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Abstrakt

Cerveni veleobfi jsou kliovou soucasti chemického vyvoje vesmiru. | pfesto mnoho
otazek ohledné jejich vyvoje zlstava nezodpovézenych. Jednim z nejjasnéjsich a nejstu-
dovanéjsich objektll je Betelegeuse, veleobr se sloZitou proménnosti, ktery mél v Gnoru
2020 historické minimum jasnosti. | presto, Ze se jasnost pozdgji vratila do plvodnich
hodnot, chovani tohoto veleobra zUstava silné bezprecedentni. Nasim dmyslem je pouzit
fotometricka a spektroskopicka pozorovani tohoto veleobra pro zkoumani dlouhodobého
vyvoje jeho atmosféry, za iéelem porozuméni procest, které zplsobuji rlizné typy promé-
nnosti ¢ervenych veleobr(, ale také vysvétleni historického minima jasnosti.

Vysledky diplomové prace jsou rozdéleny do dvou publikaci. V prvnim ¢lanku analyzu-
jeme mnoho archivnich spekter a fotometrickych pozorovani. Potvrzujeme, Ze proménosti
jasnosti a fotosférickeé rychlosti jsou svazany, zatimco radialni rychlosti urCene z ultrafialové
oblasti, které prisuzujeme rychlosti hvézdného vétru blizko povrchu, vykazuji proménnost
na delSich ¢asovych Skalach a maji nejvyssi absolutni hodnoty béhem historického mini-
ma. Ve druhém €lanku aplikujeme tomografickou metodu, ktera ndm umoziuje zkoumat
rGzné vrstvy hvézdné atmosféry. Pro tento Ucel pouzivame zhruba 2500 spekter z posled-
nich 15 let, pozorovanych robotickym teleskopem STELLA na observatofi I1zafia (Tenerife,
Spanélsko). Diky takovému velkému mnoZstvi dat a tomografické metodé jsme byli schopni
studovat vyvoj rdznych vrstev atmosféry Betelgeuse v bezprecedentnim detailu a odhalit
Sifeni silnych razovych vin béhem historického minima jasnosti. V dlisledku této udalosti
byla atmosféra excitovana do vy$Siho modu pulzaci, pficemz, ponékud pfekvapivé, ne
synchronné ve vSech vrstvach atmosféry.






Abstract

Red supergiants are a key component in evolution of the Universe, yet many questions
about their evolution are still not answered. One of the brightest and most intensively
studied objects is Betelgeuse, a supergiant with complex variability, which underwent a
historical minimum of brightness in February 2020, named the Great Dimming. Even
though the brightness has returned to the values prior to the Dimming within months, it
continues to exhibit highly unprecedented behavior. Our intention is to use photometric
and spectroscropic data to analyse the long-term evolution of atmosphere of Betelgeuse,
in order to unveil the physical processes that drive the different modes of variability in red
supergiants and to be able to explain the Dimming.

The results of this diploma thesis are divided into two papers. In the first paper, we
analyse various archival spectra and photometric data. We confirm that the variability of
brightness and photospheric radial velocity is connected to each other, whereas the radial
velocity determined from near ultraviolet region, which we attribute to the velocities at the
base of outflowing stellar wind, shows longer periods of variability with a maximum of
stellar wind velocity during the Dimming. In the second paper, we apply a tomographic
method, which allows probing different layers in the stellar atmosphere. For that purpose,
we use about 2500 spectra from the past 15 years, observed with the STELLA robotic
telescope in lzafia observatory (Tenerife, Spain). Due to this large data sample and the
tomographic method, we were able to analyse the variability of different layers in Betel-
geuse’s atmosphere in an unprecedented detail and unveil propagation of shock waves
during the Dimming event. In result of this event, the mode of pulsations was excited to a
higher overtone, but, quite extraordinarily, not synchronously in all layers.
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Introduction

Red supergiants lose a signi cant fraction of their mass during their evolution, while

in their cores heavier elements than helium are produced. Additionally, red supergiants
may explode as a core-collapse supernova, fusing elements even heavier than iron. In
consequence, these stars signi cantly contribute to the chemical enrichment of interstellar
medium and the Universe as a whole, whilst the expelled material may be used for formation
of new generations of stars and planets. Furthermore, the heavier elements are essential
building blocks of life as we know it.

Recent progress in modelling, simulations and observations of these objects provide
us with new fascinating insights into the evolution of supergiants. Despite that, the physics
behind the mass-loss process is still poorly understood, as well as the exact evolution
towards a supernova explosion. Therefore, a further study of these objects is required, in
order to properly connect the red supergiants with the results of their evolution.

For this purpose, in this work we select a magni cent red supergiant Betelgeuse, which
is one of the brightest stars on the sky, as well as a star with the second largest angular
diameter, surpassed only by the Sun itself. In the beginning of 2020, this remarkable
supergiant suffered an unprecedented Great Dimming, when the brightness of Betelgeuse
dropped the most signi cantly in the long history of observations. Even though later the
supergiant returned to its previous values of brightness, its behaviour continues to be
be unprecedented nonetheless and the Dimming itself is still not suf ciently explained.
Therefore, in this work we study the Dimming event and what followed it, as well as overall
variability of the star and its connection to mass loss.

Inthe rstpart of the theoretical part, we give an overview of observational properties of
red supergiants, primarily based on compilation of various sources from scienti ¢ journals,
as up to this date such overviews have been very sparse in the scienti c community. In
the second part, we describe the physical processes that are relevant in atmospheres and
extended envelopes of red supergiants as well as correlate them with recent models and
observations, while a special focus is devoted to processes that we deal with in our two
articles, such as the mechanism of mass loss. In the third part, we describe the recently
validated tomographic method. This method allows us to study different layers of stellar
atmospheres.

The practical part of the thesis consists of two contributions, one published ina scienti ¢
journal, while the other one is currently in preparation. The rst paper is the continuation
of our previous research, i.e., the analysis of archival ultraviolet spectra, primarily from
spectrographs onboard Hubble Space Telescope, as well as optical spectra from various
ground based instruments. We improve upon previous results and connect the radial velocity
variability with processes in atmospheres of Betelgeuse, namely the stellar wind.

