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Abstract

The modelling of stellar evolution is a useful tool for astrophysical research.
The models can be used as basis for various investigations like those on their pre-
dicted spectra, population synthesis and thus stellar population research. They
can be applied to predict stellar feedback while still evolving and also when end-
ing their lives in supernovae and similar explosive fates like in the SILCC project
investigating molecular cloud evolution. Also they offer the possibility to see ef-
fects in the evolution that would not be observable in nature while in progress
due to the long lifetime of a real star.

With new advancements in research, models have to be kept up to date to newer
developments, giving opportunity for improvement via new effects discovered or
more precise formulas accounting for processes in a star.

The following thesis provides an analysis of multiple newly created evolutionary
models of massive stars for the beginning of the main sequence (hydrogen burn-
ing).

Around 330 model sequences were created, which differed in initial mass (from
10 to 300 M), initial metallicity (from Zyw to 0.02 Zspe) and initial rotational
velocity (0 to 500 km/s) to create a grid in a 3D parameter space. The model
computations end at a point of 60% of the hydrogen burning. These new mod-
els fill in gaps in the parameter space of the recently published BoOST model
grids for low metallicities, high masses and high rotational velocities, giving an
overview of the different parameter configurations.

Comparing the models highlights the differences in the evolution, especially note-
worthy being the chemically homogeneous evolution, which is predominantly
found in metal-poor areas for stars with high rotation and mass, and the Cool
Supergiant phase, presenting inflated stars with a comparably cool temperature.
With these models, possibly continued further in the future and with an increased

parameter resolution in critical areas, there are many possibilities for application.
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first (top) undergoing S -decay to convert one of the protons into a

neutron (grey ball) and emitting a positron (e) and a neutrino (v).
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and another v. Finally two of those °He nuclei transition into a

“He nucleus with two emitted protons (bottom). This last step

can also be replaced by the combination of *He and “He instead

of two “He nuclei (cf. eq. 4] and following) to get the pp2-chain,

which 1s a relevant source of hithium 1n a star. Picture taken from

Wikimedia Commons. . . . . . . . . . . ..
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The CNO-Cycle also has significant part in the hydrogen burning

processes. [t needs C, N and O as Catalysts and a higher tem-

perature (>20 MK) to be dominant, which usually means that it

1s found predominantly in more massive stars. Starting in the top

middle part, '“C gets turned into "°N by proton (red balls) capture

with subsequent emission of a v. By S7-decay the nucleus turns

into '°C by converting a proton into a neutron (grey balls) while

emitting a positron (e, white balls) and a neutrino (v). In the

same way the nucleus completes a circle through '*N, O, "°N and

finally back to **C through means of proton capture (2x), 5 and

then a proton capture-induced a-decay (emitting a “He nucleus).

With this the four captured protons are converted into the *He nu-

cleus by using the carbon, nitrogen and oxygen nuclei as catalysts.

"T'he stellar energy production as a function of temperature for the

pp chain and CN]|O| cycle, showing the dominance of the former at

solar temperatures. The dot denotes conditions in the solar core:

the Sun is powered dominantly by the pp chain.", from fig.1 of

'Adelberger et al. (2011). For temperatures below around 20 MK

the pp-chain 1s the dominant process in a star, for temperatures

above it is the CNO-Cycle. Note that it is possible for both pro-

cesses to happen even when one of them is dominant.| . . . . . . .
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The NeNa and the MgAl Cycles are able to run continuously due

to the constant feedback of material from the CNO cycle, from

fig.1 of [Boeltzig et al. (2016). The procedure is similar to the one

of figure [4. 'H of the surroundings is converted into “He. Notably

as well is the production of “°Al, which is therefore replenished in

the tusion region despite its radioactive nature.| . . . . . . . . ..
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Stars in our vicinity often develop an onion-like structure as the

one above. The active fusion material is in the core, whereas the

envelope contains material not undergoing fusion itself. In the

core the materials are layered depending on their mass. 'This is

a picture after a considerable part of the lifetime of the star has

already passed, since silicon fusion has already started. Figure

taken from [Marti et al.| (2021)).. . . . .. .. ...
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can see that the general shape is conserved, but especially in the

Hertzsprung gap a considerable amount of unnecessary data is fil-
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the large and the small magellanic cloud and go down to a traction

of 0.02 ZgM(“f.l .............................

M1

The Hertzsprung-Russell diagram (HRD) can be used to show

stars position with respect to their luminosity and temperature.

The luminosity is depicted (in L. and a logarithmic scale) against

the surface temperature (in K, with a logarithmic and inverted

scale). Additionally spectral types according to the temperature

are marked. Various observed stars are shown (with their masses)

at their position in the HRD, showing the main sequence (inhab-

ited by stars that undergo hydrogen burning), giant (inhabited by

helium burning stars), supergiant (inhabited by massive helium

burning and by massive cool hydrogen burning stars, cf. [2.1.6))

and white dwarf area (inhabited by stars that do not have enough

mass and therefore cannot reach a high enough temperature to

ignite more advanced fusion processes). Figure taken from |Cesar

QO2IN| . . . .
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initial velocity (y-axis). A high mass fraction of helium is marked

with blue colours, a low one with red and intermediate fractions
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T'he format of a bulkplot is beneficial to survey the big amount of

models in a comparing way. From top to bottom the initial masses

of the models decrease (from 500 to 10 M) and from left to right

the initial metallicity decreases (from Zyw to 0.02 Zgpc). The

key for the initial rotational velocity lines is in the top lett. The

red rectangle marks the cutout that is depicted in figure [12| The

complete figure 1s depicted in landscape format in figure [24]|
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|
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evolution as wellll . . . . . . . . ... 32
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Exemplary cutout of the core helium mass fraction bulkplot (cf.

[3.1.5/ and caption of fig. [16)) for better accessibility. Shown here is
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Exemplary cutout of the bulkplot (cf. [3.1.5{and caption of fig. [16)

for the mass of the models (in M) over time (in 10° yrs) with a
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velocity that leads to TE. Due to the amount of isochrone dots
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Exemplary cutout of the bulkplot (cf. [3.1.5] and caption of fig.
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Plot of the Surface Helium Mass Fraction for the whole parameter
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tial metallicity in log(Zymw)) as a colour plot (cf. |3.1.4). Each dot

indicates one evolutionary model sequence at the end of its current
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Plot of the Surface Helium Mass Fraction for the whole parameter

space as a colour plot (cf. [3.1.4] and the caption of fig. [25). This

figure (in contrast to fig. 25| and fig. [31) is showing the plot from
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model with no initial rotational velocity against the mass coordi-

nate in arbitrary time steps. The first panel shows the graphs ot a
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N, O, **Mg, Mg, “°Mg, “°Al, *"Al) is plotted in different colour

lines against the mass coordinate (cf. [2.2.1)) in units of M. This

is an example of a model sequence undergoing normal evolution:
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envelope.. . . . . ..
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1 Motivation

Astronomy is a fascinating topic to humanity for a long time. Even in times of
the Old Stone Age some eyes were fixed to the sky, and the interest did not vanish
until today (cf. the introduction and chapter 9.1 of |[Demtroder|2014).

Naturally we know a lot more about what we see today; there are better telescopes
to investigate, better computation resources for modelling and better understand-
ing of theory and the underlying mathematics.

Nevertheless research is still done all over the world in various areas of Astronomy,
with new and better ways to improve it, and there is a lot to be uncovered and
understood. Part of that effort is done by modelling of stellar evolution, which is
a difficult, yet enlightening procedure. It too is improved upon all the time and
changes over the years. Older models (cf. for example Mengel et al. [1979, Pols
et al.|1998)) are improved on or replaced entirely.

The aim of the thesis at hand was to provide new models for a wide range of
input parameters (cf. 2.2.3). As a basis they can be useful for various things:

1.1 SILCC Simulations

The SImulating the Life-Cycle of molecular Clouds (SILCC) project is a collabo-
ration of various physicists with the aim to understand and model the evolution
of and influences on the interstellar medium (ISM) and life cycles of molecular
clouds (cf. [Walch et al|2015). They simulate galactic region boxes as cutouts
of galactic discs, caring for various factors of influence like self-gravity, magnetic
fields, heating and radiative cooling, chemistry of molecules like Hy and C'O and
supernova feedback. For this they need new and accurate models of stars in dif-
ferent environments and states (like metallicities and rotational velocities) as the
basis of their computations for stellar feedback. In|Gatto et al.|(2016) the authors
first implemented such models for massive stars, creating them from sink particles
in their simulations, distributed by means of the Salpeter initial mass function
(IMF). After that more improvements on that front were applied, one of the
latest being covered by the upcoming paper based on Brugaletta (2021), where
new metallicities including that of the dwarf galaxy I Zwicky 18 (IZw 18) were
introduced by using models from the Bonn Optimised Stellar Tracks (BoOST)
project (cf. [Szécsi et al.[2022).

The thesis at hand aims to provide even more new models for a wide range of in-
put parameters like mass, rotational velocity and metallicity (cf. . The models
from BoOST can be added upon by ones with higher velocity, and generally the

metallicity resolution can be improved as well.
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1.2 Globular Cluster Abundance Anomalies

In globular clusters there are known anomalies in the surface abundances of
some stars that are giving reason to investigate; some stars show signs of anti-
correlations between oxygen and neon or magnesium and aluminium. These stars
are not massive (and therefore hot) enough to provide the ability to undergo the
CNO-, NeNa- and MgAl-Cycles (cf. Boeltzig et al. |2016]) necessary to explain
this anti-correlation easily.

For this reason it is at times assumed that those stars are examples of a second
generation of stars, fed and polluted by the fusion end product of an older and
already extinct generation of stars (cf. [Ventura et al.|2011)).

To investigate this theory one could use models for the first generation of stars.
Works like [Szécsi et al.| (2018) and [Szécsi & Wiinsch) (2019) provide theories
involving cool supergiants as the providers of the abundance anomalies, which
would necessitate massive stars. Therefore models for such evolutionary paths
are beneficial for the research of such theories.

