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Abstract

Massive stars are key contributors to the evolution of galaxies and many observed phenomena. There-
fore, understanding them is crucial to explain the evolution of the Universe and its constituents. The
evolution of massive stars is strongly influenced by internal mixing processes. In stellar evolution
theory, these processes are simplified due to the assumption of spherical symmetry. This introduces
many uncertainties. In this Thesis, I investigate two groups of internal mixing processes in massive
stars: turbulent convection and rotation-induced mixing. The study focusses on convective boundary
mixing and angular momentum transport. Concerning convective boundary mixing, I study how the
location of the convective boundary and different amounts of convective boundary mixing affects the
structure and evolution of massive stars. I find an uncertainty of up to ~ 70% in the prediction of
core masses at core helium depletion. Furthermore, the surface evolution of massive stars depends
critically on the mixing choices. Comparison between model predictions and observations suggests
that models require a larger amount of convective boundary mixing than currently adopted in the
literature. Concerning angular momentum transport, I investigate angular momentum transport by
rotation-induced instabilities and two different magnetic dynamos and how it is affected by related
theoretical and implementation uncertainties. The three sets of models predict distinct ranges of the
core rotation rate at core collapse. However, the strength and timing of angular momentum transport
depends strongly on the transport mechanism and its uncertainty. Generally, the main transport of
angular momentum occurs before core helium ignition and nearly no angular momentum is trans-
ported after core oxygen ignition. This Thesis shows that the evolution of massive stars is strongly
influenced by the uncertainties linked to convective boundary mixing and rotation-induced mixing

and more work is needed to provide reliable predictions for stellar evolution.
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|Chap’[er I

Introduction To Massive Stars

The understanding of massive stars is key to many aspects of astronomy, such as the evolu-
tion of galaxies, nucleosynthesis, supernovae, neutron stars, black holes, gravitational waves
and other exotic objects. In this Chapter, an overview of the evolution and death of mas-
sive stars is given, setting the stage for this thesis. First, the life of non-rotating stars is
discussed with a focus on the internal evolution and nucleosynthesis, followed by a brief
summary of stellar winds and mass loss from massive stars. Then, the diversity of the final
fates of massive stars is presented and two scenarios, the core-collapse and pair-instability
supernova, are explored in more detail. Finally, the evolution of rotating massive stars is

reviewed. In the last Section, the motivation and organisation of this work are outlined.

1 Why Study Massive Stars?

Since ancient times humans have been intrigued about their surroundings and wondered about the
origin of life. This curiosity led them to eventually look into the sky and study the different stellar
objects. While the path to life is complicated, it is currently thought that some of the building blocks
used to form life are made in stars. In addition to the origin of life, human kind also depends on our
neighbouring star, the Sun, because it enables life on the Earth and we depend on its radiated energy,
hence, it is important to know what will happen to the Sun in the future.

A star is a gaseous cloud bound by its own gravity, which induces enough pressure in the central
region to heat it up to temperatures where thermonuclear reactions can occur. Stars are nuclear reac-
tors that synthesise new elements from old ones via fusion and other processes, thus slowly changing

the matter they are made of. If the stars are able to return the newly synthesised material into the
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galaxy, they actively contribute to the chemical evolution of the galaxy. This, for example, facilitates
the formation of planets such as the Earth on which new life can form.

Stars are nuclear laboratories with extremely high temperatures and pressures. This enables scien-
tists to test many different areas of physics under extreme conditions, such as nuclear physics, particle
physics, thermodynamics, hydrodynamics and classical mechanics. Some stars even form very com-
pact objects that become a test-bed for relativistic and quantum mechanics.

Massive stars are defined as stars with masses of at least eight times the mass of the Sun, M >8 Mg *
(Smartt et al., 2009). Following the Harvard spectral classification, massive stars are classified as O
and early B-type stars. Contrary to the Sun and other lower mass stars, which have a very long and
calm life, massive stars have relatively short lifetimes. For example, on the main sequence?, where
stars spend most of their lives, massive stars have surface temperatures higher than 10,000 K whereas
the Sun has a surface temperature of ~ 5,800 K.

Massive stars play a key role in the evolution of galaxies: They are fundamental for the production of
heavy elements up to an atomic mass number of ~ 90 (Woosley et al., 2002) and they dominate the
luminosity of stellar systems. The feedback from massive stars into the interstellar medium occurs
via intense stellar winds, radiation and through their explosive deaths. Most massive stars end their
lives as a supernova, one of the most powerful explosions in the universe. After their death they might
leave behind a compact remnant, either a neutron star or a black hole, hence, they are the progenitor
of compact objects and gravitational waves. Also, other energetic phenomena such as long gamma-ray
bursts® are thought to originate from supernovae of stars in this mass range (Woosley & Bloom, 2006).
Massive stars can trigger star formation activity via their strong radiation (Getman et al., 2009) and
through their winds and supernova events (Preibisch & Zinnecker, 2007). The first generation of
massive stars are thought to be the main driver of the reionisation of the Universe (Bromm & Larson,
2004; Sobral et al., 2015).

The evolution of massive stars, and all stars in general, is strongly affected by internal mixing pro-
cesses. Thermally-driven turbulent convective mixing is often correlated with a nuclear burning region.
Convection can provide more fuel into the burning region, prolonging the lifetime of a star. Also, it
is one of the dominant energy transport processes, it mixes the interior and rearranges the structure
of the star, for example by increasing the core masses. This will change the outcome of the star’s
later evolution, influence the way the star meets its end and the remnant, if any, that will be left after
the catastrophic death. On the other hand, rotation-induced mixing can happen in any region of the

star. Similar to thermally-driven mixing processes, it mixes the matter and changes the structure in

1One solar mass Mg is 1.99 x 1030 kg. Solar values are generally indicated with the index ®.

2The main sequence is a prominent band in the colour versus absolute magnitude diagram, or surface temperature
versus luminosity diagram, of observed stars.

3Gamma-ray bursts are extremely energetic explosions that are thought to be generated during the collapse of rapidly
rotating massive stars, see Section 1.4. Their duration is of the order of seconds to minutes but they produce as much
energy as the Sun during its entire existence.
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stars, which prolongs the lifetime of each evolutionary stage and influences the way the star evolves.
Both types of mixing consist of an ensemble of different processes. While a vast development has been
made in the understanding of these processes, there are still a lot of open questions, inconsistencies
and uncertainties.

In this work, some uncertainties from thermally-driven and rotation-induced mixing processes are
investigated, specified and their implications for stellar evolution are explored. Furthermore, the as-
pects of the mixing processes leading to the largest uncertainties in the stellar model predictions are
highlighted. Assessing the impact of the mixing uncertainties on the evolution of stars is an important
step in several ways. Currently, there are many different published stellar evolution model grids that
predict various outcomes. Knowing the uncertainties from the mixing processes and the different
implementations allows for a better comparison of the grids and their reliability. Also, the knowledge
of the uncertainties guides the path to improve the theory of mixing processes as it highlights which
treatments need most improving and which are negligible. This also indicates the phases where multi-
dimensional simulations are needed in order to better understand the operating processes. Last, but
not least, specifying the uncertainties provides studies that use stellar evolution grids, for example

galactic chemical evolution simulations, with necessary uncertainty for stellar model predictions.

2 The Evolution of Massive Stars

Stellar evolution is the process by which a star changes its structure and chemical composition over
time through physical processes, including the interplay between nuclear reactions, gravity and energy
transport mechanisms. The lifetime of a star is far too long for a human to observe and most changes
occur on timescales too long to be detected. Therefore, in attempting to understand the physics of
stars and their changes over time, scientists observe numerous stars at various points of their evolution.
In parallel, they simulate the stellar structure using computed models, adding together the diverse
features into one full model and compare the outcome with observations.

The evolution of massive stars can be crudely associated with three parameters - mass M, metallicity
Z* and rotation rate Q (e.g. Woosley et al., 2002; Maeder & Meynet, 2012). Binarity also plays an
important role in the evolution of massive stars, see Section 1.5, but in this thesis the focus will be on
single stars.

Massive stars originate from cold dense clumps, with typical masses of 100—1000 Mg and temperatures
of 10 — 20K inside giant molecular clouds (Zinnecker & Yorke, 2007). Gravitational instabilities or
shock waves, for example by a nearby supernova, can trigger the collapse of such interstellar clouds

into proto-stars. During proto-star evolution, the gas is opaque and the released gravitational energy is

4In an astrophysical context, the notion of metal applies to all elements heavier than helium.




CHAPTER I. INTRODUCTION TO MASSIVE STARS

kept inside, heating up the gas. This phase is accompanied by an accretion disc and bipolar outflows of
matter. Thus, the star does not keep all the accreted mass but some is lost via the outflows. Once the
star reaches the pre-main sequence, the contraction proceeds on the slower Kelvin-Helmholtz timescale
and the gravitational energy released is roughly of the same order of magnitude as the energy radiated
from the surface.

The evolution of a massive star begins when the energy generation due to thermonuclear burning
processes opposes the gravitational contraction; the star is then said to be in hydrostatic equilibrium.
The energy generation is a consequence of the increasing temperature and pressure in the central region
of the star, allowing nuclear fusion and fission. Consequently, the composition slowly changes and
the star evolves. Massive stars go through several burning phases, generally in a hydrostatic fashion,
namely hydrogen-, helium-, carbon-, neon-, oxygen- and silicon burning. After silicon burning, the
nuclear burning cannot provide the energy to keep a massive star in a hydrostatic balance. Therefore,
the iron core formed during silicon burning gravitationally collapses, forming a compact object. If the
iron core was not too massive, the additional infalling matter bounces when the core reaches nuclear
densities, producing a spectacular supernova. This hydrodynamic phase might leave a neutron star
or even a black hole at the end of the star’s life.

Massive stars are generally more luminous than their lower mass counterparts. Consequently, they
have to replenish the energy through nuclear burning faster, resulting in relatively shorter lifetimes.

Ultimately the lifetime 7 is roughly correlated with the initial mass of the star (Maeder, 2009)

a~17 for0.6Mg < M <2Mg
M .
Too o MY withqa =3  for2Me < M < 60 Mg (L1)

a4 for 60 Mg < M < 120 M.

For even higher masses, a — 1 (Yusof et al., 2013). Therefore, a 20 M, star lives about 107 years
which is around 100 times shorter than the lifetime of a 2 Mg star. The much shorter lifetime leads to
the more immediate influence of massive stars on their surroundings and also why the early Universe
was dominated by massive stars.

During main-sequence evolution where hydrogen is burnt in the core, massive stars are observed as
O- and early B-type stars. Once the star exhausts its central hydrogen fuel it evolves past the main
sequence into more rapid stages. There, massive stars are observed as Red or Blue Supergiants or
more peculiar objects such as Wolf-Rayet stars and luminous blue variables. These advanced stages
of stellar evolution are accompanied by strong and varying mass loss and luminosities. The final
death of the star after silicon burning is accompanied by spectacular explosions. Also, other exotic

appearances like pulsars, gamma-ray bursts or magnetars are thought to originate from massive stars
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(e.g. Woosley, 1993; Lyutikov & Blackman, 2001; Woosley & Bloom, 2006; Turolla et al., 2015).

Scientists are mostly limited by observations of the stellar surface, with the exception of asteroseis-
mology that allows us to probe the interior of stars. However, stellar evolution is mainly driven by
changes in the centre of the star, often depending on nuclear properties, and changes at the surface
are a consequence of the interior evolution. Nevertheless, the conditions in the centre are affected by
the physics of the surrounding layers. For that reason, a star has to be considered as a whole and the

interaction of the various physical processes and layers have to be taken into account.

2.1 Nuclear Burning

One of the key ingredients of stellar models is the energy generation which keeps the star in a hydro-
static equilibrium during most of its evolution. This energy is generated by thermonuclear reactions,
which are activated when the gravitational contraction pushes the temperature and pressure in the
centre of a star above a certain threshold. The nuclear energy is radiated away and enables a balance
between gravitational contraction and radiation pressure. The lost energy is resupplied by further
thermonuclear reactions. Hence, these reactions slowly modify the composition in a burning region
and shape the internal structure of stars. Ergo, they determine how stars evolve and their fate.

The interior of a star can be represented in the following, very simplified, way (Kippenhahn & Weigert,
1994). A star burns through its fuel® during a certain phase, depending on the physical properties,
normally starting in or near the centre. Once the fuel is exhausted, the star lacks an energy source
needed to maintain hydrostatic equilibrium. Consequently, the core contracts on the Kelvin-Helmholtz
timescale Ty, defined as the ratio of the gravitational energy to the luminosity (e.g. Kippenhahn &
Weigert, 1994). This increases the central temperature and pressure. Once the temperature and
pressure are high enough to further fuse the ashes® of the previous burning phase, the next burning
stage is ignited and the cycle restarts. The contraction also heats up the layers above the core, setting
the conditions for thermonuclear burning in a shell. This leads to an “onion-like” structure. However,
even though the burning zones are separated, they may influence each other through mixing processes
- see Chapter II - or by local expansion and contraction”. For example, strong burning zone can lead
to an expansion of the layers above it location. The expanding layers will reduce their temperature
and pressure. Consequently, the new temperature might be lower than the ignition temperature of a
previously active burning shell, which then ceases.

The order of the burning stages and the reactions taking place depend on the nuclear properties of

the isotopes taking part in the reactions, such as the Coulomb-barriers, the nuclear cross-sections and

5The nuclei that are used as ingredients for the thermonuclear reactions.

6The end product(s) of a burning stage.

7Also, in reality stars are not completely spherically symmetric and asymmetries lead to a deviation from the “onion-
structure”.
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Table 1.1: The central densities, p., and the central temperature, T, both at the ignition of the
burning stage, i.e. when 0.3% of the fuel is burnt, for a 15Mg (left) and a 25Mg (right) model.
The respective third row shows the duration 7 of the burning phase. The number in the bracket is
the exponent while the number before is the multiplier. The stellar models presented here are the
non-rotating models from Chapter IV.

15 Mo 25 Mo,
Fuel pe (gem™2) T, (K) 7| pe (gem™3) T, (K) T
Hydrogen 6.99(0) 3.55(7) 1.40(7) yrs 4.52(0) 3.85(7) 7.54(6) yrs
Helium 8.49(2) 1.65(8) 0.91(6) yrs 4.64(2) 1.75(8) 0.57(6) yrs
Carbon 9.01(4) 6.60(8) 1.43(3) yrs 5.24(4) 7.14(8) 1.75(2) yrs
Neon 6.77(6) 1.26(9) 1.68(0) yrs 2.68(6) 1.37(9) 41 days
Oxygen 7.59(6) 1.95(9) 211 days 2.18(6) 1.80(9) 76 days
Silicon 4.84(7) 3.55(9) 37 hrs 7.61(7) 3.77(9) 18 hrs

reaction rates (Gamow-peak) and Gamow penetration-factors (see e.g. Povh et al., 2009). This leads

to the well separated phases of nuclear burning.

For a polytrope of constant index it is possible to obtain a relation between the initial mass M,

the central temperature T, and the central density p. (Kippenhahn & Weigert, 1994),

3
~ L

M? .
P2

(L.2)

This relation implies that for a given burning stage, which is activated above a certain threshold
in T, given by thermonuclear properties, more massive stars burn at lower densities (see Table I.1).
Furthermore, more massive stars have shorter burning times as the mass dependence pushes T, higher
for each burning stage (see Table I.1) and thermonuclear reaction rates depend exponentially on T,
(Kippenhahn & Weigert, 1994; Maeder, 2009). This is correlated to the shorter lifetimes of massive
stars due to higher luminosities (see Eq. I.1). It should be noted that this approximative relation is
applicable for the early evolution of a star. During the advanced stages, the complex structure of a

star leads to a deviation of the oversimplified polytropic picture (see also Fig.(I.1b)).

2.1.1 Hydrogen Burning

The simplest nucleus initially available is hydrogen, consisting of a proton. So the first burning
stage taking place is hydrogen burning, synthesising mainly “He. This burning stage proceeds via
the pp-chain and the CNO-cycle. The CNO-cycle operates more effectively at higher temperatures,
hence, it dominates in massive stars. The simplest pp-chain is activated at T, ~ 5 x 105K by
'He(p,etv)?H(p,v)*He and is completed by He(3He,2p)*He (Burbidge et al., 1957). There are alter-
natives for the second part over “Be and “Li or "Be and ®B, respectively, but they require the exis-

tence of a significant amount of 3He. The CNO-cycle, dominating at slightly higher temperatures of

6
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(a) Hertzsprung-Russell diagram (b) Te-pe diagram

Figure I.1: The Herzsprung-Russel diagram and the T.-p. diagram of a 15 Mg model showing its
surface and central evolution, respectively. The colours indicate the burning phase in the centre.

T. ~ 16 x 10° K, synthesises helium via 2C(p,7)**N(e*ve)3C(p,7)“N(p,7)?O(e v )°N(p,*He)*2C
(Burbidge et al., 1957). This catalytic cycle is controlled by the slowest reaction *N(p,y)'°0. The
CNO-cycle depends on the availability of metals. Therefore, it cannot be activated in stars with a
metallicity close to zero®, unless the catalysts are mixed into the burning shell during the later burning
phases - see Section 1.4.

Contrary to low-mass stars, massive stars have a convective core and a radiative envelope, meaning
that the energy in the centre is mainly transported outwards via turbulent flows of matter - see Section
I1.1 - whereas in the envelope the energy is transported to the surface by the diffusion of photons.
During core hydrogen burning the star is found on the main sequence in the Hertzsprung-Russell
diagram, indicated with red colour in Fig.(I.1a). This diagram shows the relation between the surface
temperature and the luminosity of the star. Stars with a larger initial mass have a higher luminos-
ity and surface temperature. During the main-sequence evolution, the star moves slowly upwards to
higher luminosities and lower surface temperature. The higher luminosity results from the fact that
hydrogen is turned into helium, which increases the mean molecular weight p, and that the luminosity
scales with p as L o< u* (e.g. Kippenhahn & Weigert, 1994). On the other hand, the surface temper-
ature decreases slightly because the higher luminosity pushes the star to a larger radius which makes
the surface cooler.

Table 1.1 shows that hydrogen burning is the longest burning stage and lasts about 90% of the star’s
life. This is a consequence of the binding energy per atomic number which decreases for heavier nuclei.
Therefore, thermonuclear burning has to consume more nuclei in order to generate the same amount

of energy per atomic number as heavier elements are synthesised, leading to shorter burning lifetimes

8In primordial stars the initial contraction is only stopped during core helium burning by the 3a process (e.g. Ekstrém
et al., 2008), see Section 1.2.1.2.
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for the later stellar phases. For example, the binding energy per atomic number during core helium
burning is roughly ten times lower than during core hydrogen burning. This leads to an approximately
ten times shorter burning lifetime. This example can be generalised, because the binding energy per
atomic number mostly decreases as the nuclei become heavier. Therefore, the burning lifetimes be-

come shorter as the evolution proceeds, see Table I.1.

After hydrogen is exhausted in the core, the energy generation by thermonuclear burning together
with the convective core ceases rather abruptly. The missing energy production in the centre leads
to a phase where the core gravitationally contracts on the Kelvin-Helmholtz timescale. As a result,
the increasing temperature leads to hydrogen burning ignition in a shell surrounding the core. This
newly established energy source opposes the further contraction of the hydrogen envelope but the core
continues to shrink. According to the Virial theorem® for a mono-atomic gas, half of the liberated
gravitational energy turns into internal energy. Therefore, the core is heated up (see Fig.(1.1b)) while
losing gravitational energy, hence, stars have a negative specific heat. The other half of the energy is
radiated from the core into the envelope. On the other hand, the luminosity at the surface of the star
remains roughly constant on this short evolutionary timescale (see Fig.(I.1a)). Therefore, following
energy conservation, this leads to an expansion of the envelope. Ergo, during the short phase after
main-sequence evolution the star has a contracting core accompanied by a expanding envelope above
the hydrogen burning shell. The expansion of the envelope stops when it becomes convective, i.e. the
energy excess is transported more efficiently to the surface - see Section II.1. This is the so-called
“mirror-principle” (Kippenhahn & Weigert, 1994) and it can also be found in other evolutionary
phases. The consequence of this scenario is that the surface temperature first increases, due to the
whole contraction of the star, before it decreases to lower temperatures, a consequence of the quite
extreme expansion of the envelope. In Fig.(I.1a), this corresponds to a short leftwards hook before the
stellar track moves to the cooler part of the Hertzsprung-Russell diagram on the right side. During
this evolutionary sequence the star becomes a red supergiant. The timescale of this evolutionary phase
and how long the star stays on the hotter side of the Hertzsprung-Russell diagram as a blue supergiant
is very uncertain and depends on input physics such as convection, nuclear physics, opacity and so

forth (e.g. Langer & Maeder, 1995; Schootemeijer et al., 2019; Kaiser et al., 2020, and Chapter III).

2.1.2 Helium Burning

After hydrogen is depleted in the core, mainly *He is left (roughly Xpe ~ 1 — Zin; ~ 98.6%). When
the core is heated up due to contraction to about 108K (see Table 1.1 and Fig.(I.1b)) helium burning

ignites. This burning process has to overcome the bottleneck around the atomic mass number 8.

9The Virial theorem relates the potential and the kinetic energy in equilibrium (see e.g. Collins, 1978). For a
gravitational bound system, such as a star, it gives the connection between its gravitational and internal energy.
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Fusing two “He produces ®Be, which has a lifetime of ~ 107'®s (Magill et al., 2006) and therefore
immediately decays back to two *He nuclei. However, this short lifetime is still sufficient to build up
a small concentration of ®Be, with a ®Be to *He ratio of ~ 1072 (Salpeter, 1953). The high number
densities of helium then allow for another “He nucleus to be captured, forming the 2C nucleus (Bur-
bidge et al., 1957). This reaction is called the 3« process.

Once there is enough 2C synthesised, another reaction activates, the 2C(c, )90 reaction where
the newly produced carbon captures another helium nucleus (Burbidge et al., 1957). The 3« process
and the >C+a reaction compete for the remaining He. The first has a second-order dependence
on the density, whereas the latter has a first order dependence (see Eq.(B.9)). Therefore, with an
increasing abundance of carbon towards the end of the core helium burning stage, the a-capture on
carbon dominates. Furthermore, the density dependence favours the latter reaction at higher entropy,
i.e. in more massive stars.

Stars with an operating CNO-cycle during main sequence - see Section 1.2.1.1 - will contain a non-
negligible amount of N in their cores!'® left over from the CNO-cycle (Arnould & Mowlavi, 1993). At
the start of core helium burning, before the energy generation by the 3« process becomes noteworthy,
the N burns convectively via 1“N(«,v)18F(3+1)®0(a,v)*2Ne (Cameron, 1960). The newly synthe-
sised 22Ne will capture another helium nucleus once the central temperature exceeds ~ 2.5 x 108 K late
during core helium burning via 2?Ne(a,n)?*Mg!'!. This neutron source creates the condition for the
weak slow!? neutron capture process (weak s-process) where the neutron is captured by seed nuclei
synthesising isotopes up to A~ 90 (Burbidge et al., 1957; Couch et al., 1974; Arnett & Thielemann,
1985; Prantzos et al., 1990; Raiteri et al., 1991a; Kaeppeler et al., 1994; The et al., 2007; Frischknecht
et al., 2016). Yet, only a part of the central ?2Ne manages to capture a helium nucleus during core
helium burning. The leftover neon will capture an « during a subsequent carbon shell burning phase,
where the as are provided from the a-emission channel of the 12C+12C reaction, 12C(12C,a)**Ne. This
creates the condition for the weak s-process at higher temperatures and slightly different conditions
(Couch et al., 1974; Prantzos et al., 1990; Raiteri et al., 1991b; Pignatari et al., 2010). This secondary
neutron-source reaction competes during the late core helium burning stage with the 2C(a, )10
reaction for the remaining helium nuclei.

The outcome of core helium burning affects the further evolution of massive stars in several ways. The
size of the convective helium core defines the region in which the subsequent advanced evolutionary
stages will occur. Next, the ratio of 1>C and 6O not only sets the amount of fuel for the subsequent
carbon and oxygen burning phases but it also influences the pre-supernova abundance (e.g. Thiele-

mann & Arnett, 1985; Weaver & Woosley, 1993). Furthermore, the amount of 12C available at the

10At solar metallicity about 1.4%, because most of the initial metal mass fraction are CNO elements, which are
converted into N by the CNO-cycle during the main-sequence evolution.

11 Another 22Ne+a reaction that is active in parallel is 2>Ne(a,7)?6Al, reducing the neutron production.

12Slow compared to the S-decay of nuclei near the line of stability.
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start of core carbon burning - see Section 1.2.1.3.1 - determines whether carbon burns convectively or
radiatively. This has consequences for the convective history and the stellar structure at core-collapse
(see Section 1.3 but also Ugliano et al., 2012; Sukhbold & Woosley, 2014; Ertl et al., 2016; Sukhbold
et al., 2018; Chieffi & Limongi, 2020). Moreover, the different activity of the 22Ne+« reaction during
core helium or carbon shell burning will affect the nucleosynthesis and final weak s-process yields,
because the burning conditions of the two sites differ and there are different isotopic abundances, e.g.
neutron poison, in the two stages (Prantzos et al., 1990; Raiteri et al., 1991a,b; Pignatari et al., 2010).
Unfortunately, the reaction rate of the 12C(a, v)*¢O reaction is subject to large uncertainties (a factor
of a few, Caughlan & Fowler, 1988; Buchmann, 1996; deBoer et al., 2017; Rapagnani et al., 2017),
resulting in quite big uncertainties for the further evolution of massive stars (e.g. Rauscher et al.,
2002; West et al., 2013; Rauscher et al., 2016; Fields et al., 2018; Farmer et al., 2019).

The evolution of the star in the Hertzsprung-Russell diagram during core helium burning and the
location where helium is ignited in the core depends on the mass, the physics used and the imple-
mentation thereof (see Chapters III and IV and also Davies & Dessart, 2018; Schootemeijer et al.,
2019; Wagle et al., 2019; Kaiser et al., 2020). If the star at core helium ignition is still in the hot
part of the Hertzsprung-Russell diagram, it might spend part of the core helium burning lifetime as
a blue supergiant before it moves to the red supergiant branch. After the star reaches the cool part
of the Hertzsprung-Russell diagram, the track rises steeply regardless of whether helium is ignited
or not. Thereafter, it might start doing loops, whose orientation depends on the properties and the
treatment of the models (e.g. opacity, treatment of convection, energy generation and composition,
e.g. Kippenhahn & Weigert, 1994; Wagle et al., 2019). Stars with masses M 2 40 Mg, either lose too
much mass to reach the red supergiant branch or only spend a short time there, losing a substantial
amount of their mass, before becoming a Wolf-Rayet star - see Section 1.2.2. These stars are more
compact and therefore have higher surface temperatures, thus they are located in the left part of the
Hertzsprung-Russell diagram. At lower metallicities, the stars generally stay more compact due to the
lower opacity. Hence, they have slightly hotter surface temperatures and prefer the blue supergiant

evolution.

2.1.3 Advanced Burning Stages

The evolution after core helium depletion is often referred to as advanced stages of evolution. During
these advanced burning phases, the temperatures in the centre are hot enough for non-negligible
neutrino production - see Section B.1.2.2 - and the dominant energy transport changes from photon
to neutrino emission (e.g. Thielemann & Arnett, 1985; Woosley et al., 2002, - see also Section B.1.2.2).
Neutrinos have a very small cross-section. Therefore, they immediately escape at the densities existing

during the advanced burning stages. The more efficient energy transport leads to qualitatively different
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burning stages. For example, because energy is transported away faster, the star has to provide more
energy in order to stay in a hydrostatic equilibrium and burns faster through its fuel. Hence, the
stellar lifetimes speed up (see Table 1.1). The envelope cannot respond to the fast changes in the
core. Consequently, the position of the star in the Hertzsprung-Russell diagram is nearly unchanged
during those burning stages (see Fig.(I.1a)). This also relates to the fact that the final outcome of the
advanced phases of stellar evolution is almost completely determined by the helium or the carbon-
oxygen core after the helium burning phase rather than the initial mass on the main sequence (e.g.
Thielemann et al., 2011).

During the advanced stellar evolution stages, the central temperatures and densities are much higher
than during core hydrogen or helium burning. Furthermore, there is an increasing amount of potential
seed nuclei and possible reactions that liberate neutrons, protons and a-particles. These conditions
allow for diverse capture-reactions. Indeed, the nucleosynthesis during the advanced burning stages
consists of a large variety of different nuclear reactions. It is during this later burning stages and
the final explosive event - see Section 1.3 - where most of the heavy elements with A= 16 — 64 are
synthesised (Arnett & Thielemann, 1985; Thielemann & Arnett, 1985; Woosley et al., 2002; Langer,
2012; Pignatari et al., 2016; Ritter et al., 2018; Limongi & Chieffi, 2018).

After core helium burning, the further contraction increases the density to such levels that the free
electrons in the centre become limited in their movement. This is a quantum mechanical effect where
fermions, such as electrons, are limited to a finite volume at a high density. Therefore, electrons
cannot be indefinitely close to each other and the state population of electrons is determined by the
Pauli exclusion principle rather than the Boltzmann statistics, which is valid for low densities and high
temperatures (e.g. Greiner et al., 1993). The consequence is an additional pressure, the degeneracy
pressure, that counteracts the gravitational contraction. The maximum mass that can be supported

by electron pressure is the Chandrasekhar mass,

Mcn (Ye, Se) = 1.44(2Y,)?

M@a (13)

S, \?
”(m)

where S, is the entropy in electrons per baryon and Y, the electron abundance. If the gravitational

mass exceeds this limit, the core of the star can contract further and heat up the centre enough to ignite
the following burning stages in non-degenerate conditions. This applies to stars with initial masses
of 210Mg. This effect can be seen in Fig.(I.1b) where the wiggles towards the right side indicate
that the matter in the core becomes partly degenerate and a backwards loop and heating indicates
the lifting of the degeneracy. Stars below this mass limit end their life as white dwarfs. However,
stars with the mass of ~ 9Mg have another way to overcome the degeneracy and evolve through

the advanced phases (Miyaji et al., 1980; Nomoto, 1984, 1987; Jones et al., 2013; Takahashi et al.,
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2013; Schwab et al., 2015). In a degenerate electron gas the Fermi energy increases the energy of the
degenerate electrons. If the Fermi energy is able to overcome the negative ()-value, electron captures
on nuclei and protons become probable which would normally be forbidden. In a degenerate Ne-O-
Mg core, for example, electron captures on 2°Ne and 2°Mg can become possible if the Fermi energy
overcomes the negative ()-value. The captured electrons do not contribute to the degeneracy pressure
anymore and the reduction of the supporting pressure leads to the collapse of the star, combining all
further burning stages via a nuclear statistical equilibrium on a short collapse timescale (Miyaji et al.,
1980; Nomoto, 1984, 1987). These stars are thought to leave an oxygen-neon-iron white dwarf behind
(Jones et al., 2016, 2019).

On the other hand, there is also an upper mass limit above which the advanced phases proceed in a
different manner. If a star is massive enough they enter the so-called pair-instability region, where high
central temperatures and low densities lead to the thermal concentration of free electron-positron pairs
(Rakavy & Shaviv, 1967). This results in a reduction of the thermal pressure and eventually to violent
pulsations that remove a large part of the star’s mass or, if the star is massive enough, entirely disrupt
the star (Fraley, 1968; Fryer et al., 2001; Kasen et al., 2011; Waldman, 2008; Kozyreva et al., 2017;
Gilmer et al., 2017; Woosley, 2017, 2019; Leung et al., 2019) - see Section 1.3.2. At solar metallicity,
massive stars lose enough mass through stellar winds to avoid the pair-instability scenario. However,
at lower metallicity, where the winds are weaker - see Section 1.2.2 - stars in the mass range of about

140 — 260 M encounter the pair-instability.

I1.2.1.3.1 Carbon Burning If the carbon-oxygen core exceeds the Chandrasekhar limit, non-
degenerate carbon burning ignites. During this burning phase, carbon is mainly burnt via the heavy-
ion fusion reaction '2C(12C,y)?*Mg*. The excited magnesium nuclei can decay through three channels,
giving 22Mg+n, 2°Ne+a or 22Na+p (Arnett & Thielemann, 1985). Other interesting nuclei synthesised
during carbon burning via neutron-, proton-, and a-captures are 60, 21:22Ne, 24:25,26\[g, 26,27 A] and
some smaller amounts of 29:3°Si and 3P (Arnett & Thielemann, 1985; Woosley et al., 2002).

In stars with M > 22 M, carbon burns radiatively (Hirschi et al., 2004), meaning the energy transport
is purely radiative, contrary to lower masses where the energy is transported by convection - see also
Section II.1. This change arises because of the smaller carbon abundance available at core helium
depletion with increasing stellar mass - see discussion in Section 1.2.1.2. This change leads to a
different outcome of the burning stage and its nucleosynthesis, since there is no mixing occurring that
provides fresh fuel into the burning region. Furthermore, the structure of the star is shaped differently
in the presence of pure radiative transport compared to a convective and radiative transport (see e.g.
the discussions in Sukhbold & Woosley, 2014; Chieffi & Limongi, 2020). However, the mass limit

where the switch occurs is sensitive to the uncertainties of stellar evolution such as the rate of the
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12C(ar, )90 reaction, which determines the abundance of carbon after core helium burning.

1.2.1.3.2 Neon & Oxygen Burning After carbon burning depletes, the central region consists
mainly of %0, 2°Ne and 2*Mg. The “easiest” fusion reaction to take place next is the heavy-ion
fusion of oxygen. However, before the central region reaches the temperature required for oxygen
fusion, the photons from the high energy tail of the Planck distribution have enough energy to pho-
todisintegrate 2°Ne. The ?°Ne is destroyed rather than the “simpler” '°O nuclei, i.e. with the lower
Coulomb-barrier, because neon has a much lower binding energy than oxygen and the photons with
no electrical charge ignore the Coulomb-barrier. This photodisintegration period is called the neon
burning phase and is initiated by the endothermic absorption of a photon by a neon isotope which
then enters an exited state and nearly immediately decays by emitting an a-particle, 2°Ne(vy, )60
(Cameron, 1959). The freed a-particles are recaptured by °O(a,v)?°Ne, establishing an equilibrium
whereafter the a-particles start to be captured by 2°Ne, synthesising Mg (Arnett, 1974). Some
secondary neon burning reactions can emit a neutron, however, the s-process production differs from
the previous helium and carbon burning because of the efficient photodisintegration reactions and
the different exposure timescales (Thielemann & Arnett, 1985). Other nucleosynthetically-interesting
neon burning products, produced via capture reactions, are 2%:2930Gi 26 Al 3'P and some additional

numbers of 263, 40K, 46Ca, *®Fe and 1:62:64Ni (e.g. Woosley et al., 2002).

After neon is depleted in the core, oxygen burning ignites at slightly higher temperatures (see Table
I.1). Oxygen burning proceeds via the heavy-ion fusion reaction 10 + ¢0, synthesising 32S* (Arnett,
1972; Woosley et al., 1972). The excited sulfur decays through four possible channels, giving 28Si, 3!S
or 3931P (e.g. Woosley et al., 2002). Similar to the two previous advanced burning stages there are a
number of secondary reactions that occur during oxygen burning. The outcome of the secondary re-
actions follows a certain trend. In a high temperature, low density environment the Coulomb-barriers
are more easily overcome and heavier nuclei are synthesised. On the other hand, at slightly lower
temperatures and higher densities the electrons become more degenerate, enhancing electron capture
on nuclei, see discussion above. This results in a decrease of the electron abundance, Y., and slightly
neutron-richer matter (Thielemann & Arnett, 1985). Depending on the conditions, the secondary
reactions produce nuclei such as 3233343 35:37C] 3638 Ay 3941K and 4042Ca (Woosley et al., 2002).
The high temperatures achieved during the core oxygen burning phase favour the photodisintegration
of the heavy nuclei produced from the slow s-process during the earlier burning phases into iron-peak

nuclei (Thielemann & Arnett, 1985).

1.2.1.3.3 Silicon Burning Silicon burning proceeds similarly to neon burning via a photodisin-

tegration process rather than a heavy-ion fusion reaction because of the high Coulomb barrier. The
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high temperatures during this burning stage, see Table 1.1, allow for the complete photodisintegration
of silicon via 28Si(v, a)**Mg (v, a)**Ne(y, @)160(y, a)2C(v, 2a)a. The freed a-particles and their as-
sociated nucleons are recaptured onto 22Si and other nuclei to produce heavy nuclei (Bodansky et al.,
1968; Weaver et al., 1978; Thielemann & Arnett, 1985). These heavy nuclei are also subject to further
photodisintegration. Therefore, several groups of nuclei are linked via forward and reverse reactions
with increasing temperature, creating a quasi-statistical equilibrium (Hix & Thielemann, 1996, 1999).
It is not a full equilibrium because two main quasi-statistical equilibrium clusters form around 28Si
(12 < Z < 20) and %°Ni (22 < Z < 28), separated by the proton magic number!® Z = 20 (Bodansky
et al., 1968; Weaver et al., 1978; Thielemann & Arnett, 1985). This bottleneck can be overcome by
two possibilities, (i) in higher temperature environments the gap is bridged on the proton-rich side
of the stability and (ii) at low temperature sufficient amounts of neutron-rich calcium nuclei were
already synthesised in prior burning stages (Thielemann & Arnett, 1985). Once the temperature ex-
ceeds Ty 2 5 the bottleneck can be bridged and all the nuclei are in a nuclear-statistical equilibrium
via strong and electromagnetic interactions. With increasing temperature the mean atomic weight of
the statistical equilibrium is gradually shifted towards the most tightly bound iron-group nuclei.

During the late phase of core silicon burning an amount of partly-degenerate electron-captures occur.
As a result, the dominant product of silicon burning is not °°Ni, but 5*Fe or even Fe (e.g. Weaver
et al., 1978). The other important burning products are 5°=68Co, 56=69Nj, 53-62F¢ 53-63\[p, 64=74(Cy,
49=54Gc 5058y 5289y 49-54Ty T-80G,, TT-80Ge, 83Ge, 80783 A5 and "Zn (Bodansky et al., 1968;

Thielemann & Arnett, 1985; Woosley et al., 2002).

2.2 Mass Loss

Stellar winds and their treatment is one of the largest uncertainties of stellar evolution. While this
subject would be enough to fill several other theses and is not the core of this work it nevertheless
should be shortly discussed here in the context of massive star evolution to understand its impact.
There are several reviews that discuss the physics of stellar winds of massive stars, see e.g. Kudritzki
& Puls (2000); Puls et al. (2008); Crowther (2007); Vink (2008); Vink et al. (2011); Massey (2013);
Smith (2014); Vink (2015).

Mass loss is an important ingredient in the evolution of massive stars. For example, a star with an
initial mass of 60 My, at solar metallicity loses more than half of its mass during the main-sequence
evolution, see also Table V.1, and it is left with only about ~20 Mg, for the further stages. Compared
to low mass stars such as the Sun, the mass-loss rate, M , of OB stars during main-sequence evolution

is about 107 times larger. The evolution of massive stars with masses larger than ~ 30 — 40 M, is

13 A magic number is a number of nucleons so that they can fill a complete nuclear shell. Nuclei with magic numbers
are more stable than others.
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largely determined by the strength of their mass loss (e.g. Vink, 2008; Vink et al., 2011; Yusof et al.,
2013; Kohler et al., 2015). The amount of mass lost during the early stages of evolution is crucial
as it influences the later evolutionary stages. Strong stellar winds can remove the outer layers of
a star, making possible evolutionary stages such as the Wolf-Rayet'* and luminous blue variable!'®
phases. This change in the advanced evolution, i.e. whether the star is a blue or red supergiant or is
stripped from its envelope, will also influence the final fate of the star (e.g. Renzo et al., 2017) - see
also Section 1.3. It determines the stellar mass before the collapse and is therefore relevant for the
possible fallback onto the proto-neutron star and it also affects the light curves and absorption lines,
hence, the supernova type (Filippenko, 1997; Turatto, 2003).

Despite the importance of mass loss, there is still a tremendous uncertainty in its derived rates for
massive stars, especially in post-main-sequence evolution. The uncertainty is the largest for the most
luminous stars with M 260 Mg (Woosley et al., 2002; Vink, 2008; Langer, 2012) for different reasons.
Very massive stars are rare and therefore there are fewer empirical constraints and the physics of the
stellar winds becomes more challenging. The luminosity of these stars is close to the Eddington-limit
(Ulmer & Fitzpatrick, 1998), their winds become optically thick (de Koter et al., 1997; Vink et al.,
2011) and their atmospheres are often enriched in helium (Mokiem et al., 2006). Also, the gravity of
a very massive star does not follow a simple mass-luminosity relation (Gréfener et al., 2011).

The mass loss in massive stars is driven by the strong radiative output. The strong radiation pressure is
so powerful that it can drive strong stellar winds, the so-called line-driven wind (Lucy & Solomon, 1970;
Castor et al., 1975). Momentum is mainly transferred to matter via absorption of radiation by the
spectral lines. Key parameters in determining the mass-loss rates are the metallicity Z, the luminosity
L, the mass M and the surface temperature Teg. The general consensus is that the mass-loss rates
increase for more massive stars (Puls et al., 2008) and for more metal-rich stars (Mokiem et al., 2007).
Stellar winds in different stages scale differently on these parameters. The relative importance of
stellar winds to supernova explosions, regarding the chemical enrichment of the interstellar medium,
increases with metallicity. Thus, stellar winds become more important at higher metallicity (Vink
et al., 2001).

The radiation-driven winds from hot O- and B stars that still have their hydrogen envelope are
relatively well understood (Kudritzki & Puls, 2000; Vink et al., 2000, 2001; Puls et al., 2008). The
momentum transfer during the main sequence mainly occurs on metal lines, specifically on iron,

despite its rarity. The reason are the many line transitions of the complex atomic structure, which

14Wolf-Rayet stars are massive stars that have experienced strong winds, which removed a substantial part of their
envelopes. Thus, they have broad emission lines and an altered surface composition, reflecting the presence of ashes
from nuclear burning. Hydrogen is either deficient, as in WN stars, or completely absent, as in WC and WO stars. The
N, C and O subtypes of Wolf-Rayet stars indicate the presence of strong lines of nitrogen, carbon or oxygen in their
spectra (e.g. Crowther, 2007)

15T, uminous blue variables are massive evolved stars that show temporal variations in their spectra and brightness
(Humphreys & Davidson, 1994; Vink, 2012; Weis & Bomans, 2020).
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make it an efficient absorber of radiation. The momentum is then transferred to the bulk plasma via
Coulomb collisions (Owocki & Puls, 2002). At lower metallicity other metals such as Cl, Ar, P, S or
CNO elements become relevant. Therefore, the host galaxy’s metallicity plays a crucial role for stellar
winds, since stars that are born with lower Fe content lose less matter during their evolution, despite
their larger content of CNO material (Vink, 2008). At present day, the fast and thin radiation-driven
winds from hot O- and B-stars are commonly treated with a theoretical prescription for different

masses M, luminosity L, surface temperature Tog and metallicity Z as (Vink, 2008, 2011):

M x ZO.6L2.2M—1.3Telf.E1- (14)

Mokiem et al. (2006), for example, found an excellent agreement with the theoretical prescriptions by
Vink et al. (2000, 2001) for observed stars with log L/Lg = 5.4.

The line-driven mass-loss rates are predicted to increase strongly when the surface temperature of a
massive star decreases to lower values and the star crosses the bi-stability jump (Vink et al., 2010;
Vink, 2018). The reason behind the jump in M is a change in the line-driving element Fe, where Fe
iv recombines to Fe iii, so that the Fe lines fall into the range where the flux distribution is maximal
and the absorption becomes more efficient. The bi-stability jump is relevant when a massive star
evolves to lower Ty around log Tog = 4.34. Since stellar winds remove angular momentum from
rotating stars, see Section 1.4, the bi-stability jump might explain the general slow surface rotation of
supergiants (Vink et al.,; 2010).

The post-main-sequence stellar winds depend on the phases the star evolves through. Massive stars
below about 30 —40 Mg, at solar metallicity'® do not lose a lot of mass on the main sequence. However,
once these stars reach the red supergiant branch they experience relatively strong winds, where mass
loss can potentially remove the entire hydrogen-rich envelope. In red supergiants, mass loss is driven
by the absorption and diffusion of radiation by dust. The driving mechanism for red supergiant
winds is still very uncertain (e.g. discussions in Mauron & Josselin, 2011; Puls et al., 2015), meaning
that the mass-loss rates in this phase cannot be determined from first principles. Instead, stellar
evolution models apply empirical recipes, e.g. from de Jager et al. (1988); Nieuwenhuijzen & de
Jager (1990), which appear to be insensitive to metallicity. However, the red supergiant mass loss
is poorly understood theoretically and work determining a description for M during this phase is
still ongoing (e.g. Beasor et al., 2020). In cool red supergiants, the dust forms grains in the elevated
atmospheres because of the cooler temperatures. These so-called dust-enshrouded red supergiants
have strong mass-loss rates due to the high dust opacity (van Loon et al., 2005). The mass lost during
the red supergiant evolution is crucial in determining the further evolution and fate of these stars

(Georgy et al., 2013). On the other hand, the winds during the blue supergiant phase can generally

16 At lower metallicity this range is higher.
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be described by the prescription of Vink et al. (2001). However, some blue supergiants are Cepheids,
which experience large amplitude pulsations, resulting in enhanced mass-loss rates (Neilson & Lester,
2008).

Massive stars above 30 — 40 Mg, at solar metallicity experience strong winds already during the main-
sequence evolution which can strip the star of its envelope, exposing the star’s core. These Wolf-Rayet
stars (see e.g. Crowther, 2007, for a review on Wolf-Rayet stars) have high M because of their high
luminosity to mass ratio. The mass-loss rates commonly used in stellar evolution models are empirical
mass-loss recipes, e.g. from Nugis & Lamers (2000). According to Vink et al. (2011) the line-driven
winds become optically thick for I' > 0.7'7 which favours larger M compared to optically thin winds.
While other authors find a transition at lower I (e.g. Bestenlehner et al., 2014), they agree that the
Eddington factor becomes the most relevant parameter in determining the mass-loss rates of Wolf-

Rayet stars (Gréfener et al., 2011; Vink et al., 2011; Bestenlehner et al., 2014; Bestenlehner, 2020).

3 Fate of Massive Stars

The evolution of massive stars can lead to nature’s biggest explosions, an event with unique physical
conditions, very high energy output and production site of many heavy elements. The explosion ejects
the elements synthesised during the star’s evolution into the interstellar medium (e.g. Thielemann
et al., 1996), which contributes to galactic chemical evolution. The explosive events may leave a
compact remnant such as a neutron star or a black hole or even more exotic objects such as magnetars
and pulsars (e.g. Woosley, 1993; Lyutikov & Blackman, 2001; Woosley & Bloom, 2006; Turolla et al.,
2015). If these compact objects are in a binary system they may merge and generate gravitational
waves (e.g. Abbott et al., 2016; Belczynski et al., 2020a).

There are different fates a massive star can meet, chiefly depending on its initial mass and metallicity.
The details of these events also depend on other physical processes, such as neutrino interactions, fluid
instabilities, rotation, magnetic fields, mass loss and so on. Their impact and importance is debated
and remains uncertain.

Fig.(I.2) depicts the fate of massive stars as a function of the initial mass and metallicity and Fig.(I.3)
illustrates the compact remnant, if any, that will be formed in the process. While the various scenarios
are explained in more detail in the following Subsections, Figs.(I.2) and (I.3) give a complete overview
of the fate of massive stars and how it depends on metallicity and mass. In Section 1.2.2, the mass
and metallicity dependence of stellar winds is discussed. In summary stars experience stronger mass
loss with increasing mass and metallicity. This is also reflected in Figs.(I.2) and (1.3).

At zero to low metallicity the stellar winds are weak and massive stars lose nearly no mass during

17T is the Eddington factor which is the ratio of the gravitational to radiative forces.
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Figure 1.2: The fate of single stars in relation to initial mass and metallicity. This figure presents
the supernova types of the stars, if any, indicated by a colour shading for the different explosion
types, explained in the text. The green line separates the stars that keep their hydrogen envelope
and those that lose it. The dashed blue line borders the regime of direct black hole formation. The
black dash-dotted lines distinguish the regions of stars that experience a supernova but form compact
objects differently, specified by the label. Green horizontal hatching and purple cross-hatching depicts
the regime where supernovae type II occur (for supernova classification, see e.g. Filippenko, 1997;
Turatto, 2003). The stars that lose their hydrogen envelope and experience an explosion will be of
type Ib or ¢, indicated by the dark green diagonal hatching. The brown diagonal hatching represents
the pulsational pair-instability regime, right next to the pair-instability supernova region indicated
by the red cross-hatching. Stars in regions with no colour shading experience either a direct collapse,
where no supernova occurs because no shock wave is launched, or form a white dwarf (on the left
side) where no supernova is launched. The figure is taken from Heger et al. (2003). More detailed
explanations of the various processes can be found in the text. The acronyms in the figure have the
following meaning; SN: supernova, puls. pair: pulsational pair-instability, pair SN: pair-instability
supernova, BH: black hole.

their evolution. For example the metal-free stars in Fig.(I.2) retain their hydrogen-rich envelope for
all masses; with the exception of stars entering the pulsational pair-instability regime - see Section
1.3.2. Therefore the core and total mass of the metal-free stars scale with their initial mass. The
mass-dependent fate of these stars can be summarised as follows (e.g. El Eid et al., 1983; Heger &
Woosley, 2002; Umeda & Nomoto, 2002; Heger et al., 2003; Chatzopoulos & Wheeler, 2012; Yusof
et al., 2013; Yoshida et al., 2016; Woosley, 2017, 2019; Farmer et al., 2019; Leung et al., 2019):

(i) 9Mg ~ M: Stars form degenerate oxygen-neon cores that collapse because of degenerate electron
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Figure 1.3: The fate of single stars in relation to initial mass and metallicity. This figure shows the
remnant, if any, of the explosive event. The various lines have the same meaning as in Fig.(1.2).
The green cross-hatched region represents the stars that form a neutron star. The red cross-hatching
indicates the regime where a black hole is formed due to fallback of matter onto the neutron star,
whereas stars in the black zone will directly collapse into a black hole without launching a supernova
shock wave. The white areas indicate where stars either form a white dwarf (left) or are completely
disrupted by the pair-instability supernova (right). The figure is taken from Heger et al. (2003). More
detailed explanations of the various processes can be found in the text.

(i)

capture (Miyaji et al., 1980; Nomoto, 1984, 1987; Jones et al., 2013; Takahashi et al., 2013;

Schwab et al., 2015) - see also discussion in Section 1.2.1.3. These stars leave a bound oxygen-

neon-iron white dwarf behind (Jones et al., 2016, 2019).

10Mg < M < 40Mg: Stars in this mass range fom an iron core after core silicon depletion,

which collapses and and releases a large amount of gravitational potential energy for a supernova

explosion - see Section 1.3.1 for more details. Stars in this mass range explode as a “classical”

supernova type II, because they keep their hydrogen envelope. The explosion in the lower mass

range, i.e. below ~20 - 25 Mg, will successfully push the entire envelope away and the core

forms a neutron star. On the other hand, for the higher masses the shock wave is not able to

push all the infalling material away and some will fall back onto the neutron star. This pushes

the configuration over the maximal stable neutron star mass and it collapses to a black hole

(Woosley & Weaver, 1995; Fryer & Kalogera, 2001; Tauris et al., 2011), see also discussion at
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the end of Section 1.3.1.

(i) 40Mg < M < 100Mg: Contrary to (ii) the infalling mass of the stars in this mass range is too

heavy to allow for a successful explosion. The result is a direct collapse to a black hole with no

mass ejected (Fryer, 1999).

(iv) 100Mg < M < 260Mg: The cores of these stars are massive enough for the star to enter the

pair-instability region where the star is subject to violent pulsations, see Section 1.3.2. For the
lighter masses the pulsation are relatively weak and remove large parts of the envelope (Woosley
et al., 2007; Waldman, 2008; Leung et al., 2019). These stars will then collapse to black holes.
The pulsations in the higher mass stars are extreme enough to disrupt the entire star and no
remnant is left (Fraley, 1968; El Eid et al., 1983; Bond et al., 1984; Fryer et al., 2001; Waldman,
2008; Woosley, 2017, 2019).

(v) 260Mg < M: Above this limit the stars are thought to directly collapse to a massive black hole

without any explosion (Fryer et al., 2001; Heger & Woosley, 2002).

Increasing the metallicity enhances stellar winds, which in turn changes the final fate of a star. This is
a consequence of the stronger mass loss that peels away the envelope, resulting in a lower total mass
and smaller core masses. In the more extreme cases, the stellar wind is strong enough to remove the
whole hydrogen envelope, see green line in Figs.(I.2) and (I.3), and erode part of the core during the
Wolf-Rayet phase. The stellar winds depend on the mass and the metallicity of the star - see Section
1.2.2. Therefore, the fate of the stars with 10Mg < M < 20— 25 Mg, is not greatly affected by the
metallicity and they are thought to produce a supernova type II with a neutron star remnant at all
metallicities. However, at higher masses the effects of stellar winds become more prominent, which is
underlined by the discrepancy of the vertical boundaries in Figs.(I.2) and (I.3) for the higher masses.
At an intermediate metallicity, the stars do not form cores massive enough to enter the pair-instability
regime but their core and envelope are still sufficient for the star to directly collapse to a black hole
(Yusof et al., 2013; Leung et al., 2019). Langer et al. (2007) estimate that a metallicity smaller than
Z5/3 is needed to form cores massive enough to enter the pair-instability region. At high metallicity
stellar winds effectively remove the outer layers of stars with M 2 30 M, preventing the formation of
a carbon-oxygen core mass that enters the pair-instability regime, nor are these stars massive enough
for a direct collapse to a black hole. However, black hole formation via fallback is still possible. These
stars explode as supernove type Ib or ¢!® (Woosley et al., 1993; Eldridge & Tout, 2004; Georgy et al.,
2012), reflecting the missing hydrogen lines, and helium lines in the latter, in the spectrum of the

light curve, and form most probably a neutron star with a small range where black holes are formed,

18Contrary to the supernova types mentioned above, which are all related to the core-collapse of a massive star,
supernovae type Ia are thermonuclear explosions of accreting white dwarfs. It is historically in the same classification
as type Ib and c because all their spectra miss hydrogen lines (e.g. Filippenko, 1997; Turatto, 2003).
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i.e. the range where slightly more massive cores are formed - see Section 1.3.1.

It has to be stressed that the picture of the fate, in particular the mass range and metallicity de-
pendence, presented above and in Figs.(I.2) and (1.3) is fraught with uncertainty and should only
be interpreted as indicating trends. For example internal mixing processes strongly affect the post-
main-sequence evolution (e.g. Langer & Maeder, 1995; Schootemeijer et al., 2019; Higgins & Vink,
2019; Kaiser et al., 2020). The different evolutionary paths lead to different structures of the stars,
final masses and surface abundances on which the final fate will depend (e.g. Georgy et al., 2012;
Yoon et al., 2012; Eldridge et al., 2013). Also, the different scenarios build upon the mass-loss rates
during the various evolutionary stages and the scaling of stellar winds with metallicity and mass which
themselves are quite uncertain and widely debated - see Section 1.2.2. Additionally, stellar rotation
greatly affects the fate of massive stars by enhancing the mass loss and enlarging the core mass due
to rotation-induced mixing. This will be discussed in Section 1.4.

Binarity influences the way a star evolves, mainly due to mass transfer- see discussion in Section I.5.
Therefore, duplicity reduces the amount of red supergiants and increases the predicted amount of
Wolf-Rayet stars and supernovae type Ib/c (Podsiadlowski et al., 1992; Eldridge et al., 2008), which is
more in agreement with observations. Moreover, it changes the pre-supernova structure (e.g. Schnei-
der et al., 2021; Laplace et al., 2021; Zapartas et al., 2021), hence, it will affect the explodability
of stars - see Section 1.3.1. However, binarity alone cannot explain all the observations and further

physics is necessary to find a better agreement, such as stellar rotation - see Section 1.4.

3.1 Core-Collapse Supernovae

3.1.1 Collapse, Bounce and Shock Formation

After core silicon burning, which is discussed in Section 1.2.1.3.3, the star is made up of a core con-
sisting of iron-group elements. This so-called iron core is surrounded by an onion-layered structure
of active burning shells and the ashes thereof. Since the iron-group nuclei have the highest binding
energy (Fewell, 1995), exothermic fusion reactions are not possible anymore. Therefore the star loses
the dominant energy source that opposes gravity. As a consequence, if the core exceeds the Chan-
drasekhar mass, Eq. (I.3), it starts to contract and this will eventually turn into a collapse. However,
active burning shells in the core region after core silicon depletion support it against contraction and
the star will not immediately begin to collapse (Woosley et al., 2002).

During the core oxygen and silicon burning phases in massive stars, the electrons may become mod-
erately degenerate depending on the initial mass of the star. This leads to the electrons having an
increased Fermi energy, as discussed in Section 1.2.1.3, allowing for otherwise prohibited electron cap-

tures on the ashes of the burning stages. This slowly turns the stellar matter more neutron-rich, i.e.
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the neutron excess 7' increases and the electron mass fraction, Y., decreases (Arnett & Thielemann,
1985; Thielemann & Arnett, 1985). n and Y. not only reflect the subtle details of the abundance but
have important effects on the nucleosynthesis, the core size and the dynamic behaviour of the resulting
core-collapse. For example, the Chandrasekhar mass depends on Y,. Baade & Zwicky (1934) were the
first to suggest that a supernova is energised by the gravitational collapse of a star to a neutron star;
Fig.(1.4) presents the current understanding of the core collapse evolution. The collapse is triggered
by degenerate electron captures, reducing the now dominant degeneracy pressure that opposes the
gravitational contraction. The contraction raises the density and temperature, leading to a growth of
the electron capture rates, which depends strongly on the energy (~ E?2). This results in a speed up of
the collapse (Langanke et al., 2003; Thielemann et al., 2011; Burrows & Vartanyan, 2020). Contrary,
in very massive stars, where the density is lower and the temperature higher, the pressure reduction
is dominated by endothermic photodisintegrations instead of electron captures (Weaver et al., 1978;
Thielemann et al., 2011). This early phase of the final stage of stellar evolution, where the core reaches
densities of ~ 10'° gcm™3, is known as the pre-supernova stage. During this phase the neutrinos are
still able to freely escape. However, the weak interaction rates increase as the collapse proceeds and
the neutrino mean free path shortens, until they are eventually trapped. At this point, the weak
interactions of electron and neutrino captures come into an equilibrium. Hence, Y. and the critical
Chandrasekhar-limit stop shrinking.

During this dynamical phase the inner part of the core collapses homogeneously, with vcollapse ~ 7,
while the velocity at the edge of the core becomes supersonic. Therefore, matter in the core, which is
able to “communicate” at the speed of sound, cannot “communicate” with the free-falling envelope.
When the infalling core reaches nuclear densities of p. ~ 2 x 10 gem™2, repulsive nuclear forces
stop the collapse. The infalling matter bounces back and launches an outward moving pressure wave
through the core (Colgate et al., 1961; Bethe et al., 1979; Bethe, 1990), which turns into a shock wave
when it reaches the supersonic infalling edge of the core. However, this shock wave does not have
enough energy to launch the explosion (e.g. Myra & Bludman, 1989; Bethe, 1990) and is stalled, due
to dissociation of heavy nuclei at the shock front and neutrino losses from the post-shock region, after
it passed through about 0.25 — 0.5 Ms. Meanwhile, in the centre a proto-neutron star is formed.
The collapse happens on a very short, dynamical timescale which is a few hundreds of milliseconds
from the onset of the collapse and it is reduced to a few milliseconds when the core bounces back at
nuclear densities (e.g. Liebendorfer et al., 2003). Summing up, some hundreds milliseconds after the
collapse was triggered, there is a hot and dense proto-neutron star, accreting matter, and a stalled
shock, which has to be revived in order to obtain a successful explosion. The accreted matter on

the surface of the proto-neutron star is cooled down by neutrino emission. For a long time it was

19The neutron excess is the sum over all species i, ) = > (N — Z;)Y; with the number abundance Y; of the nuclear
species 4, the number of neutrons N; and the number of protons Z; (Arnett & Thielemann, 1985).
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thought that this emission is the energy that revives the stalled shock (Bethe, 1990) and blows off the
envelope. However, 1-dimensional simulations show that the energy deposition by neutrinos alone is
not sufficient (Liebendorfer et al., 2001) and another effect is needed, possibly in combination with
the neutrino energy deposition (Woosley & Janka, 2005; O’Connor & Ott, 2011). Possible effects that
might help revive the shock are (i) convection between the proto-neutron star and the accretion front
which increases the neutrino energy deposition, (ii) asymmetric instabilities of the accretion shock
that could push the shock to larger radii, (iii) regions of inverted gravitational and density gradients
subject to the Rayleigh-Taylor instability or (iv) asymmetric infall of shells (e.g. Falk & Arnett, 1973;
Burrows et al., 1995; Fryer & Heger, 2000; Blondin et al., 2003; Scheck et al., 2004; Janka et al., 2005;
Janka, 2012; Couch et al., 2015; Janka et al., 2016; Hix et al., 2016; Miiller et al., 2017). Magnetic
fields and rotation might also play a crucial role in exploding massive stars (e.g. Fryer & Heger, 2000;
Piro & Ott, 2011; Janka et al., 2016; Summa et al., 2018). Indeed, multi-dimensional effects are crucial
for a successful explosion and the neutrino-driven mechanism, in combination with other instabilities
and asymmetries, is the most promising scenario?® (e.g. Janka et al., 2016; Hix et al., 2016; Miiller,
2020; Burrows & Vartanyan, 2020). Also, asymmetries in the supernova progenitor can enhance
the neutrino-driven turbulent convection in the post-shock region, which aids the possible explosion
(Kazeroni & Abdikamalov, 2020). However, while there exists a growing set of 2- and 3-dimensional
core-collapse supernova explosion simulations, the full solution to the problem has not been solved yet
in a self-consistent way (e.g. Nakamura et al., 2015; Janka et al., 2016; Bruenn et al., 2016; Burrows
et al., 2018; Miiller, 2020; Burrows & Vartanyan, 2020). For a recent review of the state-of-the-art
simulations of core-collapse supernovae and their understanding, see e.g. Miiller (2020); Burrows &
Vartanyan (2020).

In the end, a process, or the combination of several processes, leads to the observed supernova ex-
plosion (e.g. Smartt et al., 2009). In this dynamical phase, a shock wave propagates outwards and
pushes the surrounding layers into the interstellar medium, where it contributes to the galactic chem-
ical evolution. The outward moving shock sets the condition for explosive burning, leading to the
production of heavy elements in particular neutron- and proton-rich isotopes - see Section 1.3.1.4.
The composition of the ejecta is determined by the neutron excess n of the pre-explosive composition
since the timescale of the explosive event is too short to change 7 (Thielemann & Arnett, 1985). The
core-collapse event contributes to the galactic evolution via ejecta of nearly unburned matter from the
outer stellar zones and explosively processed matter from the inner ejected zones (e.g. Thielemann
et al., 1996). The outward moving shock, even if initially considered spherically symmetric, develops
non-spherical instabilities. Those instabilities affect the propagation of the shock and introduce mix-

ing. The non-spherical effects are important to understand observations, such as supernova 1987A,

20Multi-dimensional effects are not only crucial for the neutrino-driven explosions but also for alternative scenarios,
for example the magnetohydrodynamic mechanism (Akiyama et al., 2003; Winteler et al., 2012)
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Figure I.4: A schematic representation of the evolutionary phases of a core collapse supernova, starting
with the collapse of the core, through the bounce and formation of the shock up to the neutrino-driven
wind during the neutrino-cooling phase of the proto-neutron star. Each panel is separated in an upper
part, which shows the dynamics with the arrow indicating the velocity vectors, and a lower part,
presenting the nuclear composition and the nuclear and weak processes. The vertical axis gives the
corresponding radii whereas the horizontal axis shows the mass coordinates. The accronyms have the
following meanings: Rp. - iron core radius, Rs - shock radius, R, - gain radius®, R,s - neutron star
radius, R, - neutrinosphere, v, , ; - electron, muon and tau neutrinos. The figure is taken from Janka
et al. (2007).

a Only if the neutrino heating is sufficiently strong, an explosion can be triggered (see text below and Bethe & Wilson,
1985; Burrows & Goshy, 1993; Janka, 2001). Strong heating of the accreted matter reduces the infall speed and
prolongs the neutrino-heating time. On the other hand, strong cooling can accelerate the accretion flow through the
gain layer, which reduces the neutrino-heating time. The gain radius Ry is defined as the radial coordinate where the
neutrino heating and the neutrino cooling, both per nucleon, are equal.
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e.g. the light curve or the details of the spectrum (see discussions in e.g. Woosley et al., 2002; Smartt

et al., 2009; Smartt, 2009; Langer, 2012).

3.1.2 The Progenitor of Core-Collapse Supernovae

The diversity of the supernova light curves and spectra reflects the different envelope properties of the
progenitor stars, such as the envelope mass, the radius and chemical composition (Young, 2004). On
the other hand, the observed explosion energies, the amount of radioactive nickel and the geometry of
the ejecta are determined by the core properties of the progenitor, essentially by the core mass, density
structure, spin and magnetic field (e.g. Woosley et al., 2002; Kasen & Woosley, 2009). Therefore it
is essential to know, for example, whether the star evolves as a blue or red supergiant after the main
sequence as it will affect its supernova progenitor structure, in particular the compactness, core masses
and the total mass of the star. This in turn influences the explosion type and the compact remnant.
The long-standing disagreement whether a star will be a blue or red supergiant - see Chapters 111
and IV but also for example the reviews Maeder & Meynet (2012); Langer (2012) - prevents a reliable
prediction concerning the nature of the supernova progenitor in different environments. Also, while
red supergiants in the Local Group are observed with masses up to 25Mg Smartt et al. (2009)
found a lack of supernova II-P?! above ~17Mg. They call this the ”red supergiant problem” for
which they did not find a satisfactory explanation. Suggested explanations include the modification
of our understanding of stellar physics, such as mass-loss rates (Yoon & Cantiello, 2010; Georgy,
2012; Meynet et al., 2015) or the threshold mass for black-hole formation (Smartt et al., 2009), and
systematic effects that lead to underestimation of the supernova progenitor mass, such as errors in
the bolometric corrections (Davies et al., 2013) or the amount of circumstellar extinction (Walmswell
& Eldridge, 2012)?2. None of these explanations can satisfactorily explain the discrepancy (see e.g.
discussion in Davies, 2017), however, some authors argue that the statistical significance of the ”red
supergiant problem” is within two standard deviations (Davies & Beasor, 2020a), thus, that there is
no ”"problem”. This claim is in controversy (Kochanek, 2020; Davies & Beasor, 2020b). Nevertheless,
recent observations found a new type of pulsating yellow supergiant??® (Dorn-Wallenstein et al., 2020).
They identify these stars as post red supergiant stars, i.e. the star evolved back towards the hotter
part of the Hertzsprung-Russell diagram after losing a large part of their envelope during the red
supergiant phase. Furthermore, the authors estimate the lowest mass of the observed pulsating yellow
supergiants to be close to the highest mass of the red supergiant supernova progenitor. Therefore, the

missing red supergiant supernova progenitor could in fact be red supergiants that evolve to the yellow

21This is the most common core-collapse supernova and is thought to be produced by red supergiants.

