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Abstract

%6A1 is a key short-lived radionuclide in astrophysics, contributing to galac-
tic v-ray emission, serving as a tracer of nucleosynthesis in massive stars,
and a source of heat in early planetoids. Very Massive Stars (VMSs), stars
with masses greater than 100 M, [I], are potential sources of 2°Al through
their enhanced stellar winds. The amount of °Al ejected by VMSs depends
on the reaction rates of *Mg(p,y)?°Al, which governs its production, and
*5Al(p,y)?"Si, which contributes to its destruction. In this work, updated re-
action rates for *Mg(p,y)?°Al and 2°Al(p,7)*'Si were incorporated into the
post-processing nucleosynthesis code MPPNP to assess their impact on 26Al
wind yields within VMS models with masses 300 My and metallicities of 1
Zo, 0.1 Zg, and 0.01 Zg. Results indicate that the revised rates lead to a
general decrease in 2°Al ejection at low metallicity by 28% and 47%, for 0.1
Zs and 0.01 Zg respectfully, compared to standard reaction rates, but an in-
crease in ejected 2°Al mass at solar metallicity by 55%. This emphasizes how
uncertainties in nuclear reaction rates can significantly affect the predicted
yields of 2°Al and other isotopes from VMSs. These rates control production
and destruction pathways, their uncertainties can compound through the re-
action network, influencing abundances of many isotopes. As such, refining
these reaction rates through future experiments and studies will be essential
for improving the accuracy and reliability of nucleosynthesis predictions and
the models that depend on them.
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Chapter 1

Introduction

26A is a radioactive isotope that plays an important role in the study of
nucleosynthesis, Galactic Chemical Evolution (GCE), and planetary forma-
tion. 2°Al has a half-life of T} s2 = 0.717 £ 0.024 Myr and decays to produce
a characteristic 7-ray photon of 1808.72 KeV [3]. The -rays emitted by the
decay of 2°Al can be detected by ~-ray satellite observatories in Earth orbit,
leading to intricate tracking of the distribution of *°Al within the Milky Way.
Mapping of both the active Al and decayed *°Al (as *Mg) provided more
insight and raised more questions into the potential sources of the element,
as core collapse supernovae (CCSne) and Wolf-Rayet (WR) stars seemed to
under-produce °Al in nucleosynthesis models.

This work explores the effect updated reaction rates and their uncertain-
ties have on the production and destruction of 2°Al in VMSs and in their
wind yields. These stars are rare due to their high masses. However, as [I]
demonstrates, even when accounting for the Initial Mass Function (IMF),
which describes the distribution of stellar masses in a population of stars,
the contribution of stellar winds from VMSs exceeds that of a 50 M, star by
more than an order of magnitude. The newly measured reaction rates that
this work uses are outlined in Laird et al. [2], and will be referred to as the
"Laird2023” rates in this text.

In the study of GCE, %Al is an important isotope as it serves as the base-
line short-lived radioisotope against which the production and decay of other
short-lived isotopes are compared. Its relatively well-known nucleosynthesis
pathways and decay characteristics make it a fundamental reference point for
understanding the chemical enrichment of the galaxy, particularly in relation
to stellar processes such as those occurring in massive stars and supernovae.

IThis work uses a similar notation as [2], where 2°Al refers to the ground state only and
when necessary, 29A1 and 2°™Al are used specifically to denote the ground and isomer
states respectively.
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It is therefore essential to understand and constrain the production, destruc-
tion, ejection, and decay of 2°Al, as accurate knowledge of these processes
is key to determining its role in the chemical evolution of the galaxy. By
refining our understanding of how 2°Al is synthesized in stars, and how it is
redistributed into the ISM, we can more accurately trace the development of
elements in the Milky Way and better interpret the observational data that
informs our models of stellar and galactic evolution.

1.1 29A1 Detection and Galactic Distribution

MPTEL 1991-2000, ME 7

{Plaschke et al. 2001)

v-Intensity [phem2sr's™"] x107°

1
0.00 0.40 0.80 1.20 1.60 200 2.40 2.80

Figure 1.1: The night sky as observed in 1809 keV photons, imaged using data
from the COMPTEL telescope aboard NASA's Compton Gamma-Ray Observa-
tory [4]. This energy corresponds to the decay of 2°Al, revealing regions of the
sky where this isotope is produced in stellar nucleosynthesis. Image taken from

[5].

The detection of gamma-ray emissions from 2°Al in the Milky Way has pro-
vided important details for both nucleosynthesis and the lifecycle of mas-
sive stars. The first direct observation of Al decay was achieved by the
HEAO satellite program between 1977-1979, observing the galactic centre
[6]. Further observations by COMPTEL and INTEGRAL revealed that 2°Al
is primarily concentrated along the Galactic plane, as illustrated in with
this distribution pointing to an origin in young, massive stars and their core-
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collapse supernovae, consistent with the fact that star-forming regions are
located there [4],[7]. Also, the INTEGRAL mission has provided improved
spectral resolution over COMPTEL, allowing for precise measurements of
the Doppler shifts and broadening of the °Al line [S],[7].

The ?°Al ~-ray observations revealed structures in the Milky Way that
align with previous expectations, indicating that 2°Al is primarily produced
by massive stars and their CCSNe. Since young, massive stars are typically
concentrated along the Galactic plane, their contribution to *Al production
is consistent with these findings [2]. Additionally, surveys of the night sky
with the INTEGRAL space telescope estimate 2.8 Mo40.8 M, of Al within
the Milky Way [8],[7].

1.2 Galactic Sources of 2°A1

%6A] is primarily produced in the interiors of massive stars, particularly dur-
ing their late evolutionary stages. These stars, which end their lives as su-
pernovae, contribute significantly to the production of Al through explosive
nucleosynthesis during CCSNe [9]. Additionally, Al can be synthesized in
asymptotic giant branch (AGB) stars, though to a lesser extent than in
VMSs, with simulations showing that AGB stars eject on the order of 10~7
M, of #Al, roughly five orders of magnitude less than VMSs [10]. The ma-
terial produced by these stars is then ejected into the ISM through stellar
winds and supernova explosions, enriching the ISM with 2°Al. Observations
of Al in the Milky Way, particularly from space telescopes like COMPTEL
and INTEGRAL, have helped confirm these production sites and provided
insight into their relative contributions [g].

In more recent years, VMSs have gained attention for their ability to
produce and eject large amounts of 2°Al into the ISM. It has been proven
that VMSs exist, and models of VMSs eject 1073-1072 Mg, of 2°Al, which is
10-100 times more than WR and O-type stars [L1],[1].

1.3 The Role of ?°Al in Planetary Formation

Analysis of grains within some of the oldest meteorites have indicated the
presence of 2°Al in the early Solar System [I2]. Wasserburg et al. proposed
that 2°Al was likely produced by nearby stellar sources, such as supernovae
or massive stars. These stars would have expelled 2°Al into the surrounding
interstellar medium, which then polluted the molecular cloud from which
the Sun and the planets formed. The presence of 2°Al provides evidence that
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the early Solar System was influenced by the radioactive decay of isotopes
that originated in the nucleosynthesis processes of these stars. Lichtenberg
et al. [13] highlighted the significant impact of Al decay on the thermal
evolution and differentiation of early planetesimals in the Solar System. The
heat generated by the decay of 2Al was sufficient to cause extensive melting
within planetesimals and protoplanets. This melting allowed for the sepa-
ration of metal and silicates, leading to the formation of distinct cores and
mantles in planetesimals. Moreover, the heat from 2°Al decay likely drove
water out from the interiors of these bodies, dehydrating them and leading
to more water-poor planetesimals. Planets that formed in such environ-
ments rich in ?*Al may have undergone extensive early outgassing, leading
to dry, terrestrial planets like Earth, whereas planets forming in regions with
lower 2Al abundances might have retained more water, potentially develop-
ing into ocean worlds [I3]. Understanding the production of *°Al in greater
detail helps improve our understanding of planetary formation not only for
Earth, but also for exoplanets, and may help identify those with conditions
favourable for habitability.



Chapter 2

Theory

2.1 Stellar Nucleosynthesis and Winds

Within the core of a star, extreme temperatures and pressures allow nuclei
to overcome their electrostatic repulsion, enabling nuclear fusion and releas-
ing substantial amounts of energy. In a purely classical picture, only nuclei
with sufficient kinetic energies exceeding the Coulomb barrier would be able
to fuse. The kinetic energy distribution of the particles is described by the
Maxwell-Boltzmann distribution, with fusion only occurring with the minus-
cule amount of particles at the highest energies [I4]. We can estimate how
many protons fuse within a star using:

Zl 2262
4megro

E ~ leg MeV, <21)

Equation taken from [15].

where Z; and Z, is the atomic number of the fusing particles (both being
hydrogen in this case), and ry, the distance is given by r = 79A'/3 which,
for hydrogen, simplifies to the nuclear radius, r, being equal to the nuclear
radius constant, ry &~ 1.3 fm. Using equation (2.1)), the approximate kinetic
energy for fusing hydrogen nuclei, Z; = Z; = 1, is 1 MeV. Estimating the
thermal energy of particles in the Sun can be done using E ~ k7. For
the Sun, T,oe ~ 1.5 x 107 K, ' ~ 1300 eV ~ 1 x 1072 MeV, three orders of
magnitude lower than the required for fusing. As the Maxwell-Boltmann dis-
tribution falls off exponentially beyond the peak energy, only a tiny fraction
of the total particles can have high enough energies to fuse. This demon-
strates how a solely classical approach does not accurately predict the ob-
served fusion rates. Quantum mechanics resolves this discrepancy through
the phenomenon of quantum tunnelling, whereby a nucleus can penetrate the
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Coulomb barrier of another nucleus and fuse at lower energies. The interplay
between energy distribution and tunnelling probability is crucial: at higher
energies, tunnelling is more probable, but the number of nuclei at these en-
ergies is lower; at lower energies, more nuclei are present, but the likelihood
of tunnelling decreases.

