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Zusammenfassung

Massereiche Sterne sind von entscheidender Bedeutumg die Entstehung von Su-
pernovae und kompakter Objekte, die Gravitationswellen emittieren. Dennoch ver-
stehen wir bislang nicht, wie sich verschiedene Typen massereicher Sterne transien-
ten Phanomenen zuordnen lassen oder wie die Entwicklung massereicher Sterne mit
den beobachteten Eigenschaften von Gravitationswellen zusammenigt. Diese Un-
sicherheit beruht zum Teil darauf, dass unser theoretisches Vessidnis massereicher
Sterne mberwiegend auf eindimensionalen (1D), sphisch-symmetrischen Sternmo-
dellen basiert. Beobachtungen und analytische Argumente deuten jedoch darauf hin,
dass entwickelte massereiche Sterne erheblich von ephcher Symmetrie abweichen
sollten. Die mehrdimensionale Physik massereicher Sterne kann nur durch dreidi-
mensionale (3D) Simulationen erfasst werden, aber bislang existieren nur sehr wenige
Studien zu den 3D-Hillen massereicher Sterne.

In dieser Dissertation beschreibe ich ein neues numerisches Werkzeug zur Si-
mulation von 3D-Vollkugel-Helllen massereicher Sterne mit mziser, multiskaliger
Strahlungs-Hydrodynamik. Im ersten Teil stelle ich ein neues winkelakhgiges Strah-
lungstransportschema vor, das ich in den 3D-Moving-Mesh-Magnetohydrodynamik-
Code AREPO implementiert habe. Dieser methodische Fortschritt ereglicht es erst-
mals, Modelle von 3D-Vollkugel-Hillen Roter Uberriesensterne in verschiedenen Ent-
wicklungsstadien zu erstellen. Im zweiten Teil zeige ich, dass die Konvektion in den
Hellen Roter Uberriesen durch von oben gelhlte Plumes angetrieben wird und sich
damit grundlegend von den Beschreibungen in eindimensionalen Theorien unterschei-
det. Ich zeige, dass diesesklungsgetriebene Konvektion charakteristische Granula-
tionssignaturen auf der Sternoberache hinterlasst, die mittels Interferometrie un-
tersucht werden lennen, wie im dritten Teil dieser Dissertation demonstriert wird.

Im vierten Teil werden 3D-Simulationen der letzten hundert Jahre Rotetlberriesen
vor dem Ende ihrer Sternentwicklung pasentiert, in denen eine erbhte Leucht-
kraft gro amplitudige Pulsationen auskst und einen quasistatiomren Kokon um
den Stern erzeugt. Ich argumentiere, dass dieser Kokon den Ursprung des zirkum-
stellaren Materials darstellt, das bei einem hohen Anteil von Supernovae beobachtet
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wird. Im funften Teil untersuche ich den Massenaussto massereicher Sterne in Dop-
pelsternsystemen mithilfe eines eindimensionalen Sternentwicklungs-Codes weiter.
Wie im abschlie enden Teil dieser Dissertation dargelegt wird, ebnen all diese Er-
gebnisse den Wegef die Initierung des AREPO-Star-Projekts, dessen Ziel es ist,
3D-Simulationen von Hullen massereicher Sterne, Doppelsternwechselwirkungen und
transienten Phanomeneneber das gesamte Hertzsprung-Russell-Diagramm hinweg
zu entwickeln.



Abstract

Massive stars are the progenitors of supernovae and gravitational wave sources. Ho-
wever, we still do not understand how to map the massive star types to the transients
they produce, or how to map massive star evolution to the gravitational wave signa-
tures we observe. This confusion is in part because our theoretical understanding of
massive stars is mostly based on one-dimensional (1D) spherically-symmetric stel-
lar models. However, as suggested by observations and analytical arguments, evol-
ved massive stars should deviate signi cantly from spherical symmetry. The multi-
dimensional physics of massive stars can only be captured by three-dimensional (3D)
simulations, but so far there have been very few simulations studying the 3D enve-
lopes of massive stars.