22While binary evolution should also be considered as a solution to the ”red supergiant problem”, Zapartas et al.
(2021) discuss that binarity does not significantly affect the issue.

23 A yellow supergiant is an evolved post-main-sequence star. They are more compact than red supergiants and have
a slightly hotter surface temperature, i.e. 3.9 > log Teg 2 3.66 (Parsons, 1971).
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supergiant phase shortly before the supernova event. However, the detailed evolutionary scenario is
still unclear and further theoretical and observational work needs to be done. A possibility could
include pre-supernova outbursts shortly before the collapse (Fuller, 2017; Leung & Fuller, 2020) - see

also discussions in Chapters IIT and IV.

3.1.3 Explodability and Black Hole Formation

After a shock wave was successfully launched, a stable neutron star is formed. However, a stellar mass

black hole is the outcome of the core-collapse if (O’Connor & Ott, 2011)

(i) The shock energy is not enough to eject all of the accreted matter of the proto-neutron star.
In this case the matter will fall back onto the nascent neutron star which collapses further to a
black hole.

(ii) Nuclear phase transitions occur during the proto-neutron star cooling.

(iii) The explosion mechanism fails to revive the stalled shock. Then, accretion of material pushes
the proto-neutron star over its maximum mass of Mns max ~ 2.1 Mg, whereby it collapses to a
black hole (e.g. Woosley & Weaver, 1995).

The black hole formation is not instantaneous in ordinary massive stars but is always preceded by
a proto-neutron star phase, with neutrino cooling and gravitational wave emission, until the proto-
neutron star is engulfed by the black hole horizon.
A major question is the mapping between the progenitor mass and the outcome of the core-collapse
supernova event, i.e. at which progenitor mass does the scenario of a successful explosion with a
neutron star turn into a black hole as the final fate. This is still debated and there might not even
exist such a clear limit, see below.
As discussed above, a core-collapse supernova is a multi-dimensional process and asymmetries are
crucial in launching the explosion. 1-dimensional models are unable to reproduce these characteristic
features, such as the coexistence of accretion flows and expanding plumes shortly after the onset of the
explosion (see e.g. discussion and references in Miiller, 2020) However, recent 3-dimensional simula-
tions show a pronounced sphericity, hence the average condition resembles a shock expansion obtained
under the assumption of spherical symmetry. This supports pragmatic 1-dimensional parametrised
explosion studies, allowing the investigation of large sets of core-collapse supernova progenitors.

Many recent studies of 1-dimensional progenitors of core-collapse supernovae show a non-linear be-

haviour of the pre-supernova compactness and the explodability as a function of the initial mass of the

star (O’Connor & Ott, 2011; Ugliano et al., 2012; Sukhbold & Woosley, 2014; Sukhbold et al., 2016;

Miiller et al., 2016; Ertl et al., 2016; Sukhbold et al., 2018; Ebinger et al., 2019; Chieffi & Limongi,

2020). The non-linearity is sensitively linked to the convective history during the advanced phases

of stellar evolution, for example the change from convective to radiative core carbon burning or the
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relative timing of the convective zones with respect to each other. While some authors find a nearly
chaotic behaviour (e.g. Sukhbold & Woosley, 2014; Sukhbold et al., 2016, 2018), others argue that
this chaotic behaviour is due to the improper treatment of the numerics (e.g. Chieffi & Limongi, 2020,
M. Limongi, private communication). In general, there is an increase of the explosion energy up to
about ~ 18 — 20 Mg (e.g. Sukhbold et al., 2016; Ebinger et al., 2019) and beyond ~20 Mg there is
a transition to black hole formation. This picture seems to be in line with observations (e.g. Smartt,
2015). However, theoretical models predict “islands of explodability” above 20 Mg where successful
explosions are obtained, while black hole formation can also be obtained for a few lower mass models
(Sukhbold & Woosley, 2014; Sukhbold et al., 2016; Miiller et al., 2016; Ertl et al., 2016; Sukhbold
et al., 2018; Ebinger et al., 2019; Chieffi & Limongi, 2020). The observational constraints, on the
other hand, are quite consistent with black hole formation above ~ 18 Mg, (e.g. Smartt, 2015). This
contradiction between observations and model prediction is still under debate. Above ~ 35Mg the
models predict a general tendency of black hole formation. While the details of the models depend on
the physics such as metallicity, treatment of rotation, mass-loss rates, nuclear reaction rates, etc., the
general trend remains (e.g. Ebinger et al., 2017). How rotation and magnetic fields affect this picture

is still debated - see Section 1.4 and Chapter IV.

3.1.4 Explosive Burning

Many of the hydrostatic thermonuclear burning processed described in Section 1.2 also occur under
explosive conditions. The key difference to the hydrostatic burning is that the temperature reaches
much higher values as the post-bounce shock moves through the interior of the star and the burning
proceeds on a much shorter timescale. The timescales are much shorter than the 3/ ~-decay half-life
times, leading to a significant production of unstable neutron-rich isotopes, via the rapid neutron cap-
ture process (r-process), or proton-rich nuclei, via proton capture processes (e.g. vp-process), during
the explosive phase, see below. The fuel for the explosive nucleosynthesis consists of the ashes of the
prior hydrostatic burning phases discussed in Section 1.2, mainly nuclei with N = Z like '2C, 160,
20Ne, 2°Mg or 28Si, resulting again in nuclei with N = Z. For example the products of explosive
oxygen and silicon burning are similar to the hydrostatic burning case with a slightly modified iso-
topic pattern (e.g. Woosley et al., 1973). Also, at higher densities, captures of degenerate electrons
are important, shifting Z — Z — 1, as discussed above.

Explosive silicon burning proceeds slightly differently from its hydrostatic version, discussed in Section
[.2.1.3.3, and it can be separated in three different regimes depending on the temperature and density
(Woosley et al., 1973; Hix & Thielemann, 1999); (i) at lower temperatures, roughly 7' < 5x 10%, cooling
of the burning region due to expansion halts the burning of silicon prematurely. This so-called incom-

plete silicon burning results in a larger concentration of intermediate mass elements than suggested
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by the nuclear statistical equilibrium. For higher temperatures, silicon is completely exhausted and a
full nuclear statistical equilibrium is reached. However, (ii) at lower densities, roughly p < 10 gcm=3,
the nuclear abundance consists of a large number of light nuclei, especially “He. The inability of
the triple-a reaction to keep the light nuclei and the nuclei beyond A = 12 in a nuclear statistical
equilibrium, because of the quadratic dependence of the reaction rate, prevents the incorporation of
the lighter nuclei into heavier nuclei. This results in a large *He abundance after freeze-out, hence,
an a-rich freeze-out. On the other hand, (iii) at higher densities a full nuclear statistical equilibrium
is reached, where the light nuclei form heavier nuclei as the temperature drops. This is referred to as
normal freeze-out.

After the freeze-out large ratios of neutrons to seed-nuclei can be obtained due to the electron cap-
tures p + e~ — n + v, which neutronise matter (Burbidge et al., 1957). Under these conditions it is
possible to experience r-process production, synthesising the heaviest neutron-rich nuclei (Woosley &
Hoffman, 1992). The difference to the s-process discussed in Section 1.2.1.2 is that the neutron flux
is much higher and occurs in a hotter environment. This allows the production of nuclei far from
stability with extremely short §-decay half-lives. These nuclei then S-decay back into stable heavy
nuclei. While it is thought that the scenario of two merging neutron stars is the main site for the
r-process (Arcavi et al., 2017; Kasen et al., 2017; Smartt et al., 2017; Pian et al., 2017; Thielemann
et al., 2017b; Coté et al., 2018; Frebel & Beers, 2018) it cannot be the only source of the r-process
and other scenarios, possibly rare classes of supernovae, are responsible for a non-negligible amount of
r-process production, especially in the early Universe (Winteler et al., 2012; Thielemann et al., 2017a;
Coté et al., 2019). Historically, neutrino-driven winds in regular core-collapse supernovae have been
discussed as possible sites for the r-process (Woosley et al., 1994; Takahashi et al., 1994; Farouqi et al.,
2010). However, this site is contradicted by observational constraints and simulations show at most
a weak r-process (Martinez-Pinedo et al., 2012; Roberts et al., 2012), which is responsible for only
lighter nuclei with A < 130 (Wanajo & Ishimaru, 2005; Shibagaki et al., 2016).

During the explosive supernova event, a range of proton-rich nuclei are synthesised. Contrary to the
r-process, proton captures are limited due to the increasing Coulomb-barrier of the heavier elements.
Therefore, only light elements can be synthesised via direct proton captures (e.g. Rauscher, 2010).
The heavier proton-rich isotopes are produced by a combination of several processes. One is the
~y-process, also known as p-process, where energetic photons photodisintegrate neutron-rich elements,
synthesising proton-rich isotopes (Rauscher et al., 2002; Arnould & Goriely, 2003; Rauscher, 2010).
This process is possible in layers where the supernova shock wave moves through, but also in hydro-
static burning phases such as the oxygen-neon layers in massive stars (e.g. Rauscher et al., 2002).
The different sites will obviously influence the resulting proton-rich abundances, i.e. the different

temperature and timescale or the available seed nuclei. The latter implies that this production is
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secondary because it relies on the production of seed nuclei from another process. On the other hand,
in the innermost ejected layers of core-collapse supernovae very proton-rich conditions are found due
to the interaction of the neutrino winds with matter. Therefore, as matter freezes out from nuclear
statistical equilibrium, sequences of rapid proton-captures and [-decays along the proton drip line
produce proton-rich nuclei. The proton-captures are hindered by (v,p)-reactions but can be bypassed
by (n,p) reactions, where a constant neutron flux is provided by 7, +p — e + n. This process is

termed the vp-process (Frohlich et al., 2006) and produces light proton-rich isotopes.

3.2 Pair Instability

In helium cores with masses larger than ~40Mg the high central temperatures and low central
densities lead to the thermal concentration of free electron-positron pairs in the core before oxygen
ignition (Rakavy & Shaviv, 1967). This effect is the so-called pair-instability and it reduces the
thermal energy which normally would contribute to pressure. Therefore, the pressure in the core does
not increase fast enough to counter its contraction. The strength of the instability determines the
contraction speed of the core to higher temperatures, during which the core amasses a considerable
amount of momentum. The rising temperature during the fast contraction causes oxygen and in some
cases silicon to rapidly burn in an explosive manner - see Section 1.3.1.4. The further outcome of this
instability depends on the mass of the contracting core, the energy generated by the burning and when
it ignites. In particular the extra energy from burning and the partial recovery from the instability
when the photons become relativistic might slow down the collapse. If the burning is able to be active
long enough before the collapse is stopped, it has generated enough energy to reverse the collapse into
an explosion. On the other hand, if the helium core mass is large enough, i.e. above ~133 Mg, the
contraction cannot be halted and the core continues collapsing to a black hole (Fryer et al., 2001).
Therefore, the pair-instability region is limited to the mass range of My, ~ 40 — 133 Mg.

In case an explosion occurs, it can be of two varieties. If the thermodynamic burning is able to deposit
enough energy then the reversed shock wave can unbind the whole star in a single pulse, resulting in a
powerful pair-instability supernova exceeding 1053 ergs (Fraley, 1968; El Eid et al., 1983; Bond et al.,
1984; Fryer et al., 2001; Waldman, 2008). If the energy deposition is not enough to entirely disrupt
the star, it will nonetheless expand violently, throwing off a large part of its outer layers (Barkat et al.,
1967; Woosley et al., 2007; Kozyreva et al., 2017; Gilmer et al., 2017; Leung et al., 2019). The amount
of ejected mass by these thermonuclear outbursts can vary, from a very mild ejection, where nearly
no matter is lost, up to extremely large ones with over 10°! ergs in one pulse. After the pulse the
star will slowly contract until the pair-instability is encountered again and the process repeats itself.
The star continues pulsating until enough mass has been ejected and entropy in form of neutrinos

has been lost so that the pair-instability is avoided. This typically needs a reduction of the helium
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core mass to about 40 My or below. In general, the lower mass range experiences more but weaker
pulsations but more in numbers, whereas the heavier stars go through fewer but stronger pulsations
(e.g. Woosley, 2017, 2019; Leung et al., 2019). The remaining, compact star then evolves smoothly
until it has formed an iron-core after silicon burning, which gravitationally collapses to a black hole
(Woosley et al., 2007; Waldman, 2008; Powell et al., 2021); partial mass ejection is possible but this
is still an open question. This is often called pulsational pair-instability supernova.

Generally, helium core masses between 40 Mg, and 133 M, encounter the pair-instability followed by
mass ejection (Bond et al., 1984; Heger & Woosley, 2002; Chatzopoulos & Wheeler, 2012; Woosley,
2017, 2019; Leung et al., 2019). From this mass range, helium cores with 64 Mo < M <133 Mg will
produce a pair-instability supernova. Helium cores in the mass range 40—64 M experience violent
pulsations but they are not strong enough to entirely disrupt the star, hence they produce a pulsational
pair-instability supernova. These mass-limits are sensitive to the input physics (Farmer et al., 2019;
Renzo et al., 2020; Umeda et al., 2020).

The pair-instability supernova entirely disrupts the star and does not leave any compact remnant.
Therefore, there will be a gap in the distribution of black hole masses, the pair-instability mass-gap,
and no black hole with a mass between ~50 Mg and ~ 150 Mg is expected from a theoretical point
of view. However, a recent discovery of a binary black hole merger with two black hole components
of 85 My and 66 Mg challenges this view (Abbott et al., 2020a,b).

In the previous paragraph, the pair-instability region is only given in terms of the helium core mass
because of two reasons. First, while it would be possible to map the helium core mass to the initial
mass of a star, this correlation depends on the metallicity. Furthermore, it would be very uncertain
due to the missing details, such as the internal mixing processes and mass loss. Second, many recent
studies of the (pulsational) pair-instability supernova limit themselves to pure helium stars (e.g. Heger
& Woosley, 2002; Woosley, 2017, 2019; Farmer et al., 2019; Renzo et al., 2020, to name a few). This
avoids the calculation of the numerically unstable envelope of the very massive stars and reflects the
possible binary interaction where it is thought that the hydrogen envelope is removed by the more
compact partner. While the hydrogen envelope might not affect the pair-instability region, the final
black hole mass of the stars might be affected and massive single stars could produce black holes that
lie in the pair-instability mass-gap (see e.g. Belczynski et al., 2020b; Farrell et al., 2020).

At solar metallicity, strong stellar winds remove the entire hydrogen envelope and part of the core
mass of very massive stars (e.g. Yusof et al., 2013; Leung et al., 2019). These stars therefore avoid
the pair instability. Only stars with a metallicity below ~ Zg /3 retain enough mass to enter the

pair-instability regime (Langer et al., 2007).
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4 Rotation in Massive Stars

Stars rotate. This is a long-known fact and it was first observed by spectroscopy. The wider lines in
spectroscopic observations due to the Doppler effect allow us to measure the surface rotation rates.
Massive stars rotate with typical rotation rates between 0 — 250kms~! on the main sequence with
an average rotation rate at the equator of 200kms~! (e.g. Huang & Gies, 2006a; Hunter et al., 2008;
Dufton et al., 2013). Such observations also show that the post-main-sequence surface rotation rate
is relatively small with 0 — 100kms™? (e.g. Huang & Gies, 2006b; Dufton et al., 2006; McEvoy et al.,
2015).

Asteroseismology (e.g. Beck et al., 2011), the study of stellar oscillations, allows observers to gain
information about the internal structure of stars. Therefore, asteroseismic observations can determine
the internal rotation rate of stars (e.g. Beck et al., 2014; Deheuvels et al., 2014; Aerts et al., 2017).
These measurements show that main-sequence stars rotate nearly uniformly, but during the post main
sequence the core spins up and the envelope slows down, resulting in differential rotation.

In addition to the direct observations of rotation mentioned above, there are also more indirect hints
of rotation-induced effects. For example, nitrogen and helium enhancements at the surface of massive
main-sequence stars (e.g. Gies & Lambert, 1992), however, this could also be a result of binary
interaction. Other examples are the number ratios of Wolf-Rayet to O-stars, of blue to red supergiants
and of supernovae Ib to Ic, which are better reproduced by rotating models (Maeder & Meynet, 2001;
Meynet & Maeder, 2003, 2005). Also, the dependency of long gamma-ray bursts on metallicity shows
a better agreement with rotation (Yoon et al., 2006) and the nucleosynthetic signature of very metal-
poor stars is better explained with fast rotating massive stars than non-rotating stars (Chiappini et al.,
2011).

Rotation changes the way of stellar evolution and therefore, rotational effects need to be included in

stellar evolution theory.

4.1 Effects of Rotation on Structure

Including rotation in stellar evolution simulations changes the structure of stars and how they evolve.
The general effects of rotation can roughly be summarised as follows (see e.g. the review of Maeder,
2009):
(i) Rotation changes the equilibrium configuration of stars. The gravitational force, which points
directly towards the centre in non-rotating stars, is modified by the centrifugal force. Conse-
quently the hydrostatic equilibrium changes to VP = pgeg, with the effective gravity geg which

results from the gravitational and centrifugal acceleration. For solid body rotation or a rota-
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Figure 1.5: (a) The shape of the surface equipotential for different rotation rates w = %, labelled
at the bottom of each curve. The radii on both axes are given as a fraction of the polar radius, where
the polar radius is plotted on the y-axis and the equatorial axis on the x-axis. The figure is taken

from

Georgy et al. (2011).

(b) A representation of the streamlines of the meridional circulation in a 20 M, star at solar metallicity
and vj,; = 300kms™! at the start of hydrogen burning as a function of M,. The inner sphere is the
boundary of the convective core and the outer boundary is the surface of the star. On the outer
streamlines in the upper right corner matter turns counter clockwise whereas on the inner it turns
clockwise. The figure is taken from Meynet & Maeder (2002).

tion rate constant on cylindrical surfaces, the modified hydrostatic equation implies that the
pressure is constant on an equipotential, i.e. a surface with the same potential. Therefore, the
equipotentials and isobars match, which is said to be barotropic. Also, for these two rotation
laws, the temperature and density are constant on isobars. The stellar surface, for example, is
an equipotential. Contrary, for shellular rotation, where the rotation rate is constant on isobaric
shells, the surfaces of constant pressure intersect the equipotentials but do not coincide, i.e. the
star is baroclinic. In this case, the temperature and pressure are not constant on isobars.
Another result of the additional centrifugal acceleration is that the effective gravity changes with
latitude; it is highest at the poles and decreases towards the equator. Consequently, a rotating
star is more extended at the equator than at the pole due to the reduced gravity (see Fig.(I.5a)).
The deformation is more extreme for a faster rotation rate. What is more, the centrifugal force
lets stars behave as if they have a reduced effective mass (Endal & Sofia, 1976; Meynet & Maeder,
1997). The rotation rate at which the centrifugal force becomes equal to the gravitational at-
traction at the equator is the star’s critical rotation velocity. Above this break-up velocity, there
is no stable configuration for the star.

Rotation also affects the thermal equilibrium in stars. Similar to the surface equipotential, the

equipotentials in the interior are distorted; they are closer to each other at the polar than at the
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(iii)

(iv)

equatorial region. Since the radiative flux at some latitude is proportional to the local gradient
between the equipotentials, there is an excess of flux in the polar region and a deficiency in the

equatorial region®*

. This thermal imbalance creates large circulation motions in the meridian
planes, which transport chemical elements and angular momentum (see Fig.(I.5b) and Section
I1.2.2)). Moreover, the von Zeipel theorem (von Zeipel, 1924a) relates the radiative flux on the
surface of a rotating star to the local effective gravity. This leads to the surface temperature Tog
being proportional to geg, thus, the star is hotter at the polar region and cooler at the equator
(von Zeipel, 1924b). This effect is called gravity-darkening.

Rotation affects the stellar winds discussed in Section 1.2.2 in two ways (Maeder & Meynet,
2000b); first it increases the average mass-loss rate for a given luminosity and surface temperature
(see Fig.(I.7)). Second, the hotter polar regions have a higher radiation pressure, making the
stellar winds anisotropic (Georgy, 2010). In stars that evolve near the Eddington-limit the
radiation pressure reduces the threshold of the critical break-up rotation velocity discussed in
point i. Therefore, even a modest rotation rate could potentially significantly increase the mass-
loss rates (Maeder & Meynet, 2000b; Gagnier et al., 2019). However, the dependence of the mass-
loss rates on the changes of the equilibrium configuration of rotating stars and vice versa, how
rotation depends on the mass-loss rates, i.e. by removing angular momentum, is not completely
understood yet (Vink et al., 2010; Miiller & Vink, 2014).

Rotation drives global internal circulation currents due to the thermal imbalance explained in
point i - see also Section II1.2.2. In addition to that, the rotation rate throughout the star is often
not constant with layers rotating at different speeds. This differential rotation leads to several
kinds of instabilities which result in turbulent motions. One dominant process, for example, is
the shear turbulence, where a shear between two layers with different rotation speeds induces
mixing. All these processes mix the chemical elements and transport angular momentum - see
Chapter I1.2.

Rotation interacts with magnetic fields. This may couple layers that rotate at different rates,
leading to solid body rotation. External magnetic fields might also interact with the surrounding
stellar medium and brake down rotating stars. Section II.3 discusses magnetic fields in rotating

stars, possible dynamos and their impact.

4.2 The Evolution of Rotating Stars

How does the picture of stellar evolution discussed in Section 1.2 change in the presence of rotation?

Rotation mainly influences the evolution of a star during core hydrogen burning, and maybe core

helium burning, because this is the longest burning stage. The impact of rotation during the more

24 Assuming there is no local energy source or sink.
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advanced stellar stages is minor because the timescales of the rotational effects are much longer than
the evolutionary timescales. The evolutionary path of massive rotating stars can be divided into two
groups (Hirschi et al., 2004); in stars with M < 30 Mg at solar metallicity rotation-induced mixing
dominates and in stars with M 2 30 Mg the rotation-enhanced mass loss dominates. The effects of
rotation-induced mixing become more important in the more massive stars at lower metallicity, where

the mass loss is weaker and less angular momentum is lost through stellar winds (Hirschi, 2007).

4.2.1 Evolution of Rotation

The distribution of angular momentum in a star at different phases is crucial to simulate the evolution
of a rotating star. It is important to treat the evolution of angular momentum self-consistently
because the rotation rate determines the behaviour of rotation-induced instabilities, which themselves
transport angular momentum, as mentioned above and discussed in more detail in Chapter II. While
turbulent convection is the most efficient angular momentum transport mechanism, it has been shown
that in the radiative layers of rotating massive stars angular momentum is dominantly transported
by the meridional currents and the rotational shear instability (Meynet & Maeder, 2000; Heger et al.,
2000). This changes the rotation rate in different layers and rotation modifies itself.

The knowledge of the interior distribution of rotational velocity is important to estimate the total
angular momentum content of the star on the zero-age main sequence. Nowadays, it is often assumed
that a star is formed with solid body rotation. This is a very simplifying assumption but the exact
shape of the profile is not very important. Indeed, the initial angular momentum distribution inside
the star converges rapidly towards an equilibrium profile due to two opposing effects; the meridional
currents tend to increase the gradient in the rotation rate whereas the rotational shear tends to
decrease this gradient (Denissenkov et al., 1999; Meynet & Maeder, 2000; Maeder, 2009).

With the knowledge of the initial rotation rate on the zero-age main sequence, stellar models can
be used to predict the evolution of the rotation rate. Fig.(I.6a) depicts the evolution of the surface
rotation velocity of various models. The evolution from the start on the left until there is a sharp
peak in the surface rotation rate is the main-sequence evolution. The evolution of the surface rotation
rate during the main-sequence is an interplay between the meridional flows, which transport angular
momentum to the surface, and stellar winds, removing angular momentum. This interplay becomes

7

more obvious when comparing the models with “standard” mass loss, indicated by the solid lines,
to the model without mass loss, M = 0 in F ig.(I.6a). In the latter, the surface velocity increases
until it reaches the critical break-up velocity near the end of the main-sequence phase (Meynet &
Maeder, 2000). A consequence of the interaction of meridional flows and mass loss is that in models

at solar metallicity with “standard” mass loss the surface velocity decreases as a function of time. This

reduction is stronger for larger initial masses because of the stronger stellar winds that remove angular
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Figure 1.6: (a) Evolution of the surface equatorial velocity as a function of time for stars of different
initial masses and an initial velocity of vi,; = 300kms~!. The continuous lines refer to solar metallicity
models, the dotted line corresponds to a 20 Mg model with Z = 0.004 and the dashed pink line
corresponds to a 20 Mg model without mass loss. The figure was taken from Meynet & Maeder
(2000). (b) The angular velocity as a function of the Lagrangian mass coordinate m, inside a 25 Mg,
model with an initial velocity vi,; = 300 kms~! at various evolutionary stages. Figure was taken from
Hirschi et al. (2004).

momentum from the surface. By comparing the 20 Mg model at solar metallicity and Z = 0.004, the
dotted line in Fig.(I.6a), it becomes also apparent that there is less reduction of the surface rotation
velocity at lower metallicity due to the weaker winds. Therefore, models at lower metallicity or lower
initial mass can reach the critical break-up velocity more easily during the main-sequence evolution.
Such a scenario would impact the evolutionary and structural properties of the star.

The peak in the surface rotation velocity at the end of the main sequence in Fig.(I.6a) is a consequence
of an overall contraction after core hydrogen depletion. The immediate reduction of vg,¢ thereafter
results from the expansion of the star during the redwards evolution, because angular momentum is
conserved. Accordingly, the surface rotation velocity in all the stellar models becomes small, whatever
the initial rotation was (Meynet & Maeder, 2000).

The evolution of the interior rotation profile is shown in Fig.(1.6b) in the form of the angular velocity,
Q, in a 25 Mg model for different stages. The change of € results from many different processes;
(i) shear erodes Q-gradients while meridional circulation flows erode or build them. (ii) Convection
enforces solid body rotation, resulting in a constant €. (iii) Contraction and expansion, respectively
increases or decreases 0 due to local angular momentum conservation and (iv) mass loss removes
angular momentum from the surface, reducing 2. The combination of these processes lead to an

overall decrease of 2 during the main-sequence evolution (Meynet & Maeder, 2000; Hirschi et al.,
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Figure 1.7: Kippenhahn diagrams with the Lagrangian mass coordinate on the y-axis, showing the
structural evolution as a function of the time left until core-collapse. The central burning phases are
indicated below the x-axis. The black shading depicts convective zones and the top black line shows
the surface of the star. The left figure shows a non-rotating 20 My model, whereas on the right a
rotating 20 M model is presented. The key parameters are given on top of the plots. The figure was
taken from Hirschi et al. (2004).

2004). However, the post-main-sequence evolutionary timescale is shorter than the timescale of the
secular rotation-induced angular momentum transport processes and therefore the evolution seen in
Fig.(1.6b) is mainly determined by (ii), (iii) and (iv) (Meynet & Maeder, 2000).

The stellar models in Fig.(1.6) do not include magnetic fields. If magnetic fields are accounted for, the
evolution of rotation is different. A 15Mg model with vi,; = 300 kms™!, for example, would evolve
nearly as a solid body during the main sequence, meaning 2 would be nearly constant. During the
post-main-sequence evolution differential rotation develops, as a result of the spinning up of the core
and slowing down of the envelope, when the star evolves towards the red supergiant branch. However,
when magnetic fields are included the ratio of core to envelope rotation rate is much smaller than

shown in Fig.(I.6b) - see discussions in Section I1.3 and Chapter IV.

4.2.2 Effects of Rotation on the Evolution of Massive Stars

Rotation-induced mixing provides the burning zone with more fuel, prolonging the burning lifetime
(Meynet & Maeder, 2000; Heger et al., 2000). The higher amount of fuel also enhances the energy
production by thermonuclear burning, leading to a higher local luminosity. Consequently, the star has
larger convective cores as shown in Fig.(I.7), where the rotating model shows larger convective cores
than the non-rotating model. Accordingly, the nuclear burning shells are further out and they are also
more separated from each other as can be seen in Fig.(1.7) during the advanced stellar stages. This

becomes more extreme with increasing rotation rate. Also, the two diagrams depict that the rotating
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star loses more mass. This is a result of two effects. First, rotation enhances mass loss as discussed in
Section I.4.1. Second, the rotating model has a hydrogen burning shell that is further out. Therefore
it becomes a red supergiant slightly earlier than the non-rotating model, see discussion below, and
experiences the stronger red supergiant stellar winds for a longer time.

In non-rotating stars, the luminosity increases during the main-sequence evolution as a result of the
growing mean molecular weight in the core - see Section 1.2.1.1. As a consequence, the pressure on the
core is reduced. At the same time, the conversion of hydrogen into helium decreases the opacity. The
latter two dominate over the increase of the core luminosity in a massive star, leading to a receding
convective core during the main-sequence evolution. Furthermore, the higher luminosity enlarges the
radius of the star which results in a cooler surface temperature. Rotation-induced mixing adds two
modifications. First, it enables more fuel to be transported into the burning region. Therefore, a more
massive helium core is formed and the star has a higher luminosity. Second, if rotational mixing is
efficient, it mixes helium in the radiative zone and thus reduces the opacity throughout the interior
of the star. The two modifications result in a slower receding convective hydrogen core, for fast rota-
tion the convective core can even grow initially. A higher luminosity also implies larger radii, thus,
rotating stars evolve to lower surface temperatures during the main sequence. However, fast rotating
stars stay more compact during the main sequence, because rotational mixing reduces the opacity in
the envelope, and it evolves to slightly higher surface temperatures.

Rotation also influences the post-main-sequence evolution, whether the star will follow the usual red-
wards post-main-sequence evolution in the Hertzsprung-Russell diagram (see Fig.(I.1a)) or it evolves
towards the hotter side in a more homogeneous evolution, becoming a blue supergiant and likely pro-
ducing a Wolf-Rayet star, see also the discussion further down. Noticeably, for a low or intermediate
rotation rate the red-wards evolution is favoured. This is a consequence of the effects of internal
mixing and of the enhanced mass loss - see Section 1.4.1. The first point reduces the extension of
the convective zone associated with the post-main-sequence hydrogen burning shell, which the star
needs to stay in the blue part of the Hertzsprung-Russell diagram, and produces a larger helium core
at core hydrogen depletion. Therefore, the contracting core after the terminal-age main sequence
will be larger and have less support against gravitational contraction, leading to a faster red-wards
evolution®®. As a matter of fact, the ratio of blue to red supergiants in rotational models is smaller
for higher rotational velocity, which is more in agreement with the observations (Heger et al., 2000;
Meynet & Maeder, 2000). Furthermore, rotating models give a decreasing blue to red supergiant ratio
with decreasing metallicity, implying a larger number of red supergiants at low Z (Maeder & Meynet,
2001). Finally, rotation lowers the threshold of Wolf-Rayet star formation, at solar metallicity for
example from ~ 37 Mg to ~22Mg, (Meynet & Maeder, 2003, 2005; Georgy et al., 2013).

25This is a similar effect as for larger amounts of convective boundary mixing discussed in Chapter III, where a
redwards evolution is favoured for larger amounts of convective boundary mixing.
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Rotation also affects the nucleosynthesis and yields of stars. For example the larger convective cores
and the rotation-induced mixing increase the availability of fuel, leading to a larger production of
carbon and oxygen, and other a-nuclei, during core helium burning. Furthermore, the 2C(a,~)¢0O
reaction is more active at the end of core helium burning, creating a lower carbon to oxygen mass
fraction (Maeder & Meynet, 2000b; Heger & Langer, 2000). This effect can be seen in Fig.(1.7); in the
non-rotating model core carbon burning occurs convectively whereas in the rotating models it pro-
ceeds radiatively, which is a result of the lower amount of carbon left at the end of core helium burning
(Hirschi et al., 2004). Rotation-induced mixing between different burning sites can open new channels
of nucleosynthesis. The interaction between hydrogen and helium burning regions, for example, leads
to enhanced formation of 14C, 180 and °F (Maeder & Meynet, 2000a; Heger & Langer, 2000). Also,
the interaction between the hydrogen and helium burning regions can mix freshly synthesised carbon
and oxygen into the hydrogen shell. Consequently, the burning shell is strongly boosted, especially at
lower metallicity, because the CNO-cycle strongly depends on the availability of the catalysts. This
further creates a convective shell with a primary 4N production. While low-metallicity intermedi-
ate mass stars are the main producers of primary '*N, rotating massive stars also contribute to the
generation of this isotope (Meynet & Maeder, 2002).The interaction between the convective hydrogen
shell and helium core also leads to a large production of primary ?2Ne at all metallicities, which is the
main source of the weak s-process in massive stars, see Section 1.2.1.2. Therefore, the weak s-process
production in rotating massive stars is boosted (Frischknecht et al., 2012; Choplin et al., 2018). The
weak s-process activity at solar metallicity is modest and the production stops at the strontium peak
as in the non-rotating models. However, at very low metallicity, where the amount of heavy seed nuclei
is limited, the weak s-process production reaches barium. Thus, heavier elements are synthesised by
the s-process at very low metallicity (Frischknecht et al., 2016; Banerjee et al., 2019). Although, this
scenario is very sensitive to metallicity and initial rotation rate.

Rotational mixing can change the surface composition during the main sequence. This would not be
possible in non-rotating massive stars until the red supergiant branch, where the envelope becomes
convective. For example, rotating massive stars alternate their CNO surface abundance by increasing
the helium and nitrogen mass fractions and reducing the hydrogen, carbon and oxygen mass fractions
(Meynet & Maeder, 2000; Heger & Langer, 2000; Hirschi et al., 2005a). The enrichment is higher for
larger masses, lower metallicities and higher initial velocities. The surface enrichments in stars are
mainly important during the early evolutionary stages, predominantly during the main sequence. Dur-
ing the advanced burning stages, the rotational velocities converge towards low values, independent
of the initial rotation rate, and their impact is therefore reduced, see Section 1.4.2.1. Nevertheless, a
high helium and nitrogen surface enrichment indicates a fast rotation in the past, even if the star only

rotates very slowly.
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Hunter et al. (2008) compared the observed surface enrichments with the predictions of stellar evo-
lution models in order to test rotation-induced mixing. They plot the surface nitrogen abundance
(12 4 log [N/H]) as a function of the projected rotational velocity (v siné), which is the so-called
Hunter diagram. Although they attempted to constrain the stellar evolution models to the obser-
vations, they can only match 60% of the data, with several discrepant groups during core hydrogen
burning and during the supergiant evolution. Other authors also find inadequacies of stellar evolu-
tion models to represent the surface enrichment in rotating massive stars (e.g. Markova et al., 2018).
Possible explanations for the discrepancy include binarity or magnetic fields but it could also relate
to a missing piece in the understanding of rotation-induced mixing. The subject is still an ongoing
discussion (e.g. Song et al., 2018; Markova et al., 2018; Carneiro et al., 2019; Keszthelyi et al., 2019;
Schneider et al., 2020; Bouret et al., 2021).

Efficient rotational mixing not only affects the surface composition but also reduces the opacity in
the envelope of the star, see discussion above. Therefore, moderate or rapid rotating stars are hotter
on their surface, because Teg o 1/opacity, and more compact, following R oc L'/2T~2 (e.g. Kippen-
hahn & Weigert, 1994). Thus, rotation favours a more blueward evolution to the hotter side of the
Hertzsprung-Russell diagram, increasing the blue to red supergiant ratio (Meynet & Maeder, 2000;
Maeder & Meynet, 2001). Also, the mixing of chemicals in the radiative zones of massive stars may
prevent the establishment of a chemical stratification when the timescale of rotation-induced mixing
is shorter than the nuclear timescale, i.e. during the main-sequence evolution. Consequently, the
star can efficiently mix the whole interior and evolves nearly chemically homogeneously (Eddington,
1929; Maeder, 1987b). This so-called quasi chemical-homogeneous evolution depends on the mass,
metallicity, rotation rate and also the numerical implementation of the physics, for the latter see the
discussion in Chapters IT and B. Generally, quasi chemical-homogeneous evolution is favoured at lower
metallicity due to the reduced angular momentum loss through stellar winds (Maeder, 1987b; Yoon &
Langer, 2005; Yoon et al., 2006, 2012). At low metallicity, even moderately fast rotators can undergo
efficient rotation-induced mixing, resulting in quasi chemically-homogeneous evolution (e.g. Szécsi
et al., 2015). Nevertheless, quasi chemical-homogeneous evolution is also possible at solar metallic-
ity, which is consistent with discoveries of long-duration gamma-ray burst in (super) solar metallicity
galaxies, but it is much rarer (Levesque, 2010) and a high rotation rate is needed (Yoon et al., 2006).
The fraction of homogeneous evolving stars increases as the metallicity decreases. Therefore, rotation
induced chemically homogeneous evolution might be an important mode of massive star evolution at
low metallicity and it is able to explain many otherwise peculiar observations (e.g. Walborn et al.,
2004; Sander et al., 2012; Martins et al., 2013). Furthermore, while the bulk of observed stars rotate
slowly, with a rotation rate less than 20% of their break-up velocity, there is a significant fraction of

massive stars that rotate rapidly (Ramirez-Agudelo et al., 2013), which might evolve quasi chemically
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homogeneously at higher metallicity.

Rotation changes the fate of massive stars. A slow or medium rotation rate favours the formation
of red supergiants which are less compact. The faster redward evolution changes the pre-supernova
structure of the star, in particular the compactness, core mass and total mass. Therefore it shifts the
initial mass-supernova progenitor-explosion type correlation. Furthermore, rotation-induced mixing
favours the entry into the Wolf-Rayet phase in two ways, it modifies the chemical composition in the
radiative envelope and it increases the core mass. While in the non-rotating scenario, a star can only
enter the Wolf-Rayet phase when the stellar wind has peeled of the outer hydrogen layer, the rotating
model can obtain the characteristic surface abundance with the effects of rotation-induced mixing and
mass loss. Therefore, rotating models can also produce Wolf-Rayet stars at lower metallicity, when
mass loss is reduced, by following the homogeneous evolution discussed above. The different structure
of the progenitors also changes the explosive event itself. Indeed, rotating models predict a higher
occurrence of supernovae type Ib and Ic (Georgy et al., 2009). Observations show an increase of the
supernova type Ib and Ic to IT with metallicity due to stronger stellar winds (e.g. Prantzos & Boissier,
2003). This trend can be better reproduced with rotating models?® (Meynet & Maeder, 2005; Hirschi
et al., 2005b; Georgy et al., 2009). Rotation also changes the initial mass of the stars that enter the
pair-instability regime by enlarging the core mass. In addition, the scenario of quasi-chemical homoge-
neous evolution reduces the threshold of stars that experience the pair-instability (e.g. Chatzopoulos
& Wheeler, 2012). The typical spectrum of a type Ic supernova is associated with long gamma-ray
bursts (Woosley & Bloom, 2006). Gamma-ray bursts are primarily found at low metallicity (e.g.
Modjaz et al., 2008), where rotation-induced chemical mixing is more efficient and the stars are able
to maintain a high angular momentum in the core. Therefore, quasi-chemical homogeneous evolved
stars are potential progenitors of long gamma-ray bursts (Woosley & Heger, 2006; Yoon et al., 2006,
2012). Chemically homogeneous stars are hotter, more luminous and more compact, following the
same argument from above. Therefore, two massive stars in a binary system are compact enough to
avoid mass transfer (de Mink et al., 2009). Consequently, this scenario can lead to two massive helium
stars where both eventually collapse to a black hole. This is a potential channel to a black hole binary
system, which is the progenitor of a black hole merger and source of gravitational waves (Mandel &
de Mink, 2016).

Generally, stellar models that include rotation are able to better reproduce many observations than
models without rotation. However, some problems remain. For example, the improvement of rota-
tion explains the number of Wolf-Rayet subtypes at solar and lower metallicity and the trend of the
observed ratios as a function of metallicity (Meynet & Maeder, 2003, 2005; Langer, 2012), but it pro-

duces too many nitrogen enhanced Wolf-Rayet (WN) stars at solar and higher metallicities (Meynet

26This trend can also be reproduced by invoking a close binary-star, where the hydrogen-rich envelope is removed
through binary interaction (e.g. Eldridge et al., 2008), hence, the solution is not singular.
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& Maeder, 2005). Also, Eldridge & Vink (2006) show that rotating models cannot simultaneously
reproduce the dependency of the ratio of Wolf-Rayet subtypes on the metallicity and the number ratio
of Wolf-Rayet to O-type stars. Another problem is the fact that there is still a discrepancy between
the observed rotation rates of evolved stars and the ones predicted by stellar evolution theory, also
with the inclusion of a magnetic dynamo which is thought to efficiently slow down the stellar core,
see also Chapter II. In particular, rotating models fail to reproduce the slow rotation rate of white
dwarfs, neutron stars and black holes (e.g. Heger et al., 2005; Suijs et al., 2008; Hirschi & Maeder,
2010) and the internal rotation profiles of subgiants or red giants (e.g. Eggenberger et al., 2005, 2019a;
Cantiello et al., 2014). More recent improvements of angular momentum transport, e.g. the Fuller-
modified Taylor-Spruit dynamo process (Fuller et al., 2019, see also Chapter II), enables stellar cores
to spin down more efficiently but it cannot explain observed rotation profiles in low mass stars in
its current form (e.g. den Hartogh et al., 2019; Eggenberger et al., 2019¢). Therefore, an additional
angular momentum transport mechanism is needed. Currently discussed possibilities are magnetic
torques (Spruit, 2002; Maeder & Meynet, 2004; Spada et al., 2016; Fuller et al., 2019) and gravity
waves (Talon & Charbonnel, 2005; Belyaev et al., 2013; Fuller et al., 2015b; Pingon et al., 2017; Edel-
mann et al., 2019). Another open question is the dependence of the mass-loss rates on the changes
of the equilibrium configuration of rotating stars (Miiller & Vink, 2014) and vice-versa, how rotation
depends on the mass-loss rates, i.e. by removing angular momentum (Vink et al., 2010), which is not

well understood.

5 This Work

The overview of stellar evolution given in the previous sections shows that there are still major un-
certainties regarding the evolution of massive stars. In particular, the uncertainty of internal mixing
processes such as turbulent convection and rotation, the treatment of stellar atmospheres and winds
and the uncertainty of nuclear reaction rates have a vast impact on the evolution and fate of stars.
Also, while it was not discussed in the previous sections, the treatment of binarity is another big
question, which still needs to be addressed.

While 1-dimensional stellar evolution models will never be perfect descriptions of a 3-dimensional star,
they can at least describe its average evolution in a reliable way. Therefore, the theories of the various
physical processes have to be consistent and preferably based on physics rather than parametrisation.
A first crucial step in the direction of improving stellar evolution models is to know which physical
processes lead to the largest uncertainties, hence, affect the prediction of stellar evolution the most.
In this work I investigate some uncertainties related to the internal mixing processes. In the context

of convection, the focus lies on convective boundary mixing by assessing the impact of its strength
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and the different criteria of the convective boundary. In the framework of rotation-induced mixing
processes, I compare different treatments of angular momentum transport, mainly by magnetic dy-
namos.

This work is organised as follows; in Chapter II the theory of internal mixing processes is discussed
in more detail. Appendix B gives an overview on the stellar evolution code MESA which is used for
this work and how the physics of Chapter II is numerically implemented. Chapters III and IV present
the results of my thesis. In Chapter III the uncertainty of convective boundary mixing is discussed,
which was published in Kaiser et al. (2020), and Chapter IV presents the investigation of the different

flavours of angular momentum transport.

It should be noted that a large fraction of massive stars, i.e. more than 70%, are members of a
close binary system (Sana et al., 2012). Binarity impacts the evolution of the two companion stars
via mass transfer, possible common envelope evolution or merger. Binary interaction influences the
observed population of massive stars, e.g. supergiants, Wolf-Rayet stars or supernovae. Binary evolu-
tion is also crucial for the understanding of progenitors of gravitational waves. In this thesis, however,
only single stars and their evolution are considered, despite the impact of binarity on massive star
evolution. This is done because of several reasons. First, binary evolution and interaction itself is
quite uncertain. Furthermore, the interaction also depends on the physics of single stars. For example,
rotation and convection influence the blue versus red supergiant evolution and thus the radial extent
of a star. This, on the other hand, affects the amount of interaction between the two companion
stars. Therefore, it is less problematic to study the uncertainty of the internal mixing processes first,
before applying it to the problem of binary interaction. Also, no stellar model to date includes all the
physics needed to describe a star. Simplifications are made to study certain problems. Finally, this
thesis mostly focusses on the interior evolution of massive stars. Therefore, the main findings of this

work are still applicable in a binary system.
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|Chapter II

Internal Mixing Processes

Internal mixing processes crucially affect the structure of a star and change their evolution.
Thermally-driven mixing processes arise as a consequence of local heat excess, leading to
turbulent energy transport and turnover of matter. At the convective boundary matter is
turbulently entrained and internal gravity waves are generated. Rotation-induced mixing
processes, on the other hand, are produced either due to the changes by rotation to the
hydrostatic equilibrium or by differential rotation. Both processes mix the chemical com-
position in a star and transport angular momentum. Rotation also interacts with magnetic
fields, creating a possible dynamo action which couples the core and envelope and leads to
near-solid body rotation. The first two sections of this chapter give an overview of both
mixing processes. The last section summarises the interaction between stellar rotation and

magnetic fields and discusses different magnetic dynamo processes.

1 Thermally-Driven Mixing

In most physical systems, a heat excess, which cannot be regulated by radiative transfer alone, leads
to instability and finally to turbulent convective motions, i.e. the turnover of matter in a region where
energy cannot be transported by radiation alone. This turbulent energy transport and radiation are
the two main energy transport processes in stars. In addition, convective motions efficiently mix
the chemical composition and transport angular momentum. At the boundary between convectively
unstable and stable regions, where the convective flow turns, new material is entrained into the convec-
tive region and internal gravity waves are generated, the latter being observable by asteroseismology.

Thermally-driven mixing shapes the interior of stars and replenishes fuel into the burning region, thus,
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is a crucial process in stellar physics and evolution.
Turbulent convection is a chaotic, non-linear process (e.g. Landau & Lifschitz, 1966; Pope, 2000). For
example Figs.(7) and (11) from Cristini et al. (2017) illustrate the chaotic behaviour of the turbulent

flow!.

The coherent structures in the figures, forming rolls and plumes, are strongly dynamic; they
appear, break apart and are formed elsewhere. The interaction between the coherent structures leads
to an intermittency of the turbulent convective flow in space and time (Tennekes & Lumley, 1972) and
there is a balance between turbulent driving and damping (Warhaft, 2002). Also, the boundary layers
between the stable and turbulent region are dynamic, see Section I1.1.3. There is a growing number
of multi-D hydrodynamic simulations studying stellar convection that show these characteristics (e.g.
Asplund et al., 1999; Herwig et al., 2006; Meakin & Arnett, 2007; Magic et al., 2013; Woodward et al.,
2015; Cristini et al., 2017; Freytag et al., 2017; Jones et al., 2017; Mocék et al., 2018; Arnett et al.,
2019; Yadav et al., 2020).

Turbulent convection is clearly a 3-dimensional (3D) process operating on a timescale of seconds up
to a year. On the other hand, the life of a star is at least millions of years. Therefore, in order to
simulate the long evolutionary timescale, stellar evolution models are limited to one dimension and
the complex 3D turbulent process has to be approximated by 1-dimensional (1D) prescriptions.
Standard 1D stellar evolution models are calculated in spherical symmetry and the convective energy
transport and mixing are often approximated with the mixing-length theory (MLT, Vitense, 1953;
Bohm-Vitense, 1958). This theory represents the convective flow with fluid elements that move up and
down and transport energy and material. While this approximation works surprisingly well for the
bulk of weakly stratified convective regions, it neglects several important facts of turbulent convection,
such as the convective boundary (Renzini, 1987). In an attempt to correct for these issues additional
theories are used, for example the different boundary mixing prescriptions discussed in Section I11.1.3
or methods to treat the superadiabatic convection in radiation-dominated regions - see discussion in
Sections I11.2 and III.7.

In this Section the thermally-driven mixing processes are discussed, starting with the consideration
of local stability to determine whether global flows develop. The theory of the mixing-length is in-
troduced and how it accounts for mixing and energy transport. The last two subsections present the

current treatment of convective boundaries and the inefficient mixing process called semiconvection.

1.1 Local Stability

Using linear perturbation theory, the stability of a layer can be expressed in terms of the Brunt-

Viiséla frequency, which is the oscillation frequency of a displaced fluid element around its equilibrium

IMovies of the 3D simulations by Cristini et al. (2017) are available at
http://www.astro.keele.ac.uk/shyne/321D /convection-and-convective-boundary-mixing/visualisations
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position. The square of the Brunt-Viiséla frequency for a fluid element with an internal density piyg

oscillating in a medium with density pext can be written as

N Pint dr

dpin dpex d(A
N2 _ g ( Zrt Z(;t) _ g ( p) (II.l)

Pint

with the gravitational acceleration g, so that the stability or instability of the fluid element is defined
as

d(Ap) | > 0= stable,

= (11.2)

< 0 = unstable.
This criterion compares the density change in the displaced fluid element and of the surrounding
medium over a small distance dr. If there is a larger change of the density inside the fluid element

compared to its surroundings, corresponding to a negative d(dATp ) , then the fluid element will be lighter

and experience unstabilising buoyant forces. Vice versa, if the density in the fluid element changes

less than the density in the surrounding medium, which corresponds to a positive d(tﬁf’ ) , then the fluid
element is lighter and will be stabilised. Therefore the squared buoyancy frequency determines whether
an oscillatory motion of a fluid element around its equilibrium position is damped and stabilised or
whether it grows and moves away from it.

In stellar evolution theory it is convenient to express a process in terms of the basic structure variables?.
The density is not a structure variable but the temperature is. Therefore, it is advantageous to express

Eq.(IL.1) in terms of temperature gradients (see e.g. Kippenhahn & Weigert, 1994; Maeder, 2009, for

the derivation),

2 _ a2 2795 ¥ 2795
N —NT+NH—H7P<Vint7V+Ev/L), NT—Hip

99

int — N2 =
(v t V), m Hp

V., (IL3)

, where Hp is the local pressure scale height, with the two components for the thermal and chemical

composition stratification, the temperature gradients

dln T’int dln Text dln Hext
nt = ——— = — = —— 11.4
Vit = "wp VT dmP . VAT dmp (IL4)
where T is the temperature and P is the pressure, and the thermodynamic quantities
Olnp Jlnp
6= — = . II.
<8lnT>’ v (8lnu> (11.5)

2Structure variables are the mass M, pressure P, temperature T' and luminosity L and they can be obtained by
solving the stellar structure equations, see Section B.1.2. Other variables are calculated from the structure variables.
The density for example is determined from P and T using the equation of state.
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The condition for stability, Eq.(II.2), can thus be written as

V < Vit + %vu. (IL6)

This is the famous Ledoux criterion. A positive gradient in chemical composition favours convective
stability by increasing the restoring buoyancy force. In a chemically homogeneous medium, i.e. when
V, =0, Eq.(IL.6) becomes

V < Vint, (I1.7)

which is known as the Schwarzschild criterion.
It is possible to define an adiabatic and radiative temperature gradient (e.g. Kippenhahn & Weigert,
1994),

olnT Pé 3 KIP
Vad <81nP>ad CppT’ Vrad 16racG mT* (IL8)

with the specific heat at constant pressure Cp, the opacity k, the luminosity in a given layer [, the
Stefan-Boltzmann constant a, the speed of light ¢ and the gravitational constant G. In a convective

zone the four temperature gradients follow the relation (Kippenhahn & Weigert, 1994; Maeder, 2009)

Viad >V > Vit > Vaa. (H.g)

3

In the stellar interior® convection is nearly adiabatic and an order of magnitude estimate shows that

(V — Vint)/V ~ 108 (Maeder, 2009), hence, V &~ Viy, = Vaq. Therefore, Eq.(I1.9) simplifies to
Vraud > Vada (IIIO)

which is the Schwarzschild criterion for instability in the stellar interior. This criterion basically states
that if the energy excess cannot be transported by radiation alone convective motions set in. Arguing
similarly, the Ledoux criterion for convective instability in the stellar interior can be written as

b

vrad > Vad + 5

V,. (IL11)

The convection in the outer layers of a star are not adiabatic. There, the energy lost by a turbulent
fluid element has to be taken into account as it is transported, see below.

The two stability criteria determine the location where the acceleration of the convective flow drops
to zero. In 1D stellar evolution, this point is often, maybe falsely, labelled as the convective boundary.
The question of the “correct” convective boundary criterion to be used in stellar evolution calculations

has been discussed for several decades. For example the study of Georgy et al. (2014) indicates that

3Roughly the region below the layers where hydrogen and helium are not fully ionised anymore.

46



II.1. THERMALLY-DRIVEN MIXING

the Ledoux criterion better reproduces observations of blue supergiants. Yet, the solution they found
is not unique and there might be another solution with the Schwarzschild criterion. In a purely
linear theory, in which the two criteria were derived, it is correct to use the Ledoux criterion, in
order to take care of possible chemical composition gradients. Convection, however, is a 3D process
which drives non-linear intermittency and fluctuations. As a result, the convective boundary bends
and stretches as it evolves, contrary to the fixed boundary location given by Eqgs.(II.11) and (II.10)
which is sharp and spherically symmetric. Consequently, the chemical composition gradient near the
convective boundary is erased and the location of the boundary in 3D simulations agrees on average
more with the Schwarzschild criterion location (Meakin & Arnett, 2007; Arnett et al., 2019). This
is an initial value problem; the convective boundary of the growing instability starts at the location
determined by the Ledoux criterion. Intermittency and fluctuations at the convective boundary move
the boundary to the Schwarzschild solution on a finite timescale. Thus, it is not sure which criterion
has to be used for convective regions that only exist on a short time scale. This transition needs

further 3D hydrodynamic simulations for verification and to test the transition speed.

1.2 Convection in Stellar Evolution

In a region which is unstable according to the Ledoux or the Schwarzschild criterion, Eqgs.(I1.11) and
(I1.10), turbulent convective motions set in. This turbulent fluid flow efficiently transports energy,
in addition to mixing the chemical species. The average convective flux in a layer results from the
motion of the fluid elements with an average velocity ¥ and an average temperature excess AT. In the
1D picture developed here, the flow consists of upward moving hotter and downward moving cooler
fluid elements, which both contribute to the outward transport of energy, thus, a regulation of the

excess. The convective flux, calculated as “massxvelocity xdriving gradient”, is (Vitense, 1953)

Frony = CppoAT (11.12)

in the units of energy per units of horizontal surface and time. In order to calculate the flux, the
average velocity of the turbulent flow and the average temperature excess have to be determined first.
The convective flow not only depends on local properties but also on processes in surrounding layers,
hence, it is a non-local process. Most stellar evolution models, however, assume a local theory, i.e. the
properties of convection only depends on local properties, which comes with great simplifications for
the computations but it is a crude oversimplification of the physics. The most common formulation is
the mixing-length theory (MLT, Vitense, 1953; Bohm-Vitense, 1958). There it is assumed that the
fluid element moves over an average distance £y, the mixing-length, without losing its identity before

it dissolves into its new surroundings, depositing energy and chemical elements. The mixing-length is
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of the order of the pressure scale height, ¢yt = avmur Hp, where apypr is an adjustable parameter
of order unity and needs to be calibrated. Current estimates lead to a value of aypr =~ 1.6 — 1.7
(e.g. Ludwig et al., 1999; Ekstrom et al., 2012; Trampedach et al., 2014). Arnett et al. (2018) find for
strongly stratified convection an asymptotic limit for the dissipation length of a turbulent flow, which
they identify with ¢y ~ 5/3Hp.

For a fluid element that moves a distance ¢y, the average velocity v and temperature excess AT

can be estimated as (Egs.(6) and (7a) from Vitense, 1953)

EMLT T EMLT

AT ~ AT = — Vint) — II.1
(V = Vint) -5 (I1.13)
and
2 2£12\/[LT éi/ILT
vt =0 T = g5(V — vint) 3 » . (1114)

In the case of a non-negligible temperature excess with respect to the local temperature, the convection
cannot be considered adiabatic anymore and the temperature gradients V and Vi, need to be calcu-
lated explicitly. This can be done by combining the equation for the total flux, i.e. Fiot = Fraq + Feonv,
and by considering the energy lost as the fluid element moves over a distance (e.g. Kippenhahn &
Weigert, 1994; Maeder, 2009). In order to solve the problem, two more suitable relations are needed.
Generally, these are (i) the ratio between the energy excess of a fluid element to the energy radiated
away during its lifetime and (ii) the excess rate of energy generation minus the excess rate of energy
loss by radiation of the fluid element relative to its surrounding. This gives the same number of equa-
tions as unknowns, hence, the two temperature gradients V and Vi, can be determined, see Section
B.1.3.1 for more details.

The knowledge of V and Vi, in the convective zone allows to express the convective velocity (Eq.(I1.14))
and the convective flux (Eq.(I1.12)) in a non-adiabatic case. Furthermore, the determination of V in

the different regimes,

adiabatic convection — V = V4,
non-adiabatic convection = Viaq > V > Vint > Vag, (I1.15)

radiative — V = V,.q,

allows to calculate the energy transport in a region with the stellar structure equation in Eq.(B.4).
Finally, F.on, allows to calculate the transport of chemical species and angular momentum in the
convective region. The mixing of chemical species is most commonly done by a diffusion equation, see

Appendix C.3.1,
0

an: L9 (7‘2pDMLT£X), (11.16)

r2 or or
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Figure II.1: (a) Simplified schematic representation of a convective boundary. The radial direction is
denoted by r and the horizontal by h. The arrows give a schematic flow pattern which is sub-divided
into the various regimes explained in the text. u, is the radial velocity component and uy the horizontal
one. The figure is taken from Arnett et al. (2015). (b) A schematic illustration of the construction of
the convective boundary with the exponential decaying diffusive scheme (see Eq.(I1.17)). The fat black
line depicts the diffusion coefficient from the mixing coefficient, with a sharp drop at the convective
boundary location rcgm given by the Ledoux or the Schwarzschild criterion. The fat red line indicates
the exponential decrease of the diffusion coefficient to the convective boundary mixing scheme. It starts
inside the convective region at rg, illustrated by the dashed black line. The final diffusion coefficient
for convective mixing is shown with a yellow dashed line. The variables are explained in the text.

with the diffusion coefficient Dy = %KMLTE. In the presence of rotation, the transport of angular
momentum can be considered similar but it is often assumed that convective regions rotate as solid

bodies - see discussion in Sections II.2 and B.1.5.

1.3 Convective Boundary Mixing

The convective boundary criteria in Section II.1.1 determine the location where the buoyant driving
force of the turbulent flow changes sign, i.e. where it becomes a damping force. In this sense, the
Ledoux and Schwarzschild criteria are local criteria. However, convection not only depends on local
forces but is coupled to neighbouring layers via momentum transfer, inertia and equation of continuity.
Therefore, a fluid element that was accelerated elsewhere “overshoots” the convective boundary until
its radial motion is stopped and reversed.
3D simulations show nicely* how the flow approaches the boundary and then u-turns. In these
simulations, several sub-regions in the boundary layer can be observed. A schematic representation
of a 3D convective boundary is shown in Fig.(Il.1a) which can be divided into the following regions
(Arnett et al., 2015, other authors, e.g. Cai (2020), find similar partitioned layers):
(a) The driving region - this is the turbulent convective region where the superadiabatic excess is
positive and the material is unstable due to buoyant driving. This region is fully mixed and it is

the “convective” region associated with MLT.

4A  visualisation of the simulations by  Cristini et al. (2017) can be found at
http://www.astro.keele.ac.uk/shyne/321D /convection-and-convective-boundary-mixing/visualisations.
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(b) The turning region - as a consequence of a pressure excess and the buoyant force changing sign
the turbulent flow turns around. This region is well mixed.

(¢) The shear region - the radial velocity is going to zero and the horizontal velocity dominates. The
horizontal flow may create Kelvin-Helmholtz instabilities which entrain material from the stable
region into the convective region.

(d) The stable region - the radiative region beyond the turbulent convective regime. Gravity waves
are generated, a result of the convective flow joining the stable region (Landau & Lifschitz, 1966),
which can lead to chemical mixing in the stable “radiative” region (e.g. Rogers & McElwaine,

2017). Otherwise, there is no mixing in this region.

Contrary to the convective boundary discussed in Section I1.1.1 these layers are not static but dynamic
and subject to fluctuations (Cristini et al., 2017). Recent 3D simulations of turbulent convection (e.g.
Meakin & Arnett, 2007; Woodward et al., 2015; Cristini et al., 2017; Jones et al., 2017) show that
there is indeed a turbulent convective, a turning and a shear region.

In the 1D prescription of the MLT discussed in Section I1.1.2 the velocity at the convective boundary
drops from a finite value to zero, as if the fluid flow rams into a solid barrier. This problem arises
because the MLT only considers regions (a) and (d) in the schematic picture outlined above (Renzini,
1987). In order to account for convective boundary mixing in the framework of the MLT), i.e. regions
(b) and (c), an additional theory, or a combination of several, has to be used, patching together the
mixing after the convective boundary.

In the following, the mixing after the convective boundary is called convective boundary mixing
(CBM), which describes an ensemble of physical processes responsible for the mixing. We avoid the
term “owvershoot” in this context on purpose, despite its wide use in the literature, because it describes
a particular physical process, the vertical motion driven by buoyancy, which is part of CBM but not
the whole story. Semiconvection is mentioned separately in Section II.1.4 because this mixing process
only occurs in the context of the Ledoux criterion.

In a 1D prescription of convection only the radial velocity is considered. For that reason, convection
is often falsely® thought of as a radial up-down movement. At the 1D convective boundary, the
acceleration of the radial upwards motion becomes zero. However, the radial velocity is not zero at
this point and the fluid overshoots the convective boundary as a consequence of the Newtonian laws
(Canuto, 1998). This lead to the idea of “overshoot”, an attempt to locally account for CBM (e.g.
Shaviv & Salpeter, 1973; Maeder, 1975).

Observations show the evidence that CBM exists (see e.g. discussion in Zahn, 1991, Section 2). For

example, CBM is needed in stellar models to reproduce the main-sequence width (e.g. Maeder, 1975;

53D simulations clearly show the complexity of the turbulent flow with coherent dynamic structures (e.g. Arnett
et al., 2019, but also see movies at http://www.astro.keele.ac.uk/shyne/321D/convection-and-convective-boundary-
mixing/visualisations).
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Bertelli et al., 1984; Ekstrom et al., 2012) and asteroseismic observations (e.g. Straka et al., 2005;
Meynet et al., 2009; Moravveji et al., 2015, 2016; Arnett & Moravveji, 2017). Also, observations of
eclipsing binaries show the need to include convective boundary mixing (e.g. Tkachenko et al., 2020).
Currently, there exist different prescriptions and implementations in 1D stellar evolution codes to
account for CBM. The most commonly used prescriptions are (i) the convective penetration (Zahn,
1991) or penetrative “overshoot” (commonly referred to as “step-overshoot”) and (ii) the exponentially
decaying diffusive boundary mixing (Herwig et al., 1997). In the formalism of Zahn (1991) the efficient
heat transport across the convective border with V &~ V,q is called penetrative “overshoot”. Other
implementations use inefficient heat transport with V = V,,q, which is commonly called “overshoot”
but the use of terminology is often imprecise. The penetrative “overshoot” extends the fully mixed
region after the convective boundary by a fraction of the pressure scale height, do,, = aoHp. The
parameter o, needs to be calibrated against observations - see the discussion further down. On
the other hand, the prescription by Herwig et al. (1997) treats the convective boundary mixing as a
diffusive process. The strength of the diffusive mixing decreases exponentially from the convective
boundary, which is inspired by the exponentially decaying velocity fields seen in the multi-dimensional
simulations by Freytag et al. (1996). The diffusion coefficient Dcpy is calculated as (Herwig et al.,

1997)

-2
DCBM = DO(fO) - exXp (fCBMj{gB> (1117)

Fig.(I1.1b) schematically illustrates the resulting diffusion coefficient and the dependence of the vari-
ous variables, which are explained in the following. The diffusion coefficient is a function of distance
z =1 —19(fo) from a point close to the edge of the convective boundary. fcpum is a free parameter
which expresses the length scale of the extra mixing as a fraction of the pressure scale height at the
convective boundary, H5B. Dg(fo) is the diffusion coefficient from the MLT, taken at the location
ro(fo) = rcs — fo- Hp inside the convective zone, where r¢p is the location of the convective boundary
determined by the boundary criterion and f; is an additional free parameter®. This is done because
the diffusion coefficient from MLT drops sharply towards zero at the convective boundary. The new
diffusion coefficient is then applied starting at r(fp), thus inside the convective zone.

The amount of CBM that is applied, i.e. the calibration of ay, or fopm’, varies a lot throughout the
literature. Ekstrom et al. (2012) fit their amount of CBM to the main-sequence width of low mass
stars with a,, = 0.1. Brott et al. (2011) constrain CBM with the observed drop of the rotation rates
for massive stars with a surface gravity of log g < 3.2 and find «,, = 0.335. Recently, Schootemeijer

et al. (2019) compared a grid of stellar models with varying amounts of internal mixing to observa-

6The implementation of the “step-overshoot” in the MESA code depends on a similar second parameter - see Section
B.1.3.2.

"The two free parameters in the two prescriptions can be mapped with a mapping (conversion) factor between 10— 15
(Herwig et al., 1997; Noels et al., 2010; Moravveji et al., 2016; Claret & Torres, 2017).
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tions of massive stars in the Small Magellanic Cloud and conclude that 0.22 < «,, < 0.35 is needed
to match observed numbers of blue to red supergiants. Higgins & Vink (2019), on the other hand,
constrain massive star evolution with a Galactic binary system. They need a,, = 0.5 (and rotation -
see Section I1.2) in order to reproduce the system. Herwig (2000) find that fopm = 0.016 is needed for
convective core hydrogen burning in intermediate mass stars to reproduce the main-sequence width.
Claret & Torres (2017, 2018) do a semi-empirical mass calibration of fcpm and find a dependence
of fcm on the stellar mass, with a strong increase of fopm up to about 2 Mg where it levels off
at a value of fcpm ~ 0.0164 — 0.0181. Costa et al. (2019) reanalyse the sample of Claret & Torres
(2017, 2018) and find a wide distribution of 0.3 — 0.4 < @y, < 0.8 for masses M >1.9My. When
they include rotation, the models agree with the observed data when «,, = 0.4. Castro et al. (2014)
suggest, based on the observational spectroscopic Hertzsprung-Russell diagram of Galactic massive
stars, that the amount of CBM increases with initial mass in order to fit their empirical terminal-age
main-sequence. Other studies (e.g. Vink et al., 2010; McEvoy et al., 2015), however, do not find a
clear boundary corresponding to the terminal-age main-sequence. Nevertheless, McEvoy et al. (2015)
find hints for a broader main-sequence width than adopted in the literature. Denissenkov et al. (2019),
on the other hand, scale the fcgy with the driving luminosity, fopw oc LY/3. This relation also hints
towards larger amounts of convective boundary mixing with increasing initial mass as these stars show
a higher driving luminosity. The values commonly used in theoretical “state-of-the-art” evolution cal-
culations of massive stars range from fopy = 0.004 (e.g. Farmer et al., 2016; Fields et al., 2018) up
to feem = 0.022 (e.g. Jones et al., 2015) or fecpm = 0.025 (e.g. Sukhbold & Woosley, 2014), with
intermediate values around fopy = 0.014 — 0.016 (e.g. Choi et al., 2016; Pignatari et al., 2016; Ritter
et al., 2018). These values are significantly lower than the values for massive stars constrained by
observations and the difference will influence the structure and evolution of these stars - see Chapter
I1I.