1 1 1 1 1
102 N
A S
—_ 1076 [— \\
2 EkT
'c e N T
5 10710 | N T
o v e 2m
S 10 E TN
= . N
= -18 ’ N
'_6 10 — " N
g ' \
y ~N

S 1022 L [/ EKT g2m N
o ; ‘\\

10726 |- f N

] ~
i ~
10730 H ] ] ] 1 1 h
0 02 04 06 O 1 1.2

Energy (MeV)

Figure 2.1: Maxwell-Boltzmann distribution (e=#/*7 ; dashed line) and Gamow
factor (tunnelling probability, ¢~2™"; dashed-dotted line) versus energy for the
12C(v,7)160 reaction at a temperature of 7" = 0.2 GK. The solid line shows
the product, the Gamow Window, with a peak at £y = 0.32 MeV. Figure and
caption adapted from [16].

This balance is represented by the Gamow window, a narrow energy range
where fusion occurs. Figure [2.1| shows the interplay between the tunnelling
probability, also called the Gamow factor, and the Maxwell-Boltzmann dis-
tribution for an example reaction: 2C(a,v)*0O. The Gamow window is
defined by two key parameters: the Gamow peak, which represents the en-
ergy at which the probability of fusion is maximized, and the Gamow width,
which denotes the range of energies within which fusion is most likely to
occur. The Gamow peak, Ej, is given by:

eV, (2.2)

Equation taken from [14)].
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where Eg is the Gamow energy in eV, k is the Boltzmann constant in eV K1,
and T is temperature in K.

The width of the Gamow window, A, which defines the range of energies
where fusion reactions predominantly occur, is approximated by:

A~ 1.8(Eq/kT)Y kTeV, (2.3)
Equation taken from [17)].

where Eg is the Gamow energy in eV, k is the Boltzmann constant in eV K1,
and T is temperature in K. Ey is dependent on the mass and charge of the
interacting nuclei, resulting in a distinct Gamow window for each nuclear
reaction.

2.1.1 The P-P Chains and the CNO cycle

In the main-sequence of a star’s life, hydrogen is fused into helium, releasing
energy. In stars greater than 1.5Mg,, this is done through the CNO cycle. The
CNO cycle is a catalytic process that involves isotopes of carbon, nitrogen,
and oxygen to convert hydrogen into helium. It consists of four distinct
reaction chains: CNO-1, CNO-2, CNO-3, and CNO-4 [16].

CNOf1 CNO2 17F
[“0] [0] [0] [7o] [f0]  [“o] [*0] [*0] [o] [0
“N| [N RIS
PR [ Elcla

CNO3 17| 18| [19F CNO4 17| 18| |19F

|14_0| “5_O| 60| |70 130| 140 |150| |160|-
FEE 2 EEE

Figure 2.2: A diagram of the four branches of the CNO cycle—CNO-1, CNO-2,
CNO-3, and CNO-4—illustrating the series of nuclear reactions in which isotopes
of carbon, nitrogen, and oxygen act as catalysts to convert hydrogen into helium.
Each cycle represents a different pathway for the proton fusion process, with
varying contributions to energy production in stars. Figure taken from [16].

13N

0 13-0
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Although the CNO cycles as shown in Figure themselves are not a
direct source of °Al, the processed material forms the basis for subsequent
burning stages, and at the higher core temperatures reached in VMSs, leak-
age from the CNO cycles connects to the NeNa and MgAl chains, where 2°Al
is produced. In the VMS stellar models with metallicity the same as the sun,
taken in this work as Z; = 0.014, or greater, the main energy production
(which drives all nuclear reactions) is the CNO cycle on account of their core
temperature and abundance of the CNO elements. For the lower metallicity
stellar models (Z = 0.01Z), the core temperature exceeds the ~ 15 MK
required for the CNO cycle. However, because the initial abundance of C, N,
and O is reduced by two orders of magnitude compared to solar composition,
the catalytic cycles cannot operate efficiently at the Zero-Age-Main-Sequence
(ZAMS, the beginning of the main sequence). Instead, energy generation is
initially dominated by the pp chain. As the star evolves, even small amounts
of C produced via the triple-alpha process seed the CNO cycle, which then
rapidly overtakes the pp chain due to its strong ~ T?° temperature depen-
dence [14].

2.1.2 25A1 in Stellar Environments and Winds

In stars, the main channel of *°Al production is through the **Mg(p,v)**Al.
This reaction is a part of the Mg-Al cycle, as outlined in Figure [2.3] which
contributes to the production of elements beyond the CNO cycle during core
H-burning. The Mg-Al cycle activates when core temperatures reach over
50MK, which are typically only reached in the cores of massive stars greater
than 30Mg [17].

The formation of 2°Al occurs predominantly during the main sequence
and carbon-burning phases of a star’s evolution. During the main sequence,
core temperatures the VMSs (~ 50—80 MK) enable the reaction *Mg(p,y)*°Al
to proceed efficiently. Both protons, supplied by the hydrogen-rich stellar
core, and »Mg, present in the initial composition, are available in sufficient
abundance to drive this process. In the later carbon-burning phase, higher
temperatures allow for additional protons to be released through reactions
such as "*C(*C,p)*Na. These liberated protons again interact with the ex-
isting »Mg, sustaining further synthesis of °Al at the higher temperatures
characteristic of carbon burning. In other advanced burning stages, such as
core helium, oxygen, and neon burning, both Mg and 2°Al are largely de-
stroyed and do not survive in significant quantities for ejection. Additionally,
26A] undergoes further depletion during the supernova explosion. The pas-
sage of the shock front through the stellar interior raises local temperatures
to several GK, creating conditions under which 2°Al is efficiently destroyed
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by reactions such as 2°Al(p,y)?’Si. Photodisintegration can also contribute
to its reduction at these extreme temperatures. As a result, a significant
fraction of the 2Al produced during hydrostatic burning is consumed dur-
ing explosive nucleosynthesis, lowering the final abundance ejected into the
interstellar medium[I8].

TS
BALL (2emALL [2TAl Key
/ /,/”’// /BJr?V P77 p,Oé
24Mg“ /25Mg 26\[g o

Figure 2.3: The isotopes and reactions involved in the Mg-Al cycle. Solid boxed
denote stable isotopes, while dashed boxes represent unstable isotopes. The
arrow styles (solid, dashed, dotted) and directions correspond to different types
of decay and reactions as shown in the key.

Stellar material is not solely delivered through supernovae; a substantial
fraction could also be expelled via stellar winds. Mass loss through stellar
winds is a continuous process during stellar evolution, and in VMSs it is
particularly significant [I]. These winds are primarily radiation-driven, with
the intense luminosity of a VMS imparting momentum to the stellar enve-
lope as the photons absorb and scatter throughout the layers of the star,
to the point the material gains enough momentum to be ejected from the
star. For the most massive stars, where luminosities approach or exceed the
Eddington limit, the mass-loss rates become extreme [1]. As a result, VMSs
lose the majority of their initial mass through winds before leaving the main
sequence. For example, stellar evolution models predict that a VMS with
300 Mg leaves the main sequence with only about 30 Mg remaining, with
the rest being ejected from the star [I]. Comparatively, the Sun is predicted
to lose at least 10% of its mass throughout its main sequence [19]. The VMS
models are stationary, not rotating, models. As such, mechanical mass loss
is not accounted for, which could raise the amount of mass ejected. These
enhanced winds serve two key functions. First, they remove large amounts
of processed stellar matter, enriched with the products of hydrogen burning,
directly into the interstellar medium without requiring a supernova, which
can be destructive to various elements as discussed earlier. Second, the winds
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expose deeper layers of the star as the outer envelope is stripped away. This
material is, again, enriched with hydrogen burning products, which would
have otherwise been buried within the star until ejected via supernova. In
this way, winds from VMSs provide a major channel for enriching the ISM
with newly synthesized material.

2.2 Production, Destruction, and Decay of
26
Al

As %A1 could exist as both YAl and 2°™Al there are a few things to consider
due to the production reaction,”Mg(p,y)?°Al, feeding into both states. At
temperatures below 0.4 GK, the two states behave like two separate species
and have to be treated as such. This is due to the energy separation be-
tween the two states, with the metastable state being 0.228 MeV above the
ground state, as seen in Figure 2.4] At stellar temperatures below about
0.4 GK, the thermal energy available (kT = 34 keV) is much smaller than
the energy gap between the two states. This means that thermal excita-
tions are too weak to significantly populate the metastable state, and the
two states evolve independently as if they were distinct species. At higher
temperatures above 0.4 GK, however, the thermal energy is more comparable
to the energy separation, and transitions allow frequent conversion between
the ground and isomeric states. At this temperature regime, they no longer
need to be tracked separately in nucleosynthesis calculations. The ground
state is the species responsible for the emission of the 1809 KeV ~v-rays as
it undergoes B decay into the first excited state of Mg, which emits the
characteristic y-ray as it de-excites. The 5+ decay of YAl is "forbidden”
as there is a non-zero change in angular momentum between the parent and
daughter isotopes: %Al has a spin parity of J™ = 5+ and the excited state
of Mg has a spin parity of J™ = 2+ [3]. This forbidden decay contributes to
the long half-life of 29A1, with the significant change in angular momentum
reducing the probability of decay occurring at any given moment compared
to an allowed transition.