In this thesis, | describe a new computational tool to simulate 3D full-sphere
massive star envelopes with accurate multi-scale radiation hydrodynamics. In the
rst part, | report a new angle-dependent radiation transport scheme | implemen-
ted in the 3D moving-mesh magnetohydrodynamic code AREPO. This technical
advancement makes it possible for me to build the rst models of 3D full-sphere red
supergiant envelopes probing di erent evolutionary stages. In the second part, | show
that convection in red supergiant envelopes is driven by plumes cooled from above,
fundamentally di erent from what 1D theories describe. | argue that this cooling-
driven convection leaves unique granulation signatures on the stellar surface and can
be probed with interferometry, as demonstrated in the third part of this thesis. The
fourth part shows 3D simulations of the nal hundred years of red supergiant stars
before their deaths, where increased luminosity triggers large-amplitude pulsations
and creates a quasi-stationary cocoon around the star. | argue that this cocoon is the
origin of circumstellar material observed in a high fraction of supernovae. In the fth
part, |1 continue investigating mass ejections from massive stars, in binary systems,
with a 1D stellar evolution code. As envisioned in the last part of this thesis, all of
these results pave the way for the initiation of the AREPO-Star project, aiming at
building 3D simulations of massive star envelopes, binary interactions, and transients
across the Hertzsprung-Russell diagram.
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Chapter 1

Introduction

1.1 Massive Stars Beyond the "Spherical Cow' Ap-
proximation

In astrophysics, stars are often modelled as spheres. This is mainly because stars are
the creation of gravity and gas pressure. When stars form from the molecular cloud,
gas is clustered together to be self-gravitating. This process forms dense cores that
attract surrounding gas and compress the gas further. If the gradient of gas pressure
is large enough to counter-balance gravity, a star reaches its hydrostatic equilibrium.
Since gravity always points to the centre of the star and the strength of gravity only
depends on the distance from the centre, stars tend to keep spherical shapes. Indeed,
within our solar system, all the planets and our Sun are approximately spheres.

However, not all stars resemble our Sun. Depending on their masses, they can be
divided into two categories: Low-mass stars - stars that are less than approximately
8 solar masses, and massive stars - stars that are more massive than 8 solar masses.
This distinction is mainly based on their fates. Low-mass stars like our Sun will
spend most of their times as main-sequence stars burning hydrogen in their cores,
and then expand and become giant stars. They will end their lives as white dwarfs
made of carbon and oxygen nuclei immersed in a sea of degenerate electrons. Massive
stars, on the other hand, will expand and become supergiant stars or helium stars.
They will explode as supernovae or implode, leaving behind neutron stars or black
holes.

There is accumulating evidence that massive stars may not be spherically-symmetric
objects, especially on their surfaces. For example, Betelgeuse is a famous massive
star that can be seen with naked eyes in the Orion constellation, and can be ob-
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Figure 1.1: Observational images of Betelgeuse during the “Great dimming' compared
to the AREPO simulations of red supergiant stars. Colours in both panels show the
brightness. Observations (top) are from Montarges et al. (2021), and simulations (bottom)
are from Ma et al. (2026) (Chapter 5).

served with high spatial resolution. Spatially-resolved images of Betelgeuse showed
multiple bright spots on its surface and clumpy features in its circumstellar environ-
ment (Uitenbroek et al., 1998; Young et al., 2000; Haubois et al., 2009; O'Gorman
et al., 2017). These images are strong indications that Betelgeuse is not spherical. In
2019, Betelgeuse underwent a "Great dimming' event, where its brightness decreased
by more than 50% within 6 months (Guinan et al., 2019). This event triggered a
surge of excitement about whether Betelgeuse was about to explode, as the rst
supernova known to occur in our own Galaxy for 400 years. However, Betelgeuse
re-brightened in 2020 to its original brightness, indicating a milder outburst instead
of an explosion (Dupree et al., 2022). Spatially-resolved observations illustrated that
Betelgeuse only became dimmer on one side of its surface (Montarges et al., 2021),
lending further evidence to Betelgeuse's time-evolving deviation from spherical sym-
metry (Figure 1.1).

However, most theoretical models of massive stars so far have been limited to
1D models which enforce the assumption of spherical symmetry (e.g., Weaver et al.,
1978; Paxton et al., 2011). This is mainly because the computational power and the
numerical algorithms are not enough to evolve a 3D stellar model from its birth to its
death, and 1D stellar evolution is much cheaper than 3D stellar evolution (Kupka &
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Muthsam, 2017; Kapyl et al., 2023). Despite the success of 1D stellar models, it has
become evident that the “spherical cow' approximation does not su ce to describe
the physics of massive stars (Jiang, 2023; Chiavassa et al., 2024). In particular, much
of the missing 3D physics in massive star models may help explain recent observations
related to supernovae and binary massive stars leading to gravitational wave events.
The breakdown of the “spherical cow' approximation is the main motivation of this
thesis.