Moravveji et al. (2015) tested the penetrative and exponential decaying “overshoot” against asteroseis-
mic observations. They found a better fit with the exponentially decaying “overshoot”. Furthermore,
Arnett & Moravveji (2017) show that the asteroseismic models from Moravveji et al. (2015, 2016) with
the exponentially decaying “overshoot” prescription create a chemical composition profile similar to
the profile in 3D hydrodynamic simulations. On the contrary, the penetrative “overshoot” creates a
step in the chemical composition profile, which is not supported by asteroseismology or 3D simula-
tions.

Stellar models that include one of the two CBM prescriptions, the penetrative “overshoot” or the
exponential decaying diffusive scheme, may be able to match some observations but they are not able
to reproduce the average shape of the complex convective boundary structure seen in 3D simulations

(e.g. Cristini et al., 2017; Jones et al., 2017). Also, the CBM model prescriptions are used regardless of
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possible chemical composition gradients at the convective boundary. Those might affect the amount

of CBM but will not prevent it entirely (Canuto, 1998).

1.4 Semiconvection

In a region of the star with a strong gradient in chemical composition the scenario can arise where

the Ledoux criterion predicts stability and the Schwarzschild criterion instability,

Vint < V < Ving + %vu. (I1.18)

This condition implies that a perturbed fluid element is stabilised by the chemical composition gra-
dient, hence, the perturbed fluid element has a higher atomic weight and is brought back to its
equilibrium position by gravity (Kato, 1966). However, following the Schwarzschild criterion, the
fluid element is hotter than its surrounding medium and it will radiate energy. Consequently, the
density in the fluid element increases, which causes the restoring force to rise and the element is
brought further back than its equilibrium position. In this new surrounding, however, the element is
lighter and moves upwards again, leading to an oscillatory movement around the element’s equilib-
rium position. This oscillatory movement slowly erodes the chemical composition gradient, thus, the
restoring force decreases, which may lead to a growth in amplitude of the oscillation. The timescale
of the growth of the amplitude depends on the time the mass element takes to adjust thermally to
its surroundings (Kippenhahn & Weigert, 1994). The growing oscillation leads to a region with slow
chemical mixing called semiconvection. Whether the semiconvective region is stabilised or becomes
convective depends on the changes of the gradients entering Eq.(IT.18).

Several methods have been developed to deal with semiconvective regions. For example, Schwarzschild
& Hérm (1958) assume that matter is redistributed, which reduces V,,, until the condition Vaq = Viad
is met. Langer et al. (1983) treat the semiconvective mixing as a diffusive process with the diffusion

coefficient
K V —Vad

DSC = Q¢ X ’
6CPP vad -V + %vu

(I1.19)

with the radiative conductivity K. The semiconvective diffusion coefficient is scaled by the semicon-
vective efficiency parameter ag.. Langer et al. (1985) estimate g to be of the order of 0.1 but more
recent studies conclude that age. > 1.0 is needed in order to reproduce observations (e.g. Schootemeijer
et al., 2019). The semiconvective diffusion coefficient assumes the adiabatic limit. The more general

Dy away from the adiabatic limit would be (Maeder, 2009)

2 K V- Vin‘c

D, = X X ’
'+1 Cpp Vad—v—k%vu

(I1.20)
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with the factor to account for radiative losses

energy transported  3p?Cpr ol . 9 r .,

= — .. Ni=——N
energy lost dacT® 6 M T D41 Tad

T

(IL.21)

Spruit (1992) derived a mixing coefficient on the assumption of layered convection. There, the trans-
port across the stable layers between layers with mixing proceeds via microscopic diffusion. The

diffusion coefficient can be written as

Dye \/KKM@, (11.22)
n

with the microscopic diffusion coefficient Kgq;¢. However, simulations show that a layered structure,
as assumed by Spruit (1992), is rapidly destroyed.

The amount of semiconvective mixing, if any, is still an unsolved problem (e.g. Langer, 2012, and
references therein). The importance of semiconvection during the evolution of a massive star will be

investigated in Chapter III.

1.5 Discussion on Thermally-Driven Mixing Processes

It is worth mentioning that there are some non-local turbulent convection theories for 1D stellar evo-
lution (e.g. Shaviv & Salpeter, 1973; Xiong et al., 1997; Canuto, 1999; Deng et al., 2006; Canuto, 2011;
Gabriel & Belkacem, 2018). For example Canuto (1999, 2011) developed a self-consistent turbulent
convection theory with a two-component fluid, which however is very difficult to apply in stellar evolu-
tion calculations. The difficulty lies in two facts, (i) the equations to solve in the turbulent convection
models are highly non-linear and unstable in numerical simulations and (ii) the complexity to include
the turbulent convective model, because in order to solve these equations the parameters of the stellar
structure are needed. In order to solve the equations of stellar structure, the temperature gradient is
necessary, which however is determined by the turbulent convective model. Therefore, in order to solve
the turbulent convective model, one must simultaneously solve the equation of turbulent convection

and the stellar structure, which is enormously challenging.

Convective boundary mixing is still an open question. 3D hydrodynamic simulations allow to in-
vestigate the dynamics of turbulent boundaries, understand their behaviour and develop theories (e.g.
Arnett et al., 2019, 2018). While these theories may explain the physics of the convective boundaries
in 3D, current state-of-the-art stellar evolution theory has to rely on 1D models due to the high com-
putation cost and small timesteps of 3D hydrodynamic simulations. Hence, the average 3D behaviour

has to be incorporated into 1D codes.
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Commonly used prescriptions for convective boundary mixing are phenomenological, based on the fact
that observations and 3D simulations suggest the existence of turbulent mixing after the boundary,
but there is a lack of theory. While it is possible to match observations by simply extending the
convective core by a fraction of the pressure scale height, it is important to remember that this is
only a constraint of the effects of convective boundary mixing, i.e. larger convective cores and higher
luminosity, but not the physics of convective boundary mixing itself. Moreover, constraining the con-
vective boundary mixing parametrisation for a certain star during a certain evolutionary stage does
not mean that other stars, or even the same star during a different evolutionary phase, experiences
the same amount of convective boundary mixing - see discussion in Chapter III. Also, an unphysical
treatment of the boundary might affect the chemical composition at the boundary location, which
consequently influences the convective history during the advanced evolutionary phases and changes
the pre-supernova structure.

Several new prescriptions are being developed for 1D stellar evolution calculations. For example,
Meakin & Arnett (2007) suggest a turbulent entrainment law at the convective boundary based on
3D hydrodynamic simulations. This prescription calculates the amount of entrained material at the
convective boundary based on the stiffness of the boundary and the turbulent convective velocity.
Recently, Pratt et al. (2017) proposed a diffusion coefficient based on a Gumbel distribution of the
penetration probability in 2D hydrodynamic simulations. Korre et al. (2019) suggest a diffusive Gaus-
sian model, similar to the exponential diffusive model from Herwig et al. (1997). However, instead of
having a free parameter to calculate the distance of the mixing they suggest to calculate the length
scale with properties of the boundary such as the convective velocity and the superadiabatic excess.
Some authors also combine several prescriptions in order to mimic the convective boundary with the
turning and the shear regions seen in 3D simulations. Michielsen et al. (2019), for example, combine

the penetrative “overshoot” and the exponential diffusive model.

2 Rotation-Induced Mixing

In Section 1.4 a short overview on rotation and how it influences the evolution of a star has been given.
It is apparent that stars rotate, which leads to a change of their equilibrium configuration and ther-
mal imbalance due to the additional centrifugal force. This can introduce instabilities. Furthermore,
rotation in stars is generally not constant but different layers rotate at different angular speeds. This
differential rotation may also introduce a number of instabilities. The rotation-induced instabilities
can lead to chemical mixing and transport of angular momentum in the interior of stars. Theses mix-
ing processes are especially important in radiative zones of a star where otherwise no mixing would

occur. This drastically changes the structure and evolution of a star, as seen in Section 1.4.
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Similar to thermally-driven mixing, rotation is a multi-D process and therefore approximative theo-
retical prescriptions are needed in a 1D stellar evolution code. On top of that, due to the historical
development, there exist different ways to describe the large scale meridional flow - see Section I1.2.2.
Moreover, the various stellar evolution codes implement the same physics differently - see discussion
in Section B.1. Therefore, the predictions of rotating stellar models depend not only on the physical
processes considered but also on how they are implemented in a stellar evolution code.

In most stellar evolution codes, the rotation-induced chemical mixing is described as a diffusive pro-
cess following Endal & Sofia (1978). In this case, the diffusion coefficient from rotational mixing is
the sum of all diffusion coefficients generated from each instability. In some cases the implementation
of the rotation-induced chemical mixing is an “order-of-magnitude” estimate (Heger et al., 2000) and
the sum is multiplied by a correction factor - see Section B.1. On the other hand, there are two
popular ways to treat angular momentum transport by rotation. One calculates the angular momen-
tum transport as a purely diffusive process (Endal & Sofia, 1978; Pinsonneault et al., 1989; Heger
et al., 2000), whereas the other applies an advective-diffusive scheme (Chaboyer & Zahn, 1992; Zahn,
1992). While the advective term arises from the meridional circulation, the diffusion coefficient for
the diffusive term is, similar to the pure diffusive case, the sum over the remaining rotation-induced
transport processes.

In this Section, an overview of all the commonly considered rotation-induced instabilities is given and
their mixing efficiency is discussed. A discussion about their implementation and treatment in stellar

evolution codes can be found in Section B.1.

2.1 Solberg-Hgiland Instability

The Brunt-Viisili frequency N? in Section I1.1.1 was derived in the absence of rotation. In a rotating
medium, however, a displaced fluid element experiences in addition to gravity and buoyancy force a
centrifugal force (Wasiutynski, 1946). This modifies the Brunt-Véiséla frequency, hence, the condition
for convective stability. This condition for stability against axisymmetric adiabatic perturbations is

the Solberg-Hgiland criterion. At the equator, the condition for stability is (Endal & Sofia, 1978)

1 d
(Vad —V+ fvu) L2z >0 (IL.23)

_ g0
Rsu = - ) r3 dr

Hp

If the specific angular momentum j ~ r2€) is constant in a region, Eq.(I1.23) reduces to the Ledoux
criterion (Eq.(I1.6)). This instability occurs in regions of decreasing specific angular momentum,
according to the second term on the left hand side, and is suppressed in thermally stratified layers.
This instability occurs on the dynamical timescale 74y, = \/W .

The corresponding diffusion coefficient of the Solber-Hgiland instability is estimated as the product
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1I.2. ROTATION-INDUCED MIXING

of the spatial extent of the unstable region ri,s, limited by the pressure scale height, and a factor
that determines the intensity of the instability, divided by the local dynamical timescale (Heger et al.,
2000),

i rR, 2
DSHI = {mm(rinst,Hp) |: gSH:| } /Tdyn~ (1124)

The implementation using Eq.(I1.24) means that the instability is smoothly turned on from stable

(Rsu = 0) and becomes more intense the more the stability criterion is violated.

2.2 Eddington-Sweet Circulation

A rotating star cannot be in thermal and hydrostatic equilibrium at the same time: In a rotating
star, the centrifugal acceleration leads to oblate equipotentials and isobars towards the equator - see
Section [.4. Since the radiative flux is proportional to the effective gravity, which is proportional to
the equipotential density, there is a flux excess at the poles and a deficiency at the equator. This
thermal imbalance causes large-scale circulation (von Zeipel, 1924a,b; Eddington, 1925; Sweet, 1950;
Kippenhahn & Moellenhoff, 1974; Kippenhahn, 1974), which is called Eddington-Sweet circulation or
Meridional circulation®.

Kippenhahn & Moellenhoff (1974); Kippenhahn (1974) estimated the radial velocity of the circulation
as

Vad Q23 [2er? 272 3

e (Ve — V) (Gm2 | T m ampr]’ (I1.25)

with the local luminosity [ and the nuclear energy generation rate € per gram and second. A gradient
in chemical composition can suppress or even inhibit the circulation, because the flow has to work
against a potential (Mestel, 1953). Formally, this effect is written as a “stabilising” circulation velocity

v,, that brakes the Eddington-Sweet circulation by friction (Kippenhahn, 1974)

Hp @Vu
S 11.26
U= e 5(V = Vaa) (T1.26)

Trey 1s the local Kelvin-Helmholtz timescale to estimate the timescale for the local thermal adjustment

of the currents (Pinsonneault et al., 1989)

. Gm?
Ty = i (I1.27)

l—me,)’

with the energy generation via neutrinos ¢,° which reduces the thermal timescale in the advanced

stellar phases.

8In the literature, there seems to be a separation of the two naming conventions: Eddington-Sweet circulation is
often associated with the circulation as described in Kippenhahn & Moellenhoff (1974); Kippenhahn (1974); Endal &
Sofia (1978); Heger et al. (2000). On the other hand, meridional circulation is linked with the solution of Zahn (1992).
Out of convenience, this nomenclature is kept throughout this work.

9The neutrino energy generation is negative because neutrinos transport energy away.
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Since the mixing of chemicals and transport of angular momentum is treated in a diffusive manner in
the MESA code used in this thesis (see Appendix B) the sign of the Eddington-Sweet circulation does
not matter but the braking u-gradient velocity will always point the opposite way to vg. Therefore,

the effective Eddington-Sweet circulation net-velocity is determined by (Endal & Sofia, 1978)

vEs = max {|vg| — |vu/, 0} (IL.28)

The diffusion coefficient is then calculated as the product of the circulation velocity vgs and the path

length of the distributing currents (Endal & Sofia, 1978)

Dgg = min {7inst, Hy gs} VEs (I1.29)
with the velocity scale height H, gs
dr
Hygs =|— 11.30
B8 ‘d In vgs ( )

and the minimum extent of the instability rinst.

Zahn (1992) solved the problem of meridional circulation in a self-consistent picture without making
a rudimentary comparison of “velocities” - see Eqs.(I1.26) and (II.28). He showed that the equation
of energy conservation, the Poisson equation and the conservation of angular momentum have to be
treated simultaneously. While the vertical transport of matter is still treated as a diffusion process,
the vertical transport of angular momentum is described by an advective-diffusive equation (Chaboyer
& Zahn, 1992; Zahn, 1992), which in the case of shellular rotation, a rotation law where the rotation

rate is constant on isobaric shells (see Section I1.2.3), can be written in Eulerian coordinates as

(IL.31)

0 ey ~ L0 gy g L2 [ pad®
10, = 5y B -0+ g oo

Here, D is the diffusion coefficient resulting from the sum of the various transport processes other than
the meridional circulation'®, ) is the average value of € on an isobar, 7 is the change of the radius
due to expansion or contraction of the star and U(r) is the amplitude of the radial component of the
meridional circulation velocity (see e.g. Maeder & Meynet, 2012, for a review). If Eq.(I1.31) is written
in Lagrangian formulation the effects of expansion or contraction will be automatically included and
the 7 vanishes. The first term on the right hand side is the advection term, indicating the transport
by a velocity current, while the second term is the already discussed diffusive term.

It is more physical to treat the meridional circulation as an advective process rather than a diffusive

one because it describes the transport by a velocity current rather than the movement of angular

10The diffusion coefficients will be in an advective-diffusive scheme and different from the ones derived in this chapter
(see e.g. Ekstrom et al., 2012, for the GENEC variant).
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momentum from a location with high concentration to an area of low concentration (Zahn, 1992).
However, it is numerically more expensive to include in a stellar evolution code since a fourth order
differential equation needs to be solved. Potter et al. (2012a,b) compared the advective-diffusive and
the purely diffusive schemes for angular momentum transport. While they found differences between
the models on the main-sequence, the authors were unable to identify a preferred implementation and
the different models lead to similar qualitative conclusions. Also, if a magnetic dynamo operates (see
Section I1.3) the magnetic coupling of differential rotating layers will dominate the transport of angular
momentum. Therefore, the difference of angular momentum transport between the advective-diffusive

and the purely diffusive scheme is negligible.

2.3 Horizontal Turbulence

Differential rotation gives rise to shear instabilities between layers with different rotation velocity,
creating turbulent motions. In a radiative region, where a thermal gradient stabilises motions in the
vertical direction, the turbulence is much stronger in the horizontal than in the vertical direction'!
(Zahn, 1992). The horizontal turbulence is characterised by a diffusion coefficient, which also expresses
the horizontal viscosity. The expression of this coefficient, however, is uncertain and three different
forms have been proposed (Zahn, 1992; Maeder, 2003; Mathis et al., 2004). The horizontal turbulent
coupling favours a constant angular velocity on isobars. This enforces shellular rotation, a rotation
law where the rotation rate is constant on isobaric shells, i.e. Q = Q(P) = Q(7) with the average
radius 7 of a isobaric shell (Zahn, 1992), contrary to cylindrical rotation for example. The inclusion of
this rotation law brings many simplifications, for example when formulating the equations of stellar
structure - see Section B.1.2. Therefore, this form of rotation law is often used in stellar evolution
codes.

Some observations support the existence of horizontal turbulent motions. For example, the solar
tachocline'? is very thin according to helioseismic observations, which can be achieved with horizontal
turbulence (Spiegel & Zahn, 1992). Also, observations of the surface CNO elements are in favour
of the horizontal turbulence as explained in the following. It was shown that when only the large
scale meridional or Eddington-Sweet circulation is included in models, the predictions of surface CNO
elements are overestimated (e.g. Charbonneau et al., 1989). The solution is that while meridional or
Eddington-Sweet currents transport both, angular momentum and chemical elements, the two trans-
port processes interact differently with the horizontal turbulence. Chaboyer & Zahn (1992) showed
that the combination of the transport of chemical elements by the meridional circulation and the

horizontal turbulence is equivalent to a diffusion process (see also Fig.(11.10) in Maeder, 2009). The

11Vertical means along the radial direction and horizontal is on an isobar.
12The solar tachocline is the region where the solid body rotation in the radiative solar core transitions into the
convective envelope, where rotation varies with latitude.
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resulting effective diffusivity by meridional circulation in presence of horizontal turbulence is much
smaller than if the circulation would be applied alone, thus, the horizontal turbulence strongly inhibits
the transport of the chemical elements by the meridional circulation. This is not the case for the trans-
port of angular momentum. For the chemical elements, both the advective and diffusive processes
operate on the same quantity, the abundance X;. In contrast, for angular momentum the diffusive
term acts on the derivative of Q while the advective term acts on the angular momentum (r sin 6)2Q.
Consequently, horizontal turbulence favours the horizontal uniformity of 2 and the meridional cir-
culation transports angular momentum, hence, angular momentum transport remains an advective
process and horizontal turbulence does not greatly affect it (Chaboyer & Zahn, 1992). Therefore, the
inclusion of horizontal turbulence will reduce the predicted surface CNO abundances but not influence

the transport of angular momentum and observations are better reproduced (Meynet & Maeder, 2000).

2.4 Shear Instabilities

In their interior rotating stars have density and angular velocity gradients, resulting from their strat-
ified structure. If this stable structure is perturbed instabilities can set in. For example, if a denser
fluid is pushed by a lighter one against gravitational acceleration the Rayleigh-Taylor instability
occurs. Another instability arises if two neighbouring regions rotate with different velocities, the
Kelvin-Helmholtz instability. The balance between the two instabilities needs to be studied in detail.
While a velocity gradient between differentially rotating layers may trigger an instability, a density
stratification favours stability. The condition that expresses the stability is the Richardson criterion
(e.g. Endal & Sofia, 1978), where instability leads to the dynamical shear instability. However, heat
losses and diffusion may change the stability of fluid elements, leading to the so-called secular shear

instability.

2.4.1 Dynamical Shear Instability

The Richardson criterion was first derived by Chandrasekhar (1961). A velocity gradient between
differential rotating layers provides energy to overcome the gravitational potential for the fluid element
to adiabatically turnover. Assuming there are two neighbouring fluid elements at locations z and z+dz
with velocities v and v + dv, the work per unit volume to be done against gravity to exchange the two

elements is

dz dz

d ini d ex
OWearay = gopdz; with ép = < Pint P t> ,

(I1.32)

with the density excess dp (see Section II.1.1) at the end of the displacement. After their displacement,

both elements have the average velocity 1/2(v 4+ dv). The kinetic energy per unit volume available to
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provide work against the gravitational potential is the difference between the total initial and total

final kinetic energy,
1 1 L
0Eiin = 5p v+ (v+60v)2 -2 (v+ 5511)2 = 10(5’0)2~ (IL.33)

The instability occurs when the kinetic energy from differential rotation overcomes the work against
the gravitational potential, hence, d Exin > 0Wgray and which becomes for infinitesimal small variations
g N?

) 1 .
7?/Lcrit - Z > ;W = RZ, (IIS4)

with the critical Richardson number Ric;; and the stabilising buoyancy frequency. Here, the gravity
entering the Brunt-Vaisala frequency is the effective gravity to account for the rotational distortion.
The Richardson criterion does not account for thermal effects. This assumption is only valid if the
instability works on a fast, dynamic timescale, i.e. when the Peclet number!?® is much larger than
1. This condition is met, for example, during the advanced pre-supernova phases in massive rotating
stars.

Different formulations of the dynamical shear diffusion coefficients Dpgr can be found in the literature
(Zahn, 1992; Maeder, 1997; Heger et al., 2000; Briiggen & Hillebrandt, 2001; Hirschi et al., 2004).
The diffusion coefficient of the dynamical shear instability used in this work is estimated similarly
to the diffusion coefficient of the Solberg-Hgiland instability in Section I1.2.1 (Endal & Sofia, 1978;

Pinsonneault et al., 1989; Heger et al., 2000),

R. 2
Dps = {min(rinst,Hp) [1 ~ max( ! ,0)]} JTayn. (IL.35)
crit

The term in the second bracket allows for a smooth transition from a stable region (Ricit < Ri) to

the unstable region and increases the mixing as the instability increases.

2.4.2 Secular Shear Instability

The assumption that the thermal timescale is negligible is not necessarily the case. Therefore, more
generally heat losses and heat diffusion need to be taken into account. These effects reduce the thermal
stratification and the shear instability can occur in regions that are stable according to the Richardson
criterion derived in Eq.(I1.34). This process operates on a thermal timescale and is therefore a secular
process, hence the name secular shear instability.

The stability criterion for the secular shear instability needs to consider the stabilisation of thermal

stratification including heat losses and the stabilising gradient in chemical composition. Endal & Sofia

13The Peclet number is the ratio of the thermal to the dynamical timescale, Pe = v/ K, with the radiative conductivity
K.
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(1978) include two conditions, that need to be violated simultaneously for the secular shear instability
to set in.

The Prandtl number Pr is the ratio of thermal diffusion time scale to the angular momentum diffusion
time scale and can be calculated by dividing the kinematic viscosity by the thermal diffusivity. A
strong thermal diffusion thus results in a small Prandtl number, Pr < 1 and the stabilising effect of
the density gradient is removed, resulting in a stronger secular shear. The first criterion for instability

against secular shear is (Endal & Sofia, 1978)

R ri . 1
Risst,1 = ; LPrRi < T (I1.36)

with the critical Reynolds number* R ~ 10% (Zahn, 1974).
The stability condition for Riggr; implies that any differential rotation is unstable in the inviscid
limit (Pr — 0), despite any stabilising gradient in chemical composition. However, this is not correct
because the timescale for chemical diffusion is longer than the thermal timescale. In order to account
for the effect of the p-gradient, the second condition for instability is the Richardson criterion in
Eq.(I1.34) but only the V,, in N? is considered (Endal & Sofia, 1978; Heger et al., 2000),

g°e Vi 1

) =" < - II.
Risst.2 pHp (0v/02)? <1 (IL.37)

If both criteria, Eqgs.(I1.36) and (I1.37), are met the secular shear instability arises. The growth
timescale of this instability, 7ss1 ~ Rerit/|d€2/dInr|, is long compared to the dynamical timescale but

shorter than the Kelvin-Helmholtz timescale. The velocity of the instability, which is needed to esti-

mate a diffusion coefficient, can be calculated from the ratio of the size scale, ring; ~ \/l/dRcrit/\dQ/d In 7|

and the timescale,

= . I1.38
vsst Rerit dInr ( )
The diffusion coefficient is then computed by
Ri Ri 2
Dss1 = min(vsst, ;) min(H, ss1, Hp) {1 _ max( Z;;T’l’ iss1.2) , (IL.39)
Lerit

with the speed of sound, ¢, and the velocity scale height of the flow, H, ss1 = |dr/dInvsg|. Similar
to the dynamical shear instability, the diffusion coefficient smoothly increases as the stability criterion
is more violated.

The horizontal turbulence from Section I1.2.3 reduces the chemical composition gradients and tem-

perature stratification (Maeder, 1997). Consequently, the limiting chemical composition gradient in

14The Reynolds number is the ratio of inertial to viscous forces. This number helps in predicting flow patterns, i.e.
at a high Reynolds number a fluid flow tends to be turbulent.
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Rissr,2 is reduced and might not completely suppress the occurrence of the shear instability, thus,
some mixing can occur. In order to take the reduction of the chemical composition gradient and the
temperature stratification into account, Heger et al. (2000) introduce two parameters € [0, 1], which
they multiply to chemical mixing efficiency and the V,, respectively - see also discussions in Chapters

B and IV.

2.5 Baroclinic Instabilities

A star with solid body rotation or a cylindrical rotation law is barotropic and p, P and T are constant
on equipotentials - see Section I.4. In other cases of differential rotation, such as shellular rotation,
quantities other than the pressure vary with latitude and the star is baroclinic. The variation of
the different quantities with latitude depends on the gradient of Q. This baroclinicity introduces
various instabilities such as the Goldreich-Schubert-Fricke instability, the ABCD instability (Spruit
et al., 1983) and the triple-diffusive instability (Knobloch & Spruit, 1983). The latter two instabilities
currently lack reliable estimates of their mixing efficiencies. Therefore, their inclusion into stellar

evolution codes is unjustified (Heger et al., 2000).

2.5.1 Goldreich-Schubert-Fricke Instability

The Goldreich-Schubert-Fricke instability arises when there is an angle between surfaces of constant
specific angular momentum and the rotation axis (Goldreich & Schubert, 1967; Fricke, 1968). The
conditions for stability are

9j

o0
> il
- 0 and > 0

(11.40)
The first condition is the secular version of the Solberg-Hgiland criterion, where thermal conduction
removed the stabilising temperature gradients. The second condition leads to a baroclinic instability
if the rotation rate depends on the distance from the equatorial plane. A displaced fluid element will
have a larger amount of angular velocity than its surrounding and the excess centrifugal force on this
element will further displace it. Accordingly, if the rotation profile is not conservative, meridional
flows will be driven which tend to enforce uniform rotation in chemically homogeneous regions (Endal
& Sofia, 1978). The stabilising buoyancy force on the displaced element can be removed by heat losses
on a thermal timescale. The larger the angle between the rotation axis and the lines of constant
rotation, the stronger this instability will be and its dependence on differential rotation is stronger

than for the Eddington-Sweet circulation. The circulation velocity can be estimated as (Endal &

Sofia, 1978)
2HT d1n )
Vg = L 1 VE,
H; dlnr

(I1.41)
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with the Eddington-Sweet circulation velocity vg, Eq.(I1.25), the temperature scale height Hp =
—(dr)/(dInT) and the angular momentum scale height H; = (dr)/(d1lnj). The Goldreich-Schubert-
Fricke instability has the same dependence on the chemical composition gradient as the Eddington-

Sweet circulation, hence, the total circulation velocity is calculated in the same way,

vasr = max {|vg| — |v,], 0} (IL.42)

and so is the diffusion coefficient

Dasr = min {rinst, Hy asF } vase (11.43)

with the velocity scale height H, qsr

dr

_—. 11.44
dln VGESF ( )

H, gsr = ‘

2.6 Discussion on Rotation-Induced Hydrodynamic Mixing

The treatment of the mixing processes in 1D stellar evolution codes includes many uncertainties. The
uncertainties arise because of the approximate and parametrised way the processes are included in
stellar modelling. For example Edelmann et al. (2017) compare 2D and 1D simulations of the dynam-
ical shear instability and conclude that the dynamical process operates on a much faster timescale
than the evolutionary timesteps in the 1D simulations. As a result, the estimated mixing efficiency
will be overestimated in 1D simulations. Another example is the treatment of a possible chemi-
cal composition gradient. In the rotational instabilities discussed above, this gradient is taken into
consideration by writing it formally as a “breaking-velocity”. This obviously is not the proper treat-
ment, which leads for example to the scenario that a chemical composition gradient can completely
suppress rotation-induced mixing - see discussion in Chapter IV. Other uncertainties are due to the
different schemes used, either a purely diffusive or an advective-diffusive scheme, and approximations
within these schemes. For example, Heger et al. (2000) names the derived diffusive descriptions of
the rotation-induced mixing processes “order-of-magnitude” estimates and therefore scales the sum of
their diffusion coefficients with a parameter - see Section B.1.4. This, however, leads to the question
how much they have to be scaled, if the scaling applies the same way in different stars and whether
all the estimates have to be scaled by the same amount. On the other hand, in the advective-diffusive
scheme, there exist different prescriptions to express the horizontal turbulent coefficient (Zahn, 1992;
Maeder, 2003; Mathis et al., 2004) and two different expressions of the shear turbulence (Maeder,

1997; Talon & Zahn, 1997). Also, in both the purely diffusive and the advective-diffusive schemes, the
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various rotation-induced instabilities are considered separate and their effects are summed together.
This neglects any interaction between them. Maeder et al. (2013) show that the different instabilities

interact with each other and should not be taken into account separately.

The transport of angular momentum by hydrodynamic instabilities alone is not sufficient and the
predicted core rotation rates from 1D calculations are too fast compared to observations (e.g. Heger
et al., 2000; Suijs et al., 2008; Eggenberger et al., 2012; Mosser et al., 2012; Cantiello et al., 2014).
Therefore, an additional mechanism needs to be included. Potential candidates are magnetic dynamos
(see Section I1.3 and e.g. Spruit, 2002; Fuller et al., 2019) and gravity waves (e.g. Talon & Charbonnel,
2005; Belyaev et al., 2013; Fuller et al., 2015b; Edelmann et al., 2019). For a recent review on rotation
rates in lower mass stars inferred by asteroseismology and angular momentum transport mechanisms

see e.g. Aerts et al. (2019).

3 Magnetic Fields

Stellar observations show the existence of surface magnetic fields in stars across the Hertzsprung-
Russell diagram and in compact remnants, allowing to measure and characterise them (e.g. Donati
& Landstreet, 2009; Mathys, 2012; Ferrario, 2018). The presence of magnetic fields in massive stars
is often accompanied with slow rotation and a chemically peculiar photosphere (Walder et al., 2012).
Only a small amount of O- and B-stars (< 10%) are reported to have large-scale surface magnetic fields
(Donati & Landstreet, 2009; Fossati et al., 2015). Strong magnetic fields in the cores of stars have
been potentially indirectly detected through asteroseismology, where the magnetic field is thought to
have suppressed dipole oscillatory modes (Fuller et al., 2015a).

There exist two configurations of magnetism: the long-lived, stable and the short-lived, dynamical
configurations. The stable configurations are thought to be fossil fields, which originate from the mag-
netic field in the interstellar medium and get amplified during the formation of a star (e.g. Braithwaite
& Nordlund, 2006). Dynamical field configurations, on the other hand, are thought to be driven by
instabilities and dynamos in rotating stars (Tayler, 1973; Wright, 1973). The understanding of both
types of magnetic configuration is still ongoing (see e.g. Walder et al., 2012, for a review).

Magnetic fields are often one of the least explored topics in stellar evolution theory. Nevertheless,
magnetic fields play a crucial role in some specific problems of stellar evolution. For example, mag-
netic fields can transport angular momentum by torques further reducing the core rotation, or the
interaction between rotation and magnetic fields can wind up the magnetic field lines causing insta-
bilities by magnetic buoyancy. Even initially weak magnetic fields in the interior of stars are expected

to affect the angular momentum transport (Mestel, 1953), which then leads to further changes such as
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Figure I1.2: A schematic representation of the Q-effect and a-effect. The black and purple lines
indicate magnetic field lines.

transport of chemical elements and mass-loss. Magnetic fields affect the final fate of massive stars and
exotic objects such as gamma-ray bursts (e.g. Woosley & Bloom, 2006) and magnetars (e.g. Woosley,

1993; Lyutikov & Blackman, 2001; Woosley & Bloom, 2006; Turolla et al., 2015).

3.1 Magnetic Instabilities and Dynamo Processes

In general, a magnetic dynamo is a process where a magnetic field is preserved against ohmic dissi-
pation by a fluid flow and is amplified in the process by field line stretching. In principle, a dynamo
converts kinetic energy into magnetic energy. The challenge with massive stars is that their envelopes
are radiative, at least most of their life on the main-sequence, therefore the solar-type dynamo!®
cannot be applied. Alternative explanations are a different kind of dynamos or the above-mentioned
fossil fields, maybe even a combination of both. The precise origin of both alternatives is still under

debate. One of the problems is the stability of the magnetic fields involved in the dynamo process.

While dynamo theories generally rely on instabilities of the magnetic field to close the dynamo loop,

151n the Sun shear and turbulence near the surface convective zone may create loops in the toroidal or poloidal field
lines. [Both, poloidal and toroidal, refer to directions relative to a torus. The poloidal direction is the short way around
the surface of the torus, whereas the toroidal direction follows the outer radius around the torus. Historically, these
coordinates have been used in context of the Earth’s magnetic field, with toroidal being parallel to lines of latitude and
poloidal being the direction of the magnetic ﬁeld.] These loops then generate an electrical current, which according to
Amperes’ law creates a field of the opposite component (o effect). Furthermore, poloidal field lines in a differentially
rotating star are stretched, creating toroidal components (€2 effect) - see also Fig.(I11.2).
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fossil field theories depend on stable field configuration so that it lasts for the lifetime of a star. It
has been shown that magnetic fields with mixed poloidal and toroidal components are stable and that
initially unordered fields often relax to this long-lasting mixed topology (Braithwaite & Spruit, 2004;
Braithwaite & Nordlund, 2006). On the other hand, pure poloidal fields are unstable if some field
lines close outside of the star (Wright, 1973) and a pure toroidal field is unstable to non-axisymmetric
perturbations (Tayler, 1973; Wright, 1973).

In the convective core of massive stars a dynamo process is likely to exist (Charbonneau & MacGre-
gor, 2001; Brun et al., 2005), however, it is currently not clear if these generated fields can reach the
surface. In case of rotating stars, differential rotation can generate a dynamo action in the radiative
zone, the so-called Tayler-Spruit dynamo, but it is dependent on the gradient in the rotation rate
(Spruit, 1999, 2002). In this case, the magnetic energy is generated from differential rotation.

An operating dynamo process in the interior of a differentially rotating star creates a torque. This
torque can couple the differential rotating layers and reduce the degree of differential rotation, if it
acts on a faster timescale than the process that creates the differential rotation, i.e. spin-down or

stellar evolution timescale. This may lead to near-solid body rotation - see also Chapter IV.

3.1.1 Tayler Instability

There are several magnetic instabilities that may occur, which all produce displacements that affect
rotation and the magnetic fields. The most important one is the Tayler instability, because this
instability has the lowest threshold and the shortest timescale of the known magnetic instabilities.
Tayler (1973) showed for a non-rotating star that a purely toroidal magnetic field B, (r, §) is unstable
on the Alfvén timescale 7o = wgl = R/va 16 in a stably stratified medium, even if the field is weak.
Assuming a simple picture with an azimuthal magnetic field (see e.g. Fig.(I1.2)) where the field lines
are ordered concentric around the rotation axis as shown in Fig.(II.3). Between the magnetic loops
there is a magnetic pressure Py = B?/(87). As a consequence, the loops move apart sideways from
the axis of rotation in a disordered way. The instability is mostly restricted to horizontal surfaces
where it avoids work against the stable stratification.

Pitts & Tayler (1985) showed that the Tayler instability also occurs in rotating stars. There, however,
the growth time of the Tayler instability is op = w3 /2 instead of wa because the oriolis force reduces
the growth rate of the instability. This argument assumes that ws < €2, which is generally the case
with the ordering (Spruit, 2002)

N> Q> w,. (I1.45)

16with the Alfvén frequency, wa, and the Alfvén velocity, v = B2/(4mp) = (tension)/p, the velocity with which the
magnetic perturbation of the magnetic field propagates along the field lines, i.e. it characterises magnetic equilibrium
in a non-rotating star.
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Figure I1.3: Left: A schematic representation of the Tayler instability. The concentric rings around
the rotation axis, indicated with the rotation velocity €2, represent an azimuthal magnetic field, which
is exposed to a magnetic pressure, indicated by the red arrows. As a result, the magnetic loops move
apart sideways (black arrows) as an unordered m = 1 instability. Adapted from Spruit (1999).
Right: Schematic representation of magnetohydrodynamic instabilities near the rotation axis of a
star. The magnetic field lines are indicated with arrows on the “rings”. The figure shows the m = 0
disturbance, which requires motion along the rotation axis, and the m = 1 instability, which involves
motion mostly perpendicular to the rotation axis. Adopted from Tayler (1973).

Considering thermal effects, the minimum Alfvén frequency for the Tayler instability to occur can be
found by equating the minimal amplitude of the instability so that it is not damped and the condition
that the magnetic energy has to be larger than the kinetic energy of the restoring forces. This gives

the condition (Spruit, 1999)

s ()W) ) o

with the magnetic diffusivity n and the thermal diffusivity K.
In a slowly rotating star, however, the condition changes to wa > €. In this case, the Richardson

criterion (Eq.(I1.34)) is first met and the shear instability arises before the Tayler instability sets in.

3.1.2 Tayler-Spruit Dynamo

The first proposed magnetic dynamo operating in the radiative region of a differential rotating star,
often called Tayler-Spruit dynamo, was suggested by Spruit (1999, 2002). The driving magnetic
instability of this dynamo process is the Tayler instability, discussed in Section I1.3.1.1.

In a schematic picture, the magnetic dynamo loop works in the following way. For simplicity, the initial
configuration is a star with a shellular rotation Q(r) and an initially weak poloidal magnetic field'7.

Differential rotation winds up the radial component B, of the poloidal field, forming an azimuthal

17 A strong field would lead to magnetic coupling between differential rotating layers, hence, the star would rotate as,
or close to, a solid body. Furthermore, a weak magnetic fields obeys the condition wy < Q.
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field B, after a few rotation periods. The field components evolve as (Spruit, 1999)

0B, _, 9By _, 9B,
ot 9t ot

= rsing BpVe, (I1.47)

with the poloidal field Bp and the angle of latitude 6. After a few differential turns the field component
B, is

¢ vQ
B, = Tsin@/ VQ|dt x {B } , I1.48)

were the term rsin 6 fot |[VQ|dt is a factor that accounts for the number of differential revolution, i.e.
the number of rotations due to differential rotation , normalised by 27 and VQ/|V§)| is a unit vector
in the direction of the gradient of €2, i.e. orthogonal to the horizontal layers. In simple terms, the
initially weak magnetic field is amplified depending on the differential rotation and number of differ-
ential turns, meaning that the rotation energy is transferred into magnetic energy'®. The azimuthal
magnetic component, B, grows linearly in time and eventually dominates over B,.. At some point, B,
becomes unstable to the Tayler instability discussed in Section I1.3.1.1. While this instability mainly
generates horizontal components of the magnetic field, it also produces a small amount of B,., which
is limited by the action of the buoyancy work. The radial component of the field is further wound up
by differential rotation, amplifying the field component B,. The toroidal field is once again unstable,
closing the dynamo loop. The maximal amplitude of the magnetic field generated by this dynamo
action is limited by dissipation effects. The horizontal component of the magnetic field favours shellar
rotation whereas the vertical component favours solid body rotation.

In his work, Spruit (2002) considered two cases, case ( where the chemical composition gradient dom-
inates over the thermal gradient and case 1 with V,, = 0. In the following the two cases are considered
and indicated with the subscript 0 and 1, respectively. The condition for the occurrence of the Tayler
instability (Eq.(I1.46)) is for case 1 were thermal diffusion reduces the stabilising stratification. In
case 0, (n/K) = 1. Spruit (1999) assumed n/K < 1 for the derivation of Eq.(I1.46), hence it is less
restrictive. Therefore, the Tayler instability sets in at lower field strengths in case 1 than in case 0.
Spruit (2002) derives the amplitudes of the dynamo-generated field for a steady equilibrium where the
amplification timescale due to the dynamo matches the damping timescale due to magnetic diffusivity.

He finds for the saturated field components generated by the dynamo process in case 0

102 )2
B, = (4mp)> ’I‘QF, B,o=g¢q i Bgo (11.49)

18This is fundamentally different from, for example, the solar dynamo, where the dynamo is driven by the convective
velocity field.
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and in case 1

1 1 1 1
1 1 Q)8 K 8 Q\* K E
B¢71 = (47Tp)2 T(IQQ <N) <7"2]\]> y Br71 == (N) (712]\[> Bga,l- (1150)

q is the dimensionless differential rotation rate or shear

_ 0lnQ
1= Olnr’

(IL51)

The dynamo process generates magnetic energy from differential rotation. Therefore, in order for the
dynamo process to operate there has to be a minimum amount of differential rotation. Spruit (2002)

derived the minimal necessary shear for the Tayler-Spruit dynamo to be active as

w-(3) )t ama() 152

If the shear is below this limit, then the differential rotation is not strong enough to amplify the

magnetic field in the dynamo loop.

It is worth noting that Maeder & Meynet (2004) avoid the simplification to assume that either the
temperature gradient or a gradient in chemical composition dominates and derive the Tayler-Spruit
dynamo theory for the general case. This also includes non-adiabatic effects, which favour the growth
of the magnetic fields. However, the solution of Maeder & Meynet (2004) requires a fourth- order

differential equation to be solved which is computational expensive and can make the code unstable.

11.3.1.2.1 Angular Momentum Transport by the Tayler-Spruit Dynamo

The main implication of the dynamo process and the magnetic field it produces is the ability to
transport angular momentum. This is especially crucial in radiative layers where otherwise only the
less efficient rotation-induced hydrodynamic instabilities transport angular momentum. The magnetic
coupling is strong enough to favour a solid body rotation and efficiently spin down the cores. This
results in a faster surface rotation, which favours mass and angular momentum loss.

The torque by volume unity, Sg, induced by the magnetic fields can be obtained by writing the

Lorentz force and the Maxwell equation (47/c)j =V x B,
1 . 1
SB:I‘XFL:*I‘X(JXB):II'X((VXB)XB), (IL.53)
c 77

which can be written approximately'® in modulus form as Sg ~ (1/47) B, B,,, hence, for the two cases

19This form is a dimensional estimate by taking r - %—}f -Bx~déB-B
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of Spruit (2002)

1 1
5 () Q\Z [ K \*
SB70 ~ pQZT2q3 (N) , SB,l ~ pQQ'f’zq <N> (7‘2]\7) . (1154)

The stress can be expressed in terms of the kinematic viscosity v = n/p, which relates the shear and
the magnetic torque as Sg = prrdQ/or = pvQq. Combining this and Eq.(I1.54) yields the viscosities

for the angular momentum transport,

4 1 1
K 2
vy = 1r2Q¢° (2) , v =120 (j\i) (7’2]\7> . (I1.55)

Surprisingly, if the dynamo is active, i.e. the shear satisfies the condition ¢ > ¢1, the effective viscosity

Nl=

in case 1 is independent of the shear rate. These viscosities determine the radial transport of angular
momentum under the assumption of shellular rotation.

Under the assumption of a monotonic dependence of the stress on the chemical and thermal strati-
fications, Spruit (2002) suggest a patching formula to connect the two limiting cases. The minimum
shear for the dynamo to operate can be taken as the sum gnin = qo + g1, which takes into account
that the dynamo action is only possible when V() is strong enough to overcome the chemical and
compositional stratification. The effective viscosity produced by the Tayler-Spruit dynamo-generated
magnetic field can then be patched together?® with the modified viscosities of the two limiting cases,

Vo and vy, as
VN# . VNT
UN, + UNgp

fa), (I1.56)

VAM, TS =

with

Nl

)\’ 0 K \? o\t
_ .2 2 — 2 2
vN, =18 <Nu> , UNy = 7 max { <NT> <T2NT) ,q <NT> } . (I1.57)

The max-function for vy, is included to correct for the error in its derivation of not including cases
where thermal diffusion has no effect (Spruit, 2002). The factor in Eq.(I1.56) includes the stabilising
effects of the chemical composition and the thermal stratification at the same time. The function f(q)
causes the viscosity to decrease smoothly when the shear approaches the minimum amount required

for the dynamo action to operate and is zero if the dynamo does not operate,

fla) = F /00> i) (I1.58)

0 (q S Qmin)

208pruit (2002) admits the algebraic complexity of an expression for the general case and, considering the sophistication
of the analysis, presents a simpler patching formula to connect case 0 and case 1. Note however, that Maeder & Meynet
(2004) derived the Tayler-Spruit dynamo for the general case.
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The viscosity for angular momentum transport can then be included in the diffusion equation to

calculate the change in angular momentum - see Appendix C.3.2.

11.3.1.2.2 Chemical Mixing by the Tayler-Spruit Dynamo

The dynamo process described above creates fluid motion that can mix the chemical elements. In
the radial direction the mixing is generated by the same displacements that produce the magnetic
diffusivity. Therefore, the effective diffusivity of the Tayler-Spruit dynamo Drg can be set equal to
the effective magnetic diffusivity within a factor of unity (§3.2 Spruit, 2002). This results in a similar

patched form for the effective diffusivity,

= e TN p(g), (I1.59)

with f(q) defined in Eq.(I1.58) and

3 3
Q\° Q\1/ K \? Q\°
Dy =72Qq¢* [ — Dn.. = r2Q — == ) IL.
Nu r q <NH) ’ Nt r max{q<NT> (T2NT) »d NT ( 60)

The comparison of vrg and Drg shows that the latter is generally smaller, since Q <« N. This

is because angular momentum is transported by magnetic stresses whereas the chemical mixing is

produced by Reynolds stresses from the fluid flow.

3.1.3 Fuller-modified Tayler-Spruit Dynamo

The Tayler-Spruit dynamo discussed in Section II.3.1.2 enables more angular momentum transport
in stars. Comparisons with observations, however, suggest that this dynamo process alone does not
transport enough angular momentum - see discussion in Section II.3.2. Furthermore, there are also
problems with the Tayler-Spruit dynamo as proposed by Spruit (1999, 2002). The Tayler instability
grows fastest in the non-axisymmetric m = 1 mode (Tayler, 1973, ; see Fig.(I.3)). Hence, the
B, magnetic field component generated by the instability is non-axisymmetric (Zahn et al., 2007).
Consequently, the winding up of B, will not give an axisymmetric net increase in the B, magnetic
field component and the axisymmetric components of B, and B, are not necessarily related via
Eqgs.(I1.49) or (I1.50). Also, Spruit (2002) might overestimate the damping rate of large background
fields B, that vary on much larger lengthscales than the displacement of the Tayler instability [,
(Denissenkov & Pinsonneault, 2007), which is normally taken as the typical lengthscale for damping,
Ydamp ~ Neft/ 12, with an effective turbulent diffusivity n.g. Such a large scale field is more or less
constant on the displacement lengthscale. Thus, displacements do not mix the field’s lines of opposite
polarity and no magnetic reconnection or dissipation occurs. Fuller et al. (2019) show that loops in

the field can still dissipate via reconnection after mitigation to the poles where the loop has a smaller
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spatial extent. This mechanism, however, causes less damping of the large scale component of B,,.
Therefore, the saturated values of the magnetic field components can reach larger values and produce
stronger magnetic torques.

Based on these issues, Fuller et al. (2019) calculate the damping of the perturbed non-linear fields

from the Tayler instability,  B. They find a non-linear energy dissipation rate of

. v
Eump ~ =~ |0BL |, (IL61)

with the perturbed Alfvén frequency dva ~ 6 B/+/4mp and the horizontal component of the perturbed
magnetic field 6B, . This is one of the key differences to Spruit (2002) who uses (i) the large-scale
background magnetic field B, to determine the energy dissipation and (ii) for the turbulent damping
rate at saturation the growth rate of the magnetic field, Fgamp ~ 05|0B,|? = (w3 /Q)|6B,|?. Fuller
et al. (2019) argues that this is unphysical because it is the Alfvén waves that travel on B, that are
damped after cascading to small scales, not B, itself.
At saturation of the instability a statistically stationary state is reached where the growth rate is
equal to the damping rate, (w3 /) ~ (dva/r), and the perturbed and background fields are related
by 6B, ~ (wa/?)B,. Hence, the non-linear energy dissipation rate can be written as a function of
the background field

Edamp ~ %|B@|2. (I1.62)

In the picture of Fuller et al. (2019), the energy from differential rotation is converted into magnetic
energy by winding up a radial field into a toroidal field. The latter is then unstable to the Tayler
instability, which converts the magnetic field energy into magnetic and kinetic energy of the perturbed
magnetic and velocity field. These perturbations are then damped into heat by the turbulent cascade.
Therefore, in the stationary state, the rate of the amplifying energy, Eamp ~ 2B¢B¢ ~ ¢Q0B,B,, must

be the same as the energy dissipation rate, giving
wi 2
1B, B, ~ RE |B,| (I1.63)

Combining the above equations and the ratio®! (B,./B,) ~ wa /Neg, with the effective Brunt-Visélé fre-

quency Neg =~ 7:N7 + N2 (see Eq.(IL.3) but also the discussion in Fuller et al. (2019), Appendix C)

21This ratio is the same as for the Tayler-Spruit dynamo. However, there it is only valid for the non-axisymmetric
component of B, whereas in the Fuller-modified case it relates the axisymmetric component of B, and By.
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to account for radiative losses, it is possible to write the amplitudes of the fields at equilibrium

ol

1
QQ5 3
BV’:wANQ(qQ> ; BTNQ<q = ) ;
\/ 4mpr? Neg VA pr? Ny
2
H
5B NMM&(M>’6MNQW, (IL.64)
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11.3.1.3.1 Angular Momentum Transport with the Fuller-modified Tayler-Spruit dy-
namo

The fields in Eq.(I1.64) couple differentially rotating layers, similar to the Tayler-Spruit dynamo
in Section I1.3.1.2.1, and transport angular momentum. The angular momentum transport can be

calculated in the same way as for the Tayler-Spruit dynamo by first calculating the magnetic torque
Q \2
SBrvlﬁJ%rv4wm2qQQ<> (11.65)
N, eff

which then relates to an effective diffusivity of angular momentum

‘SB 3 2 Q ?
M = = Ql — II.
VAM,TSF 47t pgfd ar Neg (T1.66)

The factor « is introduced to account for the prefactors in the magnetic energy dissipation balance,
which is difficult to predict in an analytical argument (Fuller et al., 2019). « parametrises the result

via the saturated Alfvén frequency,

O\3
wA:aQ(; ) , (I1.67)
eff

and is of order unity to fit observational data (Fuller et al., 2019).
As for the Tayler-Spruit dynamo, the Fuller-modified dynamo needs a minimum amount of differential
rotation in order to operate, which is obtained by combining the condition for instability, Eq.(II.46),

and the saturated Alfvén frequency, Eq.(IL.67), giving

5
71 Neg 2 n %
qmﬁ(9>(mﬁ. (11.68)

11.3.1.3.2 Chemical Mixing by the Fuller-modified Tayler-Spruit Dynamo

Fuller et al. (2019) estimated the effective diffusivity of the Fuller-modified Tayler-Spruit dynamo as

QN2 /g3
D ~ 720 . 11.69
rer 0 (55 (1) (11.69)

The ratio of the effective chemical mixing diffusivity to effective angular momentum diffusivity is
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Drsp/vam sy ~ (qQ/NCﬁ-)5/3. In most stars Q/Neg is tiny, hence, the chemical mixing by the
dynamo process is less important than angular momentum transport. Generally?2, the timescale for
chemical mixing is longer than the Ohmic diffusion timescale, which is longer than the stellar evolution

timescale (Cantiello et al., 2016). Therefore, the chemical mixing is negligible (Fuller et al., 2019).

3.2 Discussion on Magnetic Fields

Stellar models that include the Tayler-Spruit dynamo are able to efficiently extract angular momen-
tum from the core. For example, this allows the explanation of the near solid body rotation of the
Sun (Eggenberger et al., 2005). A more efficient angular momentum transport will also predict slower
rotation rates of neutron stars and black holes. However, while the Tayler-Spruit dynamo is efficient
at extracting angular momentum from the core of a star, it fails to reproduce the slow rotation rate
of white dwarfs, neutron stars and black holes (Heger et al., 2005; Suijs et al., 2008) or the internal
rotation profiles of sub-giants or red giants (e.g. Eggenberger et al., 2012, 2019a,b; Cantiello et al.,
2014). The Fuller-modified Tayler-Spruit dynamo enables to spin down stellar cores more efficiently
and it can match the rotation rates of neutron stars (Fuller et al., 2019; Ma & Fuller, 2019) but it
cannot explain the observed rotation profiles in low mass stars in its current form (e.g. den Hartogh
et al., 2019; Eggenberger et al., 2019¢). The problem is that it cannot simultaneously reproduce the
trend of the asteroseismic measurements in the sub-giant and giant stars.

The existence of the Tayler-Spruit dynamo is still strongly debated. Magnetohydrodynamic simula-
tions of instabilities in the radiative zone of a differentially rotating star of Braithwaite & Nordlund
(2006); Zahn et al. (2007) show the presence of the Tayler instability. However, while the simulations
of Braithwaite & Nordlund (2006) find the existence of a dynamo loop, the results by Zahn et al.
(2007) do not show any dynamo action. Also, Riidiger et al. (2012) analyse the linear theory of the
Tayler instability and do not find any dynamo action resulting from this instability.

Also, there are other open questions correlated to a magnetic dynamo process. For example little is
known about either the strength of the initial field or the efficiency of instabilities in amplifying the
magnetic fields.

There are other magnetic instabilities that might operate in stars (see e.g. Spruit, 1999). For example,
in a differential rotating star where the angular momentum decreases outwards, a weak magnetic field
is unstable to the magneto-rotational or magnetic shear instability (Velikhov, 1959): Radial motion of
a fluid element in a magnetic differentially rotating region is opposed by two effects: (i) the magnetic
field enforces rigid rotation and (ii) the stretched field lines try to bring back the fluid element. While
(ii) favours stability, (i) leads to an instability because the fluid element has an excess of angular

momentum, similar to the second term in Eq.(I1.23). Wheeler et al. (2015) found that the magneto-

22unless ¢ > 1 or Neg < N.
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rotational instability operates in massive stars during the post-main-sequence evolution throughout
the intermediate stages, where it can additionally slow down the core rotation. The instability only
occurs in regions with sufficient shear to overcome the stabilising buoyancy. Therefore the instability
is rather sensitive to convective boundary uncertainties. However, the Tayler-Spruit dynamo is more
efficient at transporting angular momentum than the magneto-rotational instability because it is ac-
tive over a larger spatial extent and less intermittent. Furthermore, it has a lower threshold to be
activated. Hence, in most cases it reduces the shear before the magneto-rotational instability arises.
Another example is the magneto-rotational turbulence, which is created by the redistribution of the
magnetic flux, that can also drive the generation of a large-scale magnetic flux, the so-called a-effect
(Brandenburg, 2001). This process can generate both, poloidal and toroidal fields. However, the
toroidal field is more efficiently generated by shear in differentially rotating stars, which is called the
Q-effect. Therefore, the a-effect is only applied for the generation of a poloidal field. The combination
of the two processes creates a dynamo loop, the a-Q2 dynamo. While Potter et al. (2012c¢) find that
the - dynamo allows a better comparison with the observed nitrogen surface enrichment in less
massive stars, they also find that the -2 dynamo cannot sustain itself in stars with masses M 2
15 M.

More recently, Takahashi & Langer (2020) proposed a magneto-rotational scheme which treats the
interplay between magnetic fields, rotation, mass-loss and changes in the density and temperature in
a self-consistent manner. They derived the magnetic field components from the mean-field magneto-
hydrodynamic equation using Alfvén’s theorem. In this framework, angular momentum transport
due to the Lorentz force is formulated in a conservative form. Their work so-far is limited to the
evolution of a low mass star, which reproduces the core and envelope rotation periods observed by
asteroseismology. Whether this formalism is able to explain the missing angular momentum transport

in massive stars will be answered by future studies.

4 Discussion

A consequence of a magnetic dynamo is the fact that shear mixing by differential rotation is reduced.
However, the Eddington-Sweet circulation (or meridional circulation) is more rapid in rigid rotat-
ing models than in the differentially rotating ones (Maeder & Meynet, 2005). Consequently, in a
model with strong magnetic coupling, thus closer to solid body rotation, there is more mixing in the
radiative zones due to the meridional flows. This leads to higher surface enrichments and higher sur-
face velocities in magnetic models than in non-magnetic ones. However, the interaction between the
Tayler-Spruit dynamo and the large-scale meridional circulation is not well understood. For example

does a strong magnetic field reduce or even damp the slower hydrodynamic flow?
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Stars at solar metallicity with masses above =40 Mg experience strong stellar winds that remove
large parts of the envelope, if not all, already during the main-sequence. This mass-loss also removes
angular momentum from the surface. Since magnetic fields couple the core and envelope, the core will
also reduce its rotation rate substantially. Therefore, the stellar cores tend to rotate slowly in these
stars, which helps to explain the rotation rate of young pulsars (Heger et al., 2005) but impedes the
explanation of the progenitors of collapsars to produce long soft gamma-ray bursts as proposed by
Woosley et al. (1993). Only stars with initially very rapid rotation might produce a collapsar (Hirschi

et al., 2005b; Yoon & Langer, 2005), thus, magnetic fields reduce the gamma-ray burst rate prediction.

The different mixing processes are generally treated separately, in reality however they do affect
each other. An example is the interaction between convective boundary mixing, rotation and mag-
netic fields. While the problem of convective boundary mixing is occupying scientists already for
decades, the interaction of this process with the effects of rotation and magnetic fields adds another
layer of complexity to the problem (see for example Korre et al., 2021; Varma & Miiller, 2021). As
a consequence of the effective angular momentum transport by turbulent convection, there might be
a shear layer building up between the convective region and the radiative zone. This generates shear
mixing and possibly activates a magnetic dynamo. How the two turbulent flows, convective boundary
mixing and rotation-induced shear interact with each other and how they are affected by the possible
magnetic field is still an unanswered question. Moreover, rotation affects other instabilities, such as
the thermal-driven mixing processes, stellar winds and so forth. For example, convection in the core
of rotating massive stars becomes anisotropic due to the rotational deformation of the core. This
anisotropy results in a misalignment between the thermal gradient and the thermal flux, which leads
to baroclinicity and circulation currents in the radiative zone, inducing a much stronger meridional
flow (Jermyn et al., 2018). Therefore, despite the fast development concerning stellar convection,

rotation and magnetic fields in recent years, there is still a lot of work to do.
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|Chapter III

The Relative Importance of Convective

Uncertainties

In this Chapter, I investigate the impact of uncertainties due to convective boundary mix-
ing, commonly called “overshoot”, namely the criterion for the boundary location and the
amount of mixing beyond the convective boundary, on stellar structure and evolution. For
this I calculate two grids of stellar evolution models with the MESA stellar evolution code,
one with the Ledoux and the other one with the Schwarzschild boundary criterion, and
for each vary the amount of convective boundary mixing. I calculate each grid with the
initial masses 15, 20 and 25 Mg. The evolution of the stellar models is followed from the
start of hydrogen burning to the end of helium burning. The impact on nucleosynthesis
during helium burning is also investigated. I find a broadening of the main sequence with
an increasing amount of convective boundary mixing, which is in better agreement with
observations. Furthermore during the core hydrogen burning phase there is a convergence
between the Ledouzr and Schwarzschild models due to convective boundary mixing. The un-
certainties of the intermediate convective zone causes the models to diverge again after the
main sequence. The behaviour of this convective zone strongly affects the surface evolution
of the model, i.e. how fast it evolves red-ward. The amount of convective boundary mixing
impacts the size of the convective cores and the nucleosynthesis, e.g. the '2C to 00 ratio
and the weak s-process. Lastly, I determine the uncertainty that the range of parameter
values investigated introduce and find differences of up to 70% for the core masses and the

total mass of the star.

The majority of the content of this Chapter was published in Kaiser et al. (2020).
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1 Introduction

Convection is one of the key physical processes in stars. In massive stars for example, several recent
studies have shown the sensitivity of the pre-supernova structure and their explosion likelihood to the
details of their complex convective history (Ugliano et al., 2012; Sukhbold & Woosley, 2014; Miiller
et al., 2016; Sukhbold et al., 2016; Ertl et al., 2016; Sukhbold et al., 2018; Chieffi & Limongi, 2019).
In this Chapter, I investigate the the relative importance of the modelling uncertainties linked with
convective boundary mixing and their impact. In particular, I focus on the location of the convective
boundary (“Schwarzschild versus Ledouz criterion”) and the amount of convective boundary mixing
- see Sections II.1.1 and II.1.3.

This Chapter focusses on the early stellar stages, starting at the zero-age main-sequence and ending at
core helium depletion. The goal is (i) to highlight, which aspects of the convective boundary physics
lead to the largest uncertainties in the model prediction as well as (ii) which observational test and 3D
hydrodynamic simulations may help constrain convective modelling in 1D stellar evolution models. I
do not use any “new” physics nor do I claim to use the “right” physics. I simply use the choices that
are frequently found in the literature. This study therefore helps to estimate the uncertainty of model

predictions found in the literature.

This Chapter is structured as follows. In Section III.2, I outline the input physics and numerics
used for the simulations. In Sections II1.3 to II1.6, I present the impact of the variations on the stellar
models and their evolution. Finally, in Section IT1.7, the results are discussed and some quantities are

compared to the literature. The theory of convective mixing is discussed in Section II.1.

2 Physical Ingredients

In order to study the impact of convective boundary uncertainties in massive star models, I computed
a set of non-rotating stellar models at solar metallicity with three initial masses, 15,20, and 25 Mg.
The simulations were computed using the MESA software instrument for stellar evolution (Paxton et al.,
2011, 2013, 2015, 2018), revision 10108 - see Appendix B.

The radiative opacities were calculated using the tables of Asplund et al. (2009) and if log Teg < 3.8K
the opacity tables from Ferguson et al. (2005) with photospheric metals from Asplund et al. (2009)
were used.

In order to account for the thermonuclear reactions I used a network consisting of 206 isotopes from
hydrogen up to the iron group (see Fig. (II1.1)). This network calls all possible reactions and their rates

linking the isotopes selected in the network, including the weak reactions. Therefore it is suitable to
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Figure III.1: The isotopes included in the two nuclear reaction networks used in this work, the
mesa_206.net (empty squares) and the truncated version (filled dots).

calculate the energy generation for all the main burning stages during stellar evolution. Furthermore,
the 206 isotope network allows to calculate the stellar evolution up to core-collapse!; it contains most of
the reactions that affect the structure, such as a-captures on N and 22Ne during helium burning - see
discussion in Section IIL.5 - and is able to properly calculate the neutronisation of matter in the core,
usually tracked using the electron fraction Y.. Lastly, Farmer et al. (2016) showed that key quantities
of the stellar models converge at the 10% level when using an isotope network of at least ~ 127
isotopes. The stellar models with no convective boundary mixing, fcgm = 0.0, were calculated with
a truncated network because I only use them for comparison reasons. The truncated network consists
of all the elements up to aluminium in mesa_206.net and additionally silicon 27, 28,29 (compare in
Fig. (IIL.1)). It is therefore suitable to calculate all the necessary reactions during the hydrogen and
helium burning phases and does not introduce a difference to the mesa_206.net. The reaction rates
are taken from the JINA REACLIB (Cyburt et al., 2010, see also Section B.1.2.1).

The initial metal abundances were taken from Asplund et al. (2009) with some elements (He, C, N,
O, Ne, Mg, Al, Si, S, Ar, Fe) updated based on Nieva & Przybilla (2012) and Przybilla et al. (2013).
The mass loss by stellar winds was accounted for with MESA’s Dutch mass loss scheme - see Section
B.1.6. All the mass loss rates were scaled with a factor of 7ying = 0.85. This reduction factor was
introduced by Maeder & Meynet (2001, see their Section 2.2 for details) for empirical mass loss rates.
While this reduction factor is not necessary for theoretical mass loss rates such as Vink et al. (2000,
2001), we used it for all phases to have mass loss rates similar to published GENEC models (GENEC

applies the factor 0.85 during the main sequence, e.g. Ekstrom et al., 2012) and MESA models (e.g.

11 limited the discussion in this Chapter to the evolution between core hydrogen ignition and core helium depletion,
because the evolution of the convective history during the advanced phases is complicated and it is difficult to disentangle
the uncertainties of convective boundary mixing. Furthermore, Davis et al. (2019) studied the impact of different
amounts of convective boundary mixing during the advanced burning stages.

80



I11.2. PHYSICAL INGREDIENTS

Farmer et al., 2016; Ritter et al., 2018, apply a factor of 0.8).

Some of the models generate enough luminosity so that in their radiation pressure dominated envelope
a gas pressure and density inversion occurs - see Section B.1.3.4. These models become numerically
unstable and the timesteps become prohibitively short. In order to keep the numerics stable and the
timesteps at a reasonable limit we use MESA’s MLT++ (Paxton et al., 2013, and Section B.1.3.4) in all
models that apply the largest amount of convective boundary mixing and also in the 20 and 25 Mg
models with the second largest amount - see below. The treatment of MLT++ allows the calculation
of these models until the end of core helium burning with reasonable timesteps. Tests of the MLT++
formalism in 15 Mg models do not show any significant differences in the structure and evolution but
see discussion in Section III.7.

The MESA models assume hydrostatic equilibrium and apply the mixing-length theory variation of
Henyey et al. (1965) - see Section B.1.3.2. The mixing length was set to ¢y = 1.6 Hp, where Hp
is the pressure scale height. This is the same value used by Ekstrom et al. (2012). Furthermore, for
strongly stratified convection Arnett et al. (2018) find an asymptotic limit for the dissipation length of
a turbulent flow, which they identify with ¢npr ~ H, ~ 5/3 Hp, which is close to 1.6 Hp. The mixing
of the nuclear species in MESA is assumed to be a diffusive process. In this Chapter, the diffusion
coefficient in the convective region is calculated by Dpix = %EMLTUMLT7 where vyt is the velocity
determined by the mixing-length theory - see Section B.1.3.1.

We use the same resolution, at which our models seem to converge, in all calculations except the
15Mg models with no convective boundary mixing. In these models, the resolution needed to be
increased in order to properly resolve the boundary of the convective zones. The details can be found

in the inlists?, which also contain all the other user-specified settings that differ from the default.

2.1 Convective Boundary Mixing Uncertainties

In this study, I investigate two uncertainties due to convective boundary mixing: (i) the determination
of the convective boundary location and (ii) different amounts of extra mixing after the convective
boundary.

As discussed in Section II.1, the determination of the convective boundary is not included in the
mixing-length theory and either the Ledoux or the Schwarzschild criterion has to be used. Every
model was calculated twice, once applying the Ledouz and once the Schwarzschild criterion to address
this uncertainty.