{1{



2 Introduction

The second contribution is based on the internship in Leibniz Institute for Astrophysics
Postdam (AIP), which sparked a new collaboration, leading to the second paper. As part of
this research we analyse an enormous dataset of Betelgeuse spectra, which was observed
by means of the STELLA telescope. Combined with the tomographic method, we are able
to unveil motions in the atmosphere of Betelgeuse in an astounding detail. This enables us
to reveal many new details related to the variability of Betelgeuse, and in extension to other
red supergiants. Moreover, it provides new insights related to the Great Dimming itself.



Chapter 1

Observational Properties of Red
Supergiants

1.1 Physical Properties

Red supergiants (RSG) are variable evolved massive stars that burn helium in their cores.
The progenitors are hot massive stars in a range of iafem 8M to 40M .

During the main-sequence evolution, these stars are burning hydrogen in their cores,
primarily via carbon-nitrogen-oxygen (CNO) cycle. The energy output is enough to sustain
main sequence phase for abd@ 10’ yr. Once the supply of hydrogen in the core is
exhausted, the post-main-sequence evolution begins. The star continues to burn hydrogen
in the shell surrounding the helium core, while the star evolves nearly horizontally across
the Hertzsprung-Russell (HR) diagram for abb0t 10°yr as a yellow supergiant. Once

the temperatur@ in the core is high enough to ignite helium burning, the star becomes a
RSG star (Massey 2003; Levesque 2010, 2017; Kippenhahn et al. 2013). Figure 1.1 shows
the evolution of single stars in the HR diagram.

There appears to exist an upper mass limit &M for stars that end its evolution as
RSGs, primarily due to the Eddington limit (see Section 2.3.3). The stars expand its radius
Rto 100 1000R , becoming some of the physically largest stars, and thus its effective
temperaturéle cools down to 3500 4000K placing the stars amongst the spectral
types K and M (Levesque 2017). Low surface gravity of RSGs makes it easier for material
to escape from their surface through various mechanisms. Consequently, the mass-loss
ratesM are indeed very high, with the highest rates betw#@r® and10 M yr 1.

Red supergiants are the most luminous cool stars, with bolometric lumindshietsveen
2 10* and6 1°PL (Mauron & Josselin 2011). Figure 1.2 shows positions of massive
stars in the HR diagram with evolutionary tracks.

After the departure from the main sequence and especially during the RSG phase,
massive stars lose a signi cant fraction of their mass, sometimes even up to half of their
initial mass, being an essential asset to the enrichment of interstellar medium (ISM). A
signi cant portion of this mass is lost during the RSG phase. Due to their low surface
temperature, the material can condensate into dust particles relatively close to the star.
In result of the mass loss, the RSG stars are often being veiled in shells of circumstellar
medium (Levesque 2017).

{3{



4 Chapter 1. Observational Properties of Red Supergiants

Figure 1.1: Evolutionary tracks of stars in the HR diagram above for metallizite:02

(left panel) andZ = 0:001(right panel). The colored regions indicate core H fusion (red),
core He fusion (blue), and He or later core fusion phases (green). Adapted from Lamers &
Levesque (2017) and Schaller et al. (1992).

From this point, the evolution of a RSG star seems to continue in two main ways.
Low-mass RSG stars continue to burn heavier elements in their cores, until an iron core is
formed. Then the star ends its RSG phase as core-collapse hydrogen-rich supernova Type
lI-P, leaving behind a newly formed neutron star or a black hole. On the other hand, high-
mass RSG stars may lose enough mass to evolve back to yellow, and even blue supergiants,
performing a blue loop (even more massive stars never cool enough to become a RSG
star in the rst place). Then they explode either as a blue supergiant or Wolf-Rayet star
(Levesque 2010, 2017; Kippenhahn et al. 2013; Meynet et al. 2015). The exact evolution of
a RSG star is determined primarily by initial mass and mass-loss rate, but also by rotation,
metallicity and for example, whether such a star is part of a binary system.

1.1.1 Identi cation and Hertzsprung-Russell Diagram

Red supergiants are sometimes not easily distinguished from red giants, speci cally the
ones on the asymptotic giant branch (AGB), which includes Mira variables, as the most
luminous AGB stars may occupy similar position in the HR diagram, despite the fact

that from the evolutionary and internal physical structure point of view, these objects are
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Figure 1.2: Hertzsprung-Russell diagram for massive stars in the Small Magellanic Cloud.
It shows O and B main sequence stars, as well as stars evolved to the giant branch (and
beyond), along with evolutionary tracks, taking into account stellar rotation. ZAMS is an
abbreviation for zero age main sequence. Adopted from Ramachandran et al. (2019).

quite distinct (Massey & Olsen 2003; Levesque 2010). This may occur due to evolutionary
proximity to the Hayashi track, which corresponds to a limit when a star can remain in
hydrostatic equilibrium (Hayashi & Hoshi 1961).

To correctly place a star into the HR diagram, it is necessary to precisely determine
effective temperature and bolometric luminosity. However, this has been an issue for quite
sometime, e.g., because the colors of these stars are strongly affected by gravity-dependent
line blanketing (Massey 1998). Metallicity also signi cantly affects evolutionary tracks and
the position of RSGs in the HR diagram (Elias et al. 1985). Some of the rst results were
not in agreement with each other, e.g., evolutionary tracks from Meynet et al. (1994) did
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not match with observations from Humphreys & McElroy (1984) and later evolutionary
tracks from Meynet & Maeder (2003) were also not able to produce as cool and luminous
RSGs as observed.

Fortunately, MARCS stellar atmopshere models (Plez et al. 1992; Gustafsson et al.
2008) helped to resolve the issues, as it allowed Levesque et al. (2005) to improve upon the
computation of reddened model fluxes and molecular transitions. They were able to use
the models to determine effective temperature scale for RSGs, along with measurements of
extinction and surface gravity, and in the end they were also able to determine bolometric
luminosity. They also used an alternative method to determine bolometric luminosity,
based orK magnitude, which is less sensitive to reddening and variability, as was shown
by Josselin et al. (2000). Levesque et al. (2005) received results from both models in good
agreement with each other, and were thus able to derive a new effective temperature scale,
which brought the Galactic RSGs into a great agreement with the evolutionary models, as
shown in Figure 1.3.