The isomer state also decays through 8 decay, however it does not follow
the same pathway as the ground state. As seen in Figure , 26m A1 decays
directly into the ground state of *Mg. Both of these states have a spin
parity of J™ = 04, and as such the decay occurs much faster, with a half-life
of T /5 = 6.3460 £ 0.0008 s [3]. On the scale of stellar lifetimes, the decay of
26mA] can be treated as an instantaneous process.
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26A| 26Mg
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Figure 2.4: The nuclear level and decay scheme of 2°6'™Al. ~-ray energies are
listed as they arise from decay of 2°6'™Al, including annihilation of the positrons
from ST -decay. Figure taken from [5].

2.2.1 Calculating Nuclear Reaction Rates

The reaction rate per particle, (ov), for a non-resonant reaction is expressed
through the equation

(ov) = (%)WW /0 " Bo(B)eFI TR, (2.4)

Equation taken from [16].

where p is the reduced mass of the reactants, k is the Boltzmann constant,
T is the temperature, E is the energy of the reactants, and o(FE) is the
reaction cross-section at energy E. This equation can be further simplified
when looking at narrow resonances, in which o(F) can be approximated by
the Breit-Wigner distribution. Additionally, equation is the reaction



12 Theory

rate due to a single resonance, and the total reaction rate is the sum of
all resonance contributions. The resulting numerical formula for the total
reaction rate is:

1.5399x101!
Na(ov) = W Z(wv)m‘nﬁowi/%(cmgmol_ls_l) (2.5)

i

Equation taken from [16].

where wy and E; are given in MeV, the reduced mass p is in amu, and i
labels different resonances.

2.2.2 The **Mg(p,7)?°Al production reaction

Resonant proton captures to states above the proton threshold at 6306.33 +
0.03 keV is the primary influence on the production rate of **Al [2].

At low temperatures, the rate of *Mg(p,7)?°Al reaction is dominated
by resonant proton captures, with the 59 keV and 93 keV resonances being
the main contributors. This correlates to the core temperatures of the VMS
models during the main-sequence.

To correctly calculate the amount of 2°Al that branches into the ground
and isomer states, equation ([2.5) must be multiplied by the feeding fraction,
fo, for the corresponding resonance 7. The feeding fraction, fj, represents the
fraction of decays from a given excited state (resonance) that proceed directly
to the ground state rather than the isomeric state. It depends on the nuclear
structure of 2°Al and the available decay channels. Using f; ensures that the
branching between the two states is properly accounted for in nucleosynthesis
calculations, rather than assuming all production ends up in one state.
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Figure 2.5: Resonance contributions for the >Mg(p,7)?°¢Al and *Mg(p,~)?°™Al
reactions, showing at which temperatures resonances are dominant, or contribut-
ing to the overall reaction rate.The thickness of each resonance contribution is
due to the uncertainty in the resonance parameters.

At the core temperatures of the VMS models, between 50-90 MK, Figure
2.5 shows that the 59 keV and 93 keV resonances dominate that temperature
regime. It is important to highlight that the 93 keV resonance will have a
greater impact in VMSs core environment, as these stars spend the major-
ity of their main-sequence phase at temperatures between 50 and 90 MK.
This temperature range falls within the region where the 93 keV resonance
dominates, with its influence extending from 50 to 120 MK [17].

2.2.3 The ?°Al(p,7)?"Si destruction reaction

In the main sequence stellar environment, 2°Al is destroyed by proton cap-
ture to produce 27Si. As discussed in Section both the isomeric and
ground states of 2°Al need to be accounted for at temperatures below 0.4
GK. At the temperatures present in the core of a main sequence VMS, the
contribution of the reaction ™Al(p, v) ?"Si to the total reaction rate is less
than 1%. Therefore, the isomer contribution is considered to be negligible in
comparison to the ground-state contribution.
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Figure 2.6: Resonance contributions for the 2°¢Al(p,~)?’Si and *™Al(p,7)?'Si re-
actions, showing at which temperatures resonances are dominant, or contributing
to the overall reaction rate.The thickness of each resonance contribution is due
to the uncertainty in the resonance parameters.

As shown in Figure the 69 keV and 128 keV resonances are the
dominant contributors to the 2°9Al(p,7)?"Si in the temperature range of VMS
cores during the main sequence. 27Si is a radioactive isotope, which decays
into 2"Al, the only stable isotope of aluminium, through A+ decay with a
half-life of T3/ = 4.16s [20]. This means that 2TAl can be used as a tracer
isotope for 29A1 destruction rates. In Figure[2.6] the resonance contributions
appear broader than those of the production reaction in Figure 2.5 This is
due, in part, to ’Si being an unstable isotope with a short half life, with
resonance energies and strengths often inferred indirectly. This introduces
greater uncertainty into the resonance contributions.



Chapter 3

Method

This section covers the method used to fit the 2*Mg(p,y)?®Al and 2°Al(p,7)*'Si
reaction rates from Laird2023 and then implement them into the Multi-zone
Post Processing Nucleosynthesis Program (MPPNP) codes to investigate the
effect these new rates on the amount of 2°Al ejected by Very Massive Stars
(VMSs). Since MPPNP requires rates to be expressed in its analytic fitting
form, the tabulated data were fitted using the seven-parameter function as
described by the Joint Institute for Nuclear Astrophysics Reaction Library
(JINA REACLIB, hereafter referred to as REACLIB) and rewritten into the
REACLIB format [21].

3.1 MPPNP

MPPNP is a multi-zone, post-processing nucleosynthesis software developed
by the NuGrid team [22]. MPPNP works by running the 1-dimensional
Post Processing Nucleosynthesis (PPN) code in various mass zones that are
defined in the input files, and then simulates mixing between the different
zones. This emulates a multi-dimensional model of the star. MPPNP was
chosen over PPN because VMSs undergo significant mixing throughout their
evolution, a process that plays an important part in the production and
distribution of 2°Al.

MPPNP uses a database of nuclear reaction rates and a reaction network
to simulate abundance outputs of various elements and their isotopes at
different time steps. To model an environment, an initial composition file,
and a stellar model dataset are required. In this study, initial compositions
for 174, 0.1Z4, and 0.01Z stars were used alongside 300Mg 1Zq, 300Mg
0.1Z, and 300Mg, 0.01Z, stellar models for the temperature/density profiles,
timesteps, mixing, and mass loss parameters. The models used in this study
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were selected based on their availability, as they represented the most suitable
and accessible options for simulating the relevant stellar evolution processes.

3.1.1 VMS Stellar Models

The stellar models used were produced using the Modules for Experiments
in Stellar Astrophysics (MESA) software, a one-dimensional stellar evolution
code that models the evolution of the star [23]. The VMS models were com-
puted from the Zero-Age-Main-Sequence (ZAMS) until core O-exhaustion
[1]. The mass-loss due to stellar winds in the VMS models was modelled
using the optically thick, enhanced S22 wind prescription outlined in [24].
For the purposes of this work, the models were only post-processed up to the
end of core H-burning at the Terminal Age Main-Sequence (TAMS).

The stellar model datasets included all the stellar structure and evolution
information needed to run MPPNP. This is mainly comprised of the temper-
ature and density profiles at mass coordinates throughout the star. They
also include other information such as the wind prescription mass loss rates,
age, and luminosity.

3.1.2 Fitting Nuclear Reaction Rates

MPPNP uses the REACLIB format, instead of tabular data, for nuclear
reaction rates. The REACLIB format uses the following function:

2i—5
Na{ov) = plao+ iy aiTy 7 +agin(Ty)] (3.1)

where the seven parameters, ag to ag are used to fit a function to a reaction
rate. To accurately describe the reaction rate, multiple functions or ‘con-
tributions’ are summed to give the total reaction rate. These contributions
consist of multiple sets of the parameters ag to ag [25]. The details of the
code used for fitting the **Mg(p,v)*°Al and *°Al(p,y)*"Si reaction rates are
outlined in [25].

The code used tabular data from Laird et al. [2],consisting of tempera-
tures from 0.01 GK to 10 GK and the reaction rates at those temperatures,
and uses Gaussian elimination to solve for each coefficient of the fit [25].
The 2‘r’l\/[tc;(p,fy)%Al reaction, as an example, consisted of three contributions
roughly divided into ‘low’,'mid’, and ‘high’ temperature regimes. Each zone
is fitted one at a time, and the code accounts for any previously fitted contri-
butions. Along with the fit, the code produced plots showing the percentage
difference between the data and the fitting, to help maximise the accuracy of
the fitting. To fine-tune the fitting to the tolerance outlined, the data points
could be weighted as specified in the input files.
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3.1.3 Implementing rates into MPPNP

MPPNP uses a supplemental reaction library known as VITAL that in-
cludes rates that were not in JINA REACLIB [21], Karlsruhe Astrophysical
Database of Nucleosynthesis in Stars (KADoNiS) [26], or Nuclear Astro-
physics Compilation of REactions (NACRE) [27] databases when NuPPN
was originally developed [22]. These reaction rates are now outdated, with
newer measurements now available. There are 117 reactions governed by
the VITAL database, including the two rates important to this project,
*Mg(p,y)?°Al and 2°Al(p,y)*’Si. NuPPN works such that if a flag for a rate
in VITAL is switched to False, NuPPN will search for another rate from
REACLIB. By using the most recent version of the REACLIB database (last
updated on 2021-06-24) [21] and setting the reaction flags to 'false’ in VITAL,
MPPNP can utilise the updated nuclear reaction rates.

After obtaining the fitted reaction rate, it could be implemented into
MPPNP using one of two methods: by incorporating it directly into the
JINA REACLIB or by adding it to the VITAL database. The latter method
was chosen to preserve the REACLIB file as a baseline for reaction rate
comparison. To implement the fitted reaction rate, the equation governing
the specific reaction was modified to conform to the REACLIB format, as
described in [3.1} with the inclusion of density to accurately compute the
abundance.