An investigation of the second point is a much more extensive task because convective boundary
mixing is poorly understood, hence connected with several uncertain aspects. The uncertainties arise

from (a) the poor knowledge of the convective boundary and the breakdown into 1D, thus, how to

2The inlists can be found on http://doi.org/10.5281/zenodo.3871897.
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describe and implement the physics in 1D, (b) the parametrisation of the convective boundary mixing
prescriptions and (c) the different implementations of the same theory in the various stellar evolution
codes, see e.g. discussions in Jones et al. (2015); Stancliffe et al. (2016). In this work, I limit the
investigation to one convective boundary mixing prescription and investigate the impact of different
choices of the free parameters within this setting.

Following the discussion in Section II.1.3, I apply the exponentially decaying convective boundary
mixing prescription by Herwig et al. (1997) (see Eq.(I1.17)), which is based on hydrodynamic simu-
lations. Since the interior of the star is simulated, where the instabilities at the convective boundary
behave different than in the surface convection simulations from Freytag et al. (1996), I refer to the
resulting mixing after the convective boundary as convective boundary mixing. This includes an en-
semble of different physical processes which might cause mixing across the convective boundary and is
not only limited to an “overshooting” of the convective flow at the boundary. Even if the convective
flow is simulated as a radial up-down movement in 1D stellar evolution it is still necessary to think of
convection as a 3D process.

In the convective boundary mixing zone, the temperature gradient is set equal to the radiative one.
The chemical composition, on the other hand, is mixed using the diffusion coefficient determined by
Eq. (I1.17). The diffusive mixing after the convective boundary is cut-off at a certain value, which

L in order to avoid the long exponential tail. This treatment of

we chose to be Deyy = 102 cm?s™
convective boundary mixing is applied to all boundaries of all convective zones.

Dy in Eq.(I1.17) has to be taken “close” to the edge of the convective boundary (Herwig, 2000), which
is equivalent to a small fy parameter. It is often not discussed how “close” and only the fopy param-
eter is mentioned, despite the importance of fy. Changing the fy parameter in Eq. (II.17) from 0.02
to 0.002, gives a different location (i) where Dy is taken from and (ii) where to begin the exponential
decrease of the diffusion coefficient (compare Fig.(II.1b)). The impact of the first point is negligible
since the mixing-length theory predicts an approximately constant diffusion coefficient. The second
point, however, is not negligible. The fact that the diffusion coefficient begins to decrease deeper in the
convective region and is cut off after it drops below a certain value means that the mixing efficiency
inside the convective zone recedes and there is less and weaker mixing after the convective boundary.
In Section II.1.3, the values for fcpym used in the literature were discussed. In order to cover the
range of fopm adopted in the literature and the constraints from observations I applied the values
(0.004,0.01,0.022,0.035,0.05). Moreover, for comparison, I also calculated all the models with an
initial mass of 15 M with no convective boundary mixing. Additionally, two values for fp, 0.002 and
0.02, are tested in the 15 Mg models with fopm < 0.022. T only test the two values of fy with small
values of fopm because the relative importance of fy becomes negligible in models with large amounts

of convective boundary mixing - see e.g. Table III.1. The 20 and 25 Mg models are only simulated
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with fo = 0.002.

Regions which are unstable according to the Schwarzschild criterion but stable according to the Ledoux
criterion undergo slow semiconvective mixing. Semiconvection in the models is applied as presented
in Section B.1.3.3. The amount of semiconvective mixing, if it occurs, is still an unsolved problem
(e.g. Langer, 2012, and references therein), hence oy is uncertain. Langer et al. (1985) estimate the
semiconvective efficiency to be of the order of 0.1. The values used in the literature vary greatly,
ranging from small values of ag. = 0.01 —0.02 (e.g. Farmer et al., 2016; Limongi & Chieffi, 2018) up to
1.0 (e.g. Brott et al., 2011), with intermediate values of ~ 0.1 (e.g. Sukhbold & Woosley, 2014; Choi
et al., 2016). Schootemeijer et al. (2019) explore in their calculations a large range of ag. = 0.01 — 300
and conclude that ag. > 1.0 is needed to reproduce the blue to red supergiant ratio in the Small
Magellanic Cloud. I used two values for oy, 0.4, fast semiconvection, and 0.004, slow semiconvection,
in my 15Mg models. The 20 and 25Mg models were only calculated with ag. = 0.4 because the
relative importance of semiconvection decreases with increasing amount of mixing at the convective
boundary - see Sections II1.3, II1.4 and III.5. Therefore, the two values of g, would predict a similar
outcome. Similarly, Schootemeijer et al. (2019) find that in their massive star models of the Small
Magellanic Cloud semiconvection rarely develops for large amount of convective boundary mixing and
only plays a role after the main sequence. Moreover, Langer et al. (1985) show that while semicon-
vection can occur prominently during the main-sequence evolution in their massive star models the

evolution during this phase is nearly independent of the choice of ajc.

3 Core Hydrogen Burning

In the core hydrogen burning phase, hydrogen is fused into helium which is discussed in Section 1.2.1.1.
This increases the mean molecular weight p and decreases the opacity k. The first leads to an in-
crease in luminosity, because £.q o p* (e.g. Kippenhahn & Weigert, 1994), hence, a reduction of the
pressure onto the core. The decrease of the opacity and pressure dominate over the increase of the
core luminosity in a massive star. Therefore, since Vyaq x £aq P (e.g. Kippenhahn & Weigert, 1994),
the radiative temperature gradient decreases. On the other hand, the adiabatic temperature gradient,
Va4, remains roughly constant in the interior of the star. This continuously stabilises the material at
the convective boundary against convection according to the stability criterion - see Section II.1.1 -
and the mass of the convective hydrogen in a massive star decreases during its main-sequence lifetime.
A consequence of the decreasing convective core is a decreasing mean molecular weight above the
convective core. The resulting u-gradient creates the difference between the two boundary criteria.

Fig. (I11.2) shows the location of the convective boundary in stellar evolution models with an ini-

tial mass of 15 Mg, either given by the Ledoux or the Schwarzschild boundary criterion, for various
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Figure II1.2: The location of the convective hydrogen core boundary, determined by either the Ledouz
or Schwarzschild criterion, as a function of the central hydrogen mass fraction. All tracks are 15 Mg
models with fy = 0.002. The solid lines indicate Schwarzschild models and the other lines are Ledoux
models with either as. = 0.4 (dotted line) or as. = 0.004 (dash-dotted line). The colour scheme shows
the different choices of fcgy. The inset window presents the evolution of the convective boundary
location right before it reaches the zero-age main sequence.

amounts of extra mixing and fo = 0.002. The location presented in Fig. (II1.2) is the pure Ledouz
or Schwarzschild boundary excluding the convective boundary mixing region. It is apparent that the
location of the convective boundary is further out with more mixing. This is a consequence of the
larger mixed region after the convective boundary. The inset window in Fig. (III.2) presents a zoom on
the final growth of the convective hydrogen core before the zero-age main sequence. It shows that all
the 15 Mg models, except the Ledoux model with no convective boundary mixing and slow semicon-
vection, have a nearly equal convective hydrogen core size at the zero-age main sequence. Therefore,
the differences arising during the main-sequence evolution are due to the larger focpm values. More
convective boundary mixing increases the overall size of the convective zone, ingesting more fuel into
the burning zone in the centre. This creates a higher hydrogen burning luminosity. Consequently the
decrease in the radiative temperature gradient is relatively slower, which results in a larger convective
hydrogen core - see also Table III.1.

The models with no convective boundary mixing, black lines in Fig. (IIL.2), predict different loca-
tions of the convective boundary by either using the Ledoux or the Schwarzschild criterion. In the
Schwarzschild model the chemical composition gradient is ignored. Therefore, the convective core

can grow freely during the pre-main-sequence evolution. The Ledoux models estimate a different
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k/(cm?g~1)

Figure II1.3: Profiles of the temperature gradients at the boundary of the convective core as a function
of Lagrangian mass coordinates. Shown are the 15 Mg Schwarzschild (left column) and the Ledoux
models with ag. = 0.004 (middle column) and as. = 0.4 (right column) all with no convective boundary
mixing. The top row is at the zero-age main sequence, X.(*H) = 0.717, the middle row at X.(*H) = 0.5
and the bottom row at X.(*H) = 0.2. Convective regions are indicated by blue shading, whereas yellow
shows semiconvective regions. Additionally, the opacity is plotted as a function of mass coordinate
(black dashed line). The Vi, in the Schwarzschild model is only included for comparison and not used
in the calculation.

boundary location depending on the semiconvective efficiency. The Ledoux model with inefficient
semiconvection, as. = 0.004, shows a convective core which is smaller. This is because during the
pre-main sequence, where the convective core grows, a strong chemical composition gradient limits its
size - see inset window in Fig. (II1.2). A semiconvective layer develops above the convective core but
semiconvection is not efficient enough to completely remove the chemical stratification. As a result,
this model has a smaller convective core during the whole main-sequence evolution. If semiconvection
is efficient, agx. = 0.4, the p-gradient in the layer above the core is erased and the convective core can
grow more. Therefore, the Ledoux model with efficient semiconvection has a convective hydrogen core
size more similar to the Schwarzschild model at the zero-age main sequence. Afterwards, during the
main-sequence evolution, the Schwarzschild model and the Ledoux model with ag. = 0.4 evolve their
decreasing convective core similarly. This also is presented in Fig. (II1.3) where the radial profile of the
temperature gradients, the chemical composition gradient and the opacity are shown. The two models
(left and right columns) behave similarly because in the latter there is a thin semiconvective zone (in
yellow) right at the convective core boundary, which constantly mixes the region above the core. The
Ledoux model with ag. = 0.004 evolves through the main sequence with a smaller convective core
and a large p-gradient above it (middle column in Fig. (II1.3)). These differences affect the helium

core mass at core hydrogen depletion - see Table III.1 - and the luminosity during the main sequence

85



CHAPTER III. THE RELATIVE IMPORTANCE OF CONVECTIVE UNCERTAINTIES

k/(cm?g~1)

Figure II1.4: The same as Fig. (I11.3) but with fopy = 0.004. The convective boundary mixing region
is indicated by turquoise.

(Fig. (II1.15)) which in turn impact the further evolution.

Fig. (II1.3) might suggest that the Ledoux model with inefficient semiconvection (middle column)
develops a chemical composition gradient within the convective zone which then is split up during the
main-sequence evolution. Careful investigation reveals that the inner (left) location is the upper limit
of the convective core, whose growth is limited due to the strong, narrow peak of the pu-gradient at
the edge of the convective core. The convective region above the core develops during the pre-main
sequence, which results in the convective layer after the u-gradient peaks in the middle column, top
panel.

Convective boundary mixing extends the region above the core that is well mixed. Therefore, changes
in the chemical composition and the increase of opacity are pushed further away from the boundary
location obtained from the stability criteria. Consequently, V,,q decreases further after the convective
boundary. Fig. (II1.4), which shows the same stellar models as Fig. (II1.3) but with fcgm = 0.004
instead of 0.0, illustrates this behaviour. Moreover, the chemical composition gradient at the con-
vective boundary vanishes, V,, ~ 0, and its increase further out is not a step-function anymore but
it follows more a sigmoid shape. As a result, the convective hydrogen core boundary predicted by
the Ledouz and Schwarzschild criterion in Fig. (I11.2) converge. Obviously, the convergence between
the two stability criteria is consistent when more convective boundary mixing is applied as shown
in Figs. (II1.2) and (IIL.5). The convergence of the two boundary criteria is also apparent in the
Hertzsprung-Russell diagram (Fig. (I11.7a)), where the evolutionary tracks with convective boundary
mixing perfectly overlap during the main sequence. Furthermore, they predict the same helium core

mass at the end of hydrogen burning - see Table III.1.
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0.40

Figure II1.5: The same as Fig. (I11.4) but with fogm = 0.022 and only the Schwarzschild model (left)
and the Ledouz model with fast semiconvection (right) are shown.

Semiconvection only influences the convective hydrogen core size when there is no convective bound-
ary mixing in the 15 Mg models. There, a chemical composition gradient on the radiative side of
the boundary limits the growth of the convective hydrogen core depending on the semiconvective effi-
ciency - see Figs. (I11.2) and (II1.3) with ag. = 0.004 and 0.4. However, as discussed before, convective
boundary mixing removes the chemical stratification on the radiative side of the convective boundary.
Additionally, the radiative temperature gradient further decreases in the convective boundary region,
which creates the condition V,q — Va4 > 0 beyond the convective boundary (Figs. (1I1.4) and (IIL.5)).
For that reason there is no semiconvective zone right after the convective core region when convective
boundary mixing is applied and the convective hydrogen core size is independent of semiconvection
and its efficiency.

The differences of the convective boundary region discussed above have an effect on the main-sequence
evolution. The larger convective cores enable more hydrogen fuel to be ingested into the central burn-
ing region. Subsequently, the helium core mass at the end of core hydrogen burning increases with
more convective boundary mixing - refer to Table III.1. Furthermore, the luminosity generated by
core hydrogen burning is higher and the increased radiation pressure leads to a slightly larger radius
of the star. The consequence is that the track in the Hertzsprung-Russell diagram in Fig. (II1.7a) is
steeper and reaches lower effective temperatures at the end of the main sequence - see also Table III.1
- hence, the main-sequence width broadens, especially for the models with large amount of convective
boundary mixing. Moreover, the increased amount of hydrogen available in the core burning region
enhances the main-sequence lifetime as shown in Table III.1.

The behaviour of the convective hydrogen core and its response to convective boundary mixing un-
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Figure II1.6: Snapshots of the temperature gradients at the boundary of the convective core as a
function of Lagrangian coordinates of the 15, top, 20, middle, and 25Mg, bottom, Schwarzschild
models, all with fegy = 0.004 and fy = 0.002. The snapshots were all taken when the central
hydrogen mass fraction drops below 0.5. Convective regions are indicated by blue shading, whereas
turquoise shows convective boundary regions and yellow semiconvective regions. Additionally, the
opacity is plotted as function of mass coordinate on the right axis of each figure (the black dashed
line). Beware the different intervals of the x-axis due to the different initial masses, the y-axes have
the same range for comparison reasons.

certainties found for the 15Mg models is similar for stellar models with initial masses of 20 and
25Mg (see Fig.(II1.6)). There is, however, a small difference in the Schwarzschild and the Ledoux
model. The thin convective layers found above the convective hydrogen core, the convective fingers
- see discussion further down - penetrate slightly deeper in the models with larger initial masses and
sometimes touch the convective core. This transports fuel into the convective core which leads to an
increase of the convective core. The timing and intensity of the “touching” is different for the Ledoux
and Schwarzschild models and depends on the initial mass. Therefore, the initially converged bound-
ary locations diverge once more and the models end up with slightly different helium core masses at
the end of core hydrogen burning - see Table III.1. A similar scenario is observed by e.g. Farmer
et al. (2016) (their Fig. (3) for a star with an initial mass of 30 M) and Clarkson & Herwig (2020).
There, however, the process is much more intense and the increase of the convective hydrogen core is
larger compared to my cases. Whether such a merging scenario is realistic needs to be determined,
though, with more realistic boundary physics (e.g. the Richarson number instead of the Ledoux or
Schwarzschild criterion; Turner, 1973) instead of simply adding the diffusion coefficients together.

The 20 and 25 Mg models show a larger dispersion of minimum effective temperatures reached at the
end of the main-sequence evolution - see Fig.(II1.7a) and Table III.1. This indicates that, if the fopm

value is indeed as large as recent observational calibrations discussed in Section I1.1.3, the widening
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Figure II1.7: (a) The spectroscopic Hertzsprung-Russell diagram including the models with the three
initial masses, 15,20 and 25 Mg, and the various values for fcpm indicated by the colour scheme.
The tracks show the evolution from the zero-age to the terminal-age main sequence. The linestyle
indicates the boundary criterion, where the Schwarzschild models have solid, the Ledoux models with
ase = 0.004 dash-dotted and the Ledoux models with ag. = 0.4 dotted lines. The thin dashed black
line on the right hand side represents the empirical terminal-age main sequence determined by Castro

et al. (2014). The “spectroscopic luminosity” is defined as £ = T%“ = 4;70%. (b) The fraction of
the convective core mass, M., as a function of the total mass of the star. M. from all the models
in this Chapter are plotted at three different stages: the zero-age main sequence (circles) and when
the central hydrogen mass fraction drops below 0.35 (squares) and below 0.1 (stars). The amount
of convective boundary mixing is indicated by the colour scheme. The grey crosses are the observed

eclipsing binaries and their convective core mass estimates from Tkachenko et al. (2020).

of the main-sequence is more extreme for higher initial masses. Furthermore, the line of the terminal-
age main sequence is slightly bent towards cooler temperatures rather than to hotter temperatures
with increasing initial mass with increasing fcpym as suggested by recent observations (Castro et al.,
2014; McEvoy et al., 2015). This indicates that stars might experience a larger amount of convective
boundary mixing than currently applied in most published theoretical stellar models. Fig.(II1.7b),
which compares the convective core masses to asteroseismic observations, supports this view, since
only the 15 Mg models with large focpwm are able to match the data unless the stars are close to the
zero-age main sequence. Fig.(IIL1.7b) does not constrain the models with larger initial masses due to

the limit of the sample.

MS

off min values in Table III.1 reveals that the main-sequence width is

Comparing the different logig T
nearly independent of the convective boundary criterion and the semiconvective efficiency. This is
because during the main-sequence evolution (i) there is a convergence between the two boundary cri-
teria and (ii) the relative importance of semiconvection is massively reduced with increasing convective
boundary mixing - see discussion above.

In Section III.2.1 we mentioned the importance of another free parameter, fj, in the exponentially
decreasing diffusive convective boundary mixing scheme. Changing this parameter from our default

value of 0.002 to 0.02 decreases the amount of mixing beyond the convective core. Consequently,

slightly less fuel is brought down into the burning region, resulting in a lower V.4, hence, the con-
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vective boundary location decreases faster during the main-sequence evolution for the same fopwm.
This flattens the main-sequence evolution track in the Hertzsprung-Russell diagram and reduces the
main-sequence width. Moreover, the helium core mass at core hydrogen depletion is smaller, see Table
III.1. However, the differences due to the two fy values decrease with increasing fcepwm, because the
fo is smaller relative to the fopm parameter. Therefore, the impact of the earlier decrease of the

diffusion coefficient is reduced.

3.1 Convective Fingers

In the region above the convective hydrogen core, the radiative temperature gradient has a profile close
to the adiabatic one, Viaq & Vaq (see in Figs. (II1.3), (III.4), (IIL.5) and (III1.6)). Such a convective
neutral region above the convective hydrogen core in massive stars was first predicted by Schwarzschild
& Hérm (1958). In their argument they use the fact that (1) the opacity is dominated by electron
scattering, x oc 1 + X(*H), and that (2) a hydrogen-rich mixture has more free electrons per unit
mass than a helium-rich. The hydrogen burning leads to a helium-richer convective core than the
overlying radiative layers. Consequently, the opacity is higher in the radiative side of the convective
boundary than in the convective zone. Accordingly, the radiative temperature gradient, Vi ,q x k,
has a flatter profile, or even slightly increases, in the region above the receding convective hydrogen
core. Schwarzschild & Héarm (1958) propose that this zone above the convective core is slowly mixed
to maintain convective neutrality. My simulations with no convective boundary mixing (Fig. (II1.3))
show a similar behaviour: At the zero-age main sequence (top row) the temperature gradient above the
convective core decreases outwards (increasing mass coordinate). During the main-sequence evolution
the convective core slowly retreats, leaving behind a composition gradient between the helium and
hydrogen gas mixtures, which increases the opacity. Consequently, the radiative temperature gradient
above the receding convective hydrogen core is close to adiabatic. Hence, small discontinuities in
the opacity profile, which create small local peaks in the radiative temperature gradient, violate the
Schwarzschild stability criterion. This results in a thin layer with mixing, that reduces the radiative
temperature gradient back to the adiabatic one. At the boundary of these mixed layers, a new
discontinuity in opacity is created and the process repeats itself there. This creates a finger-like
structure in the region above the core (e.g. Langer et al., 1985). The difference between the Ledoux
and Schwarzschild criteria is the type of mixing in the thin layers. In the Schwarzschild models the
convective fingers are always convectively mixed. In the Ledoux models, however, the layer appears
as a semiconvective layer because of the strong chemical stratification above the receding hydrogen
core. If semiconvection is not efficient, a large semiconvective region develops above the convective
core because the mixing is not able to completely remove the chemical composition gradient. If

semiconvection is more efficient, it is able to remove the chemical composition gradient. It should be
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noted that semiconvection, as we use it, only mixes the chemical composition but not the entropy
- see Section B.1.3.3. Therefore, the layer becomes convectively unstable because V,.q > Vaq still
holds. Thus, a similar finger-like convective-semiconvective structure as in the Schwarzschild models
develops (Fig. (II1.3)).

Convective boundary mixing (i) pushes the transition from the helium-rich mixture in the convective
core to the hydrogen-rich mixture in the envelope further away from the convective boundary (compare
Figs. (III.4) and (II1.5)) and (ii) creates a smoother transition due to the exponential nature of
the convective boundary mixing. The latter creates a more continuous opacity profile, therefore a
smoother V.,q profile. The first point, on the other hand, causes the opacity to increase further
away from the boundary. This allows the radiative temperature gradient to further decrease in the
convective boundary mixing region before it rises once more due to the increase of opacity. Hence,
the appearance of convective fingers is either further out (Fig. (II1.4)) or they never occur because
V:ad drops enough for the region above the core to stay convectively stable (Fig. (II1.5)). Thus, the
spatial area where convective fingers occur, if any, is reduced with increasing amount of mixing at the
convective boundary. For fcpm 2 0.01 there are no convective fingers in my 15 Mg models.

The 20 and 25 Mg models exhibit a similar behaviour regarding the mixing in the zone beyond the
convective core as the 15 Mg models but there are some important differences. Stars with a larger
initial mass generate a higher luminous output. Hence, V;.q o fraq is much closer to convective
neutrality in the radiative zone beyond the convective core (see Fig. (I11.6)). Therefore, in models
with a larger initial mass, smaller changes in the entropy immediately create a situation where the
stability criteria predict convection or semiconvection. Consequently, the convective fingers are much
more present in the simulations with the same fcgym but higher initial masses. As a result, the limit of
convective boundary mixing above which no convective fingers or semiconvective layers appear above
the convective hydrogen core increases with initial mass. In the 20 Mg models I do not find convective

fingers for fepm 2 0.022 and in the 25 Mg models for fepy 2 0.035.

4 The Intermediate Convective Zone

After hydrogen is depleted in the core of the star, the convective core completely recedes and the
star enters a short but crucial phase, which influences its fate - see also Section 1.2.1.1. Since there is
no nuclear energy generation left in the core, the star contracts, releasing gravitational energy. As a
consequence of the Virial theorem, energy conservation and contraction on a short timescale the outer
layer expands and cools down (mirror principle - e.g. Kippenhahn & Weigert, 1994). The layers above
the previous hydrogen core, where there is still hydrogen left, heat up due to the contraction and

set the condition for hydrogen burning. This hydrogen burning shell is accompanied by a convective
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region - the intermediate convective zone (Figs. (IIL.8), (II1.9) and (III.11)).

It is during this phase that the star leaves the main sequence and, in the mass range studied here,
crosses the Hertzsprung-Russell diagram to the red super-giant branch, as shown in Fig. (III.15). The
details of this phase depend strongly on the duration, location and size of the intermediate convective
zone with respect to the hydrogen burning shell. The properties of the intermediate convective zone,
in turn, depend strongly on the choices of the convective boundary criterion and the amount of extra
mixing at the boundary. If the intermediate convective zone only exists above the hydrogen burning
shell, the latter can only consume the hydrogen at its location via nuclear burning and is consequently
relatively weak. However, an overlap of the two creates a situation where the convective zone ingests
fuel into the burning shell. This results in a much stronger burning shell which provides more support
to the core against the gravitational pressure from the outer layers.

Figs. (II1.8) and (II1.9) present structure evolution diagrams focussed on the intermediate convective
zone in the 15 Mg models. They show the amount of overlap between the intermediate convective zone
and the hydrogen burning shell. Furthermore they visualise the size and give a hint of the duration of
the intermediate convective zone. Fig. (I11.10) presents the different post-main-sequence luminosities
of the simulations. Shown are the total luminosity and the luminosities generated by hydrogen and
helium burning. The difference between the luminosities from the two burning types and the total
luminosity is due to changes of the gravitational potential. The sudden drop in luminosity powered
by hydrogen burning, if any, indicates the end of the boost of the intermediate convective zone, thus,
its duration.

In the 15 Mg models with no convective boundary mixing there is a clear difference between the
Schwarzschild and the Ledoux models. The intermediate convective zone in the Schwarzschild model
has an initial overlap with the hydrogen burning shell, whereas the Ledoux models develop an in-
termediate convective zone outside of the hydrogen burning shell. This difference arises because of
the chemical stratification which prevents convection in the Ledoux models. These findings are sim-
ilar to Langer et al. (1985), Georgy et al. (2014) and Davies & Dessart (2018) who found that the
depth at which the intermediate convective zone forms is sensitive to the stability criterion used. The
comparison between the Ledoux model with ag. = 0.4 and ag. = 0.004, both with no convective
boundary mixing, reveals that the intermediate convective zone appears at the same location. The
difference between the two Ledouzr models is introduced by the mixing efficiency of semiconvection.
Slow semiconvection is not able to remove the chemical composition gradient. Therefore, the inter-
mediate convective region consists mainly of a semiconvective region in the Ledoux model with slow
semiconvection. In the case with efficient semiconvection, the convective fingers partly removed the
chemical composition gradient. Hence, the intermediate convective zone is mostly convective. These

differences affect the time when the surface is enriched with hydrogen burning products, since the large
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Figure I11.8: Structure evolution diagrams, also known as Kippenhahn diagrams, of the 15 Mg models
showing the intermediate convective zone. The left column presents the Schwarzschild model and the
right column the Ledoux models with ag. = 0.4. The fepym increases top to bottom with (0.0, 0.004,
0.01). The blue region indicates convective regions, whereas the convective boundary region is shown
in turquoise and semiconvection in the Ledoux models is shown in yellow. The red shading indicates
the energy generation. The time on the x-axis is with respect to the time of core hydrogen depletion,

THdep- The structure evolution diagrams are limited to the evolution between the locations where
X.(*H)< 0.01 and X.(*He)> 0.95.
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Figure II1.10: The total luminosity, Lot (red), and the luminosity generated by hydrogen and helium
burning, Ly (purple) and Ly, (blue) respectively, as a function of the central helium mass fraction.
All the figures show 15 Mg models with varying fopm. Within one panel, all boundary criteria are
shown, the Schwarzschild (solid) and the Ledoux one, the latter with as. = 0.004 (dash-dotted) and
ase = 0.4 (dotted).

surface convective zone penetrates into these layers shortly after the disappearance of the intermediate
convective region (Fig. (II1.8) right upper corner). Furthermore, the energy transport in this region is
more efficient when semiconvective layers, which only mix the chemical composition, are turned into
convective layers. This slightly increases the luminosity as can be seen in Fig. (II1.10), which in turn
influences the mass loss rates. However, the impact is modest.

Convective boundary mixing changes this picture. The extra mixing at the boundary (i) removes
possible chemical stratification. Furthermore it increases the region with efficient mixing, hence, (ii)
the energy excess is regulated faster and (iii) more fuel is provided for the burning shell. The latter
simply increases the amount of boosting of the hydrogen shell. This is indicated by the hydrogen
burning luminosity in Fig. (I11.10), where the simulations with an overlap between the intermediate

convective zone and the hydrogen shell have a higher Ly for the duration of the intermediate convec-

95



CHAPTER III. THE RELATIVE IMPORTANCE OF CONVECTIVE UNCERTAINTIES

tive zone before the hydrogen powered luminosity drops. The second point decreases the lifetime of
the intermediate convective core by increasing the region with efficient energy transport, thus, Vi.q
drops faster. This is illustrated in Figs. (II1.8) and (II1.9), where the models with larger values of
fesum have a shorter duration of the intermediate convective zone. Furthermore, in Fig. (II1.10) the
luminosity powered by the hydrogen burning shell experiences the drop earlier with higher fopm. In
the most extreme cases with fopm = 0.05 and the Ledoux models with fopm = 0.035 the envelope
to core ratio is too small to produce a proper intermediate convective zone that ever overlaps with
the hydrogen shell. In these models, Ly constantly drops because the burning shell depletes its fuel,
very similar to the Ledoux models with no convective boundary mixing. The first point crucially
impacts the Ledoux models, because it efficiently removes the p-gradient at the convective boundary,
which prevents the intermediate convective zone from moving inward. Consequently, the intermediate
convective zone moves downwards in mass coordinates and eventually® overlaps with the hydrogen
burning shell (compare Fig. (I11.8) right column top to bottom). In the Ledoux models there is always
a short semiconvective region before the intermediate convective zone penetrates downward. How-
ever, semiconvection is not efficient enough for the ay. values tested in this work to erase the chemical
stratification by themselves because of the short timescale of this evolutionary phase. Moreover, when
moving downwards the intermediate convective zone leaves behind a chemical composition gradient.
Therefore, the intermediate convective zone has, when it starts boosting the burning shell, a semicon-
vective zone at its upper boundary. These semiconvective regions, however, become smaller as fcpm
is increased and disappear for the two largest values used. In contrast, the intermediate convective
zone in the Schwarzschild models include this region, hence, they span a wider region and are able to
boost the hydrogen shell for a longer time. This creates the difference in the luminosity powered by
hydrogen burning between the Ledouz and Schwarzschild criterion in Fig. (II1.10).

It should be noted that the impact of the above mentioned points (ii) and (iii) affect the intermediate
convective zone differently; (ii) reduces the duration of the convective shell, whereas (iii) boosts the
hydrogen burning region more, which in turn leads to a longer duration of the intermediate convective
zone. In the Schwarzschild model (ii) leads to a decrease of the duration of the intermediate convective
zone (compare Figs. (II1.8), (II1.9) and (II1.10)). In the Ledoux models, on the other hand, at low
fesum (1) dominates. This leads to a boost of the intermediate convective zone due to the ingestion
of fuel into the burning shell. When increasing the amount of convective boundary mixing, the point
(ii) starts to reduce the duration of the intermediate convective zone, similar to the Schwarzschild
models.

Convective boundary mixing does not change the initial location of the intermediate convective

3The downward movement is not instantaneous because only the p-gradient in the convective boundary layer is
erased. Hence, the overlap of the intermediate convective zone and the hydrogen shell in the Ledoux models, if any, is
always delayed compared to the Schwarzschild models (compare left and right column in Fig. (II1.8)).
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zone. The Ledouz criterion always predicts the initial location above the hydrogen shell, whereas
the Schwarzschild criterion always predicts an overlap (see Figs. (II1.8) and (II1.9)) except when the
envelope to core ratio is too small to produce an intermediate convective zone as in the models with
fesm = 0.05. This difference, and point (ii) above, also lead to the two behaviours, overlap and no
overlap, in the 15 Mg models with fegym = 0.035 in Fig. (I11.9), where the intermediate convective
zone in the Ledoux model does not overlap but in the Schwarzschild model it does.

Davies & Dessart (2018) predict the first overlap of the intermediate convective zone and the hydrogen
burning shell in their Ledoux models around 16 M. I show here that the lowest initial mass that
shows an overlap is dependent on the amount of mixing at the convective boundary. Furthermore, an
overall result is that the differences of the intermediate convective zone in the 15 Mg models due to
the choice of the stability criterion decrease with increasing amount of convective boundary mixing,
and for fopm = 0.05 Figs. (I11.9) and (I11.10) show similar results.

The intermediate convective zone exhibits the same dependence on convective boundary mixing in
the 20 and 25 Mg models as in the 15 Mg models. There are, however, some important differences.
As discussed in Section III.3, in stars with higher initial masses (a) the luminosity is higher and
(b) the convective fingers above the convective core are more pronounced. (a) leads to an increased
radiative temperature gradient in the region above the hydrogen burning shell. Consequently, the
intermediate convective zone spans a larger radial distance in the models with higher initial masses
(see Fig. (II1.11)). Therefore, more fuel is provided for the hydrogen burning shell and it is boosted
longer. This in turn prolongs the lifetime of the intermediate convective zone, leading to a convective
region that can be present during nearly all of the core helium burning lifetime - see Table III.1.
In general, the relative duration of the intermediate convective zone with respect to the core helium
burning duration increases with initial mass and, in accordance with the previous discussion, decreases
with fepm. (b) may lead to convective fingers that exist until the appearance of the intermediate
convective zone, as shown in Fig. (III.11, top row). These convective layers partly remove the chemi-
cal composition profile left behind by the receding convective hydrogen core. This mainly influences
the Ledoux models, where the intermediate convective zone overlaps much faster with the hydrogen
burning shell compared to the Ledoux model with no convective fingers, nearly at the same time
as in the Schwarzschild model. Moreover, the intermediate convective zone in the Ledoux model is
slightly bigger compared to the Schwarzschild model because of the slightly higher temperature at the
location of the hydrogen shell. Therefore, it can replenish the hydrogen shell with fuel for longer and
is active for longer compared to the Schwarzschild models of the same initial mass. This leads to an
intermediate convective zone that lasts longer in the Ledoux models than in the Schwarzschild models
with higher initial masses.

In the 20 Mg model with fopy = 0.022 there are no convective fingers at the same mass coordinate
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Figure II1.11: Structure evolution diagram of the 20 M, simulations showing the intermediate convec-
tive zone as in Fig. (II1.8). The left column presents the Schwarzschild model and the right column
the Ledoux models with ag. = 0.4. The top row uses fcgm = 0.004, the middle fogym = 0.022 and
the bottom fcpm = 0.035.
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where the intermediate convective zone eventually appears. Consequently, the Ledoux model behaves
very similar to the 15 Mg model. As a result, the drops in luminosity of the Ledoux model are much
earlier compared to the models with less convective boundary mixing.

The 25 Mg Ledoux model with fepym = 0.01 defies the general trend by creating an intermediate
convective zone which lasts longer than the core helium burning (similar to Ritter et al., 2018, theri
Fig.(11)).

The different behaviour in depth and duration of the intermediate convective zone has an important
impact on the further evolution of the star. In summary, the intermediate convective zone influ-
ences the strength of the hydrogen burning shell. This shell supports the contracting core underneath
against the gravitational pressure from the outer layers, which affects the way the star evolves through
the Hertzsprung gap and sets the structure for its further evolution, e.g. the convective helium core

(Section IIL.5) or the surface evolution (Section II1.6).

5 Core Helium Burning

5.1 Convective Helium Core

During the helium burning stage, the convective helium core constantly grows in mass. This is because
of (i) the increase of the core luminosity due to the active hydrogen burning shell which continuously
synthesises hydrogen into helium, thus increasing the helium core mass, (ii) the increase of opacity and
mean molecular weight due to the conversion of helium into carbon and oxygen and (iii) the density
dependence of the 3a (second order) and 2C(a, )60 (first order) reaction rate - see also Section
1.2.1.2.

Fig. (II1.12) presents the location of the convective helium core boundary as a function of the central
helium mass fraction. The boundary shown is the convective core determined by the stability criterion
without the boundary mixing region. The size and growth of the convective helium core depends on
(i) the amount of mixing at the convective boundary, (ii) the strength and location of the hydrogen
shell discussed in Section I11.4 and (iii) on the choice of the stability criterion. Fig. (II1.12) clearly
illustrates that the convective core is larger in the models with more convective boundary mixing for
a given convective boundary criterion. It furthermore shows that the different sizes of the convective
cores arise mainly during their initial growth. During the rest of the core helium burning phase the
cores grow at a similar rate. Interestingly, the models applying the Ledouz criterion predict a faster
initial growth of the convective core than the corresponding Schwarzschild models, with the exception
of the models with no convective boundary mixing and the models with fcpy = 0.05. In the latter

the Schwarzschild model initially predicts a convective helium core which is only slightly larger before
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Figure I11.12: The location of the convective helium core boundary, determined either by the Ledoux
or the Schwarzschild criterion, as a function of the central helium mass fraction. Shown are the 15
and 25 Mg models. The boundary criterion is shown by the linestyle, where a solid line indicates
the Schwarzschild criterion and the Ledoux criterion is shown with a dash-dotted (as. = 0.004) or a
dotted line (as. = 0.4). The colour scheme indicates the value of fopm.

the helium core in the Ledoux models overtake it. The initial size of the convective core depends
strongly on the activity of the hydrogen shell, which itself is strongly affected by the intermediate
convective zone as discussed in Section I11.4. A stronger hydrogen shell supports the core against the
gravitational pressure from the outer layers. Consequently, the helium core contracts less and the
burning is slightly less energetic, hence, because of V.4 x ¢, the convective helium core is smaller.
A larger amount of convective boundary mixing increases the mixed zone above the convective core
and smooths the chemical composition gradient at the boundary. The first point provides the central
burning region with fuel, increasing the energy generation. This results in a higher luminosity (L,
in Fig. (ITI1.10)) thus a larger convective core. The second point removes the limiting chemical strat-
ification in the Ledoux models. Consequently, the growth of the convective core in these models is
less limited than in the models with no convective boundary mixing. Additionally, the semiconvective
regions above the convective core disappear in the models with convective boundary mixing because
the p-gradient is only non-zero in the radiative layers. Therefore, the relative importance of semi-
convection on the evolution of the convective helium core in the simulation with convective boundary
mixing is reduced. The small differences between the Ledoux models with convective boundary mixing
and different semiconvective efficiency arise from the different strength of the hydrogen burning shell
- see Section II1.4.

After its initial growth the convective core mass continues to increase because of the growth of the
helium core mass due to the active hydrogen shell and the increase in opacity. This nearly constant
increase is occasionally disrupted by kinks, for example in the Schwarzschild model with fegy = 0.022
at X.(*He) ~ 0.87 in Fig. (I11.12), which are a consequence of the convective core regulating itself to

the changes of the energy generation in the hydrogen shell or the opacity in the core.
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The kinks around X.(*He) ~ 0.7 and 0.5 for the models with focgym = 0.01, around X.(*He) ~ 0.35
for the models with fcgym = 0.004 occur due to vibrational up-down movements of the convective
boundary. This ingests a larger amount of fuel into the convective zone and finally increases the zone
as a consequence of the higher energy generation. I omit the discussion here whether these are core
breathing pulses (Castellani et al., 1985) or numerical artefacts (e.g. Constantino et al., 2016; Farmer
et al., 2016) and call these events core breathing pulses out of convenience. The presence of the core
breathing pulses is discussed in Section III.7. However, I want to outline that the intensity of these
core breathing pulses decreases, or they even vanish, with increasing amount of convective boundary
mixing, e.g. fopm = 0.022 for the 15 Mg models. The messy behaviour of the 15 Mg Schwarzschild
model with no convective boundary mixing is due to a fast, nearly step-like, increase of the convective
core.

The differences in the convective core size of the 15 Mg models with the same amount of convective
boundary mixing but different boundary criteria, which are more dominant for fegy 2 0.022, arise
because of the different (i) amounts of energy generation and (ii) radial location of the hydrogen
burning shell. (i) supports the core more or less against the gravitational pressure of the outer layers,
where a higher energy output by the burning shell leads to a smaller convective core. (ii), on the
other hand, changes the helium core mass. If the burning shell is further out or moves outwards faster
due to a smaller amount of fuel available, the core mass is bigger, hence a higher helium burning
luminosity and a larger convective core. This dependency is apparent when comparing Figs. (I11.8),
(I11.9), (II1.10) and (II1.12). The behaviour is not linear because the interaction between the inter-
mediate convective zone and the hydrogen burning region is not linear. Therefore, contrary to the
trend of finding convergence between the two convective stability criteria with an increasing amount
of convective boundary mixing during core hydrogen burning, the different sizes of the convective
helium core between the Schwarzschild and the Ledoux models varies more for fegy 2 0.022, with
the exception of the case with no convective boundary mixing.

These uncertainties of the convective helium core affect the helium and carbon-oxygen core masses
- see also Table III.1. This will influence the further central evolution and affect the pre-supernova
structure, which depends on the helium core mass.

In the Ledoux models with no convective boundary mixing the convective core grows to a size of about
1Mg (Fig. (II1.12)) black dashed and dash-dotted lines, before the chemical stratification limits the
increase of the convective core in the Ledoux models. The radiative temperature gradient continues to
increase and a semiconvective region develops above the core. The semiconvection in the model with
ase = 0.004 is not efficient enough to fully remove the restricting p-gradient above the convective core
and the convective helium core stops growing for the rest of the burning phase. Above the convec-

tive core, however, several sandwiched layers of semiconvection and convection occur, which increase
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in number with time, because the semiconvective process slowly erases the chemical stratification®.
In the model with fast semiconvection, as. = 0.4, the stratification is steadily removed by a thin
semiconvective layer just above the convective core. This, however, leads to a wiggly convective core
boundary but the core can initially grow very similarly to the convective core in the Schwarzschild
model. The Schwarzschild model with no convective boundary mixing ignores the p-gradient and
initially grows similarly to the other Schwarzschild models with convective boundary mixing. At
around X.(*He)= 0.9 in Fig. (II1.12), the convective core growth plateaus before it continues to grow
further at X.(*He)a 0.8. This is a result of the hydrogen shell, which is boosted there as a result
of the interaction with the intermediate convective zone. Consequently, the Ledoux model with fast
semiconvection predicts a bigger convective helium core at the beginning of core helium burning. As
the evolution proceeds, however, a chemical composition gradient builds up above the core, which
becomes too strong for semiconvection to erase. This reduces the increase of the convective core. The
convective core in the Schwarzschild model on the other hand grows further, predicting a overall larger
convective helium core than in the Ledoux models - compare Table III.1.

The chaotic behaviour of the core boundary around X.(*He)a 0.1 in the Schwarzschild model with
no convective boundary mixing (solid black line in Fig. (111.12)) is due to a convective pillar that rises
on top of the convective core, much stronger than the core breathing pulses previously mentioned. We
tested this behaviour against an increased resolution but the feature remained.

The right panel in Fig. (II1.12) shows the convective helium core boundary of the various 25Mg
models. The convective helium core grows with time as in the 15 Mg models but there are some
important differences, which are more prominent in the models with larger fcgpy. These differences,
apart from the generally larger convective helium core with increasing initial mass, are due to the
different behaviour of the intermediate convective zone.

In the 25 Mg case, the initial growth of the convective helium core is larger in all Ledoux models
than in the Schwarzschild models with the same amount of convective boundary mixing. This is
because the hydrogen shell is less active in the latter and slightly closer to the convective core. This
is a consequence of the different evolution of the intermediate convective zone similar to Fig. (II1.11,
middle and bottom row). Therefore, the Ledoux models predict a larger convective helium core than
the Schwarzschild models with the same amount of convective boundary mixing. The gap is larger
for higher fcpwm values. Interestingly, the behaviour of the intermediate convective zone in the 25 Mg
models leads to convective helium cores more similar in the Schwarzschild models with fcgy = 0.004
and 0.01 than with their Ledoux counterparts and vice versa for the Ledoux models (Fig. (II1.12) and
Table I11.1). The convective core in the Schwarzschild models experiences a faster growth starting

around X.(*He) ~ 0.5. There the hydrogen shell narrows and with it the intermediate convective zone.

4When the p-gradient decreases the term (V — V)~! in Eq. (I1.19) increases, which enhances the semiconvective
mixing in this layer. The result is a very spiky chemical composition profile.
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Consequently the core generates more energy and the convective region grows. This finally leads to
similar core masses at the end of core helium burning for all the 25 Mg models with fopy = 0.004,
0.01 and 0.022. On the other hand, in the 25Mg models with fopym = 0.035 and 0.05 the initial
difference of the convective core sizes between the Ledoux and Schwarzschild models is large and the
Ledoux models predict larger helium core masses.

The behaviour of the convective helium core in the 20 My models is a mixture of the behaviours of the
models for the two other initial masses. The simulations with fcpy = 0.004 behave similarly to the
25 Mg case with the exception of stronger core breathing pulses. The calculations with fopy = 0.022
are similar to the 15 Mg models with the difference that the hydrogen shell is at about the same lo-
cation in the Ledoux and Schwarzschild models. Therefore the convective core size grows at a similar
rate, apart from an increase around X.(*He)~ 0.6, which is due to the disappearance of the interme-
diate convective zone; this is no core breathing pulse. The 20 M models with the two largest values
of fcewm show a different intermediate convective zone and hence different convective helium cores
depending on the boundary criterion, again similar to the 25 Mg models.

The convective core in the 20 Mg models with fcpm = 0.01 is the exception from the above dis-
cussion. There the Schwarzschild model predicts a larger convective helium core than the Ledoux
models. This is because of the larger intermediate convective zone in the Ledoux models compared
to the Schwarzschild model. Therefore, the Schwarzschild model provides more energy from central
helium burning compared to the Ledoux model, hence, the relatively smaller convective core in the

latter.

5.2 Nucleosynthesis during Core Helium Burning

The two dominant reactions by which helium burns are the triple-a process, 3o — 12C, and « capture
on carbon, 2C(a, )0 - see also Section 1.2.1.2 for more details on this burning phase. The first
reaction has a second order dependence on density whereas the latter a first order (e.g. Kippenhahn
& Weigert, 1994; Arnett & Thielemann, 1985; Woosley et al., 2002). Therefore, with increasing abun-
dance of '2C towards the end of core helium burning, the second reaction dominates. Furthermore,
the density dependency favours the latter reaction at higher entropy, i.e. higher masses. Stars at solar
metallicity additionally contain some 4N in their cores, ~ 1.4%, which is left over from the CNO-cycle
during the main sequence (Arnould & Mowlavi, 1993). At the start of core helium burning, before
the energy generation by the triple-a: process becomes noteworthy, the N burns convectively away
via MN(a, 7)BF(8T1)80(a, v)**Ne (Cameron, 1960). The synthesised 2Ne will capture another «
nucleus once the central temperature exceeds ~ 2.5 x 108 K via 22Ne(a,n)?°Mg, creating the condition
for the weak slow neutron capture process (weak s-process; Couch et al., 1974; Arnett & Thielemann,

1985; Prantzos et al., 1990; Kaeppeler et al., 1994; Frischknecht et al., 2016). Yet only a part of the
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Table III.1: Properties of the stellar models at core helium depletion.

model feBM & ouse Mfinat  Ma® Mo Mco TH THe TBsG/THe" logio T%S,minc
Mg) Me) (Me) (Mge) (Myrs) (Myrs) (K)
15Mg, foeBMm = 0.0 14.35 2.55 4.07 2.08 11.08 1.47 0.78 4.40
Schwarzschild, fosm = 0.004 13.83 2.73 4.08 2.14 11.40 1.48 0.54 4.39
fo = 0.002 foesMm = 0.01 13.43 3.03 4.28 2.34 11.93 1.34 0.36 4.38
foeem = 0.022 12.34 3.60 4.68 2.75 12.86 1.19 0.02 4.36
fem = 0.035 11.23 4.23 5.39 3.45 13.74 1.03 0.02 4.32
fecBMm = 0.05 11.13 4.95 6.22 4.33 14.60 0.84 0.01 4.28
15Mg, fosMm = 0.004 14.28 2.65 4.05 2.10 11.28 1.52 0.77 4.40
Schwarzschild, fcsm = 0.01 13.61 2.96 4.24 2.29 11.83 1.39 0.46 4.38
fo =0.02 foeeMm = 0.022 12.47 3.59 4.65 2.72 12.81 1.20 0.02 4.36
15Mg, fomn = 0.0, ase — 0.004 1430 221 3.51 056  10.47  0.93 0.02 4.41
Ledoux fosMm = 0.0, ase = 0.4 14.09 2.54 3.73 2.13 11.07 1.26 0.01 4.40
fo = 0.002 fosm = 0.004, asc = 0.004 13.85 2.72 4.07 2.13 11.40 1.44 0.49 4.39
foem = 0.004, aee = 0.4 13.85 2.72 4.07 2.13 11.40 1.44 0.49 4.39
feem = 0.01, ase = 0.004 13.18 3.02 4.24 2.31 11.93 1.34 0.15 4.38
fepm = 0.01, age = 0.4 13.18  3.02 424 231 11.93  1.33 0.15 4.38
fomm = 0.022, aee = 0.004 11.88 3.60 4.92 2.94 12.86  1.16 0.01 4.36
feem = 0.022, age = 0.4 11.92 3.60 4.96 2.98 12.86 1.14 0.01 4.36
fosMm = 0.035, ase = 0.004 12.46 4.23 5.30 3.40 13.74 0.95 0.02 4.32
foem = 0.035, aee = 0.4 12.41 4.23 5.34 3.44 13.74 0.94 0.02 4.32
foeem = 0.05, ase = 0.004 10.39 4.96 6.41 4.50 14.60 0.84 0.01 4.28
foeem = 0.05, age = 0.4 10.90 4.95 6.28 4.39 14.60 0.83 0.01 4.28
15Mg, fosMm = 0.004, asc = 0.004 13.63 2.64 4.06 2.14 11.25 1.27 0.01 4.40
Ledoux, fosMm = 0.01, ase = 0.004 13.40 2.96 4.20 2.27 11.82 1.35 0.27 4.38
fo =0.02 foem = 0.022, asc = 0.004 11.90 3.59 4.91 2.94 12.82 1.16 0.01 4.36
20Mg, foeMm = 0.004 17.37 4.39 5.94 3.63 8.12 0.99 0.64 4.43
Schwarzschild, fcsm = 0.01 17.49 4.89 6.24 3.95 8.40 0.89 0.64 4.42
fo = 0.002 fosMm = 0.022 14.48 5.70 6.71 4.45 8.95 0.82 0.17 4.38
foesMm = 0.035 11.93 6.54 7.35 5.13 9.46 0.78 0.02 4.34
feeMm = 0.05 10.95 7.49 8.74 6.52 9.97 0.66 0.01 4.27
20Mg, feem = 0.004, ase = 0.4 18.90 4.49 5.89 3.58 8.09 0.96 0.92 4.43
Ledoux, fosMm = 0.01, asc = 0.4 18.66 4.90 6.13 3.86 8.40 0.92 0.87 4.42
fo = 0.002 foeMm = 0.022, aee = 0.4 13.02 5.70 6.90 4.61 8.95 0.79 0.02 4.38
foeMm = 0.035, age = 0.4 10.84 6.54 8.01 5.71 9.46 0.72 0.02 4.34
feem = 0.05, age = 0.4 11.02 7.50 8.83 6.64 9.97 0.63 0.01 4.28
25M@, feeMm = 0.004 17.10 6.54 7.84 5.24 6.63 0.75 0.36 4.44
Schwarzschild, fcsm = 0.01 15.69 6.85 7.86 5.31 6.70 0.77 0.26 4.44
fo = 0.002 foesMm = 0.022 12.57 7.95 8.54 6.05 7.08 0.69 0.02 4.38
feem = 0.035 14.03 9.00 9.73 7.24 7.43 0.64 0.02 4.34
fepum = 0.05 12.69 10.16 11.27 8.86  7.78  0.55 0.01 4.24
25Mo, fonm — 0.004, awe — 0.4 21.35  6.43 7.77 518  6.53  0.71 0.72 4.45
Ledoux, foeMm = 0.01, asc = 0.4 21.59 6.91 7.72 5.15 6.70 0.70 0.78 4.43
fo = 0.002 foem = 0.022, age = 0.4 14.87 7.94 8.59 6.11 7.08 0.66 0.12 4.38
feem = 0.035, ase = 0.4 13.70 9.00 9.88 7.39 7.43 0.61 0.02 4.33
fepum = 0.05, age = 0.4 12.76 10.16 11.68 9.25 7.78  0.52 0.04 4.24

Notes: Shown are the total star mass, Mtot, the helium core mass, M, the carbon-oxygen core mass, Mco, the
main-sequence lifetime, 7y, the core helium burning lifetime, Ty, and the blue supergiant to core helium burning
lifetime, Tgsg/7He. The core mass is defined as the location where the abundance of the main fuel in the burning
process, which creates the main end product of the burning phase, is below 0.1 and the abundance of the end product
is above 0.01.

2 Hydrogen free core at hydrogen depletion.

b rgsq, the blue supergiant lifetime is defined as the time when the star (i) has left the main-sequence stage of core
hydrogen burning, (ii) the surface temperature is in the range 4.4 > log;y Teg > 3.9 and (iii) it is not an extremely

helium-enriched Wolf-Rayet-like star, i.e. Xgu.r(1He) > 0.3.
¢ The logarithm of the minimum effective temperature during the main-sequence evolution. The terminal-age main-
sequence is defined as the time when the central hydrogen mass fraction drops below 10~5.
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central 22Ne captures an a nucleus during core helium burning. The leftover 2?Ne will capture an o
during carbon shell burning, where the as are provided from the a-emission channel of the 2C+2C
reaction. This creates the condition for the weak s-process at higher temperatures and slightly dif-
ferent conditions (e.g. Couch et al., 1974; Prantzos et al., 1990; Raiteri et al., 1991b; Pignatari et al.,
2010). This secondary neutron-source reaction competes during the late core helium burning with the
12C(ar, )90 reaction for the remaining o nuclei.

The outcome of core helium burning affects the further evolution of the star in several ways. The 2C
to 60 ratio at core helium depletion depends strongly on the nucleosynthesis and its uncertainties
(e.g. Arnett & Thielemann, 1985; Fields et al., 2018). The outcome not only sets the fuel for the
subsequent carbon and oxygen burning phases but also influences the pre-supernova abundances (e.g.
Thielemann & Arnett, 1985; Woosley et al., 2002). Furthermore, the amount of 2C available at
core carbon burning ignition determines whether carbon burns convectively or radiatively, which has
consequences for the convective history and the stellar structure at core collapse (Ugliano et al., 2012;
Sukhbold & Woosley, 2014; Miiller et al., 2016; Sukhbold et al., 2016; Ertl et al., 2016; Sukhbold et al.,
2018; Chieffi & Limongi, 2019). Moreover, the different activity of the 22Ne+a reaction during core
helium or shell carbon burning will affect the nucleosynthesis and final weak s-process yields, because
the burning conditions differ and there are different isotopic abundances, e.g. neutron poison, in the
two stages (Prantzos et al., 1990; Raiteri et al., 1991a,b; Pignatari et al., 2010).

Convective boundary mixing increases the effective size of the convective helium core (Fig. (II1.12))
which slightly changes the central conditions. Furthermore, the convective stability criterion influ-
ences the size of the convective core and when it grows - see discussion in Section I11.5.1. These facts
affect the amount of a nuclei available during a certain period of core helium burning and the central
conditions. This impacts the 2C to 6O ratio and the amount of 22Ne capturing an a nucleus, thus,
the efficiency of the weak s-process during core helium burning (see also e.g. Costa et al., 2006).

Fig. (II1.13) presents the 12C and '®0O mass fraction in the centre of the star at core helium depletion
as a function of the carbon-oxygen core mass for the different initial masses. In the 15 My models the
12C mass fraction decreases and the '°0 mass fraction increases with increasing fopy. The 15 Mg
models with the two highest values of fopy follow this trend but are shifted to slightly larger 12C and
smaller 10 mass fractions. The first trend is a consequence of the increasing convective core mass
during core helium burning with larger fcpu, as discussed in Section III1.5.1, therefore more a-nuclei
are ingested into the central burning zone. Thus, during late core helium burning, when the 2C+a
is dominant, more '2C is turned into '°0. The second point is related to the timing of the convective
helium core growth (see Fig. (1I11.12)). Whilst in the 15 Mg models with fepm < 0.022 the core growth
is roughly linear in time, in the models with fopy = 0.035 or 0.05 core growth occurs mainly during

the initial phase of core helium burning, i.e. when X.(*He) > 0.8, and the core growth is relatively
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Figure II1.13: The '2C, top, and 60, bottom, mass fractions in the centre as a function of the carbon-
oxygen core mass at core helium depletion. Plotted are the values for the 15 (black edge) 20 (blue
edge) and 25 Mg (red edge) models. The Schwarzschild boundary criterion is indicated by a circle and
Ledoux criterion with a star (as. = 0.004) or a square (asc = 0.4), respectively. The colour scheme
shows the value of fcpum.

slower thereafter. Therefore, there is less a entrained during the late burning phase, when the 2C+a
reaction is dominant, resulting in a slightly higher 2C and lower 6O mass fraction in these models.
The Schwarzschild model with fcgy = 0.035 has a convective core growth more similar to the models
with lower amounts of convective boundary mixing. This is also reflected in its lower 2C and higher
160 compared to the rest of the models with large amounts of convective boundary mixing.

Fig. (I11.13) also depicts that with the semiconvective efficiencies used in this work, semiconvection
has almost no influence on the carbon and oxygen mass fraction at the end of core helium burning.
The only models where there is an impact are the ones with no convective boundary mixing, where a
higher semiconvective efficiency leads to a larger convective core shown in Fig. (II1.12). Consequently,
there is more fuel available during the late burning phase, resulting in the lower '?C and higher 0
mass fraction.

The 15 Mg Schwarzschild model with no convective boundary mixing does not follow this trend. This
model has a much higher O to '2C ratio in the centre than any other of the 15 M, simulations. This
is because of the sharp increase of the convective core described in Section III.5.1, which transports
fuel into the convective region during late core helium burning. This brings a lot of fresh « into the
core and more carbon is synthesised into oxygen.

Fig. (II1.13) clearly shows a higher 0 to '2C ratio with increasing initial mass. This is expected due
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to the temperature dependence of the '2C+a reaction, hence, more massive stars synthesise more 160
and less '2C during core helium burning (e.g. Prantzos et al., 1990).

The central 12C and 160 mass fractions in the 20 and 25 Mg, models with different amounts of convec-
tive boundary mixing appear to be constant around X.(*2C)~ 0.3, X.(10)~ 0.68 and X.(*?C)~ 0.22,
X.(160)~ 0.7, respectively. Contrary to the 15 M models the 2C+a reaction seems to be saturated
under the conditions in these models. This is a result of the higher central temperatures in the models
with the same initial mass but larger amounts of convective boundary mixing, which leads other re-
actions to activate, such as 10(a,7)?°Ne (e.g. Arnett & Thielemann, 1985). The models with values
of faem < 0.01 have a lower '2C and higher 'O mass fraction. This behaviour is a consequence of
the core breathing pulses, which occur during the late stages of core helium burning and affect the
size of the convective core - see discussions in Sections II1.5.1 and IT1.7. These events ingest more fuel
into the burning region. Therefore the final 'O mass fraction is increased and the 2C mass fraction
is decreased. Since the core breathing pulses are more extreme with less convective boundary mixing,
the 160 to '2C ratio is slightly higher with less convective boundary mixing.

Comparing the different initial masses it is obvious that depending on the amount of convective bound-
ary mixing lower mass models can have a similar 10 to 12C ratio at the end of core helium burning to
higher mass models with less convective boundary mixing. This is striking because this ratio is crucial
in determining the evolution of the advanced burning phases, in particular the convective history (see
discussions in Sukhbold & Woosley, 2014; Chieffi & Limongi, 2019). Therefore, the amount of convec-
tive boundary mixing not only directly affects these convective regions by enhancing the convectively
mixed region but also indirectly by setting the 60O to '2C ratio at the end of core helium burning.
The carbon to oxygen ratio at core helium depletion is very uncertain, especially due to the uncertainty
in the reaction rate (e.g. Woosley et al., 2002). I show here that the amount of convective boundary
mixing introduces another uncertainty in this ratio. The convective boundary criterion seem to affect
the ratio less when comparing the different models with the same initial mass but varying fcgam in
Fig. (I11.13). Nevertheless, the importance of this uncertainty needs to be determined in the absence
of core breathing pulses which are thought to be numerical artefacts (Constantino et al., 2016) but see
discussion in Section III.7.

The weak s-process in massive stars depends on the efficiency of the neutron source reaction 2>Ne(a,n)?*Mg,
which determines the neutron density in the helium core. The efficiency of the neutron source reac-
tion depends on (i) the nuclear abundances of 2?Ne and “He and (ii) the central conditions such as
temperature and density. At solar metallicity, most of the metals are CNO elements, which are mostly
turned into "N during hydrogen burning. Hence, the 2?Ne abundance before the activation of the
22Ne+a reaction during core helium burning is directly related to the initial metal abundance in all

my calculations (X(??Ne) ~ 22.X{NO). The amount of o available, on the other hand, depends on

int
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Figure II1.14: The 2 Mg mass fraction produced at the centre by the neutron source reaction during
core helium burning as a function of the carbon-oxygen core mass at core helium depletion. Plotted
are the values for the 15 (black edge) 20 (blue edge) and 25 Mg (red edge) models. A circle indicates

the Schwarzschild criterion, a star the Ledouzx criterion with ag. = 0.004 and a square the Ledoux
criterion with ag. = 0.4. The colour scheme shows the value of fopm.

the size of the convective core and on the amount of fuel entrained at the top of the convective core.
The differences in the central thermodynamic condition between the models depend on the different
amounts of convective boundary mixing as well.

Fig. (I11.14) presents the 2Mg mass fraction produced at the centre by the neutron source reaction
22Ne(a,n)?*Mg during core helium burning as a function of the carbon-oxygen core mass for the three
initial masses. The number of neutrons released by the neutron source reaction is equal to the number
of 2°Mg produced in Fig. (II1.14), thus, it indicates the neutron flux and with it the activity of the
weak s-process.

Fig. (II1.14) shows a clear trend of an increasing 2> Mg production with increasing fcpm for all initial
masses. This is because (i) more fuel is entrained into the convective zone with an increasing amount
of convective boundary mixing and (ii) the models with more convective boundary mixing have larger
core masses, hence they burn helium in the centre at a slightly higher temperature and lower den-
sity compared to models with less convective boundary mixing. Moreover, the convective boundary
criterion leads to different convective core sizes (Fig. (II1.12)) which leads to different activity of the
neutron source reaction. The shift of X.(?**Mg) to higher values with larger initial mass results from
the fact that these models have larger core masses and burn helium at higher temperatures.

Fig. (II1.14) depicts that the different semiconvective efficiencies do not change the amount of 2>Mg
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produced by the 22Ne+« reaction, which is a result of the reduced occurrence of semiconvection with
increasing amount of convective boundary mixing. Therefore, the semiconvective efficiency does not
affect the weak s-process efficiency during core helium burning.

Again, it is interesting to see in Fig. (I11.14) that models with a large amount of convective boundary
mixing behave like models of a larger initial mass but less convective boundary mixing in terms of
carbon-oxygen core mass and s-process activity.

I want to stress here that the X.(**Mg) in Fig. (II1.14) is not equal to the 2 Mg abundance at core
helium depletion. Indeed, X.(?°Mg) corresponds to the production at the very centre, whereas the
final Mg abundance is determined by the conditions throughout the convective core. Additionally,
some of the 2°Mg is further processed by burning.

The difference in s-process activity during core helium burning can shift the final weak s-process pro-
duction between iron and strontium. Furthermore, more 2?Ne+a consumption during core helium
burning leads to higher s-process yields (Pignatari et al., 2010).

The changes in nucleosynthesis due to the fy parameter is linear. A larger f; implies slightly less
convective boundary mixing, thus, smaller amount of fuel available in the late core helium burning.
Therefore, the abundances of 12C and 2?Ne are higher and the abundances of 10 and 2°Mg are lower
than shown in Figs. (II1.13) and (III.14). The differences of the nucleosynthesis during core helium
burning due to semiconvection are slim as can be seen in Figs. (II1.13) and (I11.14) and mainly affect

the simulations with no convective boundary mixing.

6 Blue versus Red Supergiant Evolution

The different behaviour in depth and duration of the intermediate convective zone discussed in Section
I11.4 has an important impact on the surface evolution of the model, which in turn influences the later
stellar structure and evolution.

Fig. (II1.15), left panel, shows the Hertzsprung-Russell diagram for the 15 Mg models. The main-
sequence tracks in the Hertzsprung-Russell diagram are discussed in Sections 1.2 and II1.3. The mod-
els leave the main sequence via the Henyey hook where the first difference between the two boundary
criteria arises. The tracks of the Ledoux models form a loop (top left of the tracks) before they start
crossing towards the cooler, red side of the Hertzsprung-Russell diagram, whereas the Schwarzschild
models evolve via a hook. With increasing amount of convective boundary mixing, the latter show
loops as well. This contrast arises from the different location of the intermediate convective zone,
which becomes more similar with increasing fopwm (see Figs. (II11.8) and (IT1.9)).

The Ledoux models with no convective boundary mixing (black dotted and dashdotted lines in

Fig. (II1.15)) show the most different tracks when crossing to the red supergiant branch on the cool
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Figure I11.15: The Herzsprung-Russell diagram for various calculations of models with initial masses
of 15 and 25Mg), both with fo = 0.002. The solid lines indicate Schwarzschild models and all the
others are Ledoux models with either as. = 0.4 (dotted line) or ag. = 0.004 (dash-dotted line). The
colour scheme indicates the amount of convective boundary mixing. The markers show the location
where helium burning is ignited in the core, i.e. when 0.3% of the helium left after core hydrogen
depletion is burnt. The different marker styles indicate the different boundary criteria used in the
calculation, where circles indicate the Schwarzschild criterion and the others are Ledoux models with
ase = 0.004 (square) or ag. = 0.4 (star).

side of the Hertzsprung-Russell diagram by decreasing their surface luminosity. Fig. (II1.16) (left
panel) which presents the evolution of the surface temperature as a function of the central helium
mass fraction sheds light on what happens in the interior of these models. The two Ledoux models, af-
ter the Henyey hook in the upper left corner, drop their surface temperature before they consume any
significant amount of helium in their interior. Hence, they directly cross the Hertzsprung gap to the
cool side of the Herztsprung-Russell diagram before they fully ignite helium in their core, despite the
fact that Fig. (ITI1.15) suggests that they start burning helium at log Tegs &~ 4.0. The fast red-ward evo-
lution results in a primarily adiabatic expansion of the envelope, thus a decrease in surface luminosity.
The Schwarzschild model with no convective boundary mixing (the black solid line in Fig. (IIL.15)) on
the other hand, ignites helium in its core at around log Tegr & 4.2. Fig. (II1.16) reveals that the model
consumes ~ 80% of its central *He in the hotter, blue side of the Hertzsprung-Russell diagram, before
it moves to the cool, red side. The crossing of the Hertzsprung gap in this simulation occurs with a
nearly constant surface luminosity, which is due to a quasi-hydrostatic contraction/expansion. The
short loop-like structure at log Teg ~ 4.2 in the Schwarzschild model is because of a strong, boosted
hydrogen shell, which stops the expansion of the envelope by supporting the core.

These two scenarios, either spending the whole of the core helium burning phase as a red supergiant
or spending most of core helium burning as a blue supergiant, are a consequence of the different
intermediate convective zone and the activity of the hydrogen shell described in Section III.4.

These extreme differences of red- or blue-ward evolution with either the Ledouz or the Schwarzschild

criterion in the 15 Mg models decrease with increasing amount of convective boundary mixing (see
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Figure II1.16: Evolution of the effective temperature as a function of the central *He mass fraction.
Shown are the 15 and 25 Mg models, all with fy = 0.002. The solid lines indicate Schwarzschild models
and all the other are Ledoux models with either ay. = 0.4 (dotted line) or as. = 0.004 (dash-dotted
line). The colour scheme indicates the amount of convective boundary mixing.