1.1.1 Massive Stars in the Era of Time-domain Astronomy
and Gravitational Waves

We have seen a revival of interests in massive stars in the 21st century, credited
to exciting ndings in high-energy cosmic explosions and gravitational waves. His-
torically in astronomy, most interests in stars have been devoted to low-mass stars
like our Sun. This is because low-mass stars are much more common than massive
stars (Salpeter, 1955), and low-mass stars are more likely to host planets (Winn &
Fabrycky, 2015). However, new observations have unveiled new mysteries in astron-
omy where the remnants of massive stars play an essential role, in particular exotic
phenomena related to supernova explosions, as well as neutron stars and black holes
as gravitational wave sources.

Deaths of Massive Stars in Time-domain Astronomy

Supernova explosions of massive stars are the endpoint of their lives. As the star
evolves, material in the stellar core is fused into heavier elements, until an iron core is
formed. The synthesis of any element heavier than iron-group elements will consume
energy instead of releasing energy. Therefore, the iron core stops releasing enough
energy to support the star, and the core eventually becomes unstable and collapse.
The infalling material bounces back from the dense core, and the resulting outward-
propagating shock is thought to be aided by deposition of energy from a small fraction
of the neutrinos emerging from the core (Colgate & White, 1966; Bethe & Wilson,
1985). The details of how neutrinos may help core-collapse supernovae to explode
are still being studied (e.g., Janka, 2017, 2025). If the shock gains enough velocity
to propagate through the star, a supernova is formed and photons are emitted from
the shock front and escape. Core-collapse supernovae can be observed as a sudden
increase of light emission by orders of magnitude from a source on the sky. Such
bursts of light can be identi ed by comparing two images of the sky separated by a
few hours or days.
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The rapidly-increasing observed sample size of supernovae raises many astrophys-
ical questions related to massive stars. In the past decade, the number of detected
supernovae increases from several hundreds to over 10 thousands, thanks to the wide-
eld surveys such as Pan-STARRS (Chambers et al., 2016) and Zwicky Transient
Facility (ZTF; Bellm et al., 2019). These surveys make it possible to perform popula-
tion studies of supernovae (Li et al., 2011; Srivastav et al., 2026). One major nding
is that the types of supernovae are even more diverse than people originally thought,
with di erent light curves, spectral line features, durations, and brightnesses (Kasli-
wal, 2012; Perley et al., 2020). The second nding is that some massive stars do
not explode in near-vacuum but in dense circumstellar material (Dessart, 2024, and
references therein). Many questions remain unsolved: Which types of massive stars
produce which types of supernovae (Smartt, 2009, 2015)? What is the origin of the
circumstellar material and how that changes our predictions for the evolution and
endpoint of massive stars (Smith, 2017)? Over the next decade, the Vera Rubin
Legacy Survey of Space and Time (LSST) promises to discover millions of super-
novae (lvezic et al., 2019; Hambleton et al., 2023), increasing the observed sample
size by orders of magnitude. On the theoretical side, it is therefore crucial to build
a deeper understanding of massive stars and their associated supernova explosions.

Remnants of Massive Stars in Gravitational-Wave Astronomy

After the supernova explosion or implosion, massive stars leave behind neutron stars
or black holes as compact objects. If two of those stellar remnants revolve around
each other, they will emit gravitational waves as ripples in space-time (Shapiro &
Teukolsky, 1983). This is because neutron stars and black holes are so dense and
compact that they distort the space-time around them. As the binary compact ob-
jects spiral in and merge, the space-time is rapidly perturbed and emits gravitational
waves that carry away energy and angular momentum (Thorne, 1980). On Earth,
when a gravitational wave passes through, space is squeezed in one direction and
stretched in another direction. This change in space makes it possible to use Michel-
son interferometers to measure the distortion of space caused by gravitational waves
(Bond et al., 2016). By tting the detected waveforms to numerical simulations,
we can therefore infer the orbit of the binary and the masses and spins of the two
merging compact objects (Blanchet, 2014).