Once the rate was implemented, setting the corresponding flag to True
in the physics.input file inside each VMS model directory enabled the fitted
reaction rate to be used.

With the fitted Laird2023 reaction rates implemented in REACLIB for-
mat within MPPNP, and other nuclear reactions updated, the subsequent
analysis focuses on how these rate changes and their uncertainties influence
%A1 production and ejection across different VMS stellar models. The ap-
proach taken ensures that the comparison between updated and standard
rates directly reflects their role in nucleosynthesis in the VMS environments.
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Results and Analysis

This chapter presents the results of fitting the Laird2023 **Mg(p,v)?°Al and
*Al(p,y)?"Si reaction rates, along with a comparison to standard rates. It
also discusses the implementation of newly measured reaction rates and their
associated uncertainties into MPPNP, their effects on nucleosynthesis in VMS
models across different metallicities for the 300 M, star, and their impact on
the ejected masses of 2JAl. Tracer isotopes for the production and destruc-
tion of 29A1 are also included to give greater context on how the abundance
of Al in the ejecta and core evolves over the course of the main-sequence.

4.1 Results of Reaction Rate Fitting

The tabulated reaction rates from Laird (2023) were converted into the REA-
CLIB format and implemented in MPPNP (see Chapter [3)). This allows a
consistent assessment of the effect of the updated rates on nucleosynthesis in
VMSs. In this subsection, the results of the fitting procedure are presented,
focusing on the agreement between the fitted analytic representation and the
original tabulated rates for the reactions *Mg(p,y)?°™Al and 2*9Al(p,7)*"Si.

4.1.1 *Mg(p,7)?°Al fitting results

The following figures illustrate the deviation between the REACLIB analytic
fit and the original tabulated **Mg(p,y)**9"™Al reaction rates across the total
temperature range for the rates.
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Figure 4.1: Percentage deviation of the REACLIB fitting from the tabular data
for 2*Mg(p,7)**Al as a function of temperature, from 0.01 GK to 10 GK. The
shaded region of the plot represents range of core temperatures in the VMS
models during the main-sequence

Figure shows the percentage deviation of the REACLIB reaction rate
fit from the tabular data as a function of temperature for the upper, median,
and lower bounds of the ground state production reaction *Mg(p,y)?0YAl.
The lower, median, and upper bounds of the rates correspond to the 32nd,
50th, and 68th percentiles of the input nuclear physics uncertainties, respec-
tively, as described in the rate tables provided in [2]. These bounds provide a
range for each resonance, describing the influence of the uncertainties on the
resonance parameters. The deviation of the fit from the tabular data quan-
tifies the accuracy of the REACLIB fit across different temperature regimes,
demonstrating how closely the fitted rates approximate the tabular values.
The shaded region represents the range of core temperatures encountered
in the VMS models used in this work, in an effort to reduce and highlight
the deviation within the temperature range most relevant to these stellar
environments.
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Figure 4.2: Percentage deviation of the REACLIB fitting from the tabular data
for 25|\/|g(p,’y)26mA| as a function of temperature, from 0.01 GK to 10 GK. The
shaded region of the plot represents range of core temperatures in the VMS
models during the main-sequence

Figure shows the percentage deviation of the REACLIB reaction rate
fit from the tabular data as a function of temperature for the upper, median,
and lower bounds of the isomer production reaction 251\/[g(p,fy)26mA1. These
fittings exhibit greater consistency compared to the ground state fittings
shown in Figure [£.1 While there was no specific reason for this improved
consistency, it appears to be a result of how the fitting code detailed in Chap-
ter [3] handled the tabular data. In certain cases, fits with higher deviations
were chosen over better fits, as the fits that better matched the tabular data
tended to show exponential growth in reaction rates at lower temperatures.
The exponential growth only happened in one fitting, in Figure (c), where
the fit had a variance < 5% for the fit, but below the temperature range,
the rate increased exponentially. In this case, the worse fit, with variance
exceeding 5% was chosen. This behaviour could have proved problematic in
regions of the star outside of the core, where such rapid increases in rate were



4.1 Results of Reaction Rate Fitting 21

not physically realistic at those temperatures, and would lead to anomalies
in abundances.
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Figure 4.3: Ratio of the upper, median, and lower bounds of the 25Mg(p,fy)%gAI
and 25Mg(p,fy)zﬁmAl reactions to the median, as a function of temperature. The
plot also includes the tabular data (solid lines) and the REACLIB fit (dashed
lines). The shaded region indicates the range of core temperatures typically
encountered in VMS models.

Figure 4.3] shows the difference between the fits and the tabular data,
expressed as a ratio to the median, to assess whether there was any overlap
between the different fits for both the ground reaction **Mg(p,y)**?Al and the
isomer reaction **Mg(p,y)?°™Al This analysis extends the percentage devia-
tion plots, which do not individually show if any of the fits overlap. Overlap
is undesirable, as it displays a lack of precision in capturing the behaviour
of the reaction rate across the temperature range. When fits overlap signifi-
cantly, it introduces more uncertainty in rate predictions, making it difficult
to establish a clear and reliable reaction rate for specific conditions. This
extra uncertainty would have caused inconsistencies in abundances produced
by MPPNP.
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4.1.2 2%9Al1(p,y)?"Si fitting results
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Figure 4.4: Percentage deviation of the REACLIB fitting from the tabular data
for 26gAI(p,’y)ﬂSi as a function of temperature, from 0.01 GK to 10 GK. The
shaded region of the plot represents range of core temperatures in the VMS
models during the main-sequence

Figure [4.4] shows the percentage deviation of the REACLIB reaction rate fit
from the tabular data as a function of temperature for the upper, median,
and lower bounds of the ground destruction reaction 2*?Al(p,y)*"Si. In two
out of the three bounds (lower and upper), the fitted rates diverge beyond
the 5% tolerance adopted in this work, with deviations reaching up to 15%
below the tabulated value. This reflects the difficulty of capturing the res-
onance behaviour of this reaction within the constraints of the REACLIB
seven-parameter form. The largest deviations occur inside or near the
temperature range most relevant to the VMS models (shaded region), how-
ever, the impact on final 2 Al abundance is expected to be limited. Nonethe-
less, the results show the limitations of the fitting approach rather than being
able to directly input tabular data.
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reaction to the median, as a function of temperature. The plot also includes the
tabular data (solid lines) and the REACLIB fit (dashed lines). The shaded region

indicates the range of core temperatures typically encountered in VMS models.

Figure shows the difference between fits and the tabular data, ex-
pressed as a ratio to the median for the ground state destruction reaction
%69 A1(p,y)?"Si. This reaction has greater uncertainties than the production
reaction because both the reactant, 209Al, and the product, >’Si, are radioac-
tive. The much shorter half-life of 2’Si, as discussed in Chapter , adds
uncertainty to experimental measurements of the reaction rate. In contrast,
the production reaction involves the stable reactant Mg, and the long half-
life of %9A1 allows it to behave similarly to a stable isotope in a laboratory
setting, resulting in a more well-constrained reaction rate as seen in Figure
4.9l
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4.2 Comparison of Laird2023 Reaction Rate
Fits to Standard Rates
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Figure 4.6: Ratio between the JINA standard rate and the Laird2023 fits for
both the ground state production reaction,25Mg(p,7)26gA|, and the isomer state
production reaction,”®Mg(p,7)**"Al as a function of temperature. The lighter
shaded region represents core temperatures from the early main-sequence. The
darker shaded area indicates the temperature range maintained throughout the
majority of the main-sequence.

Figure 4.6|shows the ratio between the JINA standard rate and the Laird2023
fits for both the ground state production reaction,*Mg(p,7)**?Al, and the
isomer state production reaction,%Mg(p,'y)%mAl. As the star’s core temper-
ature increases, the Laird2023 rates exceed the JINA rates, with differences
reaching up to ~ 1.6 times greater within the 50-80 MK range relevant to the
VMS models. The effect is more pronounced for the ground state, where the
ratio diverges more strongly at higher temperatures. This behaviour shows
that 2%9A1 is produced more efficiently during hydrogen burning in VMSs
with the newly adopted rates. Since even small enhancements in production
rates can lead to significant difference in the ejected YAl masses, Figure
[4.6] gives emphasis to the importance of why the choice of reaction rate li-
brary is important. Within the VMS models, these differences compound
over the main sequence evolution, so being able to visualise the making the
clear differences in the production rates of *°Al is useful for interpreting the
variations in ejected masses from the VMS models.
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Figure 4.7: Ratio between the JINA standard rate and the Laird2023 fits for
the®®Al(p,7)?'Si reaction as a function of temperature. The lighter shaded
region represents core temperatures from the early main-sequence. The darker
shaded area indicates the temperature range maintained throughout the majority
of the main-sequence.

The plot in Figuredemonstrates that the destruction reaction *®YAl(p,y)*'Si
from Laird2023 is greater than the corresponding reaction in the JINA database.
This suggests that the Laird2023 rate for the proton-capture reaction lead-
ing to ?'Si is more efficient, resulting in higher destruction of 2°9Al. The
difference is most pronounced across the temperature range relevant to the
VMS models, meaning that it directly influences the competition between
production and destruction processes in stellar cores. Unlike the produc-
tion channels, which enhanced the build-up of 2°Al, the stronger destruction
channel reduces its net survival. The higher destruction rate has a significant
influence on the total production of ?°Al, as seen in Figure [4.8]
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Figure 4.8: Comparison of the ratio of the production to destruction of °6Al using
the Laird2023 and the JINA REACLIB rates. The light-shaded region represents
the core temperatures at the beginning of the main-sequence. The dark-shaded
region depicts the range of core temperatures throughout the majority of the
main-sequence.