Based on their new scale, the RSGs are not as cool as previously thought, whilst for
the most evolved M supergiants the differences amounted to 400 K. Massey et al. (2005)
concludes that determinations of physical properties of RSGs depend on accurate correc-
tions for reddening by dust and that many previous studies have indeed underestimated the
correction for extinction in the optical region.

Figure 1.3: Improvements to determination of positions of Galactic RSGs in Hertzsprung-
Russell diagram and better agreement with evolutionary traefspanel:RSG positions

by Humphreys (1978); Humphreys & McElroy (198&ight panel:RSG positions by
Levesque et al. (2005). Evolutionary tracks in both panels by Meynet & Maeder (2003).
Adapted from Levesque (2010).

1.2 Mass Loss and Dust Production

One of the most signi cant features of RSGs are their high mass-loss rates, which lead to
dust condensation, once the material reaches far enough from the star, i.e., the condensation
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radius, and this may subsequently lead to the formation of circumstellar shells (Stothers &
Chin 1996).

1.2.1 Observations

Detections of rst signs of dust shells were accomplished for RSG stars NML Cyg and VY
CMa by Johnson (1968) and Hyland et al. (1969), respectively. For NML Cyg, an extensive
circumstellar cloud was proposed through infrared spectroscopy, based on high infrared
excess and high luminosity. For the latter star, VY CMa, a circumstellar dust shell was
proposed as well, based on spectroscopic and photometric data. Compared to other RSGs,
the star was much more luminous and exhibited larger infrared excess, while it was also
found that the extinction curve is different from the regular interstellar dust, suggesting
larger sizes of dust grains. This was later supported by Snow et al. (1987) as well as through
observations of supergiant binary systantco. They estimated the circumstellar grain
sizes to be> 0:05pmand siliceous in composition. Stencel et al. (1988) and Stencel et al.
(1989) analysed a large sample of galactic RGSs and concluded that the circumstellar dust
shells around these objects are rather a rule than an exception, not restricted to just the
most extreme objects. They also found these shells to be quite extended, up to several
arcminutes, while at these distances the sizes of dust grains wgdeim

Meanwhile, Hagen (1978) and Hagen et al. (1983) analysed chromospheres and cir-
cumstellar shells around M giants and supergiants. From the spectroscopic analysis of line
pro les of circumstellar gas and interferometric observations of the circumstellar dust they
inferred many physical conditions of the dust, such as expansion velocities of the shells as
7 10kms %, and they also found that all studied stars have emission wings for Ca Il H and
K lines, whereas only objects with low dust-to-gas ratio had chromospheric emission in the
cores of these lines. Most importantly, they suggest that radiative pressure on dust grains is
not the principal mechanism of mass loss, as no direct correlation was found between the
quantities of circumstellar gas and dust. Quantities of dust were not suf cient to explain
the mass-loss rates, which they estimated fe&ori0 €M yr 1to 6 10 6M yr 1 for
late supergiants. They also argued that shock waves may be linked to mass loss and dust
formation.

Danchi et al. (1994) analysed a sample of cool giants and supergiants in mid-infrared
interferometry, and due to high enough resolution they were able to determine inner radii of
the shells. They found that for the red giants sample (AGB stars, including Mira variables)
the inner radii are closerto stars3 5R , and for some of these objects it appeared that
new dust formed closer to the surface during their luminosity minima. On the other hand,
for the sample of RSGs, the inner radii appeared substantially larger with less dust close to
the stars, and they also found larger variations in the distance of the inner radii shells from
the surface. This indicated that for RSGs the substantial mass-loss episodes, which lead to
dust production, are sporadic, typically being separated by a few decades.

Salasnich et al. (1999) presented new models for luminosity-dependent mass-loss rates
of RSGs in Magellanic Clouds. They argued that previous results for mass-loss rates were
severely underestimated (e.g., de Jager et al. 1988) and that true values were higher by
a factor of2 5. On the contrary, Josselin et al. (2000) analysed the galactic RSGs and
found no correlation between luminosity and mass-loss rates, based on infrared photometry
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and millimeter spectroscopy. Nonetheless, Levesque (2010) claims this is due to incorrect
individual spectroscopic parallaxes that they adapted from Humphreys (1978). Massey
et al. (2005) later revisited these results and was able to acquire luminosity-dependent
mass-loss rates, when adopting better values for distances.

Figure 1.4: An example of NUV excess for a RSG star, based on Massey et al. (2005), com-
pared to best-t MARCS stellar atmosphere models (gray plot). Adapted from Levesque
et al. (2005).

Levesque et al. (2005) also found that many of the Galactic RSGs have excess flux in
near ultraviolet (NUV) region, as shown in Figure 1.4. This was explained by Massey et al.
(2005), who studied Galactic RSGs in OB associations and clusters and ascertained that
RSGs have much higher excess visual extinction when compared to OB stars. They argued
that is due to circumstellar shells around the RSGs. Likewise, the stars with the highest
extra visual extinction also had signi cant NUV excess, which is higher compared to the
stellar models reddened by the standard reddening law (e.g., Cardelli et al. (1989)).

Levesque et al. (2006) also studied the RSGs in our Galaxy and both Magellanic
Clouds, speci cally the shift in average spectral type between these galaxies (Elias et al.
1985). They were able to show metallicity-dependent systematic differences in the physical
properties of the stars, bringing the observations into agreement with evolutionary models
once again, e.g., the scatter from evolutionary tracks in the Small Magellanic Cloud could
be explained by a stronger effect of rotational mixing in low-metallicity stars (Maeder &
Meynet 2001).

The circumstellar shells of dust can lead to signi cant complications when determining
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physical properties of dust enshrouded supergiants. Levesque et al. (2009) discussed effects
of a dust torus on bolometric luminosity for dust-enshrouded giants. They showed that the
contribution from the torus must be taken into account when determining bolometric
luminosity from a spectrum, as it may lead to overestimation of the luminosity of a star,
and thus also its position HR diagram. In some of the most extreme cases, absorption lines
in stellar spectra may be partially diluted or obscured due to photon scattering in the dusty
envelopes (Massey et al. 2009). Some of the most famous examples of RSGs, for which
the determined physical properties were affected, are also some of the largest and brightest
stars, VY CMa in the Milky Way and WOH G64 in the Large Magellanic Cloud (Levesque
2010).

