 | 2.96e-04
ZN 66 | 7.12e-12 | 7.11e-12 | 7.04e-12 | 6.37e-12 | 3.00e-12 | 2.11e-09 | 1.23e-08 | 4.20e-08 | 1.83e-08 | 1.74e-08 | 3.07e-08 | 4.01e-07 | 2.47e-06
ZN 67 | 1.89e-12 | 1.89%e-12 | 1.90e-12 | 1.96e-12 | 2.30e-12 | 5.75e-12 | 1.68e-11 | 3.62e-11 | 2.29e-11 | 3.66e-11 | 8.30e-11 | 7.53e-10 | 2.73e-09
ZN 68 | 3.79e-12 | 3.79e-12 | 3.81e-12 | 4.03e-12 | 6.32e-12 | 4.06e-12 | 1.40e-11 | 3.79e-11 | 2.59e-11 | 2.80e-11 | 2.87e-11 | 6.30e-11 | 1.39e-10
ZN 70 | 2.60e-24 | 2.54e-24 | 2.55e-24 | 2.66e-24 | 8.80e-24 | 1.13e-18 | 1.28e-17 | 7.5%e-17 | 2.63e-16 | 9.75e-16 | 2.37e-15 | 5.57e-17 | 2.96e-18
GA 69 | 9.49e-14 | 9.50e-14 | 9.57e-14 | 1.03e-13 | 1.88e-13 | 4.34e-12 | 1.74e-11 | 2.75e-11 | 1.29e-11 | 1.12e-11 | 7.43e-12 | 3.06e-12 | 1.82e-11
GA 71 | 1.34e-14 | 1.34e-14 | 1.36e-14 | 1.49e-14 | 3.74e-14 | 7.97e-14 | 3.39e-13 | 7.16e-13 | 3.87e-13 | 3.38e-13 | 2.39¢e-13 | 4.18e-15 | 2.02e-14
GE 70 | 4.74e-13 | 4.75e-13 | 4.83e-13 | 5.63e-13 | 2.74e-12 | 1.73e-10 | 6.64e-10 | 1.12e-09 | 4.75e-10 | 3.30e-10 | 1.44e-10 | 2.87e-11 | 1.32e-10
GE 72 | 6.28e-13 | 6.28e-13 | 6.31e-13 | 6.65e-13 | 9.68e-13 | 1.37e-11 | 4.65e-11 | 7.47e-11 | 5.48e-11 | 5.10e-11 | 2.78e-11 | 1.47e-14 | 3.35e-14
GE 73 | 1.46e-14 | 1.46e-14 | 1.47e-14 | 1.5%-14 | 3.20e-14 | 4.16e-13 | 6.48e-13 | 5.17e-13 | 2.48e-13 | 1.91e-13 | 8.60e-14 | 8.40e-17 | 3.42e-16
GE 74 | 9.90e-21 | 9.92e-21 | 1.01e-20 | 1.23e-20 | 9.05e-20 | 2.53e-16 | 1.33e-15 | 4.49e-15 | 1.44e-14 | 3.02e-14 | 2.87e-14 | 1.84e-17 | 7.74e-20
GE 76 | 4.57e-25 | 4.60e-25 | 4.53e-25 | 4.79e-25 | 1.07e-24 | 5.66e-23 | 6.31e-22 | 5.29e-21 | 3.75e-19 | 2.40e-18 | 5.47e-18 | 1.84e-20 | 2.88e-24
AS 75 | 4.01e-14 | 4.02e-14 | 4.03e-14 | 4.18e-14 | 5.72e-14 | 6.94e-13 | 1.96e-12 | 2.84e-12 | 1.82e-12 | 1.45e-12 | 6.28e-13 | 8.96e-17 | 2.33e-17

TABLE 3.4: Production factors for M0.8 from Z =0 to 0.1
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section 3.2 for a full description of the burning regimes). Explosive oxygen
burning is the direct fusion of two O nuclei, resulting in a number of possi-

ble products as described in Woosley, Heger, and Weaver (2002):

0 +'%0 — 5" — 3541

— BG4y

We see production of the intermediate mass elements in the range of 2-5
GK, lighter elements being produced preferentially in cooler conditions. we
therefore observe both carbon burning (T9 ~ 2 GK) and explosive oxygen
burning (Tg ~ 3 GK). In the lower peak temperature regime, rates of pho-
todisintegration are low and fusion dominates. In the higher temperature
explosive burning, these rates are similar. The majority of burning however
follows the reactions stated above - the three decay channels of S* - which
have varying branching ratios which determine the most likely products. 2Si
and 32S constitute 90% of the products of oxygen burning (Woosley, Heger,
and Weaver, 2002).

The a chain isotopes are produced through freeze out from NSE. These
are 2*Mg, 28Si, 325 and 3°Ar. The large peak in production in the iron group
arises from the complete destruction of the 2C and 'O nuclei to a particles,
and their subsequent recombination, as the temperature drops after the pass-
ing of the shock wave. For a given Z in the low to intermediate mass isotopes
(A < 45), the lightest stable nucleus of that element is the most overproduced
at low metallicities. As the metallicity of the system increases, we see a boost
in production of the heavier isotopes of a given element. The bulk of the iron

group material is formed in the freeze out from NSE, at high central densities.
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These high density regions modify the Y, of the material undergoing nucle-
osynthesis through electron capture reactions, resulting in a less pronounced
dependence on the initial metallicity of the progenitor.

Brachwitz et al. (2000) discuss in detail the effect of electron capture rates
and the Y, of the progenitor on the ejected composition of the iron group
ejecta, finding that their improved electron capture rates determined through
a shell model monte carlo simulation changes the production of 48Ca, BT,
%4Cr, > 8Fe, and %®Nii. This effect is seen in the composition of the iron group
in figure 3.1, where the changing Y, is caused by the initial composition shift
from T1.470.0 to T1.4Z0 rather than through a change in the electron capture
rates. “®Ni increases by a factor of 2 between the Z = 0 and Z = 0.1 panels.
An even larger effect on the abundance of >*Fe is observed - increasing by
a factor of 5 between the same models. Conversely, in the lower iron group
region (**Ca, ¥Ti) we do not see this same strong dependency on the Y, of
the progenitor, for *Ti production is consistent across the range of metallici-
ties investigated, for *Ca production is very low - going from 1.62x10712 to
6.94x10~12 by mass fraction across the metallicity range. Although there is a
factor of 4 difference in production, the is only a trace amount of 4Ca ejected
from the system.

Brachwitz et al. (2000) find that odd-odd nuclei and odd-A nuclei have
the largest effect on the Y, of the SNIa explosion. The choice of electron
capture reactions for these nuclei in particular are therefore key to our post-
processing results. Gamow-Teller back resonances in astrophysical condi-
tions significantly boost electron capture rates (Brachwitz et al., 2000). Due
to the dense conditions in the SNIa explosion, forbidden transitions are neg-
ligible and these resonances dominate (Fuller, Fowler, and Newman, 1982).
In addition to this Fuller, Fowler, and Newman (1982) also highlight the im-
portance of the neutron closed shells in SNIa nucleosynthesis, which block

turther electron captures.
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The middle panel of figure 3.1 illustrates the effect of the decreased Y, in
this model. Through the span of our models we range from a Y, of 0.5 at Z =
0, to a value of Y, of 0.495 at Z = 0.1. We see a significant boost in the produc-
tion of heavier isotopes in the A < 50 region, and some change in the produc-
tion in the central region. The odd-even effect begins to appear in the isotopic
chains (it is already apparent from the absence of, for example, an overpro-
duction of Al) as the numbers of free neutrons in the supernova increases.
We see that there is a larger overproduction of even-even isotopes, due to the
larger neutron capture cross-section for those nuclei with odd numbers of
neutrons. The odd-even effect is more pronounced in the T1.47Z0.1 run, and
the nucleosynthesis shifts in all regions to more neutron rich isotopes, due to
the decreased Y,.

Comparing figures 3.1 and 3.2, S1.0Z0 shows a similar distribution to
T1.470 in the A < 50 region, the iron group region is less abundant and effi-
cient production in a given element is spread over a smaller number of iso-
topes. Trends for the A < 50 isotopes are similar between 51.0Z0 and T1.470,
and S1.0Z20.014 and T1.470.014, as these are produced in very similar condi-
tions between the two sets of model. While the most abundant isotopes of
a given iron group element are produced in broadly the same proportion as
for the T1.4 cases, heavier isotopes of a given element are less produced than
in their T1.4 counterpart - ®*Ni has a production factor of 1.16 in the T1.4Z0
model, 17 orders of magnitude larger than the S1.0Z0 model. Similarly, the
are 11 orders of magnitude difference in the *®Fe production factor.

Increasing the initial metallicity from Z = 0 to Z = 0.014 results in a small
overproduction of Ge in the S1.020.014 model. In the S1.0Z0.1 model it re-
sults in a further boost, however a number of different elements synthesised
in the SN explosion remains the same. We see a similar distribution of the
iron group isotopic production factors between T1.470.1 and S1.0Z0.1 as well

as in the lower mass region.
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FIGURE 3.2: Production factors for models S1.0Z0 (top),
51.0Z0.014 (middle) and S1.0Z0.1 (bottom).
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MO0.8Z0 shows a large reduction in the production of iron group isotopes
as compared with T1.4Z0 and S1.0Z0, and a reduction in the maximum pro-
ton number reached with nucleosynthesis stopping at Ni. Lower mass nuclei
such as Si and S dominate, as none of the material in the explosion reaches
NSE conditions. The majority of the ejecta is dominated by the products of
explosive C and explosive O burning. Whilst the distributions of produc-
tion factors for individual isotopes is similar, there are significant differences
in the magnitude of production between the three Z = 0.1 models. Fe, for
instance, is highly suppressed in the M0.8Z0.1 model, where as Cr remains

unchanged within a factor of 5 for °Cr - the most abundant isotope of Cr.

3.2 Yields Analysis By Element

In this section we describe the production of each stable isotope of each ele-
ment between C and Se, for each of the three classes of model investigated.
Where possible, in the cooler non-NSE regimes, we highlight the key reac-
tions which drive the production of the stable isotopes and their radiogenic
contributions. Note that in some figures in this chapter relating to the T1.4
models, there are sharp spikes in production. This is due to the two dimen-
sional nature of the models, which causes some particles with similar peak
temperatures but different density conditions to be presented next to each

other in the graphs.

3.2.1 Oxygen

Oxygen has 3 stable isotopes: 1°O, 170 and '#0. SNIa are not expected to be
a significant source of oxygen - °O is largely produced in massive stars dur-
ing He burning, 170 is synthesised in novae in the hot CNO cycle (Romano
et al., 2017), and 80 is a product of partial He burning, again in massive

stars (Woosley, Heger, and Weaver, 2002). Kobayashi, Karakas, and Lugaro
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FIGURE 3.4: The ejected mass for the element O and its stable
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tinuous lines with crosses and dot-dashed lines with empty cir-
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(2020) show that without novae, the evolution of [O/H] vs [Fe/H] can be re-
produced for the Milky Way, due to the relatively low abundance of 7O and
1800,

Figure 3.4 shows our first plot of ejected mass vs metallicity, here for oxy-
gen. These plots are arranged with three panels, the most massive T1.4 mod-
els are shown in the top panels, next in the middle panel is the S1.0 models,
and in the bottom panel the M0.8 models. Radiogenic contributions are given
by the difference between the solid, decayed lines for a given isotope (i.e. the
abundance at t = c0) and the dashed lines showing direct production of that
isotope (i.e. immediately after the last timestep of each run. NB.that there
may be differences in the radiogenic yields from each model as they run for
different lenghts of time however this will only impact very short lived iso-
topes). The total ejected elemental mass is also shown with a solid black line.

In figure 3.4 we show the total ejected mass of elemental oxygen as a func-
tion of Z for each model increases with decreasing mass of the progenitor.
The oxygen ejected in our models is the unburnt fuel remaining after the ex-
plosion, which there is more of in the lower mass model M0.8. We see a very
weak trend with metallicity leading to a increase in the ejected mass of of
160 with increasing initial metallicity. In model T1.4, we go from an ejected
mass of 0 of 5.37x107% at Z = 0 to 5.68x10~> at Z = 0.1, the 51.0 models in-
crease from 4.81 to 5.12x1072, and the M0.8 models from 1.79 to 1.91x10~ L. In
all models we see a secondary component contribution to 7O and 1#0, with
similar behavior for all three masses of model, a rise in abundance beginning
at Z =10~* and rising to an ejected mass of approximately 10~"M, at around
solar metallicity, before plateauing.

Figure 3.5 is the first 9-panel plot in this work. In it, the models investi-
gated are shown in three rows, from T1.4 models in the top row to S1.0 in
the middle and M0.8 in the bottom row. In the columns from left to right we

increase the initial metallicity from Z=0to Z=Z to Z=0.1. In each of these
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9 panels, the peak temperature of each particle is shown on the x-axis, the
y-axis shows the mass fraction of a given isotope at in each trajectory at the
end of nucleosynthesis. We note an artefact in the plots of the 51.0 models
due to the relative sparsity of data (10? particles compared to 10* for the T1.4
and M0.8 models). Because of this the data, at times, appears incomplete in
these figures. Where this occurs, we discuss the trends as the would appear
without these effects. The use of peak temperature as the defining charac-
teristic for a particle is important for those trajectories in two dimensions,
as a simple radial distance would not represent the trends seen in the T1.4
models correctly. Because of this, the trajectories are sorted in order of peak
temperature which can be seen to give smooth trends in all models. This is
due to the nucleosynthesis being largely defined by the peak temperature of
a given trajectory, and to a lesser extent in the more dense models, the peak
density of a trajectory.

In figures 3.5, 3.6 and 3.7 the abundance profile of the ejecta is shown
with respect to the peak temperature during the WD explosion. Most of the
ejected 1°0 comes from the peak temperature range of between 1 and 3.5 GK.
This is due to the oxygen fuel remaining unburnt in these relatively cooler re-
gions, which only ignite carbon. Production of 170 and 8O in the 1.5-2.5
GK range, where 1.5 GK corresponds to the lowest peak temperatures expe-
rienced in these three models. Nucleosynthesis is very similar between our
set of three models for the production of oxygen. Production of 7O and 130
is highly metallicity dependent and the production of 17O begins at approx-
imately Z = 10~* for all models. The sparsity of the data for the S1.0 models
does not show production of YO at Z = 0 and Z = Z,, or 0 for the same
metallicities. It can be seen in figure 3.6 however that 80 has a large radio-
genic contribution from '8F at solar metallicity. This decreases as the initial
22Ne content of the white dwarf is increased, and at super-solar metallicities

it is produced directly as 80, with a very small contribution from '8F of less
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than 1 percent.

For 10 (figure 3.5), we see that the ejected mass from unburnt 'O is rel-
atively insensitive to initial metallicity. Differences occur in the intermediate
peak temperature range - between 4 and 7 GK - where destruction of 1°0 is
more efficient at higher metallicities. We see that no oxygen is ejected above

approximately 4 GK in any model, due to its complete burning.

3.2.2 Neon

Neon has 3 stable isotopes: 2’Ne, 2! Ne and ?Ne. *’Ne is by far the dominant
contributor to elemental neon abundance in the Solar System, contributing
over 90% . SNIa are not a major contributor to the abundance of elemental
neon in the galaxy. Pignatari et al. (2016) show that neon is mostly produced
as ’Ne in massive stars. Woosley, Heger, and Weaver (2002) identify neon
production as occurring during carbon burning. We can see that only trace
amounts of neon are produced above 4 GK in our models (that trace amount
being produced as ’Ne), the rest is processed in the outer, cooler layers of
the WD in conditions similar to carbon burning. ?!Ne is also produced by
carbon burning in massive stars, and ?’Ne in helium burning. In the models
presented in this work, the mass fraction of 22Ne is set as an initial condition
for the composition of the WD, with a uniform distribution through all tracer
particles. This is as a proxy for the metallicity of the fuel. Careful consid-
eration must therefore be given to our reported ejected abundances of 2’Ne,
as the initial conditions of our simulations have ??Ne as the sole source of
metals, and abundances of ??Ne from these models may differ substantially
from values obtained from the nucleosynthesis in the progenitor WD.

From figure 3.8 we see that there is a strong metallicity dependency for

the production of both 2!Ne and ?’Ne, in the higher mass models a sharp
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increase in the secondary production of these isotopes is observed around Z
=10*%, where as for production of ’Ne this begins at Z = 10~°.

20Ne is produced here by alpha captures on '°O, as shown by its large pro-
duction in the oxygen burning regions of figure 3.9. As can be seen in figure
3.9, there is a decrease in the amount of 2’Ne produced at intermediate peak
temperatures (between 5.5 and 7 GK here) in models T1.4720.014, T1.4Z0.1,
51.0Z0.14 and S1.0Z0.1 and in all models at lower peak temperatures due to
the increasing metallicity. This decrease is larger than the increased produc-
tion of other isotopes of neon, and we see from figure 3.8 that this results
in a decrease in the total ejected mass of elemental Ne. There is no signifi-
cant radiogenic contribution to the abundance of 2’Ne in any of the models
investigated here.

2INe is produced largely as a secondary isotope through the 2’Ne(n,7)?!Ne
reaction. While trace amounts are produced in the T1.4, S1.0 and M0.8 mod-
els at Z = 0, production increases significantly as the initial metallicity is in-
creased due to the increased availability of neutrons in the system. We see a
small primary production in the intermediate peak temperature region only
in the Z = 0 models. This production is negligible compared to the increase in
production at lower peak temperatures between 1 and 3 GK. At zero metal-
licity there is a non negligible contribution to the overall production from
2INa of the order of a few percent. On the other hand, there is no significant
radiogenic contribution to ?!Ne above Z = 0.

The total ejected mass of 22Ne from our models is likely to be an overes-
timate, due to unprocessed ?’Ne in the outer layers of the WD which remain
after the shockwave has passed through. We are unable to quantify the cor-
rect abundance of 2Ne without a full initial abundance profile for the pro-
genitor. Such work has been undertaken by Battino et al. (2020), who show
that due to the neutron flux in the accretion phase of the WD, ?’Ne can be

depleted in the outer layers of the WD prior to explosion. It is unlikely that
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FIGURE 3.9: The abundance distributions of 2°Ne are shown, arranged as in figure 3.5. With metallicities of Z = 0, 0.014
and 0.1 from left to right, and the three categories of model - T1.4, 51.0 and MO0.8 - from top to bottom.
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FIGURE 3.11: The abundance distributions of ??Ne are shown, arranged as in figure 3.5. With metallicities of Z = 0,
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the abundances will vary hugely from those in our outer layer however, as

most of the material in the outer layers will be CNO, which is processed to

22Ne

3.2.3 Magnesium

Magnesium has 3 stable isotopes: 2*Mg, Mg and ®Mg. The isotopes of
magnesium are primarily formed in carbon and neon burning (Woosley, Heger,
and Weaver, 2002) and are not produced in SNIa efficiently. >Mg is the most
abundant isotope of magnesium, and in our models magnesium is primarily
ejected as 2*Mg. There is a strong metallicity trend for all isotopes and the
relative ratios of these change significantly over the metallicity range inves-
tigated in this work.

24Mg is usually a primary isotope, being formed by & captures on 2’Ne,
however the observed trend of decreasing >*Mg abundance above Z = 1073
in these models is due to the reaction >*Mg(n, 7)*Mg with the neutrons pro-
duced by the reaction ?*Ne(a,n)*Mg. We may therefore expect the specifics
of nucleosynthesis in the cooler outer layers of the WD to be dependent on
both the ?Ne abundance and the rate of the reaction producing neutrons. Be-
low Z = 1073 the abundance of ??Ne provides an insufficient flux of neutrons
to change ?*Mg production.

Figure 3.12 presents the isotopic and elemental ejected masses of the three
stable isotopes of magnesium. All models show a decrease in the ejected
mass of elemental Mg at metallicities in the region of solar. As we reach
super-solar metallicities, the elemental abundance of Mg increases again, as
the decrease in Mg begins to plateau and the significant increase in both
PMg and Mg begins to compensate for the lost mass from 2*Mg. Secondary
contributions to the abundances of Mg and 2Mg begin in the Z=10"* re-

gion, increasing abundances of these by over 3 orders of magnitude in all
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models. This is linear with the increase in >’Ne for Mg, and with a steeper
increase for 2°Mg.

Figure 3.13 shows the contributions to the production of >*Mg at different
peak temperatures. The decrease with increasing metallicity comes largely
from decreased production at low peak temperatures, where we see from
figure 3.13 the peak production in the 2 - 3.5 GK range has fallen from a
mass fraction of greater than 10% to a few percent between models T1.4Z0
and T1.4Z0.1. We see that the radiogenic contribution to Mg increases in
all models as the initial metallicity increases, with >Na becoming a contrib-
utor to the ejecta from lower peak temperature regions at Z=0.1, although it

remains negligible. This ?*Na is produced in the series of reactions

22Ne(n,v)*Ne(n, v)**Ne(f~)**Na,

the neutron flux required is again supplied by the 2Ne(a,n)>>Mg reaction.

From figure 3.13 we note that there is no significant contribution from
radiogenic sources to the abundance of *Mg at any metallicity. There is also a
small contribution from ?*Na but this is negligible, as seen across all models.

In the T1.4Z0 model, we see that there is a significant contribution to
the ejected Mg from °Al (Figure 3.14) in the intermediate peak temper-
ature range. Under these conditions the majority of Mg is produced as
DAL As can be seen in the T1.4Z0 panel, this is not the largest contribu-
tor to the ejected mass of Mg in this model. This comes from the cooler
outer layers of the explosion, where the majority of Mg is synthesised by
the 22Ne(a,n)*Mg reaction.

We observe an interesting trend in the T1.4 models, whereby the interme-
diate temperature peak region ceases to contribute to the ejected Mg mass
as we increase the initial metallicity. This is more than compensated for by

the increase in production at lower peak temperatures across the models. We
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therefore conclude that Mg is produced as both a primary isotope, in the
hotter regions, and a secondary one in the cooler outer layers.

A similar trend is observed in the S1.0 models, where we observe some
production of 2 Al in the intermediate peak temperature layers, here around
the 6 GK range (the hottest peak temperatures for this model). We observe
the secondary production of Mg, again directly as Mg for the most part.
Figure 3.14 reveals the relatively small impact these radiogenic contributions
have to the overall ejected mass of 2Mg across all models.

For the M0.8 models, we see that production is concentrated in the outer
layers and is strongly dependent on metallicity, as is seen in the other two
models. The production peak in the outer layers of M0.8Z0.1 is very similar
to that of both T1.4Z0.1 and S1.0Z0.1, with the temperature range over which
Mg is produced being more similar to the S1.0 model, as we see a small
shift in the tail of production from the T1.4Z0.1 model from 4.5 to 4 GK. Peak
production for all models lies at approximately 2.4 GK however, so we can
conclude that burning conditions in this region are very similar between the
three sets.

26Mg has significant radiogenic contributions to ejected mass in all mod-
els at Z=0. We see a broad production of Mg as 26Si and 2°Al in the T1.4Z0
model - ?°Si in the intermediate peak temperature region (4 GK - 6 GK) and
26 Al in the lower peak temperature region, with a more complicated inter-
play in the 4 - 5 GK range, where both Si and Al are produced in similar quan-
tities. We can look at this nucleosynthesis as a superposition of the lower and
intermediate peak temperature region nucleosynthesis. Direct production of
26Mg does occur in the outer regions of the SNIa explosion, however it does
not constitute the majority of the total ejected 2°Mg. As the metallicity in-
creases in the T1.4 models, we see a dramatic change in the nucleosynthesis.
Intermediate peak temperature production is eliminated, and the outer lay-

ers of the explosion dominate, with a large increase in the ejected mass from
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74 Chapter 3. Results of SNIa Post-Processing

these trajectories which more than compensates for this as can be seen in fig-
ure 3.12. We also see a swap to the dominant nucleosynthesis channel being
direct synthesis of 2°Mg, with a broad contribution from 2°Al. 2°Si produc-
tion is eliminated. At super-solar metallicities (T1.4Z0.1) that direct synthesis
of 22Mg dominates, with a decreased contribution from 2°Al. We concluded
that Mg is produced directly as a secondary isotope in SNIa explosions in
the T1.4 set of models.

In the 51.0Z0 models production of 2°Mg is dominated at all temperatures
by radiogenic contributions from 26 Al. As we increase our initial metallicity,
direct production of 2°Mg is again boosted by the supply of neutrons from
the 22Ne(a,n) reaction. Contributions from the ??Ne(x,7)*°Mg channel are
negligible at the temperatures where Mg is produced in this model, as the
cross section for the («,7y) reaction are three orders of magnitude smaller than
for the (a,n), due to resonances. We also observe an increase in the amount
of 26 Al produced, due to the increased production of Mg and subsequent
(p,7) reactions. As with the T1.4Z0.1 model, the production of 26 Al decreases
again in the $1.0Z0.1 model, and Mg is dominated by direct synthesis.

Similar trends are observed in the M0.8 models, with an increase in the
production of radiogenic 2°Al boosting production of Mg in the Z = Z,
model. This decreases as the metallicity increases to super-solar values. In
all models at Z > 0.014, there is no production in the intermediate peak tem-

perature range as identified in the Z = 0 models.

3.2.4 Aluminium

Aluminium is mono-isotopic, with only 27 A1 being stable. the primary pro-
duction site of aluminium is carbon and neon burning in CCSN (Woosley,
Heger, and Weaver, 2002) with similar conditions for production to Mg

and °Mg (Pignatari et al., 2016). Figure 3.16 shows the dependence of the
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elemental aluminium production on initial metallicity. Al production does
generally increase with increasing metallicity for all models, with a plateau
around the solar metallicity region. Production is nearly flat for Z < 1074
with a significant radiogenic contribution from ?’Si. This radiogenic con-
tribution decreases with increasing metallicity. We see that there is a signifi-
cant radiogenic contribution only in the lower metallicity T1.4 models, above
Z=10"* almost all material is produced directly as 2’ Al. At lower metallici-
ties, particularly in the T1.4Z0 model, the radiogenic contribution is on the
order of 50% of the total ejected mass of ? Al. The primary radiogenic con-
tribution shifts both in species from ?’Si to 2’Mg and in temperature range,
from peak production of radioisotpes in the 2-4 GK range down to a more
localised production around 2 GK. This is the odd even effect, observed in a
variety of SN scenarios (see, for example Kozyreva, Yoon, and Langer (2014))

We see from figure 3.17 that there is a significant contribution to the abun-
dance of Al in the T1.4Z0 model from ?’Si over a broad range of tempera-
tures. Production of #/Si ranges from around 1.5 to 5.5 GK, over the majority
of which this silicon component is comparable to the direct production of
27 Al and is the dominant source of 2’ Al over much of this temperature range.
In the S1.0Z0 and MO0.8Z0 models, while there is a significant contribution
from S, direct synthesis of 2 Al remains the dominant channel for produc-
tion of Al

In the models T1.470.014, S1.020.014 and M0.870.014 show a reduction
in the production of Al in all channels in the range of 4-5GK, as well as
a smaller reduction in the higher temperature range of T1.470.014. There
is also a boost to direct production of 2 Al at peak temperatures between 2
and 4GK. We see for all solar models that 2’ Al is primarily ejected directly,
however there is a non-negligible contribution from some radioisotopes, not
only at solar metallicities. There is a reduction in the radiogenic contribution

from ?/Si at solar metallicity, similar to other intermediate mass elements
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discussed previously. This is due to reaction pathways shifting towards more
neutron rich species as the flux of neutrons increases due to the 2Ne(a,n)
reaction. This is also why we see the increase in 2’Mg, as it is a product of
neutron captures on the stable 2Mg. Most %’ Al is ejected directly, although
there are major contributions from radiogenic sources such as ?’Si and 2’ Mg.
There is still a significant proportion of 2’Mg which contributes at the lowest

peak temperatures.

3.2.5 Silicon

Silicon consists of 3 stable isotopes: 28Si, 2Si and 3°Si and is mostly made in
CCSN. 2Si is the most abundant naturally occurring stable isotope, and is a

product of oxygen fusion through the reaction

160(160/ 0()2881.

Contributions from SNla events are needed however to fit the observed
solar system abundances (see, for example Seitenzahl et al., 2013b; Kobayashi,
Karakas, and Lugaro, 2020).

28Gi is by far the most abundant isotopic contributor to elemental Si pro-
duction, as shown in figure 3.18. In all models, Si is produced in large quan-
tities, with ejected masses above 0.2-0.3 M. The largest producers of Si are
the M0.8 models, with a factor of around 2 larger ejected mass than compared
with the other two classes of model across all metallicities (Figure 3.19).