The data in Figure compares the production/destruction ratio of 09Al
using the Laird2023 and JINA rates. For most of the main-sequence, the
JINA rates show a higher production to destruction ratio, suggesting that
under the standard JINA reaction rates, more 2%9Al is produced relative to
its destruction. In contrast, the Laird2023 rates, result in a lower production
to destruction ratio during the same period. This difference indicates that
in the VMS models, the Laird2023 rates lead to a reduced production of
26971 compared to the JINA rates. As touched upon above,such differences
in the ratio are especially important because they accumulate over the stellar
lifetime, meaning that relatively small shifts in reaction rates can ultimately
translate into noticeable changes in the amount of 2°Al ejected by VMSs.
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4.3 300 Mg 1 Z,Results

Rate BMg Mg Al ZTA]
JINA || 1.04E-02 | 1.88E-02 | 7.14E-03 | 1.13E-02
Lower | 4.60E-03 | 2.14E-02 | 1.05E-02 | 1.15E-02
Median || 3.86E-03 | 2.16E-02 | 1.10E-02 | 1.14E-02
Upper || 3.21E-03 | 2.18E-02 | 1.15E-02 | 1.14E-02

Table 4.1: Ejected masses of important isotopes up to the end of core hydrogen
burning (TAMS) and the corresponding 2°Al production rate for the 300 M, 1
Z; model. Each mass is given in solar mass units, M.

Reorganized Table 4.1 Table presents the total ejected masses of key iso-
topes for a 300 Mg, star at solar metallicity (1 Zg) up to the end of core hy-
drogen burning (TAMS), not accounting for decay during the main-sequence,
alongside the corresponding Al production rates. Each row corresponds
to a different set of nuclear reaction rates (Lower bound, Median, Upper
bound, and JINA) for the production reaction. This correlates inversely for
the destruction reaction. For example, minimizing the production of 2°Al
corresponds to the lower bound for the production reaction and the upper
bound for the destruction reaction.

Table also shows that Mg, Mg, and "Al are ejected in significant
amounts alongside 26Al. *Mg is included due to its direct correlation with
%A1 production, while *Mg is included because it is the decay product of
the isomer state 2Al, and therefore also correlates to the production reac-
tion. 27Al is included as the decay product of ?’Si, which correlates with the
destruction reaction. The total ejected masses during the main sequence for
Mg is 3.86 x 107Mg HOTHA0"0M | for 2Mg is 2.16 x 1072 Mg £0.20 x 1072
Mo, for 26Al is 1.10 x 1072 M5=40.05 x 1072 Mg, and for 2"Al 1.14 x 102
M@fgjgéﬁgii M, (see Table . As the only reaction rates altered compared
to the JINA database were “Mg(p,y)?°Al and *°Al(p,7)*'Si, the observed

changes in ejecta masses can be attributed solely to these modified rates.
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Rate BNg T)Mg 2N 7TA]
JINA | 2.04E-07 | 3.70E-07 | 1.40E-07 | 2.23E-07
Lower | 9.04E-08 | 4.20E-07 | 2.06E-07 | 2.25E-07
Median || 7.60E-08 | 4.25E-07 | 2.17E-07 | 2.25E-07
Upper || 6.31E-08 | 4.20E-07 | 2.26E-07 | 2.25E-07

Table 4.2: IMF-weighted ejected masses of important isotopes up to the end of
core hydrogen burning (TAMS) and the corresponding 2°Al production rate for
the 300 Mg 1Z; model. Each mass is given in solar mass units, M.

Reorganized Table 4.2 Table[d.2] presents the IMF-weighted ejected masses
for 25Al and tracer isotopes for the Laird2023 and JINA reaction rates in a 1
Zo VMS, calculated by applying the IMF weighting used in Higgins et al. [I]
to the data from Table 4.1} The IMF reflects the typical mass distribution
of massive stars, and IMF-weighting allows for comparison between stars of
varying initial masses.

The total IMF-weighted masses during the main sequence for Mg is

7.60 x 1075 Mg HHA0A070 N for Mg is 4.25 x 1077 Mg 001070\ for

2A] s 2.17 x 107 "My, F009%1077 Mo and for Al is 2.25 x 1077 My, (see

~0.11x10-7
Table
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Figure 4.9: **Mg (light-blue dotted curve) and 2°Al (blue dot-dashed curve)
abundance ratios in the core for the Laird2023 lower bound, median, and upper
bound rates at 1 Z,. The lower and upper bounds are compared to the median,
whereas the median is compared to the JINA rate. The core temperature (red
solid curve) is also included for additional context.

Figure displays how the Mg and 2°Al abundance ratios evolve in the
stellar core with temperature at 1 Zg under different assumed reaction rates.
Each panel corresponds to a specific choice of rates within the uncertainty
range:

Panel (a) — Lower Bound: Uses the lower bound rate for the *Mg(p,y)?°Al
reaction and the upper bound rate for the 2°Al(p,y)*’Si rate. The slower
conversion of Mg into 2°Al results in a higher Mg abundance in the core,
while leading to a relatively lower 2°Al abundance over time.

Panel (b) — Median Rates: Represents the median rate from [2] as compared
to the rates from JINA[2I] for both the production and destruction reactions
of 2°Al. This panel shows how the rates of the two sources differ, with the
Laird2023 rates building up more °Al and destroying more *Mg compared
to JINA as the star evolves.
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Panel (c) — Upper Bound: Applies the upper bound rate for **Mg(p,v)*°Al
and the lower bound rate for 26A1(p,7)27Si. As a result, Mg is converted
more efficiently into 2°Al, leading to a higher °Al abundance ratio over time
compared to both the median and lower bound.

By comparing these three scenarios, one can see how uncertainties in the
proton-capture reactions on Mg and 2°Al translate into variations in abun-
dances during the main sequence. The core zone was chosen due to the
large amount of mixing that occurs in VMSs, and material from the core can
quickly make it from the into the outer layers of the star to be ejected, as
seen in the next set of figures. Overall, these plots highlight the sensitivity
of Al production to the adopted reaction rates and demonstrate the range of
possible outcomes given current rate uncertainties.
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Figure 4.10: Evolution of the surface/ejecta abundance during the MS and the
isotopic abundances of the interior of the star (shaded area) at the end of the
MS for the 1 Z, model. As mass-loss reduces the total mass of the star, the time
evolution goes from right to left. The matter ejected during the MS corresponds
to the white, non-shaded region. The black solid line represents the TAMS, and
the shaded region contains the stellar profile at the TAMS.
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Fig. shows the evolution of the surface abundance of key isotopes
throughout the main sequence until TAMS. A VMS with an initial mass of
300 Mg and solar metallicity will lose the majority of its mass throughout the
main-sequence, with only ~30 My remaining at the end of core H-burning.
These plots also show how quickly changes in the core can propagate into
the ejecta, with a lot of isotopes reaching a stable abundance throughout
both the surface layers and the stellar profile on the left of each subplot. The
unshaded part of the diagram is the data used to calculate the ejected values
in Table [£.1] using the method outlined in Higgins et al. 2023[I]. Similar
to Figure each panel corresponds to a specific choice of rates within the
uncertainty range:

Panel (a) — Lower Bound: Uses the lower bound rate for the *>Mg(p,y)?°Al
reaction and the upper bound rate for the 2°Al(p,7)*'Si rate. Here, the abun-
dance of Mg at the TAMS is higher compared to the abundances in Panel
(b) and (c), as a lower production reaction means a build-up of *Mg, less
*Mg being used up and less 2°Al produced over the course of the star’s main
sequence.

Panel (b) — Median Rates: Represents the median rate from Laird2023 as
compared to the rates from JINA for both the production and destruction
reactions of 2°Al. In this panel, there is more consumption of **Mg when
compared to Panel (a), but less consumption than in Panel (c). This leads
to more produced and ejected 2°Al and less **Mg throughout the main se-
quence.

Panel (c) — Upper Bound: Applies the upper bound rate for *Mg(p,y)*°Al
and the lower bound rate for *°Al(p,7)*’Si. As a result, *Mg is converted
more efficiently into 26Al, leading to a higher °Al abundance ratio over time
compared to both the median and lower bound.

Panel (d) — JINA rates: This uses the most recent JINA reaction rates avail-
able. This plot shows a much higher ejected mass and final abundance of
*Mg, and a slightly lower ejected mass and final abundance of *Al when
compared to the newly implemented reaction rates.

The difference in 2°Al abundance between the JINA and Laird2023 rates
arises from the variations in these reaction rates, as shown in Figures [4.6]
, and . While the Laird2023 2*Mg(p,v)*°Al reaction rate is initially
lower than the JINA rate, it exceeds the JINA rate as the star progresses
further into the main sequence and core temperatures increase. Additionally,
at lower core temperatures, the production-to-destruction ratio of 2%9Al for
the JINA rates decreases more than for the Laird2023 rates, indicating that
269 A] is destroyed slightly faster under the JINA rates at these temperatures.
This difference likely contributes to the less sharp curve in */Al abundance
observed in Figure [1.10] Panel (d).
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Figure 4.11: Comparison of the ratio of the ejected abundance of °Al using the
Laird2023 and the JINA REACLIB rates for the 300 My, 1 Z, model.