Figs. (II1.15) and (II1.16)). However, crucial variations arise with the choice of fopm. When a small
amount of convective boundary mixing is applied, i.e. fcgm = 0.004, the erasing of the chemical strat-
ification at the lower convective boundary of the intermediate convective zone in the Ledoux models
dominates - see discussion in Section II1.4. As a result, both, the Ledoux and the Schwarzschild
models, predict an overlap of the intermediate convective zone and the hydrogen burning shell. Con-
sequently, these models experience a more “Schwarzschild-like” evolution where the star consumes
~ 50% of its central helium before they evolve red-ward. The blue supergiant lifetime is shorter in
these models compared to the Schwarzschild model with no convective boundary mixing (compare in
Table I11.1) because of the shorter duration of the intermediate convective zone (Fig. (II1.10)). These
three models exhibit a vertex at log Teg = 4.2 which is due to the boost of the hydrogen shell. When
higher amounts of convective boundary mixing are used, fcgm = 0.01, 0.022 and additionally 0.035 in
the Schwarzschild case, the effect of faster energy regulation dominates - see Section II1.4. This results
in a shorter duration of the intermediate convective zone and a weaker hydrogen shell. As a conse-
quence, the models evolve more “Ledouz-like”, meaning they evolve red-ward faster and spend most
of their core helium burning phase as red supergiants. The loop-like structure around log Teg &~ 4.2
in Fig. (III.15) flattens and the point of central helium ignition is shifted to slightly cooler values of
the surface temperature. For even more convective boundary mixing, fcgm = 0.05 and 0.035 for the
Ledoux models, the intermediate convective zone does not overlap with the hydrogen burning shell
anymore, even less than in the Ledoux models with no convective boundary mixing. Therefore, the
energy generation of hydrogen burning decreases fast and the shell moves outwards due to the lack
of fuel at the shell location - see Section III.4. Consequently, the model moves very fast to the cooler
part of the Hertzsprung-Russell diagram as shown in Fig. (III1.16) and Table III.1. Moreover, core

helium burning only ignites once the model has ascended the red supergiant branch. This is in fact
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the result from an even faster red-ward evolution than the other models. The Ledoux models with no
convective boundary mixing and with fopym = 0.022 and the Schwarzschild model with fopym = 0.035
reach the red supergiant branch after they have consumed ~ 80% of their X.(*He). On the contrary,
the Ledoux models with fcpy = 0.035 reach the red supergiant branch with having less helium con-
sumed and the models with fcgym = 0.05 do not consume any notable amount of helium before they
start ascending the red supergiant branch. Since these models do not have a strong hydrogen shell to
support the core against contraction, more gravitational energy is released, of which part leads to a
more extreme expansion and relatively high mass-loss rate before helium is ignited in the centre. The
effect of this transition, from “Schwarzschild-like” to “Ledouz-like”, is nicely presented in Fig. (II1.16)
and is a function of fopm.

The generally larger intermediate convective zone in the 20 and 25 Mg models leads to a slower red-
ward evolution and these models generally consume more helium in their cores as blue supergiants,
as shown in Figs. (IT1.15) and (II1.16) for the 25Mg models. The location of helium ignition in
Fig. (IIL.15), however, does not greatly change with higher initial mass and seems to be more depen-
dent on the amount of convective boundary mixing.

Interestingly, the central evolution presented in Fig. (III.16) reveals important qualitative differ-
ences. The Ledoux models with focgy = 0.004 and 0.01 both spend nearly their whole core helium
burning phase as blue supergiants, ~ 90% and ~ 75%, respectively (see Table III.1), whereas their
Schwarzschild counterparts only spend ~ 64% and ~ 30%, respectively, of their core helium burning
phase as blue supergiants. Furthermore, the Ledoux models with fcgym = 0.004 and 0.01 behave
more similarly during this stage than the respective Schwarzschild model with the same fopy and
vice-versa. Hence, the stability criterion introduces a larger uncertainty in these models with medium
and low amounts of convective boundary mixing during this stage. This occurs for both initial masses,
20 and 25Mg,.

Another interesting feature appearing in Figs. (II1.15) and (III.16) is that the models with large
amount of convective boundary mixing, focgm = 0.035 and 0.05, start to move back to the hot side
of the Hertzsprung-Russell diagram towards the end of helium depletion. This is a consequence of
the fast red-ward evolution after the main sequence of these models and the resulting relatively large
mass loss (see Fig. (II1.17)) which erodes most of the hydrogen rich envelopes of these stars - also
compare Moy and M, in Table II1.1. Indeed, the 25 My models with fegym = 0.05 lose enough mass
to evolve blue-wards with the Ledoux model ending in the Wolf-Rayet phase, defined in our models
as Xsurf(lH) < 0.4 and logi9Teg > 4.0. As expected, this behaviour is more dominant in the 25 Mg
models than in the 20 Mg models.

The effect of the convective fingers on the intermediate convective zone in the models with fopy =

0.022 - as discussed in Section III.3 - is also apparent. In the 20 Mg Ledoux model the duration
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of the intermediate convective zone is shorter due to the influence of the convective fingers and it
crosses nearly directly to the cool part of the Hertzsprung-Russell diagram, whereas its Schwarzschild
counterpart stays for some time in the hot part. In the 25 Mg Ledoux models with fepym = 0.022,
on the other hand, the intermediate convective zone is larger due to the interference of the convective
fingers and it experiences a slower red-ward evolution than its Schwarzschild counterpart.

Table III.1 includes the ratio of the blue supergiant to core helium burning lifetimes. This shows once
more that the simulations with a larger and longer intermediate convective zone stay longer in the
hot part of the Hertzsprung-Russell diagram. Vice versa, a smaller intermediate convective zone leads
to a faster red-ward evolution. Furthermore, the Schwarzschild models predict constant or slightly
decreasing blue supergiant lifetimes with increasing initial mass whereas the Ledoux models predict
first an increase and then a decrease for the two largest values of focpwm. This difference is due to the
initial location of the intermediate convective zone.

Some of the models spend more than half of their core helium burning lifetime as blue supergiants.
This is partly in contradiction with Davies & Dessart (2018) who found a transition from fast to slow
red-ward evolution around 15 - 25 Mg. Moreover, Davies & Dessart (2018) state that the location of
helium ignition impacts the way the star crosses the Hertzsprung-Russell diagram. I, however, do not
see a clear indication of this in my mass range because all of the models with fopm < 0.022 ignite
helium burning in their cores at around log;oTeg ~ 4.2 — 4.1 with the exceptions being the models
with large amount of convective boundary mixing. So the location of helium ignition in my models
only shows whether a low and intermediate fcpym or a large fopwm is used. The main impact I find, as
stated by Davies & Dessart (2018) as well, is the location and duration of the intermediate convective
zone.

These two different evolutionary paths, core helium burning as a blue or red supergiant, or a com-
bination thereof, have an important impact on the structure of the star and its further evolution, in
particular (i) the mass loss rates, (ii) the shape of the surface convective zone and surface enrichment,
(iii) the central evolution (Section IIL.5) and (iv) the star type at the end of core helium burning,
either red supergiant, blue supergiant or Wolf-Rayet star.

Fig. (II1.17) presents the mass loss rates, M, as a function of the central helium mass fraction, starting
at core hydrogen depletion, at the bottom left. M shows similar low values in all models at the end
of their main-sequence evolution. Thereafter the mass loss rates evolution exhibits quite a contrast.
The mass loss rates depend crucially on the time when the model enters the red supergiant phase.
During the time a model evolves as a blue supergiant, its mass loss rates stay relatively low, following
the mass loss prescription from Vink et al. (2000, 2001) - see Section B.1.6. However, once the model
evolves red-ward it experiences a drastic increase in its mass loss rate. This is around logi¢Tg = 4.0

when the stellar evolution code switches from the mass loss prescription for O-stars to the empirical
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Figure II1.17: The mass-loss rate per year as a function of the central helium mass fraction. The
tracks begin at central hydrogen depletion and go up to central helium depletion. Shown are the
tracks for the 15 and 25 Mg models, left and right respectively, all with f, = 0.002. The solid lines
indicate Schwarzschild models and all the other lines are Ledoux models with either as. = 0.4 (dotted
line) or as = 0.004 (dash-dotted line). The colour scheme shows the amount of convective boundary
mixing.

mass loss rates by de Jager et al. (1988). The different dependency on the surface temperature and
luminosity leads to the drastic increase of the mass loss rates - see Section B.1.6.

As previously discussed, the time a model spends as a blue supergiant depends on the duration, lo-
cation and size of the intermediate convective zone, which itself depends on the stability criterion
used and the amount of convective boundary mixing applied. In general, models with a larger fopm
parameter experience a faster red-ward evolution, hence, they experience an increased M earlier. Ad-
ditionally, there is a difference between the Ledoux and the Schwarzschild criterion models, in that
the latter experience a later and less intense increase in M, which is present for all fepy-values used
in this work. This is a result from the differences in the intermediate convective zone.

The simulations with no convective boundary mixing (the black lines in Fig. (II1.17)) defy this gen-
eral trend, because the Schwarzschild model has the longest blue supergiant lifetime whereas the
Ledoux models the shortest. Furthermore, the models with fcgym = 0.05 and the Ledoux models
with fepm = 0.035 experience a relatively high M which is reduced by about half in the subsequent
evolution. This is due to the drop of the total luminosity (see Fig. (I11.10)). The high luminosity
after core hydrogen depletion in these models is due to the more extreme central contraction without
a strong support from the hydrogen shell, as discussed in Section III.4.

The 20 and 25Mg models generally have higher mass-loss rates with increasing fopy and hence a
smaller total mass at core helium depletion (Table ITI.1). There are, however, some exceptions. The
Ledoux and Schwarzschild models, each with fcgm = 0.004 and 0.01, show more similar mass loss
rates than their counterparts with the same fcgy but different stability criterion. This is a conse-

quence of the more similar intermediate convective zone previously discussed.
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The changes in mass-loss rates seen in Fig. (II1.17) are due to the different phases the models are in,
as discussed above. The variation due to the uncertainty of convective boundary mixing leads to a
wide range of total masses at core helium depletion (see Table II1.2). The most extreme cases are the
models with an initial mass of 25 Mg where the final mass ranges from 21.59 Mg down to 12.57 M.
The depth and strength of the intermediate convective zone further affects the appearance of the
surface convective zone. A less energetic hydrogen shell favours core contraction, thus expansion of
the envelope, which in turn cools down and the opacity in the envelope increases. As a consequence,
a surface convective zone develops, which penetrates deep into the star - see Figs. (II1.8) and (III.9)
where some panels show a convective zone in the upper right side - and enriches the surface with pre-
viously synthesised material from the interior. A stronger hydrogen shell, on the other hand, delays
the formation of the surface convective zone and the surface enrichment occurs later (see discussion
in e.g. Georgy et al., 2014). Therefore, the surface composition and composition of winds will be
affected.

In Section III.4 T have shown that the fy parameter has an important effect on the intermediate
convective zone when small values of fopym are used, especially in the Ledoux models. Following the
discussion, this affects the red-ward evolution (Table II1.1) and with it the mass loss rates. Therefore,

this parameter should not be overlooked in discussions.

7 Discussion

One of the main goals of this work is to show the relative importance of convective boundary mixing
uncertainties and which quantities of stellar evolution are mostly affected. In Table II1.2 I list the vari-
ation of the core masses and the total mass at core helium depletion and in Table III.3 the variation of
the lifetime of some stellar stages. The two tables show for each initial mass the maximum difference
in the predicted values of my simulations and the relative variation with respect to a reference model.
The reference model for all initial masses is the Ledoux model with fcgy = 0.035 and ag. = 0.4,
which is, in the 15 Mg case, the closest setting to the calibration of Brott et al. (2011).

The two largest relative deviations in Table III.2 are the total mass of the star and the carbon-oxygen
core mass, which are both above 50%. For the two higher initial masses, the uncertainty of the total
star mass dominates, with ~ 65% and ~ 75% respectively for the 20 and 25 My models, whereas in
the 15 Mg models the relative variation of the carbon-oxygen core is the largest with ~ 70%. The
absolute deviation of the total mass is about 9 M. This large uncertainty is a result of the models
spending different amounts of time as blue or red supergiants, where different mass loss prescriptions
apply. This is a consequence of both, the boundary criterion and the amount of convective boundary

mixing which influence the location, shape and duration of the intermediate convective zone - see Sec-
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tion ITI1.4. The core masses, with the exception of the carbon-oxygen core mass in the 15 Mg models,
show smaller but still non-negligible deviations. The helium core masses have differences up to 4 Mg
and relative variations of ~ 35 — 45%. The absolute difference is larger for the higher initial masses,
a consequence of the size difference of these models, but the relative variation is smaller because of
the larger My, of the reference model. The uncertainty of helium core mass is dominated by the
amount of convective boundary mixing and the choice of the boundary criterion only gives maximal
differences up to 0.5 Mg (see Table II1.1). The carbon oxygen-core masses follow the same trend but
with larger absolute and relative variations, i.e. ~2.5 — 4.1 Mg and ~ 50 — 70%, respectively. These
differences are mainly influenced by the choice of fopm and the choice of the boundary criterion is
less important than for My, in most cases. The boundary criterion mainly influences the timing when
the convective helium core grows but has less impact on its maximal extent. Mg shows a slightly
higher absolute variation because the variations from the previous stellar phases cumulate. Thus, the
relative uncertainty of the core masses increases as stellar evolution proceeds and might be even higher
for the further evolution (see e.g. Davis et al., 2019). The uncertainty of the mixing assumptions also
influences convective shell interactions during the later evolutionary stages (e.g. Clarkson & Herwig,
2020).

I want to stress here, that some of the core masses in the 15 Mg models with larger values of fcpm
are as large as the same core mass in the 20 My models with moderate values of fopym. The same
applies for the 20 and 25 Mg models. These models with large amounts of convective boundary mixing
would therefore have an evolution after core helium burning that is more similar to models with a
higher mass but less convective boundary mixing. This would change the “zero-age main sequence -
supernova progenitor” relation and the final fate of massive stars as a function of their initial mass.
Furthermore, the core masses are often used to relate to the pre-supernovae compactness and explod-
ability of a star (e.g. O’Connor & Ott, 2011; Miiller et al., 2016; Ertl et al., 2016; Sukhbold et al., 2018;
Chieffi & Limongi, 2019). Relative uncertainties of 2 40 — 70% make these predictions unreliable and
more dependent on the parameter choices than the actual physics. Moreover, these uncertainties will
impact 3D hydrodynamics simulations for which 1D stellar evolution models are used as input model.
The core hydrogen and core helium burning lifetimes in Table II1.3 show a decreasing variation, rel-
ative and absolute, with initial mass. Convective boundary mixing mainly influences the burning
lifetimes by extending the convective core and providing more fuel for the burning phase. The models
with higher initial masses consume their fuel faster, hence the smaller variation in lifetimes with in-
creasing initial mass. The differences of the core hydrogen burning lifetimes are nearly completely due
to the choice of fcpym and only the models with no convective boundary mixing show a dependence on
the boundary criterion. The relative variation of the helium burning lifetimes is more than twice the

relative variation of the hydrogen burning lifetimes. Similar to hydrogen burning, these differences
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in the helium burning lifetimes are mainly determined by the amount of convective boundary mixing
but there is also a small dependence on the boundary criterion. The variation in the blue supergiant
lifetimes is extreme but this is to be expected considering the uncertainty connected with this phase.
This huge variation translates into the uncertainty of the total mass in Table III.2.

The blue values in brackets in Tables III1.2 and III.3 represent the same variations but they include
the 15 Mg models with no convective boundary mixing. These variations are larger, mainly because

of the pure Ledoux model with slow semiconvection, which has much smaller cores (see Table III.1).

In Sections II1.3 and II1.5 I have shown that the helium and carbon-oxygen core masses increase
with increasing amount of convective boundary mixing. Furthermore, convective boundary mixing
enhances the main-sequence width and prevents the occurrence of convective fingers. Also, models
with more convective boundary mixing have longer main-sequence and core helium burning lifetimes
as shown in Table III.1 and experience more mass loss (see Fig. (II1.17)). These are effects which
are generated by rotation as well (e.g. Heger et al., 2000; Meynet & Maeder, 2000, and Chapter IV).
Therefore, some solutions of stellar models might not be singular and care has to be taken when trying
to fit 1D stellar evolution models to observations. In this Chapter I studied non-rotating stellar models
in order to investigate the effects of convective boundary mixing without blurring of rotation-driven
mixing. In reality, both processes occur and influence each other (e.g. Brun et al., 2017; Korre et al.,
2019) but it is still an open question how convection and rotation interact with each other - see also

Chapter IV.

Gabriel et al. (2014) discuss the important issue of discontinuities at convective boundaries and how
to choose the “right” convective boundary location in the framework of the mixing-length theory.
They argue that the convective boundary is determined by either F..q = Fiot, Vcony = 0 or, following
Biermann (1932), V,aq = Vaa, all taken on the convective side of the boundary. On the radiative
side of the boundary, the condition V,,q < V,q must hold: (i) equality if there is no discontinuity in
the chemical composition, since all other variables T, P, p, and L are continuous and (ii) inequality if
there is a discontinuity of the chemical composition, resulting in the density and opacity to be discon-
tinuous, which is generally the case. In many present-day stellar evolution codes, including MESA which
was used for this work, the boundary location is determined as the position where the discriminant
Y = Viad — Vad or ¥ = Viaqa — Vaq + B, respectively, changes sign - see Section B.1.3.2. Therefore,
the codes include points in the radiative region to identify the convective boundary, contrary to the
argument above. If y is continuous at the convective boundary interface, this method works as well.
However, if discontinuities are present, this procedure can lead to an incorrect positioning of the

boundary as shown by Gabriel et al. (2014). For both, the Ledoux and the Schwarzschild criterion, y
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is discontinuous if the chemical composition profile is discontinuous. In addition, y is discontinuous if
there is a p-gradient in an adjacent layer of the boundary and the Ledoux criterion is used. Further-
more, in order to find the boundary location between cell k£ and k + 1 the codes interpolate in order
to find the exact location where y cancels. However, interpolation over an interval is mathematically
not allowed, which may have important consequences on the positioning of the boundary (see Gabriel
et al., 2014, for more details).

Similar issues arise in the calculations with no convective boundary mixing, especially with the Ledoux
criterion. Convective boundary mixing removes possible discontinuities at the convective boundary.
Therefore, the problem with a discontinuity in the chemical composition or its gradient at the con-
vective boundary is reduced, depending on the degree of convective boundary mixing and amount
of resolution at the boundary. In thin convective layers such as the convective fingers the problems
still arise. However, these convective regions might be a relic of 1D stellar evolution and might not
occur in reality - see discussion further down. Nevertheless, in most of the 1D stellar evolution codes
the convective boundary is determined before convective boundary mixing is applied, as discussed in

Section B.1.3. Hence, this problem is not solved but rather avoided in my models.

The convective fingers discussed in Section II1.3 do not influence the simulation significantly, except
if they are able to connect with the convective hydrogen core or if they persist until the intermediate
convective zone appears. Especially the first event can lead to significant changes of, e.g., the helium
core mass and hydrogen burning lifetime. I demonstrated that there is a limiting amount of convective
boundary mixing above which no convective fingers appear. This limit, however, increases with in-
creasing initial mass. On the other hand observations suggest, that the required amount of convective
boundary mixing during the main-sequence evolution is above the fogym limits for convective fingers.
Therefore, they might not occur at all. If they do occur, there are other issues, such as the high diffu-
sion coefficient and convective velocity predicted by the mixing-length theory, which seem unrealistic
for thin convective layers. Furthermore, if some sort of mixing above the convective hydrogen core
takes place, its nature needs to be determined, i.e. whether it has a finger-like structure as found by,
e.g., Langer et al. (1985) and discussed in my work or whether it is more a slow constant mixing as
suggested by Schwarzschild & Héarm (1958) and implemented in the MESA code (Paxton et al., 2019).
Another possibility could be to limit the mixing efficiency in thin convective layers by the distance
to the convective boundary, as shown in Section B.2.2. However, convective fingers might be a relic
of 1D stellar evolution and finite timestepping, that introduce discontinuities at the location of the
convective boundary of the retreating hydrogen core at a certain timestep. Moreover, 3D simulations
cleary show that the convective boundary is dynamic and fluctuates (e.g. Cristini et al., 2017; Jones

et al., 2017), which affects the chemical composition profile that is left behind the retreating hydrogen
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core. Furthermore, 3D simulations clearly show that at the interface of the convective and radiative
region internal gravity waves are generated, that propagate to the surface (Cristini et al., 2017; Edel-
mann et al., 2019). How much these waves mix the composition needs to be determined but they

definitely affect the radiative region above the convective core.

Some of the convective helium cores in Fig. (II1.12) show core breathing pulses (Castellani et al.,
1985). There is evidence that these core breathing pulses might be of a theoretical or numerical nature
(Constantino et al., 2016; Farmer et al., 2016). We note that the core breathing pulses that occur in
some of our models always appear after the intermediate convective zone disappeared and the energy
generation of the hydrogen shell drops (compare Figs. (II1.8) and (I11.10)). At this point the convec-
tive core experiences an increase in pressure and readjusts itself. This process, however, is dynamic
and time dependent. The pulses of the convective core could therefore be a result of the 1D mixing
prescription (e.g. Renzini & Fusi Pecci, 1988), hence, they could be the issue of idealised physics
rather than a numerical problem. Moreover, we note that when the convective boundary mixing zone
is large enough, this scenario does not occur, i.e. fepm > 0.022 (Constantino et al. (2017) found a
similar dependence and proposed an entrainment rate for the convective helium core). Therefore, it
could be that core breathing pulses occur when the envelope to core ratio is above a critical value,
where the envelope exerts enough pressure on the core once the hydrogen shell disappears to introduce
contraction. On the other hand, if the ratio is below the critical value the envelope is not massive
enough to introduce a contraction of the core after the disappearance of the hydrogen shell and no

core breathing pulses occur.

A complete understanding of the blue versus red evolution after the main sequence is still missing.
Several ideas have been suggested (e.g. Renzini et al., 1992; Sugimoto & Fujimoto, 2000; Stancliffe
et al., 2009) but there is no general accepted solution. Nevertheless, it is known that the blue to red
supergiant ratio depends strongly on internal mixing processes (e.g. Langer & Maeder, 1995; Georgy
et al., 2014; Schootemeijer et al., 2019). There are two possible ways massive stars evolve into the
blue supergiant region. Either they evolve from the main sequence to the blue supergiant region, type
I, or they evolve directly from the main sequence to the red supergiant region and then back towards
the blue region, type II. Ekstrom et al. (2012) find in their evolutionary grid that blue supergiant type
IT occurs in massive stars of about 20 Mg or higher; this limit depends on the mass loss rates that
are assumed during the red supergiant phase (e.g. Georgy, 2012). The two types of blue supergiants
have a different mass, structure and surface abundances. Furthermore, their following evolution and

supernova type will differ (e.g. Georgy et al., 2012; Yoon et al., 2012; Eldridge et al., 2013).
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In Section III.4 T discussed that blue supergiants in my grid are either type I, with small and interme-
diate values of fcpwm, or possibly type II, when large values of fopwm are used, depending on the initial
mass. This is due to the impact of the intermediate convective zone on the evolution of the star. The
type I blue supergiant models move to the red supergiant region as soon as the intermediate convective
zone disappears and the hydrogen shell weakens. Nonetheless, some models spend more than half,
or nearly all, of their core helium burning phase as blue supergiants depending on the convective
boundary criterion and the amount of convective boundary mixing (see Table II1.1). The type II blue
supergiant phase only occurs in the 25 Mg models with large amounts of convective boundary mixing
and the star only spends a short fraction of core helium burning as this type. Nevertheless, this model
becomes a Wolf-Rayet star at the end of core helium burning, which will change its further evolution
and final fate. Moreover, we find that semiconvection with the efficiencies tested has no remarkable
impact on the blue to red supergiant ratio. Recently, Schootemeijer et al. (2019) compared a grid of
stellar models with varying amounts of internal mixing to observation of massive stars in the Small
Magellanic Cloud and conclude that a medium amount of convective boundary mixing - they use the
penetrative ‘overshoot’ with 0.22 < oy < 0.33, and efficient semiconvection, ag. 2 1 - is needed to

< 1, can be ruled

~

match observations. Furthermore, they find that inefficient semiconvection, o
out because not enough blue supergiants are created. I agree with Schootemeijer et al. (2019) that
in general less convective boundary mixing favours blue supergiants but a straight comparison is not
possible due to the different initial metallicity (at a lower initial metallicity, more blue supergiants
are expected, e.g. Georgy et al., 2013). Nevertheless, I seem to contradict Schootemeijer et al. (2019)
in my claim that the relative importance of semiconvective mixing decreases with increasing amount
of convective boundary mixing. The simple explanation is the fact that Schootemeijer et al. (2019)
only apply convective boundary mixing at the convective hydrogen core whereas I include it at all
convective boundaries. This leads to a different behaviour of the intermediate convective zone, hence,
red-ward evolution - see Sections I11.4 and III.6. Furthermore, Schootemeijer et al. (2019) apply the
penetrative convective boundary mixing scheme, “step-overshoot”, which creates a discontinuity in
the chemical composition at the boundary. I conclude that in my simulations a more efficient semi-
convection of g, > 1 might only affect the outcome in the calculation with no or a small amount of
convective boundary mixing.

Another important impact on possible blue loops is the amount of mass loss during the red supergiant
phase, especially at solar metallicity. This might strip the star of its envelope and move it back to the
blue supergiant region. Indeed, if I enhance the mass loss rates due to dust formation during the red
supergiant phase following the prescription of van Loon et al. (2005), the models with a fast red-ward
evolution go back into the blue region. The models that stay in the blue region right after the main

sequence do not experience enough mass loss once they enter the red supergiant phase to do a blue
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loop. However, the mass loss rates during the red supergiant branch are very uncertain and it is not
sure which mass loss prescription is the correct one, if any. Saio et al. (2013) suggest to distinguish
between the two blue supergiant types with radial pulsations (e.g. Bowman et al., 2019) in addition to
the CNO surface enrichment, i.e. blue supergiants type II exhibit radial pulsations. Observed number
ratios of blue supergiant type I or II to red supergiant would help to constrain the internal mixing
process of, e.g., the intermediate convective zone, the boundary criterion (e.g. Georgy et al., 2021)
and the mass-loss rates.

Vink et al. (2010) find a steep drop in the rotation rates of B supergiants and propose two possible
explanations for their nature. I want to discuss the possibility that this could be a consequence of the
intermediate convective zone. As discussed in Section I11.6, if a massive star has a strong intermediate
convective zone it can spend 75 — 90% of its helium burning phase as a blue supergiant right after
the main sequence. On the other hand, rotation tends to smooth the structure above the convective
hydrogen core, which reduces the intermediate convective zone and leads to a faster red-ward evolu-
tion (Maeder & Meynet, 2001, and Chapter IV). Thus, it is much less probable for these stars to be
observed during the crossing to the red supergiant branch. Therefore, the observed blue supergiants
after the main sequence are most probably the ones with a strong intermediate convective zone, hence,
no or a slow rotation. If this is indeed the case, such observations could be used to constrain the mix-
ing of the intermediate convective zone.

Smartt et al. (2009) found a lack of supernovae originating from red supergiants above ~17Mg in
contrast to theoretical predictions, which they labelled as “red supergiant problem” - see Section 1.3.1
for more details. Recently, Dorn-Wallenstein et al. (2020) found pulsating yellow supergiants which
they identify as post red supergiant stars and they estimate their mass to be in the “problematic”
region. This indicates that the “missing red supergiants” above ~ 17 Mg are indeed missing because
these stars evolved away from the red supergiant branch and that the traditional theoretical predicted
fate of stars in this mass range could be wrong. In fact, the post-main-sequence evolution of massive
stars is blurred by many uncertainties and parametrisations. Therefore, the details of such an evolu-
tionary scenario is still unclear. Some authors argue that pre-supernova outbursts shortly before the
collapse could be responsible (Fuller, 2017; Leung & Fuller, 2020). An other solution could be binarity.
The more massive stars expand to larger radii during the red supergiant phase, hence, they are able
to fill the Roche lobe more easily and will lose more mass via mass transfer. The stripped star will
evolve away from the red supergiant phase, becoming a blue or yellow supergiant or a Wolf-Rayet star.
Also, the red supergiant mass-loss rates are a major uncertainty in stellar evolution calculations, see
discussion in Section 1.2.2. Depending on the mass-loss rates, massive stars above ~20Mg can lose
enough mass to evolve back to the blueor yellow supergiant branch or even become Wolf-Rayet stars.

Here, I want to point out that a proper treatment of the convective boundary could play a crucial role
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Table II1.2: The absolute and relative variation of the total mass, M;et, the helium core mass, M, and
the carbon-oxygen core mass, Mco. The individual values of each model are shown in Table III.1. The
values include Ledoux and Schwarzschild models.

AMot /Mg Mot AM, /Mg oM, AMco /Mg dMco

15Mg  3.38 (3.45) 27.72% (27.80%) 2.30 (2.74) 43.07% (51.31%) 2.40 (3.94) 69.77% (114.53%)
20M,  8.60 74.35% 2.94 36.70% 2.94 51.49%
30Mg  9.02 65.84% 3.96 40.08% 4.1 55.48%

Notes: The variation for a quantity @ is calculated as

& — Qmax - Qmin
Qref N Qref

where Qmax and Quin are the maximal and minimal value of the quantity for the initial mass and Qcf the value of the
reference model (see text).

5Q = x 100, (I11.1)

* The blue values in brackets include the models with no convective boundary mixing.

Table II1.3: The absolute and relative variation of the main-sequence lifetime, 7y, the core helium burning
lifetime, Ty and the blue supergiant lifetime, 735¢. The individual values of each model are shown in Tables
II1.1. The values include both, the Ledoux and Schwarzschild models.

A7 /Myrs 0TH ATy1e/Myrs O0THe Arpgg/Myrs 0TBSG

15My 3.35 (4.13) 24.38% (30.06%) 0.69 (0.69) 73.40% (73.40%) 1.16 (1.16) 5800.0% (5800.0%)
20M, 1.8 19.87% 0.36 50.00% 0.88 4400.0%
25M,  1.25 16.82% 0.25 40.98% 0.54 2702.5%

Notes: See Table I11.2 for the calculation of AQ and §Q.
* The blue values in brackets include the models with no CBM.
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in particular due to the impact of the intermediate convective zone. Fig.(IIL.15) illustrates that all
the 15 Mg models are red supergiants at the end of core helium burning, however, the 25 Mg models
with large fopm naturally evolve away from the red supergiant branch at the end of core helium burn-
ing, becoming blue supergiants or Wolf-Rayet stars (see also Table III.1). Therefore, the inclusion of
convective boundary mixing might partly help to solve the “red supergiant problem”. It is important
to note, that I do not claim that the red supergiants become yellow supergiants, or any other star
type, but that the prediction of traditional stellar evolution models are blurred by the uncertainties of
stellar evolution. Consequently, the model predict a fate that is not observed. However, considering
the uncertainties, it is possible that massive stars above ~ 17 Mg evolve away from the red supergiant
branch, towards the blue or yellow supergiant phase or the Wolf-Rayet phase. The details of this
evolutionary scenario and its fate depends on many input physics and their uncertainties and needs

further investigation.

For simplicity, I use the same fcgym at all convective boundaries in all evolutionary stages, core
and shell convective zones and all initial masses in my simulations. However, the amount of convec-
tive boundary mixing depends on the stiffness of the boundary (e.g. bulk Richardson number, Cristini
et al., 2019) and different fopm-values might be needed for different stellar stages, resulting in differ-
ent evolutionary paths. It is an ongoing effort to create a convective boundary mixing prescription
which depends on the physics of the boundary rather than the parametrisation (e.g. Pratt et al., 2017;
Arnett et al., 2018, 2019).

In Section III.2 T mentioned the use of MESAs MLT++ in models that experience envelope inflation.
Only models with large amounts of convective boundary mixing experience density and gas-pressure
inversions in their outer layers. Recent efforts to constrain internal mixing in massive stars with obser-
vations (e.g. Brott et al., 2011; Castro et al., 2014; Schootemeijer et al., 2019; Higgins & Vink, 2019)
indicate that stars in the mass range studied here have larger amounts of convective boundary mixing
than often assumed in “traditional state-of-the-art” stellar evolution models. Therefore, models in
the mass range 15-25 M might experience inflated envelopes. However, the stability and treatment
of such radiation-dominated envelopes is still an open question (e.g. Joss et al., 1973; Maeder, 1987b;

Langer, 1997; Bisnovatyi-Kogan & Dorodnitsyn, 1999; Maeder, 2009; Sudrez-Madrigal et al., 2013)

8 Conclusions

I calculated two grids of stellar models, one with the Ledouz and the other one with the Schwarzschild

convective boundary criterion, for three initial masses 15, 20 and 25Mg, in order to investigate
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the impact of some convective boundary mixing uncertainties. In each grid I varied the amount
of convective boundary mixing between (0.004,0.01,0.022,0.035,0.05) and, in the Ledoux case, the
semiconvective efficiency. In Sections III.3, IT1.4 and III.5 T presented the impact of the uncertainties

on the stellar structure. The key findings are the following:

1. During the main-sequence evolution the difference of the convective core size due to the two
convective stability criteria converges in all models when convective boundary mixing is included.
Furthermore, the region above the core converges with more convective boundary mixing. I find
that the minimum amount of convective boundary mixing, above which no convective fingers
are present increases with initial mass. This indicates that convective fingers might be a relic
of 1D stellar evolution since observations suggest larger amounts of convective boundary mixing

during the main-sequence evolution in massive stars.

2. The width of the main sequence broadens significantly with increasing amount of convective
boundary mixing and with the largest fcpm values the terminal-age main sequence bends to
cooler effective temperatures with increasing initial mass, which is more in agreement with recent
observations (e.g. Castro et al., 2014; McEvoy et al., 2015). The width of the main sequence is

nearly independent of the convective boundary criterion and semiconvective efficiency.

3. The initial location of the intermediate convective zone strongly depends on the stability crite-
rion, regardless of the amount of convective boundary mixing. When using the Schwarzschild
criterion there is an overlap with the hydrogen burning shell, whereas there is no overlap when
using the Ledoux criterion. The further evolution of the intermediate convective zone is largely
determined by the amount of convective boundary mixing. More mixing shortens the lifetime
of the intermediate convective zone and leads to an overlap with the hydrogen burning shell in
the Ledoux models. An overlap between the two boosts the latter, leading to crucial differences

in the further central and surface evolution of the model.

4. The relative importance of semiconvection drastically decreases with an increasing amount of

convective boundary mixing.

5. Generally, more convective boundary mixing leads to larger core masses and longer lifetimes.
The larger convective hydrogen cores are supported by asteroseismic observations of eclipsing
binaries (e.g. Tkachenko et al., 2020). Models with large amounts of convective boundary mixing
behave more like models of a higher initial mass but less convective boundary mixing in terms
of core masses, core helium burning lifetimes and nucleosynthesis. This would lead to a different
further evolution, supernova progenitor structure and explodability than currently presented in

the literature.
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In Section II1.5.2, T showed the impact of the convective boundary mixing uncertainties on the nu-
cleosynthesis during central helium burning. In the 15Mg models the 2C to 'O ratio decreases
as fopwm increases due to the larger amount of fuel available during the late stage of this burning
phase. The '2C to '®0 ratio is naturally saturated in the models with higher initial masses due to the
activation of other particle capture reactions. Furthermore, I find an increase of the weak s-process
activity in the simulations with larger amounts of convective boundary mixing. This might affect the
peak production of the weak s-process and will be subject of further studies.

In Section II1.6 the impact of the intermediate convective zone on the surface evolution of the star
was discussed. The simulations that predict a strong intermediate convective zone remain in the blue
supergiant region until the convective shell recedes, whereas models with a short intermediate con-
vective region evolve directly to the red supergiant branch. As a result, some models spend nearly
their whole core helium burning lifetime as blue supergiants, depending on the strength of the inter-
mediate convective zone. On the other hand, some of the more massive models very quickly enter the
red supergiant phase after the main sequence and become blue supergiants, and later on Wolf-Rayet
stars, at the end of core helium burning due to strong mass-loss. This not only affects the blue to
red supergiant ratio but also the total mass at core helium depletion, the further evolution, the pre-
supernova structure and explodability of these models.

In Tables II1.2 and III.3 the absolute and relative variations of the total mass, the core masses and
the stellar life times are presented to show which part of stellar evolution is mostly affected by the un-
certainties of convective boundary mixing. The most affected values are the blue supergiant lifetimes
and, correlated, the mass loss rates. The importance of the latter increases with initial mass. The core
masses show an uncertainty of ~ 40% for the helium core mass and ~ 50 — 70% for the carbon-oxygen
core mass. The lifetimes show a relative variation of ~ 15 — 25% for the hydrogen burning phase
and ~ 40 — 70% for the helium burning lifetime. The biggest uncertainty for all phases comes from
the amount of convective boundary mixing. The choice of the boundary criterion, either Ledouz or
Schwarzschild, mainly influences the intermediate convective zone, by determining its initial location,
and the growth of the convective helium core. The convective cores, however, grow to similar maximal
sizes and the difference introduced by the boundary criterion is small. Therefore, the choice of the
boundary criterion has nearly no impact on the main-sequence evolution but it crucially affects the
surface evolution.

This work shows the need to improve the treatment of convective boundaries in 1D stellar evolution
codes in order to have more reliable predictions of the evolution of massive stars. The intermediate
convective zone, for example, should be investigated in multi-dimensional simulations to constrain the
amount of mixing at the convective boundary and to test the two boundary criteria. Furthermore,

observations of the ratio of the two blue supergiant types (i.e. a blue supergiant right after the main
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sequence or after the red supergiant phase, e.g. Saio et al., 2013) and red supergiants would help to
constrain the internal mixing processes and the boundary criterion. Also, asteroseismic observations
may help in constraining the amount of extra mixing at the convective boundary (see e.g. Fig.(IIL.7b)).
However, constraining the amount of mixing is only a first step. In order to have more reliable predic-
tions ultimately a non-parametrised but physical theory is sought, which is work in progress by many

teams.
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|Chap’[er IV

The Uncertainty in Angular Momentum

Transport

Transport of angular momentum is one of the big open questions of stellar evolution theory.

Current stellar models fail to predict the rotation rates of the compact objects left at the

end of a star’s evolution and to reproduce the observed internal rotation profile of stars.

New theoretical prescriptions for the missing angular momentum transport are suggested,

however, none is accepted as the general solution to the problem. Recently, Fuller et al.

(2019) published a modification to the Tayler-Spruit magnetic dynamo, claiming that it

largely reproduces observations but there is some controversy. In this Chapter, I present MESA

stellar evolution models, using three different angular momentum transport mechanisms,

transport by hydrodynamic instabilities, the Tayler-Spruit dynamo and the Fuller-modified

version thereof. In these models, I study the differences in angular momentum transport

and changes in the evolution of rotation. Additionally, I investigate several uncertainties in

the implementation of the magnetic dynamos. I find the three transport processes predict

distinct ranges of core rotation at the end of their evolution, mostly independent of the

uncertainties investigated. However, the evolution of rotation and the angular momentum

distribution vary, depending on the transport mechanism and the uncertainty. This not

only implies different rotation rates at a certain stage of the star’s life, influenced by the

numerical choices, but also affects the structure of the star and its subsequent evolutionary

path, nucleosynthesis and timescales, which will be discussed in future work.
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1 Introduction

Rotation is often considered as a secondary process of stellar evolution. However, rotation is present
throughout the entire evolution of a star, influencing the evolutionary path, the timescales and the
nucleosynthesis. Rotation-induced instabilities drive internal mixing processes that mix the chemical
composition and rotation can enhance the mass-loss rates - see Sections 1.4 and I1.2. The internal
transport processes also allow for a redistribution of angular momentum in the star. Thus, the ro-
tational velocities of a star evolve over time. Recent work (Marigo et al., 2001; Meynet & Maeder,
2002; Hirschi, 2007; Ekstrom et al., 2008; Frischknecht et al., 2016; Chieffi & Limongi, 2020; Rizzuti
et al., 2021) even suggest that at low metallicity rotation plays a dominant role in the evolution and
nucleosynthesis. Therefore, the rotational effects are a crucial ingredient to model the life of a star
and enable to explain observations - see Section 1.4.

Rotating liquid bodies at constant density have been studied for a long time, starting with the works
by McLaurin, Jacobi, Poincaré and K. Schwarzschild. Kippenhahn & Thomas (1970) presented a
method to numerically treat rotation in stellar evolution models which was simulated in a simple
model for angular momentum transport by Kippenhahn et al. (1970). In their pioneering work, Endal
& Sofia (1978) include several rotation-induced instabilities in their simulations of rotating stars. They
derived order-of-magnitude estimates for the diffusive efficiency of the rotational mixing processes and
carried out time-dependent stellar evolution calculations. Pinsonneault et al. (1989) introduced the
parametrisation discussed in Section B.1.4 for a more accurate estimate of the rotational mixing ef-
ficiencies and constrained the parameters to solar models. Chaboyer & Zahn (1992); Zahn (1992)
showed, while the rotation-induced mixing of matter can be treated as a diffusive process the angular
momentum transport by the large scale meridional flows has to be simulated as an advective process.
This led to a split in the treatment of angular momentum transport in stellar evolution codes, those
that treat angular momentum transport as a purely diffusive process (e.g. Heger et al., 2000; Petrovic
et al., 2005; Paxton et al., 2013) and those that compute transport of angular momentum with an
advective-diffusive scheme (e.g. Ekstrom et al., 2012; Potter et al., 2012a; Chieffi & Limongi, 2013).
Stellar models that transport angular momentum by hydrodynamic instabilities only are known to
predict faster core rotation rates of white dwarfs, neutron stars and black holes than observed (Heger
et al., 2000; Suijs et al., 2008; Eggenberger et al., 2012; Mosser et al., 2012; Cantiello et al., 2014),
implying that an additional mechanism, or several mechanisms, operate. Possible candidates are a
magnetic dynamo, where magnetic field lines generated by the dynamo action create a torque between
differentially rotating layers and slow it down - see Section II.3 - or gravity waves (Talon & Char-
bonnel, 2005; Belyaev et al., 2013; Fuller et al., 2015b; Edelmann et al., 2019). The true nature of

the missing transport mechanism is still under debate and in the following I will focus on magnetic
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dynamos.

A magnetic dynamo action in the convective regions of a star is likely to exist (Parker, 1979; Charbon-
neau & MacGregor, 2001; Brun et al., 2005), however, it is currently not clear if these generated fields
can reach the surface and how deep they penetrate the radiative region. Since the turbulent flow in
the convective regions transports angular momentum very effectively, an additional magnetic dynamo
would have little influence on the angular momentum distribution. Spruit (1999, 2002) showed that,
in a differentially rotating star, a magnetic dynamo can be active in the radiative regions of the star,
depending on the gradient of the rotation rate. The torque created by this Tayler-Spruit dynamo can
effectively reduce the differential rotation between layers, leading to near-solid body rotation. How-
ever, the existence of the Tayler-Spruit dynamo is strongly debated - see discussion in Section 1I.3.2.
Moreover, while the Tayler-Spruit dynamo allows to reduce the angular momentum of the cores, it
fails to predict the observed rotation rates of white dwarfs, neutron stars and black holes (Heger
et al., 2005; Suijs et al., 2008). Alternative magnetic dynamos based on other magnetic instabilities
have been proposed, such as the magnetorotational instability (Velikhov, 1959; Wheeler et al., 2015),
the -0 dynamo (e.g. Brandenburg, 2001; Potter et al., 2012c) or other theoretical prescriptions for
dynamos in magnetic rotating stars (e.g. Fuller et al., 2019; Takahashi & Langer, 2020). The inco-
herency of the different angular transport mechanisms leads to a uncertain prediction of the evolution
of rotation and consequently the structure and evolutionary path of rotating stars. On top of the
various magnetic dynamos, each dynamo is differently implemented in the stellar evolution codes and
includes different numerical aides such as smoothing, dependence on chemical stratification and free
parameters. Consequently, angular momentum transport in stars is subject to large uncertainties and
prediction of rotating stars, for example the core rotation rate of massive stars at the pre-supernova
stage, are highly unreliable.

In this Chapter, I present a grid of stellar evolution models of massive stars using different flavours
of angular momentum transport, in order to investigate the difference between the transport mech-
anisms and asses the uncertainty on the evolution of rotation. In particular, I compare models with
no magnetic fields, with the Tayler-Spruit dynamo of Spruit (2002) and with the Fuller-modified
Tayler-Spruit dynamo of Fuller et al. (2019). Moreover, I study the influence of spatial and temporal
smoothing processes, the dependence of the angular momentum transport on the inhibiting effect of
chemical stratification, a possible interaction between the shear created by the turbulent motion at
the convective boundary and the magnetic dynamo and the dependence of angular momentum trans-
port on the metallicity and the initial rotation rate. In the current Chapter, I focus the discussion
mainly on the aspect of angular momentum transport and how the rotation rate evolves over time.

The impact on the structure, evolution and fate of the rotating stars will be discussed in future work.
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2 Stellar Models - Physical Ingredients

In order to study the uncertainty introduced by the transport of angular momentum in models of
massive stars, I computed a set of rotating stellar models with initial masses of 15, 25, 30 and 60 M.
The simulations were carried out using the MESA stellar evolution code (Paxton et al., 2011, 2013,
2015, 2018), revision 10108 - see also Appendix B. The set up of the models is similar to Chapter
II1. Here, I only discuss the different physics used and refer the reader to Section II1.2 for a complete
overview of the modelling ingredients.

The thermonuclear reactions were accounted for with MESA’s approx21 network. This is a 21 iso-
tope reaction network, which is capable of efficiently generating reasonably accurate nuclear energy
generation rates from hydrogen through silicon burning. It incorporates an “electron-dump” isotope
from the iron group with the task to fake the electron captures that occur during the late phases
of the evolution. It includes pp-I reactions (the simplest pp-chain reaction - see Section 1.2.1.1) and
steady-state CNO-cycles for hydrogen burning, standard a-chains, heavy ion-reactions, aspects of
photodisintegration into ®*Fe and neutron-proton conversion (Paxton et al., 2011). The approx21
reaction network reduces the computational cost immensely and allows to compute models on a faster
timescale, however, some key quantities are subject to uncertainty due to the small network (Farmer
et al., 2016).

The same physics for mass loss by stellar winds was used as in Section III.2, but the wind scaling
factor, 7yind, 18 set to 1.0 contrary to 7ying = 0.85 used in Chapter III. Maeder & Meynet (2001)
introduced this reduction factor to scale empirical mass-loss rates to observations (see their Section 2.2
for details). Theoretical mass-loss rates such as the one from Vink et al. (2000, 2001), however, do not
need to be scaled to observations, justifying 7winqg = 1.0. This wind-scaling parameter is multiplied
to all the mass-loss recipes in the MESA’s Dutch scheme, including the empirical mass-loss rates by de
Jager et al. (1988) - see Section B.1.6. However, the latter is subject to large uncertainties, which
reduces the relative impact of the different scaling factor. This is a point to improve in the future.
Contrarily to the models in Chapter III, the treatment of MLT++ is used in all the models to deal with
density and pressure inversions in the envelope.

I modelled convection using the Henyey flavour (Henyey et al., 1965) of the mixing-length theory
(Vitense, 1953; Bohm-Vitense, 1958) - see Section B.1.3.1. The mixing-length ¢y was set to
1.67 Hp, in accordance with Arnett et al. (2018). The convective boundary was determined with
the Schwarzschild criterion for stability, which is justified by 3D hydrodynamic simulations (Arnett
et al., 2019). Convective boundary mixing was accounted for with the exponential decaying diffusive
model of Freytag et al. (1996) - see Section B.1.3.2 for more details. I further modified the diffusion

coefficient and convective velocity following Jones et al. (2017) to mimic the spherically averaged
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radial diffusion and velocity profiles from their 3D simulations. The implementation of this scheme
is outlined in Section B.2.2. Jones et al. (2017) suggest to use fopm = fo = 0.03, based on the
results from their oxygen shell simulation. In this Chapter, however, I use fcgm = fo = 0.05 for all
models. A larger fopwm is supported for 15 to 25 Mg by the main-sequence width which increases
with mass (see for example Fig.(II1.7a)) and the size convective boundary mixing region predicted
by the entrainment law during the main sequence (Scott et al., 2021). This value for the parameter
is derived from non-rotating models and rotating models might have a smaller value of ~ 0.04 (J.
Klencki, priv.comm.), however, it is still an open question. Furthermore, higher mass models might
predict a different amount of convective boundary mixing, which is another open question. Therefore,
the value of 0.05 was chosen for all models for comparison reasons.

The models are computed until the pre-supernova stage, defined as the point when the infall velocity

reaches Vippan = 108 cms™?

in any zone. The radial velocity flag is activated when the electron mass
fraction, Y., drops below 0.47, which is shortly after core silicon depletion or right before it. Before
this point, the radial velocity is always zero.

Rotation is initiated once the star approaches the zero-age main sequence, determined by % = 0.99.
This avoids problems with the convergence during the pre-main-sequence contraction. At this point,
the angular rotation velocity, €2, is set to 0.4 of the critical angular rotation velocity, Qi = \/%ij\f .
The rotation velocity is adjusted to the desired velocity over timesteps via a relaxation method. As
part of the relaxation method the nuclear burning is ignored, i.e. the thermonuclear evolution is
frozen. This allows the model to fully adjust to the imposed rotation before it resumes with its evo-
lution.

In all models I included the Eddington-Sweet circulation and the secular shear instabilities and their
respective scaling factors in Eq.(B.40) are all set to unity. The other rotation-induced hydrodynamical
instabilities are excluded for the reasons outlined in Section B.1.4. The factor f., which is multiplied
to the sum of the diffusion coefficient of all rotation-induced instabilities, is set to 0.0228 following the
calibration of Brott et al. (2011). The default models apply f, = 0.1, according to Yoon et al. (2006),
in order to reduce the inhibiting effect on mixing by the chemical stratification - see also Section B.1.4.
In Section IV.3.5, different values for f, in the range of [0.0,0.0001,0.001,0.01,0.1] are discussed, in
order to investigate the impact of the chemical stratification on angular momentum transport. In all
models, the convective zones are treated as layers with solid body rotation.

The smoothing schemes for rotational mixing is outlined in Appendix B.1.5.1.1. In the default models,
only the diffusion coefficient and the turbulent viscosity generated by the Tayler-Spruit dynamo is
spatially smoothed, including two neighbouring cells on each side. Temporal smoothing in the default

models is also only applied to the Tayler-Spruit dynamo, using f, = 0.001 and f; = 0.2. The default

implementation of the Fuller-modified Tayler-Spruit dynamo is explained in Section B.2.1.
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I used the same resolution, at which my models seem to converge, in all simulations. The settings
are chosen to properly resolve gradients, focussing around convective boundary and nuclear burning
regions, and appropriate timestepping, especially during the advanced stellar evolution. The details
can be found in the inlist in Appendix B.3.

In order to investigate the uncertainty in angular momentum transport, I computed three default
models for each initial mass, (i) one without magnetic fields, (ii) one with the Tayler-Spruit dynamo
and (iii) one with the Fuller-modified Tayler-Spruit dynamo. Additionally, I computed models that
investigate (iv) different amounts of smoothing, (v) a reduced inhibiting effects of the chemical strat-
ification on the rotational mixing, (vi) the interaction between the magnetic field and the convective
boundary mixing, (vii) the change of angular momentum transport at lower metallicity and (viii) the

impact of the initial rotation rate.

3 Angular Momentum Transport with Different Mech-

anisms

3.1 15M; models

Fig.(IV.2) presents the rotation profile of the 15 Mg models at various stellar stages using the three
different angular momentum transport mechanisms; only hydrodynamic and no magnetic fields, the
Tayler-Spruit dynamo and the Fuller-modified Tayler-Spruit dynamo. All three models begin with
the same rotation rate, % = 0.4, however, the evolution of the rotation rate depends strongly on
the angular momentum transport mechanism.

The rotation profile of the model where angular momentum is only transported by hydrodynamical
instabilities is shown in Fig.(IV.2a). The angular rotation velocity, 2, which is assumed to be constant
throughout the star at the zero-age main sequence, increases in the central region of the star during
its evolution whereas it decreases in the envelope. On the other hand, the specific angular momentum
is roughly similar in the core with a modest decrease as evolution proceeds and a slightly larger
reduction in the envelope. This is a result from the inefficient angular momentum transport of the
hydrodynamical instabilities discussed in Section II.2. Therefore, most of the angular momentum
present at the zero-age main sequence remains in the core, which spins up when the star contracts
during the subsequent evolution due to angular momentum conservation. This results in a fast spinning
core. Similarly, the expanding envelope spins down. The location of the split between contraction and

expansion is related to the hydrogen burning shell, i.e. the mirror-principle - see discussion in Chapter
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II1. The step-like features in 2 and the spikes in j, which are more present during the advanced stellar
evolution phases, result from the occurrence of convective zones. The turbulent convective motion
is very efficient at transporting angular momentum. Therefore, in this Chapter convective zones are
assumed to rotate as solid bodies (this is an assumption often made in stellar evolution models).
Hence, the Q profile is flat and j = r2Q) increases outwards in the convective zone. At the bottom
boundary location there is a drop in both profiles due to the efficient transport of angular momentum
in the convectively mixed regions. Also, it is apparent that stellar winds, even though relatively weak
in these models, remove mass and angular momentum from the surface of the star.

Fig.(IV.2b) displays the 15 Mg model with the Tayler-Spruit dynamo, as discussed in Sections I1.3.1.2
and B.1.5.1. The dynamo action couples the differentially rotating layers if the shear exceeds a minimal
shear, Eq.(I1.52). This introduces angular momentum transport that can efficiently extract angular
momentum from the core. Indeed, the rotation rate of the core at silicon depletion in Fig.(IV.2b) is
about two orders of magnitude slower compared to the non-magnetic model in Fig.(IV.2a). Comparing
the angular momentum transport during the main-sequence evolution, i.e. the difference between the
black solid and the orange dashed curves, reveals that no angular momentum is transported out of
the core. The envelope, on the other hand, shows a flatter Q) profile in the magnetic model due to
the coupling of the differentially rotating layers. This is also apparent in the j profile where there
is a drop in the specific angular momentum at the bottom of the envelope. The absence of angular
momentum transport, followed by an abrupt drop which indicates transport to occur is a consequence
of the fact that the magnetic dynamo is ignored in the convective boundary mixing region - see
Section B.1.5.1. This introduces a bottleneck for the transport of angular momentum during the
main sequence. During the post-main-sequence evolution, i.e. between the orange dashed and the
cyan solid line, the evolution of rotation in the envelope is similar in both, the magnetic and the
non-magnetic case. The reason is the dominating effect of the envelope expansion which results in a
decrease of ). Furthermore, the dominant redistribution of angular momentum in both models occurs
from the surface convective zone that appears shortly before core helium ignition, indicated by the
very flat Q) profile and the dip in the j profile around ~6 M. The magnetic dynamo is active in
the envelope of the Tayler-Spruit model but its impact is overshadowed by the other two processes.
In the core, however, a drastic difference between the two models occurs. The rotation rate in the
whole core of the magnetic model is reduced, despite the post-main-sequence contraction. At the
same time, the specific angular momentum in this region is strongly reduced, signalling an efficient
transport of angular momentum from the core to the envelope, which is due to the magnetic coupling.
Nevertheless, the coupling is not strong enough to sustain solid body rotation and a difference in (2
of several orders of magnitude between the core and the envelope develops. During the subsequent

evolutionary phases, some angular momentum is removed from the core, visualised by the reduction of
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Figure IV.1: The evolution of the angular rotation velocity in the 15 Mg models with the default
angular momentum transport mechanisms, non-magnetic (blue dashed line), Tayler-Spruit dynamo
(orange solid line) and Fuller-modified Tayler-Spruit dynamo (red dotted line), as a function of the
time left until core collapse. The top panel shows the evolution of the ratio of the rotation rate in the
centre to the one at the surface from the zero-age main sequence up to silicon depletion. The middle
panel presents the same as in the top panel but limited between core helium ignition and silicon
depletion and the curves have been normalised to the values at core helium ignition. The bottom
panel plots the central and surface rotation rate separately. The ignition of the various burning
stages are indicated by a solid, labelled line and the depletion is marked by a consecutive dashed
line. Helium ignition is pointed out by a marker, with a blue square representing the non-magnetic,
an orange triangle the Tayler-Spruit dynamo and a red star the Fuller-modified Tayler-Spruit model,
respectively. Hydrogen depletion is designated with the same marker shape but black color.
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Figure IV.2: The rotation profile of the 15 Mg models for the differ-
ent angular momentum transport mechanisms, showing on the top left
panel the angular rotation velocity, €2, on the top right panel the spe-
cific angular momentum, j, and on the bottom panel the ratio of the
angular rotation velocity to the critical angular rotation velocity. Each
line presents the profile at a different evolutionary stage indicated by
the colour and linestyle. To enable a better comparison, the axis of
each thematic subplot group has been scaled to the same values. The
ignition of a burning phase is defined as when 0.3% of the mass frac-
tion of the fuel is burnt and depletion when the fuel drops below 1%.
The latter is early enough to avoid a spinning up of the core due to
contraction after the burning phase ends.

SINSINVHOHIN INHYHAAIA HLIM THOdSNVHL WAINANOWN UVINDNY €Al



CHAPTER IV. THE UNCERTAINTY IN ANGULAR MOMENTUM TRANSPORT

j, however, €2 increases due to contraction of the core. The latter dominates the evolution of rotation
during the advanced stellar stages because of the shorter evolutionary timescale. At the same time,
() decreases in the envelope because of expansion and a small portion of angular momentum is lost
through stellar winds. Therefore, the phase between core hydrogen depletion and helium ignition is
key in slowing down the spinning core with the Tayler-Spruit dynamo.

Fig.(IV.2¢) shows the 15Mg model with the Fuller-modified Tayler Spruit dynamo, discussed in
Sections I1.3.1.3 and B.2.1. This version of the magnetic dynamo operates on a shorter timescale and
has a higher saturation level, creating a stronger magnetic torque. Therefore, the model including the
Fuller-modified Tayler-Spruit dynamo experiences an efficient spin down of its core. This can be seen
in Fig.(IV.2c), where the core rotation rate at silicon depletion is about two orders of magnitude slower
than the one predicted by the Tayler-Spruit dynamo. Comparing Figs.(IV.2b) and (IV.2¢) it can be
seen that the evolution of angular momentum during the post-main-sequence evolution is similar with
a slightly higher angular momentum transport in the core during the advanced phases in the model
with the Fuller-modified dynamo. However, during the main sequence the Fuller-modified dynamo
is able to maintain a solid body rotation and j drops significantly throughout the star, indicating a
strong transport of angular momentum from the core to the envelope. This efficient spinning down
during the main sequence finally leads to the much slower spinning core at core collapse.

Fig.(IV.1) shows the evolution of the angular rotation velocity in the 15 Mg models throughout the
star’s life. The ratio of the angular velocity in the centre to the surface in the top panel confirms

several points:

1) During the main sequence, from the very left of the plot up to the black markers, the models
without magnetic fields and with the Tayler-Spruit dynamo develop a similar differential rotation
between the centre and the surface. This indicates that the magnetic coupling between core and
envelope during the main-sequence evolution is very inefficient in the default Tayler-Spruit model.
The reason is the strong chemical stratification above the receding hydrogen core that suppresses
the rotation-induced instabilities and reduces the magnetic dynamo - see discussion in Section
IV.3.5. Furthermore, the Tayler-Spruit dynamo is ignored in the convective boundary mixing
region - see Section IV.3.6. For these reasons, a bottleneck for the transport of angular momentum
as well as for the chemical mixing arises in the region above the convective core (see Fig.(IV.3)).
Therefore, the star cannot maintain the solid body rotation which is imposed at the zero-age main
sequence and the core begins to spin up towards the end of the main sequence. On the other hand,
the Fuller-modified Tayler-Spruit dynamo is able to maintain a constant ratio between the angular
rotation velocity in the centre and the surface. This is a result from several factors: (a) this dynamo
version generates stronger torques and operates on a shorter timescale, hence, it is more efficient

at coupling differentially rotating layers, (b) the implementation of the Fuller-modified dynamo
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includes the full convective region, including the boundary region and (c) the chemical stratification
is taken differently into account, i.e. the Tayler-Spruit dynamo uses a patching formula with
vrg X (%)4 whereas the Fuller-modified version uses vrgp <%)2 Therefore, the magnetic
dynamo action creates a strong torque that efficiently couples the differentially rotating layers.
The resulting viscosity generated by the Fuller-modified dynamo can locally exceed the viscosity
of the Tayler-Spruit dynamo by several orders of magnitude as shown in Fig.(IV.3). Therefore, the
Fuller-modified Tayler-Spruit dynamo maintains a near solid-body rotation. It should be noted,
that the difference in the ratio between the three models seen in Fig.(IV.1, top panel), is due to
the removal of angular momentum from the core. The bottom panel in Fig.(IV.2) clearly shows
that the surface rotation rate is roughly decreasing by the same amount in the models during the
main-sequence evolution. In the centre, the Fuller-modified Tayler-Spruit dynamo slows down the
core rotation, whereas the pure hydrodynamic and the Tayler-Spruit model have a nearly constant
Qcentre throughout the main sequence, indicating no angular momentum transport out of the core.
All three models with different efficiencies in angular momentum transport experience a drastic
increase in differential rotation during the post-main-sequence phase. In all models, the difference
between the surface and the central rotation rate increases by more than two orders of magnitude.
This similarity, however, is misleading and is a result from the rapid expansion of the star which
in all models drastically reduces the surface rotation speed. At the same time, the core in the
hydrodynamic model spins up because of the contraction and the rotation-induced hydrodynamical
instabilities do not transport angular momentum efficiently enough to prevent this spin up - see also
Figs.(IV.2a) and (IV.4a). On the other hand, in both magnetic models the core first spins up until
the shear between the core and envelope is strong enough for the activation of the magnetic dynamo,
leading to a spin-down of the rotating core. Interestingly, during this short post-main-sequence
phase the Tayler-Spruit dynamo is able to spin down the core by a larger amount than the Fuller-
modified version (compare also Fig.(IV.2)). The reason for this is that the viscosity generated
by the Tayler-Spruit dynamo is large throughout the star during this phase (log vrg 2 10 in
Fig.(IV.4b)), whereas the viscosity generated by the Fuller-modified version shows a drop to lower
values in the intermediate region of the star (see Fig.(IV.4c)). Therefore, the Tayler-Spruit dynamo
is able to efficiently diffuse angular momentum from the core, despite the jaggy viscosity profile.
In the model with the Tayler-Spruit-Fuller dynamo, angular momentum is less efficiently diffused

from the core due to the drop of vpsr in the intermediate region!. Therefore, the core rotation is

IThis drop results from numerical smoothing - see Section B.2.1. The issue is that the smoothing equation, Eq.(B.76),

is implemented in two steps. First, if a region is not convective, log v1gr is divided by 2n + 1, where n is the number
of zones included in the smoothing. Second, if the region is radiative, convective, a convective boundary region or
semiconvective, log vrgp is unchanged in this cell after the first step, otherwise it is the sum following Eq.(B.76).
Theoretically, this should not pose an issue, since the dynamo is not active in radiative regions without rotation because
there is no differential rotation. However, the intermediate region shown in Fig.(IV.4c) is marked as radiative despite
having a gradient in Q. In general, the mixing type in a cell is set to “rotation mixing” if the diffusion coefficient for
mixing, Dyix, is larger than zero and if the cell is not mixed otherwise, i.e. if the mixing type is “nomixing”. However,
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less reduced in the Fuller-modified dynamo than in the Tayler-Spruit version. Nevertheless, both
models massively spin down their cores during the short phase between core hydrogen depletion
and core helium ignition.

The top panel in Fig.(IV.2) indicates that the evolution of the ratio Qcentre/Qsurt is similar after
core helium ignition. The middle panel presents the same ratio but limited to the evolution between
core helium ignition and core silicon depletion and normalised to the ratio at core helium ignition.
Indeed, the curves evolve very similarly during core helium burning and the star’s advanced stages.
There are some small differences, the main one arising after core helium depletion where the
contracting core generates a rotational shear, which allows the magnetic dynamos to be active.
The similarity of the angular rotation velocity ratio between the three models is due to two reasons.
First, the evolutionary timescale becomes shorter as the evolution proceeds - see Section 1.2. Thus,
there is less time to diffuse angular momentum and restore solid-body rotation. Therefore, despite
the strong magnetic viscosity generated in the models (see for example Fig.(IV.5)) not much
more angular momentum is transported from the core than in the non-magnetic models. This
behaviour becomes more dominant for the later phases due to the shorter timescales, which can
also be observed in Fig.(IV.2), where there is nearly no difference in j between oxygen ignition
and silicon depletion in the core. Second, a strong chemical stratification arises at the boundaries
of convective regions due to the interface of the newly synthesised and the unburnt material. For
example, in Fig.(IV.5) there are layers with a strong V, which are generated by the boundary
regions of the convective helium core, the hydrogen shell and bottom of the surface convective
zone. In these zones, the rotation-induced mixing is suppressed. In fact, below each layer with
a strong chemical stratification there is a faster rotating layer in Fig.(IV.5), showing that these
layers create a bottleneck for the transport of angular momentum (and rotation-induced chemical
mixing).

In summary, the largest differences between the three different treatments of angular momentum
transport occur during the main-sequence evolution and the short post-main-sequence phase before

core helium ignition.

In order to discuss the qualitative difference in angular momentum transport during the main se-

quence, Fig.(IV.3) presents the profiles of the turbulent viscosities in the 15Mg models when the

hydrogen mass fraction drops below 0.3. The rotation-induced angular momentum transport in the

non-magnetic model (Fig.(IV.3a)) is clearly dominated by the Eddington-Sweet circulation through-

out the envelope of the star, except for the region of the retreating hydrogen core. There, a strong

chemical stratification suppresses the mixing by the Eddington-Sweet circulation. In this region, the

Dnix drops to zero in the intermediate region due to the strong chemical stratification where rotation-induced mixing
is suppressed. (In contrast, in the Tayler-Spruit model, Dy, is never zero because there is mixing due to the magnetic
dynamo and the jaggy V,, profile allows for some zones to be mixed by the Eddington-Sweet circulation.) Therefore,
log vrsp is reduced by a factor é
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retreating convective core left behind a jaggy chemical composition gradient, leading to thin layers
where the circulation is active. The lack of an efficient angular momentum transport leads to an
increase of the rotational shear between the core and the envelope, giving rise to the secular shear
instability which is confined to thin layers where the chemical stratification does not suppress it. In
the convective boundary region, the secular shear instability is not active, because convection effi-
ciently redistributes angular momentum and a rotational shear only develops at the outer part of
the boundary region. Simultaneously, the gradient in chemical composition, which is low throughout
the convective core, increases towards the outer boundary of the convective boundary mixing region.
Therefore, the Eddington-Sweet circulation arises in the inner part of the convective boundary but
is suppressed further out by the chemical stratification. This prediction needs to be considered with
care due to the limitations of 1D modelling - see Sections IT and B - i.e. should a slow large-scale
fluid motion develop due to thermal imbalance in the convective boundary mixing layer that is well
mixed?? Nevertheless, the total viscosity, vam = VAM,rot + VAM,non—rot, 1S smaller in the convective
boundary mixing than in the neighbouring convective zone. Additionally, the bottleneck in vay at
the outer part of the convective boundary mixing region maintains a separation between the turbu-
lent viscosity in the core and the envelope, hence, this modelling inconsistency does not affect the
large-scale angular momentum transport.