28Gj has no trend with metallicity until we reach super-solar models. Af-
ter this there is a small dip in production of all classes of model, arising from
reduced production of 2Si at the lowest peak temperatures due to neutron
captures. We do see a strong metallicity dependence in ?°Si and 3Si contri-
butions to elemental silicon, resulting in a flat ejected elemental mass. 2Si

has a broad peak of production in all models, stretching from 1.8 to 6 GK
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(slightly lower in the S1.0 and M0.8 models, due to the lower density of these
tracer particles). Production of 28Si in the lowest temperature range is domi-
nated by radiogenic contributions, mostly from neutron rich Al although the
impact on the integrated abundances is negligible, as can be seen in figure
3.18.

From figure 3.19 we see that models T1.4Z0, T1.4Z0.014 and T1.470.1 have
a higher temperature production peak for 28Si, which is relatively insensitive
to the initial metallicity. This is due to the high density region in the SNla
causing electron capture reactions. For stellar conditions where nuclear re-
action rates are approaching NSE, charged particle reaction rates are in equi-
librium, and so it is the weak interactions which govern the shift in distri-
bution from normal NSE to a more neutron rih distribution (Langanke and
Martinez-Pinedo, 2000). The density of these hottest particles ensure that the
Ye is similar between all T1.4 models in the high temperature region. Despite
this, production is negligible compared to trajectories at lower peak temper-
atures.

2Gi has a similar trend with metallicity across the three class of models, as
does 3%Si. We see that the 2%Si to 3'Si ratio changes dramatically as we move
from sub- to super-solar metallicities. 2°Si is produced in a broad range of
conditions in T1.4Z0, with production extending above 6 GK. This small con-
tributor to the ejected 2°Si is lost at higher metallicities, although this is more
than compensated for by the boost in secondary production at lower peak
temperatures. This same trend is seen in the S1.0 and M0.8 models, with a
reduction in the production at intermediate peak temperatures accompanied
by a boost in production at lower temperatures. Radiogenic 2°P is a signif-
icant contributor to 2°Si in the T1.47Z0, S1.0Z0 and M0.8Z0 models although
there is no significant radiogenic contribution at metallicities above 0 from
29P. At supersolar metallicities, we see a small contribution to the ejected 2’Si

mass of the order of a few percent.
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Production of 3°Si is more complex, especially in the model T1.4Z0. There
are broad radiogenic contributions from two isotopes - 3P is dominant at
most peak temperatures, while there is equal production with 3°S at temper-
atures above 5 GK. At higher metallicities, the contribution from 3°S becomes
negligible, and °Si is primarily ejected. 3°P also becomes negligible at higher
metallicities. We see this same trend in the S1.0 and M0.8 models, where at
metallicity Z = 0 °P dominated production of 3°Si, while at higher metallici-

ties 3°Si is mostly ejected.

3.2.6 Phosphorus

Phosphorus is mono-isotopic and is produced in carbon and neon burning
in massive stars (Woosley, Heger, and Weaver, 2002). Pignatari et al. (2016)
identify explosive helium burning as a source. >!P is made in roughly equal
proportions in our three types of progenitor (see figure 3.22). Production
at lower metallicities in the intermediate mass S1.0 models is a factor of 2
lower than the T1.4 models, and 5 compared to the M0.8 models. Primary
production of phosphorus decreases slightly from Z = 107> to Z = 1073, after
which production increases across all classes of model by more than an order
of magnitude.

At Z = 0, 3'P is ejected mainly as 3!S in the T1.4Z0 model, whilst it is
directly made in the S1.0Z0 and M0.8Z0 models. As we move to the Z = 0.014
models, 3P is directly ejected, with the three models being nearly identical
in the lower peak temperature range. Contributions to the ejected mass of
3P above Ty = 4 GK are negligible, we may therefore ignore the high peak
temperature tail of production in T1.4Z0.014. At Z = 0.1, we have a trace
production of 3 Al, which is shifted between the T1.4Z0.1 and $1.0Z0.1 and
M0.8Z0.1 models from a peak around 2.2 GK, to a broader peak centered at

3 GK in the lower mass models.
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3.2.7 Sulphur

Sulphur consists of 4 stable isotopes: S, 33S, 345 and 36S. 325 is produced
in explosive and hydrostatic oxygen burning as is 3*S. 35 is produced in ex-
plosive oxygen or neon burning, all of these occur in CCSN (Woosley, Heger,
and Weaver, 2002). 3S, the least abundant stable isotope, is produced in AGB
stars in addition to the contribution from CCSN, in either hydrostatic helium
burning or carbon neon burning (Pignatari et al., 2016; Woosley, Heger, and
Weaver, 2002).

From figure 3.24 the trends of each isotope of sulphur are very similar be-
tween different sets of model, with similar trends with respect to metallicity.
The models differ on the absolute ejected mass of the various S isotopes by
about a factor of 2, except for 3*S, which is more strongly produced in the
MO0.8 models, at some metallicities by nearly an oder of magnitude.

We see in figure 3.25 that 3%S is ejected directly at zero metallicity for all
models, with a similar profile for production below 5 GK. There is a negligi-
ble contribution to the ejected mass of 32S from a high peak temperature tail
in the T1.4Z0 model. At Z = 0.014, we begin to see the secondary production
of other isotopes, namely 3*P and 32Si although these are in trace amounts
compared with the direct synthesis of 32S. The same is again true of the Z =

0.1 models.

3.2.8 Chlorine

Chlorine consists of two stable isotopes: >>Cl and %’Cl. **Cl is produced dut-
ing explosive oxygen and neon burning, with a small contribution from neu-
trino interactions Pignatari et al., 2016; Woosley, Heger, and Weaver, 2002
during a CCSN. The majority of 3’Cl is made in explosive oxygen or neon

burning. SNIa are not expected to contribute significantly to the abundances
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of chlorine in the galaxy (Kobayashi, Karakas, and Lugaro, 2020; Woosley,
Heger, and Weaver, 2002).

Figure 3.29 shows the metallicity dependency of the two chlorine iso-
topes. The trend with metallicity is similar between all three models, with
the ejected mass of elemental chlorine being a factor of 2 higher in the M0.8
models than in the T1.4 and S1.0 models at all metallicities. significant ra-
diogenic contributions are seen for both *Cl and ¥ CI at lower metallicities,
however this contribution decreases for both isotopes above Z = 10~%. Whilst
there remains a large radiogenic contribution for ’Cl up to Z = 0.1, **Cl is di-
rectly ejected at these higher metallicities.

Figure 3.30 shows that a significant proportion of >*Cl in the T1.4Z0 model
is ejected as radioactive *®Ar. This production occurs mainly in the region
from 2GK to 5.8 GK. As seen in model T1.470.014, this contribution decreases
with metallicity. Production of > Ar is significantly reduced across the whole
temperature range. On the other hand, the %S radiogenic contribution in-
creases with metallicity. Both of these trends continue in the T1.470.1 model,
with 3°S becoming the dominant production pathway in the lower peak tem-
perature trajectories. >>Cl production is still dominated by its direct produc-
tion.

We see a similar trend in the S0.8 models, however there is no significant
radiogenic contribution to the ejected mass of *°Cl, even in the S0.8Z0 model.
The M0.8 models also follow the same trend as the low peak temperature
component of the T1.4 models.

We see a double peak in production of ¥Cl in the Z = 0.014 models at
lower peak temperatures - one at 2.5 GK and one at 3.8 GK. These correspond
to the carbon and oxygen burning regions and therefore to distinct reaction
pathways producing these two regions of 3°Cl. Production of *Cl is sup-
pressed in the lower of these two peaks in the Z = 0.1 model and the higher

temperature production peak is boosted. As discussed above, this peak is
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directly ejected as *°Cl, where as the peak at lower temperatures is a mixture
of ¥Cl and radiogenic >S.

In figure 3.31 ¥Cl is mostly ejected as radiogenic ¥Ar. We see in the
T1.470, S1.0Z0 and MO0.8Z0 models that there is almost no contribution from
direct synthesis of ¥Cl. There is a trace contribution to the ejected mass of
37C1 in the T1.4Z0 model from 3K, however this is negligible. In these mod-
els again see a double peak of production in the lower temperature range,
slightly shifted to higher temperatures, at 3 GK and 3.8 GK respectively, com-
pared to *Cl. This temperature range corresponds to the onset of oxygen
burning-like conditions in the SNIa in the higher temperature regime, and
carbon burning like conditions for the lower band.

As we increase the initial metallicity to Z = 0.014, the higher temperature
of these two peaks broadens, with production extending to 5 GK and more.
The lower temperature peak is suppressed, as was the case for *Cl, and we
see an increase in the direct synthesis of Cl although this remains a small
contribution at this metallicity. This trend is similar across all of the Z = 0.014
models.

As the metallicity is again increased to Z = 0.1, the lower temperature
peak becomes dominated by the direct synthesis of ’Cl. We see the higher
temperature peak broadens again, extending peak production throughout
the 4 to 5 GK range. We see from comparison with figure 3.29 that this gives
rise to significant increase in the abundance of *’Cl, similar to the processes

discussed for 3°Cl.

3.2.9 Argon

Argon consists of 3 stable isotopes: *Ar, 3Ar and “°Ar. 3°Ar and 38Ar are

produced in CCSN during oxygen burning and explosive oxygen burning
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(Woosley, Heger, and Weaver, 2002). “°Ar is produced either during explo-
sive helium burning, or carbon or neon burning. Pignatari et al. (2016) note
that the solar abundance of “°Ar is produced by the s-process, with theoreti-
cal yields from typical s-process sources matching observations well.

In all three sets of models argon production is seen to be mostly primary,
with a slight reduction in the total ejected mass at super-solar metallicities
(3.32). This is due to the decrease in production of 3 Ar with increasing metal-
licity which is partially compensated for at the highest metallicities, with the
increase in production of 33Ar. In the case of the M0.8 models, 3 Ar becomes
almost as abundant as 3°Ar. Indeed, the ratio of 3®Ar to 3Ar at super-solar
metallicities approaches unity as the mass of the progenitor decreases, whilst
there is a factor of 5 difference in the T1.4Z0.1 model. Radiogenic **Ar has a
primary production up to Z = 10~4, direct production becomes the dominant
channel above Z = 1073,

Again with 3°Ar all three classes of model have similar production sites
and metallicity trends. Inspection of figure 3.33 shows that % Ar is primarily
produced at Z = 0 at temperatures between 4 and 5 GK. this production is the
same for all three classes of model. There is a trace amount of °Cl produced
at temperatures between 2.5 and 3 GK, which sits in a secondary peak of
production in ¥Ar. At Z = 0.014, production is largely the same as in the Z
= 0 case. We see an increased production of radioactive 3°Cl, although this is
still negligible compared to the bulk of production.

Figure 3.34 shows that 3Ar is mainly made as the radiogenic product of
3K at low metallicities in the T1.4 class of models. We also see a difference in
the nucleosynthetic site of 33Ar, as there is a large contribution to production
in the higher temperature range of 5.5 - 7GK, temperatures which are not
reached in the M0.8 models, and only at the lower end (around 6 GK) in the
S1.0 models. ¥ Ar has an ejected mass approximately 5x greater in the low

metallicity models of T1.4 as compared with 51.0 and M0.8 due to this higher
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temperature production range. We see two production peaks in the lower
temperature region, consistent across the three classes of model.

38 Ar dominates the higher temperature region noted for the T1.4Z0 model,
although this is now a negligible component to the overall ejected mass. The
lower temperature region is a superposition of burning in the O and C burn-
ing layers, with the oxygen burning zone contributing the greatest propor-
tion of 3 Ar. Explosive oxygen burning produces 3Ar through the reaction
34S(a,7)*8 Ar, 34S being produced through the reaction **Cl(v,p) as discussed
in Thielemann and Arnett (1985).

In the Z = 0.014 models, production is dominated by the oxygen burning
region. The double peak production has merged into one broad secondary
peak of directly synthesised 3 Ar. In the Z = 0.1 models, production at lower
temperatures is dominated by the broad secondary peak of direct nucleosyn-
thesis of 3 Ar. This has increased further, and as such the higher temperature
component of the T1.4Z0.1 model has an even smaller relative impact on the
ejected mass.

We see from figure 3.35 that there is no high temperature component of
%0 Ar in SNIa. we also see that “’ Ar production is highly dependent on initial
metallicity. No models show production of “°Ar at Z = 0, and only trace
amounts of ¥ Ar are synthesised between 2 and 3 GK in the Z = 0.014 models.

We see a sharp rise in the production of “’Ar at super-solar metallicities.

3.2.10 Potassium

Potassium consists of 2 stable isotopes: ¥K and #K, and a long-lived ra-
dioisotope, “°K with a halflife of 1.28 Gyr. The bulk of solar potassium is *K,
which is produced in explosive and hydrostatic oxygen burning in CCSN
(Pignatari et al., 2016; Woosley, Heger, and Weaver, 2002). 41K is also pro-

duced in explosive oxygen burning in CCSN, with a contribution from AGB
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stars. Yields of *°K are around 2 orders of magnitude smaller than total
potassium yields. 'K have contributions from AGB, massive stars and the
s-process prior to explosion through explosive helium burning (Pignatari et
al., 2016). K is relevant to the formation and evolution of rocky planets due
to the heat generated from its decay (Nimmo et al., 2020). The predicted the-
oretical abundance of “°K in the Milky Way is currently at odds with the ob-
served abundance, with Kobayashi, Karakas, and Lugaro (2020) identifying
it as being underproduced. It may be the case that SNIa contribute signifi-
cantly to the observed abundances of *°K, as we see a production factor in
excess of one for some of our models starting at solar metallicity in the T1.4
and S1.0 models, and at sub-solar metallicity in the M0.8 model set, within
a factor of ten of the production factor of, e.g. 2Si. Events such as carbon
oxygen shell mergers have previously been suggested as a way to boost the
abundance of 4°K in Ritter et al. (2018)

Figure 3.36 shows the metallicity dependence of the stable potassium iso-
topes. “’K is only produced at higher metallicities, and only in trace amounts.
We also see that *K and *'K have similar trends. The relative ratio of these
isotopes changes more dramatically for the S1.0 and M0.8 models than for
the T1.4 model. #K has a large radiogenic contribution, and a significant
proportion of *K in the T1.4 models for Z = 10~* is also from radiogenic
sources.

Nucleosynthesis in the Z = 0 models differs significantly between the
classes of models seen in figure 3.37. While the overall production is sim-
ilar within a factor of two between T1.4 and MO0.8 (around 0.5) and S1.0
(around 1), T1.4Z0 has a relevant radiogenic contribution across the whole
range of production from 3Ca. We also note that the range of temperatures
over which ¥K is produced is large, with similar mass fractions from 2 GK up
to 7GK (for those models with the appropriate particles to reach the respec-

tive peak temperatures). All three models show a production peak between 2
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and 3 GK, the T1.4Z0 model containing a significant contribution from 3’Ca.
A narrow dip in production at around 3.5 GK then leads to a broad plateau,
where production continues up to 7 GK.

The path of nucleosynthesis in these SNIa is more consistent between
models at Z = 0.014 with production almost exclusively through direct syn-
thesis of *K. Trace amounts of >’ Ar are produced in the 2-4 GK range in all
classes of model, and there is a trace contribution from 3°Ca in the interme-
diate to high peak temperature range in model T1.470.014.

As the initial metallicity increases to Z = 0.1, this trace production of **Ca
is suppressed further in the T1.4Z0.1 model, there is an increase in the pro-
duction of radio-isotope 3 Ar, and a trace amount of ¥Cl produced in the
2-3 GK range due to neutron captures in the carbon burning region. Produc-
tion in the low peak temperature region is consistent between all models.

40K shows no production at Z = 0 for any of the three class of models, we
therefore show no plots for the Z = 0 column in figure 3.38. Above Z = 0 *°K
production is very similar for all of the models shown in figure 3.38. AtZ =
0.014, we have a double peak of production - the largest between 2.5 and 3
GK, the second between 3.5 and 4 GK. We note that the position of the second
peak here is slightly shifted between models, with the T1.4720.014 peak being
at a higher temperature with a broader profile. This peak in the T1.4 model
remains sightly broader in the Z = 0.1 models, where it is also boosted by
secondary contributions to the nucleosynthesis of “°K.

We see the same general trend for 'K in (figure 3.39) as was observed in
%K. Lower peak temperature production is consistent between all classes of
model, here the primary production of nucleosynthesis is *'Ca, in the Z = 0
models almost 100% of the 'K ejected is produced as radiogenic 'Ca, which
is therefore obscured in these plots by the decayed abundance line. We see a

double peaked feature in the cooler outer layers of the SNIa explosion, with
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the T1.4Z0 model having a slight broadening and shifting to higher temper-
atures as compared with the S1.0Z0 and M0.8Z0 models. A broad high tem-
perature production region is also present in the T1.4Z0 model, which pro-
vides a non-negligible contribution to the integrated abundance of 'K on the
order of a few percent.

In the Z = 0.014 models, the second of the low temperature peaks begins
to dominate production, with a secondary boost to the production of 4!Ca,
under explosive oxygen burning conditions. It is similar between each of the
three models, the T1.470.014 peak is at a slightly higher temperature and is
broader. The high temperature production in the T1.470.014 model is small
in comparison to the production in the explosive oxygen burning layers of
the ejecta. We see a trace amount of #'K produced directly in the outer layers
of the WD at peak temperatures between 2 and 4 GK.

In the Z = 0.1 models, this trace production begins to dominate in the car-
bon burning conditions. A trace amount of *! Ar is produced in the very low-

est peak temperature conditions, corresponding to the tail of carbon burning.

3.2.11 Calcium

Calcium consists of 6 stable isotopes: 40Ca, #2Ca, $Ca and *Ca, #¢Ca and
#Ca. 40Ca is produced in oxygen burning, and both 4°Ca and #?>Ca are pro-
duced in explosive oxygen burning during CCSN events. **Ca is produced in
carbon and neon burning, and in a-rich freezout from NSE (Woosley, Heger,
and Weaver, 2002). *Ca is predicted to be produced efficiently from SNIa he-
lium detonation or from a-rich freezout, where it is formed as “4Ti (Pignatari
et al., 2016; Magkotsios et al., 2010). 46Ca has a contribution from AGB stars,
and is also produced in carbon and neon burning. Finally, **Ca is formed in

the n-process (Pignatari et al., 2016), or in conditions in a CCSN with high



3.2. Yields Analysis By Element

111

Ejected Mass (M) Ejected Mass (M)

Ejected Mass (M)

FIGURE 3.40: As in Figure 3.4 but for ejected mass of Ca, and

Ca
100 -
10—1 -
10—2 - e~
-3 _]
10 —< 40
10—4 ] —— 42
== 43
105 —e= 44
—— Elemental
10—6 -
10—7 -
10_3 ] /y/
107° = T T T /‘/'I T
107 10 10> 107* 1073 1072 107!
A
Ca
100 -
10—1 -
10_2 ] e
-3 _]
10 —< 40
10—4 ] —= 42
== 43
105 —e= 44
—— Elemental
10—6 -
10—7 -
1070 /:
107° = T T T = /I T
10-7 10® 10> 107* 1073 1072 107!
A
Ca
100 -
10—1 -
10-2 N
1073 —e— 40
—= 42
1074+ —— 43
== 44
107° — 46
10-6 - — Elemental
10—7 -
10—8 -
107°

its stable isotopes 40Ca, ¥2Ca, ¥Ca and *Ca.




112 Chapter 3. Results of SNIa Post-Processing

neutron fluxes. Woosley, Heger, and Weaver, 2002 also identify **Ca as hav-
ing a significant contribution from Chandrasekhar mass SNIa events.

Figure 3.40 shows how similar production is between our three classes
of model, with #°Ca, 2Ca and **Ca having very similar trends with respect
to metallicity. *3Ca also has a similar trend. In the Z = 10~% to 1072 range,
production drops significantly for this isotopes in the M0.8 models, as com-
pared with the T1.4 and 51.0 models, it is also produced directly, where as the
production in the other models is almost exclusively as radio-isotopes. Only
a trace amount of “Ca is produced in any model, and only in the M0.8Z0.1
metallicity model. #Ca is not produced in any of our post-processed models.

In figure 3.41 we see that production of *°Ca is fairly simple and consistent
throughout the models. A broad production peak is observed in the Z = 0
models in the peak temperature range between 4 and 5.5 GK. As the initial
metallicity is increased we see that the mass fraction of ¥°Ca in this peak
production region also decreases, resulting in the metallicity trend of *°Ca
observed in figure 3.40. The ejected mass of “°Ca decreases from 2.27x10~2
to 1.29x10~2 M, for the T1.4 models, 2.43x1072 to 1.21x10~2 M, in the S1.0
models and 2.71x1072 to 7.55x10~2 M, in the M0.8 models. The larger effect
in the M0.8 model is due to the absence of any production in NSE regions in
this class of model.

Production of 4*Ca in T1.4Z0 is dominated by a high temperature peak in
the 6-7 GK range, with smaller peaks between 4 and 4.3 GK and 8 and 9 GK.
The lowest temperature peak is reproduced in the S1.0Z0 and M0.8Z0 models
in the same temperature range. Direct synthesis of ?Ca is the main path for
all three classes of model.

Production of #?Ca is significantly boosted in the T1.420.014, S1.0Z0.014
and MO0.8Z0.1 models, the low temperature peak observed in the Z = 0 mod-
els is here increased by several orders of magnitude and covers a peak tem-

perature range from 2 to 4 GK. This temperature range covers both carbon
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burning and oxygen burning regions, with the largest contribution being in
the 3.5 - 5 GK range, corresponding to oxygen burning. The lower temper-
ature shoulder of production below approximately 3 GK contributes on the
order of a few percent to the ejected mass of #?Ca, in both regions through
direct synthesis of 42Ca. In T1.470.014, these is also a significant boost to the
production in the intermediate temperature range peak but due to the rapid
growth of production in the outer layers of the SNIa explosion, this contribu-
tion is negligible.

We see a further dramatic increase in production in the Z = 0.1 case.
T1.470.1 has a small reduction in production in the 6-7GK peak. This is
compensated for by the increase in the oxygen burning region where #2Ca
is around 0.2% of the mass fraction of these tracer particles. This is accom-
panied by a decrease in production in the carbon burning like region below
3 GK. This same trend is seen in models S1.070.1 and M0.8Z0.1, with trace
production of ?K and *?Ar appearing in the very lowest peak temperature
range. The peak at around Z, for #2Ca in the carbon burning region to the
decline at higher metallicity is due to the effect of excess neutron captures
driving production to more neutron rich isotopes.

Figure 3.43 shows the production of 3Ca. Production in the T1.4Z0 is
dominated by the 5.5 - 7 GK temperature range, where **Ca is produced as
#3Sc with a contribution on the order of 1% from **Ti. The majority of nu-
cleosynthesis in this temperature range is primary as “*Sc production does
not change across metallicities; however, the radiogenic contribution does
show some secondary effects. As the metallicity increases (T1.420.014), we
see that production below 5 GK shifts to lower peak temperatures. We now
see a double peaked structure, which corresponds to the positions of the oxy-
gen and carbon burning regions described in Iliadis (2015) between 2 and 4
GK. In these two regions, 3Ca is produced directly with a small contribution

from #3Sc. As the initial neon mass fraction is increased further, the carbon
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and oxygen burning regions become less distinct, and a broad production
peak is seen spanning the whole peak temperature range. A small radio-
genic contribution from #3Sc is observed in the 3.5 - 5 GK range, where as
#3Ca is mainly produced as radiogeninc #*K in the lower temperature carbon
burning region. This shows that there is a fundamental difference in the nu-
cleosynthesis of *Ca in these two regions and that #*Ca production may be
sensitive to a range of nuclear reaction rates at these lower temperatures.

In the S1.0Z0 model, the maximum peak temperature is approximately 6.2
GK. From around 5.5 to 6.2 GK we see again the production of the radioiso-
tope 3Sc. The double peaked production region between 2 and 4 GK, which
corresponds to the carbon and oxygen-like burning regions is present in the
S1.0Z0.014 model. We see that it is similar between to the T1.470.014 case,
with direct production of #*Ca with a small contribution from #*Sc however
the carbon region production is boosted in the 51.0Z0.014 model compared
with T1.470.014. S1.0Z0.1 shows the same trend as the T.14 models, where
the double peak of production between 2 and 4 GK broadens, with the car-
bon region producing radiogenic *K and the oxygen region producing **Ca
directly.

The M0.8 models show the same trends in the 2 to 5 GK range as are ob-
served in the T1.4 and S1.0 models, with the higher temperature region be-
ing absent. In the M0.8Z0.014 models, the carbon peak production of **Ca is
closer to the value found in the T1.4Z0.014 model than the 51.0Z0.014 model.

#Ca is produced primarily as Ti in all of the Z = 0 models. In T1.4Z0, it
is produced over a wide range of peak temperatures from 4 to 6.5 GK, with a
negligible contribution from a peak at 2.8 GK. We see a similar distribution in
the 51.0Z0 and MO0.8Z0 models, with appropriate upper temperature limits
as discussed for in previous sections.

T1.470.014 shows a small drop in the production of *Ti at the lower end

of this broad range of production, this is partially compensated for by the
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FIGURE 3.44: The abundance distributions of #*Ca are shown, arranged as in figure 3.5. With metallicities of Z = 0, 0.014
and 0.1 from left to right, and the three categories of model - T1.4, 51.0 and MO0.8 - from top to bottom.
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increased secondary production in the small peak centered at 2.8 GK. Across
the rest of the peak temperature range, we see contributions only from #Ca
and #Ti, in this secondary peak we see production of *Sc also, although it
is not the most abundant isotope in this temperature window. S1.0Z0.014
shows the same trend, as does M0.870.014.

In the Z = 0.1 models, we see a further suppression of the **Ti production
at the tail end of the broad production range, the increase in direct synthesis
of ¥Ca compensates for this somewhat and leads to a continuation of the

production range out to approximately 2.4 GK

3.2.12 Scandium

Scandium is mono-isotopic, with #°Sc being produced in a-rich freeze-out,
the neutrino process and carbon and neon burning in massive stars (Woosley,
Heger, and Weaver, 2002). Current theoretical predictions of the GCE of scan-
dium report it being underproduced relative to observations (Kobayashi,
Karakas, and Lugaro, 2020; Kobayashi et al., 2006), although recent work
including the contributions of jet-induced supernovae mitigate this some-
what. Carbon oxygen shell shell mergers also increase the amount of scan-
dium produced in CCSN (Ritter et al., 2018) which accounts for some of this
discrepancy.

Scandium shows a similar trend across all three classes of model with
respect to metallicity. It is mainly produced as a radiogenic “°Ti, with only
M0.8Z0.1 having a direct *°Sc yield of greater than 10% synthesised during
the explosion.

8¢ is produced over a range of peak temperatures in the T1.4Z0 model,
mostly as ©Ti. There is a peak in production at 4 GK and a broad region be-
tween 5 and 8 GK. Production is similar in 51.0Z0 however as the maximum

peak temperature in this model is at around 6.2 GK, the broad production
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region above 5 GK contributes proportionally less to the ejected mass of *Sc.
The 4 GK peak is shifted slightly to between 3.5 and 4 GK, and is narrower.
The small peak at 3 GK, which was negligible in the T1.4Z0.0 model is larger
here. Production in M0.8Z0 is similar to the low temperature peak compo-
nent of 51.0Z0.

In model T1.470.014, production of *Sc is boosted significantly across
a wide range of temperatures as compared with the Z = 0 case. In figure
3.46, we see a secondary component in production of both Sc and *°Ti
which boosts production in the lower temperature burning region signifi-
cantly. This effect is also seen in 51.020.014 and M0.820.014. At peak tem-
peratures above 3.5 GK, #°Sc is mostly produced as the radioisotope *°Ti. At
lower temperatures it is directly produced. A The metallicity increases fur-
ther, a small contribution from #°K in the 2.5 - 3 GK range is seen. This is also
true for the S1.0 and M0.8 models.

As th initial metallicity is increased further, production at the very lowest
temperatures is suppressed, with the double peaked production sites evident

in the Z = 0 and 0.014 cases becoming a single peak.

3.2.13 Titanium

Titanium has 5 stable isotopes: 46Ty, 47T, 48Ti, ¥Ti and “OTi. #°Ti is produced
in explosive oxygen burning and SNIa detonations, */Ti is produced in the
same as well as in explosive silicon burning. *8Ti is produced in explosive
silicon burning or SNla detonations, and *Ti in explosive silicon burning
only. Finally, *°Ti is produced in Chandrasekhar mass SNIa explosions and
the s-process in massive stars (Woosley, Heger, and Weaver, 2002).