Additionally the lithium abundance and production can be investigated; as lithium
is a product of the pp-chain (cf. which promptly gets further processed into
Helium, finding increased lithium abundances in some stars is something worth
investigating. It is assumed to be due to the so-called Cameron-Fowler mecha-
nism (cf. |Cameron & Fowler|[1971). This research can be part of the globular
cluster investigation (cf. for example the master theses: Bennett 2018, Ratcliff
2018)), but is not limited to it.

1.3 Gamma Ray Bursts

After reaching the end of their lifetime defined by their nuclear fusion stars can
reach different states depending on their mass (cf. [2.1.2). Low-mass stars tend
to burn up and do not reach temperatures high enough to continue the fusion
processes and develop into white dwarves, whereas higher mass stars can continue
the fusion until a latter stage and also have different states they develop into, like
the neutronstar or even a black hole. Accompanying such a "death" of the star
can be phenomena like supernovae or gamma ray bursts (GRB, cf. |Piran|2005),
which are divided into categories based on their energy output and their duration
respectively. Especially long duration (>2s) GRB and superluminous supernovae
(SLSNe) are connected to metal-poor galaxies (cf. |Leloudas et al.|[2015]), which
makes stellar evolutionary models for massive, metal-poor stars useful for their

investigation.
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1.4 Gravitational Wave Research

Since gravitational wave research is now observationally possibly due to the rather
new setups like the (advanced) Laser Interferometer Gravitational-Wave Obser-
vatory (aLIGO, cf. |Aasi et al.2015), mergers of two massive objects like neutron
stars or black holes are detected because of their gravitational waves. This po-
tentially gives rise to many new points of interest, one of which is the research on
the distribution of such events. As they arise from mergers of massive objects,
a population synthesis would be necessary, so models for a wide range of input
parameters would be beneficial. This work aims to provide models ranging in
mass and also in other parameters to give a wide range of different models to be

applied to a synthetic population.

1.5 Structure

This thesis is structured as follows. First a general overview of the theory is pre-
sented in section [2] Here both basic and field-specific information is summarized
to provide the necessary knowledge to understand the thesis.

In section [3| the general used initial model parameters are shown, which gives a
good perspective on how many were created and what ranges they cover. Also
an overview of useful diagrams is presented.

Finally in section [ the results are presented. Here various aspects are investi-
gated, to be then discussed in section |5l Also an outlook is given to give some

more context of the models, which refers back to this section too.
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2 Theory

2.1 Stars

Stars are hot spheres of gas that become stable by reaching an equilibrium be-

tween the pressure due to gravity and the contrarily pushing gas and radiation

pressure (cf. fig. [I).
Gravity derives from the mass of particles that build up the star, which element-

Gas and
Radiation

Gravity

Figure 1: Hydrostatic equilibrium of a star, with the gas- and radiation-pressure
(dark red arrows) pushing contrary to the gravitational pressure (blue arrows).
Figure altered after taken from Marti et al, (2021)

and isotope-wise vary in abundance. This depends on the star’s evolutionary
phase, the point in time it was formed, the state of momentum it has and many
more physical properties to varying degrees.

The gas exerts an outward pressure due to thermodynamical effects, which results
in some amount of resistance to further compression.

On the other hand the radiation pressure arises because the isotopes in the star
undergo various different nuclear processes (mostly nuclear fusion), which results
in a change of composition abundances and an emission of energy via electromag-
netic radiation (cf. Eddington|/1988).

Means to quantify the stability of a star and also explanation for behaviour like
extended inflation can therefore be the so-called Fddington limit; it is the state
a star is in when its luminosity is the Eddington luminosity, "which is defined
as the condition when the radiative acceleration (g,,q) balances the gravitational
acceleration (g) at the stellar surface" (cf. Sanyal et al.|2017). Stable stars above
the Eddington limit at the surface therefore usually are rarely found in reality
(cf. Lamers & Fitzpatrick [1988), it is an upper limit for a stable star’s existence,
and stars behave differently depending on their closeness to that limit.

This however is a definition based on the surface of the star. It is not easily trans-

ferred to the interior, which means that there are stars that inflate (cf. [Sanyal et
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al[2015) to supergiants (cf. because of their high luminosity output.

Before analysing prominent features in stellar evolution one has to note that the
evolution can differ significantly depending on the kind of star. Still there are
some common features and also some differences that facilitate the differentia-
tion, which will in the following be discussed to be used in the analysis of various
models. For that there will be a distinction between a low-mass star (which is
a star like the sun in our solar system) and a more massive star (which will be

relevant later on).

2.1.1 Metallicity

In the beginning of the first generation of stars only hydrogen and helium were
present (cf. Peimbert et al|2007). Heavier elements were only synthesized in
the nuclear fusion processes happening in those stars (cf. , therefore
at the end of their evolution "polluting" their surroundings with that material.
The amount of elements heavier than helium is therefore a measure of the time
a star started its evolution. This is why metallicily 7 is an important parameter
in astrophysics: It is the mass fraction of elements heavier than helium, in com-
parison to the fractions for hydrogen X and that for helium Y. It follows that
X+Y+7Z=1

Depending on the metallicity the evolution of a star can differ (cf. for example
2.1.5)).

2.1.2 Evolutionary Phases

Star formation starts with a cloud of gas (cf. chapter 11.2 and following of
Demtroder|[2014)).

When there are density irregularities due to anisotropies or shockwaves com-
pressing the matter, parts of those clouds start to collapse onto themselves due
to gravity. Because of that collapse the region is heating up (which is increasing
the gas pressure).

By converting excess energy into radiation and energy used for the ionisation of
the gas, the star is preventing unhindered heating. Still the temperature increases
and once it approaches a certain point, it is able to initiate the hydrogen burning
(cf. and begin its life as a star and hence its evolution (cf. fig. [2). This
point is called the Zero Age Main Sequence (ZAMS, cf. next paragraph).

The hydrogen in the star is burned up and fused into helium and heavier elements,
the processes responsible differing dependent on the temperature and mass of the
star. This process is slower than any following phase of nuclear burning (cf. next

paragraph), which gives this phase its name: Main sequence.
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Once the hydrogen is burned up, the core of a low-mass star contracts (and
therefore heats up) until a temperature is reached where it is hot enough to start
to fuse helium (helium burning phase). At the same time the envelope expands
(and therefore cools down), which leaves the star as a red giant. This gives the
phase its name: Red Giant Branch (RGB).

The transition between the two phases is rather quick (as can be seen with the
lack of isochrone dots in figure |2) and therefore usually not observed as much,
as the time spent in this phase is small compared to the main sequence. This is
why it is called the Hertzsprung gap, because there is a gap of observations in the
observational data.

Massive stars however are predicted to expand to the so-called red supergiant
branch (RSGB) or alternatively to a blue supergiant phase, if they stop expand-
ing while still having a high temperature.

In this phase they use up their helium fuel in the core, sometimes even undergoing
so-called blue loops, where, after burning away a significant part of their helium
storage while on the RSGB, the stars heat up again to the blue supergiant phase
and stay there until the helium in the core is depleted. Then they return to the
RSGB (cf. |Langer|2012b).

This progression of new fusion processes and subsequent contraction of the core is
generally repeated until either the star does not reach the necessary temperatures
to initiate new fusion processes and slowly cools to become a dwarf (this trend
is more common in low-mass stars), or until not enough energy can be generated
(at most at around the iron burning, from where on out fusion does not generate
but use up energy) to uphold the radiation pressure necessary to withstand the
gravity, therefore resulting in a rapid collapse of the core, which destroys the star
with varying end products (neutron stars or black holes after a supernova).

The accumulated time of all phases is also called the lifetime of a star.

The time period a star stays in a certain phase of evolution varies. More mas-
sive stars tend to spend less time in each phase, which is due to their higher

temperatures and the consequently more efficient nuclear processes (cf. [2.1.3).

2.1.3 Nucleosynthesis

The material of stars undergoes various nuclear processes. Since this influences
and partly defines different stages of their evolution, some of those processes will
be listed here.

Hydrogen Burning: PP-Chains For stars with comparably lower tempera-
ture the pp-chain reactions are the dominant processes in the hydrogen-burning

phase (cf. [Langer|2012a)). It starts out with simple 'H Isotopes and reaches ‘He

7
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Figure 2: A Hertzsprung-Russell diagram (Plot of Luminosity (in Lg with a
logarithmic scale) vs. surface temperature (in K, with inversed logarithmic scale,
cf. with isochrone data points (dots) for every 10° years over the complete
data of the model (line). Colour-coded is the helium abundance in the core. The
data is from a simulated M;,; = 12 M model sequence with LMC metallicity
and rotational velocity vyorini = 100km/s from Szécsi et al.| (2022)) computed
with the Binary Evolutionary Code (BEC). The figure shows the evolution of
the model from the beginning of the main sequence (bottom left corner) through
the hydrogen burning phase (left vertical arm), then over the Hertzsprung gap
(horizontal arm) to the lower surface temperatures, where the helium burning
process starts (right vertical arm) and eventually ends (top right corner). Over
this evolution one can see the central helium abundance first rising in the main
sequence and then decreasing again in the helium burning phase. The isochrone
dots emphasize the quick transition over the Hertzsprung gap and the relative
durations of main sequence and helium burning phase.
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via multiple fusion and beta-decay processes (cf. fig. :

'H+ 'H — *H+e" + 1, +0.42 MeV (1)
H+ 'H — *He + v +5.493 MeV (2)
SHe + 3He — ‘He +2'H +12.859 MeV (3)

This so-called pp1-chain is the dominant hydrogen burning process in stars with
core temperatures below 20 MK (cf. fig. [5| and |Adelberger et al.|[2011)).