Extensive observation campaigns of Betelgeuse revealed that circumstellar envelopes
around RSGs can have complex and irregular structures (Figure 1.5), while some of the
inner structures may be possible to link to hot convective structures on the surface, or to the
rotation of a star (Kervella etal. 2009), and are dominated by non-radial large-scale motions,
whose overall behaviour changes dramatically within one year (Ohnaka et al. 2011). The
outer atmosphere extends to abaut stellar radii (Ohnaka et al. 2011), while envelopes
can extend up to at least several tens of stellar radii (Kervella et al. 2011). The clumpiness
and inhomogeneous distribution found in these observations support the theories about
previous episodes of extended mass-loss rate events. Moreover, based on observations
of VY CMa, Humphreys et al. (2021) revealed evidence of previous high mass-loss rate
events for this star, spanning from 70 to 250 years ago. Kervella et al. (2018) suggested
that strong convection cells emitting a focused molecular plumes may be contributing to
the anisotropy of mass loss of RSGs. Based on the observations of Antares, Cannon et al.
(2021) detected a dust clump very close to the surface, at a distance of only about 0.3 stellar
radii, and nd a minimum mass-loss rate from clumpsld 10 ‘M yr 1.

Figure 1.5:Left panel:Interferometric image of the photosphere of Betelgeuse obtained
by Haubois et al. (2009Middle panel:Emission from a compact molecular envelope
obtained by Kervella et al. (2009Right panel:Thermal emission of dust obtained by
Kervella et al. (2011). Adapted from Nazé et al. (2015).

Based on observations of VY CMa, Scicluna et al. (2015) estimated the average size
of grains at aroun@®:5 um, which is about 50 times larger than a diffuse ISM, while Galil
et al. (2020) was able to further explore the dust condensation sequence.

Recently, there were interferometric observations of several RSGs in the solar neigh-
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bourhood dedicated to the analysis of surface structures and extended molecular envelopes,
e.g., observations of several RSGs, including VY CMa and V602 Carinae, by Wittkowski
et al. (2012, 2017), observations of AH Sco, UY Sct, and KW Sgr by Arroyo-Torres et al.
(2013), and observations of V602 Car by Climent et al. (2020). These observations demon-
strated that extended molecular atmospheres are a common feature of RSGs, even though
the models failed to predict them, unlike for Mira-type stars. The envelopes consist mostly
of H,O (water) andCO (carbon monoxide, Wittkowski et al. 2021). Wittkowski et al.
(2017) found that the strength of extended molecular layers increases with luminosity.
Chiavassa et al. (2022) were able to uniquely observe the photospheric extent and
circumstellar environment VX Sgr across a very large spectral domain for the rst time.
They revealed a complex morphology of the extended atmosphere and found that the
observed diameter depends on opacity through the atmosphere. They detected CO and
OH (hydroxide) at the shortest wavelengths along with SiO (silicon monoxide) and CO
dominating at longer wavelength, whité,O is present in all wavelengths. A part of the
observation is shown in Figure 1.6.

Figure 1.6: Interferometric images of extended atmosphere of VX Sgr at different bands.
The images show the complex structure of molecular envelope. Adapted from Chiavassa
et al. (2022).

1.2.2 EmpiricalM L Relations

To determine mass-loss rates, several (primarily luminosity dependent) empirical relations
have been used, such as by Reimers (1975), de Jager et al. (1988) and for example by van
Loon et al. (2005). In athorough review, Mauron & Josselin (2011) compared the available
M L relations and concluded that the de Jager prescription provides the best results for
Galactic RSGs. The relation is given as

M L M Tett

——— = 793+ 1 — + 0 — ; :
log M yr 1 7:93+ 1:64log i 0:161log M 1:61log 1K (1.2)

in its second formulation by Nieuwenhuijzen & de Jager (1990).

Nonetheless, Mauron & Josselin (2011) also found some RSGs with mass-loss rates
lower than the ones given by de Jager curve. A decade later, Humphreys et al. (2020) showed
that for RSGs with luminosities 10°L , the measured mass-loss rates are lower, while
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for> 10°L , there is a rapid transition to higher mass-loss rates, eventually overlaping the
de Jager curve. This luminosity threshold appears approximately for RSGs with masses of
18 20M , which interestingly also is the upper limit for becoming a Type Il supernova.

1.2.3 Current Day Theories

Humphreys & Jones (2022) analysed new observations of VY CMa and Betelgeuse and
discussed the leading mechanisms for mass loss in RSGs, namely the dust-driven wind,
pulsations and convection. However, as they discussed, these mechanisms do not precisely
reproduce observed mass-loss rates.

Radiative pressure on grains of dust does not help to resolve the scatter from observed
mass-loss rates, unlike in AGB stars (van Loon et al. 2006; Hofner 2008), where simulations
shows that pulsations are able to levitate the atmosphere and deposit material closer to the
condensation radius. Freytag & Hofner (2023) were able to demonstrate that shock waves
lead to mass loss and subsequent dust formation in these stars.

Nevertheless, the levitation by pulsations seems less ef cient in the low-density atmo-
sphere of RSGs. It however still seems to be within the realm of possibility that pulsations
in combination with the activity of giant convective cells may be responsible for enhanced
outflows of material. The typical timescale between the ejection of clumps of material
is 5 years and coincides with the usual longer period of variability of RSGs, which is
usually associated to pulsation and convective behaviours, or their interplay (Ohnaka 2014;
Humphreys et al. 2021; Cannon et al. 2021). Furthermore, the recent mass loss event of
Betelgeuse, the Great Dimming, was in synchronicity with the maximum of photospheric
velocity during the 400 day cycle (Dupree et al. 2020; Granzer et al. 2021; Moatarg
et al. 2021). Humphreys & Jones (2022) proposed that the missing component of mass
loss are episodes of high-mass-loss gaseous outflows, likely caused by large-scale surface
activity and magnetic elds, that may contribute signi cantly to the observed mass-loss
rates, and they show that that it can help explain the observed mass-loss rates for studied
stars.

The formation of shock waves may provide another key component to understanding
the mass loss of RSGs, as the unprecedented ejection of material during the Great Dimming
of Betelgeuse was preceded by a strong shock in the atmosphere (this work, Kravchenko
et al. 2021; Dupree et al. 2022). Furthermore, through spectropolarimetry imaging, Lopez
Ariste et al. (2022, 2023) reported rising plasma in convective cells, in some cases being
driven by an unknown force acting on the plasma and counteracting the gravity force. The
force is suf cient to maintain plasma rising to heights, where this velocity is comparable to
the escape velocity. Thus, this new mechanism could signi cantly contribute to explanation
of the mass loss from RSGs.