Figure 3.47 presents the metallicity dependence of the production of these

isotopes. We see that *3Ti is the most abundant isotope of titanium in all three



3.2. Yields Analysis By Element

123

Ejected Mass (M) Ejected Mass (M)

Ejected Mass (M)

FIGURE 3.47: As in Figure 3.4 but for ejected mass of Ti, and its

Ti
0 ]
10 — 46
10—1 - - 47
== 48
10-2 == 49
— 50
1073 - —— Elemental m
10—4 -
107>
10—6 —
10—7 -
10—8 -
107°
Ti
0 ]
10 — 46
10—1 - - 47
= 48
10-2 == 49
— 50
1073 - —— Elemental
W
10—4 -
10—5 -
1076 5
7
10_7 1 [} /'f
7
1078 4 P
7
10—9 /‘//. /1/(
T T T T T T T
10-7 10® 10> 107* 1073 1072 107!
A
Ti
0 ]
10 — 46
10—1 - - 47
= 48
10-2 == 49
= 50
1073 - —— Elemental
10—4 -
10—5 -
10—6 -
10—7 -
10—8 -
1070 -

stable isotopes 4675, 47Ti, 48T, ¥ Ti and OTj.




124 Chapter 3. Results of SNIa Post-Processing

models for almost all metallicities. Only in the M0.8Z0.1 model does “6Ti be-
come more abundant than #*Ti. 46Ti production is primary at Z < 0.00001 and
secondary above this, with the ejected mass of %Ti increasing with metal-
licity. #Ti has a strong secondary component in the three classes of model
above Z = 0.001, this secondary component is through direct production of
4Ti. ®Ti is flat with metallicity in the T1.4 models until Z > 0.05 where a
strong secondary contribution is seen, for the S1.0 and M0.8 models, this con-
tribution starts at Z = 0.001. *°Ti is abundant the T1.4 models only, with only
trace amounts produced in the 51.0 and M0.8 models at Z > 0.01. °°Ti also
has a very flat dependency on the metallicity of the progenitor. These prop-
erties suggest that the >Ti/*3Ti isotopic ratio may provide a diagnostic for
the determination of SNIa progenitor.

The ejected mass of elemental titanium decreases with increasing progen-
itor metallicity, despite the strong secondary production observed in all iso-
topes except for “8Ti.

Figure 3.48 shows that “°Ti production at Z = 0 is much more active in
T1.4Z0 than in either of the other two models. This is due to “°Ti being syn-
thesised in intermediate to high temperatures, at 6 GK or above, which do
not exist in the S1.0 and M0.8 models. There is a small peak of production at
approximately 4 GK which is negligible.

We see in the Z = 0.014 panels that production of 4Ti (through direct nu-
cleosynthesis) is highly dependent on the initially metallicity. The small peak
at 4 GK now dominates the production. The high temperature component of
the T1.4 models remains unchanged.

Figure 3.49 shows the production of #/Ti with respect to the peak temper-
atures experienced in a given tracer particle. *’Ti is produced over a broad
range of peak temperatures in the T1.4 models. At Z = 0, the production of
#7Ti occurs in the temperature range from 4 to 9 GK,, this spans the range from

explosive oxygen burning through to NSE. There is a peak between 5.5 and



—-V 46
Cr 46
—-- Ti46
—— Ti 46 decayed
10 3 2
—-- Ti46
—— Ti 46 decayed
1
10 7 6 5 4 3 2
To(GK)
—-- Ti46
—— Ti 46 decayed
10 7 4 3 2

6 5
To(GK)

—-V 46
—.- Tid6

Sc 46
—— Ti 46 decayed

—-- Ti46
—-- Sc46
—— Ti 46 decayed

—-- Ti46
—-- Sc46
—— Ti 46 decayed

10

7

6 s
To(GK)

4

—-V 46
—.- Tid6

Sc 46
—— Ti 46 decayed

—-- Ti46
—-- Sc46
—— Ti 46 decayed

—-- Ti46
—-- Sc46
—— Ti 46 decayed

10

7

6 s
To(GK)

FIGURE 3.48: The abundance distributions of *°Ti are shown, arranged as in figure 3.5. With metallicities of Z = 0, 0.014
and 0.1 from left to right, and the three categories of model - T1.4, S1.0 and M0.8 - from top to bottom.

yuswd[y Ag sisA[euy sppIX 7€

°rq}



Chapter 3. Results of SNIa Post-Processing

126

—- Vv 47 —- V47 —- V47
cra7 10-1 cra7 10-1 cra7
—-- sc47 —-- sc47 —-- sca7
—- Tia7 —-- Tid7 —- Ti47
) 1072 ) 1072 )
—— Ti 47 decayed —— Ti 47 decayed —— Ti 47 decayed
1073 1073
1074
1075
1076
1077
1078
- 10-° -
10 3 2 10 2
100 10°
—- v 47 0 —- V47 0 —- v 47
—- Tid47 —- Ti47 Ca 47
) 10! ) 10!
—— Ti 47 decayed —— Ti 47 decayed —-= Sc47
. . —- Tid47
10 10 —— Ti47 decayed
10-3 10-3
104 104
10- 10- /
10-6 10-6 -\
PR
- \
I -7 ! -7
_ 10 - 10 /.
- [ SRR
10-8 P 10-¢ WA\
71 P - i
[ W, 1 .- -
: ""\’ - T 10-° - I P I il r 1079 — - il
10 9 8 7 6 5 4 3 2 10 7 6 5 4 3 2 10 6 5 4 3 2
To(GK) To(GK) To(GK)
10° 10°
—- V47 —- V47 —- V47
— Ti47 —-- Ti47 Sc47
) 101 ) 101 )
—— Ti 47 decayed —— Ti 47 decayed —- Ti47
—— Ti 47 decayed
1072 1072 v
1073 1073
1074 1074
1075 1075
1076 1076
1077 1077
108 108
- - - - - - - - 10-° - - 10-° -
10 9 8 7 6 5 4 3 2 10 7 2 10 2
To(GK)

FIGURE 3.49: The abundance distributions of 4’Ti are shown, arranged as in figure 3.5. With metallicities of Z = 0, 0.014

and 0.1 from left to right, and the three categories of model - T1.4, 51.0 and MO0.8 - from top to bottom.




3.2. Yields Analysis By Element 127

7 GK, which contributes the majority of material. Across the whole temper-
ature range, the radioisotope #V contributes the largest proportion of *'Ti.
In the peak temperature range from 8 to 9 GK, there is some contribution
from #Ti however this is a small fraction of the integrated *V contribution.
Above 9 GK, there is a region of #Sc production but again this is small. Mov-
ing to the T1.4Z0.014 model, production extends to lower peak temperatures,
with a peak between 2.3 and 4.2 GK being formed. This temperature range
corresponds to the carbon burning regions. #/Ti is produced directly in this
region. In T1.4Z0.1 model, we see that production of 4’Ti in the lower peak
temperature regions has increased further. ’Ti now accounts for more than
1% of the ejected Ti mass, however this is also, in part, due to a decrease in
the ejected mass driven by the metallicity dependence of 46Ti.

In model S1.0Z0, production is between 3.8 and 6.1 GK, with the radioiso-
tope ¥’V dominating production. In model $1.0Z0.014, the carbon and oxy-
gen burning regions begin to contribute a significant proportion of the ejected
mass of #Ti. It is produced directly in this region. At Z = 0.1, almost the
whole amount of #'Ti is produced as radiogenic ¥V, mostly in the carbon
and oxygen burning regions.

As with the 51.0 models the production in the M0.8 models is strongly
metallicity dependent. As there is no contribution in the M0.8 models from
the >6 GK production region, the yields of 4’ Ti for M0.8 are very sensitive to
the nucleosynthesis in the carbon and oxygen burning regions. The trend is
otherwise the same as for the S1.0 model, with production being through the
same mechanism.

The production of *3Ti is shown in figure 3.50. The trend for the T1.4
models is similar to that observed for 4 Ti. Production is again over a broad
rage of temperatures, ranging from oxygen burning at 4 GK, to the high
density NSE region at > 9 GK. Above 8.2 GK, the main production path-

way of “®Ti is direct production. Below 8.2 GK and across the whole of the
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rest of the production sites, *3Ti is produced as **Cr, with a negligible con-
tribution from “®V. This is similar to the *Ti where it is produced mainly
as radiogenic #V. In T1.470.014, production extends into the carbon burn-
ing region between 2.3 and 3.8 GK. Here “*Ti is produced directly and is
strongly metallicity dependent. Production at higher temperatures remains
fairly unchanged,although there must be a small decrease in production as
the ejected mass of *3Ti decreases slightly compared with the T1.4Z0 model -
from 1.46x10~® M, to 1.42x10~® M. The increasing production in the cooler
outer regions in the Z = 0.1 model more than compensate for the slight re-
duction in the oxygen burning and NSE regions, where we see an overall
increase in the ejected mass of **Ti to 1.65x10~° M. we see an increase in
the contributions from *¥V in the 4 - 6 GK range however its contribution re-
mains small. *Ti is directly produced above 8.8 GK and below 4.5 GK, and
radiogenic **Cr provides the bulk of material in the 4 - 8 GK region.

In the $1.0Z0 model, production of radiogenic **Cr dominates the *Ti
production. Only a trace contribution from “8V is seen. The 3.5 - 6.1 GK pro-
duction region is otherwise solely “*Cr. Similar to the metallicity dependence
in the T1.4 models, we see direct production of *3Ti in the 2.8 - 3.8 GK range as
we move to the 51.0Z0.014 model. 8V production also increases somewhat
however the dominant channel is still through “*Ti. In the 51.0Z0.1 models
the carbon burning production has increased further. As we see in figure
3.47 however, in neither T1.4, S1.0 or M0.8 is the increase in direct produc-
tion enough to compensate for the decrease in the oxygen burning and NSE
contributions with increasing metallicity.

The M0.8 models show a similar behaviour to the S1.0 set, with a propor-
tionally larger contribution from the carbon burning ejecta.

Figure 3.51 shows the ejected abundances for #°Ti in the three sets of mod-
els. In T1.470, production ranges from 3.8 GK to > 9GK, with three peaks of
production between 3.8 and 6 GK, 7 and 8 GK and above 9 GK respectively.
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The majority of °Ti is produced as *’Cr, particularly below 8 GK where al-
most 100% of the ejecta is radiogenic ’Cr. Only trace amounts of radiogenic
¥Mn and #V are present. Between 8 and 9 GK, there is a small region where
production is dominated by contributions from radiogenic °V, and above 9
GK direct production of ¥Ti is seen. These two regions are small compared
to the ¥*Cr producing region however. In the T1.4Z0.014 model, we see a sig-
nificant increase in the 4 - 6 GK region, corresponding to oxygen and silicon
burning. Peak production in these particles increases by an order of magni-
tude between these two models. We also see an increase in the contribution
from #'V, where a low temperature production region in the carbon burn-
ing particles is seen between 2.3 and 3.5 GK. In the T1.470.1 model, this low
temperature region is depleted, due to increased neutron captures shifting
material to more neutron rich isotopes. We see a further increase in the 4.5
- 6 GK region, which drives the increasing ejected mass of 49Tj with initial
metallicity.

The models of 51.0 and M0.8 show a similar trend to the two lower tem-
perature peaks in T1.4. There is an initial, small increase in production in
the carbon burning region, along with a larger increase in the 3.5 - 5.8 GK
region in these two models. ¥Ti is produced as #Cr in the intermediate tem-
perature region, and *’V in the lower temperature regions. When the initial
metallicity is increased further to Z = 0.1, then the carbon burning region is
suppressed. This has a larger effect on the trend in the S1.0 and M0.8 models.

Figure 3.52 shows the production of *°Ti in our three classes of model. In
T1.4Z0, we see that the only contribution to *°Ti is from the particles with
peak temperature T > 8 GK. As such, neither the S1.0 or M0.8 model can pro-
duce PTiat Z =0. As the metallicity is increased, we see a small production of
°Ti in the oxygen burning region, between 3 and 3.5 GK. This is reproduced
in 51.0Z0.014 and MO0.8Z0.014, where production is slightly larger than in

the T1.4 model. In all cases however, the lower temperature component is
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small, and has a negligible impact on the abundances of *°Ti in T1.4. As the
metallicity is increased to Z = 0.1, we see a very slight increase in the ejected
mass of °Ti, from 1.12x10~° M, in the Z = 0 case to 1.34x10~° M, in the Z =
0.1 case. There is a larger proportional increase in the S1.0 and M0.8 models
however the maximum ejected mass of >Ti in either of these models is of the

order a few x10~8 Mg, and so it is only ejected as a trace isotope.

3.2.14 Vanadium

Vanadium has two isotopes which are considered stable (one with a half-life
of 10Y7Yrs): 'V and °!'V. *V is made in a variety of conditions in massive
stars - carbon and neon burning, and explosive oxygen and neon burning.
°1V is made also in massive stars in explosive oxygen and silicon burning, as
well as the neutrino process, a-rich freeze-out and SNIa detonation models
(Woosley, Heger, and Weaver, 2002).

We see in figure 3.53 that vanadium has a similar trend with metallicity
through our three classes of model. There is a factor of 10 between pro-
duction between the T1.4 and M0.8, and a dip in production in M0.8 at Z
= 10~* which is not observed in the other models, however the broad trend
of a strong secondary component is the same across the models. We do see
that trace amounts of *°V are produced at all metallicities in the T1.4 models,
with a weak secondary component, where as in the S1.0 and M0.8 models,
this secondary component has a much stronger dependency on metallicity.

In figure 3.54 we show the production of >’V. There is no production of
0V in the lower mass models at zero metallicity, and that a secondary com-
ponent arises in the 2.5-4 GK range at solar metallicity. This oxygen burning
region shifts to hotter peak temperature particles as metallicity continues to
increase. In the T1.4 models, we see that the primary component from the

hottest particles (T > 8 GK). This is due to the Ye of these particles being
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governed by electron captures in the hight density, high temperature regime.
This sets a Ye that is independent from the initial electron fraction. A similar
secondary production trend as seen in 51.0Z0.014 and S1.0Z0.1 can be seen
between T1.470.014 and T1.470.1 in the ejecta of the external layers.

Production of 1V is significantly more complex than S0y, particularly in
the T1.4 models. In model T1.4Z0, the highest peak temperature particles
(above 9 GK) have direct synthesis of °'V. As we move to lower peak temper-
atures, °!Cr becomes the largest contributor. This extends only over a narrow
temperature range from approximately 7.8 to 8.5 GK, below which synthesis
of >V is mostly as °!Mn. We see a trace contribution from >'Fe in this model,
but it is small in comparison to the other contributing isotopes. As the metal-
licity increases in model T1.470.014, the high temperature contribution to
the isotopic abundance of ®'V remains the same. We see the low temper-
ature contribution from °'Cr increase, boosting production of 'V slightly.
From comparison with figure 3.53, we can see that this increase in radiogenic
contribution has a significant impact on the ejected mass of °'V, and conse-
quently on the ejected mass of elemental vanadium. Secondary production is
boosted still further in model T1.4Z0.1, where the low temperature secondary
tail begins to dominate the ejecta.

The synthesis of >’Mn is the main route for production in model S1.0Z0,
with a trace contribution from radioactive >!Cr. This production occurs over
a broad range of temperatures, but is much less abundant than in the T1.4
cases.

In models S1.0Z0.014, the production of °!Cr at lower temperatures be-
gins to contribute significantly to the overall ejected mass of >'V. This trend
increases as we move to model S1.Z0.1, where the contributions from °!Mn
and °!Crbecome comparable. The contribution from >'Mn occurs above peak
temperatures greater than 4.5 GK and °!Cr below this.

Production in the M0.8 models follows a similar trend to the S1.0 models.
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M0.8Z0.1 shows a much larger >'Cr to ®'Mn production due to the smaller
number of particles at higher peak temperatures, and the lower maximum

peak temperature in this model.

3.2.15 Chromium

Chromium has 4 stable isotopes: 50Cr, which has a half-life of 1.3x 108 years
and which we therefore can treat as stable, °2Cr, 23Cr and >*Cr. %2Cr is the
most abundant Cr isotope in the Sun (83.789% of the solar Cr), while **Cr has
the lowest abundance (2.365% of the solar Cr) (Asplund et al., 2009; Lodders,
2003).

In Figure 3.56, we show the integrated Cr yields for the element and its
isotopes, for the T1.4, S1.0 and M0.8 sets. Cr production is dominated by
%2Cr for all metallicities in the T1.4 and S1.0 sets. At metallicities higher than
solar, in the M0.8Z0.1 models *°Cr and >>Cr production increases enough as
the metallicity of the progenitor increases to affect the Cr abundance budget,
causing an increase of the total ejected mass. With the exception of this pat-
tern, Cr production appears to be primary in all models, following the >Cr
behavior. Hear, primary denotes that material which is synthesised directly
in the explosion during freeze-out, where as secondary is material which is
synthesised from the seeds of other nuclei (ultimately in this work originat-
ing with the initial abundance of ?*Ne)

On the other hand, the relative production of different Cr isotopes changes
significantly with metallicity and using different model sets. °°Cr is the only
isotope that is always produced directly. >*Cr is mostly ejected as itself in
T1.4 models, while for other the sets it is mostly radiogenic. *>Cr and >>Cr
are produced by radiogenic contribution in the Chandrasekhar mass explo-

sion models, primarily from 52Fe and >3Fe respectively. There is a significant
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contribution from *>Mn, particularly at higher initial 2?Ne mass fractions, in-
dicating a strong secondary production. Production of *>Cr is more mixed
in the lower mass explosions, with competing contributions from >2Cr and
52 along with negligible °>Mn. *>Mn becomes a significant contributor to the
abundance of *Cr at higher metallicities, becoming comparable to the con-
tribution form >3Fe. Non radiogenic contributions to *>Cr are negligible For
all sets, the yield of *°Cr rises with increasing metallicity of the WD progen-
itor above a threshold value of Z = 10~%. >3Cr shows a much weaker rise.
%4Cr is mostly primary for T1.4 models, while its (much weaker) production
is secondary for other sets.

In the T1.4 set, the °°Cr yields are dominated by two production peaks, at
7-9 GK and 3-5 GK temperature, respectively (Figure 3.57). The first peak is
primary, while the low temperature peak is secondary, rising with increasing
metallicity. Only the T1.4Z0 model shows a relevant radiogenic contribution
by °°Mn at lower temperatures, but the production is dominated by the first
peak. S1.0 and M0.8 sets only carry the secondary peak, explaining their
smaller *°Cr production at low metallicities compared to T1.4. On the other
hand, for all sets the strong secondary component in *’Cr causes this isotope
to form up to about 10% of all Cr ejecta (M0.8Z0.1 model).

The >2Cr abundance pattern is significantly more complex than *°Cr, re-
vealing a larger number of production channels (Figure 3.58). For the T1.4
set, primary °?Cr is directly produced in the hottest ejecta, with SN shock
temperatures above 8 GK. Two additional peaks, from the eventual decay of
52Fe occur at around 7 GK and 5 GK. These are insensitive to the initial metal-
licity of the model, and contribute the majority of >>Cr. Finally, we obtain a
secondary production of >2Cr at about 4 GK in the T1.470.014 and T1.470.1
models. Small amounts of >Mn are also produced in all models. The Sxx
and Mxx models all show the primary >’Fe production, and the secondary

52Cr channel at lower temperatures.
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In Figure 3.59, for the T1.4 set, >>Cr is produced directly above 9 GK in
the innermost ejecta. For 8-9 GK the production is dominated by a primary
peak of radiogenic **Mn. Two additional **Mn channels appear at lower
temperatures, with the colder production peak in oxygen burning conditions
becoming particularly relevant at super-solar metallicities, again demonstrat-
ing that it is a secondary production channel. Two broad primary peaks at
7-8 GK and about 5 GK are due to the radiogenic contribution from >*Fe.
Fe continues to be the primary radiogenic source of >Cr in the S1.0 and
MO.8 sets. In agreement with T1.4 models, a secondary production of >>Mn
and >Cr is obtained at 3-4 GK.

In Figure 3.60, **Cr is produced directly at temperatures above 8 GK,
while a secondary production peak is present at about 4 GK from the radio-

genic decay of >*Mn.

3.2.16 Manganese

Mn is mono-isotopic, with only ®Mn being stable. It is formed in explo-
sive silicon burning, the neutrino process and in SNIa (Woosley, Heger, and
Weaver, 2002). Most of the solar manganese is produced in SNIa (Kobayashi,
Karakas, and Lugaro, 2020), it has also been proposed as a key tracer for
differentiating the mass of SNIa progenitor (Eitner et al., 2020). Figure 3.61
shows the ejected mass of Mn from our three models with respect to metal-
licity, indicating a large radiogenic contribution across the range of Z inves-
tigated.

Figure 3.62 shows the radiogenic contributions from the different models.
In the low metallicity sub Chandrasekhar mass models, most production of
Mn is as *°Co, with a negligible contribution from *°Fe. This contribution
increases as the the secondary **Fe component begins to dominate at lower

temperatures, between 3 and 4 GK in explosive oxygen burning conditions.
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Production of *>Co is also boosted by this secondary component in both the
S1.0 and M0.8 models. In the T1.4 models, we see that the production of
Fe is again boosted at higher metallicities, with a small primary secondary
peak of >>Mn contributing at lower temperatures in in these models. This
peak has a negligible impact on the total production of Mn. We see that the
trace amount of >°Ni produced at intermediate temperatures in this model is
suppressed with increasing initial 2>Ne abundance while >>Fe production is
boosted throughout the model. *>Cr production is comparable to the radio-
genic >Fe contribution, in contrast with the lower mass models where it is
the dominant radiogenic contribution. Unfortunately, the half-life of *>Cr is
3.5 minutes, much too short to be able to observe in the expanding ejecta of
a Type Ia explosion.

Manganese production is predicted to be sensitive to the mass of the pro-
genitor model. Truran, Arnett, and Cameron (1967) identifies Mn as being
mainly produced as >>Co, consistent with the production presented in fig-
ure 3.62. *Mn production in the most extreme conditions is dependent on
a normal, low «, freeze out from NSE (Seitenzahl et al., 2013a; Thielemann,
Nomoto, and Yokoi, 1986)

Seitenzahl et al. (2013a) states >>Co is the largest contributor to manganese
yields at densities above 2x10% gem~3. In the T1.4 Chandrasekhar mass mod-
els, these densities cover the full range of peak temperatures (although not
all of the particles have a density above this threshold density). *>Co is the
dominant source of ®>Mn in the T1.4Z0 model, and remains the largest con-
tributor to ejected *>Mn mass however the relative contribution from *°Fe
increases with increasing metallicity and at Z = 0.1 contributes on the order
of 10% of the ejected >>Mn mass. There is also a contribution from direct syn-
thesis of >>Mn in the highest temperature regions, however this is small - of
the order 1% of total ejected mass of >>Mn in the T1.4Z0 model.

%Co is destroyed at lower densities through the reaction *>Co(p, 7)°°Ni
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(Seitenzahl et al., 2013a) which we see in the differences (particularly at low
metallicities) between M0.8 and the higher mass models. At Z =0, the T1.4
model ejects 3.72X1073 Mg of 55Mn, the S1.0 model 1.19x10_4M@ and the
MO0.8 model 2.24x107> M.,

Kobayashi, Leung, and Nomoto (2020) identify a positive correlation for
the production of Mn with respect to initial metallicity, similar to the results
presented here. They see a decrease in the ejected mass of Mn with increasing
progenitor mass for subChandrasekhar mass modles, in chandrasekar mass
models in Seitenzahl et al. (2013b) and this work Mn production increases
with metallicity. The reaction >2Fe(a, p)>°Co is identified as the main pro-
duction channel for the bulk of ®Mn (Seitenzahl et al., 2013b). The produc-
tion of Mn with respect to Fe in SNIa has been extensively studied, and has
been the subject of a number of GCE investigations (Seitenzahl et al., 2013a;
Kobayashi et al., 2006; Eitner et al., 2020) as both Min and Fe in the Milky Way
are produced primarily in SNIa (Matteucci et al., 2009). This [Mn/Fe] has
been used in many publications to investigate the ration of Chandrasekhar
to sub-Chandrasekhar SNIa progenitor.

Eitner et al. (2020) consider the fraction of sub-Chandrasekhar mass SNIa
to be as high as 75%, due to the large [Mn/Fe] ratios possible in these low

mass models.

3.2.17 Iron

Iron has 4 stable isotopes: >*Fe, *®Fe, > Fe and *®Fe. >#°%"Fe are all produced
in explosive silicon burning or in SNIa explosions. *®Fe is produced in Chan-
drasekhar mass SNIa explosions in NSE or in the helium burning s-process
(Woosley, Heger, and Weaver, 2002). Around 70% of Fe in the universe is
produced in SNIa explosions (Matteucci and Greggio, 1986). Kobayashi, Le-
ung, and Nomoto (2020) find that up to 25% of SNIa progenitors may be
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sub-Chandrasekhar mass WDs, while Seitenzahl et al. (2013a) find a value
close to 50%.

>Fe, in all conditions, is produced directly. In figure 3.63 the ejected mass
of the stable Fe isotopes is given, along with their radiogenic contributions, as
a function of initial metallicity. There is a a small decrease in the abundance of
elemental Fe ejected from the T1.4 and S1.0 models due to a reduction in the
ejected mass of *°Fe with increasing initial metallicity. This is compensated
for partially by an increase in the abundances of **Fe in these two models,
which occurs sharply at Z=0.0001 in the S1.0 and M0.8 models, and more
gradually at super-solar metallicities in the Chandrasekhar mass model. The
increase of over two orders of magnitude in the abundance of >*Fe is signifi-
cant, particularly as this only becomes a significant contributor to the overall
abundance of Fe in models other than T1.4 at super-solar metallicities.

Figure 3.64 shows the production of *®Fe in our models with respect to
peak temperature. *°Fe is one of the largest components of the ejecta of all
three models. While MO0.8 has a smaller contribution than the others, most
metallicities still have mass fractions of *°Fe above 10%. In T1.4 we can
see that production is dominated by contributions from °Ni, with a non-
negligible contribution from direct synthesis of *°Fe at higher metallicities.
This is more than offset by the reduction in production at intermediate peak
temperatures from the Z = 0.014 and Z = 0.1 metallicity models. We also see
this reduction in *°Fe in the $1.0 and M0.8 models, most clearly illustrated in
figure 3.65. We see that *®Fe is produced directly at temperatures above 8 GK,
which is insensitive to metallicity effects. There is a more pronounced effect
on the overall abundance of **Fe vs metallicity in the 0.8M, model, however
iron production actually increases for M0.8 at higher metallicities, due to a
significant contribution from >*Fe.

Fe has a large radiogenic contribution across all models. We see that

Fe produced directly during the explosion accounts for 1% of the mass
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FIGURE 3.64: The abundance distributions of >*Fe are shown, arranged as in figure 3.5. With metallicities of Z = 0, 0.014
and 0.1 from left to right, and the three categories of model - T1.4, 51.0 and MO0.8 - from top to bottom.
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of *’Fe in the T1.4 models, where as it contributes almost nothing to the
ejected mass in the sub Chandrasekhar models, where almost all production
is through radiogenic contributions. These radiogenic contributions come
mainly from °’Ni and *’Co, particularly in the lower mass models. There is
a small contribution to *’Fe abundance from >’Mn and *’Cu in T1.4 which is
negligible, and *’Cu production is still smaller at non-zero metallicity. Pri-
mary production of *’Fe does occur in models at higher metallicity, in the
low temperature end. This constitutes a small fraction of the total ejected
mass of *’Fe. > Co production is boosted at higher metallicities, driving the
increasing trend in all models in figure 3.63.

%8Fe is an interesting isotope, as only trace abundances of it are ever pro-
duced in the sub-Chandrasekhar models, whilst production in T1.4 models
is both consistent over a range of metallicities (with a weak increase in pro-
duction at super-solar) and with an ejected mass in the order of 0.001 M.
Production at lower temperatures as initial metallicity increases is very sim-
ilar between our three classes of model, with radiogenic *®Co contributing
to most of°®Fe ejecta. At the highest temperature peaks in the T1.4 mod-
els (>8.5GK) direct nucleosynthesis of **Fe dominates, below this there is a
band of production where *Co is the most abundant isotope in this isobar.
The relatively simple nucleosynthesis pathways of °®Fe, where the majority
is produced in the most extreme conditions, is a tracer for the progenitors of
SNIa explosions.

Timmes, Brown, and Truran (2003) have investigated the impact of metal-
licity on Fe production in SNIa. They find a linear dependence on metallicity,
with a decrease in production as initial metallicity increases for metallicity
close to solar or higher. Between 0.1 and 10x solar metallicity, a variation
of 25% in the production of Fe through its radioactive progenitor *°Ni is ob-
served. Models T1.4 and S1.0 have similar trends with metallicity, in agree-

ment with the results of Timmes, Brown, and Truran (2003), showing a linear
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FIGURE 3.68: Ejected mass of *°Ni as a function of initial metal-
licity.
decrease in production over the range of metallicities investigated here. This
decrease in the production of Fe is approximately 25% across this metallicity
range. The M0.8 model however does not show the same linear dependence
as the higher mass models. We instead see a decrease in the ejected mass of
%Ni to around 30% of the initial ejected mass at Z = 0.