One alternative is the so-called pp2-chain, which replaces the last line of equation

HD DH HD DH
\/ \/

/l\v /l\v
HGY DH HD yw
\/ \/

V/l l\v

\JSH\eA ‘SH/e\J

1H J —)1H

A

4
o) Proton He \ )
QD Neutron Gamma ray Y

Positron Neutrino D

Figure 3: The so-called ppl-chain (cf. eq. |1] and following) is one of the main
processes in the hydrogen burning of a star. Here one can see the complete
process, starting with single protons (red balls) first (top) undergoing ST -decay
to convert one of the protons into a neutron (grey ball) and emitting a positron
(et) and a neutrino (v). Afterwards (middle) another proton gets captured,
resulting in *He and another . Finally two of those He nuclei transition into
a *He nucleus with two emitted protons (bottom). This last step can also be
replaced by the combination of 3He and *He instead of two *He nuclei (cf. eq.
and following) to get the pp2-chain, which is a relevant source of lithium in a
star. Picture taken from Wikimedia Commons.
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and following with

*He + “He — "Be + 7 +1.59MeV  (4)
Be + e~ — TLi +u, +0.861 or 0.383MeV  (5)
TLi +'H — 2%He +17.35MeV  (6)

The pp2-chain is one of the alternatives to the ppl-chain (there are others like
for example the pp3-chain, which is irrelevant to this work) and is an important
source of lithium in a star. It needs already present helium as a catalyst and also
relies on the temperature to induce the fusion to heavier elements like beryllium.
As can be seen in equation |4/ and following “Li gets produced and then as a follow
up converted again into *He. If however the temperature of the surroundings of
the lithium quickly drops (for example by enhanced mixing in the star, trans-
porting the lithium outside from the hot to the cooler regions of the star), it
facilitates the persistence of the lithium in the star and an accumulation. This is
called the Cameron-Fowler mechanism (cf. |Cameron & Fowler||1971)) and it ex-
plains increased lithium abundances in low-mass stars. This however would mean
that the process of mixing and freeze-out of the lithium would have to happen

on a similar timescale to the nuclear one.

Hydrogen Burning: CNO Cycle If heavier elements are already present
as catalysts, there are also other possibilities for the star to fuse its hydrogen.
One important process is the CNO cycle (cf. fig. , which uses present carbon,

nitrogen and oxygen to fuse the hydrogen to helium:

2C+ W — BN+ 4 +1.95 MeV (7)
BN — BC+em + 1. +1.20 MeV (8)
BC+ H — MN+ 4 +7.54 MeV (9)
UN 4+ 'H — B0 47 +7.35MeV  (10)
50 — PN +et +1, +1.73MeV (1)
PN+ 'H — 2C + *He +4.96 MeV  (12)

This process dominates over the pp-chains at temperatures over 20 MK (cf. fig.
and [Adelberger et al.[2011)).

NeNa- and MgAl-Cycle Similar to the CNO cycle there are other cycles that
produce helium. There are two especially interesting to the present work, which
are depicted in figure @ namely the NeNa- and the MgAl-Cycle (cf. Boeltzig et

al|[2016)). These cycles are for example replenishing the 26 Al abundances in the

10
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J Neutron Gammaray Y

Positron Neutrino D

Figure 4: The CNO-Cycle also has significant part in the hydrogen burning pro-
cesses. It needs C, N and O as Catalysts and a higher temperature (>20 MK) to
be dominant, which usually means that it is found predominantly in more mas-
sive stars. Starting in the top middle part, 2C gets turned into '*N by proton
(red balls) capture with subsequent emission of a . By [t-decay the nucleus
turns into *C by converting a proton into a neutron (grey balls) while emitting
a positron (e, white balls) and a neutrino (v). In the same way the nucleus
completes a circle through “N, %0, N and finally back to '2C through means
of proton capture (2x), ST and then a proton capture-induced a-decay (emitting
a “He nucleus). With this the four captured protons are converted into the *He
nucleus by using the carbon, nitrogen and oxygen nuclei as catalysts. Picture
taken from Wikimedia Commons
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Figure 5: "The stellar energy production as a function of temperature for the
pp chain and CNJ|O] cycle, showing the dominance of the former at solar tem-
peratures. The dot denotes conditions in the solar core: the Sun is powered
dominantly by the pp chain.", from fig.1 of |Adelberger et al.| (2011). For tem-
peratures below around 20 MK the pp-chain is the dominant process in a star,
for temperatures above it is the CNO-Cycle. Note that it is possible for both
processes to happen even when one of them is dominant.
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Figure 6: The NeNa and the MgAl Cycles are able to run continuously due to the
constant feedback of material from the CNO cycle, from fig.1 of [Boeltzig et al.
(2016). The procedure is similar to the one of figure 4. 'H of the surroundings is
converted into *He. Notably as well is the production of 26Al, which is therefore
replenished in the fusion region despite its radioactive nature.
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core, which otherwise would deplete over time due to its radioactive nature.

They could also be responsible for abundance anomalies of low-mass stars in
globular clusters. The reasoning is that they are polluted by a former population
of high-mass stars (able to undergo the CNO-, NeNa- and MgAl-Cycle), so even
though the low-mass stars do not undergo the cycles themselves, the products of

the processes can still reside in them.

2.1.4 Stellar Structure

Nonburning hydrogen

Hydrogen fusion
Helium fusion

Carbon fusion

Oxygen fusion

Neon fusion

Magnesium
fusion

Silicon fusion

Iron ash

Figure 7: Stars in our vicinity often develop an onion-like structure as the one
above. The active fusion material is in the core, whereas the envelope contains
material not undergoing fusion itself. In the core the materials are layered de-
pending on their mass. This is a picture after a considerable part of the lifetime
of the star has already passed, since silicon fusion has already started. Figure
taken from Marti et al.| (2021)).

Stars near to us usually develop core-envelope structure (cf. fig. |7l and Marti
et al. 2021)). This means that they have a hot core with the actively burning
material and a less hot envelope that mostly stays the same composition-wise.
The different elements are generally residing in more or less spherically symmetric
layers.

Most stars do have such a structure, but there are exceptions: Chemically ho-
mogeneous evolution (cf. is a phenomenon that is discussed in the present

work and it explicitly deviates from that core-envelope structure.
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The radial symmetry of a star mentioned before enables one to approximate a
star with a one-dimensional code (cf. [2.2.1)).

2.1.5 Differences in Evolutionary Pathways

Although in our local universe the stars generally develop this "onion shell" form,
there are different kinds of stars, too: Some stars rotate so quickly that the core-
envelope structure is mixed to varying degrees, up to complete mixture. Rotation
results in a broken spherical symmetry due to the combined potential of gravity
and rotation (and therefore the isobaric layers) being not spherically symmetric
(cf. . This results in material moving along the layers and producing circula-
tion and mixing in the star.

For stars with enhanced mixing the stars can achieve a more or less homogeneous
distribution of materials, therefore resulting in the extreme cases chemically ho-
mogeneously evolving (cf. for example Riley et al. 2021, Yoon & Langer| 2005,
Brott et al.|2011), which correspondingly gives the form of evolution the name
chemically homogeneous evolution (from here on out CHE). Metal-poor environ-
ments are favoured for stars with high mass and high rotational velocity. Those
stars generally burn through all their material and therefore have a longer life-
time than their same-mass counterparts evolving normally (i.e. stars with a core-
envelope structure. Their evolutionary pathway is the normal evolution (NE),
like those in the higher metallicity environments). Stars undergoing such CHE
have a comparably high surface helium mass fraction (similar to the fraction in
the core) and evolve to be so-called Transparent Wind Ultraviolet Intense Stars
(TWUIN stars, cf. |Szécsi et al.|[2015)), which have an optically thin wind and
emit intense ionizing radiation.

Additionally there are some stars that exhibit a mixed evolution. Here the stars
either start out homogeneously evolving and then due to spin-down lose enough
angular momentum to change their evolution into a normal one, or begin their
evolution normally evolving and lose their outer layers due to high rotational
velocity, leading to the uncovering of more helium-rich layers beneath. This is
called transitional evolution (TE) (cf. |Szécsi et al.[2015)). Sign of this behaviour
is for example an intermediate surface helium mass fraction (lower than in the

core, but higher than the abundances of their original star forming region).

2.1.6 Supergiants

Some stars inflate due to the high luminosity in contrast to their comparably low
temperature. Their inside reaches the Eddington limit, facilitating the radiation

pressure to overcome the gravity and push the star’s outer regions outwards.

14
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This means that the envelope expands considerably, which makes radius and
therefore the whole volume of the star bigger. Those stars are considered to be
supergiants. Depending on their temperature, those stars can be either called
blue or red supergiants.

Red (cool) supergiants can take an important part in the development of the
populations in globular clusters (GCs), as is discussed in |Szécsi & Wiinsch| (2019)
and [1.2] so models of that behaviour are important for their study.

2.2 Modelling

When stars form the aforementioned spherically symmetric shells, a code that is
only dependent on the distance to the core (which is one dimension instead of
three spacial ones) can reproduce the whole star. This way the computation can
be simplified.

There are deviations from this approximation. Stars that rotate very quickly for
example flatten due to the centrifugal force (cf. for example Challouf et al.[[2017)),
which breaks the spherical symmetry and creates an oblate shape. In most cases
however this deviation can either be neglected or accounted for by additional
correction of the data (cf. last paragraph).

2.2.1 Equations of a One-dimensional Code

There are five partial differential equations which are the backbone for the mod-
elling of stellar evolution (cf. Kippenhahn et al. [2020). The first one concerns

the mass distribution. It is expressed by

or 1

om I (13)

with m= [ 4mr?pdr’ being the mass coordinate at a distance r to the centre and
p the density. It is possible and advantageous to express the equations in terms
of this mass coordinate since the mass coordinate is monotonically increasing
outwards and simplifies the equations.

The second formula is considering the hydrostatic equilibrium, meaning that it
is expressing the balance between the gravitational and the gas- and radiation

pressure:

o°P  Gm 1 9%
om  Admrt 4wr? 02

Here G is referring to the gravitational constant and P to the pressure.

(14)

In case of hydrostatic equilibrium the time derivative in the second term is equal
to 0.
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The third equation is arising from the heat balance in the star, therefore satisfying
the energy conservation:
—=e—T— (15)

with e referring to the heat source via nuclear processes and the second term to
the necessary energy to keep up the heat in the star. This results in the excess
energy, which is radiated away, giving the luminosity L.