Figure [4.11]shows the ratio of the surface abundance of Al obtained with
the upper, median, and lower bound rates as described previously, compared
to the abundance obtained using the JINA REACLIB rates, as a function
of mass coordinate. This is the same as the unshaded region of Figure [£.10]
but instead taken as a ratio instead of mass fraction. The mass coordinate
decreases from right to left, so that the right-hand side of the plot corresponds
to the earliest times, when the surface °Al abundance is essentially zero. As
the surface enrichment of Al begins, differences between the reaction rate sets
emerge. The deviations from the JINA baseline grow as the abundance builds
up. As mixing gradually brings 2°Al to the surface, the absolute abundance is
small, so even moderate differences in production or destruction rates make
a large fractional difference, leading to the spike in the ratio. Eventually,
the surface abundance saturates due to the balance between production and
destruction. Once the surface reaches a steady value, the impact of the rate
variations diminishes in relative terms, and the ratios converge back down.
Figure 4.11| mirrors what is seen in Figure 4.10] with the lower,median, and
upper bound rates producing a greater 2°Al abundance than the standard
JINA rates.
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4.4 300 Mg 0.1 Z-Results

Reorganized Table 4.3

Rate BMg Mg Al ZTA]
JINA [ 2.66E-04 | 5.58E-04 | 1.05E-03 | 3.04E-03
Lower | 1.96E-04 | 6.46E-04 | 6.44E-04 | 3.44E-03
Median || 1.88E-04 | 6.49E-04 | 7.60E-04 | 3.32E-03
Upper || 1.81E-04 | 6.50E-04 | 8.97E-04 | 3.19E-03

Table 4.3: Ejected masses of important isotopes up to the end of core hydrogen
burning (TAMS) and the corresponding *°Al production rate for the 300 M, 0.1
Z; model. Each mass is given in solar mass units, M.

Table presents the ejected masses of key isotopes for a star at %th
solar metallicity (0.1 Zg) up to the end of core hydrogen burning (TAMS),
alongside the corresponding 2°Al production rates. When comparing Table
to Table [4.1] the impact metallicity has on the ejected masses is clear. A
0.1 Z, star ejects between 1.6 dex[] to 0.5 dex less material than a 1 Z star.
This is due to the lower abundance of Mg in the lower-metallicity star,
which limits the amount of Al that can be produced via the Mg-Al cycle.
Additionally, since the Mg-Al cycle is catalytic, the reduced **Mg results in
a proportionally smaller amount of ?°Al being produced, thereby reducing
the overall yield in the ejecta.

The total ejected masses during the main sequence for Mg is 1.88 X
1074 Mg PO08X1070 N for 20Mg is 6.49 x 1074 My, FO0X10 0 M - for 20A1 is

—0.07x10—4 . —0.03x10—4 5
7.60 x 107 Mg T137107, Mg, and for *"Al 3.32 x 1073 Mg 0125105 Mg (see

Table . This correlates well with the JINA rates being higher than the
Laird2023 rates for the production reaction, as more 2°Al is ejected with the
JINA rates.

!The dex scale is a logarithmic scale used in astrophysical contexts to represent large
variations in stellar properties such as abundance. A difference of 1 dex corresponds to an
order of magnitude change in the quantity being measured. Another example would be a
0.3 dex increase indicates that a value has approximately doubled, as 10°-3 ~ 2
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Rate BNg T)Mg 2N 7TA]
JINA | 5.23E-09 | 1.10E-08 | 2.07E-08 | 2.07E-08
Lower | 3.84E-09 | 1.27E-08 | 1.27E-08 | 6.75E-08
Median || 3.70E-09 | 1.27E-08 | 1.49E-08 | 6.53E-08
Upper | 3.56E-09 | 1.28E-08 | 1.76E-08 | 6.27E-08

Table 4.4: IMF-weighted ejected masses of important isotopes up to the end of
core hydrogen burning (TAMS) and the corresponding 2°Al production rate for
the 300 Mg, 0.1 Z, model. Each mass is given in solar mass units, M.

Reorganized Table 4.4 Table[d.4] presents the IMF-weighted ejected masses
for 2°Al and tracer isotopes for the Laird2023 and JINA reaction rates in a
0.1 Zg VMS, calculated by the same method outlined previously.

The total IMF-weighted masses during the main sequence for **Mg is
3.60x 107 Mu=0.14 x 1072 Mg, for Mg is 1.27 x 1078 Mg TO0XI070N 1 for
AL is 1.49 x 1078 Mg FO20X1070 N and for 27Al s 6.53 x 1078 M, +022X1072
Mg, (see Table
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Figure 4.12: Mg and ?°Al abundance ratios in the core for the Laird2023 lower
bound, median, and upper bound rates at 0.1 Z.

Figure [4.12] presents the evolution of Mg and 2°Al abundance ratios for
the Laird2023 reaction rates in the core of a 0.1 Zy star. Similarly to Figure
, the three panels corresponds to different reaction rates, with (a) being
the lower bound production reaction, (b) the median, and (c) the upper
bound production reaction. Additionally, the temperature profile of the star
is included to illustrate its correlation with abundance changes.

Panel (a) — Lower Bound: This panel uses the lower bound rate for the
%A1 production reaction, and the upper bound rate for the Al destruction
reaction. The plot shows a gradually decreasing 2°Al abundance ratio when
compared to the median, followed by an upturn at the end of the main-
sequence. This upturn, and the downturn of Mg corresponds with the
sharp increase in temperature at the end of the main sequence. The effect
of temperature on reaction rates near the end of the main sequence is more
pronounced than in Figured.9|at 1 Z, displaying greater sensitivity of lower-
abundance isotopes to temperature-dependent changes in reaction rates. The
large spike in Mg ratio is likely due to differences between the lower bound
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rate and the median rate, as this spike is seen as a dip in *Mg abundance
ratio in Panel (c).

Panel (b) — Median Rates: Represents the median rate from Laird2023 as
compared to the rates from JINA for both the production and destruction
reactions of °Al. In this panel, both Mg and 2°Al are below a ratio of 1 for
the majority of the main sequence. This is due to the Laird2023 rates being
lower than the JINA rates. The initial spike in 2°Al at the very beginning
of the star’s life is likely a result of two factors. First, differences between
the Laird2023 and JINA reaction rates at the temperatures of the early main
sequence influence the rate of Al production. Second, since the star begins
with no 2°Al, any early nucleosynthetic production of this isotope stands out
more prominently in the abundance profile, leading to the observed spike.
Panel (c) — Upper Bound: Applies the upper bound rate for *Mg(p,y)*°Al
and the lower bound rate for °Al(p,y)?"Si. This panel has similar features
to that of Panel (a), in that the abundance ratio of *°Al gradually changes
throughout the main-sequence.
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Figure 4.13: Evolution of the surface/ejecta abundance during the MS and the

isotopic abundances of the interior of the star at the end of the MS for the 0.1
Z model.

Figure shows the evolution of the surface abundance of key isotopes
throughout the main sequence until TAMS for the 0.1Z o, VMS model. These
plots illustrate the relationship between metallicity and mass loss, showing
that the 0.1Z; model experiences less mass loss throughout the main se-
quence compared to the 1 Zs model, as seen in Figure This difference
arises because lower metallicity leads to lower opacity, which in turn affects
the way energy is transported within the star. With reduced opacity, radia-
tion interacts less efficiently with the stellar material, depositing less energy
into the outer layers. As a result, the radiation-driven winds are weaker,
leading to lower overall mass loss in lower-metallicity stars. As with [£.10]
the unshaded part of the diagram is the data used to calculate the ejected
values in [£.3] using the method outlined in Higgins et al. 2023[1].

Panel (a) — Lower Bound: Focusing on the evolution of *Mg and 2°Al, it
is apparent that Mg stellar abundance is higher at the TAMS, and the
evolution in the ejecta does not "dip” as low as the median or upper bound
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panels. This means more *Mg is ejected, and conversely, less 2°Al is ejected
over the course of the main-sequence when compared to the median.

Panel (b) — Median Rates: This panel exhibits a profile similar to both Panel
(a) and Panel (c), with the main differences being the extent of the dip in
Mg and the level at which 2°Al stabilizes after its peak.

Panel (c¢) — Upper Bound: In this plot, the abundance of *Mg dips to its
lowest amount in the ejecta, and reaches its lowest TAMS abundance in the
star. This correlates with a higher abundance of 2°Al in the star and ejecta.
Panel (d) — JINA rates: This plot does not exhibit as deep of a dip in **Mg
abundance, and in Al does not rise as sharply, but the abundance is higher
than all of the Laird2023 values, leading to more in *°Al being ejected overall,
which is reflected in Table [4.3]
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Figure 4.14: Comparison of the ratio of the ejected abundance of 2°Al using the
Laird2023 and the JINA REACLIB rates for the 300 M, 0.1 Z; model.

Figure shows the ratio of the surface abundance of ?°Al obtained
with the upper, median, and lower bound rates compared to the abundance
obtained using the JINA rates, as a function of mass coordinate. Again, this
is the same as the unshaded region of [£.13] This Figure has a similar profile
to [4.11], with an initial start at unity, a sharp spike, and then levelling out
at some lower value. In this case, the ratio levels out below the JINA value,
showing how the Laird2023 rates produce less overall °Al in the 300 M,
0.1 Zs model than the standard rates, mirroring the behaviour seen in the
Figure [4.13] subplots.
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4.5 300 Mg 0.01 Z,Results

Rate Mg Mg Al 2TAL
JINA || 1.56E-05 | 1.86E-05 | 8.12E-06 | 2.95E-05
Lower || 1.46E-05 | 1.93E-05 | 3.52E-06 | 3.42E-05

Median || 1.45E-05 | 1.94E-05 | 4.28E-06 | 3.35E-05
Upper || 1.44E-05 | 1.94E-05 | 5.38E-06 | 3.25E-05

Table 4.5: Ejected masses of important isotopes up to the end of core hydrogen
burning (TAMS) and the corresponding *°Al production rate for the 300 M, 0.01
Z; model. Each mass is given in solar mass units, M.