In figure 3.68 I compare the results of my models with Timmes, Brown,
and Truran (2003). S1.0 matches the Chandrasekhar mass SNIa model of
Timmes, Brown, and Truran (2003) most closely. This is because the T1.4
model is 2 dimensional, as discussed in Townsley et al. (2016), which de-
creases the neutronisation in the innermost 0.2 My of the WD progenitor,
resulting in the destruction of this stable iron group material as compared to

a 1 dimensional model.
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3.2.18 Cobalt

(o is the only stable isotope of cobalt. It is produced in a variety of stellar
environments - the helium burning s-process, a-rich freeze-out, the neutrino
process and SNIa explosions (Woosley, Heger, and Weaver, 2002).

%Co has significant contributions from radiogenic sources across all mod-
els (figure 3.69). We see that for the case of 51.0 and MO0.8, there is a strong
secondary effect in both the direct and radiogenic synthesis of **Co, starting
at Z=0.001. In the models T1.4, there is no strong dependency on metallicity.
The production of cobalt shows an increasing efficiency with an increase in
the mass of the SNIa progenitor. M0.8 models show the strongest metallicity
dependence, with an increase in production of almost 3 orders of magnitude
between the model at Z = 0.001 and the maximum at Z = 0.1.

In figure 3.70, we show that the radiogenic contribution to *Co is dom-
inated from *’Ni (at peak temperatures between 7.5 and 8.5 GK) and **Cu
(at intermediate and lower peak temperatures). >’Cu is produced directly
at T > 8.5 GK. This radiogenic production of cobalt is insensitive to metal-
licity effects at temperatures above 5GK. The *’Ni ejecta is uniform across
T1.4 modes at temperatures exceeding 7 GK, and the increase at around T
=4 GK in models T1.40.014 and T1.4Z0.1 is small compared to contributions
from deeper layers. Production of *Cu in the intermediate peak temperature
range is broadly insensitive to increasing metallicity, and as this contributes
a large proportion of the **Co production in this model, the production of Co
is also therefore insensitive. The trace production of >°Zn observed in model
T1.4Z0 is suppressed at metallicities above Z = 0. Production of *Ni is sig-
nificantly increased in the lower temperature region at higher metallicities,
contributing to a slight increase in Co yields with increasing metallicity.

Production in the S1.0 models has two components - a large, narrow peak

for T > 5.5 GK, and a broader shallower peak between 3.5 and 5.5 GK. In
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the $1.0Z0 model, both of these Co peaks are dominated by radiogenic *’Cu.
As initial metallicity rises, the production of *?Cu is suppressed in the lower
temperature peak, and the secondary component of **Ni is boosted. In model
S1.0Z0.1, production of *Ni is boosted to the extent that it is comparable with
the total contribution of *Cu.

In the S0.8 models, >Co production is severely reduced as compared with
the previous sets of models. S0.8Z0 has a small peak between 3.2 and 5GK,
where the main contributor to ejected cobalt mass is from radioactive **Cu.
As seen in the S1.0 models, production of **Cu is suppressed at higher metal-
licities, leading to °*Ni dominating the production, here with a small con-
tributing abundance of *?Co which is directly made. The direct production
of 2Co is boosted still further moving to higher metallicities; however, the

contribution from *Co is still small compared to *’Ni.

3.2.19 Nickel

Nickel is composed of 5 stable isotopes: 58N, ONi, ®INi, 92Ni and **Ni.

The isotopes (58,60,61,62)

Ni are produced during a-rich freeze-out from NSE
(Woosley, Heger, and Weaver, 2002), with the dominant source of (58,60)Nj
being SNla (Pignatari et al., 2016). *®Ni is the largest contributor to ejected
elemental nickel from CCSN (Jerkstrand et al., 2015). Isotopes (60,61,62,64) NI
also have contributions from the s-process during helium burning (Woosley,
Heger, and Weaver, 2002). Only 61N is identified as having a large contri-
bution from SNIa events in Woosley, Heger, and Weaver (2002), (Pignatari
et al., 2016) identify (°16264)Ni as having some contribution from AGB stars.
Kobayashi, Karakas, and Lugaro (2020) find that the evolution of [Ni/Fe] vs
[Fe/H] for elemental nickel is reproduced well with only contributions from

CCSN and SNIa events, with other sources having a negligible impact.

Figure 3.71 shows the metallicity dependence of the ejected elemental
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nickel and the stable isotopes, with radiogenic contributions. In the T1.4
models, there is an increase in the ejected mass of elemental nickel at around
Z from around 5x10~2 M, to over 0.1 M, at Z = 0.1, driven by an increase in
the production of *®Ni. In S1.0, we see a similar increase from a lower initial
mass of approximately 6x10~3 Mg, to nearly 0.1 M. In these models how-
ever the major contributor at low metallicities is ®*Ni, which is suppressed
above Z = 1073, although this is compensated for by the increase in produc-
tion of *®Ni which becomes the dominant isotope and drives the metallicity
dependence of elemental nickel. In M0.8, we see an increase in the abundance
of *Ni from 2.5x10" > at Z = 0t0 3.6x10 > at Z = 0.1.

In all models, we see an increase in the ejected mass of *®*Ni with increas-
ing metallicity, due to contributions from lower temperature regions of the
SNIa explosion. Figure 3.72 shows the mass fraction of *®Ni with respect to
peak temperature in each particle. We see that the NSE regions of the T1.4
models are largely insensitive to the changing metallicity. Although there is
a decrease in the radiogenic contributions from 8Cu, these are negligible at
most peak temperatures, except in the T1.4Z0 model where a non-negligible
contribution in the 5-6 GK range from *Co is seen. Even so, this will have
no impact on the total ejected yields. Because of the large contributions from
NSE conditions, the proportional change in the abundance of *®Ni is less in
the T1.4 model than for the S1.0 and M0.8 models, where we see a change
in the ejected mass of **Ni of over an order of magnitude (this is also due to
the lower starting abundance). Production of **Ni extends to the top of the
oxygen burning region at approximately 3.5 GK, it is between 4 and 5 GK
at which we see the increase in *®Ni production at higher metallicities in all
models.

Figure 3.73 shows that the metallicity dependence of ®*Ni production is
similar between models T1.4 and S1.0, where the ejected mass of *°Ni de-

creases with increasing metallicity above approximately Z = 10~ for the T1.4
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FIGURE 3.72: The abundance distributions of *®Ni are shown, arranged as in figure 3.5. With metallicities of Z = 0, 0.014

and 0.1 from left to right, and the three categories of model - T1.4, 51.0 and MO0.8 - from top to bottom.




—-= Cu 60
101 —-- Ni60
Co 60
. —-- Zn60
10 —- Fe60
03 —— Ni 60 decayed
10-
1074
x
1072
107°
1077
1078
1079
10 3 2
10° 4
—:= Cu60
10-1 —-= Ni 60
Zn 60
102 —— Ni 60 decayed
1073
e
107*
<
10°°
oo
1076 4 =~ - \
1077
-
107 ’ !
10°° T T T T
10 9 8 7 6 5 4 3 2
To(GK)
10° 4
—:= Cu60
101 —-= Ni 60
Zn 60
102 —— Ni 60 decayed
1073
107*
<
10°°
10-°
1077
108
10°° T T u T
10 9 8 7 4 3 2

6 s
To(GK)

FIGURE 3.73: The abundance distributions of ®*Ni are shown, arranged as in figure 3.5. With metallicities of Z = 0, 0.014

—-= Cu60
-= Ni 60
Co 60
Zn 60
- Fe 60
Ni 60 decayed

—:= Cu60
—-= Ni 60
Zn 60
—— Ni 60 decayed

=

—-= Ni 60
—— Ni 60 decayed

10

4

6 5
To(GK)

—-= Cu60
+= Ni 60
Co 60
Zn 60
- Fe 60
Ni 60 decayed

—-= Cu60
—-= Ni 60
Zn 60
—— Ni 60 decayed

—:= Cu60
—-= Ni 60
—— Ni 60 decayed

~

10

9 8 7

4 3 2

6 s
To(GK)

and 0.1 from left to right, and the three categories of model - T1.4, S1.0 and M0.8 - from top to bottom.

yuswd[y Ag sisA[euy sppIX 7€

991



166 Chapter 3. Results of SNIa Post-Processing

models and Z = 2x10~3 for the S1.0 models. We see three areas of production
in the T1.4Z0 model - one above 8 GK, one between 5 and 7 GK and a smaller
peak between 4 and 5 GK, in the 8-9 GK region production is dominated
through direct synthesis of ®Ni, due to the high density conditions in the
central region. In the 5-6 GK peak, most ®Ni is synthesised as ®°Zn. We
see that this contribution decreases with increasing metallicity, driving the
shallow decline of ejected ®*Ni. In the T1.4Z0.014 model, we see that the low
temperature peak has been boosted significantly, with direct production of
60N, this peak also extends further down to around 3.5 GK, corresponding
with the lower edge of the oxygen burning region. This trend continues in
T1.4Z0.1, where there is a significant boost to the ®*Ni production in the oxy-
gen burning region. In model S1.0, the highest temperature peak is missing,
as no particles experience these conditions. We therefore see a much stronger
metallicity dependence on the ®*Ni for this model, with the total ejected mass
of ®'Ni decreasing as the metallicity increases. This is due to the same effects
driving the decrease in the T1.4 models - namely a drop in production of ®Zn
in the intermediate peak temperature region, but as there is not a large con-
tribution from T > 6 GK regions in the 51.0 models, there is proportionally a
much larger effect. While the low temperature oxygen burning region does
increase significantly, it does not compensate for the lost material in the in-
termediate region. We see in figure 3.71 that this effect causes **Ni to become
the dominant isotope in the S1.0 models at metallicities above Z = 4x10~3.
In the M0.8 models we initially see the same trend of suppression of ®*Zn
production leading to a decrease in the ®*Ni ejected mass however, since both
the high temperature and most of the intermediate temperature region are
absent in the M0.8 model, the Z = 0 mass of ®*Ni is already low. When pro-
duction moves to lower temperatures therefore, with %°Ni being synthesised
directly, the ejected abundance of ®'Ni increases compared to the Z = 0 value.

Shifts in the isotopic distribution of the iron group cannot be attributed
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to any one particular reaction, as the models are in NSE. In the oxygen burn-
ing region however, neutron capture reactions with the increased Y, of the
system lead to the increase in production of ®*Ni.

In figure 3.74 we see that production of ®'Ni is dominated by the interme-
diate and high temperature regions. In the T1.4 model sets, the ejected mass
of ®Ni changes from 2.06x10~* M, at Z = 0 to 3.89x10~* M, at Z = 0.1. This
is consistent with the results for other isotopes mainly produced in the high
temperature regions, where the changing initial Y. has a marginal impact
in the NSE conditions. The increase in production in the peak temperature
region between 3.5 and 5 GK may be sufficient to account for the observed
increase in ejected mass, however a very small increase in the higher tem-
perature regions cannot be excluded. In the high temperature region, ®'Ni is
directly produced, in the intermediate peak temperature region ®'Zn is the
major contributor to ejected 'Ni mass (and this dominates the production
overall). In the low temperature region, °'Ni is produced directly.

Similarly for the 51.0 models, there is a small increase in the ejected mass
of ®INi between S1.0Z0 (8.81x10~> M.,) and S1.0Z0.1 (1.47x10~* M.,)). Pro-
duction in the intermediate peak temperature region is insensitive to an in-
crease in the initial 2Ne mass fraction, with ®!Ni being synthesised as ' Zn,
as in the T.14 models. The low temperature region is directly produced as
61N, and contributes only on the order of 0.1-1% of the ejected mass of ®'Ni
in this model. With the high temperature region missing, the total ejected
mass of *'Ni compared with the T1.4 models is a factor of two lower.

In the M0.8 models, both the intermediate and high temperature peaks are
missing, so only the relatively small contribution from the oxygen burning
region is seen, and only in non-negligible amounts above Z = 2x10~2. We see
that in the case of !Nji, the intermediate peak of production is slightly higher
than e.g. °°"Fe, leading to there being no contribution from the higher tem-

perature regions of this class of model.
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FIGURE 3.74: The abundance distributions of 'Ni are shown, arranged as in figure 3.5. With metallicities of Z = 0, 0.014
and 0.1 from left to right, and the three categories of model - T1.4, 51.0 and MO0.8 - from top to bottom.
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FIGURE 3.75: The abundance distributions of ®2Ni are shown, arranged as in figure 3.5. With metallicities of Z = 0, 0.014
and 0.1 from left to right, and the three categories of model - T1.4, S1.0 and M0.8 - from top to bottom. Model M0.8Z0
produces no ®2Ni, and so the subplot for this model is omitted.
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Figure 3.75 shows the production of ®?Ni. The trend in production is very
similar to that for ®'Ni, with a large contribution from the high and interme-
diate peak temperature regions. In the T1.4 models, we see that production
of ©2Ni in the 8-9 GK region is larger than the production of ®'Ni in that same
region. This is due to the increased density which causes production to shift
to more neutron rich isotopes in the central region. Production is through
direct synthesis of °2Ni.

The intermediate peak temperature region from around 5 to 7 GK is very
similar to the ®'Ni production region in the T1.4 models, with the mass frac-
tion of ®2Ni being around 0.1%. 2Zn is the major contributor to abundances
in this region as direct production ceases at 8 GK. Production in this region
is sensitive to the initial metallicity, increasing from the initial approximately
0.2% by mass fraction in T1.4Z0 to around 3% in model T1.470.1. We also see
a small contribution in the oxygen burning region through direct production
of ©2Ni, although this has a negligible effect on the ejected mass.

In the S1.0 series of models, we again see an increase in the production at
intermediate peak temperatures. As the highest temperatures in this model
are at approximately 6 GK, we see only the lower end of this production re-
gion, which significantly reduces the ejected mass of °>Ni from these models.
There is again a small contribution at around 3.5 GK but this is negligible.

In the models M0.8, there is no production at Z = 0, and only a marginal
production at Z = Z,. The 6 GK region is completely absent from this model
and so the production through formation of ®2Zn is not possible. We therefore
only have the small secondary contribution in the lower temperature region,
as seen for the T1.4 and S1.0 models.

Figure 3.76 shows the production of ®Ni in the T1.4 models. Production
is confined to the high peak temperature region above 8 GK, and as such
the effect of initial metallicity is suppressed, as weak interactions in the core

of the WD change the Y, of the interior. There is a very mild dependence
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FIGURE 3.77: As in Figure 3.4 but for ejected mass of Cu, and its
stable isotopes ®*Cu and ®Cu. The M0.8 models are excluded
as copper is not produced efficiently in these low.
on initial metallicity however, with the ejected mass of ®*Ni changing from

8.89x10~7 Mg, at Z = 0 to 1.05x107® Mg, at Z = 0.1. ®Ni is directly produced

in this region, with no radiogenic component.

3.2.20 Copper

Copper has two stable isotopes: ®*Cu and ®°Cu. %Cu is produced in the
helium burning s-process, carbon, and neon burning in massive stars and
%5Cu is mainly produced in the s-process in massive stars (Woosley, Heger,

and Weaver, 2002). SNIa do not produce copper efficiently.
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In figure 3.77 both ®*Cu and °Cu show a large radiogenic contributions to
their abundances in both the T1.4 and S1.0 models. These models also have a
similar distribution with respect to metallicity. At approximately Z = 2x10~3
and 1073 for T1.4 and S1.0 respectively, the production of ®*Cu is reduced
dramatically. At super-solar metallicities, ®*Cu production increases again
for the region around Z = Z, we see that ®Cu becomes the most abundant
copper isotope in the ejecta.

Figure 3.78 illustrates the complicated nucleosynthesis of *Cu, particu-
larly in the T1.4 models. In T1.4Z0, there is a contribution from %*Ni at the
most extreme temperature peaks, which becomes negligible for T < 8.5 GK. In
this region, we next see the direct synthesis of ®*Cu. This is quickly replaced,
from T = 8 GK to the coolest temperature at which ®*Cu is produced at around
5.2 GK by radiogenic contributions from ®Ga and %Zn. The change in pro-
duction between >Ga and ®Zn is more ordered in the T1.4Z0.014 model: the
lower temperature production below 6.5 GK is dominated by %Ga, between
6.5 and 8 GK %Zn has the largest radiogenic contribution. In T1.4Z0.1, pro-
duction of %Zn is boosted across the whole temperature range from 5.2 to
8 GK, %3Ga production is reduced in this same range. The innermost ejecta
stays consistent with lower metallicities.

Production in the S1.0 models follows a similar, non-linear trend with
metallicity, whereby %3Ga and %Zn exchange positions as the most abun-
dant isotope. In model $1.0Z0, 3Ga is the most abundant. In the $1.0Z0.014
model, there is a reduction in the overall ejected mass of 63Cy, as the reduc-
tion in 3Ga is not fully compensated for by the increase in the abundance of
637Zn. Total ejected mass is then similar again in 51.0Z0.1, as ®3Zn continues
to increase with metallicity.

Figure 3.79 shows the production of ®Cu in the T1.4 and S1.0 models.
There is no low temperature contribution to the ejected mass of ®>Cu at any

metallicity. Production in the T1.4Z0 model is largely in the temperature
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FIGURE 3.78: The abundance distributions of ®*Cu are shown, arranged as in figure 3.5. With metallicities of Z = 0, 0.014
and 0.1 from left to right, and the three categories of model - T1.4, S1.0 and M0.8 - from top to bottom. The models M0.8Z0
and M0.8Z0.014 do not produce ®*Cu and are therefore omitted.
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range 5.2 - 7.8 GK, where ®Cu is produced as the radioisotope ®Ge. In the
high temperature peak above 8 GK, ®*Cu is produced directly. There is a shal-
low trend with respect to metallicity in the ejected mass of ®*Cu in the T1.4
models, from 1.47 to 2.99x107® M. Production becomes more tightly cen-
tered around 6 GK but with a larger contribution from this narrower range
of temperatures, especially at the higher end of the intermediate peak tem-
perature range.

Because this peak temperature range is missing in the S1.0 models, we see
that the ®Cu production peaks at around solar metallicity. As the increase
in the temperature in the lower end of the intermediate production region
becomes larger, the slight increase in production at those temperatures is not
enough to compensate for the loss of production sites. In all three models

shown for 51.0, ®*Cu is produced as a combination of ®*Ge and *°Ga.

3.2.21 Zinc

Zinc has 5 stable isotopes: 647n, Zn, 77n, 8Zn and 7°Zn. None of the
models investigated here produce 7°Zn, as such, we will not discuss this iso-
tope further. ®*Zn is produced in neutrino driven winds (Woosley, Heger,
and Weaver, 2002) - where neutrino interactions in dense stellar environ-
ments with large neutrino fluxes cause neutrino captures. It is also formed
in the helium burning s-process in massive stars, and a-rich freeze-out from
NSE. %Zn is likewise produced in the helium burning s-process and a-rich
freeze-out, however Woosley, Heger, and Weaver (2002) also identify ®°Zn as
having a significant contribution from Chandrasekhar mass SNIa explosions.
87n is produced only in massive stars through the helium burning s-process
(Woosley, Heger, and Weaver, 2002).

Zinc production in the models T1.4 and S1.0 is very similar (figure 3.80,

with similar trends for all of the isotopes produced aside from a scaling factor
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between models for these isotopes. The elemental trend of Zn production
decreases at around Z = 0.001 by approximately a factor of 5, following the
trend of ®#Zn. At the same time ®Zn production increases becoming the most
abundant isotope at higher metallicities.

Production of ®4Zn in fig 3.81 shows that production in all T1.4 models is
dominated by the radio-isotope *Ge. The contribution of **Ga to the ejected
abundance is never large, although it increases at higher metallicities as the
intermediate peak temperature range production of **Ge shrinks.

We see that production in the S1.0 models is also primarily through syn-
thesis of ®*Ge. We clearly see the decrease in the overall production of ®4Zn
with the reduction in ®*Ge and #*Ga produced at between peak temperatures
of 5.5-6 GK. We also observe the rise in direct production of ®*Zn, although
the absolute abundance is only on the order of 5% in the 51.0Z0.1 model.

The production of ®®Zn is largely centered in the intermediate peak tem-
perature range starting at approximately 5.2 GK and continuing to 8 GK. ¢Zn
is produced as ®Ge in the T1.4Z0 model, with trace amounts of other iso-
topes. Production is nearly identical in the T1.470.014 model, with only a
slight increase in the production of ®Ga (already with very low abundance).
The range of peak temperatures suitable for production is less broad in the
T1.470.1 model, with production at the upper limit of the production region
becoming less efficient.

Production in all three 51.0 models is very similar, with a slight increase
in the amount of %°Zn ejected caused by an increase in the radiogenic contri-
bution of *Ge. Trace amounts of ®®Ga do not affect the overall yields.

77Zn has a similar trend as for %Zn (figure 3.83). In model T1.4Z0 we
see a comparable contribution to the ejected mass of ’Zn from both ®’Ge
and ” As. As the initial metallicity increases, both of these contributions be-
come secondary to the increased production of ¢ Ge, culminating in T1.4Z0.1,

where only trace amounts of ®’Ge and ®Cu contribute to the abundance of
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FIGURE 3.81: The abundance distributions of ®*Zn are shown, arranged as in figure 3.5. With metallicities of Z = 0, 0.014
and 0.1 from left to right, and the three categories of model - T1.4, S1.0 and MO0.8 - from top to bottom. from the M0.8 models,
only M0.8Z0.1 has even a trace production of 4Zn. Because of this, we omitted the M0.8 plots at lower metallicities.
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FIGURE 3.83: The abundance distributions of Zn are shown, arranged as in figure 3.5. With metallicities of Z = 0, 0.014
and 0.1 from left to right, and the three categories of model - T1.4, S1.0 and MO0.8 - from top to bottom. The M0.8 models do
not produce ’Zn and are therefore omitted.
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77n.

Production of %Zn, again occurs mainly at intermediate peak tempera-
tures from 5.2 to 7 GK. In the model T1.470, we see that there is a small con-
tribution to ®Zn from ®8As, with the bulk of material being synthesised as
8Se. 68Se production is reduced as the metallicity increases, leading to an
overall decrease in the ejected mass of ®®Zn and and increase in the %Ge to
68Ge ratio. In model T1.47Z0.1, ®8Se is no longer the most abundant isotope,
%8Ge has become more favorable to produce.

In the S1.0 models, we again note that the nucleosynthesis is similar, with
68Se being the most abundant isotope in the S1.0Z0 models, a decrease in the
production of %Se as the initial metallicity increases, and then production

becoming more reliant on %®Ge, with ®3Se as a trace isotope only at Z = 0.1.

3.2.22 Germanium

Germanium consists of five stable isotopes - 0Ge, 2Ge, *Ge, "*Ge and "°Ge.
Only 7YGe and 7?Ge are produced in any of our models and so we will restrict
our discussion to these isotopes. 7°Ge is and s only species, produced in the
pre-explosive massive stars of CCSN (Pignatari et al., 2016).

Figure 3.85 shows the production of germanium in the various categories
of model with respect to metallicity. While the M0.8 models do not produce
Ge, both the T1.4 and S1.0 models do produce trace amounts. 7>Ge con-
tributes less than 1% to elemental germanium in the T1.4 models, and less
still to the S1.0 models. It is also not overproduced with respect to solar
abundances and as such we will not discuss "2Ge further. We see that "°Ge
has a fairly strong secondary component, with an increase in ejected mass
of over an order of magnitude. This trend continues smoothly for the T1.4
models, however for the S1.0 models at Z = 0.1 we see a decrease in the total

ejected mass.



10° 4 10° 4 10° 4
—:- Ge 68 —:- Ge 68 —:- Ge 68
10-1 Se 68 101 Se 68 101 Se 68
—:= As 68 —:= As 68 —:= As 68
L —-- Zn68 L —-- Zn68 L —-- Zn68
10 —— Zn 68 decayed 10 —— Zn 68 decayed 10 —— Zn 68 decayed
1073 1073 1073
107* 107* 107*
10°° 1073 1073
10-° 10-° 10-°
1077 1077 1077
108 108 \ 108
I~
18 AN
10°° T 10°° T T T T T T T 10°° T
10 4 3 2 10 8 7 6 5 4 3 2 10 4 3 2
To(GK)
10° 4 10° 4 10° 4
—:- Ge 68 —:- Ge 68 —:- Ge 68
101 Se 68 101 Se 68 101 Se 68
—:= As 68 —:= As 68 —:= As 68
L —-- Zn68 L —-- Zn68 L —-- Zn68
10 —— Zn 68 decayed 10 —— Zn 68 decayed 10 —— Zn 68 decayed
1073 1073 1073
107* 107* 107*
1073 1073 10°°
10°° 10-° 10-°
1077 1077 1077
108 1078 1078
A,
10-° : 10-° . . - , : : . 10~ . . :
10 4 3 2 10 8 7 6 5 4 3 2 10 7 6 5 4 3 2
To(GK) To(GK)

yuswd[y Ag sisA[euy sppIX 7€

FIGURE 3.84: The abundance distributions of 8Zn are shown, arranged as in figure 3.5. With metallicities of Z = 0, 0.014
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not produce ’Zn and are therefore omitted.
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FIGURE 3.87: The ejected mass for the element Se and its stable

isotopes is shown for the model set T1.4 The elemental yields

take into account the radiogenic contribution. For isotopes, de-

cayed and undecayed abundances are shown (continuous lines

with crosses and dot-dashed lines with empty circles, respec-

tively). There is no production in either of the other two cate-
gories of model.

In figure 3.86, the production of 7’Ge in the T1.4 models is broadly consis-
tent through all metallicities, with a slight increase in production at tempera-

tures close to 6 GK as the initial metallicity increases. We see that production

in the 51.0 models is similar, for the peak temperatures it shares with T1.4.

3.2.23 Selenium

Although only produced in trace amounts in high metallicity Chandrasekhar
mass models, these models do show an overproduction of 74Se.

As we can see in figure 3.88, production of 7Se is limited in Type Ia SN.
It is almost completely absent in sub-Chandrasekhar mass models, and at
low metallicities the contribution to the ejecta is negligible. Even in models
T1.40.014 and T1.40.01, the abundance of 7#Se is small however the increase
in production between these models does mean that there is an overproduc-

tion of 7#Se in Chandrasekhar mass Type [aSN at high initial metallicity.
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3.2.24 All Yields Comparison

Finaly, figure 3.89 shows the logj( of the ejected mass of each isotope in each
of the three SNIa models. Metallicity is given on the y-axis, with the T1.4,
S1.0 and M0.8 models shown in the top, middle and bottom panels respec-
tively. It can be seen that production is broadly consistent between these
three classes of model, with a-chain ind iron group isotopes contributing the
largest fraction of the ejected mass. We also see clearly the effect of initiall
metallicity in, for example **Cr and *®Fe. Production of **Ni is exclusive to

the T1.4 model.



Townsley

3.2. Yields Analysis By Element

189

le-7

le-6 -

le-5

le-d -

le-3 -

2e-3 4

5e-3 —

le-2
l.4e-2 -

2e-2 —

5e-2 =

le-1 -

wn
-
mm0O0ZZ00O0 W

6 39
Ln
91N

v 3H
€ 3H

Shen

| 1 ARAIE L e

<t
|

(X)0Tho]

6

o
le-7

le-6 -

le-5 -

le-4 o

le-3 -

2e-3 4

5e-3 —

le-2 o
1l.4e-2 -

2e-2

5e-2 =

le-1 o

9 IN
29 IN
T91IN
09 IN
8G IN
65 0D
8534
LS 34
9634
s 3ad
SS NI
1R
€S YD
[AR" o}
0S ¥d
IS A
0S A
0SIL
6v 1L
8y IL
Ly IL
o IL
S¥ S
8v VO
El A e}
144
€V VO
[a 4 e}
o V2
X
ov M
6€ M
o ¥v
8€ YV
9€ ¥V
LETD
SED
9€ S
vE S
€€ S

— N M <N
[EEEh Rl G-
mmO0LUzzZ0O0O0ow

o
—

©o~o
S ouw
ooy

v 3H
€ 3H

~
el

Miles

o
le-7 -

le-6 -

le-5 -

le-4 H

le-3 -

2e-3

5e-3 =

le-2 -
l.4e-2 -

2e-2 o

5e-2 =

le-1 -

79 IN
29N
T9IN
09 IN
8GIN
65 0D
8634
JASEE]
96 34
G 3ad
SS NI
1)
€S YD
(AR o}
0S ¥d
S A
0S A
0S 1L
6v 1L
8y IL
Ly 1L
o IL
Sv OS
8v VO
9% VO
44
€V VO
v Yo
ov V2
A
or
6€ M
ot ¥v
8€ ¥V
9€ ¥V
LETD
SETD
9€ S
Ve S
€€ S
[
1€ d
oEls
6Z1IS
8zIs
Lz
9Z ONW
SZOW
vZ OnW
€T VYN
C¢Z3AN
TZ3AN

n o~ ®oO o
= A A AN
w
“z

~No oo NMmS
A

O w
mmmLUUZ2Z2000

©
3

v 3H
€ 3H

1sotopes

. Stable

ties

ici

This plot shows the ejected mass of each stable isotope for all three models, at all metalli

FIGURE 3.89

t metallicity trends are easily identified.

ican

f

ith signi

W1






191

Chapter 4

Literature Yields Comparison

“The pay’s not great, but the work is hard.”