We have just celebrated the 10-year anniversary of the rst detection of gravita-
tional waves (Abbott et al., 2016). So far, the LIGO-Virgo-KAGRA observatories
have reported about 300 gravitational wave events emitted from merging compact
objects (The LIGO Scienti c Collaboration et al., 2025). However, even after a
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decade since the rst detection, we are still puzzled by some general trends in the
observed 300 gravitational wave events: First, the black holes are spinning slowly
compared to what standard theories predict (Abbott et al., 2023; The LIGO Sci-
enti ¢ Collaboration et al., 2025). Second, there are several peaks in the inferred
black hole mass distribution, whose origins are heavily debated (Farah et al., 2023;
Schneider et al., 2023; van Son et al., 2025). These ndings are part of the big
guestions that we have to answer: What are the dominant formation channels of
gravitational wave sources? How do we nd the signatures of di erent formation
channels in the observed gravitational wave events? From a bottom-up view, all the
uncertainties we do not understand about massive star evolution propagate into each
formation channel and make it di cult to reliably predict properties of gravitational
wave sources. In the next decade, the number of detected gravitational wave events
is expected to increase by an order of magnitude reaching at least several thousands
(Broekgaarden et al., 2024), which makes it particularly timely to study the detailed
physics of massive stars and the impacts on gravitational wave sources they produce.

1.1.2 Multi-scale Physics in Massive Stars

One of the main challenge in understanding the physics of astrophysical objects is
the vast range of time-scales and length-scales involved. This is also a challenge for
modelling massive stars. The lifetimes of massive stars are typically tens of millions
of years, while the variability in their light curves can be as short as hours. The
radii of massive stars can reach a thousand solar radii, while the mean free path of
a photon inside the star can be a trillion times smaller.

In the following, | discuss the time-scales and length-scales in massive stars to
better understand the physical regimes of massive star models. | ude , R , L ,
and T, . to represent the mass, radius, luminosity, and e ective temperature of the
Sun, respectively.

Time-scales in Massive Stars

There are 3 main time-scales that are important for massive stars: nuclear time-scale
thue, thermal time-scalety,, and dynamical time-scalét gy, .

The nuclear time-scale is de ned as the time for the star to burn its dominating
nuclear fuel

fM « 2 L5 104 fM Love -
L e 0:01M L

yrs; (1.1)

tl'lUC
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wheref is the mass-energy conversion e ciencyMy is the mass of the dominating
nuclear fuel participating in burning at a particular evolutionary stage,L . is the
luminosity generated by the dominating nuclear reaction, and is the speed of light.
For a massive main-sequence star of 10 solar masses, the dominating nuclear reaction
is hydrogen fusing into helium in the stellar core, witif 1%, My 1 solar mass,
and L., 10* solar luminosities. Plugging in the numbers yields an approximated
nuclear time-scale ot,,c 10 million years, which is similar to the main-sequence
lifetime of a massive star computed by detailed codes. As the material in the core is
fused into heavier elements, the nuclear time-scale decreases dramatically. At silicon
burning, silicon is fused into iron and the nuclear time-scale drops to several days.

The thermal time-scale is the time for the star to contract and to radiative away
its thermal energy

GM 2 .M > R L '

tin

whereG is the gravitational constant, andM , R, L are the mass, radius, and luminos-
ity of the star, respectively. This is based on the consideration that the total thermal
energy of the star is comparable to the gravitational potential energgM 2=R. This
is also the time-scale for the star to thermally adjust to the energy loss. For a mas-
sive main-sequence star of 10 solar masses WRh 5 solar radii andL ~ 10* solar
luminosities, the thermal time-scale iy,  10*{10° years. For an evolved massive
star like Betelgeuse withR 1000 solar radii andL 1 solar luminosities, the
thermal time-scale is signi cantly reduced to several decades. At silicon burning, the
thermal time-scale further decreases to less than an hour due to neutrino cooling.
The dynamical time-scale is the time for the star to free-fall without pressure

support ]

3 1=2 3=2
tayn GR—M 5 10° Mﬂ Ri yIs: (1.3)
This is also the time-scale for the star to adjust dynamically to perturbations and
for sound waves to travel across the star. For a massive main-sequence star of 10
solar masses, the dynamical time-scale is approximately 2 hours. For Betelgeuse-
like evolved massive stars with large radii, the dynamical time-scale is much longer,
reaching several years.