Reorganized Table 4.5 Table [4.5] presents the ejected masses of key isotopes
for a star at 1—(1)0th solar metallicity (0.01 Zs) up to the end of core hydrogen
burning (TAMS), alongside the corresponding *°Al production rates. Again,
comparing Table to Table clearly shows the impact of metallicity on
the ejected masses. A 0.01 Z® star ejects between 2.3 dex and 1.1 dex less
material than a 0.1 Z® star, an effect that was explained in Section [£.4]
The total ejected masses during the main sequence for Mg is 1.45 x 10~°

My£0.01 x 1075 My, for Mg is 1.94 x 1075 M T000x1072 N[ for 2A] is

—0.01x10-5
4.28 x 1076 M@féjigﬁgiz Mo, and for "Al 3.35 x 107° M@”_ng%ﬁgiz Mg (see

Table[4.5)). Again, this correlates well with the JINA rates being higher than
the Laird2023 rates for the production reaction, as more 2°Al is ejected with
the JINA rates.

Rate Mg Mg Al N
JINA || 3.07E-10 | 3.65E-10 | 1.60E-10 | 5.79E-10
Lower || 2.86E-10 | 3.80E-10 | 6.92E-11 | 6.73E-10
Median || 2.85E-10 | 3.81E-10 | 8.41E-11 | 6.59E-10
Upper || 2.83E-10 | 3.81E-10 | 1.06E-10 | 6.40E-10

Table 4.6: IMF-weighted ejected masses of important isotopes up to the end of
core hydrogen burning (TAMS) and the corresponding “°Al production rate for
the 300 Mg 0.01 Z; model. Each mass is given in solar mass units, M.

Reorganized Table 5.6 Table[4.6) presents the IMF-weighted ejected masses
for Al and tracer isotopes for the Laird2023 and JINA reaction rates in a
0.01 Zs VMS, calculated by the same method outlined previously. The to-

tal IMF-weighted masses during the main sequence for Mg is 2.85 x 10~ °

+0.01x10719 260\ o 3 ~10 +0.01x10~10 W AT -
M®_0.02X10710 M@a fOl" Mg 1S 381 X 10 M®—0.00x10*10 M@, fOI' Al 1S
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8.41 x 1071 Mg t210071 My, and for 27Al is 6.59 x 10710 M t010407 P,

(see Table
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Figure 4.15: Mg and °Al abundance ratios in the core for different reaction
rates at 0.01 Zg.

Figure presents the evolution of *Mg and *°Al abundance ratios for
the Laird2023 reaction rates in the core of a 0.01 Z star.
Panel (a) — Lower Bound: This panel uses the lower bound rate for the
%6A] production reaction, and the upper bound rate for the Al destruction
reaction. This plot shows relatively stable abundance ratios for Mg and
Al during the main-sequence. Once again, there is a slope change in both
abundances at the end of the main-sequence as temperatures begin to spike
within the core.
Panel (b) — Median Rates: Represents the median rate from Laird2023 as
compared to the rates from JINA for both the production and destruction
reactions of 2Al. In this plot, both Mg and 2°Al are below a ratio of 1 for
the majority of the main sequence and are comparable to each other. The
initial spike that is visible at the start of the main-sequence was explained
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in [44]

Panel (c) — Upper Bound: Applies the upper bound rate for *Mg(p,y)*°Al
and the lower bound rate for 2°Al(p,y)?"Si. This plot shows the change in the
abundance ratio of 2°Al, while the abundance ratio of Mg remains stable
but low. Again, the ratios spike at the end of the main sequence, coinciding
with the rapidly increasing core temperatures.
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Figure 4.16: Evolution of the surface/ejecta abundance during the MS and the
isotopic abundances of the interior of the star at the end of the MS for the 0.01
Z; model.

Figure shows the evolution of the surface abundance of key isotopes
throughout the main sequence until TAMS for the 0.01 Z, VMS model. These
plots, similar to Figure illustrate the relationship between metallicity
and mass loss, demonstrating that the 0.01 Z, model experiences less mass
loss throughout the main sequence compared to the both the 0.1 Zs and 1
Z models. Since the 0.01 Zg star is more metal-poor than the 0.1 Zg star,
it has lower opacity, which results in weaker winds. As a consequence, only
about 30 M, of matter is lost.
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Each panel of Figure shows the same trends observed in the previous
sections, with the key difference being the significantly reduced amount of
mass ejected in the case of the 0.01 Z, metallicity VMS. Due to the lower
metallicity, the overall mass loss is reduced, leading to a correspondingly
lower ejection of 2Al. This reduction in mass loss is a result of the decreased
opacity at lower metallicities, which affect both the energy transport and
the efficiency of stellar winds. The decreased opacity also increases the core
temperature of a lower metallicity star, leading to a higher rate of nuclear
fusion. In the case of 6Al, this also leads to more destruction from the
Laird2023 rates when compared to the JINA rates, as seen when comparing

Figures [4.8 and
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Figure 4.17: Comparison of the ratio of the ejected abundance of °Al using the
Laird2023 and the JINA REACLIB rates for the 300 My, 0.01 Z, model.

Figure shows the ratio of the surface abundance of *°Al obtained
with the upper, median, and lower bound rates compared to the abundance
obtained using the JINA rates, as a function of mass coordinate. Again, this
is the same as the unshaded region of Figure follows the same
profile as the previous plots of this nature. Once again, the ratio levels out
below the JINA value, demonstrating how the Laird2023 rates produce less
overall *°Al in the 300 My, 0.01 Zs, model than the standard rates, mirroring
the behaviour seen in the Figure subplots for the ejected material.



Chapter 5

Discussion

5.1 Addressing Uncertainties

A major source of uncertainty in this study comes from the direct measure-
ment of nuclear reaction rates. The energy width of these resonant rates, the
identification of resonance levels, precision of their energies and strengths,
and the precision of the feeding factor, can all contribute to uncertainties.
These uncertainties could lead to an over- or underestimation of the ejected
26A] masses in stars. The impact of uncertainties in nuclear reaction rates on
the results is reflected in the range of yields, represented by the upper and
lower bounds as seen in the wind yields and IMF-weighted yields in Chapter
[l These bounds illustrate the potential variations in the production of ele-
ments like 2°Al that arise from differing assumptions or measurements of the
reaction rate parameters. Since reaction rates are fundamental to modelling
nucleosynthesis, even small changes in their values can lead to significant dif-
ferences in the final yields. By considering both the upper and lower bounds,
we can better quantify the sensitivity of the model to these uncertainties and
understand how much the results might change depending on the choice of
reaction rates.

Another significant source of uncertainty in the results arises from the
fitting of nuclear reaction rates. In this study, empirical fits were used to
approximate the reaction rates based on tabular data. However, these fits
inherently introduce some level of uncertainty. The choice of fitting parame-
ters and the form of the fit can influence the resulting reaction rates, which in
turn can alter the predicted yields of isotopes such as *°Al. Furthermore, the
quality and range of experimental data used to generate these fits can impact
their accuracy. While the fits provide a convenient means of approximating
the reaction rates within the range of available data, they are not without
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limitations and should be considered as an additional source of uncertainty
when interpreting the results of this work. In one out of the nine fittings for
the reaction rates, a solution with a higher percentage deviation from the
tabulated data was deliberately chosen. This decision was made because the
“better” fit exhibited an exponential growth at low temperatures, outside
the temperature range of the tabular data. Allowing such behaviour would
have led to artificial enhancements in reaction rates in cooler stellar regions,
ultimately largely skewing the abundances of 2Al as those cooler regions are
the first to be ejected. By contrast, the selected higher-deviation fit pre-
served a more physically realistic temperature dependence, even though it
introduced more systematic uncertainty from the tabulated data. Since this
occurred in only a single fitting and the deviation remained within a rea-
sonable tolerance, the resulting systematic uncertainty is minor compared to
other sources, such as uncertainties in nuclear inputs or stellar model assump-
tions. However, this example underscores the sensitivity of nucleosynthesis
outcomes to choices made during the fitting process, and shows how main-
taining physically plausible behaviour in the adopted rates can outweigh the
need to minimising deviations to tabular data.

Moreover, another source of uncertainty stems from the assumption of
no stellar rotation. While this assumption is commonly used, future post-
processing using the Laird2023 rate could use stellar models that include
rotation, which could result in different conclusions regarding the relative
contributions of different stellar populations. For instance rotation induced
mixing can lead to more 2°Al transported to the star’s surface to be ejected.
Indeed, Brinkmann et al. [28] demonstrated how rotating models can both
increase and decrease wind yields of elements compared to non-rotating mod-
els. While rotation can enhance *°Al wind yields by bringing material to the
stellar surface and increasing mass loss, it can also act to reduce them in
certain circumstances. In some VMS models, particularly at low metallicity,
rotation-driven mixing could preferentially move Al deeper into the star,
or continuously mix it around deep within the star. This inward transport
lowers the surface abundance of 2°Al, coupled with the reduced stellar winds
of low metallicity stars, leads to less 2°Al ejected than in non-rotating mod-
els. Additionally, in very rapidly rotating stars, rotational mixing can be
so efficient that helium produced in the core is mixed throughout the en-
velope. The star remains chemically homogeneous instead of developing a
composition gradient. Homogeneous stars are more centrally concentrated in
density compared to normal stars at the same mass, which can make the star
effectively more compact. The compactness increases core temperature and
density, and means that any 2Al produced is closer to a higher temperature
region, where it could be destroyed.
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5.2 Comparisons with Other VMSs

A wuseful source for comparison is the paper from which the VMS models
used in this study originated, Higgins et al. [I]. This paper includes a table
of ejected masses for the solar metallicity model during the main sequence.
Comparing 2°Al, the value quoted in Higgins et al. for a 300 M, 1 Zg, star
ejecting 1.3 x 1072My, of %Al is 13% greater than the 2°Al values for the
Laird2023 rates presented in Table To assess and compare the relative
contributions of different initial masses and metallciities, it is necessary to
use a consistent method, with the IMF providing a standardized way to
account for the distribution of stellar masses and their contributions to 2°Al
production over the course of stellar evolution. This weighting allows for
a more accurate comparison of the 2°Al yields from VMSs, O-type stars,
and WR stars, providing a more in-depth view of their roles in galactic
nucleosynthesis.