Bernard Black, Black Books

In this section the results of the nucleosynthesis calculations are compared
with those of Townsley et al. (2016), Shen et al. (2018) and Miles et al., 2019,
in order to verify our results and highlight differences between the nuclear
physics setup of our post-processed models and the published results of T1.4,
51.0 and MO0.8. Agreement is good between the published works and these
models, and we therefore only discuss those abundances which vary by more
than a factor of 2. The appropriate metallicity model is used in each case that
best matches the benchmark conditions. We then compare these values with
other available yields in the literature, namely Nomoto and Leung (2018) and
Seitenzahl et al. (2013b) (T1.4), Sim et al. (2010) (S1.0, M0.8) and Gronow et al.
(2020) (M0.8).

4.1 Comparison with T1.470.014

In figure 4.1 we compare the T1.470.02 yields of our post-processing work
with the results of Townsley et al. (2016). The differences between the post-

processed yields and those from Townsley et al., 2016 can be attributed, in
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FIGURE 4.1: Decayed isotopic yields from Townsley et al. (2016)
are compared with this work (T1.4Z20.02). Townsley et al. (2016)
yields are denoted by circle markers.
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part, to the different treatment of initial metallicity between the two models.
We initalise each tracer particle with a uniform abundance of ?Ne. In the
calculations of Townsley et al. (2016), the particles have been post-processed
with metals added as scaled solar abundances. CNO material is included in
the model as ’Ne. This allows for unburnt seed nuclei in the outer layers to
contribute to the overall ejected masses of some heavier isotopes, which are
not produced during the SNIa explosion. Comparison with figures (for ex-
ample) 3.81 and 3.86 show that production of these elements is confined to a
peak in the range of peak temperatures 5-9 GK. Regions which reach only 3-4
GK are not hot enough to destroy the initial abundances of these isotopes.
The ejected yields therefore become sensitive to the pre-supernova nucle-
osynthesis, particularly in the outer layers of the WD. Battino et al. (2020)
find efficient production of p-nuclei at or above solar abundances. It is un-
likely that the true composition of the external layers matches precisely a
scaled solar distribution of abundances, or the simplified treatment of a con-
stant mass fraction of ??Ne. Variations in abundances of products from the
explosion, however, generally lie within a factor of two, with Cu, Zn, and Ge
being a factor of 4-5 under-produced as compared with the published values.
Ga is significantly lower due to a slightly increased production in the most
abundant iron group isotopes.

Figure 4.2 shows the published elemental yields of Townsley et al. (2016)
compared with our post-processed results. Inspection of the isotopic dis-
tribution in figure 4.2 shows that production in the post-processed model
follows that of the published model closely for a large number of isotopes.
The area of significant difference is at the upper end of the iron group, where
production in the published model is larger by an order of magnitude for
isotopes of Cu, Zn, and Ga. Other contributing factors include the choice of
reaction rate libraries, which is particularly impactful in the lower tempera-

ture region as rates are not in equilibrium here.
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FIGURE 4.2: Published elemental yields of Townsley et al.
(2016) (square markers) are compared with T1.470.02 (green
circles).
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FIGURE 4.3: W7 decayed elemental abundances from Nomoto

and Leung (2018) represented by the green line with circle

markers, compared with T1.470.014 (black line, square mark-
ers).
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The elemental abundances of T1.4Z0.02 are presented in figure 4.3 com-
pared with the results of the W7 models of Nomoto and Leung (2018), which
used the same 1D structure of the original W7 model with improved nuclear
physics. While there are some differences in the ejected masses of Cu, Mn, Ti
and the intermediate mass elements K, Cl, and P, we see that they are gener-
ally in good agreement, with ejected decayed abundances within a factor of
a few compared to the results of the T1.470.014 model. For the most abun-
dant isotopes, e.g. 28Si, 325, °Fe etc. the agreement is very good. There is,
however, a systematic under-production of the intermediate mass, odd Z el-
ements, as compared with the W7 model. We also see that W7 over-produces
Mn as compared with our post-processed results, by a factor of 2, as well as a
slightly reduced abundance of Fe leading to a larger [Mn/Fe]. The treatment
of the metallicity component of SNIa is the same in the Nomoto and Leung
(2018) case as we have implemented, i.e. the inclusion of a mass fraction of
22Ne in place of scaled solar abundances. We have compared models with
the same initial metallicity, using the solar metallicity abundances from this
work.

Nomoto and Leung (2018) identify the relative insensitivity of the Chan-
drasekhar mass SNIa yields to initial metallicity, due to the synthesis of neu-
tron rich isotopes in the hot NSE region. The sensitivity of the outer layers
of the WD on the initial metallicity is important, however, as we see a sig-
nificant metallicity dependence in the intermediate mass elemental yields as
discussed at length in chapter 3.

Figure 4.4 shows the same comparison between T1.470.014 and Seiten-
zahl et al. (2013b). Our post-processed [Mn/Fe] ratio is much closer to the
value reported in Seitenzahl et al. (2013b). We see here again the underpro-
duction of P, Cl, and K as compared with the reference models, along with an
overproduction of Cu of a factor of approximately 5, and Zn of over an order

of magnitude.
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FIGURE 4.4: Seitenzahl et al. (2013b) ejected elemental
abundances (green circles) compared with T1.4Z0.014 (black
squares).

Note that neither neither W7 nor Seitenzahl et al. (2013b) produces the
trace abundances of Ga and Ge reported in Townsley et al. (2016). The net-
work of Seitenzahl et al. (2013b) contains 384 isotopes, and so is at least as
complete as the Townsley et al. (2016) network. This discrepancy is there-
fore a consequence of the hydrodynamical modeling or the nuclear physics
inputs. Zn has a significant ejected mass and is produced in non-negligible
amounts; however, Ga is over 2 orders of magnitude less abundant than Zn,
and is unlikely to have a large effect on the abundances of the iron group
through leakage of material above the networks in W7 and Seitenzahl et al.
(2013b).

The [Cr/Mn] ratio for our post-processed models is closer to the value
of Seitenzahl et al. (2013b) than to that of the W7 results. Without further
study;, it is not possible to conclude whether this is due to the hydrodynami-

cal modeling or the differences in reaction networks. More complete burning
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throughout the T1.470.014 model is indicated by the significantly reduced

abundances of C and O.

4.2 Comparison with 51.0Z0.014

Figures 4.5 and 4.6 show the isotopic distribution of the Z = 0.014 metallicity
run 51.0Z0.014 compared with the literature value published in Shen et al.
(2018). While there are differences in the isotopic abundances shown in figure
4.5 - 2INe is under-produced by three orders of magnitude compared with
the Townsley et al. (2016) model, 2*Mg by a factor of 5 and Cu and Zn isotopes
by a factor of 2-3 - we see that the fit to all other isotopes is very close. The
comparison of elemental yields is also good, as seen in figure 4.6. As SNla
are not significant contributors to the GCE of Cu or Zn, the impact of these
differences is negligible.

The mass grid for the models of Sim et al. (2010) is much finer than that of
our current study. Initial WD masses of 1.15, 1.06, 0.97 and 0.88 are provided,
with an initial composition of pure C/O, as well as a C/O/Ne model for the
1.06M. Our closest model in this investigation is S1.0, with a total integrated
mass of 1 M, which we will compare with the 0.97 M, of Sim et al., 2010.

Comparing the post-processed S1.0Z0 data with that of the Sim et al.
(2010) 0.97M¢ model (figure 4.7), we see there are some significant differ-
ences in the abundances of some elements. The ejected masses of Si, S, Cl,
Ar, K, Ca, Sc, Ti, V, Cr, Mn and Fe are within a factor of 2 for these two runs,
Fe being the most abundant ejected element. Ne, Na, Mg and Al are within a
factor of 5 whilst Co, Ni, Cu and Zn differ by more than a factor of 10. Many
of the iron group elements are under-produced in the Sim et al. (2010) mod-
els as compared with 51.0Z0.1. Data for the detailed nucleosynthetic yields
of the Sim models was taken from the HESMA archive. The difference in

the ejecta may be due to a number of parameters - the nuclear network or
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FIGURE 4.5: Isotopic yields for models 51.020.014 and Shen

et al., 2018 (published and post-processed yields). Published

yields are denoted by circle markers, the 51.020.014 by square
markers.
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FIGURE 4.6: (Shen et al., 2018) yields (black squares) com-
pared with 51.0Z0.014 (green circles). Decayed ejected elemen-
tal abundances are shown for both models.
the treatment of the explosion, to name two. It is not the goal of this present
work to identify all of the possible causes of differences between these mod-
els, however - only to highlight that significant variation is present in the
ejected masses of these elements.

The models of Sim et al. (2010) are axisymmetric, one-dimensional (due
to the initial spherical symmetry being preserved throughout the explosion)
pure detonation models with central detonations.

Further comparison for the 1.0 M against model Leung and Nomoto
(2020) 1.056M¢;, SNIa are shown in figure 4.8. This model more closely resem-
bles 51.0Z0.014, being a double detonation. C,N, O, E, Si, S, Ar, V, Cr, Fe and
Co are all within a factor of 2 between the two models. The iron group dis-
tribution matches more closely, although the production of Mn and V in the
Shen et al. (2018) post-processed model is decreased by a factor of around 10.

The detonation mechanism therefore significantly influences the distribution
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FIGURE 4.9: 51.0Z0.0 ejected elemental abundances compared
with Gronow et al. (2020) data.

and ejected yields of the SNIa explosion, both in the iron group region and
the intermediate mass elements.

Comparison (Gronow et al., 2020) in figure 4.9 shows good agreement
between the S1.0Z0 model and the selected 1.05 My model. While there are
some differences in the heavier regions of the iron group and in vanadium,
the trends match closely.

We also compare with the work of Leung and Nomoto (2020), using their
benchmark model. Significant differences in the abundances of Ti and V are
observed, with this post-processed work being a factor of 5 under-produced
compared to Leung and Nomoto (2020). A factor of 2 overproduction of the
much more abundant Ca accounts for many of the differences. We again see
higher production of even Z intermediate mass elements, and a reduction
in the ejected mass of odd Z intermediate mass elements as compared with

Leung and Nomoto (2020).
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4.3 MO0.8 Comparison

The work of Miles et al. (2019) consists of a white dwarf of 0.8 M, with a
central density of 1.05x107 gcm 3, also centrally detonated. Figures 4.10 and
4.11 show the isotopic and elemental ejected yields of the M0.820.014 model
compared with the results of Miles et al. (2019). 4.10 shows that there is good
agreement between the two models, with discrepancies generally less than
a factor of two. The only exceptions to this are for 2'Ne and Mg in the in-
termediate mass range, and 58Fe, ¥Co and the neutron-rich nickel isotopes,
where we see a drop in production, as well as in Cu and Zn which are not
produced in the M0.8Z0.014 yields. The reduction in more neutron-rich prod-
ucts is a result of the weak interaction rates used where as the discrepency in
the production of the heavier nickel isotopes is likely due to unburnt nickel
in this low mass model. Figure 4.11 shows the good agreement with Miles
et al. (2019), in all but the highest Z elements.

Comparison with the results of Sim et al. (2010) reveals more complete
burning in the M0.8Z0.014 model. The slight reduction in the abundance of
C and O results in some non-negligible differences in the intermediate and
iron-group regions; however, the yields are similar to within a factor of 3 in
all circumstances.

Our 0.8 Mg, is predicted to be undetectable observationally due to the
small mass of °Ni produced. Sim et al. (2010) show that their lowest mass
progenitor is the limit of observable production of *°Ni - ejecting a total mass
of 0.07Mg,. Their 0.81 M, model, ejecting a total of 0.01Mg of *Ni, is not
described in their paper due to the absence of a possible observational coun-
terpart. Our 0.8 Mg, at zero metallicity produces 0.048 M, of *°Ni, close to

the observable limit of the 0.88 M. model.
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4.4 Summary

This chapter has served two main purposes - firstly, it verifies the results of
this post processing against the published yields of the parent models. In
this way it has been shown that the results are consistent with those models,
with some key differences arising from the choice of nuclear reaction network
and initial abundances. This informs future investigations into the nuclear
physics uncertainties of SNIa. Secondly, it gives a reference for the position
of these yields as measured against the wider literature. Again we see that
these models follow closely the yields of other groups, speaking to the rel-
ative insensitivity of SNla yields to hydrodynamical modeling parameters
(although clearly there are some effects which differentiate these models).
Another outcome of this chapter is to highlight the degeneracy seen in the
elemental abundances of different models, and the need for, if at all practical,

isotopic tracers of SNIa progenitor parameters.
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Chapter 5

Diagnostics of SNIa

Nucleosynthesis

“It's the only bang you're ever gonna get, sweetheart!”

Bernadette, The Adventures of Priscilla, Queen of the Desert

5.1 Elemental and Isotopic Ratios

The relative production of elements and isotopes allows us to probe the rel-
ative contributions from different burning sites within the ejecta of SNIa ex-
plosions. In this section, we discuss a list of the elemental and isotopic ratios
for the T1.4, S1.0 and M0.8 models which show the most significant differ-
ence in production. These abundance ratios may be used as diagnostics to
assess the relative contributions of different SNla progenitors to the solar
abundances, in those cases where the relative GCE contribution of SNIa are
relevant compared to other stellar sources. In particular, the comparison with
solar abundances of isotopic yields is crucial, and the determination of the
proportion of that solar material which originates from SNIa is also neces-

sary to constrain these results.
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We also discuss isotopic ratios relevant to pre-solar grain investigations
(e.g. Zinner, 2014). These data are collected through mass spectrometry of
presolar grains recovered from meteorites as described in chapter 1. Al-
though presently there is no specific type of presolar grain unambiguously
identified as being produced in SNIa, it cannot be excluded that some grains
may have condensed in SNIa ejecta. In order to do this, the same isotopic
plots as above were made for Si, S, Ca, Ti, Cr, Fe and Ni. A selection of these
plots is presented in this chapter.

This next section presents the results for elemental ratios, focusing on the
analysis of elements which are efficiently produced in a SNIa explosion and

which have a measurable impact on GCE.

5.1.1 Three-Element Plots

In figure 5.1, the elemental ratio of S/Fe is shown vs Si/Fe for the T1.4, S1.0
and MO0.8 models in blue, orange and green respectively, along with the re-
sults of Seitenzahl et al. (2013b) and Sim et al. (2010). The Seitenzahl et al.
(2013b) models have been chosen as they closely match the physics of the
T1.4 models, the same is true of the Sim et al. (2010) and the S1.0 models. We
do not show all of the models from these publications, only those with initial
metallicity comparable with the work presented here.

In figure 5.1 we see a strong inverse correlation between the progenitor
mass and the production of S and Si in SNIa explosions. This is due to the
less complete burning experienced in lower mass models, where a large pro-
portion of the final products of the explosion are in the intermediate mass
element range. We see a strong dependency on the metallicity of the progen-
itor, especially at super-solar metallicities.

The [S/Fe] and [Si/Fe] ratios both show a factor of 3 difference between
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FIGURE 5.1: Elemental ratio plot [Si/Fe] and [S/Fe]. The blue
circle line corresponds to the T1.4 model, the orange to the S1.0
and the green to the M0.8. Black circles on the datapoints indi-
cated the position of the Z = 0 and Z = 0.014 to show the metal-
licity trends within a model. For comparison, the models of
Sim et al. (2010) ((purple triangles) and Seitenzahl et al. (2013b)
(red triangles). Ratios are shown normalised to the solar values,
shown by the large yellow circle.
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FIGURE 5.2: As figure 5.1, but for the ratios [Ti/Fe] and
[Ca/Fe].

the T1.4 and 51.0 models, with a very low scatter in the values across metal-
licities. This is due to the production of Fe being confined to the high den-
sity, high temperature inner regions of these models, ensuring that the effect
of the initial composition of the WD is diminished due to the electron cap-
ture rates in these dense regions. S and Si are also insensitive to the initial
metallicity in these models, as they are produced in the explosive Si-burning
like region which enters NSE. In the lower mass M0.8 model, these extreme
conditions are not encountered and, not only does the ratio [Si/Fe] increase
dramatically because of the smaller iron producing region as a proportion of
the total model, the scatter is larger due to the cooler and less dense burning
conditions.

This metallicity dependence is more pronounced in the Ca/Fe ratio shown
in 5.2. Here we do not see a clear distinction between the T1.4 and S1.0

models, although there is some separation in [Ca/Fe] and to a lesser extent
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FIGURE 5.3: As figure 5.1, but for the ratios [Mn/Fe] and
[Co/Fe].

[Ti/Fe] in the Z > Z models. The relatively shallow metallicity dependence
observed for elemental Ca in chapter 3 for models T1.4 and S1.0 result in a
factor of 4 spread in the Ca/Fe ratio, almost all of which occurs at super-
solar metallicities. M0.8 shows a stronger metallicity dependence in its cal-
cium yields, and therefore has a larger spread of a factor of around 8.The
Ca/Fe and Ti/Fe elemental ratios are not sufficient to distinguish models of
1 Mg and Chandrasekhar mass models, even with a strong constraint on the
metallicity.

Figure 5.3 shows the three element plots for Mn/Fe and Co/Fe. We see
that there is a large spread in Mn/Fe for the Z = 0 case, with nearly an order of
magnitude between the T1.4Z0 and M0.8Z0 models, and more for the S1.0Z0.
This is consistent with the work of e.g. Seitenzahl et al. (2013a), Eitner et al.
(2020), Kobayashi, Leung, and Nomoto (2020). When the initial metallicity

is increased, we see that the Mn/Fe ratio changes significantly. This is due
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to the strong secondary production of >Mn in the oxygen burning region of
the SNIa ejecta, which leads to a strong metallicity dependence in all classes
of model, but particularly in the lower mass models, as these do not contain
the >Mn rich inner layers of the T1.4 set. As shown in chapter 3, there is an
increase in the 51.0 and M0.8 models of over 2 orders of magnitude, starting
at Z = 0.0001. This leads to the three classes of model having similar Mn/Fe
ratios at solar metallicities, with the 51.0Z0.014 model being around a fac-
tor of 2 lower and the M0.8Z0.014 model being a factor of 3 higher. Initial
composition is therefore key in determining the Mn/Fe ratio of a given SNla
explosion and its possible progenitor. Ejected masses of *>Mn for the three
models at solar metallicity are: 7.61x1073 M, for T1.470.014, 3.48x10~3 M,
for 51.0Z0.014 and 1.17x10~3 M, for M0.8Z0.014, and so the absolute yield of
Chandrasekhar mass models is larger in all cases, however the Mn/Fe ratio
may differ depending on initial metallicity.

Elemental ratios for the three models are generally within an order of
magnitude of the solar value. Significantly larger shifts are observed in the

isotopic ratio plots.

5.1.2 Isotopic Plots

In this section we present a selection from the 100 largest production factor
ratio shifts between our models T1.470.014 and 51.020.014. These two mod-
els were selected as the T1.4 is the example of a Chandrasekhar mass model
investigated in this work, and the S1.0 model as it has a larger production of
the iron group isotopes. We use the models at solar metallicity, as the ejected
abundances for most isotopes do not vary significantly below this value, and

super-solar metallicity progenitor systems are expected to be less numerous.
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The production factor ratio shift is calculated by first producing all possi-
ble combinations of X;/X; vs Y, /Y, for uniquei, j, k and I, where X; is the pro-
duction factor of isotope i. This is done for both T1.470.014 and S1.0Z0.014,
after which the difference in production factors is found between models. We
find the shift between each pair of unique 4-isotope ratios, r, where r is given

by the equation:

r=(AX? 4+ AY?)1/2

where AX and AY are the shift in the value of X;/X; or Y /Y, between the
T1.470.014 or S0.014 models and the solar X;/ X]-.

We select for the maximum shift to identify those isotopes most sensitive
to the changing model parameters. A selection of 5 isotopic ratios are shown
in table 5.1. These are the those isotopes with a significant GCE contribution

from SNIa and the largest shift between the T1.4 and S1.0 models.

TABLE 5.1: Table showing largest isotopic ratio shifts with pros
and cons of each.

Ratio Strengths Limitations

*Ca /*Ca No strong reliance on | Small dynamic range
metallicity

0Ti / 48Ti Large difference between | Strong dep. on metallicity

models at all metallicities; | in S1.0, M0.8
T1.4 close to solar

models at all metallicities; | in S1.0, M0.8
T1.4 close to solar

models at all metallicities; | in S1.0, M0.8
T1.4 close to solar
64Ni / *8Ni Large difference between | Low abundances
models at all metallicities

Cr / 2Cr Large difference between | Strong dep. on metallicity

8Fe / “0Fe Large difference between | Strong dep. on metallicity

This is only a small number of the combinations investigated. Reduction
of the parameter space through eliminating those isotopes without large so-

lar contributions from SNIa increases the predictive power of this technique.
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This has been achieved by selecting only those isotopes which are produced
above a threshold value in all models (1077 Mg, ejected) and excluding iso-
topes known to have little to no contribution from SNIa events (C,N,O mate-
rial excluding e.g. 160, 1F, ¥ Ar).

From these plots, we can identify three main criteria for the presence of a

‘good’ diagnostic tool for the progenitors of SNIa:

1. Significant production in the high density, high temperature region of
the T1.4 model set.

2. A large absolute production of that isotope

3. Low production in the intermediate peak temperature region in the S1.0

and M0.8 models

We exclude C, N and O isotopes (other than ®O) from our analysis as the
contribution from SNIa to the abundances of these isotopes is known to be
small (Woosley, Heger, and Weaver, 2002). 160 is included as a tracer for
unburnt regions of the star. We also exclude elements with Z < 6 and Z > 33,
as these are the limits of production in the SNla explosions as seen in chapter
3. In addition to this, we use an algorithmic approach to select those isotopes
which cause the largest shift between the T1.470.014 and 51.0Z0.014 values,
by taking the logarithmic difference from the solar value (i.e. the largest shift
in production factor between these two models normalised to solar).

We note, due to the large shift in isotopic ratios for many of these models,
particularly in the S1.0 and MO0.8 sets, a more careful implementation of the
initial metallicity is likely to be needed to capture the detailed nucleosynthe-
sis in these events. It is encouraging, however, to observe that many of the
potential isotopic shifts distinguishing the models are insensitive to the ini-
tial metallicity conditions. Whilst the scatter in data is large, the data from

various models often does not overlap in any way.
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We compare our results with models from Sim et al. (2010) at Z = 0 and

Seitenzahl et al. (2013b) at Z = Z,.

5.1.3 Local Isotopic Ratios

In isotopic presolar grain analysis, isotopic ratios are a key tool in determin-
ing the properties of the stars which formed the grains. Unlike isotopic abun-
dances across different elements, the chemistry of the isotopes is the same,
and chemical fractionation is not relevant. This simplifies analysis and re-
moves potential sources of uncertainty.

Certain elements are more appropriate for isotopic grain analysis because
of chemical properties. To this end, we have selected a number of elements
where data are available from isotopic grain analysis. These are: Si, S, Ca,
Ti, Cr, Ni and Fe. These have also been selected because of their large abun-
dances in SNIa ejecta. We look here at the isotopic abundance ratios for these
7 elements, normalising to the most abundant isotope for each. Currently,
there are no grains unambiguously identified as originating in SNIa ejecta.
Also, due to the formation mechanism of presolar grains, it is not clear if
they are able to form directly from the ejecta or if mixing with other material
may occur before they condense.

In figure 5.4 the three-isotope plot of Si isotopes is shown. The models are
practically indistinguishable for these isotopes; however, the strong metallic-
ity dependence of these ratios may provide a reference for determining the
initial composition of the progenitor, especially given the strong dependence
in both #Si/?8Si and 3°Si/*Si.

Figure 5.5 shows the local isotopic ratio for 34S/%2Si vs 33Si/32Si. We see
that this presents a poor diagnostic as the ratios across all metallicities are
very close, particularly between T1.4 and S1.0. There is some spread at low

metallicity in the low-Z models, but as the Chandrasekhar mass model lies
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between the sub-Chandrasekhar mass models, this is also of little practical
use. We see a similar distribution in figure 5.6. We can conclude that as S
yields are similar between the three classes of model, they cannot be used to
identify the SNIa progenitor.

#3Cais a potential tracer of the progenitor mass of SNIa explosions. Figure
5.8 shows a consistently higher *Ca/4Ca ratio for the T1.4 model compared
to the sub-Chandrasekhar mass models. This is complicated, however, by
the metallicity dependence of the yields, as a solar metallicity S1.0 model
could be mistaken for a sub solar T1.4 model. The same plot for #*Ca shows
good separation between the three models (figure 5.8.) however as the ratio
of #Ca/ %°Ca is small compared to solar the contribution from SNIa to the
#Ca budget of the sun is small. It is therefore difficult to disentangle the
contribution of SNIa from other sources, each of which will have its own

uncertainties and suite of possible literature yields. This is a difficulty in the
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#Ca, and in any diagnostic where at least one of the models investigated is
not close to the solar value. Even in the case where one model is close to
solar, it is possible that a large contribution from other sources could mask
any information on the progenitors of SNIa. In this case, single sorce pre-
solar grains are the only viable option for probing a particular isotopic ration,
provided that such grains exist.

Figures 5.9 and 5.10 are very similar, and both present a potential useful
ratio. We note the very large difference at low metallicity between the sub
and Chandrasekhar models. Only in the super-solar models we see a signif-
icant narrowing of the spread of data. Even so, there is still a significant and
measurable difference between the models for both isotopes, at least up to Z
=Zo.

We see some separation in the ratios for 4’ Ti/#Ti, approximately a factor

of 5 at most metallicities in figure 5.11. There is very large range in 4°Ti/#Ti



5.1. Elemental and Isotopic Ratios

221

Ti49/Ti48

Ti50/Ti48

¥ Sim 2010

V Seitenzahl 2013
| —e— T1.4
—o— S1.0
10° 1+ —e— Mo0.8

101 4
\ 4
\ 4
10_2_ T T T """'Iv 'v'"""l T L T T T
1074 1073 1072 1071 100 10?
Ti46/Ti48
FIGURE 5.12: Local isotopic ratio diagnostic plot for 4’ Ti
1 ]
10 v ‘
10—1 . o-o = .
‘ v
10—3 u
ﬁ.'ﬂ/
107> A -
V¥V Sim 2010
. V Seitenzahl 2013
10717 —o— 114
—0— S1.0
107° {1 —e— M0.8
10—11 u
10—13 u
\ 4
10715 + \ 4
1074 1073 1072 1071 10° 10t
Ti46/Ti48

FIGURE 5.13: Local isotopic ratio diagnostic plot for *°Ti



222 Chapter 5. Diagnostics of SNIa Nucleosynthesis

for the M0.8 models, with a smaller spread for S1.0. 46Ti/®Ti is therefore a
poor tracer of the progenitor mass. *’Ti/#*Ti is useful, particularly at lower
metallicities.

Ti (figure 5.12) is of little to no use as a diagnostic tool. *°Ti/**Ti presents
one of the best diagnostic ratios so far, with figure 5.13 showing a large differ-
ence between the sub- and Chandrasekhar mass models. This is unsurprising
given the previous 4 isotope plots we have shown; however, it is encourag-
ing to see that the local ratios for *’Ti are also very distinct for the different
progenitor masses.

A further consideration in using isotopic ratios as a tracer of the progen-
itor mass which is not addressed in this work is the contribution from the
accreted helium shell in the sub-Chandrasekhar mass models. As noted in,
e.g., Polin, Nugent, and Kasen (2021), there is significant production of ra-
dioactive isotopes in the helium ashes which can be obsered in the late time
lightcurve of SNIa. *Ti is the product of one such decay, from radioactive
#8BCr and ®V. While Townsley et al. (2019) find that there is only a small pro-
duction of *Cr in their thin shell simlations, the mass of the helium shell
in those runs is on the order of 0.01 My, in simulations with larger helium
shell masses production can be significant. This would imporve the predic-
tive power of some of the ratios presented here, as the spread between the
T1.4 and S0.8 models would be increase by the increased production of “8Ti.

Figures 5.14 and 5.15 show the isotopic ratios for Cr. Both *>Cr/>*Cr and
0Cr/%2Cr are poor tracers of progenitor mass, as there is no clear separation
between models. At metallicity Z = 0, there is some distinction in *°Cr/>>Cr
however this is highly sensitive to the initial composition and the S1.0 and
MO0.8 models quickly become indistinguishable from the T1.4 set.