We will discuss the physics behind these major mechanisms in Chapter 2.

1.3 Variability

Red supergiants are some of the most luminous stars, therefore their variability have been
observed for many decades and in some cases even for a few hundred years. For some of
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the brightest RSGs, there exist written records from thousands of years ago (Neuhauser
et al. 2022).

Figure 1.7: Period-absolute magnitude relation for Galactic (black dots) and Large Mag-
ellanic Cloud (red triangles) RSGs. The dotted lines are based on models from Guo & Li
(2002) and represent (from right to left) fundamental, rst overtone and second overtone
modes for stars (from bottom to top) of1I5M , 20M and 30M . The group of
periods on the right side of the gure is called long secondary period (LSP). Red line is a
linear t of the Galactic sample. Guo & Li (2002) were not able to model the LSP mode.
Adapted from Kiss et al. (2006).

Many RSGs show photometric and spectroscopic variability, which is usually charac-
terized by two distinct semi-regular timescales: one of a few hundred days, and one of
a few thousands days (Kiss et al. 2006; Chatys et al. 2019). Figure 1.7 shoRs the
distribution for several RSGs in our Galaxy and Large Magellanic Cloud. Kiss et al. (2006)
also noted that there are several RSGs with very large peak-to-peak light variations and a
high level of noise in their period power spectrum, which could correspond to more dy-
namical environment in more evolved RSGs closer to central helium exhaustion. In some
of these RSGs, the noise in the power spectrum becomes stronger and no periodicity can
be detected at all. In the power spectra of all RSGs, the main component of the noise can
be characterized by inverse power function of frequency. Kiss et al. (2006) argued that this
noise is likely caused by huge convection cells, as predicted by Schwarzschild (1975), and
is likely responsible for the observed fluctuations of variability. Chatys et al. (2019) noted
that a complete analysis of variability is mainly challenged by the requirement of long term
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photometric monitoring, as well as by incomplete theoretical basis.

1.3.1 Fundamental Mode

The periods of a few hundred days are identi ed with radial fundamental mode (FM) of
pulsations, and possibly low-order overtones as well. In some cases, the RSGs seem to
pulsate in the fundamental and rst overtone mode simultaneously (Kiss et al. 2006). This
type of pulsational instability is also predicted by models, e.g., by Guo & Li (2002). These
shorter modes of pulsations may be stochastically driven by convective motions in the
envelope (Schwarzschild 1975; Bedding 2003; Kiss et al. 2006; Chatys et al. 2019), or
rather by an interplay of convection and pulsation. Assuming that the stochastic excitation
or damping indeed occurs in the RSGs and considering the usual availability od the data, we
would often measure an instantaneous period, comparable in length to the mode lifetime,
rather than the mean period of star, which has the real physical meaning (Kiss et al. 2006).
Dolan et al. (2016) were unable to reproduce the oscillations in fundamental and rst
overtone modes with adiabatic models alone. Therefore, they suggested that non-adiabatic
pulsations and convection could be responsible. Based on their models, large-scale granular
convection could drive the pulsations. Joyce et al. (2020) demonstrated on Betelgeuse that
the 400 day period is due to the pulsations in the fundamgrtabde (pressure driven)
and suggest that the fundamental mode of radial pulsations is driven kyrtirezhanism.
The oscillation is thus driven by radial pulsations in the hydrogen ionization zone, i.e., the
collective expansion and contraction of the recombined hydrogen layer. They also further
discussed the excitation of the oscillation mode to the rst overtone. Possibly, it could
be caused by non-linear mode excitation, when outer layers accumulate suf cient energy,
which could lead to compression heating and affect convection flux in near surface regions.

1.3.2 Long Secondary Period

The origin of a few thousand days period is considerably less clear. It cannot be explained by
radial pulsations, because the FM is the longest possible period for that kind of oscillations.
The longer period of a few thousand days is called long secondary periods (LSP), based
on presumed similarity of this type of variability to the one in AGB stars (Kiss et al. 2006;
Chatys et al. 2019).

For this phenomenon in AGB stars, Wood (2000) proposed wide range of possible
driving mechanisms: non-radial oscillations of gravity modes, semi-detached binaries,
rotating stars with giant star spots, episodic dust ejection, magnetic activity or strange
pulsation modes caused by convection-pulsation interaction. Wood et al. (2004) noted that
all these models have problems and that the most likely explanation are large-amplitude,
low-degree gravity modes oscillations con ned to outer thick (thicker than models suggest)
radiative layer above the convection zone, combined with large-scale surface activity. They
also conclusively ruled out the radial pulsations. We can also rule out the rotational
modulation, because the rotational period for Betelgeuse given by Kervella et al. (2018)
is much longer than the length of LSP. Joyce et al. (2020) also con rmed that LSP is not
driven by the same mechanism as the FM or its low-order overtones.

Stothers (2010) showed that LSP could be connected to the evolution of giant convection
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cells, speci cally their turnover timescales. Stothers (2010) further suggested that the
convection cells likely overshoot above into a weakly radiative atmosphere (Josselin &
Plez 2007; Gray 2008), causing observed chromospheric activity and dust production
(Uitenbroek et al. 1998; Lobel & Dupree 2000). Thus, matter would be essentially pushed
outward by the convection cells, but most of it would eventually fall back, as the cell
would turn over (Stothers 2010). The new results from spectropolarimetry imaging of
giant convective cells on the surface of Betelgeuse by Lopez Ariste et al. (2018, 2022)
could be used to support this.



Chapter 2

Model Atmospheres of Red Supergiants

2.1 Fundamental Physical Concepts

This Section 2.1 is adapted from Hubeny & Mihalas (2014).

Stars are in mechanical equilibrium for the majority of their lives. The equilibrium
governs all properties of a star and any departure from it would quickly lead to a reaction
that restores the equilibrium.