It is important to note that the table of IMF-weighted values available
in Higgins et al. [I] includes the mass ejected up until core O-exhaustion,
whereas this study only considers the ejected masses from the main-sequence
phase. Therefore, the IMF formula was applied specifically to the ejected
26A] masses from the main sequence, as reported in Table 4 from Higgins et
al.

Initial Mass (M;s) | Ejected Mass (M) | IMF-weighted Mass (M)
100 2.271E-3 3.60E-07
200 7.391E-3 3.14E-07
300 0.013 2.56E-07
400 0.018 2.05E-07
500 0.023 1.71E-07

Table 5.1: IMF-weighted ejected masses for 2°Al during the main sequence, based
on values from Higgins et al. [1]. The V11 values were used for this table, as the
optically-thick V11 wind prescription is more similar to the optically-thick wind
prescription used in this work over the V01 optically-thin prescription.

Using the IMF-weighted values for ejected 2Al masses in Table , and
comparing them to the IMF-weighted Higgins et al. values in table [5.1] it
is clear that the Laird2023 rates have caused a reduction in ejected masses
of #Al, with the 300My 1Zs only outperforming the 400My and 500Mg
models, as their higher masses will weight the ejecta more harshly. This
suggests that the Laird2023 rates result in a decrease in 2°Al production due
to altered reaction rates at high temperatures leading to an increase in 2°Al
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destruction as seen in Figure [4.8

5.3 Comparisons with Other Stellar Sources
of 2°Al

While VMSs are significant contributors to the production of Al in the
galaxy, they are not the sole stellar sources of this isotope. Other stars,
including O-type stars and WR stars, also play a crucial role in the synthesis
of A1 [1], [2]. To assess the impact of the Laird2023 reaction rates on wind
yields, we can compare the IMF-weighted values in Tables 4.4, and
to those from O-type stars and WR stars, evaluating how these sources of
26A1 compare to each other.

Brinkman et al. [28] investigates “°Al production in stars with a mass
range of 10-80 M. As with Table[5.1] the ejected masses from Brinkman et
al. have been IMF-weighted and presented in tabular form to compare the
IMF-weighted VMS ejecta to. This data can be found in Appendix A. Table
[A1] The 300 Mg 1 Zg models outperform all but two of the Brinkman et al.
models in terms of IMF-weighted ejected masses of °Al. The only exceptions
are the two rotating models for the 80 M star. This suggests that a rotating
VMS model has the potential to outperform all stars below 100 My, despite
the fact that the Laird 2023 rates lead to a reduction in Al in VMSs at
the higher end of the main-sequence core temperature scale. The 0.1 Zg
metallicity model also fairs well against the O-type and WR stars, with the
0.1 Ze VMS model outperforming the stars up until 35/40 M. The 0.01 Zg
model is outperformed by the majority of the 1 Z; O-type and WR stars,
due to its reduced production of 2Al and reduced stellar winds.

5.4 The Role of VMSs in Chemical Evolution
at Low Metallicity

The sub-solar metallicity VMS models are useful for understanding different
galactic environments than just the thin disk, where the main body of GCE
takes place. As shown in the sections above, low metallicity VMSs could have
a large impact on the chemical evolution of low metallicity environments,
such as globular clusters and dwarf galaxies, by contributing significantly
to the synthesis and distribution of key elements. The observed O-Al anti-
correlation in red giant stars within globular clusters [29] could be explained
by having VMSs be a significant source of pollution for these stars. This
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anti-correlation suggests that the abundances of oxygen and aluminium are
inversely related, which can be explained by the transfer of material enriched
in 2°Al from VMSs into the surrounding environment, where it later becomes
incorporated into lower-mass stars during their formation. Understanding
the precise mechanisms of 26Al production and destruction in VMSs is critical
to assessing their role as potential ”"pollutants” in the chemical evolution
of globular clusters. Specifically, the nuclear reaction rates governing the
production and destruction of ?Al, and the behaviour of °Al in the VMS
environment, needs to be better understood, as they directly influence the
amount of this isotope available for enrichment in the interstellar medium.



Chapter 6

Conclusions

This work investigated the impact of newly measured reaction rates and their
uncertainties on the production and destruction of 2°Al in 300 M® VMSs of
varying metallicity. The results show that the 300 My models at 1 Zg, ejects
1.10 x 1072My40.05 x 1072M, of material (unweighted), which is an in-
crease in 55% compared to standard reaction rates, but a 15% reduction
when compared Higgins et al. [I], the paper the models originated from. In
addition, the 1 Zs model outperforms all but two of the Brinkman et al.
[28] models when it comes to IMF-weighted ejected masses of °Al, with the
only exceptions being the rotating models for the 80 M® star. This sug-
gests that rotating VMS models may have a significant advantage over stars
below 100 M® in certain environments. Additionally, low metallicity VMSs
could contribute significantly to the chemical enrichment of low-metallicity
environments, particularly globular clusters. Ultimately, the constraining of
reaction rate parameters for the production and destruction of 26Al is impor-
tant to understanding how 2°Al behaves and evolves in the VMS models.

The reduction in ?°Al ejected due to the new Laird2023 reaction rates
compared to the standard JINA rates has important implications for our un-
derstanding of stellar nucleosynthesis, particularly in VMSs. The decreased
yields of 2°Al suggest that the contributions of these stars to the overall 2°Al
inventory in the galaxy may be less than previously thought. This has conse-
quences for the interpretation of GCE models, which rely on the abundances
of short-lived isotopes like 29Al to trace the processes of star formation and
nucleosynthesis in the early Galaxy. Additionally, lower 2°Al yields could
affect our understanding of the role of these stars in the heating and differen-
tiation of early solar system bodies, such as planetesimals. The implications
extend beyond the Milky Way, as the reduced production of 2°Al could im-
pact our estimates of the habitability of exoplanets, which may have similar
stellar environments.
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Further studies could explore yields from varying initial masses of VMSs
and could be extended to include the full evolutionary lifespan of the star,
from its main sequence through to the late stages of its evolution, includ-
ing potential core collapse and supernova explosion. Investigating how the
revised reaction rates influence 2°Al production and destruction through-
out all evolutionary phases and for varying initial masses would provide a
more complete picture of VMS nucleosynthesis and ejecta yields. Additionally,
modelling the supernova phase, if applicable, could help determine the final
%A1 yield ejected into the interstellar medium. Such studies would also al-
low for direct comparisons with gamma-ray observations of Al decay and
further refine our understanding of the role of VMSs in shaping the chemical
evolution of the galaxy. Further work could also model the interplay between
stellar rotation, mass loss, and convective mixing and their effects on nucle-
osynthesis to assess the impact on 2°Al yields, as discussed previously, the
models explored in this paper were non-rotating stellar models.

This work highlights the significant impact of updated nuclear reaction
rates on the production and destruction of 2°Al in VMSs. By incorporat-
ing revised reaction rates, we refine our understanding of 2°Al yields and
their contribution to the interstellar medium. These results emphasize the
importance of continued improvements in nuclear reaction data to ensure ac-
curate stellar models and nucleosynthesis predictions, ultimately enhancing
our broader understanding of chemical evolution in the Milky Way.
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Appendix A: Additional Tables

\Y/ P Vini 26A1 IMF-weighted 20Al
(M) | (kms™) (Mg) (Mp)
10 0 7.19E-11 9.05E-13
150 2.78E-10 3.50E-12
300 1.40E-10 1.76E-12
15 0 8.85E-09 5.16E-11
150 1.47E-08 8.57E-11
300 2.34E-08 1.36E-10
20 0 1.81E-07 6.11E-10
150 1.92E-07 6.48E-10
300 5.87TE-07 1.98E-09
25 0 1.17E-06 2.58E-09
150 1.59E-06 3.51E-09
300 3.93E-06 8.68 E-09
30 0 3.41E-06 5.32E-09
150 4.68E-06 7.31E-09
300 9.89E-06 1.54E-08
35 0 8.44E-06 9.83E-09
150 1.06E-05 1.23E-08
300 2.11E-05 2.46E-08
40 0 1.88E-05 1.70E-08
150 2.05E-05 1.85E-08
300 3.43E-05 3.10E-08
45 0 2.94E-05 2.12E-08
150 3.15E-05 2.28E-08
300 5.32E-05 3.84E-08
50 0 4.00E-05 2.37E-08
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Mim sz 26A1 IMF—Welghted 26A1
(M) | (km'sY) | (M) (Mo)
150 4.30E-05 2.54E-08
300 7.04E-05 4.16E-08
60 0 6.65E-05 2.78E-08
150 7.16E-05 3.00E-08
300 1.44E-04 6.02E-08
70 0 9.70E-05 3.03E-08
150 1.25E-04 3.90E-08
300 2.36E-04 7.37TE-08
80 0 1.51E-04 3.66E-08
150 2.69E-03 6.51E-07
300 4.29E-04 1.04E-07

Table A.1: IMF-weighted ejected masses for 2°Al for 10-80 M, rotating and
non-rotating stars, based on values from Brinkman et al. [28]. The rotational
and non-rotational models were both included as a comparative point for the

non-rotating VMS models used in this work.
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