%4Cr/°2Cr appears to be a strong constraint on progenitor mass, however.
Although there is a strong metallicity dependence in the S1.0 and M0.8 mod-

els, T1.4 is consistently around the solar value for **Cr/>’Cr. We see the
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models of Seitenzahl et al. (2013b) lie intermediate between our post pro-
cessed S1.0 and T1.4 results, with their N100H model being slightly super
solar and a closer fit to T1.4 than the others they present.

As with the titanium ratios, °>Cr can be produced in significant amounts
in the helium shell as radioactive **Fe. This is not included in this work and
would increase the separation between the sub- and Chandrasekhar mass
models.

Figures 5.16 and 5.17 show the local isotopic ratios for the stable iron iso-
topes. In figure 5.16 we see that the T1.4 and S1.0 models are quite close for
most of the metallicity range investigated. While at Z = 0, there is a clear
distinction between T1.470 and the two sub-Chandrasekhar models. While
there is some overlap in the **Fe/*Fe ratio between the Chandrasekhar and
sub-Chandrasekar models, this occurs only at super solar metallicity. These

progenitors will constitue a small fraction of the total SNIa progenitors and
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therefore the >*Fe /*°Fe ratio may be seen as a tool in distinguishing the pro-
genitor mass. As **Fe has the potentia to be observed in late time SNIa spec-
tra, this presents a way of determining the isotopic distribution of the ejecta
of the observed SN.

Without an independent verification of the initial metallicity of the SNIa
explosion, neither °”Fe/>°Fe nor **Fe/>0Fe is a useful diagnostic.

The %8Fe/%¢Fe ratio, however, is a good tracer of progenitor mass, with
a large separation between the sub- and Chandrasekhar-mass models across
all metallicities. With over two orders of magnitude difference, the 58Fe /%°Fe
is a useful diagnostic tool for the initial progenitor mass and the T1.4 results
are insensitive to initial metallicity.

In figures 5.18, 5.19 and 5.20 the local ratios for Ni are shown. Figure
5.18 shows the ®'Ni/>®Ni vs ®*Ni/>®Ni ratio which is unsuitable as a tracer

of progenitor mass when a range of metallicities is considered. In the Z =0
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models, there is a clear distribution of models, with 51.0 being super-solar
in %°Ni/°®Ni, T1.4 being nearly solar and M0.8 being sub-solar. Due to the
strong metallicity dependence of ®Ni in the S1.0 and M0.8 models, where we
see an increase of two orders of magnitude in production, compared to the
factor of 3 reduction in the T1.4 models, the lower mass progenitors change
the ®*Ni/*Ni ratio dramatically. This causes the T1.4 and S1.0 models to
overlap significantly at Z > Z,. A similar trend is seen in the %°Ni/>®Ni ratio
at super-solar metallicities. Again, for figure 5.19, the 42Ni/®Ni ratio is un-
suitable for determining the progenitor mass. In this example the difficulties
span the whole metallicity range of the models investigated.

Figure 5.20 shows the ®*Ni/>Ni ratio for our three classes of model. In
this plot we see that there is a large difference in the sub- and Chandrasekhar

mass models with respect to this ratio however the T1.4 model is over three
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orders of magnitude lower than the solar value. This cannot therefore con-
tribute significantly to solar abundances of ®Ni.

In summary, the local isotopic ratios which may provide information on
the progenitor mass, regardless of initial metallicity, are: #Ca/%0Ca; 0T /48Tj;
%4Cr/52Cr; *8Fe/>°Fe and **Ni/*®Ni. Other isotopes may be possible tracers
if the initial metallicity can be constrained. Inclusion of the helium ashes
in a model with a thick accreted helium layer may cause an increase in the
abundance of #Ca in the sub-Chandrasekhar models as **Ca is produced in
this helium latyer, however further studies including this accreted layer are
necessary to confirm this.

The key isotopes with the largest difference between the T1.4Z0.014 and

51.0Z0.014 models are now presented.

36 Ar Vs 20T

The 3 Ar Vs °Ti production factor ratio shows a large separation between the
Chandrasekhar and sub-Chandrasekhar mass models (T1.4, S1.0 and M0.8)
(5.21) of over 7 orders of magnitude. This is largely due to the 5 order of mag-
nitude difference in the production of °°Ti between the models T1.4Z0.014,
S$1.0Z0.014 and M0.8Z0.014 - 36Ar is here only a refrence point and does not
highlight any particular physical diference between the models. This large
difference in production arises due to the absence of the high density, high
temperature inner regions of the S1.0 model. In S1.0 and M0.8 only secondary
production of *°Ti is observed, in the low temperature outer regions. We see
in figure 5.21 that the secondary production of *°Ti has a significant effect on
the isotopic ratio 3 Ar Vs 2°Ti, as the production of >°Ti is highly metallicity
dependent in the sub-Chandrasekhar mass models. The scatter in the ratios
associated with T1.4 are much smaller, as the bulk of °°Ti in these is primary.
The models of Seitenzahl et al. (2013b) lie intermediate between the sub and

Chandrasekhar mass models, whereas the models of Sim et al. (2010) are to



5.1. Elemental and Isotopic Ratios 229

v
vWe
109 - v
107 A
-o— T1.4
% S S1.0
< 10° 1 —e— M0.8
g ¥ Sim 2010
V¥V Seitenzahl 2013
103 i

10% - wT
o—oc*':-r‘.

1072 10° 10? 104 108 108 1010 1012
Ar38/Ti50

FIGURE 5.21: Example diagnostic plot showing the large
spread in isotopic ratios between T1.4 and S1.0 in both
38 Ar/%0Ti and 51V /%8Fe.
be found at the low metallicity end of the sub-Chandrasekhar mass SNIa
models. This suggests that the production of Ti is a strong constraint on the
progenitor of SNla, providing that accurate contributions from SNIa sources
can be verified for the solar value.

Here *8Fe has a similar dependence on progenitor mass, with production
in the T1.470.014 model being over 5 orders of magnitude larger than in the
51.470.01 model. We see a large production in the densest, hottest regions
of the model, with production in the sub-Chandrasekhar mass models only
occurring due to metallicity effects. °®Fe is dominated in the T1.4 models by
the hot contribution above 7.5 GK.

Some isotopes provide a potential constraint if the initial metallicity of
the progenitor is known. An example of this is given in figure 5.22 where,

due to the low scatter of the T1.4 with respect to metallicity, and the high
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scatter in the S1.0 and M0.8 models, a clear distinction between sub- and
Chandrasekhar mass progenitors can be drawn. As initial metallicity ap-
proaches super solar values, however, the models converge on a near solar
value for #'K/>V. A good understanding of the physical constraints on pro-
genitor metallicity would potentially allow the use of a wider range of iso-
topic ratios as diagnostic tools.

One model in particular from Seitenzahl et al. (2013b), the N100H model,
consistently matches the T1.4 models much more closely than their other
models, including their recommended N100 model. Indeed, Seitenzahl et
al. (2013b) cite the overproduction of **Cr in these models (a factor of 1000
larger than solar) as evidence for the relative rarity of these high density ex-
plosions (ocent = 5.5 x 10%). Seitenzahl et al. (2013b) identifies **Cr, >Fe and
64Ni as the most sensitive to neutronisation in the central regions of the SNIa
explosion, all of which are shown in this present work to also be highly sen-
sitive to the central density (see the local isotopic ratio plots). We therefore
argue they are a good indicator of progenitor mass if we accept the yields of
T1.4. In addition to the isotopes identified by Seitenzahl et al. (2013b), we
also see a strong dependence on the central density in the production of *°Ti.
In addition to this, we also identify ®*Ni as being a strong tracer of progenitor
mass, where no secondary production is observed in the lower mass models.
If these results do not belong to rare SN events, as suggested, the high density
region is the defining characteristic of the Chandrasekhar mass model.

Figure 5.23 shows an example of another plot with large separations be-
tween the sub- and Chandrasekhar mass models. Here the isotopes are **Fe
and **Cl which show a difference of over 4 orders of magnitude at solar

metallicity.
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FIGURE 5.22: Example diagnostic plot showing the large
spread in isotopic ratios between T1.4 and S1.0 in both
38 Ar/%0Ti and 'V /%8Fe.
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FIGURE 5.23: Example diagnostic plot showing the large
spread in isotopic ratios between T1.4 and S1.0 in both
38 Ar/%0Ti and 51V /%8Fe.
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5.1.4 Further Isotopic Ratios

Some isotopes produced in the T1.4 models are not produced in the S1.0 or
MO0.8 models.

%4Ni would also be an indicator of sub- to Chandrasekhar-mass progeni-
tors. However, since there is no production of #*Ni in any of the lower mass
models above trace amounts, the data cannot be represented as it has been,
for instance, °Ti. Similar effects for a range of isotopes can be seen in the Z=0
models. Travaglio, Hillebrandt, and Reinecke (2005) and Bravo et al. (2010)
give realistic ranges of initial metallicity ranging from 0.1 - 3Z; and Z =107
- 0.1 respectively. These ranges are close to the metallicity range covered in
this work, and results in low metallicity models can be seen to be roughly

similar throughout these plots.

5.1.5 Summary

In this section we have identified a numbver of potential isotopic tracers of
SNIa progenitor mass.

We note that there are some significant limitations in the application of
this work. For isotopes with small contributions from SNiIa to solar system
abundances, accurate contributions from all other sources are necessary in
order for this work to have predictive power. The exact contribution from
SNIa necessary for the progenitor to be well constrained varies by isotope,
by the relative difference between sub- and Chandrasekhar mass models,
and by the accuracy of the contributions from other sources. As such, it is
impossible in the scope of this work to accurately determine a threshold for
the contribution from SNIa however it is likely to require at least 30-40% con-
tribution for most isotopes. Certainly, a contribution of lest than 10% would
require very tight constraints on contributions from other sources and a large

difference in the sub- and Chandrasekhar mass models.
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Some of the isotopic ratios identified here may be strengthened as trac-
ers of SNIa progenitor mass with the inclusion of a thick helium shell, as the
production of some key radioactive nuclei - ?Fe and “8Cr being two - are in-
creased due to production in this helium shell. Full modeling of a thick shell
is therefore vital to determine the strongest constrains on SNIa progenitor

mass.
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Chapter 6

Conclusions

“It is a tale told by an idiot, full of sound and fury”

William Shakespeare, Macbeth

6.1 Conclusions

In this work, 39 models of SNIa explosions have been post processed. They
cover a mass range of 1.4 - 0.8 M, with metallicities from Z = 0 to Z = 0.1.
From this, a set of metallicity dependent nucleosynthetic yields for Chan-
drasekhar and sub-Chandrasekhar mass SNIa explosions has been produced,
with consistent nuclear physics between the classes of model. These have
been analysed, benchmarking the results against both the previously pub-
lished yields of the three parent models, and against literature yields from a
variety of research groups. The yields are then analysed to identify isotopic
ratios which may provide a method of discriminating between SNIa progen-
itor masses.

The abundances from our models are consistent with published work and
provide a suite of metallicity dependent yields with consistent nuclear reac-
tion network over a range of masses and metallicities. These are crucial for

applications in GCE investigations.
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We identify the main burning regimes and the products of these, and cat-

egorise them broadly into three regions:

e A high temperature region above approximately 7 GK, present only in
the Chandrasekhar mass models, where the isotopic yields are insen-
sitive to the initial chemical composition of the WD, due to the large
electron capture cross sections at high densities. Iron group isotopes

are synthesised under these conditions during the freeze out from NSE.

¢ An intermediate temperature region present in the 1.4 M, 1.0 M and
0.8 M models, between approximately 4 and 6.5 GK, although in the
0.8 M model the maximum peak temperature does not reach the up-
per limit of this range. In this region initial metallicity changes the iso-
topic distribution of the ejecta. This component produces a mixture of

iron group and intermediate mass isotopes.

e A cooler outer component, with maximum peak temperatures lower
than 4 GK. There is a strong metallicity effect in this component, which
is similar between the three classes of model. Production is centered on
intermediate mass elements between Mg and the beginning of the iron

group. Conditions are similar between the three categories of model.

Due to the absence of the high temperature region from the sub-Chandrasekhar
models, and the lower production of iron group isotopes in the cooler re-
gions, there are a number of isotopes which are potential tracers of progenitor
mass in the iron group. *Ni is produced predominantly in this hot compo-
nent, with only a small contribution in the cool region at high metallicities,
and a small contribution in the intermediate temperature region (absent from
the M0.8 models). This presents a strong constraint on the mass of the pro-
genitor at all metallicities, in contrast with the broad production of *°Mn at

higher metallicities. Similarly, 'Ni presents a reasonable constraint on the
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mass of the progenitor. We identify a number of isotopes, made predomi-
nantly in the 7 - 9 GK peak temperature region unique to the Mcj,,,s explo-
sion model. These are: °9Ti, >*Cr, *Fe, ®*Ni and °!V. Additionally, there is a
strong dependence on the ratio of intermediate mass isotopes with respect to
the iron group production, with 3Ar showing a large difference in produc-
tion between the sub and Chandrasekhar mass models.

Isotopic ratios therefore present a valuable method of identifying SNIa
progenitor, however the practicalities of investigating these may be impos-
sible with current experimental methods. A discussion of the difficulties of

using isotopic ratios is presented in the Possible Future Work section below.

6.1.1 Possible Future Work

The application of these results to GCE codes provides the opportunity to
assess the impact of these new sets of yields compared with previous it-
erations. Correct initial abundances, particularly in the outer layers of the
progenitor WD, may significantly impact the production of the intermedi-
ate mass isotopes and their relative abundances. Investigation into this and
subsequent post-processing with consistent reaction networks provides an
important test of these results. The inclusion of an accreted helium layer
on the surface of the WD introduces the possibility of s-process nucleosyn-
thesis during the helium detonation of the double detonation models. After
the passage of the shock wave during the carbon detonation, these s-process
seeds are destroyed, and may contribute to the production of p-nuclei such as
92Mo through 7,p reactions. Future work expanding on these models should
included fully realised hydrodynamic models of the accretion phase, prefer-
ably in 3 dimensions, in order to capture this production. Similar work has
been undertaken in, for example, Travaglio et al. (2004) and should be inves-

tigated here to further validate these yields.
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We note that the specific abundances of ejected material may depend sen-
sitively on the initial composition and its stratification in the outer layers of
the progenitor WD. Also in these outer layers, temperatures are such that
reaction rates may influence the abundances of products more significantly
than in the hot NSE or quasi-NSE burning regions in the center of the WD.
Because of these considerations further work investigating the effect of seed
nuclei on the ejected isotopic abundances, and a sensitivity study of weak
reaction rates for the inner regions of the Chandrasekhar mass progenitors
and charged particle reaction rates for the outer regions of all models

Further experimental work on isotopic ratios found in pre-solar grains or
bulk solar system material may be an interesting next step in the process of
identifying the progenitors of Type Ia, the accuracy of this method however
requires that the isotopic contributions from other sources of enrichment -
e.g. CCSN, AGB stars - be well constrained. For those isotopes with large
and well constrained contributions from SNIa, the isotopic ratios both locally
and between elements, in either potential SNIa grains or bulk solar material,
will provide the best evidence. Local isotopic ratios are preferred, as there
will be no chemical effects which separate the products however isotopic
ratios between elements may also be useful as a diagnostic. While SNIa are
not widely thought to produce pre-solar grains, dust formation in the SNIa
ejecta may be possible (Gomez et al., 2012; Sarangi, Matsuura, and Micelotta,
2018).

Gamma ray spectroscopy of the decay of radioactive isotopes formed dur-
ing the explosion may provide a further channel for investigation, as does
the specific velocity distribution of the products of the explosion. Our yields
provide a full distribution of stable and radioactive products for each of our
models, and may be used to investigate the decay of >>Fe. As the production
of >>Fe depends both on the initial mass and the metallicity - it being a major

radiogenic contributor to the ejected *°Mn mass - its distribution in the SN
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remnant may provide information on its production site and the metallicity

of the progenitor.
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Decayed Yields
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Element | A | 2Ne=0 le-7 le-6 le-5 le-4 le-3 2e-3 5e-3 le-2 1.4e-2 2e-2 5e-2 le-1
C 12 | 1.63e-03 | 1.63e-03 | 1.63e-03 | 1.63e-03 | 1.63e-03 | 1.62e-03 | 1.62e-03 | 1.61e-03 | 1.59e-03 | 1.59e-03 | 1.58e-03 | 1.54e-03 | 1.49e-03
C 13 | 6.39e-10 | 6.37e-10 | 6.35e-10 | 6.29e-10 | 6.13e-10 | 8.70e-10 | 1.44e-09 | 4.03e-09 | 8.79e-09 | 1.29e-08 | 1.95e-08 | 6.18e-08 | 1.60e-07
N 14 | 2.53e-08 | 2.53e-08 | 2.52e-08 | 2.51e-08 | 2.85e-08 | 1.39e-07 | 2.81e-07 | 6.61e-07 | 1.19e-06 | 1.57e-06 | 2.07e-06 | 3.88e-06 | 5.65e-06
N 15 | 1.07e-06 | 1.07e-06 | 1.07e-06 | 1.04e-06 | 7.18e-07 | 5.37e-08 | 2.04e-08 | 6.49e-09 | 4.00e-09 | 3.65e-09 | 3.73e-09 | 7.25e-09 | 2.60e-08
o
(€]
o
F

16 | 5.37e-02 | 5.37e-02 | 5.37e-02 | 5.37e-02 | 5.38e-02 | 5.43e-02 | 5.48e-02 | 5.60e-02 | 5.73e-02 | 5.80e-02 | 5.87e-02 | 5.96e-02 | 5.68e-02
17 | 5.78e-10 | 5.79e-10 | 5.83e-10 | 6.32e-10 | 1.28e-09 | 2.65e-08 | 6.52e-08 | 1.62e-07 | 2.66e-07 | 3.22e-07 | 3.82e-07 | 4.89e-07 | 4.85e-07
18 | 5.74e-12 | 5.75e-12 | 5.78e-12 | 6.07e-12 | 1.01e-11 | 1.67e-10 | 4.15e-10 | 1.12e-09 | 2.19e-09 | 3.00e-09 | 4.21e-09 | 1.15e-08 | 4.14e-08
19 | 9.12e-10 | 9.11e-10 | 9.07e-10 | 8.67e-10 | 6.37e-10 | 1.92e-10 | 1.32e-10 | 1.43e-10 | 2.42e-10 | 3.40e-10 | 5.01e-10 | 1.34e-09 | 2.24e-09
NE 20 | 1.61e-03 | 1.61e-03 | 1.61e-03 | 1.61e-03 | 1.61e-03 | 1.60e-03 | 1.59e-03 | 1.56e-03 | 1.51e-03 | 1.47e-03 | 1.42e-03 | 1.22e-03 | 1.05e-03
NE 21 | 1.08e-08 | 1.08e-08 | 1.08e-08 | 1.10e-08 | 1.28e-08 | 6.59e-08 | 1.68e-07 | 5.39e-07 | 1.20e-06 | 1.78e-06 | 2.74e-06 | 9.09e-06 | 2.5%e-05
NE 22 | 1.98e-08 | 1.98e-08 | 2.00e-08 | 2.22e-08 | 4.81e-08 | 3.69e-07 | 7.97e-07 | 2.41e-06 | 5.91e-06 | 9.29e-06 | 1.52e-05 | 5.70e-05 | 1.71e-04
NA 23 | 6.64e-06 | 6.64e-06 | 6.64e-06 | 6.63e-06 | 6.50e-06 | 5.96e-06 | 6.03e-06 | 6.75e-06 | 8.76e-06 | 1.07e-05 | 1.39e-05 | 3.60e-05 | 1.05e-04
MG 24 | 1.49e-02 | 1.49e-02 | 1.49e-02 | 1.49e-02 | 1.50e-02 | 1.44e-02 | 1.36e-02 | 1.16e-02 | 9.25e-03 | 7.93e-03 | 6.49e-03 | 3.67e-03 | 3.55e-03
MG 25 | 1.81e-07 | 1.80e-07 | 1.81e-07 | 1.83e-07 | 2.24e-07 | 2.79e-06 | 4.54e-06 | 1.03e-05 | 2.19e-05 | 3.28e-05 | 5.16e-05 | 1.91e-04 | 6.90e-04
MG 26 | 8.66e-07 | 8.66e-07 | 8.67e-07 | 8.77e-07 | 9.94e-07 | 2.44e-06 | 3.98e-06 | 8.55e-06 | 1.60e-05 | 2.21e-05 | 3.16e-05 | 9.61e-05 | 5.05e-04
AL 27 | 3.96e-05 | 3.96e-05 | 3.95e-05 | 3.95e-05 | 3.89e-05 | 8.91e-05 | 1.61e-04 | 3.00e-04 | 4.22e-04 | 4.75e-04 | 5.20e-04 | 6.04e-04 | 9.03e-04
SI 28 | 1.65e-01 | 1.65e-01 | 1.65e-01 | 1.65e-01 | 1.65e-01 | 1.68e-01 | 1.69e-01 | 1.69e-01 | 1.69e-01 | 1.69e-01 | 1.68e-01 | 1.64e-01 | 1.56e-01
SI 29 | 2.85e-05 | 2.85e-05 | 2.85e-05 | 2.84e-05 | 2.96e-05 | 1.02e-04 | 1.34e-04 | 1.99e-04 | 2.83e-04 | 3.47e-04 | 4.49e-04 | 1.35e-03 | 4.98e-03
SI 30 | 1.63e-05 | 1.62e-05 | 1.62e-05 | 1.54e-05 | 1.04e-05 | 1.47e-05 | 5.01e-05 | 2.08e-04 | 5.16e-04 | 7.70e-04 | 1.15e-03 | 3.14e-03 | 6.74e-03
P 31 | 4.40e-05 | 4.40e-05 | 4.39e-05 | 4.28e-05 | 3.28e-05 | 2.52e-05 | 3.87e-05 | 7.95e-05 | 1.41e-04 | 1.85e-04 | 2.44e-04 | 4.71e-04 | 5.39e-04
S 32 | 9.42e-02 | 9.42e-02 | 9.41e-02 | 9.41e-02 | 9.39e-02 | 9.30e-02 | 9.27e-02 | 9.22e-02 | 9.15e-02 | 9.08e-02 | 8.96e-02 | 8.10e-02 | 6.45e-02
S 33 | 3.33e-05 | 3.33e-05 | 3.33e-05 | 3.36e-05 | 3.55e-05 | 3.56e-05 | 3.92e-05 | 5.97e-05 | 8.80e-05 | 1.06e-04 | 1.27e-04 | 1.82e-04 | 1.91e-04
S 34 | 2.81e-06 | 2.81e-06 | 2.79e-06 | 2.64e-06 | 1.57e-06 | 1.79e-05 | 5.53e-05 | 1.81e-04 | 4.18e-04 | 6.27e-04 | 9.59e-04 | 2.59e-03 | 4.32e-03
S 36 | 3.93e-12 | 3.93e-12 | 3.93e-12 | 3.93e-12 | 3.93e-12 | 4.75e-11 | 3.38e-10 | 3.20e-09 | 1.52e-08 | 3.21e-08 | 7.48e-08 | 1.16e-06 | 1.07e-05
CL 35 | 7.14e-06 | 7.14e-06 | 7.12e-06 | 6.92e-06 | 5.35e-06 | 4.58e-06 | 6.44e-06 | 1.31e-05 | 2.39e-05 | 3.27e-05 | 4.49e-05 | 7.83e-05 | 8.10e-05
CL 37 | 1.87e-06 | 1.87e-06 | 1.87e-06 | 1.87e-06 | 1.93e-06 | 2.15e-06 | 2.57e-06 | 3.88e-06 | 5.70e-06 | 6.94e-06 | 8.58e-06 | 1.56e-05 | 2.10e-05
AR 36 | 2.11e-02 | 2.11e-02 | 2.11e-02 | 2.11e-02 | 2.10e-02 | 2.06e-02 | 2.04e-02 | 2.00e-02 | 1.95e-02 | 1.92e-02 | 1.87e-02 | 1.60e-02 | 1.23e-02
AR 38 | 2.45e-06 | 2.45e-06 | 2.42e-06 | 2.45e-06 | 2.25e-06 | 8.09e-06 | 1.93e-05 | 6.21e-05 | 1.47e-04 | 2.24e-04 | 3.47e-04 | 1.00e-03 | 1.82e-03
AR 40 | 9.69e-13 | 9.6%e-13 | 9.69e-13 | 9.69e-13 | 9.70e-13 | 1.30e-12 | 3.03e-12 | 1.89e-11 | 9.85e-11 | 2.47e-10 | 7.37e-10 | 1.52e-08 | 7.42e-08
K 39 | 2.78e-06 | 2.78e-06 | 2.76e-06 | 2.76e-06 | 2.58e-06 | 3.25e-06 | 4.92e-06 | 1.10e-05 | 1.73e-05 | 2.14e-05 | 2.69e-05 | 4.79e-05 | 5.43e-05
K 40 | 1.57e-12 | 1.57e-12 | 1.57e-12 | 1.58e-12 | 1.89e-12 | 1.08e-10 | 2.62e-10 | 9.55e-10 | 3.22e-09 | 6.16e-09 | 1.21e-08 | 3.05e-08 | 1.43e-08
K 41| 1.12e-07 | 1.12e-07 | 1.13e-07 | 1.17e-07 | 1.59e-07 | 3.16e-07 | 4.31e-07 | 7.21e-07 | 1.12e-06 | 1.38e-06 | 1.70e-06 | 2.83e-06 | 2.98e-06
CA 40 | 2.27e-02 | 2.27e-02 | 2.27e-02 | 2.27e-02 | 2.26e-02 | 2.21e-02 | 2.18e-02 | 2.13e-02 | 2.06e-02 | 2.01e-02 | 1.95e-02 | 1.66e-02 | 1.29e-02
CA 42 | 2.76e-08 | 2.75e-08 | 2.75e-08 | 2.75e-08 | 2.72e-08 | 1.52e-07 | 4.01e-07 | 1.54e-06 | 3.76e-06 | 5.70e-06 | 8.75e-06 | 2.33e-05 | 3.43e-05
CA 43 | 2.74e-07 | 2.73e-07 | 2.72e-07 | 2.73e-07 | 2.62e-07 | 2.83e-07 | 4.51e-07 | 1.14e-06 | 1.37e-06 | 1.39e-06 | 1.35e-06 | 1.04e-06 | 6.54e-07
CA 44 | 4.11e-05 | 4.11e-05 | 4.10e-05 | 4.11e-05 | 4.11e-05 | 4.19e-05 | 4.20e-05 | 4.12e-05 | 3.94e-05 | 3.81e-05 | 3.62e-05 | 2.83e-05 | 1.90e-05
CA 46 | 4.22e-11 | 4.22e-11 | 4.22e-11 | 4.22e-11 | 4.22e-11 | 4.23e-11 | 4.24e-11 | 4.27e-11 | 4.34e-11 | 4.44e-11 | 4.78e-11 | 1.39e-10 | 5.07e-10
CA 48 | 1.61e-12 | 1.61e-12 | 1.61e-12 | 1.61e-12 | 1.61e-12 | 1.61e-12 | 1.62e-12 | 1.63e-12 | 1.66e-12 | 1.68e-12 | 1.71e-12 | 1.92e-12 | 6.94e-12
sC 45| 1.38e-08 | 1.38e-08 | 1.38e-08 | 1.44e-08 | 2.06e-08 | 4.60e-08 | 5.22e-08 | 6.98e-08 | 9.57e-08 | 1.13e-07 | 1.35e-07 | 1.93e-07 | 2.10e-07
TI 46 | 1.06e-06 | 1.06e-06 | 1.05e-06 | 1.06e-06 | 9.73e-07 | 4.32e-07 | 2.89e-07 | 7.95e-07 | 1.97e-06 | 3.00e-06 | 4.62e-06 | 1.31e-05 | 2.21e-05
TI 47 | 1.46e-06 | 1.46e-06 | 1.44e-06 | 1.46e-06 | 1.35e-06 | 6.87e-07 | 5.22e-07 | 9.56e-07 | 1.29e-06 | 1.42e-06 | 1.53e-06 | 1.65e-06 | 1.65e-06
TI 48 | 6.48e-04 | 6.48e-04 | 6.48e-04 | 6.48e-04 | 6.48e-04 | 6.50e-04 | 6.50e-04 | 6.32e-04 | 6.02e-04 | 5.82e-04 | 5.52e-04 | 4.37e-04 | 3.08e-04
TI 49 | 4.96e-06 | 4.95e-06 | 4.96e-06 | 5.11e-06 | 7.27e-06 | 1.43e-05 | 1.58e-05 | 2.00e-05 | 2.56e-05 | 2.90e-05 | 3.28e-05 | 4.14e-05 | 4.45e-05
TI 50 | 1.12e-05 | 1.12e-05 | 1.12e-05 | 1.12e-05 | 1.12e-05 | 1.12e-05 | 1.12e-05 | 1.13e-05 | 1.14e-05 | 1.14e-05 | 1.15e-05 | 1.22e-05 | 1.34e-05
v 50 | 1.02e-08 | 1.02e-08 | 1.02e-08 | 1.02e-08 | 1.02e-08 | 1.02e-08 | 1.02e-08 | 1.03e-08 | 1.06e-08 | 1.09e-08 | 1.12e-08 | 1.44e-08 | 3.92e-08
\4 51 | 3.47e-05 | 3.47e-05 | 3.46e-05 | 3.46e-05 | 3.28e-05 | 3.32e-05 | 3.81e-05 | 5.48e-05 | 7.50e-05 | 8.77e-05 | 1.03e-04 | 1.52e-04 | 2.11e-04
CR 50 | 5.45e-05 | 5.45e-05 | 5.44e-05 | 5.45e-05 | 5.43e-05 | 5.55e-05 | 6.16e-05 | 9.18e-05 | 1.48e-04 | 1.96e-04 | 2.71e-04 | 6.82e-04 | 1.28e-03
CR 52 | 1.52e-02 | 1.52e-02 | 1.52e-02 | 1.52e-02 | 1.52e-02 | 1.50e-02 | 1.49e-02 | 1.45e-02 | 1.40e-02 | 1.36e-02 | 1.31e-02 | 1.14e-02 | 1.03e-02
CR 53 | 5.09e-04 | 5.09e-04 | 5.10e-04 | 5.14e-04 | 5.56e-04 | 6.57e-04 | 6.99e-04 | 8.17e-04 | 9.77e-04 | 1.08e-03 | 1.20e-03 | 1.60e-03 | 2.04e-03
CR 54 | 1.79e-04 | 1.79e-04 | 1.79e-04 | 1.79e-04 | 1.79e-04 | 1.80e-04 | 1.80e-04 | 1.81e-04 | 1.82e-04 | 1.83e-04 | 1.85e-04 | 1.93e-04 | 2.11e-04
MN 55 | 3.73e-03 | 3.73e-03 | 3.73e-03 | 3.73e-03 | 3.74e-03 | 4.28e-03 | 4.73e-03 | 5.68e-03 | 6.85e-03 | 7.61e-03 | 8.59e-03 | 1.23e-02 | 1.69e-02
FE 54 | 3.48e-02 | 3.48e-02 | 3.48e-02 | 3.48e-02 | 3.49e-02 | 3.57e-02 | 3.68e-02 | 4.04e-02 | 4.66e-02 | 5.16e-02 | 5.94e-02 | 9.86e-02 | 1.61e-01
FE 56 | 8.62e-01 | 8.62e-01 | 8.62e-01 | 8.62e-01 | 8.62e-01 | 8.59%e-01 | 8.56e-01 | 8.48e-01 | 8.36e-01 | 8.26e-01 | 8.11e-01 | 7.40e-01 | 6.29e-01
FE 57 | 1.31e-02 | 1.31e-02 | 1.31e-02 | 1.32e-02 | 1.33e-02 | 1.43e-02 | 1.53e-02 | 1.65e-02 | 1.81e-02 | 1.93e-02 | 2.09e-02 | 2.68e-02 | 3.21e-02
FE 58 | 9.51e-04 | 9.51e-04 | 9.51e-04 | 9.51e-04 | 9.51e-04 | 9.52e-04 | 9.53e-04 | 9.57e-04 | 9.63e-04 | 9.68e-04 | 9.75e-04 | 1.02e-03 | 1.09e-03
co 59 | 9.01e-04 | 9.02e-04 | 8.99e-04 | 9.00e-04 | 8.70e-04 | 6.10e-04 | 5.14e-04 | 6.45e-04 | 7.66e-04 | 8.33e-04 | 9.11e-04 | 1.13e-03 | 1.26e-03
NI 58 | 3.38e-02 | 3.38e-02 | 3.38e-02 | 3.38e-02 | 3.38e-02 | 3.39e-02 | 3.42e-02 | 3.74e-02 | 4.35e-02 | 4.85e-02 | 5.59e-02 | 9.36e-02 | 1.57e-01
NI 60 | 1.47e-02 | 1.47e-02 | 1.47e-02 | 1.47e-02 | 1.47e-02 | 1.48e-02 | 1.48e-02 | 1.44e-02 | 1.38e-02 | 1.34e-02 | 1.29e-02 | 1.08e-02 | 8.55e-03
NI 61 | 2.06e-04 | 2.06e-04 | 2.06e-04 | 2.07e-04 | 2.09e-04 | 2.38e-04 | 2.67e-04 | 2.92e-04 | 3.13e-04 | 3.28e-04 | 3.46e-04 | 3.94e-04 | 3.89e-04
NI 62 | 8.77e-04 | 8.77e-04 | 8.77e-04 | 8.78e-04 | 8.81e-04 | 9.53e-04 | 1.14e-03 | 1.59e-03 | 2.19e-03 | 2.65e-03 | 3.32e-03 | 6.19e-03 | 9.33e-03
NI 64 | 8.89e-07 | 8.89e-07 | 8.89e-07 | 8.89e-07 | 8.89e-07 | 8.91e-07 | 8.92e-07 | 8.96e-07 | 9.03e-07 | 9.09e-07 | 9.17e-07 | 9.62e-07 | 1.05e-06
CU 63 | 8.24e-06 | 8.25e-06 | 8.23e-06 | 8.26e-06 | 8.18e-06 | 1.01e-05 | 8.94e-06 | 1.85e-06 | 1.81e-06 | 1.88e-06 | 2.06e-06 | 3.91e-06 | 7.99e-06
CU 65 | 1.47e-06 | 1.47e-06 | 1.47e-06 | 1.48e-06 | 1.50e-06 | 1.68e-06 | 1.69e-06 | 1.72e-06 | 1.99e-06 | 2.21e-06 | 2.51e-06 | 3.30e-06 | 2.99e-06
ZN 64 | 2.75e-04 | 2.75e-04 | 2.74e-04 | 2.75e-04 | 2.78e-04 | 2.64e-04 | 1.56e-04 | 5.21e-05 | 3.56e-05 | 3.12e-05 | 2.73e-05 | 1.81e-05 | 1.06e-05
ZN 66 | 6.74e-06 | 6.74e-06 | 6.74e-06 | 6.76e-06 | 6.99e-06 | 9.32e-06 | 1.17e-05 | 1.78e-05 | 2.80e-05 | 3.59e-05 | 4.71e-05 | 9.01e-05 | 1.21e-04
ZN 67 | 5.11e-08 | 5.10e-08 | 5.10e-08 | 5.12e-08 | 5.17e-08 | 4.62e-08 | 2.17e-08 | 6.73e-09 | 1.39e-08 | 2.09e-08 | 3.24e-08 | 9.49e-08 | 1.71e-07
ZN 68 | 2.28e-06 | 2.27e-06 | 2.26e-06 | 2.28e-06 | 2.17e-06 | 1.12e-06 | 3.56e-07 | 7.14e-08 | 4.57e-08 | 4.00e-08 | 3.59e-08 | 3.71e-08 | 9.08e-08
ZN 70 | 8.64e-14 | 8.64e-14 | 8.64e-14 | 8.64e-14 | 8.65e-14 | 8.66e-14 | 8.68e-14 | 8.72e-14 | 8.80e-14 | 8.87e-14 | 8.94e-14 | 9.49e-14 | 1.05e-13
GA 69 | 9.32e-09 | 9.31e-09 | 9.26e-09 | 9.33e-09 | 9.17e-09 | 7.82e-09 | 7.14e-09 | 7.56e-09 | 8.29e-09 | 8.80e-09 | 9.28e-09 | 9.40e-09 | 7.65e-09
GA 71 | 5.09e-11 | 5.08e-11 | 5.07e-11 | 5.10e-11 | 5.18e-11 | 5.34e-11 | 6.51e-11 | 2.63e-10 | 6.54e-10 | 1.00e-09 | 1.54e-09 | 3.84e-09 | 5.41e-09
GE 70 | 5.18e-08 | 5.18e-08 | 5.16e-08 | 5.20e-08 | 5.29e-08 | 6.26e-08 | 7.34e-08 | 1.06e-07 | 1.63e-07 | 2.09e-07 | 2.74e-07 | 5.24e-07 | 7.11e-07
GE 72 | 3.17e-09 | 3.16e-09 | 3.13e-09 | 3.16e-09 | 2.94e-09 | 1.24e-09 | 3.20e-10 | 6.49e-11 | 8.31e-11 | 1.22e-10 | 2.17e-10 | 1.47e-09 | 6.19e-09
GE 73 | 8.37e-11 | 8.36e-11 | 8.30e-11 | 8.3%e-11 | 8.34e-11 | 8.62e-11 | 9.63e-11 | 8.05e-11 | 7.50e-11 | 7.68e-11 | 7.77e-11 | 6.80e-11 | 4.77e-11
GE 74 | 1.02e-14 | 1.02e-14 | 1.02e-14 | 1.02e-14 | 1.02e-14 | 1.02e-14 | 1.03e-14 | 1.03e-14 | 1.04e-14 | 1.05e-14 | 1.06e-14 | 1.12e-14 | 1.23e-14
GE 76 | 2.40e-18 | 2.40e-18 | 2.40e-18 | 2.40e-18 | 2.40e-18 | 2.40e-18 | 2.41e-18 | 2.43e-18 | 2.45e-18 | 2.48e-18 | 2.50e-18 | 2.72e-18 | 3.10e-18
AS 75 | 2.28e-12 | 2.27e-12 | 2.26e-12 | 2.28e-12 | 2.26e-12 | 1.85e-12 | 1.34e-12 | 3.18e-12 | 6.24e-12 | 8.75e-12 | 1.26e-11 | 3.17e-11 | 5.08e-11