2.1.1 Hydrodynamical Equations

The most general quantity that describes a physical system is a distribution function, such as

the Boltzmann (kinetic) distribution function, which fully describes the system. However,

in such a function, there is more information than we need for practical use. Therefore, in

order to describe a system, equations of moments of the distribution function are used. The

results of these equations are commonly used and known as hydrodynamical equations.
The zeroth-order moment of the Boltzmann equation describes the conservation of

mass and is thus known as equation of continuity, given as

fir -
—+N (rv)=0: 2.1
R N(aY (2.1)
The rst moment of the Boltzmann equation describes the motion, and it is thus known
as the momentum equation, given as

r%+ rv Nv= Np+rag: (2.2)

The third equation is the energy balance equation, given as

T rv . V2 N
Tt re+7 +N rv e+§ +pv =rvg N (Frag+ Feond: (2.3)

In these equationd\l = %%ﬂlz , V is the macroscopic velocity (bold letter means
vector),r is the densityp is the pressurgj is the gravity acceleratiorg is the internal

energyFaqis the radiative flux, anéf .ongis the conduction flux. In the equations except

{15{
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the gravity, there could be other external fordgg; on the right hand side, namely the
radiative forcef .

This system of partial differential equations is still quite general and dif cult to solve
analytically. Thus, for practical use, several additional approximations may be used, namely
stationary % = 0) and staticy = 0) scenarios, as well as simpli ed symmetries, namely
planar ¢ = ( 0;0;Vv,)) and spherical{= ( v;0;0)).

Solutions for the Static Scenario

The most approximated case, the static scenario in 1D, results into some of the most
fundamental equations.
From the momentum equation (Equation 2.2), we receive the hydrostatic equilibrium,
given as
dp _
&
which tell us that if there are no fast radial motions, the gradient of internal pressure is in
balance with the gravity everywhere in the star.
From the energy equation (Equation 2.3), we receive the radiative equilibrium equation,
given as

rag; (2.4)

L .
(4pR)*
wheres is Stefan-Boltzmann constant. The equation tell us that the energy in the atmo-

sphere is transported only by radiation (if we neglect the conductive flux). This is elaborated
further in Equation 2.14.

Frad= cOnst s Tk = (2.5)

2.1.2 Stellar Atmospheres
Local Thermodynamic Equilibrium

For the description of stellar atmospheres we often use local thermodynamic equilibrium
(LTE), even though it is not valid for a star as a whole. This approximation allows us to
use thermodynamic equilibrium locally, which means we can assume that each excitation
and ionization process is in balance with its inverse counterpart, while we can also assume
Maxwellian velocity distribution of particles. It thus simpli es the problem substantially, as
we can calculate the distributions that depend solely on thermodynamic variables, typically
by temperaturd and also by total particle number dendityor electron humber density
Ne.

The Boltzmann excitation equation is given as

nj _ gj Ej B .
= Feayx : 2.6

n g P kT (2.6)
wheren is the population of an excited state (for energy levedsd j), g is statistical
weight, E is energy of a level an#l the Boltzmann constant. The equation allows us to
compute populations of excited energy levels.
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Saha ionization equation is given as

2.7)

whereN is the total number density of a ionization stades the partition functionk is
the ionization potential of ion ardis a constant. The equation describes the total number
densities of two ionization stages.

Radiative Transfer

Equations in Section 2.1.1 described the material properties. The following equations of
radiative transfer may be viewed as kinetic equation for photons.

To get a complete description of the radiative eld, the speci ¢ intenki/used. Itis
de ned as elementary energy

dE = 1 (r;n;n;t) dScosqdv dndt; (2.8)

transported by radiation across an elementary agand into angle d. g is the angle
betweermn and a normal to 8 We also de ne moments df namely the mean intensity
(zeroth momerﬁ)l,—l ( rst moment) andK (second moment). The energy flux of radiation
isgivenas = nldv .

In the thermodynamic equilibrium, the speci c intensity is equal to Planck function,
| = B, which is given as

2hn3 1

B(iT)= —5 (2.9)

et 1
whereh is the Planck constant amds the speed of light.
Finally, the change of speci c intensity is described by the radiative transfer equation,

given as

}1+ n N [(r;n;n;t)= h(r;n;n;t) c(r;mn;t)I(r;n;n;t); (2.10)

wherec is the absorption (or opacity) coef cient ardis the emission coef cient. The

coef cients describe the interaction of radiation and matter. The equation expresses the
variations of speci c intensity due to passing through a volume of material. The (true) total
absorption coef cient is de ned as = { + s, where{ is the contribution by thermal
absorption ands is the contribution by scattering due to collisions. Mass absorption
coef cient de ned ask = c=r is often used as well.

For the spherically symmetric static caseN = m%T—r +1 rmZ ﬂim and thus the radiative
transfer equation is given as
T (n;mr) 1 n?ql(n;mr)
m + =h(n;mr) c(n;mr)l(n;mr); (2.11)

qr r fm

wherem= cosg.
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For static planparalel atmosphere and cosg m we can write

di
m_dtnm: Ihm Sm (2.12)
n

where d, cndzis the elementary optical depth afgl 2—: the source function. As
it is customary, the dependences are shown as a subscript.

An important elementary solution for Equation 2.12 is a semi-in nite atmosphere with
a linear source function, given as

Ih(t=0m= S (t =m= a+ bm (2.13)

where a source function is a linear function of optical depth. The equation is called
Eddington-Barbier relation and in general, it provides a good estimate for the emergent
flux.

Radiative Equilibrium

The equilibrium of radiation is given as
Zy |
0
which expresses that the radiative flux is conserved.
Once we integrate over all angles, we can use the mean intdresityf thus write
Zy
0 {n(dh S)dn=0; (2.15)

where instead of the total absorption coef cienf, we can write the thermal absorption
coef cient { , as we can assume that the scattering contribusgrnsancel out.

Statistical Equilibrium

To calculate the number densities of atoms and ions in individual levels in non-LTE, the
statistical equilibrium equation is used, given as

na Rj+Cj an Rj+Cj =0 (2.16)
i6i i6i

where the rst term of the equation represents the total number of transitions out of level
I, while the second term represents the transitions into lefRgk de ned as the radiative
rate andC as the collisional rate, each for a transition between two levels.

These equations of statistical equilibrium would form a linearly dependent system,
therefore it is necessary to add another equation, such as the abundance equation.
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2.2 Radiatively Driven Stellar Winds

This Section 2.2 is adapted from Lamers & Cassinelli (1999), unless when stated otherwise.