The hierarchy of time-scales has signi cant physical consequences. For a massive
main-sequence star, we havg,.  tw tayn. This means that the thermal time-
scale and dynamical time-scale are short enough that the star can thermally and
dynamically adjusts to the nuclear burning almost instantaneously. Therefore the
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star is always approximately in thermal and hydrostatic equilibrium as the star
evolves at the nuclear time-scale. For an evolved massive star like Betelgeusg,is

still the largest time-scale but we havey,  tgyn. This means that radiative e ects

can in uence the dynamical perturbations in the star, either quenching or fostering
the growth of instabilities (Blaes & Socrates, 2003). If Betelgeuse evolves further
to silicon burning, we havetgy, twe  tin. Then the thermal structure cannot
instantaneously adjust to the nuclear burning anymore, leading to the possibility of
unstable burning (Smith & Arnett, 2014; Woosley & Heger, 2015). The dynamical
time-scale of the outer envelope is so large that the envelope is causally disconnected
from the fast burning in the core.

From examining the time-step hierarchy, we can conclude that cool evolved mas-
sive stars are prone to stellar-scale variabilities and breakdown of hydrostatic equilib-
rium. Hot massive stars may also show variabilities, but the variabilities are limited
to the surface and do not change the overall hydrostatic structure.

Length-scales in Massive Stars

To examine the physics in massive stars, there are multiple length-scales one can
de ne. Here, | mention 3 length-scales of particular importance to radiation hydro-
dynamics: the radiusR, the pressure scale-heighti,, and the mean free path of
photons .

Radius is a fundamental parameter of the star. Typically, it ranges from several
solar radii for a main-sequence massive star to 1000 solar radii for evolved massive
stars like Betelgeuse. For massive stars stripped by binary interactions or stellar
winds, they are e ectively the stellar cores with radii less than 1 solar radius.

The pressure scale-height is determined by hydrostatic equilibrium

@p
@r
where p is the pressure,r is the radial coordinate, is the density, andg is the

gravitational acceleration. The pressure changes by a factor efover the pressure
scale-height

g; (1.4)

@p *_p_ keT __ o
@r g mug Te . R

Hp

(1.5)
where | assume an ideal gas law arg is the Boltzmann constant,m, is the proton
mass, is the mean molecular weightT is the local gas temperaturer is the radial
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distance from the centre of the starm is the mass enclosed withim. The pressure
scale-height is a local property inside the star. Typically, is orders-of-magnitude
smaller than the stellar radius. Only in large stars like Betelgeuse does the pressure
scale-height become comparable to the stellar radius (Schwarzschild, 1975).

The mean free path of photons is the distance for photons to travel freely without

being absorbed or scattered
1

e 9 (9
where , and s are the absorption opacity and scattering opacity, respectively.
Inside the star, the photon mean free path is typically orders-of-magnitude smaller
than the pressure scale-height. Near the surface of the star, the photon mean free
path becomes comparable to the pressure scale-height.

The hierarchy of length-scales indicates the complexity of multi-scale physics in
massive stars. Typical hot massive stars folloR  H, I,. This means any
instability or perturbation with a wavelength comparable toH, does not change the
overall shape of the star. In addition, the photons are doing a random-walk inside
the star, such that radiation can be treated as a di usion process. However, the rst
argument breaks down for cool massive stars whekg, R, such that signi cant
deviations from spherical geometry are possible. The second argument breaks down
near the surface of stars, wherg, H, and radiation can no longer be treated
as di usion, which leads to further complexities in dealing with radiation transport
(detailed in Chapter 2).

1.1.3 Why Massive Stars with Surface Convection are not
Spherical

Convection is a generic uid dynamical process that also happens in our daily life:
In the boiling water, uid blobs are heated from below and rise to the surface, cool
down, and then sink back to the bottom. In our Sun, convection leads to bright
convective cells on the surface that can be observed with telescopes (Herschel, 1801).
These convective cells are referred to as solar granulation, characterized by up owing
bright granules surrounded by sinking dark intergranule lanes. This is consistent with
the basic picture of convection: If a uid parcel is hotter than its surrounding but in
pressure balance with surrounding, then the density of the parcel is smaller than the
surrounding, and the parcel tends to oat due to buoyancy force. As the parcel oats
to higher altitudes, the surrounding pressure is lower, therefore the parcel expands.
On the contrary, colder parcels tend to sink while being compressed. This physical
process results in the unique patterns of convective granules.
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The length-scale of convective cells is approximately the local pressure scale-
height (Nordlund et al., 2009). According to the expression (1.5) for the pressure
scale-height, the size of convective cells on the solar surface is about*18olar
radii, or several hundred km, in excellent agreement with the observed sizes of solar
granulation (Stein & Nordlund, 1989). This estimate also means that there are
approximately (R=H,)?>  1C° convective granules over the entire solar surface.