The non-magnetic hydrodynamic instabilities in the model with the Tayler-Spruit dynamo in Fig.(IV.3b)
predict similar turbulent viscosities, with the exception in the transition region between the convective
core and the radiative envelope. Additionally, the torque by the magnetic dynamo generates an strong
viscosity, leading to a near solid-body rotation. The sharp cut-off of vrg outside of the convective
boundary mixing region is due to the numerical suppression of the dynamo action in convective and
convective boundary regions. Therefore, the rotation rate increases inside of the convective boundary
mixing region, contrarily to the non-magnetic model where it begins to increase at the point where
the top boundary of the convective hydrogen core was located at the zero-age main sequence. In the
magnetic model, there is therefore a thin layer in the outer convective boundary mixing region where
the secular shear instability is active.

Fig.(IV.3b) nicely presents the bottleneck of angular momentum transport between the core and en-
velope, with a small gap between convective core and radiative envelope where nearly no angular
momentum is transported through®. This creates the rotational shear between core and envelope pre-
viously discussed. In the region between the convective core and the envelope, the jaggy profile of the
chemical composition gradient is flatter. Consequently the Eddington-Sweet circulation is present over

larger layers and is present down to where it overlaps with the outer layer of the convective boundary

21t should be remembered that the implementation of convective boundary mixing only considers the mixing of
chemical elements but ignores the mixing of entropy. Therefore, a thermal imbalance develops in this chemically
well-mixed layer.

3A tiny amount is transported by the convective boundary mixing but this is negligible.
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mixing zone. The reason for this different behaviour is the chemical mixing by the magnetic dynamo.
Even though it is weaker than the viscosity generated by the magnetic dynamo, the derived diffusion
coefficient in the envelope still has values around log Drtg ~ 8, hence, this process contributes to the
reduction of the chemical stratification.

The turbulent viscosities of the hydrodynamical mixing processes are very similar in the model with
the Fuller-modified Tayler-Spruit dynamo in Fig.(IV.3c), however, the rotation-induced instabilities
are not present in the intermediate region. There, a strong chemical stratification with a smooth profile
suppresses any rotation-induced chemical mixing. The reason for the smooth V,, in the intermediate
region is the fact that the Fuller-modified dynamo efficiently couples any differentially rotating layers,
leading to a near solid-body rotation. Hence, the shear is not strong enough for the secular shear
instability to be activated. In addition, the implementation of the Fuller-modified magnetic dynamo
does not consider any chemical mixing. Therefore there is no rotation-induced chemical mixing that
reduces the chemical stratification as in the other two models. The Fuller-modified Tayler-Spruit
dynamo is only active in distinct layers, where in most layers the viscosity generated by the magnetic
torque, vrgr, is slightly smaller than in the model with the Tayler-Spruit dynamo. The reason for
this is that the model rotates close to solid body, hence, there is nearly no shear present - compare
the range of Q2 in Fig.(IV.3). This is the result of the Fuller-modified dynamo that efficiently couples
differentially rotating layers in the first place. The numerous peaks in the magnetic viscosity seen
in Fig.(IV.3c) are in fact layers where a weak differential rotation is present and the dynamo acts to
restore solid-body rotation. If the shear is large, as for example at the bottom of the region with
the Eddington-Sweet circulation, a strong viscosity is generated, which efficiently couples the rotating
core and the envelope. The peak between the convective and the convective boundary mixing region
is numerically suppressed towards the convective core, because there is no dynamo for N2 < 0. In the
intermediate zone, however, a shear resides but the transport of angular momentum is reduced due
to the strong chemical stratification, vrgp ~ N " 2,

Similar to Fig.(IV.3), Fig.(IV.4) presents the turbulent viscosity but during the phase when the model
has left the main sequence and is evolving towards the red supergiant branch. The impact of the pro-
files has already been discussed above. In the non-magnetic-model, the Eddington-Sweet circulation
is the dominant hydrodynamic process to transport angular momentum throughout the star because
convective regions are mostly absent during this evolutionary stage. In the mass region 2 — 4 Mg
and in the envelope, the secular shear instability activates due to the development of a strong shear.
However, van is not strongly affected by this instability because in those regions the Eddington-Sweet
circulation is active as well. The jaggy viscosity profile in the intermediate region is a result from V,
in these regions, which developed during the main-sequence evolution. The zigzag pattern is elongated

because of the narrow layers of the intermediate convective zone and secular shear mixing. In the
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Tayler-Spruit dynamo, the turbulent viscosity is dominated by the dynamo action in the entire star,
which efficiently couples the differentially rotating layers. In the intermediate region, there are two
layers where the viscosity is dominated by the convective motions generated by the intermediate con-
vective zone. The Eddington-Sweet circulation is active in the core and envelope of this model but its
contribution to angular momentum transport is negligible compared to the magnetic viscosity. In the
intermediate region, the circulation is only active in narrowly confined layers because it is suppressed
by the chemical stratification otherwise. The latter is also the reason for the jaggy vrg profile. Due to
the weaker shear the secular shear instability is almost absent in this model with the exception of the
intermediate region. There, however, the instability is often suppressed by the chemical stratification.
As a result of the strong turbulent viscosity throughout the star, the Tayler-Spruit model, which had
a similar rotation rate profile to the non-magnetic model during the main-sequence evolution, slows
down the core spin during this phase. Nevertheless, this phase is not long enough to spin down the core
to the same magnitude as the model with the Fuller-modified dynamo. The Fuller-modified Tayler-
Spruit dynamo predicts a strong magnetic viscosity in the evelope and core, but in the intermediate
region it drops to lower values due to the numerical smoothing routine, as discussed above. Conse-
quently, a rotational shear begins to build up in this region, however, the secular shear instability is
not activated due to the strong chemical stratification. Therefore, the smoothing routine creates a
bottleneck for the angular momentum transport in the current implementation of the Fuller-modified
magnetic dynamo as published in Fuller et al. (2019). It could potentially underestimate the angular
momentum transport, see discussion in Section IV.3.4, and could reduce the core rotation of massive
stars more than anticipated (e.g. Fuller & Ma, 2019; Ma & Fuller, 2019).

Fig.(IV.5) presents the profile of the turbulent viscosity during core helium burning. In each sub-
plot, the large turbulent viscosity from non-rotating fluid instabilities on the left hand side is due
to the convective helium core and on the right hand side from the surface convective region. These
two convective zones sandwich a radiative region with an outward moving hydrogen burning shell.
In this intermediate layer, only rotation-induced mixing processes take place. In the non-magnetic
model, the Eddington-Sweet circulation is the dominant angular momentum transport process and
it is able to maintain a nearly constant €2 in the regions it is active. However, there are two layers
where a strong chemical composition gradient is present: at the boundary of the convective core and
at the location of the hydrogen shell. There, any rotational mixing is suppressed and this bottleneck
in angular momentum transport leads to a further increase in the shear between the slowly rotating
envelope and the core region. At the boundary of these regions and below the surface convective
zone, where the rotational shear is stronger, the secular shear instability is active but it is limited to
narrow layers due to the strong chemical stratification and does not change the angular momentum

distribution significantly. In the Tayler-Spruit dynamo, the hydrodynamic instabilities, rotating and
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Figure IV.3: The profile of the turbulent viscosity in 15 Mg models
with different angular momentum transport mechanisms during core
hydrogen burning when the hydrogen mass fraction drops below 0.3.
Each top panel shows the total turbulent viscosity generated by non-
rotating sources such as convection (black dotted line) and the tur-
bulent viscosity generated by rotation-induced instabilities (sky-blue
dotted line). Additionally shown are the turbulent viscosities gener-
ated by each rotation-induced instability, the viscosity produced by the
Eddington-Sweet circulation (dark-blue solid line), the secular shear
instability (grey solid line) and the magnetic dynamo (magenta solid
line). The yellow shaded region indicates the location of convective
boundary mixing regions. The bottom panel depicts the rotation rate
(red) and the gradient in the chemical composition (blue). It should be
noted that the range of the axis in the bottom panel varies between the
figures.
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non-rotating, generate a similar viscosity as in the non-magnetic model but their viscosities are weaker
on average by about two orders of magnitude. This is because of the different gradient in chemical
composition and the different rotation profile, i.e. €2 is roughly constant and has a drop at the location
of the hydrogen shell, which is weaker in the magnetic model due to the slower rotating core. Indeed,
rotation in the radiative layer is mainly coupled by the magnetic torque, which is only interrupted
at the hydrogen shell due to the dependence of vrg on le - see Section II.3.1.2. Similarly to the
non-magnetic model, this interruption of vpg creates a bottleneck in angular momentum transport
and further increases the rotational shear between the core and the envelope. The magnetic viscosity
in the model with the Fuller-modified Tayler-Spruit dynamo is also active throughout the radiative
region, with a magnitude larger than the one predicted by the Tayler-Spruit dynamo. However in
some regions the viscosity drops to a fifth of the value. This is a result of the smoothing routine as
previously discussed.

A careful reader might notice that in Fig.(IV.5b) the Tayler-Spruit dynamo generates a magnetic vis-
cosity in the convective boundary mixing region despite the claim in Section B.1.5.1 that it is excluded
from this zone. However, the magnetic dynamo is not computed in this layer. The magnetic viscosity
in the convective boundary region seen in Fig.(IV.5b) is a result of numerical smoothing, where vrg
is smoothed into the boundary region of the growing convective core - see also discussion in Section
IV.3.4.

The key points discussed in the context of Fig.(IV.5) are also applicable to the further evolution-
ary stages, where the structure of the turbulent viscosity between convective and radiative regions
looks qualitatively similar. There, the angular momentum transport in the radiative regions between
convective zones is limited by the chemical stratification. Furthermore, the evolutionary timescale
becomes shorter with each burning stage, giving less time for the redistribution of angular momen-
tum. Therefore, the core region spins up (see Fig.(IV.2)). The separation between the fast spinning
core and the slow rotating envelope at the location of the hydrogen shell remains for the rest of the

evolution.

3.2 25 and 30 M; models

In Section 1.4.2 T explained that the evolutionary path of rotating stars at solar metallicity can roughly
be separated into two groups, stars with M < 30 Mg where rotation-induced mixing dominates and
stars with M 2 30 Mg where the rotation-enhanced mass loss dominates. Indeed, the models with an
initial mass of 25 and 30 M, predict a similar angular momentum distribution as the 15 Mg models at
the various stellar stages in the core region and hence a similar core spin at collapse (see Fig.(IV.6)).
However, due to the higher initial mass the model predicts higher mass-loss rates which remove nearly

the entire hydrogen-rich envelope - in some cases even the entire envelope (see Table V.1). The removal
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ent angular momentum transport mechanisms, showing on the top left
panel the angular rotation velocity, €2, on the top right panel the spe-
cific angular momentum, j, and on the bottom panel the ratio of the
angular rotation velocity to the critical angular rotation velocity. Each
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of the envelope by winds does not influence the angular momentum distribution in the core because
it occurs during core helium burning, whereas most of the angular momentum transport happens
between core hydrogen exhaustion and core helium ignition. Consequently, the rotation rate in the
core increases during the advanced stellar phases because of contraction but the angular momentum
distribution remains roughly the same and thus is similar to the prediction of the 15 Mg models.
Fig.(IV.6¢) suggests that the Fuller-modified Tayler-Spruit dynamo transports more angular momen-
tum during the main-sequence and less during the post-main-sequence phase compared to the 15 Mg
model in Fig.(IV.2¢). This, however, is misleading because at X.(*He) = 0.1 the angular momentum
profiles are similar. The difference seen between Figs.(IV.2¢) and (IV.6¢) results from the fact that
the more massive cores begin to contract earlier, which builds up a stronger shear, allowing more
angular momentum to be transported before hydrogen depletes completely in the core. This results
in a weaker shear during the post-main-sequence evolution, hence, less angular momentum transport

and finally a similar core spin at helium ignition as in the 15 Mg model.

3.3 60M; models

Contrarily to the massive stars discussed above, the 60 Mg models at solar metalicity already lose
more than 10 Mg during their main-sequence evolution via stellar winds. This allows the star to lose
a substantial amount of angular momentum from its surface. This can be seen in Fig.(IV.7a), showing
the rotation profile of the non-magnetic 60 Mg model. Earlier, I showed that the hydrodynamic
instabilities alone are not able to reduce the rotation rate in the core during the main sequence (see
Fig.(IV.2a)). However, Fig.(IV.7a) depicts that there is a reduction of angular momentum and the
angular velocity during hydrogen burning - the latter only by a small amount. This is because at the
beginning of the main-sequence evolution, when there is no strong chemical stratification present, the
Eddington-Sweet circulation generates a viscosity of log van = 9.5 throughout the radiative envelope?.
Therefore, angular momentum is evenly redistributed to replenish the removed angular momentum
at the surface of the star. Indeed, the reduction of j and  in the central region occurs during the
beginning of the main sequence, when X.(*He) > 0.4. Thereafter, the chemical stratification above
the receding hydrogen core prevents transport of angular momentum from the core to the surface.
Thus, stellar winds still slow down the envelope rotation but do not affect the core rotation after
a chemical stratification has built up above the receding convective hydrogen core. There is also a
reduction of angular momentum during core helium burning, where stellar winds remove the entire

envelope and part of the helium core including its angular momentum. Thereafter, the evolutionary

4The viscosity generated by the Eddington-Sweet circulation is stronger in more massive stars due to its local
luminosity and temperature gradient dependence (see Eq.(11.25))
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timescale speeds up and mass loss is not fast enough to remove a substantial amount of matter and
angular momentum from the surface of the star. The rotating core contracts and spins up during the
advanced stages, predicting a slightly slower rotating core than the lower mass models discussed earlier.
A similar main-sequence scenario is predicted by the 60 Mg model with the Tayler-Spruit dynamo,
leading to a reduction of Q and j (see Fig.(IV.7b)), similar to the non-magnetic case. Contrarily to
the 15 Mg Tayler-Spruit model, where the dynamo strongly couples the differentially rotating layers
during the post-main-sequence phase and reduces the angular momentum in the core (see Fig.(IV.2b)),
the 60 Mg model with the Tayler-Spruit model transports only a small amount of angular momentum.
This is because the convective core never disappears entirely after hydrogen depletes and maintains a
size of ~15Mg. Therefore, the Tayler-Spruit dynamo is only active in confined regions between the
convective core and the intermediate convective zone and in the envelope. As a result, the transport of
angular momentum transport is “disconnected” into regions, leading to an overall inefficient transport
- see discussions in Sections IV.3.5 and IV.3.6. The reduction of angular momentum during the core
helium burning phase is mainly due to strong stellar winds that erode away the envelope and part
of the convective core, similarly to the non-magnetic case. During the advanced stages the angular
momentum does not change significantly and the predicted rotation rate at silicon depletion is larger
than in the 15 Mg model. The evolution of the rotation in the 60 My model with the Fuller-modified
Tayler-Spruit dynamo, shown in Fig.(IV.7c), is very similar to the 30 Mg model but additional removal
of angular momentum takes place due to stellar winds. The rotation rate at silicon depletion, however,
is very similar to the lower mass models because the contraction during the advanced phases dominates

the evolution of the angular rotation velocity.

3.4 Smoothing of the Tayler-Spruit and the Fuller-modified
Tayler-Spruit dynamo

In Section B.1.5.1 I discussed the option to spatially and temporally smooth the diffusion coeffi-
cient and the turbulent viscosity generated by the Tayler-Spruit dynamo. The amount of angular
momentum transported by the Tayler-Spruit dynamo depends strongly on the smoothing process.
Fig.(IV.8a) presents the Tayler-Spruit model with no smoothing, i.e. spatial and temporal smoothing
are switched off. Indeed, the rotation profile of this model looks very similar to the non-magnetic
model in Fig.(IV.2a), hence, if no smoothing is included the magnetic dynamo is not able to transport
a significant amount of angular momentum. This is because the dynamo is only allowed to be active
in confined regions where ¢ > gmin - see Section I1.3.1.2 - leading to a jagged profile of the magnetic
viscosity shown in Fig.(IV.9a). The layers with ¢ < gmin prevent an efficient transport of angular

momentum. The spatial smoothing routine does not increase the amount of angular momentum

149



CHAPTER IV. THE UNCERTAINTY IN ANGULAR MOMENTUM TRANSPORT

= =
15} 5}
L 3
T T
= =
] ®

-
o

l0g10j [cm?s71]

logioj [cm?s7!]

-
IS

-
)

10-10}=

1 1 1 1 1 1 1 12 1 1 1 1 1 1 1 1 1 1 1 1 1 12 1 1 1 1 1 1
00 25 50 75 10.0 125 15.0 .0 25 50 7.5 10.0 125 15. 00 25 50 75 100 125 15. .0 25 50 75 100 125 15.

MIMo] MI[Mo] MMo] M Mol
(a) spatial: 0, temporal: f, = 0.0, ft = 0.0 (b) spatial: 50, temporal: f, = 0.0, fz = 0.0
109 19 - 19F
107 18 o et 184 ) /
e — S ook A7
o107 ") - n
7 o~ | o
wn E 16 E 16/
E 1070 = r =
=1 3515 =St
G & >
1078 O - O 14k
10104 13 L 134
1 1 1 1 1 1 1 12 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.0 2.5 5.0 7.5 10.0 12.5 15.0 .0 25 50 7.5 10.0 12.5 15. 0.0 25 50 7.5 10.0 125 15. .0 25 50 7.5 10.0 125 15.
M[Mo] M[Mo] M[Mo] M[Mo]
(c) spatial: 0, temporal: f,. = 0.001, f; = 0.0 (d) spatial: 0, temporal: f. = 0.0, f; = 0.2
1000 19p=
i
w
€
A=A
s
[ 2}
o
255 1o o5 L s e s H ignition He ignition O ignition
’ ’ TMIMol ’ ’ ’ MIMol ’ H depletion = = = He depletion == =« Sj depletion

(e) spatial: 0, temporal: f. = 0.001, f; = 0.2

Figure IV.8: The Q- and j-profiles as a function of the mass coordinate at different evolutionary stages
in the 15 Mg models applying the Tayler-Spruit dynamo with different smoothing coefficients. The
three coeflicients for each model are indicated in the caption of each subfigure - see Section B.51 for
more details on the coefficients. The colour indicates the evolutionary stage.

transported by the dynamo, even for a large number of cells included in the smoothing process as can
be seen in Fig.(IV.8b). It can be seen in Fig.(IV.9b) that vrg is continuously large over a wider range
and only drops to zero in the middle of the radiative envelope and in the region close to the core, which
finally prevents an efficient rotational coupling of the whole envelope. However, Fig.(IV.9b) reveals a
troublesome feature: the magnetic dynamo is active in regions with ¢ < gui,. This is a result of the
smoothing process, where vrg is smoothed into the “forbidden” region. The consequence is the rugged
vrs connecting layers with active and inactive magnetic dynamo. Therefore, it is important to use
small numbers of cells for the smoothing process to avoid an oversmoothing of the “forbidden” region,
hence the default value of 2 for the spatial smoothing process in this work. The temporal smoothing
routine can lead to a considerable amount of angular momentum as it is shown in Fig.(IV.8), how-

ever, it depends on the two parameters, f,. and f; (see Eq.(B.51)). If f; = 0.0 the smoothing is not
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Figure IV.9: The magnetic viscosity vrs (solid blue), the rotational shear (dotted orange) and the
minimum shear ¢nin (dashed red) (see Eq.(I1.52)) as a function of the mass coordinate in the 15 Mg
models applying the Tayler-Spruit dynamo. The profile is during the main sequence when the hydrogen
mass fraction in the core drops below 0.3. The grey shaded area on the left represents the convective
core including the convective boundary mixing region.

applied, unaffected by the value of f,.. Therefore, the rotation profile in Fig.(IV.8¢) is the same as in
the model without numerical smoothing of the Tayler-Spruit dynamo. If f,. > 0.0 and f; > 0.0, the
temporal smoothing is used as shown in Eq.(B.51), trying to limit the change of the magnetic viscosity
within a certain range of the value from the previous time step. For very large values of f. and f,
the smoothing routine neglects the value from the previous time step and the value from the current
time step is used. This can lead to an “on-off” behaviour of the magnetic dynamo in a layer due to
the condition ¢ > g, for the dynamo to be active and its dependence on the transport of angular
momentum. Therefore, intermediate values for f. and f; are needed for smoothing. Nevertheless, the
temporal smoothing routine also leads to problems. Fig.(IV.9¢) presents the magnetic viscosity, shear
and gpin for the model where no spatial smoothing is included but temporal smoothing is used with
fr =0.0 and f; = 0.2. The subfigure shows that vrg is suppressed by the smoothing process in regions
where ¢ > gmin. Consequently, this model transports even less angular momentum during the main-
sequence evolution than the model with no smoothing. Finally, if f. = 0.001 and f; = 0.2, the model
seems to predict a more constant magnetic viscosity throughout the radiative envelope of the star.
However, again the dynamo is active in “forbidden” region. Including both, spatial smoothing and
temporal smoothing leads to a similar profile with an active dynamo in the “forbidden” region. This

problem seems to be limited by the current implementation of the Tayler-Spruit dynamo in the MESA
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stellar evolution code. Possibly a general formulation of the dynamo, instead of a patching formula as
described in Eq.(I1.56) could improve the situation but this is future work. For now, it is important

to be aware of the limitations of the Tayler-Spruit dynamo and its dependence on smoothing processes.

Earlier, I discussed that there is an inconsistency in the routine which numerically smooths the
magnetic viscosity of the Fuller-modified Tayler-Spruit dynamo. In detail, the smoothing proceeds
via two sequential if-conditions. The first condition prepares the array containing the unsmoothed
values of log vrgr by dividing them by the number of cells included in the smoothing routine, i.e.
2n + 1 where n is the number of cells on one side that are included in the smoothing. However, if the
cell is mixed by convection it is excluded from this step. The second condition adds the values of the
2n neighbouring cells to the new log vrgr, if the cell is not convective, semiconvective, a convective
boundary mixing cell or is labelled as radiative, i.e. no rotational mixing occurs. Otherwise, the zone
is excluded from the sum. This avoids smoothing the convective diffusivity into non-convective zones
but introduces two inconsistencies. (i) Excluding a summand in the second step artificially reduces
the magnetic viscosity close to cells which are convective, semiconvective, convective boundary mixing
or radiative because in the first step the values are divided by 2n + 1 in all cells but convective ones.
(ii) In MESA, a non-convective, non-semiconvective or non-convective boundary cell is marked with
“rotationmixing” if it contains a non-zero diffusion coefficient. Otherwise it is radiative. However,
in regions with a strong chemical stratification the rotation-induced chemical mixing is suppressed
(see Figs.(IV.3), (IV.4) and (IV.5)). Therefore, it is marked as radiative despite containing differ-
entially rotating layers where the magnetic dynamo action could operate. Consequently, the second
if-condition of the smoothing routine excludes these cells from the smoothing sum, which artificially
reduces the magnetic viscosity - see discussion above.

In order to test the problematic behaviour of the smoothing routine outlined in the previous para-
graph, I compute a 15 Mg model with the Fuller-modified Tayler-Spruit dynamo but exclude any
smoothing of log vrsp and log vg. Fig.(IV.10) shows that the low values of the magnetic viscosity
disappear in the radiative regions as expected. Therefore, log vrsp is large throughout the star dur-
ing the post-main sequence evolution but there is a small reduction in the intermediate region due to
the dependence of the magnetic viscosity on the chemical stratification through N 3 Consequently, a
modest shear develops in this layer, with a sharp drop at the hydrogen shell. Similarly, the magnetic
viscosity profile during core helium burning does not have the deep dips from the smoothing but at
the locations with a strong chemical stratification there is a reduction of angular momentum transport
due to the chemical stratification. As a result, the  profile has a drop at each location where there
is an increased V. Most important is the hydrogen shell, where the chemical stratification leads to a

local minimum of log vrgr and prevents angular momentum transport from the core to the envelope.

152



IV.3. ANGULAR MOMENTUM TRANSPORT WITH DIFFERENT MECHANISMS

20

logy vam

- 10712

1% 106 1 1 1 1 i i
. 6 8 10 12 14
mass [M,

o
)
e

(a) post main sequence

20

logy vam

6 10 12
mass [Mo)]

(b) core helium burning

Figure IV.10: The profile of the turbulent viscosity in the 15 Mg model applying the Fuller-modified
Tayler-Spruit dynamo but excluding the smoothing of the magnetic viscosity (a) between the main
sequence and core helium burning as in Fig.(IV.4) and (b) during core helium burning, when the
helium mass fraction drops below 0.4, compare to Fig.(IV.5). The figure is organised as those two
figures.
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Accordingly, a shear between envelope and core develops similarly to the model with the smoothed
Fuller-modified dynamo. Thus, while the smoothing routine can change the local profile of log vrsp,
the bottleneck in angular momentum transport at the hydrogen shell, and other chemically stratified
layers, is not much influenced, leading to a very similar (2-profile in the Fuller-modified Tayler-Spruit
models with and without smoothing.

The Fuller-modified Tayler-Spruit dynamo is controversial and some scientists argue that the increased
amount of angular momentum transport generated by the dynamo action in the MESA code is a re-
sult of the smoothing routine (e.g. P. Eggenberger, private communication). Comparing Figs.(IV.10),
(IV.4c) and (IV.5¢) shows that the magnetic viscosity is of the same magnitude for both, the smoothed
and unsmoothed dynamo, except in the regions discussed in the previous paragraph. Therefore, the
magnitude of the viscosity generated by the Fuller-modified dynamo does not depend on the smoothing

process.

3.5 The Parameters f, and f,

In Section B.1.4, the two parameters f. and f, were introduced in order to calibrate the uncertain
order-of-magnitude estimates for the rotation-induced mixing processes in the diffusive framework of
the Heger et al. (2000) implementation. The diffusion coefficients generated by the rotational insta-
bilities (see Eq.(B.40)), are multiplied by f.. V,, on the other hand, is multiplied by f, in order to
reduce the sensitivity of the rotation-induced instabilities to the chemical stratification®. Heger et al.
(2000) calibrated f. and f, to match the surface enrichment of nitrogen in observed stars in the mass
range 10-20 M and the helium enrichment in 60 Mg, stars and stars below 20 M. They find the best
match with fo = 35% and f, = 0.05. Yoon et al. (2006) concluded that when the chemical mixing
by the magnetic dynamo is used, f, = 0.1 should be used. Brott et al. (2011) calibrate the mixing
efficiency, f., to observations of B-stars. For their 13 Mg model they conclude that f. = 0.0228 with
fu = 0.05 matches the observations best”. In this work, the values f. = 0.0228 and f,, = 0.1 are the
default choices for the two parameters.

In order to asses the uncertainty in angular momentum transport, the dependence of the rotation-
induced instabilities on f. and f, needs to be determined. It could be argued that the two values

are calibrated to observations and there is no need to asses their uncertainty. However, the models

5Tt is crucial to notice that fu is only multiplied to V, but not to N, = fl—ﬁvu. Hence, the chemical stratification
is only reduced in the stability criterion in the dynamical and secular shear instability and in the “breaking velocity” of
the Eddington-Sweet circulation and the Goldreich-Schubert-Fricke instability. In all the other instabilities, where the
chemical stratification is taken into account through Ny, it is not reduced.

6There seems to be some confusion in the literature concerning the factor f. and the work of Chaboyer & Zahn
(1992). Heger et al. (2000) state that Chaboyer & Zahn (1992) find a similar f. value based on a theoretical approach.
Moreover, Brott et al. (2011) discuss that Heger et al. (2000) adopted f. from the work by Chaboyer & Zahn (1992).
However, Chaboyer & Zahn (1992) do not introduce such a scaling factor and the numerical term in their Eq.(16), which
only affects one term and not the sum of the diffusion coefficients, is not comparable with a fully diffusive prescription
since the meridional circulation is treated in a different manner.

"They exclude chemical mixing from the Taylor-Spruit dynamo due to its controversy.
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were calibrated with one set of values for all initial masses, metallicity and initial rotation velocity,
whereas they could vary with initial mass for example. In addition, the values are calibrated to the
surface enrichment of helium and nitrogen, hence, the observations account for the rotational chemical
mixing processes but do not cover the angular momentum transport processes. Moreover, the same
value for f. multiplies all diffusion coefficients and the same dependence on the chemical stratifica-
tion is assumed. Lastly, different implementations of the diffusive scheme for rotational mixing might
need different values for f. and f,. Therefore, the two parameters in the Heger-implementation of
rotational mixing are still uncertain and their impact on angular momentum transport needs to be
discussed.

In this work, I keep f. = 0.0228 and only investigate different values for f,,. The reason for this is that
fe is multiplied to the rotational diffusion coefficient for chemical mixing but not to the viscosities for
angular momentum transport. Therefore, the parameter f. influences angular momentum transport
only indirectly through the mixing of chemical elements, i.e. by reducing the chemical stratification
where rotation-induced mixing is active. However, as discussed above, the bottlenecks for angular
momentum transport are layers with a strong chemical stratification where chemical mixing is sup-
pressed. Consequently, different choices of f. do not greatly affect the overall distribution of angular
momentum such as the fast rotating core. In contrast, different values for f, can allow for mixing
in the regions with strong chemical stratification, hence, it crucially impacts the rotational chemical
mixing and transport of angular momentum.

Fig.(IV.11) shows the rotation profile of the 15 Mg models with the Tayler-Spruit dynamo and dif-
ferent values of f,. The comparison between this figure and Fig.(IV.2b) shows that a smaller f,,
leads to a reduction of Q and j in the core during the main-sequence evolution, hence, angular mo-
mentum is transported out of the core. The angular momentum transport becomes more efficient
for lower values of f,. This is because f, reduces V, enough so that rotation-induced mixing is not
suppressed anymore. Consequently, the angular momentum is transported more efficiently through
the bottleneck layers. Additionally, the chemical composition is mixed throughout the envelope, lead-
ing to a much weaker chemical stratification and in turn more efficient rotational mixing. Indeed,
comparing Figs.(IV.3b), (IV.12a) and (IV.12b) illustrates that a smaller f, is able to overcome the
chemical stratification above the convective core that forms a bottleneck for chemical mixing and
angular momentum transport. While for f,, = 0.01, the stratification is only partly overpowered, the
radiative and convective boundary is fully mixed by the Eddington-Sweet circulation in the model with
fu = 0.0001 and log vrgr is smooth throughout the radiative envelope. The chemical mixing results
in a smooth V, profile and a much weaker chemical stratification, because the model evolved closer
to homogeneous - see discussion in Section 1.4.2. In addition to the chemical mixing, the reduction

of the chemical stratification also allows for more angular momentum to be removed from the core,
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Figure IV.11: The rotation profile of the 15Mg Tayler-Spruit model with different values of f,,
showing for each subfigure the angular rotation velocity, €2, on the left and the specific angular
momentum, j, on the right. Each line represents the profile at a different evolutionary stage, indicated
by the colour and the linestyle. For comparison reasons, the axes of each thematic subplot are scaled
to the same values in this and in Fig.(IV.2).

as discussed above, due to the constant magnetic viscosity and the Eddington-Sweet circulation that
is continuous in the radiative and convective boundary mixing region. However, as can be seen in
Fig.(IV.12b), the largest difference in ) remains in the convective boundary mixing zone, where the
Tayler-Spruit dynamo is artificially suppressed. Therefore, the 15 Mg model with the Tayler-Spruit
dynamo and f,, = 0.0001 still has a faster core rotation at the end of the main sequence than the model
with the Fuller-modified dynamo - but see discussion in Section IV.3.6. Nevertheless, the sharp rise in
Q) between the interface of the convective core and the radiative envelope is spread out over a larger
region. Therefore, the shear in each zone in this layer is weaker and in the model with f, = 0.0001
the secular shear instability does not occur anymore.

Fig.(IV.2b) and Fig.(IV.11) both predict a similar rotation rate and angular momentum profile at
core helium ignition, suggesting that during the post-main-sequence evolution the Tayler-Spruit mod-
els with a larger value for the f, parameter transport more angular momentum away from the core.
The cause for this behaviour is the receding convective hydrogen core at the end of the main-sequence.
In all models, the convective zone begins to recede and the core starts to contract due to the dimin-
ishing nuclear energy generation. The gravitational contraction of the core leads to an increase in the

angular rotation rate due to conservation of angular momentum. In the default Tayler-Spruit model
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Figure IV.12: The profile of the turbulent viscosity in the 15 Mg Tayler-Spruit model with different
values of f,, during the main-sequence evolution, when the central hydrogen mass fraction drops below
0.3. The colour and linestyle are the same as in Fig.(IV.3).
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Figure IV.13: The evolution of the angular rotation velocity at the surface (top) and in the core
(bottom) in the 15 Mg models with the Tayler-Spruit dynamo and different values for f,: 0.1 (black
solid line), 0.01 (light blue dashed line), 0.001 (yellow dash-dotted line), 0.0001 (dark blue dotted line)
and 0.0 (pink dashed-dotted-dotted line). The various overlapping markers indicate where hydrogen
depletes (black) and where helium is ignited (coloured). The start of the various burning phases is
labelled.

and the one with f, = 0.01, the receding convective core experiences two minor growth phases on a
short timescale (small compared to the time the convective core receedes), accompanied by a local
expansion, before it completely vanishes. Therefore, {2 in the core region is redistributed, leading
to a lower value in the inner core but a flatter profile up to the outer location of the minor core
growth. After the convective core entirely disappeared, the core region contracts until helium burning
is ignited and the angular rotation rate increases in all models. On the contrary, the convective core
in models with f,, < 0.001 recedes smoothly without any disturbance, leading to an increase of € in
the core. Consequently, the rotation rate at core helium ignition in all the Tayler-Spruit models with
different f, is very similar despite the difference at core hydrogen depletion. Whether the behaviour
of the receding convective core is physical or numerical is an open question and the investigation is
beyond the scope of this thesis. It should be noted that this is a very sensitive phase, where the
superadiabaticity V,aq — Vaq is close to zero, hence, a small perturbation, numerical or physical, can
lead to convection. Also, if rotational mixing ingests hydrogen into the receding convective core it can
temporarily reignite the burning. On the other hand, if f,, is small, rotational instabilities mixed the
radiative region, thus, the hydrogen content above the convective core is much lower and it is harder
to ingest fuel into the convective region.

Fig.(IV.2b) and Fig.(IV.11) show that the profiles of € and j during core helium burning and onward

do not depend on the value of f,. Indeed, the rotation rate in the core evolves nearly independently of
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fu (see Fig.(IV.13)) and the small differences are mainly due to the longer burning phase, hence a later
contraction of the core thereafter. It might be expected that more angular momentum is transported
from the core because (a) the chemical stratification in the radiative regions between the convective
zones suppresses the transport instabilities less with lower f,, and (b) the strength of the rotational
diffusion coefficients is not sustainably changed. However, because the evolutionary timescale becomes
shorter with each stage, the large scale rotation-induced transport processes, which operate on slower
timescales, are not fast enough to diffuse angular momentum from the core. Therefore, the many
convective shells become the dominant process for angular momentum transport during the advanced
phases. On the contrary, the surface rotation rate in Fig.(IV.13) shows quite a different evolution.
This, however, is not a result of angular momentum transport but a matter of the compactness of
the envelope. While the models with f,, > 0.01 evolve directly to the red supergiant branch, where
the envelope expands by several orders of magnitude, the models with f, < 0.001 experience a quasi
chemical-homogeneous evolution during core hydrogen burning. Consequently, they evolve into Wolf-
Rayet stars shortly after the main sequence, which have a more compact envelope. The changes of
the envelope between expansion and contraction lead to the change in Qg seen in Fig.(IV.13).

A similar behaviour is found in the non-magnetic and the Fuller-modified Tayler-Spruit models with
smaller f,, values, however, the conclusion for the total angular momentum transported is different
due to the different nature of the models. In the default non-magnetic model with f,, = 0.1, nearly no
angular momentum is transported from the core (see Fig.(IV.2a)) because of the prohibiting chemical
stratification. Therefore, lowering the importance of the limiting stratification allows angular mo-
mentum to be transported from the core. Consequently, there is a significant reduction of angular
momentum in the core during the main sequence. During the further evolution, the non-magnetic rota-
tional instabilities are not fast enough to redistribute a significant amount of angular momentum - see
discussion above - independent of f,,. As a result, the core rotation in non-magnetic models is slower
with a lower f,, contrary to the Tayler-Spruit dynamo. In the Fuller-modified Tayler-Spruit model,
a lower f, allows for the Eddington-Sweet circulation to be active throughout the entire radiative
envelope, which reduced the chemical stratification above the receding convective hydrogen core. This
in turn reduces the chemical term of the Brunt-Vaiséla frequency, IV, 5, leading to a stronger magnetic
coupling and more angular momentum transport during the main-sequence evolution. Therefore, the
models with lower f,, have a slower core rotation at the end of the main sequence, similar to the Tayler-
Spruit dynamo. During the post-main-sequence phase, the Fuller-modified Tayler-Spruit model with
the default f,, value has a larger €2 in the core than the models with lower f,, values. Consequently, the
core contraction generates a higher angular rotation velocity and the rotation-induced instabilities,
in particular the magnetic dynamo, produce stronger angular momentum transport in the core. As a

result, the model with default f,, predicts a similar Q-profile in the core region at core helium ignition
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as the models with lower values of f,. In the Fuller-modified Tayler-Spruit models, this occurs without
the odd behaviour of the receding convective hydrogen core seen in the Tayler-Spruit models. In the
envelope, the rotation profile differs due to the different structure, i.e. the models with f, < 0.001
experience a quasi chemical-homogeneous evolution. However, the angular rotation velocity of the
envelope is tiny in all models and the differences are negligible. In both the non-magnetic and the
Fuller-modified Tayler-Spruit models the angular momentum transport during the advanced phases
of stellar evolution is negligible due to the faster evolutionary timescale.

In summary, the different f, values influence when angular momentum is transported. While this
leads to a different rotation rate in the non-magnetic models, the models including a magnetic dy-
namo do converge to roughly the same core rotation rate at helium ignition, nearly independently of
fu. However, the structure of the stars is different due to the more efficient mixing during the main
sequence - see Section V.2. Also, the Tayler-Spruit dynamo and the Fuller-modified Tayler-Spruit
dynamo predict different amounts of angular momentum transport even if the impact of the chemical
stratification is reduced. This is because the latter has a higher saturation level, generating a stronger

magnetic torque and it operates on a shorter timescale.

3.6 The Taylor-Spruit Dynamo and Convective Boundary Mix-
ing

In Section B.1.5.1, I discussed the fact that the implementation of the Tayler-Spruit dynamo is ignored
in convective zones, in particular in convective boundary mixing regions, where vy is artificially set
to zero. The result can be seen in Fig.(IV.3b) where the magnetic viscosity drops sharply at the
outer edge of the convective zone. This creates a one-zone layer with inefficient angular momentum
transport between the convective core, where transport occurs by turbulent motion, and the radiative
envelope, where the magnetic dynamo operates. The theory of the Tayler-Spruit dynamo has been
developed for the radiative zones of the star, where differential rotation winds up the magnetic field
lines. It is therefore not applicable in the convective regions of the star where other magnetic dynamos
can operate (see e.g. Spruit, 1999; Charbonneau, 2005, and citations therein for alternative theories).
The magnetohydrodynamical coupling between a convective and radiative zone is still an open question
(e.g. Wood & Brummell, 2018; Korre et al., 2021). The evolution of the large-scale magnetic fields
not only depends on the interaction with the mean fluid flow but also on the fluctuation-induced
electromotive force and the evolution of the flow depends on Reynolds and Lorentz stresses. In
radiative zones these terms are likely negligible. However, at the interface between a radiative and a
convective region they are expected to influence the evolution of the large-scale magnetic fields and

flows due to convective boundary mixing. Therefore, the magnetohydrodynamical coupling between
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a convective and radiative region will be a combination of interaction between large-scale fields and
flows and small-scale fields and flows. Some of the fields can be produced by a dynamo action in the
convective or radiative zone but part of the fields are also generated locally by the interaction of the
convective boundary mixing motion with the large-scale magnetic field from the radiative layers. Up
to date, there is no complete theory that allows to make predictions on the magnetic coupling between
radiative and convective zones.

In order to investigate the possible impact of a magnetic dynamo in the convective boundary mixing
region, I computed a 15Mg model where the Tayler-Spruit dynamo is computed in the convective
boundary mixing region. I only include the dynamo action in the convective boundary mixing region
because this is where the convective core generates shear, whereas the assumption of solid-body
rotation in convective zones suppresses any shear in the rest of the convective core. The dynamo
action in the convective boundary mixing layer is simulated in the same way as in the radiative layers.
While this is a very crude, and most probably wrong approach, it nevertheless gives insight on how a
possible magnetic dynamo, or another possible angular momentum transport mechanism, might affect
the angular momentum distribution if it is able to operate in the bottleneck region. Fig.(IV.14a) shows
the turbulent viscosity in the 15 M model, which includes the Tayler-Spruit dynamo in the convective
boundary mixing region. It can be seen that the magnetic dynamo operates in the convective boundary
mixing zone, represented by the yellow shaded region, generating a magnetic viscosity, depicted by
the solid magenta line. The dynamo action is only active in the very outer layers of the convective
boundary region and is inert in the region closer to the convective zone. This is a result of the
exponentially decaying mixing efficiency of the boundary mixing scheme, leading to a less efficient
angular momentum transport further away from the Schwarzschild boundary which creates a gradient
in the Q profile, hence, shear. In the inner region, however, angular momentum is redistributed well
enough to keep a constant angular rotation speed.

In the context of 3D hydrodynamic simulations of turbulent convective boundaries, this could be
thought of in the following way. The region after the mixing-length boundary - the turning region
in Section II.1.3 - is fully mixed and angular momentum is equally distributed, depending on the
rotation law for convective bodies. In the region further out, where the flow turns around - the shear
region in Section II.1.3 - the radial velocity is going to zero and the horizontal velocity dominates.
This could produce a gradient in the angular momentum distribution, similar to the sigmoid-shape
seen for the chemical species in 3D hydrodynamic simulations. Furthermore, the horizontal velocity
introduces convective shear which could generate a dynamo action, or give rise to another instability,
that transports angular momentum. Therefore, it is possible that there could be a dynamo active at
the edge of the convective zone. However, the interaction between the convective and rotation-induced

shear and possible magnetic fields is still an open question.
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Figure IV.14: (a) The turbulent viscosity in the 15 Mg model applying the Tayler-Spruit dynamo,
including in the convective boundary mixing region. The figure is organised as Fig (IV.3). (b) The
rotation profile of the 15 My Talyer-Spruit model, including the dynamo in the convective boundary
layer, showing on the top left panel the angular rotation velocity, {2, on the top right panel the specific
angular momentum, j, and on the bottom panel the ratio of the angular rotation velocity to the critical
angular rotation velocity. Each line presents the profile at a different evolutionary stage indicated by
the colour and linestyle. For comparison reasons, the axes of each thematic subplot group have been
scaled to the same values. The ignition of a burning phase is defined as when 0.3% of the fuel is burnt
and depletion when the fuel drops below 1%. The latter is early enough to avoid a spinning up of the
core due to contraction after the burning phase ends.
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Fig.(IV.14b) presents the evolution of the rotation profile in the 15 My model with the Tayler-Spruit
dynamo, including the magnetic dynamo in the convective boundary mixing region. Indeed, including
the dynamo into the convective boundary mixing region allows the model to overcome the angular
momentum transport bottleneck during the main sequence, reducing the angular momentum content
of the core and slowing it down. The chemical stratification above the receding convective core limits
the dynamo action which leads to a slower rotating envelope already during the main sequence. During
the post-main-sequence evolution, the angular momentum in the core is further reduced, however, the
core spins up due to contraction. Consequently, the model predicts a similar angular rotation profile
as the default Tayler-Spruit model. Furthermore, during the advanced evolution, the evolutionary
timescale is too short for the dynamo to effectively operate and there is no significant difference

between the two models (compare Figs.(IV.2b) and (IV.14b)).

3.7 Convergence between the Magnetic Dynamos?

In the previous Sections, I first discussed the default version of the 15 Mg model with the Tayler-
Spruit model, pointing out the bottleneck in regions with a strong chemical composition gradient and
the convective boundary mixing zone. This prevents the magnetic dynamo to transport any angu-
lar momentum between the core and envelope during the main-sequence evolution. Following this
discussion, I investigated two options to overcome the bottleneck of angular momentum transport:
a reduced impact of the chemical stratification by lowering the artificial parameter f,, and allowing
the Tayler-Spruit dynamo to be active in the convective boundary mixing region. Indeed, both op-
tions are able to reduce the specific angular momentum during the main sequence. This leads to
the question whether the Tayler-Spruit dynamo is able to reduce the core spin to a similar extent as
the Fuller-modified dynamo. Fig.(IV.15) presents the surface angular velocity, Qgurt, and the angular
velocity in the centre, Qcentre, Of the various models with a magnetic dynamo discussed in the previous
Sections. The bottom plot clearly illustrates that during the main-sequence evolution the model with
the default Tayler-Spruit dynamo maintains a nearly constant, slightly increasing Qcentre, Whereas
the model with the default Fuller-modified Tayler-Spruit dynamo experiences a slowdown of Qcentre-
As expected, all the models that include a variation of the Tayler-Spruit dynamo to overcome the
bottleneck of angular momentum transport reduce their Qcentre during the main sequence. Fig.(IV.15)
includes (i) a Tayler-Spruit model where the dynamo action is included in the convective boundary
mixing region - see Section IV.3.6 - (ii) a Tayler-Spruit model where the dependence of the rotation-
induced instabilities on the chemical stratification is reduced, i.e. f, = 0.00018 - see Section IV.3.5
- and (iii) a model that includes the first and second case. The three Tayler-Spruit variations evolve

similarly during the main sequence regarding the core rotation. In the first half of main sequence

8] chose the model with fu = 0.0001 because it represents the most optimistic case.
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Figure IV.15: The evolution of the angular rotation velocity on the surface, top, and in the centre,
bottom, in various 15 My models with a magnetic dynamo as a function of the time left until the core
collapses. The models include different versions of the magnetic dynamos discussed in the previous
Sections, see the legend for details. The black marker indicate the depletion of hydrogen in the centre
and the colored marker the ignition of helium in the core. The different burning stages are labeled.
The inset window presents an enlarged view on the main-sequence and post-main-sequence evolution.

they have a similar reduction of Qcepntre as the Fuller-modified dynamo. This is the result of angular
momentum being transported through the region above the convective hydrogen core, which is re-
stricted in the default Tayler-Spruit dynamo. However, beginning at the middle of the main-sequence
lifetime the Fuller-modified Tayler-Spruit model shows a faster reduction of Qceptre compared to the
variations of the Tayler-Spruit models, which all continue to slow down the core at the same rate. The
difference arises from the amplitude of the coupling: in the model with Fuller-modified Tayler-Spruit
model the dynamo creates a strong viscosity of the order of log vrsr ~ 15 in layers with strong shear
(see Fig.(IV.3c)) whereas in the models with the different versions of the Tayler-Spruit dynamo the
magnetic viscosity is of the order of log vrgr ~ 10 (see Figs.(IV.12b) and (IV.14a)). Consequently,
the angular momentum distribution in the Fuller-modified model remains close to solid body rota-
tion whereas in the different Tayler-Spruit models shear between core and envelope develops. The
difference in Qcentre at the end of the main sequence between the Taylor-Spruit models results from
the different efficiencies of angular momentum transport through the bottleneck region above the
convective core. The model that includes the dynamo in the convective boundary mixing region and
ignores the chemical stratification predicts the slowest core rotation at the end of the main sequence.
During the post-main-sequence evolution the cores in the modified Tayler-Spruit models spin up, as
explained in Sections IV.3.5 and IV.3.6, and they predict a similar angular rotation rate of the core

during the further evolution as the default Tayler-Spruit model. Thus, in terms of final rotation rate
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predicted by the models, there is no convergence between the Fuller-modified Tayler-Spruit dynamo
and optimistic versions of the Talyor-Spruit dynamo, but between the different versions of the Taylor-
Spruit dynamo. However, the different efficient coupling during the main-sequence evolution in the
Taylor-Spruit model leads to slightly different evolution of the rotation rate. For example, the bottom
plot in Fig.(IV.15) reveals that the contraction at the end of the advanced burning stages occurs at
different times, indicating different burning lifetimes. Also, the surface rotation rate, Qgy,f, increases
during core helium burning in the models with f,, = 0.0001, pointing out a contraction and expansion
of the envelope. These differences will affect the evolution of the model.

Fig.(IV.15) shows that the chemically stratified region above the convective hydrogen core is one of the
big problems in terms on angular momentum transport and a proper treatment of the chemical strat-
ification and its impact on the rotation-induced angular momentum transport and chemical mixing

would help in reducing the uncertainty of angular momentum transport by a magnetic dynamo.

4 Angular Momentum Transport at Lower Metal-
licities

In Section IV.3, I discussed how the evolution of the angular momentum distribution in higher mass
stars at solar metallicity is influenced by strong mass loss. The question that naturally arises is how
the angular momentum transport behaves at lower metallicities. In order to test the impact of lower
initial metallicities on the distribution of angular momentum, I calculated the models presented in
Section IV.3 at metallicities of Z = 0.002 and 0.0004. In terms on angular momentum transport,
the main impact from the lower initial metallicity are the weaker stellar winds. In fact, the 15 Mg
models at Z = 0.0004 show a very similar evolution of the angular momentum distribution to the
15 Mg models at solar metallicity. Since the mass-loss rates increase gradually with initial mass, I
only discuss the change in angular momentum transport at lower metallicities in the 60 Mg models.
The lower mass models in the sample show gradually reduced differences on the angular momentum
distribution when changing the initial metallicity.

Fig.(IV.18) presents the evolution of the € and j in the 60 Mg models at Z = 0.0004 for the models
with the three default angular momentum transport mechanisms. The shape of the rotation rate
and the specific angular momentum profile in the non-magnetic model (see Fig.(IV.18a)) are more
similar to the 15 My models because it does not lose angular momentum through stellar winds. Hence,
the redistribution mainly occurs by rotation-induced hydrodynamic instabilities, which are not very
efficient as discussed in the earlier Sections. The biggest difference in €2 is in the envelope, where in the

low metallicity models the rotation rate does not drop as much. This is because the initial composition
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contains less metals and therefore the opacity is lower - see Appendix B.1.2.0.1. Consequently, the
envelope expands less, thus, €2 does not drop to the same low values. This difference exists for all the
initial masses studied here. If the metallicity is increased to Z = 0.002, the mass loss is not negligible
and a small amount of angular momentum is removed from the core. Also, the envelope expands
more, leading to a slower surface rotation, before it is stripped away by stellar winds. It should be
noted that at both lower metallicities the model reaches critical rotation in the envelope towards the
end of their evolution, which drives strong rotation-induced mass loss.

The angular rotation rate and specific angular momentum distribution in the 60 M models with the
Tayler-Spruit dynamo at Z = 0.002 and 0.0004 evolve very similar to the respective model at solar
metallicity. The main difference is that the model at solar metallicity loses more mass during core
hydrogen burning. However, both lower metallicity models lose a substantial part of their mass during
core helium burnin g. The reason for the high mass-loss rates at low metallicity is the formulation and
implementation of the mass-loss rates for red supergiants - see also Appendix B.1.6: when the effective
temperature drops below log Teg < 4.08 the MESA code smoothly switches to the red supergiant mass-
loss rates given by Eq.(B.59), which is fully active for log Teg < 3.9. Furthermore, the mass-loss
recipe for red supergiants by de Jager et al. (1988) does not include a metallicity dependence, hence,
it predicts the rates on mass and luminosity alone, see Eq.(B.59). The low metallicity 60 Mg models
with the Tayler-Spruit dynamo both evolve to log Teg < 3.9 after the main sequence, where they
ignite helium burning and do not return back to effective temperatures of log Teg > 4.08. This
is because they have a short and weak intermediate convective zone, see discussion in Chapter III
and Section V.2. Therefore, they experience a strong red supergiant mass loss, despite not being
on the red supergiant branch, showing the need for a revision of the mass-loss recipes in the region
log Teg < 4.1. In this case, an overestimation of the stellar winds leads to a wrong prediction of the
angular momentum transport during the evolution of massive stars at low metallicity and could affect
predictions of low-metallicity black hole spins.

The 60 Mg models with the Fuller-modified Tayler-Spruit dynamo at Z = 0.002 predict a very similar
evolution of the angular rotation velocity and specific angular momentum distribution compared to the
solar metallicity model but less mass loss. The same could be said for the model at Z = 0.00004, but
there the angular momentum profile is higher at the end of core hydrogen burning. This, however, is
a result of the timing when contraction at the end of the main sequence begins and the shear between
core and envelope increases, similar to the 30 M models. Indeed, once central helium burning ignites,
the angular momentum profiles are similar once again until the end of silicon burning. In the envelope,
the angular rotation velocity profile remains mostly flat until the helium burning phase because of
the reduced expansion of the envelope at lower metallicity. This allows for more angular momentum

transport by the Eddington-Sweet circulation, vgs o< 2, but reduces the strength of the magnetic
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ROTATION SPEED

dynamo which depends on the shear.

In summary, at lower metallicity where the stellar wind are weaker, the angular momentum transport
is dominated by rotation-induced instabilities in massive stars, contrary to solar metallicity where mass
loss has a crucial impact on the rotation rate. However, due to the formulation and implementation
of stellar winds in the stellar evolution code, some of the low metallicity models still experience a
modest mass loss, which blurs this picture.

The points discussed above lead to different predictions of the rotation rate at silicon depletion and
finally the spin of the final compact object. Generally, the models at lower metallicity have a faster
rotation rate and more angular momentum in the core. The exception is the Tayler-Spruit model at
Z = 0.0004 which predicts a slower rotating core due to the behaviour of the stellar wind mentioned
above. If the mass-loss rates in the region log Teg < 4.1 would include a metallicity dependence, this
model would most probably follow the same trend as the other models. Therefore, the 60 M models
predict faster rotating cores at lower metallicities, hence, faster spinning compact objects at the end

of their life. This discrepancy with metallicity disappears with decreasing initial mass.

5 Dependence of Angular Momentum Transport on

the Initial Rotation Speed

Stars are observed to rotate at different speeds on the main sequence with typical rotation rates
between 0 — 250 kms~! (e.g. Huang & Gies, 2006a; Hunter et al., 2008; Dufton et al., 2013). It is
therefore of interest to know how the evolution of different initial rotation rates is affected by the three
angular momentum transport mechanisms discussed in the earlier Sections and what the predicted
pre-supernova spin is.

Fig.(IV.16) presents the specific angular momentum at hydrogen, helium and silicon depletion in
32 Mg model at the metalicity Z = 0.002 for the three angular momentum transport mechanisms.
These models are published in Belczynski et al. (2020a). Fig.(IV.16a) shows that at the end of the
main sequence the angular momentum distribution in the models depends on the initial rotation
rate and the angular momentum transport mechanism, with no strong trend. However, the angular
momentum distribution in the inner part of the star after the core helium burning phase, presented
in Fig.(IV.16b), clearly depends on the transport mechanism and is mostly independent of the initial
rotation. This convergence of the rotation rate for a given angular momentum transport mechanism
is a result of the dependence of (a) the rotation-induced instabilities on the rotation rate and the
shear, which becomes stronger in faster rotating models, and (b) the rotation-enhanced winds on

the initial rotation rate. In fact, a faster initial rotation leads to enhanced mass-loss rates during
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also Section V.2.

6 Conclusion and Discussion

In this Chapter, I presented rotating stellar models of different initial masses, each of which was com-
puted with three different angular momentum transport mechanisms, in order to study the uncertainty
of the angular momentum distribution during the evolution of massive stars. The three transport
mechanisms are (1) hydrodynamic instabilities, (2) hydrodynamic instabilities and the Tayler-Spruit
dynamo and (3) hydrodynamic instabilities and the Fuller-modified version of the Tayler-Spruit dy-
namo. In this Chapter I focussed the discussion on the angular momentum distribution and evolution
of rotation. The impact of the uncertainties in the different transport mechanisms on the structure
and evolutionary path of massive stars will be investigated in future work.

The behaviour of the default models can be summarised as follows:

1. The default versions of the three angular momentum transport mechanisms predict three distinct
core spins at the end of their evolution when they begin to collapse. The model with the purely
hydrodynamic angular momentum transport predicts the fastest core rotation, whereas the
Tayler-Spruit dynamo estimates a medium value and the Fuller-modified Tayler-Spruit dynamo

the slowest.

2. In general, most of the angular momentum transport occurs before core helium depletion. There-
after, the evolutionary timescales become much faster and large-scale angular momentum trans-
port becomes negligible. During the advanced stellar phases, the core spins up by several orders

of magnitude due to contraction and conservation of angular momentum.

3. The default implementations of the three mechanisms transport angular momentum during
different stages. The hydrodynamic instabilities alone do not efficiently transport angular mo-
mentum and the initial angular momentum content of the core is only slightly reduced. The
Talyer-Spruit dynamo transports a large amount of angular momentum during the post-main-
sequence evolution, before helium ignites in the centre, and a small amount during all the
subsequent phases up to core oxygen ignition. It removes about three orders of magnitude of
angular momentum from the core, reducing the spin of the core by about two orders of mag-
nitude compared to the non-magnetic models. However, this magnetic dynamo is not able to
extract angular momentum from the core during the main-sequence evolution because of (a)
the inhibiting chemical stratification above the convective core and (b) the convective bound-
ary mixing region where the magnetic dynamo is ignored. The Fuller-modified Tayler-Spruit

dynamo efficiently removes angular momentum from the core during the main-sequence and
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post-main-sequence evolutionuntil helium ignites in the core and smaller amounts in the ensuing
phases up to core oxygen ignition. It is able to reduce j in the core by more than four orders
of magnitude. The efficient transport of angular momentum maintains a near-solid body ro-
tation during the main-sequence phase and a comparatively low ) during the further phases.
The final core spin is more than three orders of magnitude lower compared to the model with

hydrodynamic instabilities only.

4. The core spin at collapse of a model with a given angular momentum transport mechanism is
nearly independent of the initial rotation. However, the models experience different amounts
of spin-down during their evolution, hence, the distribution of angular momentum during these

phases differs. This affects the structure of the star.

5. The initial metallicity of the stellar models mainly influences rotation through the strength of
stellar winds, which remove angular momentum from the surface. The impact is dominant in

the 60 M5 models and becomes gradually weaker for the lower initial masses.

Angular momentum transport in massive stars depends strongly on the treatment of the chemical
stratification that develops above the convective core during the main sequence. This layer, plus the
fact that the magnetic dynamo is ignored in the convective boundary mixing zone, creates a bottle-
neck in angular momentum transport that leads to the separation between core and envelope rotation.
Indeed, I find that if the inhibiting effect of the stratification is reduced, implemented by a lower f,
parameter, the Tayler-Spruit dynamo in combination with the rotation-induced hydrodynamic insta-
bilities is able to transport a substantial amount of angular momentum during the main-sequence
stage. Similarly, including the Tayler-Spruit dynamo into the convective boundary mixing region -
a crude estimate to couple the differential rotation introduced by this region and the magnetic dy-
namo - leads to a reduction of more than an order of magnitude in j. Interestingly enough, a more
efficient angular momentum transport during the main sequence reduces the shear developing dur-
ing the post-main-sequence phase. Therefore, the magnetic dynamo is relatively weaker during this
phase. Consequently, the modified models with the Tayler-Spruit dynamo predict a similar angular
momentum content and rotation rate of the core as the default model with the Tayler-Spruit dynamo.
Therefore, for a given initial mass, each angular momentum transport flavour predicts a distinct range
of spins of the core at collapse, only weakly varying with the uncertainties studied in this Chapter.
However, the evolutionary path of the star depends on the uncertainties, as angular momentum is

transported during different phases.

This Chapter shows that the treatment and prediction of rotation in stellar evolution codes is highly

uncertain and much effort is needed to improve it. One needed improvement is the dependence of the
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rotation-induced mixing on the chemical stratification. First, the Heger et al. (2000) implementation
of some rotational-induced instabilities accounts for the limiting effect of the chemical stratification via
a “braking velocity” - see Section II.2. This overestimates its inhibiting effect, creating the bottleneck
in angular momentum transport above the convective hydrogen core seen in this Chapter. Second,
the chemical composition gradient is multiplied by a factor f,, in some rotation-induced instabilities in
order to reduce its limiting effect - see Section II.2 for more details. The choice of this free parameter
influences the amount of mixing that occurs in chemically stratified regions. It is therefore crucial to
constrain its value or replace it with a physical formulation. In addition, if the chemical composition
gradient is considered through the Brunt-Viisils frequency, N? = I—gTi (Vad = Viad + £V,,), the V,, is
not multiplied by f,. Therefore, the limitation of the chemical stratification is not taken into account
consistently in the various rotation-induced instabilities - a fact that should be improved. There are
theories and implementations of rotational instabilities that consider the gradients in chemical com-
position as physical effects (see e.g. Chaboyer & Zahn, 1992; Zahn, 1992; Maeder & Zahn, 1998)7,
hence, an update of the Heger et al. (2000) implementation in the MESA code is needed.

Another uncertainty in the rotation scheme implemented in MESA is the free parameter f., which is
multiplied to the sum of the diffusion coefficients generated by rotational instabilities. This parameter
is introduced, as well as f,, to account for the order-of-magnitude estimates of the rotation-induced
mixing efficiencies (see Eq.(B.40)). Introducing non-physical parameters is tricky, because they can
be used to do anything. There are several publications that try to constrain f. and f, (e.g. Pin-
sonneault et al., 1989; Heger et al., 2000; Yoon et al., 2006; Brott et al., 2011; Chieffi & Limongi,
2013). However, calibration is difficult because the observed effects used are also dependent on other
uncertain physics, for example convective boundary mixing, and a solution might not be unique. Fur-
thermore, calibration of the two parameters with a certain observation does not necessarily reproduce
other observations nor does it have to be true for other initial conditions such as mass or metallicity
or evolutionary stages. Additionally, one parameter, f., is used to correct the sum of all diffusion
coeflicients for rotation-induced chemical mixing, despite the fact that some need different scaling and
some do not need rescaling at all. For example, the diffusion coefficient for chemical mixing generated
by the Tayler-Spruit dynamo, Drs in Eq.(IL.59), is computed within a factor of unity (§3.2 Spruit,
2002) and does not need to be rescaled.

Both the magnetic dynamos studied in this Chapter use numerical smoothing - see Sections B.1.7 and
B.2.1. In the case of the Tayler-Spruit dynamo, numerical smoothing is needed to obtain a large-scale
angular momentum transport by the dynamo action. On the other hand, too much smoothing leads
to the dynamo being active in “forbidden” regions - see Section IV.3.4. The dependence of the imple-

mentation of the dynamo on numerical smoothing indicates the theory itself needs revision. A first

9Note that the implementations in the named publications are for the advective-diffusive scheme.
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step could be to implement a general description of the Tayler-Spruit dynamo (as for example done by
Maeder & Meynet, 2004, 2005) rather than the inaccurate formulation in MESA, which patches together
two different regimes - see Section 11.3.1.2.1. The Fuller-modified Taylor-Spruit dynamo also includes
a numerical smoothing routine. In this case, the default implementation leads to a non-physical re-
duction of the magnetic viscosity in some layers - see discussion in Section IV.3.4. Excluding the
smoothing process in the simulation removes this behaviour but introduces thin layers with a very
strong dynamo action, which might not be physical either. The problem with the simulation of a
magnetic dynamo in a stellar evolution code is the fact that the magnetic fields themselves, and their
effects such as the torque, are not directly simulated. Instead, only the resulting magnetic viscosity
and diffusion coefficient are computed in a region where the shear exceeds a minimum shear for the
dynamo to be active. Consequently, the transport process needs to be smoothed over the other cells
in order to generate a large-scale transport, otherwise the dynamo action is not able to generate an

efficient angular momentum transport.

6.1 The role of ¢, in the Fuller-modified Tayler-Spruit dy-
namo

The theory of the Fuller-modified Tayler-Spruit dynamo only allows for an active magnetic dynamo
when the shear, g, is larger than a minimum shear, gmin (see Eq.(IL.68)). In Section B.2.1 T explained
that the current implementation does not check for this condition (see Fuller et al., 2019, Appendix
D1)!°. Therefore, the magnetic dynamo can be active in regions where the shear is not sufficiently
strong. This could lead to an overestimation of the angular momentum transport by the Fuller-
modified Tayler-Spruit dynamo. In the following, I present a short discussion on a model that includes
the condition of ¢ > quin for the Fuller-modified Tayler-Spruit dynamo to be active. Note that this
study is preliminary and further work is needed.

Fig.(IV.20) presents the profile of the turbulent viscosity in the models applying the Fuller-modified
Tayler-Spruit dynamo, which includes the gui, condition and excludes numerical smoothing - for the
latter see Section IV.3.4. The profile is shown at three different stellar phases, during core hydrogen
burning, during the post-main-sequence evolution and when the star burns helium in the core. The
¢min condition prevents the magnetic dynamo from being active in regions where the shear is not
strong enough to generate a dynamo action, i.e. no magnetic dynamo where ¢ < ¢uin. Comparing
Fig.(IV.20) to Figs.(IV.3c), (IV.4c) and (IV.5¢) reveals that the magnetic dynamo is not always active
if the gmin condition is considered. For example, during core hydrogen burning the Fuller-modified

dynamo is only active in a thin layer below the large-scale Eddington-Sweet circulation in the envelope.

10All subsequent papers that use this implementation will have the same issue.
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Figure IV.19: The rotation profile of the 15 Mg model with the Fuller-modified Tayler-Spruit dynamo
that includes the g, condition and excludes numerical smoothing. The top left panel shows the
angular rotation velocity, €2, the top right panel the specific angular momentum, j, and on the bottom
panel the ratio of the angular rotation velocity to the critical angular rotation velocity. Each line
presents the profile at a different evolutionary stage indicated by the colour and linestyle. The ignition
of a burning phase is defined as when 0.3% of the fuel is burnt and depletion when the fuel drops
below 1%.