TABLE A.1: Decayed Post Processed Yields: T1.4



Appendix A. Decayed Yields 245
Element | A | ®Ne=0 le-7 le-6 le-5 le-4 le-3 2e-3 5e-3 le-2 1.4e-2 2e-2 5e-2 le-1
C 12 | 8.98e-04 | 8.98e-04 | 8.98e-04 | 8.98e-04 | 8.97e-04 | 8.92e-04 | 8.88e-04 | 8.80e-04 | 8.72e-04 | 8.68e-04 | 8.63e-04 | 8.46e-04 | 8.23e-04
C 13 | 6.05e-10 | 6.06e-10 | 6.12e-10 | 6.00e-10 | 6.05e-10 | 1.21e-09 | 2.46e-09 | 8.51e-09 | 2.06e-08 | 3.10e-08 | 4.72e-08 | 1.27e-07 | 2.43e-07
N 14 | 1.28e-08 | 1.28e-08 | 1.28e-08 | 1.28e-08 | 1.72e-08 | 9.22e-08 | 1.58e-07 | 3.04e-07 | 4.63e-07 | 5.44e-07 | 6.34e-07 | 9.85e-07 | 1.42e-06
N 15 | 6.76e-07 | 6.75e-07 | 6.72e-07 | 6.36e-07 | 3.09e-07 | 1.11e-08 | 4.08e-09 | 1.48e-09 | 1.01e-09 | 9.42e-10 | 1.03e-09 | 4.84e-09 | 2.04e-08
(¢] 16 | 4.81e-02 | 4.81e-02 | 4.81e-02 | 4.81e-02 | 4.85e-02 | 4.98e-02 | 5.05e-02 | 5.20e-02 | 5.34e-02 | 5.41e-02 | 5.47e-02 | 5.48e-02 | 5.12e-02
(¢] 17 | 3.35e-10 | 3.36e-10 | 3.41e-10 | 3.96e-10 | 1.39e-09 | 2.34e-08 | 4.26e-08 | 7.10e-08 | 8.66e-08 | 9.27e-08 | 9.97e-08 | 1.06e-07 | 9.60e-08
(©] 18 | 5.01e-12 | 5.01e-12 | 5.07e-12 | 5.65e-12 | 1.39¢-11 | 1.17e-10 | 1.91e-10 | 3.65e-10 | 6.22e-10 | 7.95e-10 | 1.12e-09 | 7.37e-09 | 3.11e-08
F 19 | 1.50e-10 | 1.50e-10 | 1.49¢e-10 | 1.41e-10 | 9.52e-11 | 2.80e-11 | 3.47e-11 | 6.99e-11 | 1.10e-10 | 1.43e-10 | 2.16e-10 | 4.80e-10 | 5.26e-10
NE 20 | 5.22e-04 | 5.22e-04 | 5.22e-04 | 5.22e-04 | 5.21e-04 | 5.14e-04 | 5.07e-04 | 4.90e-04 | 4.69e-04 | 4.56e-04 | 4.39e-04 | 3.83e-04 | 3.28e-04
NE 21 | 3.58e-09 | 3.58e-09 | 3.60e-09 | 3.67e-09 | 4.81e-09 | 4.59¢-08 | 1.28e-07 | 3.55e-07 | 6.17e-07 | 8.42e-07 | 1.36e-06 | 4.63e-06 | 1.06e-05
NE 22 | 6.20e-09 | 6.20e-09 | 6.21e-09 | 6.24e-09 | 8.95e-09 | 1.30e-07 | 3.44e-07 | 1.30e-06 | 3.55e-06 | 5.66e-06 | 9.27e-06 | 3.48e-05 | 9.71e-05
NA 23 | 2.78e-06 | 2.78e-06 | 2.78e-06 | 2.77e-06 | 2.68e-06 | 2.36e-06 | 2.38e-06 | 2.86e-06 | 3.88e-06 | 4.86e-06 | 6.78e-06 | 1.75e-05 | 4.45e-05
MG 24 | 7.45e-03 | 7.45e-03 | 7.45e-03 | 7.46e-03 | 7.48e-03 | 6.98e-03 | 6.26e-03 | 4.58e-03 | 3.01e-03 | 2.32e-03 | 1.71e-03 | 9.06e-04 | 1.19¢-03
MG 25| 7.99e-08 | 7.99e-08 | 8.07e-08 | 8.15e-08 | 1.12e-07 | 1.26e-06 | 2.00e-06 | 4.46e-06 | 9.19e-06 | 1.37e-05 | 2.12e-05 | 7.10e-05 | 2.23e-04
MG 26 | 3.26e-07 | 3.26e-07 | 3.26e-07 | 3.31e-07 | 3.92e-07 | 1.04e-06 | 1.68e-06 | 3.46e-06 | 6.28e-06 | 8.48e-06 | 1.18e-05 | 3.42e-05 | 1.32e-04
AL 27 | 1.74e-05 | 1.74e-05 | 1.74e-05 | 1.73e-05 | 1.61e-05 | 4.21e-05 | 7.16e-05 | 1.20e-04 | 1.48e-04 | 1.56e-04 | 1.5%¢-04 | 1.78e-04 | 3.01e-04
SI 28 | 1.89e-01 | 1.89e-01 | 1.89e-01 | 1.89e-01 | 1.89e-01 | 1.92e-01 | 1.94e-01 | 1.95e-01 | 1.94e-01 | 1.94e-01 | 1.93e-01 | 1.91e-01 | 1.85e-01
SI 29 | 2.54e-05 | 2.54e-05 | 2.54e-05 | 2.52e-05 | 2.62e-05 | 9.40e-05 | 1.19e-04 | 1.60e-04 | 1.98e-04 | 2.23e-04 | 2.62e-04 | 5.92e-04 | 2.37e-03
SI 30 | 1.32e-05 | 1.32e-05 | 1.31e-05 | 1.21e-05 | 5.46e-06 | 1.16e-05 | 3.82e-05 | 1.36e-04 | 2.99e-04 | 4.22e-04 | 6.02e-04 | 1.82e-03 | 5.76e-03
P 31 | 2.92e-05 | 2.92e-05 | 2.91e-05 | 2.80e-05 | 1.97e-05 | 2.31e-05 | 3.57e-05 | 6.91e-05 | 1.14e-04 | 1.44e-04 | 1.83e-04 | 3.54e-04 | 5.35e-04
S 32 | 1.10e-01 | 1.10e-01 | 1.10e-01 | 1.10e-01 | 1.09e-01 | 1.07e-01 | 1.07e-01 | 1.06e-01 | 1.05e-01 | 1.04e-01 | 1.02e-01 | 9.06e-02 | 7.14e-02
S 33 | 1.58e-05 | 1.58e-05 | 1.58e-05 | 1.62e-05 | 1.95e-05 | 3.34e-05 | 4.31e-05 | 6.81e-05 | 9.91e-05 | 1.19e-04 | 1.44e-04 | 2.30e-04 | 2.67e-04
S 34 | 2.03e-06 | 2.03e-06 | 2.01e-06 | 1.84e-06 | 7.15e-07 | 3.58e-05 | 1.05e-04 | 3.32e-04 | 7.38e-04 | 1.08e-03 | 1.59e-03 | 4.19e-03 | 7.64e-03
S 36 | 6.84e-15 | 6.85e-15 | 6.88e-15 | 7.19e-15 | 1.31e-14 | 4.00e-11 | 2.38e-10 | 1.88e-09 | 7.90e-09 | 1.70e-08 | 3.96e-08 | 5.92e-07 | 5.30e-06
CL 35 | 5.26e-06 | 5.26e-06 | 5.24e-06 | 5.04e-06 | 3.74e-06 | 6.71e-06 | 1.09¢-05 | 2.18e-05 | 3.81e-05 | 5.02e-05 | 6.65e-05 | 1.15e-04 | 1.29e-04
CL 37 | 1.34e-06 | 1.34e-06 | 1.34e-06 | 1.39e-06 | 1.76e-06 | 3.30e-06 | 4.43e-06 | 7.17e-06 | 1.07e-05 | 1.31e-05 | 1.62e-05 | 2.60e-05 | 2.96e-05
AR 36 | 2.37e-02 | 2.37e-02 | 2.37e-02 | 2.37e-02 | 2.36e-02 | 2.28e-02 | 2.24e-02 | 2.18e-02 | 2.11e-02 | 2.06e-02 | 1.99e-02 | 1.64e-02 | 1.23e-02
AR 38 | 5.56e-07 | 5.61e-07 | 5.65e-07 | 5.36e-07 | 4.67e-07 | 1.80e-05 | 4.67e-05 | 1.48e-04 | 3.50e-04 | 5.29e-04 | 8.09e-04 | 2.14e-03 | 3.57e-03
AR 40 | 1.77e-16 | 1.77e-16 | 1.78e-16 | 1.85e-16 | 2.81e-16 | 5.47e-13 | 2.82e-12 | 1.97e-11 | 9.77e-11 | 2.39e-10 | 6.73e-10 | 1.09e-08 | 6.34e-08
K 39 | 1.67e-06 | 1.67e-06 | 1.67e-06 | 1.62e-06 | 1.44e-06 | 5.73e-06 | 1.00e-05 | 2.01e-05 | 3.35e-05 | 4.28e-05 | 5.48e-05 | 8.94e-05 | 8.87e-05
K 40 | 4.46e-13 | 4.46e-13 | 4.47e-13 | 4.65e-13 | 8.19e-13 | 2.32e-10 | 5.29¢-10 | 1.72e-09 | 4.90e-09 | 8.45e-09 | 1.48e-08 | 3.38e-08 | 2.67e-08
K 41 | 2.00e-07 | 2.00e-07 | 2.01e-07 | 2.10e-07 | 2.99e-07 | 6.20e-07 | 8.67e-07 | 1.47e-06 | 2.23e-06 | 2.73e-06 | 3.33e-06 | 4.82e-06 | 4.37e-06
CA 40 | 2.43e-02 | 2.43e-02 | 2.43e-02 | 2.43e-02 | 2.41e-02 | 2.31e-02 | 2.26e-02 | 2.17e-02 | 2.08e-02 | 2.02e-02 | 1.93e-02 | 1.59e-02 | 1.21e-02
CA 42 | 4.59e-09 | 4.59e-09 | 4.59e-09 | 4.45e-09 | 2.60e-09 | 3.23e-07 | 9.31e-07 | 3.32e-06 | 8.39e-06 | 1.30e-05 | 2.04e-05 | 5.18e-05 | 7.03e-05
CA 43 | 7.18e-08 | 7.16e-08 | 7.07e-08 | 6.87e-08 | 4.96e-08 | 8.44e-08 | 1.88e-07 | 3.26e-07 | 3.57e-07 | 3.45e-07 | 3.31e-07 | 2.32e-07 | 1.60e-07
CA 44 | 2.46e-05 | 2.44e-05 | 2.45e-05 | 2.48e-05 | 2.44e-05 | 2.39e-05 | 2.35e-05 | 2.20e-05 | 2.06e-05 | 1.96e-05 | 1.84e-05 | 1.37e-05 | 9.14e-06
CA 46 | 6.31e-22 | 6.32e-22 | 6.40e-22 | 7.33e-22 | 2.91e-21 | 2.85e-17 | 4.86e-16 | 1.70e-14 | 2.61e-13 | 1.06e-12 | 4.61e-12 | 9.42e-11 | 6.21e-10
CA 48 | 5.82e-30 | 5.84e-30 | 5.98e-30 | 7.69¢-30 | 7.71e-29 | 1.75e-23 | 1.21e-21 | 1.08e-19 | 3.78e-18 | 3.11e-17 | 1.81e-16 | 4.78e-14 | 4.63e-12
sC 45 | 1.59e-08 | 1.59e-08 | 1.60e-08 | 1.70e-08 | 2.81e-08 | 5.72e-08 | 6.77e-08 | 9.25e-08 | 1.21e-07 | 1.39e-07 | 1.59e-07 | 1.98e-07 | 1.96e-07
TI 46 | 1.48e-07 | 1.50e-07 | 1.52e-07 | 1.43e-07 | 1.32e-07 | 1.62e-07 | 4.34e-07 | 1.69e-06 | 4.36e-06 | 6.68e-06 | 1.02e-05 | 2.47e-05 | 3.44e-05
TI 47 | 2.65e-07 | 2.68e-07 | 2.69e-07 | 2.57e-07 | 2.33e-07 | 1.29¢-07 | 1.85e-07 | 3.32e-07 | 4.68e-07 | 5.43e-07 | 6.44e-07 | 9.76e-07 | 1.42e-06
TI 48 | 5.27e-04 | 5.26e-04 | 5.27e-04 | 5.27e-04 | 5.26e-04 | 5.20e-04 | 5.14e-04 | 4.97e-04 | 4.72e-04 | 4.55e-04 | 4.31e-04 | 3.39e-04 | 2.39¢e-04
TI 49 | 3.06e-06 | 3.06e-06 | 3.08e-06 | 3.21e-06 | 5.56e-06 | 1.12e-05 | 1.25e-05 | 1.61e-05 | 2.07e-05 | 2.35e-05 | 2.66e-05 | 3.34e-05 | 3.62e-05
TI 50 | 4.22e-20 | 4.22e-20 | 4.27e-20 | 4.77e-20 | 1.33e-19 | 2.22e-14 | 3.58e-13 | 9.33e-12 | 8.13e-11 | 1.93e-10 | 3.78e-10 | 1.08e-09 | 6.71e-09
\% 50 | 1.29¢-16 | 1.30e-16 | 1.33e-16 | 1.42e-16 | 3.24e-16 | 1.25e-12 | 7.90e-12 | 9.85e-11 | 6.11e-10 | 1.22e-09 | 1.97e-09 | 6.39e-09 | 3.84e-08
v 51 | 7.90e-06 | 7.93e-06 | 7.96e-06 | 7.77e-06 | 6.16e-06 | 1.07e-05 | 1.73e-05 | 3.19e-05 | 4.92e-05 | 6.00e-05 | 7.32e-05 | 1.15e-04 | 1.75e-04
CR 50 | 2.15e-06 | 2.17e-06 | 2.21e-06 | 2.13e-06 | 2.30e-06 | 6.79¢-06 | 1.59¢-05 | 4.77e-05 | 1.07e-04 | 1.57e-04 | 2.37e-04 | 6.76e-04 | 1.27e-03
CR 52 | 1.14e-02 | 1.14e-02 | 1.14e-02 | 1.14e-02 | 1.14e-02 | 1.12e-02 | 1.11e-02 | 1.07e-02 | 1.03e-02 | 9.94e-03 | 9.51e-03 | 8.04e-03 | 7.64e-03
CR 53 | 2.03e-04 | 2.04e-04 | 2.04e-04 | 2.08e-04 | 2.53e-04 | 3.23e-04 | 3.60e-04 | 4.63e-04 | 5.99¢-04 | 6.85e-04 | 7.88e-04 | 1.13e-03 | 1.57e-03
CR 54 | 3.96e-15 | 3.98e-15 | 4.10e-15 | 4.41e-15 | 1.99e-14 | 3.97e-11 | 2.06e-10 | 1.72e-09 | 7.84e-09 | 1.64e-08 | 3.62e-08 | 3.80e-07 | 2.78e-06
MN 55 | 1.19e-04 | 1.19e-04 | 1.20e-04 | 1.20e-04 | 1.32e-04 | 6.67e-04 | 1.05e-03 | 1.88e-03 | 2.86e-03 | 3.48e-03 | 4.25e-03 | 6.97e-03 | 1.02e-02
FE 54 | 4.55e-05 | 4.55e-05 | 4.60e-05 | 4.67e-05 | 5.93e-05 | 8.29¢-04 | 1.86e-03 | 5.15¢-03 | 1.09¢-02 | 1.55e-02 | 2.25e-02 | 5.64e-02 | 1.05e-01
FE 56 | 5.67e-01 | 5.67e-01 | 5.67e-01 | 5.67e-01 | 5.67e-01 | 5.65e-01 | 5.63e-01 | 5.57e-01 | 5.47e-01 | 5.40e-01 | 5.30e-01 | 4.82e-01 | 4.09e-01
FE 57 | 4.63e-03 | 4.63e-03 | 4.61e-03 | 4.65e-03 | 4.71e-03 | 5.56e-03 | 6.15e-03 | 6.92e-03 | 8.10e-03 | 8.95e-03 | 1.01e-02 | 1.43e-02 | 1.83e-02
FE 58 | 2.89e-14 | 2.90e-14 | 2.93e-14 | 3.16e-14 | 1.04e-13 | 1.97e-11 | 8.32e-11 | 5.90e-10 | 2.50e-09 | 5.07e-09 | 1.07e-08 | 8.44e-08 | 3.90e-07
co 59 | 2.87e-04 | 2.88e-04 | 2.91e-04 | 2.81e-04 | 2.60e-04 | 7.84e-05 | 8.21e-05 | 1.56e-04 | 2.27e-04 | 2.68e-04 | 3.17e-04 | 4.43e-04 | 4.79¢-04
NI 58 | 7.11e-04 | 7.14e-04 | 7.23e-04 | 7.04e-04 | 6.98e-04 | 4.84e-04 | 6.53e-04 | 2.88e-03 | 6.68e-03 | 9.80e-03 | 1.45e-02 | 3.91e-02 | 8.21e-02
NI 60 | 5.96e-03 | 5.95e-03 | 5.97e-03 | 5.96e-03 | 5.98e-03 | 6.07e-03 | 6.07e-03 | 5.70e-03 | 5.34e-03 | 5.10e-03 | 4.80e-03 | 3.46e-03 | 1.86e-03
NI 61 | 8.85e-05 | 8.81e-05 | 8.80e-05 | 8.89¢-05 | 9.03e-05 | 1.10e-04 | 1.22¢-04 | 1.30e-04 | 1.41e-04 | 1.49e-04 | 1.59¢-04 | 1.75e-04 | 1.47e-04
NI 62 | 4.49e-05 | 4.51e-05 | 4.08e-05 | 4.53e-05 | 4.46e-05 | 1.39e-04 | 2.51e-04 | 4.64e-04 | 8.00e-04 | 1.06e-03 | 1.43e-03 | 2.84e-03 | 3.59e-03
NI 64 | 3.68e-23 | 3.65e-23 | 3.72e-23 | 3.71e-23 | 3.93e-23 | 8.17e-20 | 1.68e-18 | 2.26e-17 | 2.57e-17 | 2.77e-17 | 3.36e-17 | 2.53e-16 | 4.62e-15
CU 63 | 5.10e-06 | 5.10e-06 | 4.89e-06 | 5.12e-06 | 5.18e-06 | 6.82e-06 | 7.04e-07 | 3.13e-07 | 3.25e-07 | 3.76e-07 | 4.93e-07 | 1.30e-06 | 2.39e-06
CU 65 | 6.59e-07 | 6.54e-07 | 6.64e-07 | 6.61e-07 | 6.75e-07 | 6.55e-07 | 5.97e-07 | 6.27e-07 | 7.21e-07 | 7.82e-07 | 8.67e-07 | 9.10e-07 | 5.01e-07
ZN 64 | 1.51e-04 | 1.50e-04 | 1.55e-04 | 1.51e-04 | 1.55e-04 | 9.22e-05 | 3.64e-05 | 1.85e-05 | 1.34e-05 | 1.16e-05 | 1.01e-05 | 5.65e-06 | 2.08e-06
ZN 66 | 2.39e-06 | 2.37e-06 | 2.37e-06 | 2.41e-06 | 2.49e-06 | 3.42e-06 | 4.29¢-06 | 6.89e-06 | 1.12e-05 | 1.43e-05 | 1.87e-05 | 3.06e-05 | 2.62e-05
ZN 67 | 2.26e-08 | 2.25e-08 | 2.32e-08 | 2.25e-08 | 2.28e-08 | 1.06e-08 | 8.96e-10 | 1.77e-09 | 4.16e-09 | 6.24e-09 | 9.58e-09 | 2.29¢-08 | 2.58e-08
ZN 68 | 5.57e-07 | 5.62e-07 | 5.74e-07 | 5.44e-07 | 5.18e-07 | 1.38e-07 | 3.86e-08 | 1.65e-08 | 1.13e-08 | 9.66e-09 | 8.65e-09 | 9.50e-09 | 2.35e-08
ZN 70 | 1.40e-30 | 1.40e-30 | 1.40e-30 | 1.46e-30 | 2.41e-30 | 5.45e-27 | 1.12e-25 | 2.45e-24 | 1.92e-23 | 5.58e-23 | 9.28e-23 | 9.14e-25 | 5.14e-26
GA 69 | 2.61e-09 | 2.61e-09 | 2.65e-09 | 2.59¢-09 | 2.57e-09 | 2.07e-09 | 2.00e-09 | 1.95e-09 | 1.98e-09 | 1.95e-09 | 1.96e-09 | 1.48e-09 | 7.81e-10
GA 71 | 5.87e-12 | 5.84e-12 | 6.02e-12 | 5.81e-12 | 5.82¢-12 | 4.88e-12 | 1.26e-11 | 3.93e-11 | 8.37e-11 | 1.16e-10 | 1.67e-10 | 2.59e-10 | 1.50e-10
GE 70 | 1.40e-08 | 1.38e-08 | 1.40e-08 | 1.40e-08 | 1.44e-08 | 1.73e-08 | 2.08e-08 | 3.13e-08 | 4.89¢-08 | 6.12e-08 | 7.91e-08 | 1.19e-07 | 8.55e-08
GE 72 | 4.18e-10 | 4.25e-10 | 4.32e-10 | 4.04e-10 | 3.78e-10 | 7.14e-11 | 1.21e-11 | 6.71e-12 | 1.49e-11 | 2.78e-11 | 5.88e-11 | 3.74e-10 | 7.67e-10
GE 73 | 1.57e-11 | 1.56e-11 | 1.58e-11 | 1.56e-11 | 1.58e-11 | 1.50e-11 | 1.12e-11 | 7.15e-12 | 6.25e-12 | 5.77e-12 | 5.59¢-12 | 3.50e-12 | 1.59e-12
GE 74 | 5.39e-27 | 5.39e-27 | 5.38e-27 | 6.00e-27 | 1.61e-26 | 1.92e-24 | 9.88e-24 | 1.45e-22 | 1.35e-21 | 2.55e-21 | 2.06e-21 | 1.24e-24 | 1.13e-26
GE 76 | 1.99e-34 | 1.95e-34 | 1.82e-34 | 2.05e-34 | 2.07e-34 | 1.98e-34 | 1.92e-29 | 7.29¢-28 | 6.49e-26 | 2.71e-25 | 3.87e-25 | 5.74e-28 | 3.54e-31
AS 75 | 3.43e-13 | 3.42e-13 | 3.55e-13 | 3.38e-13 | 3.39e-13 | 1.69%e-13 | 2.41e-13 | 5.92e-13 | 1.04e-12 | 1.37e-12 | 1.91e-12 | 3.25e-12 | 2.12¢-12