The transport of energy is cared for with equation It is dependent on the

main mode of energy transport in the star.

oT TP

om =~ Pom (16)

Here one then has to insert the correct V corresponding to the main transport
method for either mainly radiation or convection, because massive stars have a

convective core and a radiative envelope (cf. for example |Jin et al.[2015):

o __ B3KLP
rd = 1 6racT*Gm

() w

Here a distinction has to be made:

For radiation, which is the transport of energy via photons being radiated away,
V.,aq applies. Here the meaning of x is the Rosseland opacity per unit mass, c is
the speed of light and a the radiation constant.
For convection, which is the transport of energy via exchange of hotter and colder
mass elements (in this case plasma in the star), V,4 applies (at least in the deep
interior of the massive star), which is defined as the adiabatic temperature gra-
dient and equal to the shown derivative with a constant entropy S. For a more
general approach it can be expressed by the efficiency of convection I', giving a
description of how much influence convection has on the transport of energy.
It is modelled in stellar evolution for example by the application of the mixing-
length theory. Here one defines transporting mass elements with a mean free path
(called mixing length). After travelling that mixing length, the element dissolves
in its surroundings.
Finally when investigating the isotope abundances one needs an equation to re-
gard those changes, giving the last formula:

oxX;  my

5 ?(_Ej,kri,j,k + X iTk1i) (19)

16



Hanno Stinshoff 2 THEORY

Here the isotope abundance of a given isotope X; = % changes depending on
the reaction rates r from reactions both creating from and destroying into other

isotopes.

Results of Spherical Symmetry Breaking due to Rotation

As stated in the beginning of paragraph the spherical symmetry breaks due to

rotation. To still use a one-dimensional code some corrections are needed, which

will shortly be summarized here:

Instead of expressing the model by means of spherical shells with radius r, one

uses spheres of constant pressure with radius rp, mass mp and Volume Vp. For
orp _ 1

such spheres one gets accordingly By = Ty
P

For quantities not constant over the surface Sp of those isobaric spheres a mean

value (-) is defined by integrating over and dividing by the absolute value of the
constant surface Sp.

. . . 2 .
With this one gets for the second equation 8?:13 = —f;:fg fp— 4737% aa:f with fp =

47r1ﬂ;13
GmpSp

gravitational and rotational effects.

<g_1>71, where g = |g| the effective gravitational acceleration, combining

For the radiative temperature gradient one gets:

" r2 2, -1 . 4d7r2 2 — —
o~ il by (%) with fr = (%52) (9 (1) ! and
Lp the flux through Sp (cf. Heger et al. 2000, |[Endal & Sofia |1976).

The similar structure of those new equations makes it easy to implement them

in place of the old ones without much change. They facilitate the continued use
of a one-dimensional code for modelling despite the rotational influence on the

shape of the star.

2.2.2 Bonn-Code

The Bonn-Code (also known as Binary Evolutionary Code or short BEC) is writ-
ten in Fortran and can model evolution of single and binary stars.

The user provides initial parameters for the code that get assigned to the best
fitting initial model already saved. Afterwards a copy of that model is altered to
completely fit the parameters given. This is the initialisation process and is not
considered to be part of the time progression. For each step of that process, the
corresponding physical properties of the model are determined with the equations
mentioned in the subsection before (cf. 2.2.1)).

After the initialisation is complete, the real time evolution starts. The code com-
putes the physical quantities and their change for each time step. It chooses the
length on its own in a sensible way, depending on the processes active. After each

time step a new static model is created based on the model of the last time point,
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which produces a model evolution sequence over time (cf. |Suijs|2006).

How often the models are actually saved can then be controlled via parameters.
This is done to keep the data load comparably small. Instead of saving every
model the code keeps only some (cf. , which are compressed in the binary
file format.

With this procedure one gets model sequences that have data of all physical

properties for the whole evolution.
2.2.3 Parameters and Physical Properties
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Figure 8: A model sequence (initially 10 M), depicting the evolution in each
saved step (NR, cf. 2.2.3). One can see the time since the initialisation in column
3 (t in yrs), the length of the time steps in column 4 (DTN in yrs) and the mass
in column 5 (GMS in M). Also shown is the index number of every run depicted
in the first column (MODEL) and the index number of each time another model
is actually saved in the files, which is used to decrease the amount of data, in
column 2 (NR).

The stars are characterized by various parameters.
Inputs for the Bonn-Code models are initial mass M;,; (which can range from
sub-solar to multiple hundreds of solar mass), initial metallicity Z;,; (abundance
ratios of materials heavier than helium (cf. 2.1.1)), which can range from around
milky way metallicity to a fraction of that of for example the small magellanic
cloud) and initial rotational velocity vyt ini-
Those three parameters are supervised further in the progression of the evolution;

stars typically lose some mass while evolving, they can either spin up due to
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contraction or spin down due to loss of angular momentum via massloss, and the
composition of the various isotopes (at surface, core and the points in-between)
also changes over time because of the nuclear processes.

Other physical properties are supervised as well. Temperature of the surface,
luminosity, radius, rotational velocity and various isotope abundances can be
called upon by extracting the data from the files.

Furthermore the models are characterized by some important Code-parameters
to for example change resolution or run-length.

Noteworthy here are the following (cf. fig. :

The time passed since initialisation is saved in t, the length of the time step in
DTN (both in units of years).

MAXZAL sets the number of steps the code does until stopping the evolution.
With changing this one can achieve a higher amount of steps (MODEL, see next
paragraph) until stopping.

MODEL is the number of the current step. It is a value that is increased for each
model in the sequence and goes up to roughly the value of MAXZAL.

The MODEL number is divided into different sections with NR. This is done so
that the amount of data stored does not become overwhelming. Only the models
starting a new entry in NR are completely saved in the files (meaning that the
physical properties of every point computed in the interior is saved), the other
models only in parts (i.e. core and surface properties, but not the progression
in-between).

One can set the step width until a new NR section with the parameters IOUT
and IPRN, therefore achieving a finer or broader resolution of the files depending
on the needs. This can also be changed while already running the evolution, so

that different parts of the evolutionary process can be resolved differently.

2.2.4 BoOST-Format

When saving the data, one can be faced with the problem of too big amounts of
data for comparably very little benefit. Therefore it can be useful to create data
formats that still retain the general information while still being compressed.
Additionally creating such a format can have the benefit of compatibility with
other programs using the data (like for example SILCC (cf. |Walch et al. 2015
and [L.1))).

The BoOST-format (cf. |Szécsi et al.|2022| and facilitates the compression of
the amounts of output data of the Bonn-Code to a form that fits both criteria. In
figure [0, where diagrams of "unboosted" and "boosted" stellar evolution tracks
are depicted (cf. next section), it is shown that one retains the general form of

the data while losing (for some appliances) unnecessary data.
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Figure 9: Hertzsprung-Russell (top), core helium abundance (middle) and mass-
loss (logarithmic) diagrams of two models (M;,; = 12 Mg, Vyotini = 100km/s,
Zini = Zme and Zy,; = 0.2 Zgpe respectively) with data points of a boosted
model (black crosses) over the data of an unboosted model (green/brown line).
The models are chosen to be comparable to figure By comparing them one
can see that the general shape is conserved, but especially in the Hertzsprung
gap a considerable amount of unnecessary data is filtered out. Furthermore the
equivalent evolutionary phases (EEPs) are pointed out in the figures to show why
they were defined in this way. They help ensuring that enough data is conserved
in each phase to still be representable when applying the boost format. Figure
taken from [Szécsi et al.| (2022).

To achieve this so-called "equivalent evolutionary phases” (EEPs) are introduced
to facilitate the separation of the evolution in sensible parts, so that only data is
removed that is not necessary to retain the essential information. While they are

also marked in figure[9] they shall be quickly discussed in the following paragraph:

EEPs

The first EEP (A) is the phase from the beginning of the model (after the initial
hook phase, cf. section 2 Models, Initialisation phase) until a point of either a
"local minimum of the mass loss rate corresponding to the bi-stability jump" (cf.
Szécsi et al.|2022) or (if this does not happen in the main phase) of around 75%
of the main sequence lifetime.

From that point up till either the tip of the hook at the end of the main sequence
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or (if this hook is not visible) to the point close to core-hydrogen-exhaustion the
second EEP (B) is defined.

There is a total of seven EEPs for the lifetime of stars up till core-helium-
exhaustion (Yo = 0.0, End of EEP G), and for each the BoOST format stipulates
a fixed number of data lines.

The other phases are not that important for the following work since the models

right now only cover parts of the main sequence.
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3 The Models

For the present work 336 Models were created with the Bonn-Code. They dif-
fered in initial mass (ranging from 10 to 500 M), initial metallicity (ranging from
milky way metallicity to 2% of the metallicity of the small magellanic cloud) and
initial rotational velocity (ranging from 0 to 500 km/s).

The complete set of chosen parameters is depicted in table 2]

Init. mass (in M) 10 20 40 80 150 300 500

Tnit. vel. (in km/s) 0 100 200 300 400 500

Init. met. (in Zgye) | 5 2 1 05 02 01 005 0.02
QZJ\/]W £ZLMC

Table 2: Chosen initial parameter set used for the models. The masses are roughly
equidistant on a logarithmic scale, the velocities are multiples of 100 km/s and
the metallicities are sets of 1, 0.5 and 0.2 times multiple powers of 10 (cf. .

The initial rotational velocity was chosen in 100 km/s steps.
The chosen initial metallicities were sets of 1, 0.5 and 0.2 times 107" of the
metallicity of the small magellanic cloud (SMC, with Zs¢), additionally to the
regular metallicity of the milky way (MW, with Zyw =5 - Zsae) and the large
magellanic cloud (LMC, with Zyc = 2+ Zspce). This is also presented in figure
in a logarithmic scale.

These metallicities explicitly include that of the dwarf galaxy 1Zw 18 (cf. ,

0.02 005 0.1 0.2 0.5 2 5
Zsve Zswc Zsmc  Zsve  Zswc Zsmc Zswvc Zsmc
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ Metallicity
Zizws Zimc Znw

Figure 10: The used initial metallicities of the models created for this thesis,
shown on a logarithmic scale. They include those of the milky way, the large and
the small magellanic cloud and go down to a fraction of 0.02 Zgy/c.

which is Z;,; = 0.02 Zy;w = 0.1 Zgpe. It is used in multiple sources relied on in
this work to enable a comparison and future enhancement (cf. for example |Szécsi
et al.|2015, Szécsi & Wiinsch| 2019 and [Szécsi et al.|[2022).

For the initial masses the values were set manually because they were semi-

arbitrarily chosen without a fixed rule to determine them. The main criterion
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was for them to be about equidistant on a logarithmic scale.