This is the only location where the gradient in the rotation profile is strong enough to trigger the
dynamo action. In the envelope, €2 experiences a tiny gradient but is close to solid-body rotation
due to the Eddington-Sweet circulation. Similarly, the core rotates close to solid-body due to the
convective motion that efficiently redistributes angular momentum. Therefore, the region where the
shear rises above the minimal shear during the main sequence is in the intermediate region. As soon
as the criterion ¢ > qni, is satisfied, a strong viscosity is generated with log vpggp > 16 which keeps the
layer between the core and the envelope close to solid-body rotation. In between core hydrogen and
core helium burning, the gui, condition is met throughout the entire star and the magnetic dynamo
generates strong viscosity throughout the star, transporting a similar amount of angular momentum as
in Fig.(IV.10a). During core helium burning, the ¢pi, condition is satisfied in nearly all of the radiative
zone between the convective core and envelope, with the exception of a few narrow layers. At these
locations, the chemical stratification leads to a reduction of vrsr (see Fig.(IV.10b)). Consequently, the
resulting transport of angular momentum during core helium burning is very similar in the models
with and without the guj, condition. A similar behaviour occurs during the subsequent phases of
stellar evolution in terms of magnetic dynamo and angular momentum transport. Therefore, the gmin

condition can affect the local strength of vrgr, however, the difference for vay is not strong enough
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and the overall rotation rates do not change significantly, as can be seen by comparing Figs.(IV.2c)
and (IV.19). Nevertheless, even if excluding the gumi, condition does result in the similar outcome
does not mean it is justified to do so. The stellar model should simulate the physics correctly and
in the derivation of the magnetic dynamo it was assumed that the dynamo action is only active in
regions where ¢ > qunin. Consequently, it is essential to include the gy, condition in the computation

of magnetic stellar models.
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Figure IV.20: The profile of the turbulent viscosity in the 15 My model
with the Fuller-modified Tayler-Spruit dynamo that includes the gunin
condition and excludes numerical smoothing. vay is shown (a) dur-
ing core hydrogen burning when the hydrogen mass fraction drops be-
low 0.3, (b) during the post-main-sequence evolution and (c) during
core helium burning when the hydrogen mass fraction drops below 0.4.
Each top panel shows the total turbulent viscosity generated by non-
rotating sources such as convection (black dotted line) and the tur-
bulent viscosity generated by rotation-induced instabilities (sky-blue
dotted line). Additionally shown are the turbulent viscosities gener-
ated by each rotation-induced instability, the viscosity produced by the
Eddington-Sweet circulation (dark-blue solid line), the secular shear in-
stability (grey solid line) and the magnetic dynamo (magenta solid line).
The yellow shaded region indicates the location of convective boundary
mixing regions. The bottom panel depicts the rotation rate and the
gradient in the chemical composition. A dotted line for %V# stands for
negative values. It should be noted that the range of the axis in the
bottom panel varies between the figures.
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|Chapter V

Conclusion and Outlook

In this Thesis, I investigated two groups of internal mixing processes in massive stars: convection and
rotation. I focussed the study on convective boundary mixing and angular momentum transport by
rotation-induced instabilities, exploring their uncertainty and impact on stellar evolution. I examined
the two physical processes separately, in order to study them without interference between the two.
Convective boundary mixing is discussed in Chapter III. I investigated how the location of the convec-
tive boundary and different amounts of convective boundary mixing affect the structure and evolution
of massive stars. I found that while the boundary location converges during core hydrogen burning
with more convective boundary mixing, there is a divergence in the subsequent evolution. Moreover,
the behaviour of the intermediate convective zone and how it interacts with the hydrogen burning
shell is a crucial phase for the further evolution of the star. In total, the core masses experience an
uncertainty of up to ~ 70% at core helium depletion. Furthermore, the surface evolution of stars, such
as the main-sequence width and blue versus red supergiant evolution, depend critically on the mixing
choices. Hence, these uncertainties affect the lifetimes in regimes with different surface temperatures
and star radii. Since the mass-loss rates depend strongly on the location in the Herzsprung-Russell
diagram, the mixing choice further affects these observables through mass-loss. Comparison between
model predictions and spectroscopic observations of the main-sequence width and asteroseismic obser-
vations of convective core masses suggest that models require larger amounts of convective boundary
mixing during their main-sequence evolution than currently adopted in the literature. Therefore,
studies focusing on the later stages or the final fate of massive stars need to be revised to have a more
accurate understanding of massive star evolution.

In Chapter IV, I investigated rotation-induced instabilities and how related theoretical and imple-
mentation uncertainties affect the transport of angular momentum. I limited this study to hydrody-
namical instabilities and two magnetic dynamos, the Tayler-Spruit dynamo (Spruit, 2002) and the

Fuller-modified Tayler-Spruit dynamo (Fuller et al., 2019). The three transport processes predict dis-
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tinct ranges of the core rotation rate at core collapse. However, the timing and strength of angular
momentum transport during the evolution of the star depends strongly on the transport mechanism
and its uncertainty. Generally, the main transport of angular momentum occurs before core helium
ignition and no angular momentum is transported after core oxygen ignition.

This work presents the uncertainty of stellar evolution models and their predictions, generated by
the uncertainties of convective boundary mixing and rotation-induced mixing. It is clear that the
evolution of massive stars is strongly influenced by the uncertain implementation of these physical
processes, be it either the simplification of 3D processes into 1D, parametrisation of physical pro-
cesses, numerical issues such as smoothing, missing processes or knowledge. It shows that more work

is needed to provide reliable predictions for stellar evolution.

1 Future Work

In an ideal world of modelling, it would be possible to simulate the structure of a star in 3D over
the whole stellar lifetime, including collapse and the ensuing explosion phase. Moreover, it would be
possible to run these models in a reasonable time, allowing to study a large parameter space of initial
mass, metallicity, rotation rate and distribution of binary companions. This would allow us to explain
in more detail the status of the Universe observed today. In reality, numerical models of stars are
far from ideal. The study of stellar evolution is limited to 1D due to the computational cost and the
short timesteps needed in 3D simulations, for example to resolve turbulence, imposing simplifications
and uncertainties.

In the following, I discuss a few points to improve upon, based on the content of the earlier Chapters.

1.1 Convective Boundary Mixing

e The need to include convective boundary mixing in stellar evolution calculation is generally ac-
cepted, but questions like “how” and “how much” are still under debate. The exponentially decay-
ing convective boundary mixing scheme, for example, is based on multi-D simulations and its free
parameter is constrained for certain initial masses and stages. This prescription allows to reproduce
the radially decaying velocity profile and the sigmoid-shape of the chemical composition at the
convective boundary seen in multi-D simulations. However, mixing is only applied to matter but
not entropy. A next step is therefore to include a treatment for energy transport in the convective
boundary region which allows a better prediction of this region (see Michielsen et al., 2019) and
provide a physical reason for the amount of mixing rather than a free parameter. Scott et al. (2021)
implemented an entrainment law which mixes an amount of matter at the convective boundary

depending on its structure. Therefore, it would be interesting to study the evolution of massive
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stars up to core collapse with the entrainment law. However, due to the cumulative nature of the
entrainment law it is difficult to implement for the advanced burning stages. Alternatively, the
instantaneous entrainment could be used (Staritsin, 2013).

e Meakin & Arnett (2007) show that the boundary location in 3D hydrodynamical simulations agrees
on average more with the Schwarzschild solution. This, however, is an initial value problem. The
convective boundary of the growing instability starts at the location determined by the Ledoux
criterion. It is the intermittency and fluctuations at the convective boundary which erase the
chemical stratification near the boundary and move the location to the Schwarzschild solution on
a finite timescale. While this is less of an issue for convective zones with a long lifetime, such as
the convective hydrogen core, it is crucial for short-living convective layers such as the intermediate
convective zone. The behaviour of the intermediate convective zone depends strongly on the choice
of the boundary location, which then influences the evolutionary path of the star - see Chapter
IIT. Therefore, the timescale on which the boundary changes from the Ledoux to the Schwarzschild
criterion, on average, should be investigated with 3D hydrodynamic simulations. Additionally, it is
advisable to study the behaviour of the intermediate convective zone in 3D as it crucially impacts
the later evolution of the star. Alternatively, it would also be interesting to explore this evolutionary
phase using the entrainment law implementation - see previous point.

e There are two types of blue supergiants, the ones that evolved directly from the main sequence
and those that were red supergiants before. The latter generates radial pulsations, which allow us
to distinguish between the two types (e.g. Saio et al., 2013). Since the evolution during the post-
main-sequence phase is crucially dependent on the intermediate convective zone, such observations
would constrain its mixing. However, the analysis would not be straightforward as the evolution

also depends on other processes such as rotation and mass-loss rates.

1.2 Rotation-Induced Mixing and Magnetic Fields

e The implementation of the Fuller-modified Tayler-Spruit dynamo still has some issues that need to
be sorted out and its impact needs to be further investigated.

- At the end of Chapter IV, I presented preliminary models of the Fuller-modified Tayler-Spruit dy-
namo using the ¢, condition. This needs a more in depth examination. Also, its implementation
can be improved. For example, there could be a smooth transition between the on-off behaviour,
introduced by the if-condition in the implementation, of the dynamo action.

- The smoothing process in the current implementation leads to an artificial reduction of the mag-
netic viscosity. In this Thesis I simply switched off the smoothing routine to test the impact of
the magnetic dynamo without such a reduction. In the future, a better smoothing routine should

be implemented and tested.
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- In Section B.2.1 I discussed that an analytical solution for the equation determining N, 62H requires
a difficult root-finding problem. The short-term solution used in the implementation suggested
by Fuller et al. (2019) (a) applies the Tayler-instability timescale of a non-rotating star (which
can be justified only for slowly rotating stars) and (b) initially calculates wa with N? instead of
NZ;. This simplification should be improved or at least it should be verified that is does not lead

to a drastically wrong NZ%; in all the scenarios it is used.

- The dynamo action and the viscosity it generates have to be revised in the close proximity of
convective regions. In these layers, the magnetic torque can approach infinity because N%; ap-
proaches zero. In order to prevent this scenario, Fuller et al. (2019) computes the viscosity as
vrsr = qQr? if N2 < 2¢*Q?. The limit is arbitrary and could be chosen differently (Fuller, priv.
comm.). Also, the formulation of the viscosity does not represent the physics occurring in the
convective boundary mixing layer and its neighbouring region. This problem is similar to the
issue with the Tayler-Spruit dynamo, where the convective boundary mixing region is ignored -
see Section IV.3.6.

e Angular momentum transport by the Eddington-Sweet circulation is implemented as a diffusive
process in MESA. An analogous implementation of this large-scale fluid motion, the meridional cir-
culation, is described as an advective-diffusive process. Strictly speaking, the treatment of the
circulation as an advective-diffusive process is physically correct, because it is the fluid motions,
which arise from a thermal imbalance, that transport angular momentum. Therefore, angular mo-
mentum is transported inwards and outwards, depending on the location in the star (see Fig.(I.5b)).
This is contrary to the implementation of the Eddington-Sweet circulation in MESA, where angular
momentum is only diffused to a lower concentration. Consequently, even if the Eddington-Sweet cir-
culation predicts a similar magnitude of angular momentum transport as the meridional circulation,
it might transport it into the wrong direction, hence, it fails at reproducing the local rotation profile.
Therefore, a stellar evolution code would use ideally the advective-diffusive scheme. However, in
Chapter IV, I have shown that the angular momentum transport in magnetic models is dominated
by the dynamo action. It would be useful to investigate if the diffusive versus advective-diffusive
treatment matters in the presence of a magnetic dynamo or if the difference is overshadowed by the
much more efficient angular momentum transport by magnetic fields. Furthermore, the interaction
between magnetic fields and the slow large-scale mixing is an open question. It may be that the
circulation is suppressed in presence of strong magnetic fields, hence, this would avoid the issue of
diffusive versus advective-diffusive.

e The implementation of rotation-induced mixing and angular momentum transport in MESA (and
other stellar evolution codes) is based on “order-of-magnitude” estimates (Endal & Sofia, 1978;

Heger et al., 2000), multiplied with free parameters in order to scale their impact (Pinsonneault
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et al., 1989). This approach leads to many uncertainties and it is time to include more accu-
rate prescriptions, that include physics rather than “order-of-magnitude” estimates multiplied with
scaling parameters. For example, I (in collaboration with Z. Kesztheli, G. Meynet, R. Hirschi,
P. Eggenberger) implemented the meridional circulation for chemical mixing, following the GENEC
implementation, into the MESA code. However, the complication is that this is only applicable for
chemical mixing and not angular momentum transport due to the advective-diffusive prescription
in GENEC. This is still work in progress.

In Chapter IV, I showed that the rotation-induced transport of angular momentum and mixing of
chemical elements depends strongly on the treatment of the chemical stratification. The Eddington-
Sweet circulation and the Goldreich-Schubert-Fricke instability consider the chemical stratification
as a “braking velocity” , which overestimates its inhibiting effect. Including the gradient of chemical
composition in the derivation of the Eddington-Sweet circulation (see e.g. Maeder & Zahn, 1998,
their Section 4; beware this is for the advective-diffusive case) would reduce this uncertainty. Also,
the impact of the chemical stratification is scaled with the f,, parameter, but it is not done con-
sistently. The parameter is only multiplying V, if this term is used directly in the formula for the
instability. However, if the chemical stratification is considered via the Brunt-Viisila frequency,
N2 = I—gTi (Vad — Viad + %VM), it is not scaled. In order to have a consistent prescription, it is
recommended to scale the impact of the chemical stratification for rotational instabilities the same
way. Thus, including f, also in the computation of N 2 where it is used to compute rotation-induced
instabilities.

The Tayler-Spruit dynamo in MESA is implemented following the formula suggested by Spruit (2002).
This prescription computes the magnetic viscosity and diffusion coefficient for chemical mixing in
two extreme cases: (a) when the chemical stratification dominates over the thermal gradient and
(b) when there is no gradient in the chemical composition. In the intermediate case, the viscosity
and diffusion coefficient are patched together from the two cases. The solution is therefore an
estimate rather than an exact solution. It would be desirable to implement a general equation for
the magnetic dynamo as, e.g., suggested by Maeder & Meynet (2004, 2005).

In stellar models, the total diffusion coefficient is often considered to be the sum of the diffusion
coefficients from the rotation-induced and non-rotating instabilities. However, in reality the different
instabilities cannot be taken into account separately as they interact with each other. Maeder et al.
(2013) propose a treatment to simultaneously consider various instabilities and their interaction.
This general description has not been implemented into a stellar evolution code yet, mainly because
a non-linear second-order equation needs to be solved. Nevertheless, in the future the interaction of
the different instabilities should be considered to get the physics correct, for example by following

Maeder et al. (2013).
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e In this work, I only investigated the “traditional” hydrodynamic instabilities and two magnetic
dynamos. There are other possibilities that could transport angular momentum and it would be
interesting to investigate them, possibly in combination with the two magnetic dynamos. For
example, the magnetorotational instability is more active during the late phase of stellar evolution
(Wheeler et al., 2015). Therefore it could provide the missing angular momentum transport in
the model with the Tayler-Spruit dynamo. Also other instabilities, such as internal gravity waves
(Talon & Charbonnel, 2005; Belyaev et al., 2013; Edelmann et al., 2019) and how they interact with

possible magnetic dynamos, should be considered in future work.

The analysis in Chapter IV is limited to the evolution of rotation and angular momentum distribution.
Rotation also changes the structure and evolution of stars, which in turn depends on the uncertainties
discussed in Chapter IV. An in depth study to assess the impact of these uncertainties on the stellar
structure, evolution and fate of massive stars will be done in the future. Some preliminary results
are presented in Section V.2. Also, the nucleosynthesis in the models presented in Chapter IV can
be examined by post-processing the models. I have saved the necessary output files from all the
rotating models to do so. This would allow to investigate the production and yields of rotating models
with improved physics such as the mixing prescription and magnetic dynamo. Vice versa, studying

observables such as the surface enrichment could help in constraining some of the uncertainties.

2 Preliminary Results

Rotation changes the evolutionary path of a star by mixing regions that would otherwise remain
unchanged. Rotational mixing can transport fuel into an active burning region, which changes the nu-
cleosynthesis, prolongs the burning timescale and increases the core size. Vice versa, the end products
of the thermonuclear reactions can be transported into the envelope of massive stars. Furthermore,
mixing of matter in the envelope of massive stars changes the opacity profile and surface composition.
Hence, rotating stars will follow a different evolutionary path, for example they are more likely to form
Wolf-Rayet stars, and therefore have a different observational signature. In Chapter IV, I discussed
three different angular momentum transport processes and how they affect the angular momentum
distribution and evolution of rotation. The distribution of angular momentum affects the presence
and strength of rotation-induced mixing processes, which in turn change the structure of the star and
the way it evolves. Here, I present some preliminary results, investigating the structure of rotating
massive stars and their predicted neutron star spin period. The full analysis will be published in the

future.
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2.1 The Structure of Rotating Massive Stars

The core mass is defined as the location where the abundance of the main element drops below a
certain value, in my case 0.01, and where the main fuel of the previous burning phase rises above a
threshold, here 0.1. The core mass depends strongly on the extent of the convective zone accompanying
the burning layer and additional mixing above it. In non-rotating models, the only mixing occurring is
thermally-driven, dominantly turbulent convection. Consequently, core masses are tightly correlated
to the upper location of convective regions. For example, the helium core mass at the end of the
main-sequence phase coincides with the location of the convective core before it recedes. Similarly, the
helium core mass after core helium depletion is located above the hydrogen burning shell. Rotation
mainly influences the structure through mixing of matter in the radiative zones of the star. This
provides the convective region with unburnt fuel, reflected by, e.g., the longer hydrogen burning
lifetimes in Table V.1, and transports away synthesised products, changing the composition in the
radiative envelope. This results in larger core masses, because the main product of the current
burning is transported further out. Indeed, all the rotating 15 and 25Mg models in this thesis
have a larger helium core mass at core helium depletion compared to the non-rotation model, as
shown in Table V.1. Likewise, the carbon-oxygen core mass is larger at core helium depletion in the
rotating models. However, in the default rotating models the difference for each respective core mass
is modest because the rotation-induced mixing above the convective zones is limited by the chemical
stratification, similarly to the angular momentum transport discussed in Section IV.3.

The small differences in M, and Mo in Table V.1 between the rotating models result from small
differences in the diffusion profile in the radiative layers. For example, the helium core mass depends
on the interface of the radial helium and hydrogen abundance profiles above the hydrogen burning
layer. First, the profiles are used to determine the mass location of the helium core. Second, the
hydrogen abundance profile in the radiative zone determines the behaviour of the ensuing hydrogen
burning shell. A shallow profile forces the burning zone to move outwards faster, resulting in a more
massive helium core mass according to its definition. On the other hand, a high hydrogen abundance
in a layer keeps the hydrogen burning shell longer at that location, leading to a less massive helium
core.

In the non-rotating model, the outward receding helium profile and the outwards increasing hydrogen
profile are both very smooth, a result from the “new” convective mixing scheme - see Appendix B.2.2
- and well resolved physics. In the rotating model with hydrodynamic instabilities only, the same
resolution and convective mixing is used. There, however, the secular shear instability generates a
very jaggy mixing profile at the boundary between convective and radiative layers. As a result, both

the radial hydrogen and helium abundance profiles are not smooth anymore but are step-like. This
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Table V.1: Properties of the models at core helium depletion, when the central helium
mass fraction drops below 0.01%.

model rotation features Mot M Mco TH THe logio ngfs,min
Mo] [Mo] [Mo] [Myrs] [Myrs] K]
Z = 0.014
12Mg, fu = 0.1, no B-field 9.38 4.59 2.88 20.18 1.28 4.27
Schwarzschild, | f, = 0.1, TS 9.44 4.54 2.87 20.18 1.24 4.27
fesm = 0.05 fu =0.0001, TS 7.02 6.34 4.38 25.20 0.93 4.33
£_ = 0.4
Qg
15M¢g, non-rotating 11.38 5.77  3.65 14.04 0.91 4.29
Schwarzschild, | f, = 0.1, no B-field 10.68 5.91 3.69 14.30 0.94 4.30
fesm = 0.05 fu=0.1,TS 10.78 5.86 3.74 14.31 0.91 4.29
Q‘iit =0.4 fu = 0.1, TS (include CBM) 8.96 6.43 4.23 14.74 0.86 4.27
fu=0.1, TSF 10.43 5.91 3.77 14.27 0.91 4.29
fu = 0.1, TSF (no-smooth) 10.24 5.95 3.81 14.27 0.91 4.29
fu =0.1, TSF (gmin) 10.32 5.93 3.79 14.27 0.91 4.29
fu=0.01, TS 9.33 6.30 4.10 14.69 0.88 4.29
fu =0.001, TS 8.77 815 5.71 17.51 0.74 4.37
fu =0.0001, TS 8.68 8.21 5.79 17.63 0.72 4.36
fu = 0.0001, TS (include CBM) 8.67 8.23  5.80 17.65 0.71 4.36
fu =0.0, TS 8.65 822 5.80 17.64 0.72 4.36
15Mg, fu = 0.1, no B-field 11.30 5.82  3.89 14.05 0.91 4.30
Schwarzschild, | f, = 0.1, TS 10.81 5.96 4.07 14.05 0.90 4.30
fesm = 0.05 fu =0.0001, TS 9.81 6.26 4.36 14.31 0.88 4.29
£_ = 0.1
Qerit
25 Mg, non-rotating 11.84 10.69 7.99 7.54 0.57 4.26
Schwarzschild, | f, = 0.1, no B-field 12.16 11.21 8.32 7.67 0.58 4.26
fesm = 0.05 fu=0.1,TS 11.90 11.00 8.29 7.67 0.56 4.25
Qgit =04 fu = 0.1, TS (include CBM) 11.51 8.55 7.89 0.52 4.19
fu =0.1, TSF 11.89 10.96 8.24 7.62 0.57 4.25
fu = 1.0, no B-field 11.84 10.73 7.92 7.64 0.59 4.29
fu=1.0,TS 11.76 10.84 8.12 7.65 0.57 4.28
fu =1.0, TSF 11.86 10.80 8.10 7.64 0.57 4.28
fu = 0.05, no B-field 12.23 11.27 8.37 7.72 0.57 4.24
fu =0.05, TS 12.13 11.33 8.62 7.72 0.55 4.24
fu = 0.0001, no B-field 10.98 8.16 8.85 0.50 4.34
fu =0.0001, TS 11.79 8.80 8.77 0.50 4.33
fu = 0.0001, TS (include CBM) 11.65 8.74 8.78 0.50 4.33
30 Mg, non-rotating 12.85 9.81 6.32 0.48 4.19
Schwarzschild, | f, = 0.1, no B-field 13.24 9.97 6.44 0.51 4.20
fecem =0.05 | f, =0.1, TS S 12,80 9.79  6.44 0.49 4.19
Q(Zit =04 fu =0.1, TSF 14.12 13.59 10.67 6.40 0.49 4.20
60 Mg, non-rotating 18.92 15.35 3.88 0.36 4.22
Schwarzschild, | f, = 0.1, no B-field 18.82 15.22 3.89 0.36 4.54
feBm = 0.05 fu=0.1, TS 23.80 19.50 3.88 0.34 4.45
Qgic =04 fu =0.1, TSF 23.32 19.39 3.86 0.34 4.50
Z = 0.002
60 Mg, non-rotating 31.66 27.03 3.95 0.33 3.93
Schwarzschild, | f, = 0.1, no B-field 29.52 24.84 4.04 0.34 3.67
foeem = 0.05 fu=0.1,TS 31.31 26.61 4.03 0.33 4.02
ﬁ =04 fu=0.1, TSF 32.61 27.90 4.01 0.33 3.89
Z = 0.0004
60 Mg, non-rotating 44.30 30.01 25.50 3.93 0.32 4.37
Schwarzschild, | f, = 0.1, no B-field 44.36  29.52 24.63 4.03 0.34 4.46
fesm = 0.05 fu=0.1,TS 33.37 30.92 26.81 4.02 0.33 3.87
int =04 fu =0.1, TSF 48.20 27.66 23.31 4.02 0.33 4.28

Notes: Shown are the total star mass, Miot, the helium core mass, My, the carbon-oxygen core
mass, Mco and the minimum effective temperature reached during the main-sequence evolution,
logqq Tg/{[ifsmin. The core mass is defined as the location where the abundance of the main fuel in
the burning process, which creates the main end product of the burning phase, is below 0.1 and the
abundance of the end product is above 0.01. The main-sequence phase is defined to start when 0.3%
of hydrogen has burnt and ends when the central hydrogen mass fraction drops below 10~°. There
is no entry for Mot if the star has lost its entire hydrogen envelope, either through stellar winds or
rotation-induced mixing.
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scenario is even more pronounced in the model with the Tayler-Spruit dynamo. There, the dynamo
action provides an additional chemical mixing with a strongly jaggy profile. Consequently, the step-
like features in the radial hydrogen and helium abundance profiles are more prominent. In contrast,
the model with the Fuller-modified Tayler-Spruit dynamo does not include chemical mixing by the
magnetic dynamo nor is the secular shear instability active at the interface between convective and
radiative regions - see Section IV.3. Therefore, this model predicts smooth radial abundance profiles of
hydrogen and helium similar to the non-rotating model. These differences create the small differences
in the core masses in Table V.1. It should be noted that the step-like abundance profiles can lead to
a slightly arbitrary variation of the predicted core mass. This is an issue that needs to be considered
with all rotating stellar models throughout the literature.

The impact of rotation-induced mixing on the core masses can also be seen in the models with a
reduced inhibiting effect of the chemical stratification in Table V.1. If f, is lowered, the core mass
increases. This is mainly because a weaker limiting restriction by the chemical stratification allows
for more mixing in the radiative layer above the convective zone - see Section 1V.3.5. Additionally,
in models with f, < 0.001 the convective hydrogen core initially grows during the main-sequence
evolution before it recedes. Recalling from Section II.1.1, a convective zone is defined as the region
where Vi,q > Vaq when the Schwarzschild criterion is used. The adiabatic temperature gradient is
roughly constant in the interior of the star and very similar in the models with the same initial mass.
On the other hand, V,,q  kf.2qP. In Section II1.3 I discussed the reason why the convective core in
non-rotating stars recedes during the main-sequence evolution. The rotating models with the default
values of f,, experience no rotation-induced mixing in the chemically stratified layer above the receding
convective hydrogen core. Therefore, V,,q behaves roughly similar in this region. However, for values
of f,, <0.001, the stratification is overcome and the layer is fully mixed (see Fig(IV.12b)). Therefore,
(i) the opacity is lower because more helium is mixed into this region and (ii) the local luminosity is
higher due to the higher energy generation from the more abundant fuel. Consequently, the condition
Viad < Vaq is met further out and the convective core actually grows during the beginning of the
main-sequence evolution before it recedes. This leads to much larger core masses as can be seen in
Table V.1. The model with f, = 0.01 is in the transition, where rotational mixing partly overcomes
the stratification but not enough to generate a growing convective hydrogen core.

At solar metallicity, models with initial masses M 2 25Mg experience strong stellar winds that
remove the entire hydrogen envelope and part of the helium core mass before helium depletion in the
centre. The changes in the helium core mass further influence the structure of the subsequent burning
stages. Consequently, the structure of these stars is not only influenced by rotation-induced mixing
and rotation-enhanced mass-loss rates but also by how the surface evolution of the star proceeds. For

example, a chemically homogeneous evolution will form more massive cores and a star that moves
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below log T ~ 4 will experience the stronger red supergiant mass-loss rates, hence, it is more likely

to end up with smaller core masses.

2.2 Rotation Rate of Compact Objects

One of the arguments in favour of a missing angular momentum transport process is the fact that
the model predictions of massive rotating stars are not able to match the observed spin period of
young neutron stars (e.g. Heger et al., 2000, 2005; Petrovic et al., 2005; Hirschi et al., 2005b; Wheeler
et al., 2015). However, Ma & Fuller (2019) suggest that they match the observed slow rotation rates
of neutron stars when including the Fuller-modified Tayler-Spruit dynamo. Fig.(V.1) presents the
estimated neutron star period as a function of the gravitation mass!, Mgyay ns, for the 15 Mg models
at solar metallicity with different angular momentum transport assumptions and for a few 12 and
60 M models presented in Table V.1 - see the legend for details. The spin period and the gravi-
tational mass are computed following Heger et al. (2005), their Section 3.4. Additionally, Fig.(V.1)
shows observed spin periods of young neutron stars. A few neutron stars have fast natal spin periods
of 11 ms (Marshall et al., 1998) or 20 ms (Muslimov & Page, 1996; Kaspi & Helfand, 2002) but the
majority rotate slower with a spin period of 50 — 100 ms (Muslimov & Page, 1996; Faucher-Giguere
& Kaspi, 2006; Popov et al., 2010; Popov & Turolla, 2012). There are also a few very slowly rotating
neutron stars with a natal spin of up to 400 ms (Gotthelf et al., 2013). The comparison between the
model predictions and observations reveals several points. First, the three different angular momen-
tum transport mechanisms predict three distinct ranges for the spin period of neutron stars. Also,
the period is mostly independent of the various related uncertainties in angular momentum transport
investigated in Chapter IV. However, My;ay,ns does show a dependence on the uncertainty, mainly
due to the amount of chemical mixing occuring during the stellar evolution. Second, the non-magnetic

models fail to predict the observed rotation rate of neutron stars because of missing angular momen-

1/2 . .
GM) / , a simple estimate for

tum transport. Considering the critical rotation rate for stars, Qs = ( yoes

.. . . . . —1/2
the minimum rotation period of a stable configuration can be obtained, P > 9277 =27 ((1;%]; ) / .

crit

Thus, for a typical neutron star mass of 1.4 Mg with a radius of 10;km the minimum stable rotation
period is P > 0.46 milliseconds. Therefore, the rotation rate of he non-magnetic models predict un-
stable neutron star configurations, see for example discussion in Heger et al. (2000). Third, the two

magnetic dynamos predict spin periods that are in the range of observations. However, the estimate

LA proto-neutron star with a baryonic mass Mh,ary loses binding energy due to neutrino emission. The gravitational
mass is the baryonic mass corrected for neutrino losses, Mgray = Mbary — f X Mgray. The baryonic mass is the mass
below the mass cut in a supernova explosion, which typically occurs at the location where the entropy drops below a
value of 4 x kg (Janka, 2004), where kg is the Boltzmann constant. The factor to correct for the neutrino losses is

estimated as f = 26X with g = SMerav ([attimer & Prakash, 2001). Here, G is the gravitational constant, ¢ the
1-13 Rusc? g
2

1
. . . . M -3
speed of light and Ryg the radius of the neutron star assuming a Newtonian polytrope, Rns = 15.12 X (%@”’) 3

(Shapiro & Teukolsky, 1983).
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Figure V.1: Observed and estimated neutron star spin period as a function of the gravitational mass
for (a) the 15 Mg models presented in Chapter IV and (b) the 12Mg and 60 Mg models presented in
Table V.1 and the 15 Mg models shown in (a) but with a slower initial rotation rate. The coloured
markers present estimates based on the models and the black crosses show observed neutron star
spins by Muslimov & Page (1996) and Faucher-Giguére & Kaspi (2006). The grey rectangle depicts
an observed range of neutron star spins (Marshall et al., 1998; Kaspi & Helfand, 2002; Faucher-Giguere
& Kaspi, 2006; Popov et al., 2010; Popov & Turolla, 2012; Gotthelf et al., 2013) with an assumed
neutron star mass of 1.4 Mg.
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of the models with the Tayler-Spruit dynamo only covers the very fast rotating neutron stars, whereas
the prediction by the models with the Fuller-modified Tayler-Spruit dynamo agrees with the slower
rotating neutron stars in the sample. None of the models manages to predict the majority of natal
neutron star spin periods. Therefore, while the Tayler-Spruit dynamo does not transport enough
angular momentum, the Fuller-modified version slows down the rotation cores too much. It should
be noted, that Fig.(V.1) only shows three different initial masses and two different initial rotation
rates. A range of initial masses, initial rotation rates and metallicities may produce a broader range.
However, Subfig.(V.1b) indicates that changing the initial mass and initial rotation rate reproduces
the trend discussed for the 15 Mg models. Thus, the question of the missing angular momentum

transport mechanism is still open.
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IAppendix B

Software Tools

In this Appendix, the stellar evolution code used for this thesis is introduced and the numer-
ical methods of the key physics are outlined. In the last Section, two code extensions, which

are used in later Chapters, are explained and the lists with the input physics are presented.

Stellar evolution is a theory that includes a broad range of physics, some of which was introduced in
Chapter I. Therefore, in order to explain the life of a star, a variety of physical processes have to be
included into a mathematical model. In the past, the model was solved by hand. Nowadays it can
easily be solved with computers, allowing to evolve a star through its entire life in a relatively short
timescale, depending on the scenario. A software tool that solves the mathematical model is called a
stellar evolution code. This Chapter introduces the methodology to perform detailed numerical sim-
ulations of stars and describes the methods and tools that were used to produce the results presented

later in this thesis.

1 Stellar Evolution Code - MESA

The stellar evolution code Modules for Experiments in Stellar Astrophysics (or MESA in short - Paxton
et al., 2011, 2013, 2015, 2018, 2019) is a software instrument. MESA is a suite of open source libraries
for a wide range of applications in computational stellar astrophysics, made of independent modules
for physics and numerical algorithms. It is constructed in a way that each of the individual modules is
usable on its own, encouraging new computational experiments in astrophysics (Paxton et al., 2011).

The code includes comprehensive microphysics and is being maintained and developed since its first
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release in 2007 by a dedicated code development team!. MESA is publicly available?.

MESA/star solves the equations of stellar structure and the composition equations, presented in Section
B.1.2, simultaneously in a fully coupled manner (structure, burning and mixing, Paxton et al., 2011,
2013). This is advantageous for the accuracy of the converged solution at each time step because there
is feedback between these three main sets of equations. MESA/star uses an adaptive spatial resolution
refinement at each timestep - see Section B.1.7.2 - sophisticated timestep control - see Section B.1.7.1
- and supports “thread-safe” shared memory parallelism based on the OpenMP3. Also, it is possible
to extend MESA by making use of the so-called hooks, which are provided in the source code - see
Section B.2. There, extra physics can be included into the computations and easily shared with the
community, instead of altering the source code. Users are encouraged to share all information needed
for others to recreate their results, which are made available on the MESA market and zenodo.

4, covering the evolution of

The MESA code is applicable to a wide range of stellar evolution scenarios
low-mass stars from the pre-main-sequence to a cooling white dwarf, intermediate-mass stars through
the thermal pulses during the asymptotic giant branch phase, the complete evolution of massive stars
from the pre-main-sequence to the onset of core-collapse and the evolution of giant planets. MESA
also allows to compute more specific scenarios, such as pulsation in stars, binary evolution and the
explosive phase of massive stars. More detailed information can be found in the instrument papers
(Paxton et al., 2011, 2013, 2015, 2018, 2019) or on http://mesa.sourceforge.net.

The stellar evolution models presented in this thesis have been calculated with MESA revision 10398,
which was released in March 2018. There exist newer releases but I kept using the same revision
throughout my PhD work. This avoids the testing needed when updating to a later version and allows
direct comparison between models in the various Chapters.

In this Chapter, the numerical method of the physics used in this work and some other key features
are presented. First, the equations of stellar structure are introduced which are the core of the stellar
evolution code. In the following Subsections, the implementation of the thermally-driven and rotation-
induced mixing is described, in particular the parametrisations and input parameters are highlighted.
Also, the reason for inclusion or exclusion of certain processes is debated. At the end, some of the

code alterations are discussed.

1.1 Numerical Method

MESA includes several modules that provide numerical methods, each for a different aspect of physics

or numerics. MESA/star is a full-featured stellar structure and evolution library which utilises these

Imesa.sourceforge.net /index.html

2How to obtain the latest MESA revision.
Shttps://www.openmp.org
4The broad applicability of MESA is visible in the list of published results, which can be found on the MESA market.

210


http://cococubed.asu.edu/mesa_market/index.html
https://zenodo.org/communities/mesa/?page=1&size=20
http://mesa.sourceforge.net
mesa.sourceforge.net/index.html
http://mesa.sourceforge.net/prereqs.html#download-mesa
https://www.openmp.org
http://cococubed.asu.edu/mesa_market/index.html

B.1. STELLAR EVOLUTION CODE - MESA

modules to provide a coupled solution of the structure and composition equations with automatic mesh
and timestep refinement and analytic Jacobian matrices. At the start of a simulation, MESA/star reads
all the input files and initialises the physics modules, which accesses the opacity and equation of state
tables - see Section B.1.2.0.1 - and creates the nuclear reaction network (see Eq.(B.9)). Afterwards,
the specified starting model is prepared. MESA offers two ways to begin a new evolutionary sequence
(see Paxton et al. (2011)). The first option is to load a model, which is called “photo” in the MESA
community®, created from a previous run. Additionally, each MESA distribution includes a variety of
saved models. It is also possible to relax a model of a certain mass to a new mass with a specified mass
gain or loss. The second option is to construct a pre-main-sequence model, based on a user-chosen
mass, uniform composition, luminosity and central temperature - the latter has to be low enough so
that thermonuclear burning is insignificant, i.e. the default is T, = 9 x 10° K. Based on this, an initial
guess for p. is made by assuming a polytrope with n = 1.5 - see Section 1.2.1. This is an appropriate
choice for a fully convective star, however, in the subsequent search for a converged pre-main-sequence
model MESA uses the mixing-length module, the equation of state module and a Newton solver to find
a p. satisfying the desired mass. Once the starting model is loaded, the computation enters the

evolution loop, consisting of four components for each timestep:

(i) The new timestep is prepared by remeshing the model where necessary - see Section B.1.7.2.
Also, a backup of the current state is created to allow for another attempt if the timestepping
fails.

(ii) The model is adjusted to possible mass loss or mass gain. The variables for the model are
evaluated, reflecting the changes made by remeshing and changing mass, including the Brunt-
Viisila frequency and the diffusion coefficient for mixing of the composition. Rotation is set, if
it is enabled in the model.

(iii) The model is solved for its new structure and composition through repeated Newton iterations.
MESA/star uses the previous modified model - see steps above - as the initial trial solution and
converges to a final solution by iterating through the Newton-Raphson solver. A solution is
accepted when the corrections and residuals meet a specified set of convergence criteria. Non-
convergence causes the loop to return to the beginning, indicating a failure which leads to a
retry. Convergence, on the other hand, is followed by a call for a routine that adjust the total
angular momentum via a diffusion equation.

(iv) Finally, output files for the new model are generated.

After succeeding this evolution loop, the model has evolved one timestep and re-enters the loop until
a stopping condition is met or an error in one of the four components occurs - for more details see

Paxton et al. (2011) and Paxton et al. (2013), Appendix B.

5a binary file containing the complete state of the current model.
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MESA/star discretises the star into cells. The number of cells depends on the complexity of nuclear
burning, gradient of state variables, composition and various user-defined tolerances. For each cell,
MESA/star simultaneously solves the full set of coupled equations that describe the structure of the
star using a Newton method, a N-dimensional root find, to solve a system of N non-linear differential-
algebraic equations. N is the number of basic variables in each zone times the number of zones in
the current model. The equations are written in a relation F(basic variables) = 0, with F being the
vector-valued function of the residuals. While the solution never reaches F = 0, a solution is accepted
depending on the magnitude of F and the relative size of the adjustments to the basic variables (see
Paxton et al., 2011, for more details).

Each cell of the star contains variables that are defined at the outer boundary of the cell (extensive
variables) or that are mass-averaged over the cell (intensive variables). The latter are variables that
describe matter, such as thermodynamic or composition variables. This separation of the definition is
a consequence of finite volume, flux conservation formulation of the equations and improves stability
and efficiency of the simulation (Sugimoto et al., 1981). All variables are evaluated at the same time
t+ ot.

In the following Subsections, the key structure and evolution equations are presented. Many of these
equations are reformulated in MESA to enhance numerical stability of the linear algebra and minimise

round-off errors.

1.2 Equations of Stellar Structure

Models of the stellar structure describe the interior profile of a star and allow to make predictions
on how a star evolves. In order to describe the structure of a star, one needs to consider the mass
distribution, motions due to forces, energy generation and loss, the transport of energy and the change
of the nuclear abundance. Quantifying these physical procedures gives a full set of five equations -
the equations of stellar structure (see Egs.(B.1)-(B.5)). A solution of those fully coupled, non-linear
partial differential equations for a time ¢ and given boundary conditions is called a stellar model.

In a non-rotating, single star without strong magnetic fields the dominant forces are pressure and
gravity, which are isotropic. Therefore, the stellar models are often assumed to be spherically sym-
metric, meaning that the quantities of a star are constant on spheres and depend only on the radial
direction®. This assumption immensely simplifies the equations of stellar structure, because only one
dimension has to be considered. The radius r could be the independent variable, however, often it
is more convenient to use the mass m as the independent variable because, contrarily to the radius,

the stellar mass remains almost constant, except for particular cases of heavy mass-loss. Therefore,

6The 3D character of physical processes, such as turbulent convection and rotation, was already outlined in Chapters
I and II. Obviously, these processes are not spherically symmetric and their 1D approximative descriptions have to be
thought of as a prediction of the average behaviour of the 3D processes.
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MESA (and many other stellar evolution codes) uses the Lagrangian mass coordinates instead of the
Eulerian coordinates.

The derivation of the stellar structure equations can be found in most stellar astrophysics textbooks
(e.g. Kippenhahn & Weigert, 1994; Maeder, 2009). For completeness, the full set of the stellar struc-

ture equations is described below, following their implementation in MESA/star (Paxton et al., 2011):

%Z? = 47r?p, -

2
%:# [_%ﬂ_%]’ (B.2)
% = €nuc — €vthermal + €g; -
g% : _% | (B.4)
(5 - o2 (%),

These are the equation of mass conservation, the equation of motion, the energy equation, the energy
transport equation and the equations for the nuclear species, respectively. Eqgs.(B.1) and (B.2) describe
the mechanical part, which is coupled to the thermo-energetic part in Egs.(B.3) and (B.4) only through
the density p. Eq.(B.5) can be regarded as the chemical part. The variables have their usual physical
meaning, either explained in the earlier Chapters or below.

The mass conservation equation, Eq.(B.1), relates the mass coordinate, the radius and the density
of a given point in the star. It can also be used to translate the equations of stellar structure from
Lagrangian to Eulerian coordinates.

The equation of motion, Eq.(B.2), also known as conservation of momentum, describes the opposing
forces of gravity and the internal pressure gradient on a mass element. In the case of an imbalance,
the mass element will receive an acceleration %. However, the evolutionary timescale of the stellar
interior is generally much longer than the sound crossing time and the star can be assumed to be in
hydrostatic equilibrium. In certain cases, such as the evolution towards collapse, this assumption does
not hold anymore and the hydrodynamic term needs to be included. In MESA it is possible to include
the dynamical term via the boolean v_flag. This enables the use of implicit hydrodynamics, which
also allows to simulate shocks (see Paxton et al., 2015, 2018, for more details).

The energy equation, Eq.(B.3), considers the conservation of energy by describing the luminosity of
the stellar material enclosed within a mass m. Unless there is an energy source or sink in a shell
there is no change in luminosity, i.e. 8% = 0. The energy equation in MESA considers three terms:

thermonuclear energy, gravitational energy and energy loss by thermal neutrinos. The thermonuclear
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energy generation rate, €y, is calculated as (Arnett & Thielemann, 1985)

1
€nuc = ;Z""i,jQi,j (B.6)

(2]
where 7; ; is the reaction rate which turns nuclei i into nuclei j and @; ; is the Q-value of the ij-reaction
process. The gravitational energy generation rate, €, is the specific amount of work done on or by
the shell during expansion or contraction. It is theoretically calculated as (Kippenhahn & Weigert,
1994, p.23)
ds dl'  §dP

= T = —¢cp— 4 ——
‘e a -~ Pa Ty

(B.7)
where s is the specific entropy. There are several options in MESA for how ¢, is calculated. These alter-

natives are equivalent from an “ideal” physics viewpoint, but they can be very different numerically,

depending on the situation”. The default form is

dlnT dlnp

€g = —Tcp {(1 — VadXT)T - aprW )

(B.8)

; — 8P
with xr = 317 )

and x, =

%11?11; ‘T. €v,thermal 15 the specific thermal neutrino-loss rate

The transport equation, Eq.(B.4), describes the temperature stratification as a function of mass
coordinate. V = dInT/dIn P is the actual temperature gradient in terms of the pressure, taken
from the corresponding theory - see Section II.1, in particular Eq.(II.15). An important note is that
in Eq. (B.4), the right hand side is only valid in hydrostatic equilibrium. This is acceptable, since
the local adjustment time in case of radiative transport is short and the mixing-length theory for
convection assumes a hydrostatic equilibrium anyway - see Section I1.1.2. MESA/star includes the
option to switch off convective motions when the v_flag is switched on.

Eq.(B.5) describes the changes in abundance of the nuclear species i. The first term on the right
hand side describes the change due to transport, for example by convection or rotation. The diffusion
coefficient, D, sums up all transport processes of the nuclei which are treated as diffusive processes

- see Sections B.1.3 and B.1.4. The second term describes the change in the abundance of nuclear

species @ due to nuclear burning processes (e.g. Arnett & Thielemann, 1985),

aY; . ;
( a ) =3 aONY + Y el F)pA YV

J J.k

+ D el kDA Y3 ViV, (B.9)
kil

with ¢ = 1,..., N and N is the total number of nuclei in the model (see e.g. Fig.(II1.1)). Eq.(B.9)

stands for the N equations that describe the temporal changes of the abundance of the N nuclear

7All the possible options are listed on the MESA documentation page.
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species. The three terms on the right hand side stand, from left to right, for (1) S-decay, electron
captures and photodisintegrations, (2) two-body reactions (e.g., 12C(*2C,y)**Mg*) and (3) three-body
reactions (e.g., the triple-a reaction), respectively. The rates of weak interactions and photodisinte-
gration, (1), is represented by A; and the two- (or three-)body reaction rates, (2) and (3), are given
by Ajx = Na(ov)jr and \j; = NA{ov); ki, respectively. N4 is Avogadro’s number and (ov) is
the energy-integrated cross-section of the reaction (e.g. Kippenhahn & Weigert, 1994; Maeder, 2009).
The coefficients ¢; can be calculated, from left to right, by ¢;(j) = £N;, ¢:(j, k) = £N,;/(N;INg!) and
¢i(4, k,1) = £N;/(N;IN,!N}!). Here N; indicates how many particles of species ¢ are involved in the
reaction. The =+ sign indicates whether the particle of species i is produced or destroyed (e.g. Arnett
& Thielemann, 1985).

For a system with N different chemical species, Eq.(B.5) describes a set of N equations. Therefore,
Egs.(B.1)-(B.5) form a set of 4+N equations. In (B.5) one of the equations can be replaced by the nor-
malisation of the mass fraction X;, >, X; = >, A; *xY; = 1, with the molar mass A;. Eqgs.(B.1)-(B.5)

contain functions which describe the properties of the stellar material, such as

(i) an equation of state,

(ii) equations to describe the thermodynamic properties cp, 0 and V,gq,
(iii) the opacity «,

)

(iv) the actual temperature gradient V,

as well as the nuclear reaction rates, the energy production and energy loss via neutrinos. By including
these additional functions, which are described in the paragraphs further down, only 44N variables,
r,P,T,1,Yy,---,Yx are left. Therefore, the system of Eqgs.(B.1)-(B.5) can be solved numerically, with

the independent variables m and ¢.

In a rotating star, spherical symmetry can no longer be assumed - see Sections 1.4 and I1.2. Therefore,
the equations of stellar structure shown in Eqgs.(B.1) - (B.5) are no longer valid. However, it is possi-
ble to write the stellar structure equations in one dimension; Kippenhahn & Thomas (1970) devised
a method where they replaced the spherical stratification by a rotationally deformed stratification.
The problem stays one dimensional if the potential of the star is conservative and an effective gravity
can be derived from it. In this case, the pressure and density are constant on an equipotential - see
Section 1.4.1. The temperature is also constant, if the chemical composition is homogeneous on an
equipotential. Therefore, the stellar structure equations can be written similarly to the non-rotating
case if they are written on equipotentials.

Zahn (1992) and Chaboyer & Zahn (1992) showed that turbulence induced by differential rotation is
anisotropic and acts much faster in the horizontal direction, i.e. perpendicular to gravity, than in the

vertical one, i.e. parallel to gravity, which is a result from the stabilising effect of stratification. Conse-
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quently, rotation is enforced to be constant on isobars. This shellular rotation law is not conservative
and the method by Kippenhahn & Weigert (1994) is not valid anymore. However, Meynet & Maeder
(1997) show that for the shellular rotation law surfaces with a constant total potential are isobars, but
they are not equipotentials, and that 2 is constant on them. Therefore, the one-dimensional stellar
structure equations can be written on isobars following Kippenhahn & Thomas (1970). The following

set of stellar structure equations for the rotating case is implemented in the MESA code (Paxton et al.,

2013):
om -
arlf o (B.10)
oP  Gmp L (Zre
amp ~ amh " T IR (W)mp ’ o
% = €nuc — €v T €g, o
1
ST . fr r?, ?rp
) Rl 7 B.1
P min |:VMLTaVT dfp:| + Gmpfp \ 0t? mp o
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dnrd 1 <4m§,>2 1
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where Sp is the surface of an isobar and Vp its volume. The radius coordinate is defined as the radius
of a sphere containing the same volume Vp = (4/3)7r%,. The index P refers to values on an isobar,
(x) = é 5, Tdo is the average of x on an isobaric surface and z is the average of  in the volume
between two isobars. The two factors fp and fr account for the effects of rotation on the stellar
structure - see Section 1.4.1; fp considers the change of the effective gravity due to centrifugal forces
and fr the change of the radiative flux with latitude. Furthermore, the consideration of isobars takes
into account the deformation from spherical symmetry. The rotation-induced mixing of chemicals
and transport of angular momentum is considered by including new terms into the equation for the
transport of chemical elements and angular momentum, respectively - see Sections B.1.3 and B.1.4.

The equation of energy, Eq. (B.3), does not change under the influence of rotation since the nuclear
physics is unchanged. In Eq.(B.13) the two cases of radiative or convective energy transport are
already summarised. Vypr is the temperature gradient from the corresponding mixing process in

convective regions.

B.1.2.0.1 Equation of State and Opacities

The equation of state relates the thermodynamic properties of the stellar material, usually formulated
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as P = P(p,T,Y;). The equation of state for a gas can be written as
pe_ =L pro (B.15)
gas » .
W
with the Boltzmann constant £ = 1.38 - 103 ecm? gs 2 K~! and the thermodynamic quantities

Olnp Olnp dlnp
= 6= — = . B.16
“ (alnPLT <6lnT>p,ﬂ’ v <3lnu>p,T (B10)

In an ideal, non-interacting gas, « = 6 = ¢ = 1. In a star, however, matter also interacts with

radiation and can be found in extreme conditions such as degeneracy - see Section 1.2.1.2. Therefore,
a more general equation of state is used in stellar evolution codes, which needs to account for radiation
and electron degeneracy pressure (e.g. Kippenhahn & Weigert, 1994; Maeder, 2009), i.e. P = Pyas +

Praa + Pdega with

a
Prad - §T4 (Bl?)
and
2 2 5
521 [%} *ne non-relativistic
Pdeg = : \ (B18)
% [%] Sng non-relativistic.

where n. is the electron number density and A the Planck constant. Furthermore, matter in the cooler
layers of a star becomes partly ionised, which needs to be accounted for in the equation of state as
well. Note that in massive stars, which are discussed in this thesis, the radiation pressure dominates.
A general equation of state needs to cover an extreme range of values, from the interstellar medium

0~22gem™3 to neutron stars with a density of 10 gecm™2. While the

with a density of about 1
computation of a massive star does not cover such an extreme range, there are still many orders of
magnitude difference between the density in the core and the surface of the star. Therefore, deter-
mining the equation of state of the stellar material P(p, T, Y;) requires detailed calculations which can
impose a substantial computational overhead. However, since P(p,T,Y;) is a fixed property of the
material, its calculation can be pre-processed and provided to the stellar evolution calculation, which
alleviates the computational burden. The MESA module eos provides the pressure as a function of
density and temperature via tables. The coverage of the pre-computed tables is shown in Fig.(B.la)
in the log p - log T plane. If the density or temperature is outside of those ranges, the solution is
computed during the runtime. The MESA equation of state tables are built from the OPAL tables
(Rogers & Nayfonov, 2002). In order to rectify the treatment of the partially ionised region at high
metallicity, i.e. Z > 0.04, new MacDonald equation of state tables have been computed (Paxton et al.,

2013). At lower temperatures and densities (see Fig.(B.1a)), the SCVH tables (Saumon et al., 1995)

are used, which account for partial dissociation and ionisation of the composition. There is a smooth
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Figure B.1: (a) The log p - log T plane showing the regions covered by the MESA equation of state
tables. The details are explained in the text. The red dashed line bounds the region of pair creation.
(b) Regions in the log p - log T plane which are covered by the MESA opacity tables. The orange
lines surround the regions for which tabulated opacities are available and the black line extends to
the region where the radiative opacity is taken at log R = 1 - see text for details. The red dashed
line indicates where pair creation is dominant and the blue dotted line marks the region for which
electron conduction becomes the dominant source of opacity. Both figures were taken from Paxton
et al. (2011).

transition between the two tables, shown by the blue dotted lines in Fig.(B.1a), where the data is
blended using a sinusoidal function for each of the physical quantities. Outside of the region covered
by these tables, the HELM (Timmes & Swesty, 2000) and the PC (Potekhin & Chabrier, 2010) equa-
tion of states are employed. Again, the overlapping regions between the tables are blended together,
indicated by the dashed black and red dash-dotted lines in Fig.(B.1a). The location of the smoothing
region in the log p - log T plane can be modified by the user. The tables are interpolated in the
independent variables using a bicubic function and separate quadratic interpolations are performed in
the hydrogen and metal mass fraction (see Paxton et al., 2011, §4.2 for more details). MESA eos also

has the flexibility to accept user-defined equation of state tables.

The opacity of stellar matter controls the rate at which light passes through a layer in the star,
i.e. how fast the star loses its energy. Consequently, the luminosity of a star is determined by the
opacity rather than its nuclear reactions, hence, it is a crucial ingredient for modelling stars. Opac-
ity is a result of many processes in atomic physics that influence the transfer of radiation (see e.g.

Kippenhahn & Weigert, 1994, §17), mainly

(i) electron scattering, where the energy of an electromagnetic wave is partly scattered by an elec-
tron,
(ii) free-free transitions, where a free electron moving in the Coulomb field of an ion can absorb and

emit radiation,
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(iii) bound-free transitions, where an incident photon ionises an atom (for example negative hydrogen
absorption, where hydrogen can become a negative charged ion with a loosely-bound second
electron which can absorb radiation, giving rise to a bound-free transition),

(iv) bound-bound transitions or line absorption, where an electron in an atom absorbs the radiation,
reaches a higher energy level and re-emits it later in an arbitrary direction and

(v) electron conduction, where heat is transported by electrons via conduction, which is only impor-
tant in degenerate matter.

The total opacity at a given frequency v is the sum of all the various processes at frequency v, where
coefficients from points (ii)-(iv) are corrected by a term to account for stimulated emission®.
In massive stars, (i) and (iv) dominate. Fig.(B.2a) presents the opacity profiles of massive stars with
three different initial masses: 15, 25 and 60 M. In the interior the opacity has a relatively low value
because at high temperatures the elements are fully ionised and electron scattering dominates. In
the outer layers, at lower temperatures, there are three distinct peaks. The peak at log T =~ 5.3,
often called the iron opacity bump, is due to the many iron lines that originate in the M shell of
iron which allow the element to efficiently absorb radiation (Iglesias & Rogers, 1993; Badnell et al.,
2005). The much smaller bump around log T' & 6.3 originates from iron too, due to L shell bound-free
transitions, and minor contributions from nickel and CNO elements. The peak at log T' ~ 4.7, the
so-called helium opacity bump, results from the bound-free transition of ionised helium. The opacity
profiles show similar features for all initial masses but more massive stars have a lower opacity in
the envelope, which is because they have more compact envelopes and higher effective temperature,
hence, the atoms are more ionised and the effectiveness of the process (iv) decreases. This leads to the
disappearance of the helium opacity bump in the 60 Mg model. Similarly to the equation of state,
the opacity x(p,T,Y;) is provided in tabular form from the MESA module kap as a function of density
and temperature in order to avoid the computational burden. Fig.(B.1b) presents the coverage of the
tables. The opacity tables are divided into a high-temperature, log (T/K) 2 4, and a low-temperature
domain, in order to facilitate the use of different sources of low-T opacity data. The exact range of
log T over which the tables are blended can be adjusted at runtime. The pre-processed opacity tables
are constructed from several sources:

e The radiative opacities are covered by either Ferguson et al. (2005) or Freedman et al. (2008) for
the low-temperature range, 2.7 < log T' < 4.5, and OPAL (Iglesias & Rogers, 1993, 1996) for
3.57 < log T < 8.7. MESA offers the choice between OPAL Type 1 (Iglesias & Rogers, 1993) and
OPAL Type 2 (Iglesias & Rogers, 1996). The latter accounts for varying abundances of carbon
and oxygen, rather than assuming that they scale directly with metallicity. MESA also provides the
option to use the OP tables (Seaton, 2005) in place of the OPAL tables. If log T' > 8.7, the radiative

8This is a process by which radiation of a specific energy can reduce the energy level of an excited atomic electron.
9http://cococubed.asu.edu
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Figure B.2: (a) The opacity k at the zero-age main sequence for different initial masses as a function
of the temperature. The non-rotating stellar models are presented in Chapter IV. (b) The log p -
log T plane, showing the dominant mechanisms of neutrino production in case of 2C matter. The

colour indicates the total energy loss rate by the neutrinos obtained with the fitting formulae of Itoh

et al. (1996). The figure was created using the tool sneut5 provided by F.X. Timmes®.

opacity is dominated by Compton scattering and is calculated with the equations from Buchler &
Yueh (1976). In the region of pair production - see Section 1.3.2 - the number of electrons and
positrons per baryon is calculated with the HELM equation of state.

e The electron conduction opacities in the regions for —6 < log p < 11.5 and 3 < log T' < 10 are
taken from Cassisi et al. (2007), including an expansion to cover higher temperatures and densities
(see Paxton et al., 2013, A.3). Outside of this region two different fits to the electron conduction
tables from Hubbard & Lampe (1969) are used; in the non-degenerate case the fits from Iben (1975)

are applied, whereas the Yakovlev & Urpin (1980) fits are included for the degenerate case.

The various tables are blended together with a sinusoidal function (see Paxton et al., 2011, §4.2 for
further details); the exact range of the blend can be adjusted. The tables are interpolated in log T' and
log R using a bicubic function and the user has the option to choose either linear or cubic interpolation
in the hydrogen and metallicity mass fraction.

In the regions with no radiative opacity available, i.e. between log R = 1 and log R = 8 in Fig.(B.1b),
the radiative opacities are fixed at their value at log R = 1 and combined with the electron conduction
opacities (see Paxton et al., 2011, §4.2 for further details). Similarly, for the region left of log R = —8
and below log T' = 8.7, where electron scattering dominates, the opacity from the table at log R = —8
and the appropriate value for log T is used. Above log T' = 8.7, the production of electron-positron
pairs becomes relevant. MESA incorporates the enhancement to the opacity from the increasing number

of leptons per baryon.
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1.2.1 Nuclear Reaction Rates

Both, the energy generation (Eq.(B.6)) and the change in the abundance of nuclear species due
to thermonuclear burning (Eq.(B.9)) depend on the nuclear reaction rates. In MESA most reaction
rates are taken from the REACLIB database!® (Cyburt et al., 2010). This database is compiled from
recommended reaction rates, including theoretical and experimentally measured contributions, and
preference is given to the experimentally determined rates where applicable. Often the experimental
rates are supplied by Caughlan & Fowler (1988) or the NACRE compilation (Angulo et al., 1999; Xu
et al., 2013), with preference given to the latter. The REACLIB database provides each rate as a

function of the temperature in GK, Ty,

5 2i-5
Acs = €xp < ag + ZaiTg 5 4agInTy p, (Blg)

i=1

with a; being fitting parameters from the database. For each reaction in the network, A.~ is computed
from Eq.(B.19) and then used to determine the change in chemical species via Eq.(B.9). The units of
A< differ, depending on the reaction type (Cyburt et al., 2010). For single-body reaction, A; has units
of s71, whereas for two-body and three-body reactions \;; and \;j; have the units of cm®mol 17!
and cm®mol=2s7!, respectively. The REACLIB database also provides the Q-value for each reaction
to calculate the corresponding release of thermonuclear energy (see Eq.(B.6)).

The reaction rate library in MESA includes significant updates to the NACRE rates for some of the key
reactions. The “N(p,y)!0 and *N(a,~)'®F, which are important in the hydrogen-burning CNO
cycle, are taken from Imbriani et al. (2005) and Gorres et al. (2000), respectively. The updated rate
of Fynbo et al. (2005) for the triple-a process and the rate of Kunz et al. (2002) for the 12C(a,v)*¢O
are used in this work.

The weak reaction rates, i.e. the rates for lepton capture and [-decay reactions, are based on the

tabulations of Fuller et al. (1985); Oda et al. (1994); Langanke et al. (2003) for isotopes with atomic

mass numbers 45 < A < 65, where precedence is given to the tables in the latter publication.

1.2.2 Neutrino Energy Losses

During the advanced evolutionary phases of massive stars, the temperature in the centre is hot enough
for non-negligible neutrino production - see Section 1.2.1.3. Possible non-nuclear neutrino production

processes are (Fowler & Hoyle, 1964; Ttoh et al., 1996)

Plasmon decay: Yplasma — V + U
Pair annihilation/creation: et +e” sv+w
Neutrino bremsstrahlung: e* + (Z,A) — e + (Z,A) +v + v

Photoneutrino process: e +y—e +v+v

10https://reaclib.jinaweb.org

221


https://reaclib.jinaweb.org

APPENDIX B. SOFTWARE TOOLS

Neutrinos have a very small cross-section and at the densities encountered in the stellar interior their

mean free path is much longer than the stellar radius'’.

Therefore, any neutrino will immediately
escape the star, resulting in a direct loss of energy in this region. MESA describes the energy loss from
non-nuclear neutrino processes, €, with the fits of Itoh et al. (1996), which is used in Eq.(B.3). These
fits do not include the energy loss by neutrinos created from weak nuclear reactions which are included
in the ey, term - see Section (B.1.2.1).

Fig.(B.2b) illustrates the dominant neutrino production mechanisms in different regions in the log p—
log T plane and the corresponding neutrino energy loss rates. The neutrino pair creation dominates
at high temperatures and low density. There black-body radiation produces e~e™-pairs in a equilib-
rium, which are converted directly to vv-pairs (Chiu & Morrison, 1960). The photo-neutrino process
dominates at lower densities and temperatures. Energy loss by plasmon neutrinos'? depends strongly
on the electron density, with a maximum in the domain where hwy > kT, where wy is the plasma
frequency. Therefore, the plasma neutrino energy loss rate is peaked at higher electron densities for
higher temperatures - see Fig.(B.2b) but also Beaudet et al. (1967). Bremsstrahlung neutrinos can
be produced by electromagnetic radiation that is generated when an electron is slowed down in a
Coulomb field of a charged nucleus. The emission rate depends on ~ pT% and is dominant at very
high densities. Fig.(B.2b) shows that there is a small region where the recombination process dom-
inates. There, a free electron transitions into a bound atomic state, which can generate a neutrino.
However, these emission rates are very low and have little significance. Also, there are other neutrino
emission processes, though only the above mentioned ones play a significant role in the conditions

found in stellar evolution.

1.3 Thermally-Driven Mixing

MESA/star treats convective mixing as a time-dependent diffusive process. The diffusion coefficient D
is determined following the mixing-length theory - see Sections I1.1.2 and B.1.3.1. After the convective
mixing has been solved, MESA/star computes the semiconvective and convective boundary mixing
diffusion coefficients, according to Sections B.1.3.3 and B.1.3.2, respectively.

The change of the mass fraction X ;, of nuclear species 7 in cell k for a timestep dt in MESA is determined

by (Paxton et al., 2011)

dX; k. ot
Xig(t+0t) = Xy p(t) = — = ()0t + (Fipr — Fig) 57—, (B.20)
dt dmk
HFor example, the mean free path of an electron neutrino is fpee = % with its cross-section o, =

2
10—44 (%) cm?, nuclei concentration n and energy E, (Maeder, 2009). Therefore, for 1 MeV electron neutrinos in
e
ordinary lead the mean free path is about 20 light-years.
12A plasmon is a quantum of plasma oscillation, generated by an electromagnetic wave entering a dense plasma.
Plasmons are unstable quasi-particles, the decay of which can produce a vi-pair.
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dXi

which is solved together with the other stellar structure equations - see Section B.1.2. =

(t) is the
rate of change of species X; in cell k due to nuclear burning (see Eq.(B.9)) and F; j is the mass of

chemical species ¢ flowing across the boundary of cell k:

g
Fir=Xr— Xi,k—l)—k (B.21)
dmk

with the averaged cell mass dmy, = %(dmk,l + dmy,) and the Lagrangian diffusion coefficient, o), =
(47 pr?)2 Dyot, where Dy is the sum of the diffusion coefficients of convection, semiconvection, convec-
tive boundary mixing and, if active, rotation. It should be noted that oy, is calculated at the beginning
of a timestep and held constant during the implicit solver iterations, which significantly improves the
numerical convergence (Paxton et al., 2011). However, it can lead to small inconsistencies between

the mixing boundary and the boundary of convection, which is determined at the end of a timestep.

1.3.1 Convection

The treatment of convection and mixing in stellar models arise from considerations of dynamical and
secular stability, which was outlined in Section II.1, based on the mixing-length theory derived in
Vitense (1953); Bohm-Vitense (1958). However, different flavours of the mixing-length theory have
been developed over the years under different assumptions. MESA implements different variations of the
mixing-length theory in the m1t module. In this paragraph, a short overview over the most commonly
used versions is given.

The key equations of the mixing-length theory can be written in a general way (cf. Cox & Giuli, 1968;
Ludwig et al., 1999), with the convective flux, Eq.(I[.12),

pCptT i

Feonv = f2 Hp

(V = Vi), (B-22)

the convective velocity, Eq.(I1.14),

2
v° = f196(V — vint)EMLT (B.23)
Hp

and the convective efficiency, i.e. the ratio of the transported energy and the energy lost during the

fluid element’s lifetime,

T

V= Vi _ pCpUTe (1 + f4> . (B.24)

Vint — Vaa  f30T? T2
where o is the Stefan-Boltzmann constant, ¢y = amprHp is the mixing length, Cp the specific

heat at constant pressure and the Vs are the four temperature gradients discussed in Section II.1.
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Table B.1: The f; parameters for the various mixing-length theory versions implemented in MESA.
The coefficients are hard-coded with the exception of vy and yg in the Henyey flavour which can be
defined by the user during runtime, usually vy = 8 and yy = % or %, to adjust the opaqueness of

the fluid element. The values were taken from Ludwig et al. (1999), Table 1.

mixing-length theory flavour = MLT_option | fi fo f3 fa
Cox & Giuli (1968) Cox i3 24 0
Béhm-Vitense (1958) ML1 : 03 24 0
Bohm & Cassinelli (1971) ML2 1 2 16 2
Henyey et al. (1965) Henyey i z % %H
Mihalas (1978); Kurucz (1979) Mihalas i3 16 2
The optical thickness of a convective fluid element, 7, is defined as
Te = Kplumrr. (B.25)

The four dimensionless free parameters, f1, fo, f3 and f4, vary, depending on the underlying assump-
tions of the mixing-length theory flavour used. Table B.1 presents the f; parameters for the various
mixing-length theories implemented in MESA'3. The MESA default version is Cox, which assumes op-
tically thick material, hence, high optical depths and no radiative losses. In contrast, the Henyey
flavour allows the convective efficiency to change with opaqueness of the fluid element, which is an
important effect for convective layers in the envelope. In this work, the mixing-length theory option
Henyney is chosen with vy = 8 and yg = % MESA includes other flavours for specific situations such
as atmospheres and white dwarfs (Paxton et al., 2013), listed in Table B.1 for completeness. Their
discussion, however, will be omitted here.