TABLE A.2: Decayed Post Processed Yields: S1.0
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Element | A | 2Ne=0 le-7 le-6 le-5 le-4 le-3 2e-3 5e-3 le-2 1.4e-2 2e-2 5e-2 le-1
C 12 | 7.08e-03 | 7.08e-03 | 7.08e-03 | 7.08e-03 | 7.08e-03 | 7.05e-03 | 7.03e-03 | 6.98e-03 | 6.93e-03 | 6.89e-03 | 6.85e-03 | 6.69e-03 | 6.47e-03
C 13 | 6.53e-11 | 6.52e-11 | 6.51e-11 | 6.39e-11 | 7.94e-11 | 1.47e-09 | 3.95e-09 | 1.25e-08 | 2.85e-08 | 4.25e-08 | 6.59¢-08 | 2.22e-07 | 5.94e-07
N 14 | 7.50e-08 | 7.50e-08 | 7.49e-08 | 7.43e-08 | 8.36e-08 | 4.04e-07 | 7.84e-07 | 1.79e-06 | 3.24e-06 | 4.28e-06 | 5.70e-06 | 1.12e-05 | 1.71e-05
N 15 | 2.98e-06 | 2.98e-06 | 2.97e-06 | 2.87e-06 | 1.87e-06 | 1.44e-07 | 5.62e-08 | 1.93e-08 | 1.16e-08 | 1.04e-08 | 1.06e-08 | 2.31e-08 | 8.85e-08
o
(€]
o
F

16 | 1.79e-01 | 1.79e-01 | 1.79e-01 | 1.79e-01 | 1.79e-01 | 1.81e-01 | 1.82e-01 | 1.87e-01 | 1.92e-01 | 1.95e-01 | 1.98e-01 | 2.00e-01 | 1.91e-01
17 | 1.87e-09 | 1.87e-09 | 1.88e-09 | 2.01e-09 | 3.81e-09 | 7.45e-08 | 1.74e-07 | 4.16e-07 | 6.86e-07 | 8.36e-07 | 1.00e-06 | 1.32e-06 | 1.31e-06
18 | 1.82e-11 | 1.82e-11 | 1.83e-11 | 1.92e-11 | 3.23e-11 | 4.94e-10 | 1.13e-09 | 2.94e-09 | 5.93e-09 | 8.37e-09 | 1.22e-08 | 3.79e-08 | 1.46e-07
19 | 2.63e-09 | 2.63e-09 | 2.61e-09 | 2.49e-09 | 1.77e-09 | 5.07e-10 | 3.53e-10 | 4.22e-10 | 8.10e-10 | 1.18e-09 | 1.78e-09 | 5.03e-09 | 8.28e-09
NE 20 | 6.42e-03 | 6.42e-03 | 6.42e-03 | 6.42e-03 | 6.42e-03 | 6.38e-03 | 6.33e-03 | 6.19e-03 | 5.97e-03 | 5.81e-03 | 5.59e-03 | 4.83e-03 | 4.17e-03
NE 21 | 3.63e-08 | 3.63e-08 | 3.64e-08 | 3.70e-08 | 4.39e-08 | 2.18e-07 | 5.46e-07 | 1.78e-06 | 4.21e-06 | 6.38e-06 | 1.00e-05 | 3.53e-05 | 1.01e-04
NE 22 | 6.82e-08 | 6.86e-08 | 7.13e-08 | 9.91e-08 | 3.80e-07 | 3.36e-06 | 6.90e-06 | 1.86e-05 | 4.06e-05 | 6.02e-05 | 9.24e-05 | 3.00e-04 | 8.24e-04
NA 23 | 2.72e-05 | 2.72e-05 | 2.72e-05 | 2.71e-05 | 2.66e-05 | 2.46e-05 | 2.47e-05 | 2.69e-05 | 3.39e-05 | 4.11e-05 | 5.35e-05 | 1.41e-04 | 4.07e-04
MG 24 | 3.78e-02 | 3.78e-02 | 3.78e-02 | 3.78e-02 | 3.79e-02 | 3.64e-02 | 3.42e-02 | 2.83e-02 | 2.15e-02 | 1.80e-02 | 1.44e-02 | 7.96e-03 | 7.59¢-03
MG 25 | 5.16e-07 | 5.16e-07 | 5.17e-07 | 5.28e-07 | 6.80e-07 | 6.98e-06 | 1.26e-05 | 3.30e-05 | 7.65e-05 | 1.18e-04 | 1.92e-04 | 7.51e-04 | 2.51e-03
MG 26 | 3.47e-06 | 3.47e-06 | 3.47e-06 | 3.51e-06 | 3.97e-06 | 9.35e-06 | 1.49e-05 | 3.06e-05 | 5.73e-05 | 8.02e-05 | 1.17e-04 | 3.79e-04 | 1.56e-03
AL 27 | 1.40e-04 | 1.40e-04 | 1.40e-04 | 1.39e-04 | 1.38e-04 | 2.83e-04 | 4.75e-04 | 8.48e-04 | 1.16e-03 | 1.29e-03 | 1.39e-03 | 1.61e-03 | 2.45e-03
SI 28 | 3.04e-01 | 3.04e-01 | 3.04e-01 | 3.04e-01 | 3.05e-01 | 3.11e-01 | 3.14e-01 | 3.19e-01 | 3.21e-01 | 3.21e-01 | 3.21e-01 | 3.16e-01 | 3.05e-01
SI 29 | 6.04e-05 | 6.04e-05 | 6.04e-05 | 6.10e-05 | 7.47e-05 | 2.73e-04 | 3.46e-04 | 5.10e-04 | 7.32e-04 | 9.11e-04 | 1.21e-03 | 3.57e-03 | 1.35e-02
SI 30 | 2.95e-05 | 2.95e-05 | 2.94e-05 | 2.84e-05 | 2.24e-05 | 4.34e-05 | 1.42e-04 | 5.67e-04 | 1.39e-03 | 2.05e-03 | 3.04e-03 | 8.48e-03 | 1.98e-02
P 31 | 8.92e-05 | 8.91e-05 | 8.88e-05 | 8.57e-05 | 5.93e-05 | 6.00e-05 | 1.06e-04 | 2.36e-04 | 4.27e-04 | 5.62e-04 | 7.44e-04 | 1.42e-03 | 1.63e-03
S 32 | 1.56e-01 | 1.56e-01 | 1.56e-01 | 1.56e-01 | 1.55e-01 | 1.53e-01 | 1.52e-01 | 1.51e-01 | 1.50e-01 | 1.49e-01 | 1.46e-01 | 1.28e-01 | 9.52e-02
S 33 | 9.39e-05 | 9.39e-05 | 9.39e-05 | 9.47e-05 | 1.02e-04 | 1.16e-04 | 1.35e-04 | 2.06e-04 | 2.99e-04 | 3.56e-04 | 4.22e-04 | 5.80e-04 | 5.30e-04
S 34 | 4.32e-06 | 4.32e-06 | 4.29e-06 | 4.07e-06 | 2.54e-06 | 7.79e-05 | 2.34e-04 | 7.31e-04 | 1.63e-03 | 2.39e-03 | 3.59e-03 | 9.36e-03 | 1.47e-02
S 36 | 3.74e-14 | 3.74e-14 | 3.76e-14 | 3.91e-14 | 6.20e-14 | 1.50e-10 | 1.00e-09 | 8.64e-09 | 3.97e-08 | 8.58e-08 | 2.14e-07 | 3.87e-06 | 3.53e-05
CL 35 | 1.02e-05 | 1.02e-05 | 1.02e-05 | 9.71e-06 | 6.19e-06 | 1.27e-05 | 2.14e-05 | 4.52e-05 | 8.64e-05 | 1.19e-04 | 1.64e-04 | 2.5%-04 | 2.25e-04
CL 37 | 5.91e-06 | 5.92e-06 | 5.92e-06 | 5.98e-06 | 6.51e-06 | 7.39e-06 | 8.99e-06 | 1.37e-05 | 2.02e-05 | 2.46e-05 | 3.02e-05 | 4.81e-05 | 5.73e-05
AR 36 | 3.03e-02 | 3.03e-02 | 3.03e-02 | 3.02e-02 | 3.00e-02 | 2.86e-02 | 2.77e-02 | 2.64e-02 | 2.50e-02 | 2.40e-02 | 2.28e-02 | 1.73e-02 | 1.14e-02
AR 38 | 3.97e-07 | 3.97e-07 | 3.96e-07 | 3.87e-07 | 2.84e-07 | 3.69e-05 | 9.57e-05 | 2.97e-04 | 6.96e-04 | 1.05e-03 | 1.61e-03 | 4.30e-03 | 6.97e-03
AR 40 | 6.21e-16 | 6.21e-16 | 6.23e-16 | 6.46e-16 | 9.46e-16 | 1.65e-12 | 9.21e-12 | 6.81e-11 | 3.47e-10 | 8.83e-10 | 2.72e-09 | 5.99e-08 | 3.21e-07
K 39 | 1.33e-06 | 1.33e-06 | 1.33e-06 | 1.27e-06 | 1.03e-06 | 1.00e-05 | 1.73e-05 | 3.47e-05 | 5.97e-05 | 7.76e-05 | 1.01e-04 | 1.66e-04 | 1.58e-04
K 40 | 1.53e-12 | 1.53e-12 | 1.54e-12 | 1.58e-12 | 2.30e-12 | 5.19e-10 | 1.13e-09 | 3.64e-09 | 1.20e-08 | 2.29e-08 | 4.48e-08 | 1.11e-07 | 4.28e-08
K 41 | 3.73e-07 | 3.73e-07 | 3.75e-07 | 3.93e-07 | 5.68e-07 | 1.18e-06 | 1.58e-06 | 2.57e-06 | 3.88e-06 | 4.75e-06 | 5.82e-06 | 8.41e-06 | 7.34e-06
CA 40 | 2.71e-02 | 2.71e-02 | 2.71e-02 | 2.71e-02 | 2.68e-02 | 2.48e-02 | 2.36e-02 | 2.16e-02 | 1.96e-02 | 1.84e-02 | 1.69e-02 | 1.20e-02 | 7.55e-03
CA 42 | 4.74e-09 | 4.73e-09 | 4.70e-09 | 4.33e-09 | 6.78e-10 | 6.64e-07 | 1.89e-06 | 6.65e-06 | 1.70e-05 | 2.66e-05 | 4.21e-05 | 1.10e-04 | 1.45e-04
CA 43 | 2.37e-08 | 2.37e-08 | 2.33e-08 | 1.94e-08 | 1.61e-10 | 7.06e-10 | 1.98e-09 | 8.61e-09 | 2.68e-08 | 4.52e-08 | 7.44e-08 | 1.75e-07 | 2.35e-07
CA 44 | 1.24e-05 | 1.24e-05 | 1.24e-05 | 1.24e-05 | 1.22e-05 | 1.10e-05 | 1.03e-05 | 9.08e-06 | 8.01e-06 | 7.42e-06 | 6.75e-06 | 4.71e-06 | 3.14e-06
CA 46 | 2.39e-21 | 2.40e-21 | 2.43e-21 | 2.75e-21 | 9.64e-21 | 1.81e-16 | 2.97e-15 | 9.00e-14 | 1.15e-12 | 4.30e-12 | 1.82e-11 | 4.47e-10 | 2.55e-09
CA 48 | 4.90e-27 | 4.95e-27 | 5.30e-27 | 8.82e-27 | 3.06e-26 | 3.55e-23 | 1.97e-21 | 2.08e-19 | 7.61e-18 | 5.25e-17 | 5.08e-16 | 2.32e-13 | 2.31e-11
sC 45 | 2.23e-08 | 2.23e-08 | 2.26e-08 | 2.53e-08 | 4.86e-08 | 7.72e-08 | 9.39e-08 | 1.27e-07 | 1.66e-07 | 1.89e-07 | 2.18e-07 | 2.49e-07 | 2.06e-07
TI 46 | 1.60e-09 | 1.60e-09 | 1.61e-09 | 1.66e-09 | 3.56e-09 | 2.77e-07 | 8.22e-07 | 3.18e-06 | 8.31e-06 | 1.29e-05 | 1.98e-05 | 4.83e-05 | 6.26e-05
TI 47 | 1.98e-08 | 1.98e-08 | 1.96e-08 | 1.81e-08 | 4.30e-09 | 1.86e-08 | 3.34e-08 | 7.99e-08 | 1.77e-07 | 2.67e-07 | 4.10e-07 | 1.12e-06 | 2.05e-06
TI 48 | 2.25e-04 | 2.25e-04 | 2.25e-04 | 2.25e-04 | 2.24e-04 | 2.13e-04 | 2.04e-04 | 1.85e-04 | 1.61e-04 | 1.46e-04 | 1.28e-04 | 7.70e-05 | 4.86e-05
TI 49 | 4.26e-07 | 4.27e-07 | 4.37e-07 | 5.50e-07 | 4.27e-06 | 5.80e-06 | 6.75e-06 | 8.91e-06 | 1.11e-05 | 1.21e-05 | 1.29e-05 | 1.25e-05 | 1.22e-05
TI 50 | 9.89e-20 | 9.90e-20 | 1.00e-19 | 1.14e-19 | 3.64e-19 | 4.40e-14 | 7.78e-13 | 2.48e-11 | 2.53e-10 | 6.11e-10 | 1.17e-09 | 2.92e-09 | 1.17e-08
v 50 | 1.03e-16 | 1.03e-16 | 1.04e-16 | 1.15e-16 | 4.39e-16 | 2.96e-12 | 1.85e-11 | 2.50e-10 | 1.67e-09 | 3.27e-09 | 4.92e-09 | 1.02e-08 | 5.06e-08
\4 51 | 2.93e-06 | 2.93e-06 | 2.93e-06 | 2.89e-06 | 4.92e-07 | 6.29e-06 | 1.02e-05 | 1.82e-05 | 2.72e-05 | 3.26e-05 | 3.88e-05 | 5.65e-05 | 1.07e-04
CR 50 | 2.00e-07 | 2.00e-07 | 2.03e-07 | 2.32e-07 | 3.13e-07 | 7.46e-06 | 1.77e-05 | 5.29e-05 | 1.20e-04 | 1.78e-04 | 2.72e-04 | 8.06e-04 | 1.49e-03
CR 52 | 3.17e-03 | 3.17e-03 | 3.17e-03 | 3.17e-03 | 3.16e-03 | 3.04e-03 | 2.93e-03 | 2.67e-03 | 2.36e-03 | 2.17e-03 | 1.95e-03 | 1.60e-03 | 3.68e-03
CR 53 | 4.71e-05 | 4.72e-05 | 4.75e-05 | 5.09e-05 | 8.63e-05 | 1.10e-04 | 1.30e-04 | 1.75e-04 | 2.20e-04 | 2.44e-04 | 2.70e-04 | 4.00e-04 | 8.60e-04
CR 54 | 3.51e-16 | 3.52e-16 | 3.63e-16 | 4.98e-16 | 1.76e-14 | 6.46e-11 | 3.13e-10 | 2.55e-09 | 1.13e-08 | 2.32e-08 | 5.15e-08 | 5.42e-07 | 3.90e-06
MN 55 | 2.24e-05 | 2.24e-05 | 2.22e-05 | 2.02e-05 | 2.28e-05 | 2.74e-04 | 4.22e-04 | 7.06e-04 | 1.00e-03 | 1.17e-03 | 1.37e-03 | 2.05e-03 | 3.32e-03
FE 54 | 1.29e-05 | 1.29e-05 | 1.29e-05 | 1.29e-05 | 1.52e-05 | 7.50e-04 | 1.64e-03 | 4.38e-03 | 9.04e-03 | 1.28e-02 | 1.83e-02 | 4.28e-02 | 6.81e-02
FE 56 | 4.87e-02 | 4.87e-02 | 4.87e-02 | 4.87e-02 | 4.86e-02 | 4.70e-02 | 4.55e-02 | 4.21e-02 | 3.79e-02 | 3.53e-02 | 3.22e-02 | 2.41e-02 | 2.32e-02
FE 57 | 1.56e-04 | 1.56e-04 | 1.56e-04 | 1.56e-04 | 1.62e-04 | 2.05e-04 | 2.44e-04 | 3.31e-04 | 4.24e-04 | 4.74e-04 | 5.27e-04 | 6.42e-04 | 7.45e-04
FE 58 | 2.64e-14 | 2.64e-14 | 2.69e-14 | 3.19e-14 | 1.96e-13 | 4.31e-11 | 1.46e-10 | 9.14e-10 | 3.70e-09 | 7.43e-09 | 1.57e-08 | 1.22e-07 | 5.50e-07
co 59 | 2.64e-07 | 2.64e-07 | 2.62e-07 | 2.41e-07 | 1.84e-08 | 2.06e-08 | 4.91e-08 | 1.94e-07 | 5.82e-07 | 9.98e-07 | 1.78e-06 | 8.46e-06 | 1.86e-05
NI 58 | 2.47e-05 | 2.47e-05 | 2.47e-05 | 2.55e-05 | 3.21e-05 | 8.12e-05 | 1.37e-04 | 3.10e-04 | 6.01e-04 | 8.29e-04 | 1.16e-03 | 2.42e-03 | 3.60e-03
NI 60 | 3.75e-07 | 3.74e-07 | 3.68e-07 | 3.10e-07 | 5.72e-09 | 7.91e-09 | 2.97e-08 | 2.18e-07 | 1.01e-06 | 2.14e-06 | 4.70e-06 | 3.64e-05 | 1.42e-04
NI 61 | 6.86e-10 | 6.85e-10 | 6.76e-10 | 5.89e-10 | 3.55e-11 | 6.52e-12 | 1.46e-11 | 6.66e-11 | 2.57e-10 | 5.33e-10 | 1.19e-09 | 9.71e-09 | 4.84e-08
NI 62 | 5.76e-12 | 5.77e-12 | 5.78e-12 | 5.97e-12 | 7.73e-12 | 1.42e-11 | 2.79e-11 | 8.07e-11 | 1.84e-10 | 3.05e-10 | 5.80e-10 | 4.91e-09 | 3.65e-08
NI 64 | 2.94e-26 | 2.95e-26 | 2.98e-26 | 3.38e-26 | 1.43e-25 | 4.28e-19 | 6.16e-18 | 6.62e-17 | 5.89e-17 | 5.81e-17 | 6.72e-17 | 2.85e-16 | 5.13e-15
CU 63 | 7.49e-15 | 7.50e-15 | 7.61e-15 | 8.87e-15 | 3.62e-14 | 2.36e-14 | 5.45e-14 | 2.54e-13 | 1.16e-12 | 2.75e-12 | 6.94e-12 | 7.07e-11 | 3.37e-10
CU 65 | 3.86e-17 | 3.85e-17 | 3.79e-17 | 3.19e-17 | 3.54e-18 | 8.11e-17 | 1.77e-16 | 5.52e-16 | 1.30e-15 | 2.82e-15 | 6.78e-15 | 5.94e-14 | 2.38e-13
ZN 64 | 2.28e-15 | 2.28e-15 | 2.28e-15 | 2.32e-15 | 6.07e-15 | 4.58e-14 | 1.21e-13 | 7.19e-13 | 3.29e-12 | 6.91e-12 | 1.49e-11 | 9.45e-11 | 2.60e-10
ZN 66 | 3.70e-18 | 3.70e-18 | 3.66e-18 | 3.31e-18 | 1.56e-18 | 1.10e-15 | 6.38e-15 | 2.18e-14 | 9.51e-15 | 9.05e-15 | 1.60e-14 | 2.08e-13 | 1.29e-12
ZN 67 | 1.47e-19 | 1.47e-19 | 1.47e-19 | 1.52e-19 | 1.78e-19 | 4.46e-19 | 1.30e-18 | 2.80e-18 | 1.78e-18 | 2.84e-18 | 6.43e-18 | 5.84e-17 | 2.11e-16
ZN 68 | 1.36e-18 | 1.36e-18 | 1.37e-18 | 1.45e-18 | 2.27e-18 | 1.46e-18 | 5.03e-18 | 1.36e-17 | 9.31e-18 | 1.01e-17 | 1.03e-17 | 2.27e-17 | 4.99e-17
ZN 70 | 3.19e-32 | 3.12e-32 | 3.12e-32 | 3.26e-32 | 1.08e-31 | 1.39e-26 | 1.57e-25 | 9.29e-25 | 3.22e-24 | 1.19e-23 | 2.91e-23 | 6.82e-25 | 3.63e-26
GA 69 | 3.36e-21 | 3.36e-21 | 3.38e-21 | 3.64e-21 | 6.65e-21 | 1.53e-19 | 6.13e-19 | 9.71e-19 | 4.54e-19 | 3.96e-19 | 2.63e-19 | 1.08e-19 | 6.44e-19
GA 71 | 3.24e-22 | 3.24e-22 | 3.27e-22 | 3.60e-22 | 9.02e-22 | 1.92e-21 | 8.19e-21 | 1.73e-20 | 9.33e-21 | 8.15e-21 | 5.76e-21 | 1.01e-22 | 4.89e-22
GE 70 | 2.40e-20 | 2.41e-20 | 2.44e-20 | 2.85e-20 | 1.39e-19 | 8.74e-18 | 3.37e-17 | 5.68e-17 | 2.41e-17 | 1.67e-17 | 7.31e-18 | 1.45e-18 | 6.70e-18
GE 72 | 4.32e-20 | 4.32e-20 | 4.35e-20 | 4.58e-20 | 6.66e-20 | 9.42e-19 | 3.20e-18 | 5.14e-18 | 3.77e-18 | 3.51e-18 | 1.91e-18 | 1.01e-21 | 2.30e-21
GE 73 | 2.86e-22 | 2.86e-22 | 2.89e-22 | 3.12e-22 | 6.26e-22 | 8.15e-21 | 1.27e-20 | 1.01e-20 | 4.87e-21 | 3.75e-21 | 1.68e-21 | 1.65e-24 | 6.70e-24
GE 74 | 9.23e-28 | 9.25e-28 | 9.43e-28 | 1.14e-27 | 8.43e-27 | 2.36e-23 | 1.24e-22 | 4.18e-22 | 1.34e-21 | 2.81e-21 | 2.67e-21 | 1.71e-24 | 7.21e-27
GE 76 | 9.17e-33 | 9.23e-33 | 9.10e-33 | 9.62e-33 | 2.15e-32 | 1.14e-30 | 1.27e-29 | 1.06e-28 | 7.52e-27 | 4.82e-26 | 1.10e-25 | 3.70e-28 | 5.78e-32
AS 75 | 4.67e-22 | 4.67e-22 | 4.69e-22 | 4.86e-22 | 6.66e-22 | 8.07e-21 | 2.28e-20 | 3.30e-20 | 2.11e-20 | 1.69e-20 | 7.31e-21 | 1.04e-24 | 2.71e-25

TABLE A.3: Decayed Post Processed Yields: M0.8
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Element | A | Reaction | Element | A | Reaction

H 1 (n,g) CA 43 (n,g)
H 2 (n,g) CA 44 (n,g)
LI 7 (n,g) CA 45 (n,g)
BE 9 (n,g) CA 46 (n,g)
C 12 (n,g) CA 48 (n,g)
C 13 (n,g) SC 45 (n,g)
C 14 (n,g) TI 46 (n,g)
N 14 (n,g) TI 47 (n,g)
N 15 (n,g) TI 48 (n,g)
O 16 (n,g) TI 49 (n,g)
O 17 (n,g) TI 50 (n,g)
O 18 (n,g) \Y 50 (n,g)
F 19 (n,g) \Y 51 (n,g)
NE 20 (n,g) CR 50 (n,g)
NE 21 (n,g) CR 51 (n,g)
NE 22 (n,g) CR 52 (n,g)
NA 23 (n,g) CR 53 (n,g)
MG 24 (n,g) CR 54 (n,g)
MG 25 (n,g) MN 55 (n,g)
MG 26 (n,g) FE 54 (n,g)
AL 26 (n,g) FE 55 (n,g)
AL 27 (n,g) FE 56 (n,g)
SI 28 (n,g) FE 57 (n,g)
SI 29 (n,g) FE 58 (n,g)
SI 30 (n,g) FE 60 (n,g)
P 31 (n,g) CO 59 (n,g)
S 32 (n,g) NI 58 (n,g)
S 33 (n,g) NI 59 (n,g)
S 34 (n,g) NI 60 (n,g)
S 36 (n,g) NI 61 (n,g)
CL 35 (n,g) NI 62 (n,g)
CL 36 (n,g) NI 63 (n,g)
CL 37 (n,g) NI 64 (n,g)
AR 36 (n,g) CU 63 (n,g)
AR 38 (n,g) CU 65 (n,g)
AR 39 (n,g) ZN 64 (n,g)
AR 40| (ng) ZN 65| (ng)
K 39 (n,g) ZN 66 (n,g)
K 40 (n,g) ZN 67 (n,g)
K 41 (n,g) ZN 68 (n,g)
CA 40 (n,g) ZN 70 (n,g)

TABLE B.1: Selection of KADONIS rates comprising of (n,7)
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