SinceH,=R / R=M, a giant star with a large radius has less convective cells
on its surface. Detailed simulations show that the convective cell size is closer to
10H, for giant stars (Tremblay et al., 2013b). Therefore, for a giant massive star like
Betelgeuse with 1000 solar radii, there may only be 10{100 convective cells over the
surface of Betelgeuse (Schwarzschild, 1975). Each convective cell has the height and
horizontal size of 10% stellar radii. This means that the surfaces of giant massive stars
like Betelgeuse are not smooth but shaped by the "mountains' of a dozen convective
granules.

1.1.4 Theoretical Studies of Massive Stars: Dominance of
1D Models and the Need for Higher Dimensions

Despite the theoretical arguments and observational evidence that some massive stars
are not spherical, current massive star studies are still dominated by 1D models.
These models are computed by 1D stellar evolution codes (e.g., Weaver et al., 1978;
Paxton et al., 2011), which typically assume spherical symmetry and hydrostatic
equilibrium. The evolution of the star is primarily driven by composition change due

to nuclear burning. These 1D massive star models have shown enormous success in,
e.g., linking massive star evolution to their endpoints as supernovae and compact
objects (e.g., Heger et al., 2003), as well as predicting populations of massive stars
(e.g., Meynet & Maeder, 2000).

There are certain astrophysical processes that can be approximated in 1D stellar
evolution codes to some extent, e.g., rotation (Maeder & Meynet, 2000) and binary
interactions (Hurley et al., 2002). Rotation and binary tidal interactions tend to
deform the star, creating large-scale circulations and shear layers inside the star that
are described by analytical prescriptions in 1D codes. Mass transfer between binary
stars is also a 3D problem, but the stripping of mass can be approximated by a
mass-loss process.

However, as argued in Section 1.1.2 and 1.1.3, even for single non-rotating stars,
the assumptions made in 1D stellar evolution codes do not apply to evolved massive
stars. First, the assumption of hydrostatic equilibrium breaks down because the hier-
archy of time-scales no longer holds. Second, the assumption of spherical symmetry
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breaks down because the hierarchy of length-scales no longer holds.

This means to more realistically represent evolved massive stars, multi-dimensional
models are needed. There are multiple multi-dimensional simulations of cores or
shells inside massive stars (see e.g., Lecoanet & Edelmann, 2023, for a review). But
to connect simulations to observations and to investigate out ows from massive stars,
we need multi-dimensional simulations of stellar envelopes and atmospheres.

Figure 1.2: A selected collection of 3D stellar atmospheres on the low-mass end of the
Hertzsprung-Russell diagram. Horizontal axis shows the surface temperature of the star,
and vertical axis shows the brightness of the star. Low-mass stars like our Sun evolve
from the main sequence to become red giant stars and sometimes even asymptotic giant
branch (AGB) stars, before shedding most of their envelopes and cooling down to become
white dwarfs. Simulations of 3D stellar atmospheres have explored di erent types of low-
mass stars, showing convective granules similar to the ones observed on our Sun, albeit of
drastically di erent sizes. Background gure from Chandra outreach website. Simulation
snapshots show the emerging brightness, taken from Tremblay et al. (2013a), Magic et al.
(2013), and Freytag & Hefner (2023). See the main text for a comprehensive overview.
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For low-mass stars, there have been 3 decades of computational e orts building
multi-dimensional simulations of stellar atmospheres, starting from our Sun. The
essential ingredients of these simulations are (1) hydrodynamics, i.e., how the gas
moves and changes its energy, and (2) radiation transport, i.e., how photons interact
with gas. In the 1980s, the rst 3D radiation hydrodynamic simulations of the solar
surface were already successful in reproducing the convective granules observed on
the Sun (Stein & Nordlund, 1989). This code then developed into the 3D radiation
magnetohydrodynamic code Stagger (Nordlund, 1982; Stein et al., 2024). Since then,
multiple 3D radiation magnetohydrodynamic codes have been developed to simulate
the 3D solar surface, including MURaM (MVegler et al., 2005), ANTARES (Muthsam
et al., 2010), Bifrost (Gudiksen et al., 2011), CEBOLD (Freytag et al., 2012), and
DISPATCH (Nordlund et al., 2018). For a code comparison, see Beeck et al. (2012).
These codes were subsequently applied to 3D simulations of atmospheres of other
types of low-mass stars, e.g., main-sequence stars (Beeck et al., 2013; Rodrguez Daz
et al., 2024, Eitner et al., 2024), red giant stars (Ludwig & Kicinskas, 2012; Tremblay
et al., 2013b; Magic et al., 2013), asymptotic giant branch stars (Freytag & Hefner,
2023), and even extreme objects beyond stars such as brown dwarfs (Freytag et al.,
2010) and white dwarfs (Tremblay et al., 2013a; Kupka et al., 2018). All together,
these 3D stellar atmosphere simulations provide a decent coverage of low-mass stars
across all evolutionary stages. They also show a wide range of applications in un-
derstanding stellar winds (Freytag & Hefner, 2023), retrieving element abundances
in low-mass stars (Asplund et al., 2009), and reducing host-star noises in exoplanet
detections (Chiavassa & Brogi, 2019).