Following the discussion in Section II.1.2, with (i) the knowledge of the total flux,

dac T*

F0:Fra Fconvzii rad
tot 4+ 3 rpHp d

(B.26)

(ii) the adiabatic temperature gradient V,q and (iii) the knowledge of the physical variables Cp, &,

Iyt = amrrHp, p and T, it is possible to form three equations with three unknowns,

Viad = V + agA(V — Vine) 2, (B.27)
I'= A(v - vint)%7 (B28)

V — Vint
= ———. B.29
Vint - Vad ( )

13 A careful reader may notice that the f; parameters in Table B.1 for the MLT_option Cox and ML1 are identical. In
the MESA code, both options are listed and two different implementations are used, however, they both are calculated
exactly the same. According to the developers, “the two options were implemented at different times and the availability
of both is a relict of that (in accordance with the jumble of descriptions of different prescriptions strewn throughout the
literature), for more detail follow the message thread’. Both options were kept in the table for completeness.
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with the two quantities

= S A28 (B.30)
16 (1+4)
2 _ flg(%lz\/[LT 12
A = TH, & (B.31)

This equation system allows to determine V, Vi, and I' via a cubic equation. The knowledge of the
temperature gradient V enables the computation of the convective velocity and finally the diffusion
coefficient for chemical mixing (see Eq.(IL.16)).

In the very centre of the star, with » — 0 the definition of the pressure scale height, Hp = g—i,
diverges because g — 0. MESA provides the option to include the alternative definition of the pressure

scale height by Eggleton (1971), Hp pge. = GL;Q, when Hppge < Hp. In the centre of the star,

Hp ggql. ~ 1, hence, the divergence is avoided.

1.3.2 Convective Boundary Mixing

The boundaries of a convective zone in a stellar model are determined either by the Ledoux or
the Schwarzschild criterion - see Section I1.1.1. MESA offers the choice between the two criteria. The
boundary is determined as the location where the discriminant, y = Va4 —Vaq or y = Vyaq — Vaa+ B,
respectively, changes sign, where B is the composition term of the Ledoux criterion - see below. While
this procedure works well if y is continuous at the interface of the convective and radiative region,
problems arise if there is a discontinuity - see discussion in Section III.7 and Gabriel et al. (2014).

The adiabatic and radiative temperature gradient are determined according to Eqs.(I1.8). V,.q is
directly computed. In the atmosphere, i.e. where the optical depth drops below %, it is however
multiplied by a factor to account for the dilution of stellar radiation following Paczyniski (1969). On
the other hand, V,q is an output quantity from the eos module - see Appendix B.1.2.0.1 and Paxton
et al. (2011). The chemical composition term in the Ledoux criterion explicitly takes into account the
effect of composition gradients. In MESA, this term is implemented slightly differently to ensure that
the description is both, numerically robust and simpler to implement (see Paxton et al., 2013, §3.3

for more details),

N-1

1 dln P dln X;
B=—-—— B.32
XT zzzl (81nXi)p’T’{XJ#} dln P ( )
_ 1 lim InP(p, T, X + (dX/dIn P)6In P) — In P(p, T, X). (B.33)
XT 61n P—0 oln P

This term takes a directional derivative along the radial composition gradient, dX/dIn P, in the stellar

model. For the kth mesh point, indicated by the subscript, the chemical composition term is computed
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as
7i1n P(pvakvXk+1) —In P(pvakan)

B=
XT In Pyi1 — Py

. (B.34)

This formulation requires only one numerical difference along the radial chemical composition, X.
The Ledoux criterion for stability is then formulated as V;,q < Vaq + B = VL. It should be noted
that when the Schwarzschild criterion is used, the composition term is artificially set to zero.

The chemical composition profile often contains step-like features, a result of finite mesh grid and
timesteps. This can lead to “numerical noise” in the chemical composition gradient; for example the
radial profile of B can contain large peaks during the main-sequence evolution of a massive star in the
region of the receding convective core. These peaks can lead to an over-stabilisation of the region and
affect the later evolution of, e.g., the intermediate convective zone - see discussion in Section III.4.
MESA implements a weighted smoothing routine - see Appendix C.1 - where the number of cells to be
included in the smoothing are chosen by the user.

In an attempt to account for the problems with the identification of the convective boundary outlined
by Gabriel et al. (2014), a “predictive mixing” scheme was implemented in MESA (Paxton et al., 2018).
This scheme first locates the convective boundary by identifying the cells where the discriminant
y changes sign. Next, the algorithm expands the convective boundary during a timestep, with the
assumption of a uniform composition, until V..q = V.q on the convective side of the boundary

interfacel®.

The expansion is achieved by modifying the convective diffusivity in the cells on the
radiative side of the boundary. While “predictive mixing” is able to achieve V,,q = V,q on the
convective side of the boundary in most cases, it fails in some scenarios such as the retreating main-
sequence convective core in a 16 My model (see Paxton et al., 2019, §5.1 for details), showing the need
for further work. For this reason, the “predictive mixing” scheme is not included in this thesis'®.

Convective boundary mixing and the different, commonly-used implementations have been discussed

in Section II.1.3 to some extent. MESA adopts different schemes for convective boundary mixing in

stellar models, from which the user can choose.

Exponentially-decaying diffusive scheme: Convective boundary mixing is implemented via an
exponential decay of the convective diffusion coefficient beyond the convective boundary (see
Eq.(I1.17)). The user-specified parameters fo, and fy determine the extent of the convective
boundary mixing region and the location in the convective region where the exponential decay
begins, respectively - see Section I1.1.3 for more details. The convective boundary mixing is cut

1

off once the diffusion coefficient drops below a certain value; the default is Deytog = 102 cm?s™1,

in order to avoid the infinite exponential tail.

141n the convective zone, the composition is assumed to be well mixed and B = 0, hence, the Ledoux and Schwarzschild
criterion are identical in the convective region.

5Paxton et al. (2019) developed a new scheme for treating convective boundaries, “convective pre-mixing”. This
scheme, however, was developed in a later MESA revision and shall not be discussed here.
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Step-overshoot: This options refers to the penetrative “overshoot” in Section I1.1.3, where the fully
mixed region is extended at the convective boundary for a fraction of the pressure scale height,
doy = aoyHp, with the user-adjusted free parameter a,,. A constant user-defined diffusion
coeflicient is applied in this region: Do, = Dyger + fuser - Do, Where Dy is the diffusion coefficient
at the edge of the convective region. Similar to the exponentially-decaying diffusive scheme, the
step-overshoot implementation depends on a second user-selected parameter, fj, to determine
the exact starting location of the step-overshoot.

Double-f: This scheme follows the exponentially-decaying diffusive scheme with the difference that it
combines two regions with different scale lengths and starting value for the exponential decay. In
this context, a diffusion coefficient is chosen, at which the code switches from the first exponential
decay to the second one, which is in general shallower. The idea for this scheme is based on
multi-dimensional hydrodynamic simulations, which report that the mixing efficiency after the
convective boundary is best described with an initially steep slope followed by a shallower one
(Herwig et al., 2007).

It is possible to combine the different convective boundary mixing schemes. In all cases, convective

boundary mixing only mixes the chemical composition but not the entropy, thus V = V.4 in the

convective boundary region.

In the very centre of the star, where the pressure scale increases immensely, convective boundary

mixing is suppressed. This provides a simple way to avoid the problem with small convective regions

in the core having an excessively large convective boundary mixing region. By default, convective

boundary mixing is not allowed in regions with a mass fraction below 1072 of the total star mass, a

value that can be modified by the user. Also, convective boundary mixing is artificially omitted by

default if the extra-mixed region is larger than the convective zone itself. This steers clear of poten-
tially small convective regions being enlarged massively due to convective boundary mixing. Lastly,
stabilising chemical composition gradients at the convective boundary might affect the amount of con-
vective boundary mixing. MESA offers an optional user-chosen argument to terminate the convective

boundary mixing region when a strong gradient in chemical composition is encountered by setting a

maximum B for convective boundary mixing. However, strong chemical composition gradients might

not entirely prevent convective boundary mixing from happening but only reduce its amount (Canuto,

1998).

1.3.3 Semiconvection

The theory of semiconvection was introduced in Section II.1.4. In MESA/star , semiconvection is im-
plemented distinctly from convective boundary mixing, as a time-dependent diffusive process (Paxton

et al., 2013). It is only applied if the Ledoux criterion for the convective boundary location is used.
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In this case, if a cell is Ledoux stable but subject to an unstable temperature gradient it is mixed
by semiconvection. MESA uses the scheme introduced by Langer et al. (1983), presented in Eq.(II.19).
The implementation offers two options: (i) the actual temperature gradient V in Eq.(I1.19) is set to
V:ad or (ii) the actual temperature gradient in the semiconvective region is directly computed follow-
ing Langer et al. (1983), in consistency with the theory of superadiabatic convection (Vitense, 1953;
Bohm-Vitense, 1958), see Section 11.1.2.

The semiconvective efficiency parameter, ag. - see Section I1.1.4 - has to be specified by the user

during runtime.

1.3.4 MLT++

Massive stars are dominated by radiation pressure, which can cause gas pressure and density inversion
in their loosely-bound envelopes as the radiation approaches the Eddington luminosity (e.g. Joss
et al.,, 1973). The inversion is more often present at higher metallicities because the iron opacity
bumps are more pronounced - see Section B.1.2.0.1 - which cause the local radiation pressure to
dominate and the local luminosity to approach the Eddington luminosity. These inflated envelopes
are numerically unstable and the evolutionary timesteps become prohibitively short (of the order of
hours). Furthermore, the energy transport by the classical mixing-length theory is clearly out of
its range of applicability in such regions. The stability and treatment of such radiation-dominated
envelopes is still an open question (Joss et al., 1973; Maeder, 1987b; Bisnovatyi-Kogan & Dorodnitsyn,
1999; Maeder, 2009; Paxton et al., 2013; Sudrez-Madrigal et al., 2013; Sanyal et al., 2015, 2017) and
stellar evolution codes apply different techniques for their computation, mostly numerical fixes of
which none actually treats the true nature of the radiation-dominated envelope. This is yet another
uncertainty in massive star evolution.

Following Joss et al. (1973); Paxton et al. (2013), an inversion of the gas pressure occurs if

dPgas dPrad LEdd
= -1 0 B.35
dr ( dr ) { L.oa ] =9 ( )

with the Eddington luminosity Lgqq = @ ~ 1.3 x 104%1\%[@. Since ‘ﬂ%‘*d < 0, a gas pressure

inversion occurs for Ly,q > Lgaq. On the other hand, a density inversion occurs when

Lrad > Linv = |1+ (8Pgas>
Lgqaa = Lgad OFPaa ),

where Ly, is the luminosity for the onset of the density inversion. Under the conditions of interest, i.e.

, (B.36)

in the envelope, (gig"‘j) > 0, hence, density inversion can occur below the Eddington luminosity.
ra p

Interestingly, for Li,, < Liaq < Lgqq a density inversion occurs without a gas pressure inversion.
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Figure B.3: (a) The critical luminosities L;aq = Lonset (dot-dashed line) Lyaq = Liny (dashed line) and
Liad=1g4, (solid line) as a function of Py,s/P for an ideal gas-radiation mixture. For Lyag < Lonset
the gas is stable against convection; for Longet < Lraa < Linv the gas becomes convective; for Li,, <
Lyag < Lgaa a density inversion occurs and for Lrqq < Lrad @ Pgas inversion occurs. The subplots
include a part of the profile of a 30 Mg, (left) and 70 Mg, (right) model, respectively, at solar metallicity
when the respective star meets Tog = 5000 K during its first crossing of the Hertzsprung gap. The
blue dots represent radiatively stable layers and the red dots V,,q > Vaq. A black border around the
dots indicates density inversion in the model and cells with a yellow dot have a gas pressure inversion.
As the profile moves out from the stellar centre to the surface, it traces out the points on the plot
from bottom to top. The figure is taken from Paxton et al. (2013).

Lastly, convection sets in when

(B.37)

Lrad > Lonset = |1_ Pgas (9ln Prad
Lgada = Lgaa P dln P

with Lonset the luminosity at which convection convection begins. Joss et al. (1973) argue that entropy
decreases as density increases. Therefore a density inversion requires a superadiabatic temperature
gradient, resulting in Lopget < Liny. At high luminosities, where the gas is radiation dominated, the
difference in Liny — Lonset becomes small and a small inefficiency in convection is enough to generate
a density inversion. Indeed, in radiation-dominated, convective envelopes of massive star simulations
such inefficient convection can arise (Paxton et al., 2013). Fig.(B.3) presents the critical onset lu-

minosities as a function of Pgas/P, showing that there is only a small gap between an adiabatically
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stratified model and a model with a density inversion, i.e. the region between L,.,q = Lonset and
Liaq = Lijny. On the other hand, a gas pressure inversion only occurs once L > Lgqq, i.e. above
the solid line in Fig.(B.3). The plot includes the profile of a 30 and 70 My model during their first
crossing of the Hertzsprung gap - see the caption for details.

Fig.(B.3) confirms several points. First, it shows the excellent agreement between the analytical con-
ditions, Eqs.(B.36) and (B.37), and the detailed MESA evolutionary calculations. Second, it verifies
that for massive stars, there is indeed a density inversion and, for even higher luminosity, a gas pres-
sure inversion. Furthermore, the higher mass model enters deep into the low Pyus/P, high Lyaq/L
regime. In this stellar model, the superadiabaticity V — V,q increases to > 102 in the region with
Lyaq > Lpqq and becomes larger than unity in the very outer layers. The large superadiabatic gradi-
ent encountered in its radiation-dominated envelopes leads to prohibitively short timesteps. Energy
is mostly transported by radiation and the convective velocity in the framework of the mixing-length
theory approach the speed of sound. In such a regime, the mixing length theory, as discussed in
Sections I1.1.2 and B.1.3.1, is out of its application domain. In fact, waves excited by the near-sonic
turbulent convection (e.g. Maeder, 1987a), radiative diffusion enhanced by porous clumping of the
envelope (e.g. Owocki et al., 2004) and other hydrodynamical instabilities become crucial for energy
transport.

In order to calculate massive star models up to core collapse MESA/star offers the option of a treatment
known as MLT++, which artificially reduces the superadiabaticity in a radiation-dominated convective

region. The MLT++ routine computes for every model two values,

Lrad ) . (Pgas‘.)
Amax = Mmax and in = min [ —— | . B.38
(o 8 k (B.38)

If Apax is large and (i, is small, and if the mixing-length routine yields a superadiabaticity, dy =
V — V.aa, that is larger than a user-specified threshold v thres, the MLT++ routine artificially decreases
the superadiabaticity. The default threshold value is dv thres ~ 10~4, which is sufficiently large and
convection is inefficient. The MLT++ module reduces the superadiabaticity by setting V so that it
reduces 0y — 0v thresh DY @ factor fyay, where fy is a free parameter chosen by the user, which
controls the maximum reduction of the superadiabaticity, and ay is computed by the module at each
time step as

ay = xvav,d + (1 — xv)av, (B.39)

a linear combination of the value from the previous time step, aw o4, and the current timestep,
v (Amax, Bmin). @v is between 0 and 1 and depends on the strength of the density and gas pressure
inversions. For a more extreme density and gas pressure inversion, i.e. large Apax and small By,

ay — 1. Vice versa, for small A\, and large SBuin, i.e. no inversion occurs, ay — 0. In a typical
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Table B.2: Table listing the user-specified parameters of the MLT++ routine, their names in the MESA
code, their default values and the values used in this work. An empty row in the last column indicates
the use of the default value. The last six parameters are explained in Appendix C.2.

parameter in-code name default value my value
0V thres gradT_excess_f1 104

fv gradT_excess_f2 1073

Xv gradT_excess_age_fraction 0.9 0.999
Anax gradT_excess_max_change not active 0.001
Al gradT_excess_lambdal 1.0

A2 gradT_excess_lambda2 0.5

AN gradT_excess_dlambda 0.1

b1 gradT_excess_betal 0.35

Ba gradT_excess_beta2 0.25

Ap gradT_excess_dbeta 0.1

model, the transition happens where Apax ~ 0.5 and Sy =~ 0.3. Appendix C.2 demonstrates how
the MLT++ module calculates ay. Yv is a user-defined parameter, smoothing the change in ay
over time. «y is further smoothed by limiting the maximum change at each timestep, i.e. ay =
min {av, @y oid + Amax}. Table B.2 summarises all the free parameters used in the MLT++ module,
how they are named in the code, the MESA default values and the values that are used in this work. It
should be stressed that the radiatively dominated envelopes are physically unstable, which can result
in strong enhancement of mass loss. Therefore, even if the use of MLT++ allows the computation of

models up to core collapse, the prediction should be considered as highly uncertain.

1.4 Rotation-Induced Mixing

MESA includes the treatment of rotation if the rotation flag, rotation_flag, is activated by the user,
either after a starting model has been created or after a restart. The implementation of rotation in
MESA/star is derived from the stellar evolution code STERN (Langer et al., 1988; Heger et al., 2000;
Petrovic et al., 2005; Yoon & Langer, 2005). The shellular approximation is adopted - see Sections
1.4 and II.2 - and the stellar structure equations are modified due to the centrifugal acceleration as
outlined in Section B.1.2. The rotation-induced transport of chemical elements is implemented in a
diffusive approximation following Endal & Sofia (1978); Pinsonneault et al. (1989); Heger et al. (2000).
The theory of the various instabilities is discussed in Section II.2. MESA/star has the capability to
calculate the diffusion coeflicient of five rotation-induced instabilities: the Solberg-Hgiland instability,
the Eddington-Sweet circulation, the dynamical and secular shear instability, the Goldreich-Schubert-
Fricke instability as well as the mixing due to the Tayler-Spruit dynamo. Their implementation is

based on Heger et al. (2000). The total diffusion coefficient is calculated as the sum of the diffusion

231



APPENDIX B. SOFTWARE TOOLS

coefficient of each instability,

Dmix = Dnon—rot + .fT . fc X Drot

= Dyon—rot + fr - fe X [asu - Dsu + ags - Dgs + apsi - Dpst + asgsi - Dgsi + agsr - Dasr + ats - Drg] .

(B.40)

The free parameter f. is introduced because the diffusion coefficients used are oder-of-magnitude
estimates and are subject to large uncertainties. f. allows to calibrate the diffusion coefficients with
observational data. This parameter is only applied to compute the reduction of the diffusion coefficient
but not the turbulent viscosity (see Eq.(B.46)). In addition, a second parameter, f, € [0,1], is
used to describe the sensitivity of the rotation-induced mixing to chemical composition gradients by
multiplying V,, with it; the paragraphs below explain in which instabilities f, is included. The values
used for the two parameters f. and f,, throughout the literature and in this work are discussed in
Chapter IV. The user-chosen parameters as allow to adjust the diffusion coefficient of each rotation-
induced instability individually, where o = 0 excludes the instability from the stellar model. Also, the
diffusion coefficient profile of each instability can be spatially and temporally smoothed - see Appendix
B.1.5.1.1. In this work, however, only the diffusion coefficient from the Tayler-Spruit instability is
smoothed. fr is another parameter that allows to manipulate the diffusion coefficient for rotation-
induced chemical mixing. This parameter is equal to unity as long as the temperature is below a
user-chosen temperature. If the temperature exceeds this specific value, fr = 0, hence, it allows to
turn off rotation above a temperature threshold, e.g., as the star approaches core collapse. The default
value for the temperature limit is log T'= 9.5

The diffusion coefficient D, enters the abundance diffusion equation, Eq.(B.5), which is solved at

each time step. In the following, the implementation of each rotation-induced instability is discussed.

1.4.1 Solberg-Hgiland Instability

In MESA the condition for the Solberg-Hpiland instability to occur, Rgy in Eq.(I1.23), is formulated as

g |(dp dp 9 dj
_9|(dp\ _dp 1 9 . B.41
R p [(dr)ad dr} * 23 dr ~ 0 ( )

The first bracket term is equivalent to the first term containing the temperature gradients and the

chemical composition gradient in Eq.(I1.23) - see Section I1.1.1. It should be noted that the stabilising

stratification of the chemical composition is contained in the equation of state but its effect cannot

be scaled via f,, as in the other rotation-induced instabilities. The second term is equivalent to the

second term in Eq.(I1.23) under the assumption that the specific angular momentum j can be written
2

for a thin spherical shell, hence, the specific moment of inertia is i = %r .
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The computation of the diffusion coefficient follows Eq.(11.24), however, the maximum diffusion coef-
ficient is limited by the product of the pressure scale height and the speed of sound. In reality, this
limit is more than ten orders of magnitude larger than a typical value for Dgy and is therefore not
met under normal circumstances.

Generally, in regions where the Solberg-Hgiland instability is active, the condition for the dynami-
cal shear instability is satisfied as well (see, e.g., Hirschi et al., 2004). Therefore, in this work the

Solberg-Hgiland instability is set to zero by asg; = 0.

1.4.2 Eddington-Sweet Circulation

The large scale meridional flows are implemented as a diffusive process in MESA called the Eddington-
Sweet circulation - see Section I1.2.2. The computation follows the diffusive procedure discussed there.
In addition, the calculation of the circulation velocity vy (Eq. (I1.25)) limits the luminosity, mass
and radius in the denominator of the fractions in the bracket by a thousandth of the respective solar
value. This avoids the scenario where vg — oo as the centre is approached. Also, the chemical
composition gradient in the “stabilising” circulation velocity v, (Eq.(I1.26)) is multiplied with f, to
scale its importance. Finally, vgs (Eq.(I1.28)) is limited by the local sound speed and the diffusion
coefficient from the Eddington-Sweet circulation is restricted by the product of the pressure scale

height times the sound speed, which however is not reached under normal circumstances.

1.4.3 Dynamical Shear Instability

The Richardson number is computed according to Eq.(I1.34), where the term (9v/dz)? is written in
terms of the angular velocity w, (0z/0v)? = (01nz/dw)?. Also, the V,, in Eq.(I1.34) is scaled with f,,,
ie. f,-V,. The Richardson number is artificially set to zero if V,q4 —V < 0, hence, the instability is
switched off in convective regions.

In MESA the diffusion coefficient for the dynamical shear instability is calculated as

min {7, Hp )}

DDSI = min ,HP * Csound | » (B42)

tdyn

with the sound speed csoung and the spatial extent of the instability 7j,s. This implementation differs
from Eq.(I1.34) with the facts that first, the mixing does not smoothly transition from the stable region
and second, the mixing does not increase as the instability increases but is limited by the product of
the pressure scale height scale and the speed of sound. However, the latter limit exceeds usual values
of Dpg1 by more than ten orders of magnitudes and is not reached in standard stellar models.

As discussed in Section II1.2, the dynamical shear instability occurs on the dynamical timescale

Tayn = +/13/(Gm). Edelmann et al. (2017) compared 2D hydrodynamical simulation of the dy-
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namical shear instability with the 1D prescription and concluded that most of the differences come
from the fact that the evolutionary timescale in stellar evolution models is much longer than the
dynamical timescale. Therefore, the estimated mixing efficiency in stellar models is overestimated.

Another point is that the dynamical shear instability is often suppressed by the Brunt-Vaisila fre-
quency. In rotating massive stars, only during the advanced pre-supernova phases the shear becomes
strong enough to overcome the stable density stratification. Furthermore, the dynamical shear is only
active over a very thin zone, because it needs very steep {2 gradients that arise only in very limited
regions, where the p-gradients are also very steep. Thus, despite the rather large diffusion coefficients
from this instability, the global effect is minor. For these two reasons, the dynamical shear instability

is excluded from the models in this work by setting apgy = 0.

1.4.4 Secular Shear Instability

The condition for the secular shear instability in MESA is determined similarly to Section 11.2.4.2 with
the following differences. First, the critical Reynolds number is Ry = 2500. Second, the Richardson

N2 .
@o/b7y7> Where N2 is

number Ri entering the first criterion Rigsy 1, Eq.(I1.36), is computed as Ri = % @
the thermal part of the Brunt-Vaiséla frequency, hence, the chemical stratification is ignored. Lastly,
the chemical composition gradient in Riggr 2, Eq.(I1.37), is multiplied by f,,, reducing its effects.

The diffusion coefficient arising from the secular shear instability is computed as described in Eq.(I1.39),
with the exception that the maximal allowed diffusion coefficient is limited by the product of the pres-
sure scale height and the speed of sound. In reality, this limit is more than ten orders of magnitude

larger than a typical value for Dgy and is therefore not met under normal circumstances.

1.4.5 Goldreich-Schubert-Fricke Instability

In MESA, the activity of the Goldreich-Schubert-Fricke instability is checked with several conditions.
First, the code compares the difference of the specific angular momentum between two neighbouring
cells, which is equivalent to Eq.(I1.40). If the angular momentum increases outwards, the local scale

height of angular momentum is computed as

dr
dlnj

>0, (B.43)

otherwise H; is set to zero. If H; is positive the velocity v, is calculated following Eq.(I1.41) if not
vg is set to zero. Finally, the code computes vgsr following Eq.(I1.42) and defines the instability as
active only when vgsp > 0. The latter two conditions are numerical in nature. The computation
of the diffusion coefficient follows the discussion in Section I1.2.5.1. Similarly to the implementation

of the Eddington-Sweet circulation, the chemical composition gradient in v, is multiplied with f,.
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Furthermore, the maximal velocity of the Goldreich-Schubert-Fricke instability is limited by the sound
speed and the diffusion coefficient Dggr is controlled by the product of the sound speed and the
pressure scale height. Again, this limit is many orders of magnitude larger than the values reached
for Dggsr in standard stellar evolution models.

The Goldreich-Schubert-Fricke instability is strongly suppressed by p-gradients and is only triggered
in layers with an extremely strong shear. Both, Hirschi & Maeder (2010) and Caleo et al. (2016)
independently investigated the instability and concluded that viscosity, either turbulent as in Hirschi
& Maeder (2010) or molecular and radiative as in Caleo et al. (2016), suppresses the Goldreich-
Schubert-Fricke instability. Hirschi & Maeder (2010) further show that the transport coefficient of
the Goldreich-Schubert-Fricke instability during the late stages of stellar evolution can become larger
than the shear instability and as large as the thermal diffusivity. However, the instability is confined
to extremely narrow regions and there is not enough time left for siginificant mixing to occur before
the core collapses, hence, its impact is insignificant. For these reasons, the Goldreich-Schubert-Fricke

instability is excluded from the models in this work, i.e. agsp = 0.

1.5 Angular Momentum Transport

Angular momentum transport in MESA is implemented as a purely diffusive process,

g d . dQ dj
d% = [(4777"2,0)2 <VQ “lrot g F deil)] 5 (B.44)

with 4,0 the specific moment of inertia and v and v; the turbulent viscosities for the rotation rate and
the specific angular momentum, respectively. The two viscosities are calculated from the contribution

of the rotating and non-rotating sources as

v = fQ,non—rot * Vnon—rot 1 fQ,rot * Vrot (B45)

v; = fj,nonfrot * Vnon—rot + fj,rot * Vroty (B46)

where Vyonrot 18 the sum of the turbulent viscosities for convection and semiconvection!® and v, is
the sum of the turbulent viscosities for the rotation-induced instabilities - see Section B.1.4 for a list

- plus an additional user-chosen viscosity for angular momentum transport vyisc,

Vrot = Ppst - Vpst + Bsst - Vsst + Bsu - Vsu + BEs - Ves + BasF - vasE + Brs - vrs + Buise - Vvise. (B.AT)

161t is important to note that the convective boundary mixing is not included in this sum - see discussion in Chapter
V.
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The viscosities are equal to the diffusion coefficients computed for the chemical mixing, with the
exception for the magnetic dynamo (see below), times a free parameter § for each product to adjust
the strength of the viscosity; they are set to unity by default. Contrarily to the diffusion coefficient for
rotation-induced instabilities, the final rotational viscosity are not scaled with the f. parameter. The
fs are user-defined free parameters, by default fo =1 and f; = 0. Eq.(B.46) is equivalent to Eq.(46)
in Heger et al. (2000) if v; = 0. This implementation in MESA allows to (i) adjust the non-rotational
and rotational viscosity and (b) adapt different specific angular momentum distributions, i.e. solid
body rotation or uniform specific angular momentum in convective zones (see below and discussion
in Zahn, 1992; Potter et al., 2012a).

In the radiative zones, shellular rotation can be assumed because the horizontal turbulence smooths
out differential rotation along isobars. The large diffusion coefficient in the convective region leads to
a rotation law which is not far from solid body rotation, a common assumption for convective regions
in 1D stellar evolution codes (Pinsonneault et al., 1989; Heger et al., 2000; Eggenberger et al., 2008)
which however is not true for, e.g., the solar convection zone (e.g. Brown et al., 1989). Currently, there
are two treatments used in the convective regions: (a) convective regions are considered solid bodies,
i.e. the turbulent viscosity v.ony in the convective zone is strong enough to homogenise the angular
velocity distribution or (b) convective regions have a constant angular momentum distribution because
the large-scale convective motions dominate and they conserve their angular momentum (Arnett &
Meakin, 2010)!7.

MESA/star initialises rotation from a non-rotating model by adding a user-specified constant rotation
rate - either a surface rotation velocity or a fraction of the critical rotation rate'® - throughout the
star, resulting in a solid body rotation. At each subsequent step, the angular momentum is changed
according to Eq.(B.44), including remeshing and mass and radius adjustment (see Paxton et al.,
2013, Appendix B.6 for more details). The evolution of angular momentum uses substeps from the
stellar evolutionary time step and quad-precision linear algebra to obtain a high accuracy. Thus, it
is performed as a separate operation after the structure and composition evolution. This also avoids

additional operator splitting errors of the rotation rate.

1.5.1 Magnetic Dynamo

MESA/star offers the option to include a magnetic dynamo for the transport of angular momentum and
chemical mixing. In MESA, magnetic fields generated by differential rotation in radiative regions - see
Section II.3 - are implemented following the work of Spruit (2002) in a similar fashion to Petrovic et al.

(2005) and Heger et al. (2005). The rotation-induced shear (see Eq.(I1.51)) contains a differentiation

1"However, reality is not as simple. 3D hydrodynamic simulation show that neither the angular velocity nor the
angular momentum are constant in convective regions (e.g. Browning et al., 2004). Also, the convective motion depends
on the rotation rate of the star (e.g. Brun & Palacios, 2009; Brun et al., 2017).

1802 = (1— FEdd)Ci—Ql with the Eddington factor I'gqq =

wL
crit 4meGm*
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and needs to be evaluated carefully. MESA calculates this dimensionless differential rotation rate in

cell k as
r(k) Qk-1)—-Qk+1) 9JlnQ
Qk) r(k—1)—r(k+1)  dlnr

L=}

—~
Ny

~—
I
Il

(k) (B.48)

where k = 1 is the cell at the surface. For numerical stability the shear is limited between 1073°
and 10%°. Similar to Spruit (2002) two cases are considered; if the chemical composition term of the
Brunt-Vaisala frequency is dominant case0 from Section I1.3.1.2 is calculated and if the thermal term
is dominant casel is computed. In the two limiting cases, only the respective case is taken for the

determination of the magnetic viscosity and the magnetic diffusivity, i.e.

vo- flg) ifNF <0OandNZ >0 no- f(g) ifNZ <0andNZ >0
vrs = nTs = , (B-49)
vi- f(g) ifNj >0andN? <0 m - f(g) ifN% >0andN?% <0

with the function f(gq) from Eq.(I1.58). In the two limits, the Brunt-Vaisila frequency is always
composed of the dominant term, either N? = Nﬁ or N2 = NZ. In between, if N2 > 0 and Ni >0
the patching formulae in Eqs.(IL.56) and (I1.59) are used. This is implemented in a way that the
terms from the two limiting cases are calculated first, i.e. case0 and casel outlined in Section I1.3.1.2,
and then are patched together. If N7 < 0 and N7 < 0 or N* < 0 the mixing by the Tayler-Spruit
dynamo is artificially switched off by setting vrs = 0 and nrg = 0. Also, the Tayler-Spruit dynamo is
artificially suppressed in convective zones and convective boundary mixing regions - see discussion in
Chapter IV.

The tubulent viscosity in semiconvective regions is treated specially following Heger et al. (2005):
The viscosity vrs semiconv 18 computed as the geometric mean between the semiconvective “effective
viscosity” and the magnetic diffusivity vy resulting from case0; casel is undefined in semiconvective

layers. It is assumed that the flux is dominated by the convective flux and given by the local luminosity.

D=

1 B 2
VTS, semiconv = (Veﬂ,semiconv . VO) ~ (3U£mix A

. 5o®
z(lﬂp [95HP maX(O’L)} .u0> (B.50)

3 647wpCpTr?

The mixing length £« is assumed to be equal to the pressure scale height and v is computed from
the mixing-length theory (Egs.(I1.14) and (B.22)).

Each of the composition term and the thermal term of the Brunt-Véisila frequency, the effective
diffusivity Dg and the magnetic viscosity vrg, are multiplied with a factor that allows to adjust their

strength. The default of each factor is set to unity.
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B.1.5.1.1 Smoothing of the Tayler-Spruit Dynamo

The nature of the treatment of the chemical composition gradients in MESA can lead to a rapidly
changing profile of the turbulent viscosity, in space and time, and the diffusion coefficients discussed
above - see also discussion in Chapter IV. In order to avoid the jittery profiles, which arise due to
numerics, improper treatment of the physics or the limitation to one-dimensional modelling, numerical
smoothing routines are applied.

MESA implements a weighted smoothing routine - see Appendix C.1 - to spatially smooth the viscosity
and diffusion coefficients derived for the Tayler-Spruit dynamo and the other rotation-induced insta-
bilities discussed in Section B.1.4. The number of cells to be included in the smoothing routine are
chosen by the user at runtime. By default, no spatial smoothing is applied.

MESA applies two time-smoothing processes for the viscosity and diffusion coefficient derived for the
Tayler-Spruit dynamo and the other rotation-induced instabilities discussed above. The first scheme

smooths the variable as

£ = max { 1?:1(} , MiN [Tpew, Mmax (Tog + (14 fi), Told + 67)]} (B.51)
t

where for cell k
(r(k) —r(k+1))-r(k—1) rk)
At ’

5r(k) = f, - (B.52)

where x,1q is the variable from the previous time step and x,ew is as calculated for the current time
step before time smoothing is applied. At is the time of the substep. f; and f,. are user-defined
parameters with the default of 0.2 and 0.001, respectively, for the Tayler-Spruit dynamo and f; = 0
for the other instabilities. This smoothing prevents large changes in x by limiting the new value to
be within a certain range of the old value, either defined by a pure numeral or the distancing of the
neighbouring cells.

The second option calculates the arithmetic averages between the variable from the current and the
old time step,

Tnew T Told

x = (B.53)

where again g is the variable from the previous time step and ey is as calculated for the current
time step before time smoothing has been applied. This smoothing prevents fast changes between
timesteps, but in contrast to the first scheme it allows for more changes and always considers half of

the old value.
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1.6 Mass Loss

In MESA/star, the adjustment of the mass due to mass loss or accretion is done at the beginning of
each timestep, before the equations of stellar structure are solved (Paxton et al., 2011, 2013). There
is a variety of prescriptions included in MESA to compute the mass-loss rate M - see also Section
1.2.2. The available options for massive stars are the mass-loss rates by Kudritzki et al. (1989); Vink
et al. (2000) and Vink et al. (2001) for main-sequence stars, Nugis & Lamers (2000) and Gréfener
& Hamann (2008) for Wolf-Rayet stars and Nieuwenhuijzen & de Jager (1990) for cool supergiants.
Further possibilities include the implementations from Reimers (1975) for red giants, Bloecker (1995)
for asymptotic giant branch stars, van Loon et al. (2005) for dust-enshrouded red supergiants, de Jager
et al. (1988) for a range of stars in the Hertzsprung-Russell diagram but often used for red supergiant
branch stars, inspiration from Prialnik & Kovetz (1995) for supersonic mass loss and super-Eddington
mass loss by Paczynski & Proszynski (1986). The Dutch wind scheme for massive stars combines two
mass-loss prescriptions following Glebbeek et al. (2009); if T.g > 10* K and the surface hydrogen mass
fraction, X ¢(*H), is larger than 0.4 the Vink et al. (2000, 2001) prescription is used, if Tog > 10K
and Y (1H)< 0.4 the formula by Nugis & Lamers (2000) is applied and for Tog < 10* K the user can
choose between the mass-loss prescriptions from either de Jager et al. (1988), van Loon et al. (2005)
or Nieuwenhuijzen & de Jager (1990). MESA also offers the option of a constant mass-loss rate specified
in the input file or a user-defined mass-loss rate. The mass-loss rate is multiplied with a user-defined
wind-efficiency parameter, 7ying-

The user can choose a wind scheme for three different regions, a “hot wind scheme” and a “cool wind
scheme” for each, the red and the asymptotic giant branches. The code smoothly switches between the
hot and cool wind prescriptions when a user-specified surface temperature is reached. The asymptotic
giant branch wind is used over the red giant branch wind if the central hydrogen mass fraction is
smaller than 0.01 and the helium abundance in the centre drops below a user-defined value - usually
1074

In this work the Dutch wind scheme for massive stars is used, with the de Jager et al. (1988) option

for the cool wind. The mass-loss recipe by Vink et al. (2000, 2001) is calculated in MESA as

log Mvyink,1 if To > 27500 K
10g10 Myink = { ay, - log Myimier + (1 — aryy) - log Myimea  22500K < Teg < 27500K »  (B.54)

log Mvink,2 if Tog < 22500K
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with

. Lg rf Miurf Uso
i1 = — 6. 1941 suf ) .3131 surf ) 19961 oo
10g10 M\/ k,1 6 697 + 2 9 OglO (IOSLQ) 3 3 Oglo <3OM®> 6 Oglo (2 esc)

Ter Tegr ? Z
+ 0933 10g10 <4)<;04I{> — 1092 loglo <4xfo4}<) + 085 IOglo (ZG) y

(B.55)

where v, is the terminal velocity and ves. the escape velocity, and

y Lsur Msur Voo
10,0 Myink2 = — 6.688 + 2.21log, <1O5L;> — 1.3391og,, (30M;> — 1.601log;, <2v )
esc

T, Z
+1.07log;, (2“341{) +0.85log;, <Z®> . (B.56)

This formulation includes the jump in the mass-loss rates around
Tt jump = %{61.24—2.59 [—13.6364—0.889 log (%)H due to a change in the main line-driving
element iron, which recombines from Fe iv to Fe iii (Vink et al., 2000). Between 22500K < Tog <

27500 K MESA/star smoothly computes the transition between the two mass-loss rates with

1 if Teog > Teff’jump + 100

= Teff*(Tefzf‘OjSmpfloo) Teff,jump —100 < Togg < Teff,jump 1100 (B57)

0 if Togr < Teft jump — 100

The mass-loss rate by Nugis & Lamers (2000), which is applied to helium rich Wolf-Rayet stars, is

computed as

) Lsur
log,g Mn1, = —11 + 1.291og;, ( T f) + 1.710g,g Xeuwt(*He) 4 0.51og Z. (B.58)
©
Lastly, the mass-loss scheme by de Jager et al. (1988) determines M by

) LS'LII‘
log,g My = —1.7691og 2ol ) 1676 log,g Tesr — 8.158 B.59
10 0\ 0

This mass-loss recipe includes neither the mass nor the metallicity. While it is widely applied in

models of red supergiants, it is one of the most uncertain mass-loss rates.
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1.6.1 Rotation-enhanced Mass Loss

In Section I.4.1, it was discussed that rotation enhances the mass-loss rates. Following Langer (1998);

Heger et al. (2000), MESA/star computes the enhancement of the mass-loss rate as

° MHOD—I‘O
M(Q) = ——non=rot (B.60)

)
1— Qourt ¢
qurf,crit

with the adjustable parameter £ - usually 0.43 (Langer, 1998) - and

Gm L Gm
0 . . =1-T —=(1- —_, B.61
surf,crit ( Edd) qu < LEdd) Tg,q ( )
where I'gqq = % is the Eddington factor, Lggqa = 74Trc§m the EddingtOH lumiDOSity and Teq the

radius at the equator. MESA limits the boosting factor in Eq.(B.60) with a lower limit of 10722 and
a user-specified upper limit - the default is 10*. Also, the change of the rotation-enhanced stellar
wind during a timestep is not allowed to be larger than the wind from the previous timestep times a
user-defined parameter - the default is 2.

As the star approaches critical rotation, i.e. Q/Qcit — 1, Eq.(B.60) diverges. Luminous stars approach
this limit without having to rotate fast because Qcyit — 0 as L/Lggq — 1. MESA/star limits the mass-

loss timescale to the thermal timescale of the star, 7k, following Yoon et al. (2010) as

M = min M(Q)JMM% : (B.62)

where fy, is an efficiency factor of order unity with the default value of 0.3.

Normally, the angular momentum removed from the stellar surface via winds corresponds to that
contained in the removed layers. Since j can increase steeply in the very outer layers, very small
timesteps are required to obtain a converged solution. MESA/star adjusts the angular momentum
content of layers below the ones removed, an option which is applied by default but can be turned off

by the user. The adjustment is such that

jlost = fadj . Mjsurf + (1 - fadj) . jremoved (B63)

where jremoved 18 the angular momentum contained in the removed layers of the star in the current
step. It should be noted that while jsu.¢ is the specific angular momentum of the surface cell, i.e.
in units of angular momentum per mass, jremoved 1S in units of angular momentum. In the context

of this scheme, the user defines the region from which angular momentum is removed by choosing a
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maximal fraction of the total star mass, a fraction of j.s; that needs to be in this region and that is
below a chosen optical depth. Angular momentum in this region is adjusted so that no artificial shear

is generated at the inner boundary.

1.7 Resolution

Spatial and temporal resolutions are a crucial part of stellar evolution modelling. The model needs
to be resolved to allow convergence and resolve the physical processes on their timescales.

The timesteps have to be small enough to allow convergence but large enough to allow for an efficient
modelling. Furthermore, the length of a timestep needs to follow the rapid changes in the structure
and composition conditions but, on the other hand, have to be controlled to avoid over-correcting
which reduces the convergence.

The spatial resolution, given as a mesh grid, is a key ingredient of stellar modelling and requires careful
settings. The resolution must properly render the gradients in the structure, chemical composition
and energy generation, in order to give an accurate result. However, it should not be too tight to avoid
an unnecessary computational cost and a reduction of the convergence due to numerical challenges
with small differences.

The resolution settings chosen in the stellar models from this work are presented in Appendix B.3.

1.7.1 Temporal Resolution

MESA/star selects a timestep in two steps. First, a timestep for the next step, dt;41, is estimated as

f(Ut/Uc,i) : f(vt/vc,i—l)
f(dt;/dti—1)

Stig1 = Otif (B.64)

with f(z) = 14 2tan™" [3(z — 1)]. v, is the control variable, which is the unweighted average over
all cells of the relative changes in In p, In T and In R. v, is the target value with a default of 107%.
Eq.(B.64) is a low-pass filter, that uses the results of the previous two timesteps indicated with the
indices 7 and 7 — 1. This control scheme allows for rapid changes in the timestep without undesirable
fluctuations.

In a second step, the timestep computed from Eq.(B.64) can be reduced by a variety of tests that
have hard and soft limits, which are specified by the user. If a change exceeds a specified hard limit,
the current solution is rejected and the code forces a retry or backup. On the other hand, if a change
exceeds its specified soft limit, the next timestep is reduced proportionally (see Paxton et al., 2011,
2013, for more details). The various classes of tests include changes in the limit of the relative or
absolute mesh structure, limits in changes in composition, nuclear burning rates or changes in the

luminosity resulting from nuclear burning and changes in other variables such as Tog, L, M, T, pe.
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A full list can be viewed in the MESA documentation.

1.7.2 Spatial Resolution

The mesh, i.e. the distribution of grid points, of the structure and composition profiles is checked
at the beginning of each timestep and adjusted if necessary by either splitting a cell into two or
more sub-cells or merging two or more adjacent cells into one. The code implements remeshing in
a way that most cells are not changed during a remesh. This minimises the numerical diffusion and
supports convergence. Remeshing is made in two stages; a planning stage and an adjustment stage.
In the planning stage, the code determines which cells to split or merge based on allowed changes of
certain mesh functions between adjacent cells. Mesh functions include gradients of m, r, P, T, Vaq,
Q) and mass fractions above some threshold. Users can also specify regions in which the sensitivity is
increased. In the adjustment stage the cells are merged or split by performing operations to calculate
the value of the new basic variables for the remeshed cells. In doing so, physical principles such as mass
and energy conservation, species conservation and conservation of angular momentum are accounted

for (for more details see Paxton et al., 2011, 2013).

2 Code Alterations

Many of the modules in MESA are equipped with so called hooks which allow users to implement their
own routines into the stellar evolution code. MESA also provides a way to override most of the physics
routines via “other hooks” without having to change the core code. The use of hooks is beneficial
because it allows an easier exchange of the code extensions with other users and simplifies the update
process to a newer MESA revision'®.

The hooks can be used for many gimmicks, such as custom stopping conditions or additional model
output when certain conditions are met. While I made extensive use of the hooks in this thesis,

only two physically relevant extensions are presented in the following: the implementation of the

Fuller-modified Tayler-Spruit dynamo and a modification of the mixing-length theory.

2.1 Implementation of the Fuller-modified Tayler-Spruit Dy-

namo

The theory of the Fuller-modified Tayler-Spruit dynamo is introduced in Section I1.3.1.3 and the the-
oretical differences between the classic Tayler-Spruit dynamo and this modified version are discussed

there. Here, the implementation of the Fuller-modified Tayler-Spruit dynamo, as published in Fuller

19The documentation on hooks provides more insight on how to use them.
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et al. (2019), is discussed and differences in the numerics are highlighted.

First, the dimensionless rotational shear is smoothed. For cell k£ the shear becomes

k+n
1 .
QSmooth(k) = mrl l:;nq(l), (B65)

with ¢(i) calculated from Eq.(B.48) for cell . n is an integer that controls the number of adjacent
cells to be included in the smoothing process. In the current implementation n = 5 is hard-coded but
this can easily be made a user-defined variable.

Next, the thermal diffusivity K is computed as

16073

_ bt B.
3kp2Cy’ (B.66)

which uses the specific heat at constant volume Cy,, i.e. isochoric, instead of the specific heat at
constant pressure Cp.

In contrast to the implementation of the Tayler-Spruit dynamo, the Fuller-modified version computes
an effective Brunt-Vaisala frequency, Neg, where the thermal diffusion - which is efficient at the
short radial length scales characteristic for the Tayler instability - mitigates the thermal stratification

(Spruit, 2002; Maeder & Meynet, 2004). A fluid element displaced by a radial distance ¢, on the

2
timescale g diffuses away its temperature fluctuations on a timescale Tiperm = %, with the maxi-
mum radial lengthscale for the Tayler instability, £, = ;\‘]’Jff and the Alfvén frequency wy = —2 -

\Ampr2’

Therefore, after the time 75 thermal losses have reduced the fluctuation by a factor

KN?
f=—41=rg L 41, (B.67)
Ttherm T2Wp

The growth rate of the Tayler instability is largest for m = 1 - see Section I1.3.1.1 - and is approximately

2
oB = wﬁA for wa < Q - see Section II1.3.1.1 - hence, 78 = agl = % This allows to compute the

effective Brunt-Vaisala frequency as

2 K N%Q
T 2 2 2 2 eff _
™k

N2 = Ni + N%,eﬁ = Nﬁ +

€

with the saturated Alfvén frequency wa = af? (%)% and the Brunt-Vaisila frequency N2 = N 5 +
N2. Eq.(B.68) can be solved to obtain the appropriate value of Neg given a stellar structure. In the
limits of the thermal diffusivity, the two cases of Spruit (2002) are recovered: for K — 0, N2; = N2,
for K — oo, N% = Nl% and if Nﬁ — 0 and thermal diffusion is large, N2; < N2. In practice, however,
an analytical solution to Eq.(B.68) includes a difficult root finding problem to solve for Neg due to

the dependence of wa on Neg. Fuller et al. (2019) avoided this problem by using the Tayler instability
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timescale of a non-rotating star, 75 = 7o = wgl, which neglects the coriolis force that reduces the
growth rate of the instability?° - see Section II.3.1.1 - and using N? instead of Ngﬂ to calculate *wy,
where the asterisk indicates the use of N? in the following. In this approximation, the thermal part

of the effective Brunt-Viisala frequency is written as

N2
2 _ T
T,eff — %. (B.69)

While this leads to a less accurate NZ;, in reality, they found that in their models they are always in
the limit with %NT% > *wa, such that the thermal component N2 is totally suppressed and only the
compositional component matters (Fuller, priv. comm., see also Fig.(2) in Fuller et al. (2019)).
Maeder & Meynet (2004) derive an alternative formula to compute the effective Brunt-Véisila fre-
quency,

N2, (B.70)

n
N%L=N2>4 K N2 pN24 L.
© rooE+2 rK

where in the last step it was assumed that n < K. In the implementation of the Fuller-modified

Tayler-Spruit dynamo, both versions of the effective Brunt-Viisila frequency, Egs.(B.69) and (B.70),

are considered and the final NQQH is calculated as

1 . n
Ngﬂ:N3+(N2_N5)'maX{HIgJV2§2’m1n |:1,K}}. (B.71)
TS fwy

Once NZ; is determined, wy is re-evaluated using the effective Brunt-Viisélé frequency.
The magnetic viscosity generated by the dynamo action is computed in regions with NV, 623 > 0, similar

to Eq.(11.66), as

Q \2

vam,TsF = F(228) - a’r?Q ( ) , (B.72)
min Neﬁ.

where F is a function to suppress the angular momentum transport if the saturated Alfvén frequency

drops below the minimal frequency, wmin, for the Tayler instability to occur (see Eq.(I1.46)),

F(z) = % + %tanh (5 - logy, [x]) - (B.73)

The magnetic torque provided by the Fuller-modified Tayler-Spruit dynamo (Eq.(IL.65)) Sg — oo as
Ngff — 0, which can happen in regions near the convective boundaries for example. Consequently,
the torque generates an infinitely strong magnetic coupling. To prevent this, the viscosity computed
in Eq.(B.72) is only applied above a limit for Nfﬁ. Since the magnetic dynamo was derived assuming

0? < NZ;, the implementation in Fuller et al. (2019) only uses Eq.(B.72), if NZ% > 2¢2 ..,

20The dynamo action by Spruit (2002) was established under the assumption of fast rotation, i.e. Q > wa, where
the growth rate of the magnetic field is reduced by the coriolis force. However, in case of very slowly rotating stars, i.e.
) € wa, the timescale of the instability becomes 718 = 7o = wgl (Maeder & Meynet, 2005, Appendix A).
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This limit is arbitrary and a similar expression such as Ngﬂr > Q2 could have been used (Fuller,
priv. comm.). Nevertheless, the choice only affects the torque in regions where Nezﬂr is very small

and the star is nearly rigidly rotating there, regardless of the limit. In the case the effective Brunt-

Viiséld frequency is below this limit, 2¢% .., > N% > 0, the magnetic viscosity is calculated as

VAM,TSF = @ * Gsmooth 2. (B.74)

It should be noted that in the current implementation the Fuller-modified Tayler-Spruit dynamo is
computed without considering the gmi, condition (Eq.(I1.68)). Consequently, the dynamo action is
also activated even if the shear is not strong enough, i.e. ¢ < gmin. This is contrarily to the Tayler-
Spruit dynamo, where the dynamo is only active when ¢ > quin, and could lead to an overestimation
of vrsp and consequently the angular momentum transport - see Section IV.6.1.

Finally, the magnetic viscosity is added to the total viscosity of all sources,

VO = Va hydro + Vam,TsF + 1071 (B.75)

The factor 10~ ! is added by default for numerical reasons; if the viscosity were reduced to zero, very
sharp shear layers would develop which potentially cause numerical problems. That being said, this
value is very small and does not affect the results.

It should be noted that the factor «, which is introduced in Section II.3.1.3 to account for the pre-
factors in the magnetic energy dissipation balance (see Eqs.(I1.66)) and (I1.67), is only included in
the computation of vrgp. Otherwise, the proportionality given in the equations in Section I1.3.1.3
is taken as equal, e.g., for the saturated Alfvén frequency. Therefore, studies that compare different
values for o with this current implementation of the magnetic dynamo (as in Fuller et al., 2019; den
Hartogh et al., 2020) do not fully take into account the pre-factors of the magnetic energy dissipation
in all equations, e.g., in the shear and wa, and it is assumed o = 1.

In the end, the implementation provided by Fuller et al. (2019) applies a smoothing routine. However,
instead of smoothing vrgr the routine is applied to the total viscosity v in Eq.(B.75). The “other
hook” for angular momentum transport, in which this dynamo action is implemented, is called after
all the other angular momentum transport discussed above, rotating and non-rotating, has been
computed. Therefore, v already contains the values for these mixing processes. Consequently,
smoothing v ot instead of vrgr not only smooths the transport of angular momentum by the magnetic
torque but also the transport by all the other mechanisms. The smoothed rotation-induced processes

can transport different amounts of angular momentum compared to the unsmoothed processes - see
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also Section IV.3. The viscosity for cell k is smoothed as

k+n

Z logyo (va(4)), (B.76)

i=k—n

VQ,smooth(k) =10 with z=

2n+1

where again n is an integer that controls the number of adjacent cells to be included in the smoothing
process and is hard-coded to be 5. The viscosity is not smoothed, if k is either a convective cell or if
one of the 2n neighbouring cells is radiative?!, convective, semiconvective or a convective boundary
region. In the implementation the viscosity in each cell is first divided by 5, except in convective
cells, before they are added together following Eq.(B.76). The implementation of this separation into
different regions is physically necessary, for example to not smooth the convective diffusivity into the
radiative region, but it can lead to unexpected features as is discussed in Section IV.3.

As discussed in Section I1.3.1.3, chemical mixing by the magnetic dynamo is negligible and is therefore

excluded in this implementation.

2.2 Variant of the Mixing-Length Theory

The mixing-length theory - discussed in Sections I1.1.2 and B.1.3.1 - predicts radial turbulent velocity
and mixing profiles which are roughly constant throughout the convective zone. On the contrary,
3D hydrodynamic simulations show that these profiles have an “n-shape” (see e.g. Jones et al., 2017,
their Fig.(21)), i.e. a faster radial velocity is predicted in the bulk of the convective region which
slows down as the boundary is approached. Jones et al. (2017) analysed the mixing from their 3D
hydrodynamic simulations in a 1D diffusive framework and provide a modified diffusion coeflicient for
the convective and the boundary region, which mimics the spherically averaged radial diffusion and
velocity profiles from their 3D simulation. The best match is obtained in the following way. First, the

diffusion coefficient is calculated as
D(T) = UMLT X min(aMLT -Hp, |’I“ — 7‘(;]3‘)7 (B77)

where rcp is the radius of the convective boundary as determined by the Ledoux or Schwarzschild
criterion and vy is the convective velocity estimated from MLT'. This form limits the mixing near the
boundary by limiting the mixing length with the distance from the convective boundary as suggested
by Eggleton (1972). Second, the diffusion coefficient computed with the mixing-length theory, Dy =
%UMLTOLMLT - Hp, is multiplied by a factor of 3, increasing the mixing and the convective velocity,

Uconv, 1N the bulk of the convective zone. Third, the exponential decaying diffusive boundary mixing

scheme has to be used (see Eq.(I1.17)) and the two free parameters are set equal, focgm = fo. Jones

21j e no rotation
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et al. (2017) find the best fit to their oxygen burning shell simulations with fegym = fo = 0.03.

3 Inlists

At the start of each run, MESA reads a file called inlist. The inlist contains controls to set up the numer-
ical models such as options on how to evolve the star and initial conditions?2. The inlists used for the
stellar models in this work are all publicly available on the MESA marketplace:http://cococubed.asu.edu/mesa_

market /inlists.html.

4 MESA Code Extensions

In the framework of this Thesis, I made use of MESA’s hooks, i.e. including user-specified code,
several times. The code alterations in Section B.2 are two examples that introduce new physics
into the source code. In addition to new physics I also made use of the extensions to generate
an artificial viscosity or modify the output, for example to generate additional output files when
a specific condition is met or to provide the energy generation of a certain reaction. All these MESA
Code Extensions can be found on my GitHub: hrefhttps://github.com/eddylegrand/MESA _run_ star_

extrashttps://github.com/eddylegrand /MESA _ run_ star_ extras

22A full list is given on the MESA source page, for the star_job (http://mesa.sourceforge.net/star_ job_ defaults.html
and the controls http://mesa.sourceforge.net/controls_ defaults.html).
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|Appendix C

Numerics & Derivations

1 Weighted Smoothing

The weighted smoothing algorithm calculates the weighted average of the n neighbouring cells, where

the original cell k£ received the maximum weight,

SR s % weight(i)

i=k—n

SEER  weight(i)

=k—n

(C.1)

Tsmooth (k) =

In MESA , the weight(i) is based on the binomial coefficients of Pascal’s triangle. The rows in this
triangle are numbered with n, starting with n = 0 at the top. Each row consists of m entries with
m = n + 1. The first entry is one. Each subsequent row entry is constructed by adding the two

numbers above, treating blank entries as zero,

— + . (C.2)

n=0: 1

n=1: 1 1

n =2 1 2 1

n=3 1 3 3 1
n=4 1 4 6 4 1
n=>5 1 5 10 10 5 1
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2 MLT++: Calculation of av

oy is the parameter to reduce the superadiabaticity encountered during density and gas pressure
inversions - see Section B.1.3.4. In the following, it is shown, how av is calculated as a function
of Amax and Bmin. MESA includes six user-chosen parameters to separate the Apax-Bmin plane into
different subsections, A1, Az, AX, 81, B2 and A (see Table B.2), in order to determine the severity

of the gas pressure and density inversion and compute @y (Amax, Smin) accordingly:

1 if Ay <0
1 if Bmin < B1
AL S Amax 1§ B0 0mnif B < 81 + AB
0 if B+ AB < Buin
1 if Brmin < Blim
69 = (I X0 < A | BinkBBBoin if B < B + A (:3)

O lf B]im + Aﬂ S ﬂmin

1 if Bmin S 52
i Xy = AN < Ay dmax=QamBN) g g g 4 AR
0 lf ﬂQlAB S Bmin

0 if Apax < A2 — A

Biim is a blend Bim, = P2 + W The code runs through a number of if-else statements,

following the structure of Eq.(C.3), starting from top to bottom.

3 Derivations

In this section some of the formulae used in this work are derived from basic principles.

3.1 Diffusion Equation

Imagine particles of species 7 in presence of an abundance gradient along the radial direction and the
other quantities constant in space. Particles ¢ with mass fraction X; and thermal velocity vr; can

move a distance dr along the abundance gradient and enter or leave a sphere at coordinate r. This
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results in an average flux of particles ¢

L , _ 19 x
I =5 vp,i(r For) X;(r For) = e (vr1X;)or, (C.4)

where the factor % is the probability of the particles ¢ at r F §r with random motion to move towards
the surface of the sphere. The 4+ and — sign indicate particles i entering or leaving, respectively, which
results in a total flux j; = jj + j; . The flux of particles ¢ can also be expressed with the average
diffusion velocity v;,

ji = PXiUi~ (05)

Egs. (C.4) and (C.5) give the general expression of the diffusion velocity v;. Since the diffusion is
assumed to be a result of an abundance gradient the radial derivation of the thermal velocity can be

neglected. Therefore the diffusion velocity of particles ¢ can be expressed as
i = ———X,, C.6
v . (C.6)

with the diffusion coefficient D; = %EiUT’i. The minus sign indicates that the movement is in the
opposite direction of the concentration gradient. Eq.(C.6) can similarly be derived for a turbulent
medium, when appropriate expressions for v and ¢ are used.

The number of particles, n; = pX;, is conserved, hence, with the continuity equation and spherical

symmetry

O xy— 292, v 190250
%(PXZ) T~ 2o (ripXv;) = 2 or (r leaer)' (C.7)

In the last step Eq. (C.6) is used. This equation can further be simplified by taking the sum over all

particle species on both sides. The left hand side simplifies to
0 0 0
—(pX;) = = X;) = —p. C.8
Ei: o7 (0X) 8t(p§i: )= 5.0 (C8)
The right hand side gives, using the fact that the total mass fraction is of unity (>, X; = 1),
19,, 0 10, , 0
> (r?pDiz Xi) = —5 o (r*pDi- > X =o0. (C.9)

r2 or or

Combining the left and right hand side results in

0
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and Eq. (C.7) can be written in the form

9
P

19, , 0
X; = EE(T pDiEXi)a (C.11)

at a Lagrangian mass coordinate M,. This is the diffusion equation in spherical symmetry as it is

assumed in 1D stellar evolution. The diffusion equation can be written more generally,

p%Xi =V (pDVX;), (C.12)

with an appropriate diffusion coefficient in any direction. In the case of a general fluid motion with

velocity u the more general diffusion equation is written as (Landau & Lifschitz, 1966)

d
X, = ngi +pu-VX; = V- (pDVX,). (C.13)

Pt ot

The second term in the middle part is an advective term due to the motion of the fluid.

3.2 Angular Momentum Transport Equation

The torque M exerted by a force

d
F = (mv), (C.14)

with the mass m and the velocity v, about a fixed point s is

M:sxF:sx%(mv), (C.15)

where x marks the cross-product of two vectors and % the Lagrangian time derivative. The angular

momentum £ of a point at s with respect to the centre on which the force F is applied is
L=sxmv. (C.16)

The absolute time derivative of £ is

d d d d d
@ﬁ = (s x mv) = 75 % mv +s X a(mv) =m (v X V)+s X %(mv) =sX %(mv), (C.17)
=0
thus, with Eq. (C.15),
d
=—L. .1
M dtﬁ (C.18)
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In spherical coordinates (&,, €g, é,), the distance s can be expressed as s = rsin(§). This allows to

rewrite the time derivative of the angular momentum as

d d d , 4 d, o5 . 4
%E =mo (sxv)= mey (s°Q) = mey (r?sin*(0)92) (C.19)
where in the second step s2Q = s x v with the angular velocity € was used.
The angular momentum of a volume element dm = p - dV is
(C.20)

dL = pr?sin*(0)Q - dV = pr? sin®(0)Q - 72 sin(0)dOdpdr.
With Eq. (C.19) the time derivative of the angular momentum in Lagrangian coordinates becomes’

-r?sin(0)dodpdr, (C.21)

where the subscript M,. is used to indicate a derivative in Lagrangian coordinates. The time derivative

can be rewritten

pi (r’sin®(9)Q),, = 4 (pr?sin®(0)Q),, —1r° sin2(9)ﬂi (p)
dt My dt M, dt M

(pr?sin®(0)Q) +uV - (pr?sin®(9)Q) — r sinQ(e)n% (p), —r?sin®(0)Q-u-Vp, (C.22)

where the subscript r indicates a derivative in Eulerian coordinates and u is the speed of the co-moving

system. Using the continuity equation,

0
5= —V - (up) (C.23)
one can write
—ap—u~Vp:V-(up)—u~Vp:pV~u. (C.24)
With this, Eq. (C.22) can be further simplified,
d 5.2 9 5. 2 2 2 i 2
P (r* sin (H)Q)MT =% (pr?sin (Q)Q)T +uV - (pr’sin’(0)Q) + pr’sin®(/)Q2Vu
= % (pr? sinQ(H)Q)T + V (pr*sin®*(0)2 - u) (C.25)

This expresses the temporal changes of angular momentum of a volume element in an Eulerian coor-

dinate system. Eq. (C.15) indicates that the angular momentum only changes if there is a torque (see

i (@)

IThe volume can be considered continuous and steady. Therefore ;t =)=/
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Section I1.3 for an example of a torque in a star).
In order to find the shear stress, the shear tensor has to be considered. The Navier-Stokes equation

for incompressible fluids in tensor notation is

8112‘ 811,» 3p 82'01'
e - _ 2
p( ot +Uk(“)xk> Ox; —H?E)xi (C-26)
with the shear tensor
ov;  Ov
Oik = —péik + n <8$k + 31‘k> . (027)

d;x is the Kronecker symbol and 7 the dynamic viscosity.? . It was assumed that the velocity gradients

Vi

are small (linearity of the derivations gr ) and that 1 & const.
Tk

The tensor notation in Eq. (C.27) only holds in Cartesian coordinates and has therefore to be trans-
formed into spherical coordinates (Landau & Lifschitz, 1966, Eq. (15.17)). In the context of a differ-
entially rotating star we are interested in the vertical and tangential shear, hence we need the o,
and the 0,9 component respectively. In spherical coordinates the vertical shear tensor component is

written as

_ 0 (Ve L v _ (0% v, 1 Ow
Uw_nrﬁ'r(r)_'_nrsirl(@) 8@_77(87' r +rsin(9) 8go>' (C-28)

By using the identity s?|€2| = |s x v| and the fact that v = v&,, Eq. (C.28) can be written as

o= (%2 =) = (roine) 222 40,2700 QorsnlO))

or T or T
Q Q
=7 rsin(@)a—w + Q, sin(f) — Q, sin(0) | = nrsin(6) oL, (C.29)
or or
Similarly, the tangential shear tensor component is written as
0 (v 10v, Ovg  veg  10v\ . 00
oo =g () +ns gy = (ar ot raa) = nrsin(0) - (C.30)

The force acting on a surface element df = dfn, where n is a unit vector along the surface’s normal,

is equal to the momentum flux through this element:

Fi = szdf = (p’l)i’l}j - Uij) df (031)

2The dynamic viscosity u is the measurement of the fluid’s internal resistance to flow while the kinematic viscosity v
refers to the ratio of dynamic viscosity to density. Simply put, u gives information of the force needed to make the fluid
flow at a certain rate, while v states how fast the fluid is moving when a certain force is applied (Landau & Lifschitz,
1966, p.55).
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In determining the force on a surface element, each surface element has to be considered in a frame
where it is at rest (Landau & Lifschitz, 1966). Thus, the force per unit area acting on the surface

element is

This gives a force per unity surface (Maeder, 2009)
dF = dA 7(u) = dAvV - v. (C.33)

The change of force of a volume element over a distance d¢ = (dr,rdf,r sin(0)dyp) is

0 dF, + idF9+

0
= - dF =
dM =V - dFde (a — RO

de> dl =V - (dAVV -v) dL. (C.34)

Therefore, combining Egs. (C.18), (C.18), (C.21) and (C.34), an equation for the change of angular

momentum is recovered,

p% (r2 sin? (Q)Q)M -2 sin(0)dfdpdr = V - (dAVV - v) dl
L 0 Lo NS S 19 i
=35 (r sm(@)d@dgpy 25,7 > dr-é, + +sin(0) 90 (r sin(0)drdyp - Vrsinw)ﬁevo> rdf - &,

(C.35)
where symmetry in é, was assumed. This can be simplified to

d

4 (12 gin? 2sin(g) = L9 9 W Noet 9(,0 8
P (r* sin (H)Q)M,. 7 sin(6) 23 n(ﬂ)yar Up | - € + rsin(0) 90 vag ue | o (C.36)

In the literature, there exist different descriptions and formulation for angular momentum transport.

If in Eq. C.36 only the radial transport is considered one can further simplify,

d . 1 o (. 0 . 1 0 0 .
@ (7"2 Slnz(e)Q)MT = ma (Sln(e)yar . ur) Ep = pﬁg (Varu’l"> cEr. (037)

When using the transformation (Eq. (1.7) from Kippenhahn & Weigert (1993))

0 5 0
it follows that
£2-2 _ﬂ2-2 2-2i _47”"2Pi 2i
pr (r? sin (H)Q)MT = dt(r sin“(0)) a,. 2 + r° sin (e)dt(Q)MT' = om 47y prg—un |-

(C.39)
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This can be rewritten as

749 1 0

0 Q d .
| = m . ((4#)2r2pyu,‘> e —(r%sin?(0)) ar, - (C.40)
M,

om  r2sin?(0) dt
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