When starting the code the models first were initialized, which creates a first
model at the beginning of the main sequence. A homogeneous mass in hydro-
static and thermal equilibrium with the set initial parameters is created that
then undergoes some changes; the stars change to a core-envelope structure, they
contract (and therefore increase their surface rotational velocity) and change the
temperature (the core temperature increasing more than the surface), until a
point of Yo = 0.28 is reached, which we define as the ZAMS (cf. and [Szécsi
et al.[2015).

After that initialisation phase the code started with the regular time evolution.

The models were set to run until a point of around Yy = 0.6 was reached. This
was chosen deliberately, because it is short of the second EEP in the BoOST
format, which the models are planned to eventually be converted into. Stopping
short of that points facilitates smaller saved steps and therefore finer resolution
in the areas of change in the future.

Additionally when nearing the end of the main sequence, the topic of lithium
production and destruction gets more and more relevant (cf. and [Sackmann
& Boothroyd| [1998), which leads to the consideration of finer resolution in that
regard as well.

With this the models generally reach around 60% of the main sequence. This is
only an approximation, as the models are initialized already with some kind of
amount of helium in the core from the beginning (This is as intended, because the
gas that creates the stars in reality is usually composed of around 75% hydrogen
and 24% helium (between primordial (cf. [Peimbert et al.|2007) and solar (cf.
Grevesse et al.[[1996))).

To achieve this a first run of those models was done with a big MAXZAL value.
With those it was possible to determine the model number MODEL where it will
reach Yo = 0.6, which was then used as the new MAXZAL value for a new run.
Also the steps in which a model snapshot was saved to a new NR was set with
IOUT and TPRN=50. With this, every 50th model was saved in a new NR entry.
Not all Models reached that stage of Yo = 0.6. For a few (in the area of high
initial masses, high initial metallicity and high initial velocity, cf. fig. [15] top
left corner) the default settings of the code could not reach a converging solution.
This is because those stars are physically too close to the Eddington limit and
therefore challenging to numerically find solutions (cf. |Agrawal, Stevenson, et al.
2021} |Agrawal, Szécsi, et al.|2021). It is a goal for the future to challenge these

problematic cases.
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3.1 The Diagrams

There are a few diagrams that are often used to visualize stars, which will be

discussed here to ease the discussion later on.

3.1.1 Hertzsprung-Russell Diagram

The plot in figure is a Hertzsprung-Russell diagram (HRD). It depicts the
luminosity of a given star (in L and a logarithmic scale) vs. the temperature
(in K, a logarithmic scale and with an inverse direction of growing, meaning that
hotter stars are more to the left than cooler ones, for historical reasons).

These plots can be used to give both observations and theoretical models a con-
text. One can compare different positions in the HRD plot to see that one star
is hotter or more luminous than the other.

Additionally one can use a HRD to visualise the evolutionary track of a stellar
model (cf. fig. @ It is a popular choice of visualization, because the luminos-
ity, temperature and mass have a close connection, which means that depicting
stars like this gives information about the state of a star. It also possibly gives
additional information about quantities like the radius of the star via the Stefan-

Boltzmann law or the evolutionary stage by comparison to former or latter stages.

3.1.2 Various Physical Properties over Time

Another useful way to display information gained from the models is a plot of
some property over time.

One can see the exact development over time of this property, which enables the
reader to recognize characteristic features of the evolution.

In figure [12] an example of such a diagram is shown. The helium mass fraction
at the surface is depicted for models with M;,; = 500 My, Z;n; = 0.5 Zgpc and
various initial rotational velocities.

In contrast to for example the HRD, it is also useful to compare different phases
time-wise. If one saw two phases of an evolution in a HRD, one would not be
able to discern the lengths of those phases, unless one also applies some kind of
marker for time steps (e.g. isochrone dots, as in fig. .

There are many properties where this can be useful, some of them being the

composition fraction of selected nuclei, mass or massloss or the radius.

3.1.3 Abundance Plots

Another way to depict the data is by means of the abundance plots (cf. fig. [L3).

Here the abundances of various isotopes are depicted vs. the mass-coordinate (cf.

24



Hanno Stinshoff 3 THE MODELS

Figure 11: The Hertzsprung-Russell diagram (HRD) can be used to show stars
position with respect to their luminosity and temperature. The luminosity is
depicted (in Le and a logarithmic scale) against the surface temperature (in K,
with a logarithmic and inverted scale). Additionally spectral types according
to the temperature are marked. Various observed stars are shown (with their
masses) at their position in the HRD, showing the main sequence (inhabited by
stars that undergo hydrogen burning), giant (inhabited by helium burning stars),
supergiant (inhabited by massive helium burning and by massive cool hydrogen
burning stars, cf. and white dwarf area (inhabited by stars that do not
have enough mass and therefore cannot reach a high enough temperature to ignite
more advanced fusion processes). Figure taken from (Cesar| (2021)
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Figure 12: An example for the development over time plot. Here the surface
helium mass fraction is depicted for models with M;,; = 500 My, Z;; = 0.5 Zsne
and various initial rotational velocities. One can see that the high velocities (dark
blue, yellow line) reach higher surface helium mass fractions than lower velocities
(purple line).

, to for example show the progression of mixing through the star. One can
see the core/envelope structure by means of the crossing point, until which the
hydrogen decreases and the helium increases (cf. fig. in a later section .
For stars where no such structure (or only parts of it) exists one cannot see this
crossing point (cf. fig. or it will be close to the surface (high mass-coordinate,
cf. fig. 29).

One can also supervise the development of isotope abundances of for example Mg
and Al or Ne and Na to investigate on the MgAl- and NeNa-Cycle, or of lithium

to investigate the increased lithium abundances in some low-mass stars (not in

fig. [13).

3.1.4 Surface Helium Mass Fraction

Another plot that is interesting is that of the helium mass fraction at the surface
of a given stellar model (cf. fig. [14).

It can be plotted against initial mass, initial velocity, initial metallicity or any
other physical property, which then lets the reader compare different configura-
tions against each other.

The helium mass fraction at the surface is only one example, other properties

can be chosen as well. The helium mass fraction at the surface for example can
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Figure 13: An example for the abundance plots. The abundances of various

isotopes and elements (hydrogen, helium,

carbon, neon, oxygen, magnesium

(Mg, Mg, Mg), aluminium (**Al, 27Al)) with respect to the mass coordi-

nate (cf. [2.2.1) in units of My at a given

time (t—=13.393 Myrs) for a model

with M;,; = 10 My, Z;n; = Zyw and no initial rotational velocity. One can
see that up till around 4 M, the abundances are about constant throughout the
star, which is because this is the core, where the isotopes are steadily produced
through fusion processes. Above that limit for example the 26 Al abundance drops
due to its radioactive nature. Here the envelope is not taking part in the fusion
processes, which facilitates different abundance ratios.
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Figure 14: With this diagram one can depict the helium mass fraction at the
surface (colour coded) for multiple models in dependency of various input pa-
rameters like for example here initial mass (x-axis) and initial velocity (y-axis).
A high mass fraction of helium is marked with blue colours, a low one with red
and intermediate fractions with yellow. Each dot represents one model sequence
at the end of the main sequence. The diagram is also sectioned into different ar-
eas of similar colour, which indicates a similar evolutionary pathway (cf. ,
and the transitions between those areas are more closely resolved (more models
created in that area of the parameter space). Some models were not finished until
the end of the main sequence, those are indicated by the diamond shapes in the
dots. This also results in an uncertainty in the separation line between the red
and yellow area, which is indicated by the red area with yellow dashes. Figure
taken from Szécsi et al. (2015)
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be used to determine if a star underwent NE or CHE, because when undergoing
CHE the surface helium mass fraction at the end of the main sequence is close to
1, whereas for normally evolving models it should still be roughly the same as in

the beginning of the evolution.

3.1.5 Bulkplots

Figure 15: The format of a bulkplot is beneficial to survey the big amount of
models in a comparing way. From top to bottom the initial masses of the models
decrease (from 500 to 10 M) and from left to right the initial metallicity decreases
(from Zyw to 0.02 Zspc). The key for the initial rotational velocity lines is in
the top left. The red rectangle marks the cutout that is depicted in figure [12]
The complete figure is depicted in landscape format in figure

As this work handles a big grid of input parameters, it is useful to create
so-called bulkplots. Those plots depict the diagrams of a chosen dependency with
additional respect to the free input parameters (initial mass, initial metallicity
and initial rotational velocity). In figure [L5|such a bulkplot (here for the surface
helium mass fraction vs. time plots) is depicted, which is explained here for future
convenience.

The plots are ordered as following:

From left to right there are decreasing initial metallicities, starting from Z;,; =
Zyuw to Zii = 0.02 Zspc. From top to bottom there are decreasing initial
masses, starting from M;,; = 500 My to M;,; = 10 M,

In each diagram there are all graphs for varying initial rotational velocities in
different colours depicted, ranging from v,erini = 0km/s (purple) to vyerini =
500 km/s (dark blue). In the top left corner of the bulkplot one can also find
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a key for the different colours. The red rectangle indicates a cutout, shown in
figure

This format is useful to compare evolutionary models. One can either keep the
scales fixed to see absolute variations in the plots or possibly keep the scales

flexible to facilitate a better comparison between the different velocity graphs.
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4 Results

All bulkplots depicted in this section are also shown in Appendix without
caption to provide them in a zoomed-in fashion. They are also in a high resolution,

which makes it possible for readers on the computer to zoom in manually.

4.1 Core Helium Mass Fraction

In figure [16| and an exemplary cutout in figure [17] one can see the Core Helium
Mass Fraction against the time. As this was the determining factor in the termi-
nation of the runs, one can see how the models progressed towards that goal.
One can see in the diagram by comparing the graphs that the models usually
reach the set end point of Yo = 0.6. However, there are some differences:

One aspect is the time, in which the models evolve. In the figure one can see
that the more massive stars develop more slowly than the lighter ones, the former
reaching Yo = 0.6 at around 10°yrs (500 M), whereas the latter taking up to
107 yrs (10 Mg).

Another thing observable is that there are differences for varying initial rotational
velocities. Stars with higher ones tend to develop slower, as can be seen in the
500 and 400 km/s lines (dark blue and yellow), which are the lowest lines in each
graph and have the flattest slope.