In comparison to the long-term e orts in low-mass stars, 3D simulations of mas-
sive star envelopes and atmospheres are rather limited (see Jiang, 2023, for a review).
One reason is that radiation pressure becomes comparable to or even exceeds gas
pressure in massive stars and therefore governs the dynamics, but radiation pres-
sure has not been included in any 3D codes used for atmospheres of low-mass stars.
Pioneering works used CEBOLD for massive supergiant stars but did not include
radiation pressure (Freytag et al., 2002, 2024; Chiavassa et al., 2009, 2011, see also
Chapter 4 of this thesis). Therefore, despite approximately reproducing the surface
properties, C®BOLD simulations do not predict the correct structure inside the
stellar envelope (Chiavassa et al., 2024).

Up until the writing of this thesis, there are only two other groups that performed
multi-dimensional radiation hydrodynamic simulations of massive star envelopes in-
cluding the radiation pressure, either using the Athena++ code (Stone et al., 2020;
Jiang, 2021) or the MPI-AMRVAC code (Porth et al., 2014; Xia et al., 2018; Moens
et al., 2022a; Keppens et al., 2023). Athena++ has pioneered the exploration of 3D
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Figure 1.3: All the published 3D massive star atmospheric models on the Hertzsprung-
Russell diagram. The topics of di erent chapters of this thesis are also marked on the gure.
Background gure from Ramachandran et al. (2019) shows evolutionary tracks of massive
stars and observed massive star population in the Small Magellanic Cloud. Di erent types
of massive stars are indicated, from zero-age main-sequence (ZAMS) or OB-type stars,
blue supergiants (BSG), yellow supergiants (YSG), red supergiants (RSG), to Wolf-Rayet
(WR) stars. Coloured markers show the locations of all the published 3D massive star
atmospheric models on the diagram calculated by di erent codes as labelled. Simulation
snapshots show the surface convective patterns of di erent types of massive stars, taken
from Goldberg et al. (2022), Schultz et al. (2023a), Delbroek et al. (2025), and this thesis.
See the main text for a comprehensive overview.

massive star envelopes across the upper part of the Hertzsprung-Russell diagram,
including main-sequence massive stars (Jiang et al., 2015; Schultz et al., 2020, 2022,
2023b,a), luminous blue variable stars in the Hertzsprung gap (Jiang et al., 2018),
and cool massive stars such as red supergiant stars (Goldberg et al., 2022) and yellow
supergiant stars (Goldberg et al., 2026). MPI-AMRVAC was used mainly to study
the coupling between massive star envelope and wind launching, including main-
sequence massive stars (Debnath et al., 2024; Delbroek et al., 2025; Moens et al.,
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2025), luminous blue variable stars (Schillemans et al., 2026), and Wolf-Rayet stars
(Moens et al., 2022b).

Despite signi cantly improving our understanding of subsurface physics of mas-
sive stars, previous 3D simulations still have issues to be solved. One drawback of
previous 3D simulations is that none of the simulations include deeper layers of the
star, which is important for massive stars with deep convective envelope such as
Betelgeuse. Moreover, for Betelgeuse-like massive stars where the size of the convec-
tive structure is comparable to the stellar radius, global simulations including the
whole star are needed, which were not realized with Athena++ or MPI-AMRVAC.