Nearly all stars lose mass through stellar wind during their lives, affecting their evolu-
tion. To describe the properties of stellar wind, the hydrodynamical equations from Section
2.1.1 are used in a spherically symmetric stationary approximation.

By integrating the equation of continuity, we receive the equation of mass conservation,
given as

M = 4prirv; (2.17)

which expresses a mass flux from a star through a sphere of nadius

The combination of equations of continuity (Equation 2.1) and momentum (Equation
2.2) results into momentum equation for stellar wind, given as

a> dv_2a® da> GM

1 W VE— p W r—2+ f, (218)

wherea is the isothermal speed of sound, de nedaas \ prias, G is the gravitational
constant, and is an additional force, which could be for exambjg.

To describe the energy of the wind, the Equation 2.3 is rewritten without the flux, while
energy per unit masxr) is used. It is given as

_V2 GM g Pgas,
e(r)_5+ r +g 171’

which essentially is a sum of kinetic energy, gravitational energy and enthalpy, gigere
the heat capacity ratio (adiabatic exponent).

(2.19)

2.2.1 Isothermal Winds

For an idealized isothermal stellar wind, with no other forces acting on the gas than the
gravity and gradient of the gas pressure, the momentum equation is given as

a> dv_2a®° GM
v o T T T
This simpli ed scenario has several solutions depending on the initial conditions, as shown
in Figure 2.1, but there is only one critical solution, for which the velocity starts as
subsonic near the stellar surface, and reaches supersonic values far from the star (the
transonic solution).

Forv(r) = a, which is the sonic point, the momentum equation has a singularity. This
important distance is called a critical point, given as

- GM.
¢ 2a2°
The location of the critical point depends only on the conditions below the critical point,

not beyond it, as the information cannot be transmitted back. The velocity in the critical
point is given as

1 (2.20)

(2.21)

VesdIc) .

V(re) = a= 5 (2.22)
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Figure 2.1: Solutions of the momentum equation for isothermal wind (Equation 2.20). The
thick curve is the transonic solution. Adapted from Lamers & Cassinelli (1999).

where the escape velocity is givemag.= P 2GM=r.

The existence of only one correct solution implies that the critical solution occurs only
for one speci c value of initial velocityg at the lower boundars of the isothermal region
(assuming xed density). Below the sonic point, the properties of the wind are primarily
determined by the hydrostatic equilibrium, while above the sonic point the properties are
mainly due to forces that cause the velocity to increase.

The energy equation for isothermal wind is given as

V2 V3 GM ro
+— 1 — 2.23
2 ro r ( )

&(r) = €(ro) +

This shows that the energy is not constant, but it starts as negative and increases to positive
values at larges distances. Thus, there must be an additional energy input, which would be
transferred into kinetic energy of the wind. It may be possible to use isothermal description
for winds, in which the temperature changes are primarily due to radiative processes.

In cases when the forces driving the wind depencg\rbrthe sonic and critical points
are no longer in the same location.

2.2.2 Dust-driven Winds

Due to low effective temperatures of cool luminous giant and supergiant stars, the material
in outer atmospheres may condensate into dust grains. The grains have much larger opacity
than gas, therefore the grains are able to absorb photons over a large range of wavelengths,
partially blocking the radiation from the star. Thus, this leads to radiative pressure on dust
grains, which is referred to as dust-driven stellar wind, but sometimes also as continuum
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driven wind or wind driven by continuous opacity. The absorbed stellar photons transfer its
energy and momentum to the dust grains, causing approximately outward net acceleration
of the grains. The accelerated grains collide with surrounding gas (and other grains),
producing a drag forcdgrag 0N the gas. Thus, in result, the dust and gas particles are
coupled and move outward from the star, leading to very large mass-loss rates.

For the radiation eld to be able to drive the mass loss, it must exceed the gravity. The
ratio of accelerations due to these two forces is described by the Eddington parameter. In
a general form, the ratio is given as

_ Omd _ KL r? _ kL |
" Ograv  4pr2c GM  4pcGM’

(2.24)

For the radiative forces on the dust, we writg and instead of opacitk we use the
radiative pressure mean opadkiy.

In subsonic region, the gravity is stronger than the radiative force. However, once the
dust grains form(z very quickly grows and thus the grains are quickly accelerated to the
sound speed. Therefore, we can assume that the condensation gadid$he sonic radius
rs are approximately the same € rg).

Momentum of a Continuum Driven Wind

The momentum of stellar photons !i‘g therefore the total momentum of the radiation
from the star i§c. We estimate the ef ciency of the coupling of gas and dust by the ratio
of the nal momentum to the radiative momentum, given as

Mvy
h = —; 2.25
mom L:C ( )
wherevy is the terminal velocity of the wind. Assuming a single scattering limiidn 1),
i.e. each photon interacted just once, we can estimate maximum mass-loss rates.
For a dust-driven wind, the momentum equation is given as

dv 1dp GM_ = GM_
atrat T & (2.26)

We integrate the momentum equation over elementary massf dhe outflowing gas,
starting at the photospheric radidsand going to in nity, through the sonic and condensa-
tion radii. Assuming that velocity at the photosphere is negligible compared to the terminal
wind velocity vy, that hydrostatic equilibrium holds suf ciently well in the subsonic re-
gion, and that beyond the sonic point the gradient of pressure is negligible compared to the
gradient of radiative pressure, we arrive at

= ———tw; 2.27
W= g W (2.27)
R
wherety = rf Krpr dr is the optical depth of the wind. This equation shows that the
maximum mass-loss rates are not constrained by the single scattering limit only, but also
by Gy andty, and can thus be even higher. The equation also shows thatthe nal momentum
of the wind in supersonic regios{y 1) is determined by the optical depth of the wind.
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Terminal Velocity

There is a separate momentum equation for grains and gas, coupled by the drdgfgrce
The force depends on drift speed= vqust Vgas BY integrating the momentum equation
for gas in supersonic region, we can estimate the terminal velocity as

r—.....
w= Mg (2.28)

e

which is a form ofb-type velocity law. The terminal velocities for the dust-driven wind
are on the order of tens &dms 1.