Both results were to be expected:

In Harwit| (2006)) (in Fig 8.1) and Kuiper| (1938) it can be seen that more massive
stars have a higher luminosity output (cf. Mass-Luminosity relation % ~ (%)a
with 3 < a < 6, Kippenhahn et al.|2020)) and therefore tend to have a less long
lifetime, resulting in faster reaching the depletion of fusion material (cf. for ex-
ample LoPresto 2018 using a = 3.5 with the relation ¢ ~ M /M3 = M~*5 and
also the isochrone dot representation of the HRD in subsection .

In contrast to that higher initial rotational velocity increases the lifetime of the
models, because with rotation more mixing of the material is present, which for
same initial masses results in higher mass of material available for fusion pro-
cesses.

This effect is highlighted especially by the models undergoing CHE (cf. 2.1.4)), for
example the v = 400 or 500 km/s lines of M = 10 and 20 M. Here the complete

mass of the model is mixed, which results in a longer lifetime.

4.2 Mass and Massloss

In figure (18| a bulkplot for the development of the mass over time is depicted.

The mass is steadily declining because of radiation- and rotation-driven massloss.
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Figure 16: The bulkplot (cf. fig. E for the core helium mass fraction of the model sequences over time. The bulkplot format presents all
sequences in a grid: Initial masses are ordered from the top (M;,; = 500 M) to the bottom (M;,; = 10 M), initial metallicities from left
(Zini = Zyw) to right (Zi = 0.02 Zgpe). Each point in the grid shows the graphs for all the initial rotational velocities of that given
parameter setting, from v;,; = 500 km/s (dark blue line) down to v;,; = 0km/s (purple line). The red rectangle indicates the area which
is shown again zoomed-in in figure [I7] In this bulkplot the core helium mass fraction of the model sequences is plotted against the time
in 10°yrs. In this way the progression of the hydrogen fusion process in those models is shown. The longer the sequences have undergone
the hydrogen fusion, the higher the helium abundance in the core becomes. This facilitates the comparison of multiple sequences with
regard to their lifetime and the speed with which they move through the main sequence. It is shown that more massive models evolve
quicker and reach the end of the sequence faster than the less massive ones. Additionally one can see that a higher initial rotational
velocity leads to a slower evolution as well.
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Figure 17: Exemplary cutout of the core helium mass fraction bulkplot (cf.
and caption of fig. for better accessibility. Shown here is the area of M;,; =
150 to 40 My, and Z;,; = Zrye to 0.5 Zgpyeo. One can see the difference in time
it takes for the sequences to reach the end (Y = 0.6) depending on the initial
rotational velocity (higher velocities leading to slower evolution) and initial mass
(higher masses leading to faster evolution).
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Figure 18: The bulkplot (cf. 3.1.5/and caption of fig. for the mass of the models (in M) over time (in 10 yrs) with a fixed mass scale
and a flexible time scale. The red rectangle indicates the area which is shown again in figure The lines are declining over time due to -
massloss, depending on the initial parameter set (cf. eq. . Higher initial masses and initial metallicities lead to increased massloss. ”
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Notable here is that there is a difference in massloss if one compares models with

differing initial mass or initial metallicity:
A good example for that is the area of M = 300 to 80 My and of Z = Zyw
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Figure 19: Exemplary cutout of the bulkplot (cf. and caption of fig.
for the mass of the models (in M) over time (in 10°yrs) with a flexible mass
and time scale (cf. fig. [L8)), fixed on M;,; = 300 to 80 My and Zi = Zuw
to 0.5 - Zspyc. In this cutout the differences between various initial masses and
metallicities are shown. Higher ones lead to an increased massloss.

to 0.5 - Zsume, a zoom-in of which is shown in figure Here one can see

that for higher initial masses and for higher initial metallicity the slope is much

steeper, indicating an increased massloss for those parameters. This is not sur-

prising considering the used mass formula for the relevant temperature range
(27500 K < Tyyrp < 50000 K') from Vink et al.[2001:

logM = — 6.697(+0.061)

(
+2.194(40.021) lo
— 1.313(£0.046) lo
(
(

— 1.226(40.037) lo

+0.933(£0.064) log(T s /40000 K)
—10.92(%0.90) (log(Tef f /40000 K))?

§(L/10° Lo)
5(M/30M)

voo Vese

2.0

+ 0.85(£0.10) log(Z/Z)

(20)

The massloss increases for higher masses and metallicities (cf. also |Vink et al.
2000 and Vink & Sander|2021). Additionally, there is a dependency of the initial

rotational velocity, as can be seen in figure 20l Here the same bulkplot was
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Figure 20: The bulkplot (cf. Emba caption of fig. E for the mass of the models (in M) over time (in 10°yrs) with a flexible
mass and time scale. This bulkplot differs from figure [18|in the flexible time scale, facilitating the comparison of lines for multiple initial
rotational velocities. Higher velocities lead to a higher massloss, which is explained by the increased mixing of the material, leading to
higher opacity in the surface and therefore a higher temperature. In the bottom row the v;,; = 500 km /s lines show atypical behaviour,
which is because they cross the keplerian critical rotational velocity. Once those models lost mass and therefore spun down enough to
cross this limit again the evolution turns into a similar one to that of the other models.
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created with a flexible mass-scale, to facilitate differentiation between the different
velocity lines.

The models have increased massloss for higher velocity, which is indicated by the
lower lines in the plot. This is due to the higher velocity and resulting increased
mixing the elements on the surface are heavier on average. The consequence
is a higher opacity (because of their higher cross section regarding momentum
transfer) and therefore a higher temperature, which increases the massloss (cf.
eq. 20).

Another interesting point in figure [20]is the case of the models with M;,,; = 10 M,
and vj,; = 500 km/s.

These models cross the keplerian critical rotational velocity (cf. (Gagnier, D. et
al||2019)), so that the stars are too fast rotating to stay completely intact (only
high rotational velocity close to that critical breakup velocity can facilitate this,
as otherwise the effect of rotation by itself is too small. Mind that the increased
massloss due to rotation is not because of centrifugal forces in a primary way
but instead due to the mixing of the material resulting from the rotation). This
results in two effects:

First the model sequence starts its evolution with a lower mass than its lower
velocity counterparts. This is because even in the initiation phase the model
already loses mass due to rotation, so that once the model sequence reaches the
main sequence and starts its hydrostatically stable evolution, its mass is already
below the initially set mass of M;,; = 10 M.

Secondly there are steep declines in the mass for a few models. This is also an
effect of the critical rotational velocity. Since the primary influence of rotation on
the massloss can not be disregarded for those high velocities, mass is artificially
transferred away from the model to account for that effect. The massloss of those
models tends to flatten again once enough mass was lost to become stable. This
is because by losing mass the model also loses angular momentum and in the
course slows down below the critical velocity.

This phenomenon can also be seen in a graph of massloss vs. time (cf. fig.
. Here one can see that for the mentioned parameter sets (M;,; = 10 M, and
Vini = 500 km/s) there is hat-like behaviour in the graphs, which indicates the
increased massloss for that period of time. After reaching a low enough mass the
massloss drops and the line in the graph starts to follow a tendency similar to

the rest of the models due to the spin-down.
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Figure 21: The bulkplot (cf. Emba caption of fig. for the massloss of the models (in M) over time (in 10° yrs) with a fixed linear
scale. Striking are the model sequences with M;,; = 10 My and v;,; = 500 km/s, where a hat-like behaviour is displayed. This is due to
the increased massloss for those models resulting from the initial rotational velocity being beyond the critical breakup velocity (cf. fig.
After losing mass and angular momentum the evolution changes, adopting a trend similar to those close to it in the initial parameter
space.
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4.3 Hertzsprung-Russell Diagram

In figure 22) a bulkplot of the HRD (cf. is depicted. The diagram is plotted
with dots for equal time steps (isochrone dots, representing (10° yrs)). Also in
figure 23| an exemplary cutout is given for better accessibility.

The isochrone dots indicate a differing evolution length, which is supported for
example by the Yo diagram (cf. . Less massive stars tend to have a longer
lifetime with much more dots in their evolutionary paths than the more massive
ones.

Interesting in this graph is the bifurcation of the paths; there are those that de-
velop from the middle towards lower temperatures (to the right) and those that
develop towards higher temperatures (to the left).

On the one hand there is a certain type of model that cools down in its evolution
and therefore expands (explained due to the Stefan-Boltzmann law L = 47r?0T*)
into red supergiants.

On the other hand one can find some blueward evolving model sequences on
the left side of some graphs. This blueward evolution is indicator of CHE as de-
scribed in section (2.1.4]in the paragraph about differing evolutionary pathways).
This kind of evolution can lead to so-called Transparent Wind Ultraviolet Intense
Stars (TWUIN stars, cf. [Szécsi et al.2015), which have an optically thin wind
and emit intense ionizing radiation.

Apart from NE, which can in the extremely cool (right) case reach stages of the
red supergiants, and CHE, found on the left side of the HRD, there are also models
that are populating some in-between region, the models undergoing transitionary
evolution. These stars either start of their evolutionary paths moving leftwards
and then due to spin down change to NE, or start normally evolving and lose
their outer shells to uncover helium-rich layers beneath, which also shows strong
ionising wind and higher helium abundances on the surface. This can be seen for
example in figure 23| for the M;,; = 80 Mo, Zini = Zrmc, Vini = 300 km/s model.
In figure 22| one can see such a behaviour for example for the high velocities in
the M;,; = 10 M., regime, where the lines in the graphs are first moving leftwards
to then make a turn and continue their evolution towards cooler regions.