As shown in this thesis, by overcoming these two drawbacks with new computational
techniques, we can reveal new 3D physics phenomena in evolved massive stars, in-
cluding the nature of convection and mass ejections.

1.2 Outline of the Thesis

In this thesis, | describe a new radiation transport method for general-purpose 3D
multi-scale astrophysical simulations, and apply it to envelopes of evolved massive
stars called red supergiant stars at di erent evolutionary stages. These new 3D
models of red supergiant envelopes unveil the physics of surface convection and mass
ejections, and provide a new explanation for the origin of observed supernovae inter-
acting with circumstellar material. |1 then move forward to massive stars in binary
systems and use a 1D stellar evolution code to study mass ejections during binary in-
teractions, speci cally applying it to the origin of carbon in the Universe. This paves
the way for future explorations of 3D radiation hydrodynamic simulations of mass
ejections in binary massive stars and other stellar-related explosive events, which |
describe as an outlook for the "AREPO-Star project' in the end.

In Chapter 2, | present a new numerical scheme for accurately transporting ra-
diation in a multi-scale gas medium, taking into account the energy and momentum
exchange between radiation and gas. The scheme is based on the discrete ordinates
method, i.e., solving radiation transport equations along di erent directions. The
novelty of this scheme is to exploit individual time-stepping and exible Voronoi
mesh re nement already present in the 3D code AREPO, thereby combining an
accurate radiation transport with the multi-scale capability of the code.

With this new computational tool, | build a new grid of 3D red supergiant en-
velopes. Chapter 3 focuses on one of the simulations during core helium burning
(several million years before the explosion), including the entire convective envelope
in 3D simulations for the rst time. | show that surface convection of red super-
giants is driven by cooling from above instead of heating from below as commonly



14 1. Introduction

assumed. This leads to highly non-local convective structure di erent from local
convection theories used in all 1D models.

In Chapter 4, | discuss the observational signatures of the multi-scale convection
in the context of existing observations of Betelgeuse from the ALMA telescope. Using
an older pre-existing 3D simulation, | develop a post-processing package combining
radiative transfer and equilibrium chemistry to directly predict molecular spectra
in the sub-millimetre band from 3D simulations. By directly comparing simulations
with observations, | question the long-standing claim that Betelgeuse is rapidly rotat-
ing, and suggest that poorly-resolved convection in observations can mimic rotation.
| then discuss the future prospect of using high-cadence interferometric images of
red supergiants to test the theory of multi-scale convection.

It has been a common assumption that red supergiants just before the explo-
sion look similar to normal long-lived supergiants. In Chapter 5, | argue that this
assumption does not hold by performing two simulations of red supergiants at core
carbon burning (hundreds to thousands of years before explosions). | show that, due
to higher luminosities that destabilize the envelopes, red supergiant stars develop
large-amplitude pulsations just before they die. Coupled with the large-scale con-
vection, the pulsations eject material to the surrounding of red supergiants, creating
a highly anisotropic cocoon. | suggest that this cocoon can explain the circumstellar
material in hydrogen-rich supernovae frequently detected in the past decade, and
discuss the possibility of using current and upcoming telescopes to test my predic-
tions.

Mass ejections do not only occur in single massive stars but also in binary systems.
In fact, most massive stars are detected with at least one companion. As a rst
exploration, in Chapter 6, | use 1D stellar evolution code MESA to build a grid
of binary massive star models. | apply this model grid to the carbon ejection in
low-metallicity binary massive stars, and show that binary interactions may not help
with the carbon enrichment at low-metallicity environments.

Finally in Chapter 7, | give a brief summary of this thesis. As an outlook for
the future, | discuss the initiation of the AREPO-Star project based on the work
done in this thesis. The subject of the AREPO-Star project is to perform 3D radia-
tion (magneto)hydrodynamic simulations of di erent types of evolved massive stars,
binary interactions, and stellar-related transient phenomena across the Hertzsprung-
Russell diagram. | end by discussing the potential of applying my computational
tool to other astrophysical problems.



Chapter 2

AREPO-IDORT: Implicit Discrete
Ordinates Radiation Transport

This chapter is based on the manuscript Ma et al. (2025a) resubmitted after a positive
referee report.

The author of this thesis proposed the main idea of this work, led the develop-
ment of the radiation transport method used in this work, performed the tests and
simulations, and was responsible for the interpretation of the results and the writing
of the manuscript.
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