One can also see dependencies on the free parameters: CHE is definitely favoured
for lower initial metallicities and higher initial velocities (as for example seen at
the v = 300 and 400 km/s line for M;,; = 150 and 300 M, in fig. [23). The
mass-dependency is harder to identify, as the models do not reach the end of the
main sequence yet, which means that it is more difficult to discern between CHE
and TE (as seen in the M;,; = 10 M, regime). Nonetheless the graphs seem to

follow the general rule that higher masses are also favourable for CHE. This can
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Figure 22: The bulkplot (cf. Emﬁ& caption of fig. E for the Hertzsprung-Russell diagram (HRD, cf. E of the model sequences,
displayed with isochrone dots in 10° yrs steps. In the HRD the luminosity (in L with a logarithmic scale) is plotted vs. the temperature
(in K, with an inverted logarithmic scale). The red rectangle indicates the area that is displayed again zoomed-in in figure E It is
shown that there are two main ways the sequences can evolve, either moving rightwards into cooler temperatures, indicating a normal
evolution (cf. E“ or moving leftwards into hotter temperatures, indicating chemically homogeneous evolution. There are also some
models showing signs of transitional evolution, indicated by lines that turn around from a leftward into a rightward evolution. There is
a preference of the homogeneous evolution for lower initial metallicities and higher initial velocities. For high initial masses the tendency
of transitional evolution increases, broadening the area of initial velocity that leads to TE. Due to the amount of isochrone dots it is also
shown that the sequences with low mass have a longer lifetime than the more massive ones.
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Figure 23: Exemplary cutout of the bulkplot (cf. and caption of fig. for
the HRD (cf. of the models, fixed on M;,; = 300 to 80 My and Z;,; = Zyw
t0 0.5-Zspe. This cutout highlights the dependency of the evolutionary pathways
(cf. on the initial parameters. Chemically homogeneous evolution (leftward
evolution towards hotter temperatures) favours low-metallicity and high initial
velocities.

for example be seen in the comparison of the 400 km/s line for low metallicities.
There seems to exist a caveat however: At some point CHE seems to become less
likely again, as the line starts to turn towards the right hand side again for the
models with mass M;,; ~ 150 M. This is not surprising, considering that TE
becomes more likely for higher masses (as can be seen in fig. and |Szécsi et al.
(2015) in the broadening of the yellow region for high masses, and also in .

4.4 Surface Helium Mass Fraction

In figure [24] one can see the Surface Helium Mass Fraction vs. Time.
As the homogeneously evolving models contain a homogeneous mix of all the
material, the whole amount of abundant hydrogen gets burned during the main
sequence. This means that the helium mass fraction on the surface rises just as it
does in the core. This is in contrast to the NE models, where the fusion processes
only happen in the core, which leaves the envelope about untouched.
This is mirrored in figure There are some models, where the Helium Mass
Fraction at the surface stays the same throughout the whole lifetime, whereas
others’ rises up till the point of around 60%, which is because the models only
run up to the point of Yo = 0.6, which in the case of CHE also means Yg ~ 0.6.
Additionally the models undergoing TE are shown with graphs where the end-

point of the evolution is between Yo = 0.6 and 0.24, which is due to either
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Figure 24: The bulkplot (cf. E and caption of fig. E for the surface helium mass fraction of the models over time (in 10°yrs).
There are sequences depicted steadily increasing their surface helium abundance, up to the end point of around 60%, showing that the
abundance at core (at the end Yo = 0.6) and surface are about the same, indicating a chemically homogeneous evolution (cf. [2.1.5). On
the other hand there are sequences shown that keep the surface helium abundance constant through the lifetime, indicating an untouched
surface and therefore a normal evolution. There are also some models reaching intermediate helium abundances on the surface, which
can result from transitional evolution, either starting chemically homogeneously evolving and then changing to NE due to spin-down, or
normally evolving but shedding outer layers due to high rotation and uncovering helium-rich layers beneath.
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Figure 26: Plot of the Surface Helium Mass Fraction for the whole parameter space as a colour plot (cf. [3.1.4|and the caption of fig. E
This figure (in contrast to fig. Embg fig. E is showing the plot from the perspective of the metallicity-velocity plane. Here it is shown
that CHE is preferred for low initial metallicities, as the limit of the initial velocity is decline with decreasing initial metallicity.
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spin-down of former chemically evolving models or the uncovering of helium-rich
layers due to massloss (cf. 2.1.5]). Examples of this behaviour are the models with
intermediate initial rotational velocity, high mass (for example M;,; = 500 M)
and low metallicity (Z;,; = 0.5 Zgpe to 0.02 Zgpc).

To distinguish between TE and CHE for a given model one would have to con-
tinue the computations of the evolutionary sequences to the end of the main
sequence, as the difference between both kinds can be hard to see when the mod-
els are stopped short, since it is not determined whether the model sequence will
spin down enough to change their evolutionary path. Nevertheless one can see
the same tendency as in |Szécsi et al.| (2015): Low values of surface helium mass
fraction at the end of the sequence for slow rotators, indicating NE, high values
(up to the maximum value and same composition as Yo = 0.6) for fast rotators
with a blueward evolution in the HRD, and intermediate values for TE.

To get an overview of the evolutionary models and their different pathways one
can also look at the (current) end state of the evolution; in figure 25 and figure
one can see the last point of evolution the models reached, depicted in the 3D
parameter space and with a colour coding indicating the amount of helium at the
surface (cf. 3.1.4).

To improve the accessibility of the graph here also two different perspectives are
provided, with a third in the appendix in figure

There is a distinction between different kinds of model sequences here as well,
with areas of high surface helium mass fraction (= 0.6, blue dots), areas of low
one (= 0.3, red dots) and areas of intermediate one (yellow dots).

Comparably to figure [14] there is a trend of CHE for fast rotators and one for NE
for slow rotators. Also the broadening of the yellow area similar to figure [14] for
high initial masses is visible in figure

CHE is also preferred for low initial metallicities, as can be seen in figure [26] as

the velocity-limit to facilitate CHE decreases with decreasing initial metallicity.

4.5 Abundance Plots

In figures [27] - 29| one can see exemplary diagrams of the abundance vs. the mass
coordinate (cf. 2.2.1)). The examples were chosen to highlight the differences in
CHE, TE and NE.

Figure [27 shows graphs for M;,; = 10 My, Z;,; = Zyw and no initial rotational
velocity. The top panel is from the beginning, the middle from the middle and
the bottom from the end of the evolution (as indicated by the legend for the time
t).

At M =~ 4 M, the line for the helium fraction (blue line) and the one for the
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Figure 27: The composi-

tion plots (cf. of
a Mzm 10 M@, sz =
Zyw model with no initial
rotational velocity against
the mass coordinate in arbi-
trary time steps. The first
panel shows the graphs of
a time point in the begin-
ning of the evolution, the
middle panel an intermedi-
ate point and the bottom
panel a point at the end.
The logarithmic abundance
of various elements and iso-
topes (H, He, C, N, O, ?'Mg,
25Mg, 26Mg, 26A1, 27Al) is
plotted in different colour
lines against the mass coor-
dinate (cf. in units of
M. This is an example of
a model sequence undergo-
ing normal evolution: The
border between core and en-
velope is shown as the mass
where hydrogen and helium
abundances exchange their
dominance over time (red
and dark blue lines cross at
around 4 M), as in the core
the hydrogen is converted
into helium, whereas the en-
velope does not take part in
fusion processes and there-
fore keeps the initial abun-
dance ratios. Additionally
one can see that the MgAl-
Cycle (cf. is influ-
encing the abundance of Mg
and Al in the core, which
results in differences com-
pared to the abundances in
the envelope.
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hydrogen fraction (red line) cross (which can be seen in the middle and bottom
panel). Below that crossing point the fusion processes affect the abundance,
therefore changing for example the helium fraction over time, whereas above that
mass there is no change through the whole evolution. This is an example of a
model sequence following a normal evolutionary path.

The crossing point is especially easy to spot as the 2°Al abundance drops at
that point. This is because ?6Al is steadily produced in the core as part of the
MgAl-Cycle (cf. [Langer| [2012a] and 2.1.3), so that its abundance stays about
constant there. Outside of the core however the abundance drops over time as it
is undergoing 87 decay or electron capture (cf. Basumina & Hurst|2016).

In contrast to figure [27| one can see graphs for different time points of the model
sequence for M;,; = 300 Mo, Ziy; = Zsue and vg,; = 500 km/s in figure 28] Here
is no crossing point, because all the material in the homogeneous mass of the
model is used as fusion material, which results in the change of the constitution
up till the very edge of the star. There is effectively no strict core and envelope
structure any more. This is an example of a model homogeneously evolving.

In figure [29| the graphs for three time points of the model sequence with M;,; =
300 My, Zini = 0.02 Zgpc and no initial rotational velocity are depicted. There
is a crossing point visible at M =~ 250 Mg, but in contrast to the plots of the NE
it is closer to the surface, indicating almost but not quite complete mixing of the
star’s material. This is an example of a model sequence undergoing transitional

evolution.
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5 Discussion

The models created provide a broad grid to support other works on. Here some

advantages will be listed for future usage:

5.1 The Models Close to the Eddington Limit

As can be seen in the bulkplots some models do not reach the set target of Yo ~
0.6. This is due to their closeness to the Eddington limit, which prevents their
physical evolution. This applies strictly to all velocities of the M=500 M., and
Z=Zyw and also some velocities for the neighbouring parameter sets (M=500 M,
7=Zrmcysuc and M=300 Mg, Z=Zyw/Luc)-

Even though those models did not complete, it is still a result matching the ex-
pectations, because in reality stars with that high masses are indeed not observed
at those metallicities. Other models also predict some kind of upper limit to the
mass of stars (like for example |Vink, Jorick S.| (2018)) and also propose it to
be metallicity-dependent, so the findings at hand are in accordance with other

literature.

5.2 Basis for SILCC Simulations

As introduced before in the aim of the SILCC project (cf. [Walch et al.
2015) is to simulate the evolution of the interstellar medium and the life cycles
of molecular clouds. For the stellar feedback to be accurate, models of the stars
need to be accessible to populate the simulation with them.

The thesis at hand provides such models for a wide range. In contrast to works like
Gatto et al.| (2016), where models with solar metallicity from Ekstrom et al.|(2012)
were used, and [Brugaletta (2021)) with used models having four metallicities from
Szécsi et al.| (2022), the present work provides a whole range of metallicity models
from Z;,; = Zyw down to Z;,; = 0.02 Zspyc. This can be useful since, as seen
in 4l the models sometimes vary quite drastically, a good example of that being
the CHE, which does not happen in a high-metallicity environment. Since the
stars undergoing CHE have a completely different kind of massloss, based on that
of a Wolf Rayet star, than stars with NE, such a grid of models can give a tool
in estimating the effect of metallicity of the stellar models on the evolution of
molecular clouds.

The biggest caveat in this regard is the run length of the present models. In
contrast to the models from [Ekstrom et al. (2012) and |Szécsi et al.| (2022) only
runs up to 0.6 of the main sequence were created (for now), which falls short of

the other two works. Therefore a continuation of the present models would be
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beneficial to get to the same validity for those latter part of the evolution.

5.3 Chemically Homogeneous Evolution

As one can see from the graphs in 4] the free parameters of initial mass, initial
rotational velocity and initial metallicity all have impact on the development of
the stars. The pathways for example in the HRD differ depending on all three,
giving way to CHE, TE and NE in the following way:

Lower initial metallicities favour the phenomenon of CHE. This is understandable,
as lower metallicities mean there are fewer heavy ions in the atmosphere of the
star, resulting in a smaller cross section with the radiation (cf. [Fornalski|[2018] eq.
3 and 4) and therefore a lower massloss and loss of rotational velocity. Keeping up
a high velocity ensures a more impactful mixing due to centrifugal forces, which
enables the formation of homogeneously evolving stars.

Higher initial velocities therefore also increase the probability for the emergence
of CHE, as the model starts in a faster rotating state. If it manages to not
spin down too much (due to decreased massloss or efficient angular momentum
transport from inside to the outside) this also can result in CHE.

Higher initial mass seems to favour this behaviour as well, although that is harder
to discern in the graphs than the other two dependencies.

One also has to stress that these models could be able to give more information
regarding this specific aspect of evolutionary differences once they are continued
at least until the end of hydrogen burning, as one then would be able to tell
apart CHE and TE more easily. This means that a further continuation can be

beneficial for more investigation in that regard.

5.4 Massloss

There are some clear differences for the various parameter configurations seen in
figure [20{and figure They were to be expected based on the massloss formulas
from Vink et al. (2000) and Vink et al. (2001), but having models using those
parameters over a wide range of initial metallicities can still help confirm and
improve on the validity of them. By continuing the models one can see whether
the assumptions of massloss apply to them by checking for abnormalities and
unpredicted behaviour. If those appear, it is a sign for the need to modify it
(depending on the circumstances of the abnormalities), if they do not, it can be
a confirmation of the massloss formula used.

As said before in general the graphs for mass and massloss look as expected,
with only few exceptions being conspicuous. One of the main areas is that of

M;,; = 10 Mg and vy,; = 500 km/s, which has increased massloss and shows
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some abnormal shape in all the graphs. It is explained by the fact that these
models are beyond the critical rotational velocity (cf. |Gagnier, D. et al.|2019)
and therefore lose a lot of mass in short time. Nevertheless it is a striking fea-
ture that could be investigated more to confirm that claim; if it is a physical
phenomenon that could be observed in the real world, actual observations of it
would be ideal. A star losing so much mass could for example have a decretion
disk that could then be studied (cf. Krticka et al.|[2011]).

If on the other hand it is not physical, that would imply some limit to the param-
eters; It would follow that below a certain mass or above a certain velocity stars
could not exist like it is predicted in the model. If that was the case it should be
investigated why that is and in how far those limits apply in reality.
Additionally the models can be used to investigate the massloss in a more detailed
manner, for example by means of spectral analysis (cf. Kubatova et al.[2019). In
the mentioned work three homogeneously evolving models (with M;,; = 20, 59
and 131 M) were used at varying points of their evolution (minding two possibil-
ities of massloss and two of wind clumping) to determine their expected spectra
by using the Potsdam Wolf-Rayet (PoWR) stellar atmosphere code. As the thesis
at hand provides a wide range of models, some of which being stars who display
signs of CHE, the same could be done for those models, giving way to a much

broader investigation.

5.5 TWUIN Stars and Long Duration Gamma Ray Bursts

After stars end their regular lifetime of fusion processes, there are multiple ways
for them to end in. For massive stars specifically there are very disrupting events
like for example supernovae (SNe), superluminous supernovae (SLSNe) and ~y-ray
bursts (GRBs) (cf. |Garcia et al.2021, Quimby et al.|2013, [Soderberg et al./[2006]).
There is a preference of long duration GRBs and SLSNe observed in metal-poor
galaxies (cf. |Leloudas et al.|2015) that makes models like the one at hand useful
for investigations on the effect of metallicity on these events.

TWUIN stars like the ones mentioned in section are possible progenitors for
long duration GRBs: In general it is often assumed that long duration GRB
(>2s) are produced by the so-called collapsar scenario (cf. Woosley| /1993, |Piran
2005 in chapter 9). Here the iron core of a massive, fast rotating star is collaps-
ing, creating a black hole with an accretion disk. To account for the angular
momentum that needs to be syphoned out of the system when the material of
the disk is falling into the black hole two opposing high-energetic beams perpen-
dicular to the disk emerge. Afterwards the energy of the beams gets dissipated

internally and creates the GRB. The beams also interact with the surrounding
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matter, which creates an afterglow (cf. Piran|2005).
This means that a better investigation of those progenitors could help under-
standing long duration GRB (and SLSNe), which makes the present work a first

step to a deeper research by providing the models needed.

5.6 Gravitational Wave Research

With the arrival of setups like the (advanced) Laser Interferometer Gravitational-
Wave Observatory (aLIGO) (cf. |Aasi et al.2015)) a whole field of research opened
up. Their data is originating from the remnants of binary massive stars (cf.
Abbott et al.[2016, Ricci[2019), namely either neutronstar or black hole mergers
or a combination of both.

To improve on their research a prediction for such events would be useful. With
models for massive stars such as the ones provided for the present work one can
attempt to synthesize a population of stars by means of a stellar mass distribution
function. Once that is done one then can get projected rates and similar useful
things from it to apply it to gravitational wave research.

Additionally short duration GRB (<2s) can be investigated in conjunction with
gravitational wave research, since they are often companions of the mergers of
two massive objects like neutron stars or black holes (cf. |Szécsi|[2017). With this,

the models at hand provide a basis for research of both long- and short-duration
GRB.

5.7 Abundances and Globular Cluster Studies

Supergiants can play a big role in the creation of multiple stellar populations in
globular clusters that are observed in almost all of them (cf. Szécsi et al.|2018)).
One theory is that the first population of stars in the young clusters (YCs) can
consist of cool supergiants, which are surrounded by a "photoionization-confined
shell" (PICO shell) around them (created by the interaction of the stellar wind
of the supergiant and the ionisation front of TWUIN stars) and creating the new
(and polluted) generation of stars there.

Another theory works without the PICO shell (cf. [Szécsi & Wiinsch|[2019). Here
the second generation of stars is born in an area that is created due to the inter-
play of the stellar winds of cool supergiants and the rapidly cooling environment
due to the hydrodynamics of the cluster.

The new stars are fed (polluted) with material from these supergiants, which
makes an overview of the abundances interesting for further investigations. Both
theories can be investigated further with the new models presented here, as they

give a broader data set with varying initial metallicity to work on. By applying
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the approaches from the mentioned works one could find constraints to them or
strictly reasons to favour one over the other. The two papers mentioned above
only used initial models with metallicities of LMC and 1Zw 18. Also only models
with initial rotational velocities of v;,; = 0 or 100km/s were used, which the
present work also expands on.

In one can see that the models can enable that investigation (although as said
before a continuation of the models until a latter time would be advantageous).
By comparing the radius and the core-envelope boundary, in addition to the cri-
terion of cool temperature and high luminosity in the HRD, one can differentiate
between the Supergiants and models that are not inflated.

One can also see the effects of the MgAl-Cycle in the shown abundance plots by
checking the abundances of the magnesium and aluminium isotopes. Inside of the
core the abundance stays more or less the same due to the continuous production
of 26Al in the cycle, whereas outside of it the abundance of the isotope drops over
time due to its radioactive nature.

The effect of the NeNa-Cycle was not investigated yet, that is a possible goal for
the future. It falls in line with the other investigations mentioned above.

The lithium abundance investigation is also a goal for the future. This is part of
the reason why the model sequences for now end at Yo = 0.6, because the effect
of the lithium production and destruction increases going towards the end of the
main sequence, so a better resolution of the sequence from that point onward is

beneficial for that goal.

5.8 Runlengths and the BoOST Format

The target of around Yo = 0.6 was met with most of the models. This does
not necessarily mean that the code will continue to work fine for a further con-
tinuation, but one can try and see how many of them actually reach the end of
helium burning to give a more complete picture of the evolution. This would also
improve the distinction between the TE and CHE models. This could be a future
goal for investigations.

The BoOST format can be implemented, although it was left out for this work
as it is beneficial to do it for a higher run length, preferably to the end of the
helium burning. As can be seen in the present work it is also possible to change
the step resolution mid-evolution to increase the sensitivity to changes in critical

phases.
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A Appendix

A.1 Appendix A

On the following pages additional material is shown for interested readers.
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Figure 30: The bulkplot (cf. Emﬁ& caption of fig. E for the Hertzsprung-Russell diagram (HRD, cf. E of the model sequences,
without isochrone dots (cf. fig. 22). In the HRD the luminosity (in Lo with a logarithmic scale) is plotted vs. the temperature (in
K, with an inverted logarithmic scale). Tt is shown that there are two main ways the sequences can evolve, either moving rightwards
into cooler temperatures, indicating a normal evolution (cf. [2.1.5), or moving leftwards into hotter temperatures, indicating chemically
homogeneous evolution. There are also some models showing signs of transitional evolution, indicated by lines that turn around from a
leftward into a rightward evolution. There is a preference of the homogeneous evolution for lower initial metallicities and higher initial
velocities. For high initial masses the tendency of transitional evolution increases, broadening the area of initial rotational velocity that
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A.2 Appendix B

On the following pages the bulkplots from 4] are shown with minimal captions for
better accessibility. Note also that the resolution of the images facilitates zoom-in
as well.

For the more elaborate captions refer to the original figures.
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Figure 33: The bulkplot for the mass of the models (in M) over time (in 10° yrs) with a fixed mass scale and a flexible time scale.
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Figure 37: The bulkplot for the

surface helium

mass fraction of the models over time (in 10° yrs).
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