Properties of Dust Grains

The grain heats up due to the absorption of photons and collisions, while it cools down
due to thermal emission. Assuming that the radiative processes are dominant, we can
determine the temperature of the grain from radiative equilibrium (Equation 2.14), using
the absorptive grain opacifyy.

Condensation radius is different for each molecule, and is a steep function of stellar
Tetf. FOr a typical AGB star witile¢ in range 0f2000to 3000 K the condensation radius
of silicate grains increases from abdut5 to 3 stellar radii, respectively.

The average radius of grains in dust shells around RSGs is estimated to b8:&lpout
(Sciclunaetal. 2015). Gilman (1969) proposed there are two main types of grains, based on
the ratio of carbon to oxygen. Dust of oxygen-rich stars primarily consist of silicate grains,
while dust of carbon-rich stars (evolved AGB stars) primarily consists of amorphous
carbon. Speck et al. (2000) suggested that dust in RSGs follows different condensation
sequence than in AGB, likely due to lower carbon to oxygen ratios and UV radiation, i.e.,
they suggest it progresses frolh,O3 (alumina) and Ca-Al-rich silicates to magnesium
silicates. Verhoelst et al. (2009) also detected additional dust species in dust shells of RSGs,
most likely amorphous carbon. The newer multi-wavelength observations (Wittkowski et al.
2021; Chiavassa et al. 2022) showed that CO and OH are the most prominent ones at shorter
wavelengths (larger apparent diameter) and SiO and CO dominate at longer wavelength
(smaller apparent diameter), whiteO contributes across the spectral range. Gail et al.
(2020) suggested that alumina, metallic iron, or other large transparent grains such as
Ca-Al-rich silicates may be formed below 2 stellar radii, which may serve as seeds for
formation of Mg-Fe-rich silicate at larger radii.

Limits on the Mass-loss Rates

The ef ciency of the dust-driven wind also depends on mass-loss rate of a star. In case when
mass-loss rate is not suf cient, the density at near condensation radius is not signi cant
enough for the dust-driven wind to occur. That is due to higher drift of the grains relative
to the gas, which leads to lower ratio of the dust to the gas.

The upper limit is the reddening effect, which may occur for cool stars with the extreme
mass-loss rates, such as OH/IR sources (extremely bright infrared sources with OH maser
emission). The dust shell becomes optically thick and we receive no or very little direct
stellar radiation, as itis absorbed at the inner radius of the shell, where also the condensation
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radius lies. The radiation is re-radiated at longer wavelengths, while the grain opacities
decrease with increasing wavelength. Thus, in result, the outward acceleration by radiation
decreases.

Combining this with other limitations mentioned before (temperature and luminosity),
the dust-driven mechanism of stellar wind is possible only for a narrow band of very cool
giant and supergiant stars in the HR diagram. However, this mechanism produces some of
the largest mass-loss rates observed.

The Role of Pulsations

As it was made clear in this section, the mass-loss rate due to the dust-driven wind depends
on density, i.e., it requires that some material is already present near the condensation
radius. Therefore, there must be an additional mechanism that provides a suf cient density,
otherwise no signi cant dust-driven wind could be generated. Stellar pulsations may extend
the atmosphere and thus levitate material near the condensation radius. While for AGB
stars, namely Mira-type and OH/IR stars, this mechanism explains suf ciently well the
observed mass-loss rates, as the mass-loss rates are correlated with the pulsation periods,
in the case of RSGs the situation is more complicated.

The mechanism of pulsations are further explored in Section 2.4.

2.2.3 Other Types of Stellar Wind
Line-driven Winds

Line-driven stellar wind, a dominant type of the wind for hot massive stars (the progenitors
of RSGs), may also occur in RSGs, but it makes only a slight contribution (Bennett 2010;
Levesque 2017). Doppler shifting of spectral lines is an important factor for line-driven
winds. However, the terminal velocities of material in cool evolved stars amounts to a shift

| ve=c of only a fewA, unlike for hot stars, where the shifts are much larger. Therefore,
radiative pressure on spectral lines is unable to drive the mass loss on its own.

Nonetheless, Josselin & Plez (2007) proposed that radiative pressure on molecular lines

could initiate the mass loss in RSGs (in combination with high convective motions). Later,
Arroyo-Torres et al. (2015) was able to correlate observations with this theory.

Alfvén Wave-driven Winds

Perturbations in magnetic eld lines may be induced at the base of the stellar wind,
generating Alfvén waves that propagate outwards. These waves dissipate into the outer
atmopshere, transferring its energy and momentum. This mechanism naturally requires a
presence of magnetic elds.

Moderate magnetic elds of a feus were indeed detected in RSGs (e.g., Tessore
et al. 2017). However, the Alfvén waves require ionized material, while the circumstellar
envelopes around very cool stars consist of mostly neutral gas. Therefore, Alfvén waves
are not expected to contribute signi cantly to the mass-loss rates of RSGs, although the
exact degree of its contribution remains unclear (Levesque 2017).
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Sound Wave-driven Winds

The convective zones in photospheres of stars may generate acoustic waves that propagate
outwards, producing wave pressure on material in outer atmosphere. The gradient of this
pressure could drive the wind in stars with low surface gravity, such as the supergiants.

This mechanism is con rmed to heat the chromospheres of RSGs, but does not appear
to contribute signi cantly to the stellar wind (Bennett 2010). The heating of chromosphere
due to convection is shown in Figure 2.2.

Figure 2.2: Convection acting as a heat engine, powering the chromosphere. Adapted from
van Loon (2013).

Supra-Eddington Mass Loss

The Eddington limit (from Equation 2.24 f&= 1) is given as

4pcGM
Ledq= pk : (2.29)

If this limit for luminosity is reached, it means that the atmosphere is no longer bound and
thus high-mass loss rates may occur. The limit may be decreased in outer layers and thus
causes instabilities, such as due to ionization of hydrogen layer beneath the surface. This
limit is also crucial for the upper mass limit of RSGs (Levesque 2017), see Section 2.3.3.

2.3 Convection

This Section 2.3 is adapted from Maeder (2009) and Kippenhahn et al. (2013), unless when
stated otherwise.

Convection is the basic form of energy transport in stars, along with radiative transfer.
It is a turbulent motion of material heated from below.
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2.3.1 Schwarzschild and Ledoux Criterion

For an idealised moving cell of material, we can neglect horizontal variations of the mean
molecular weightn assuming that the cell keeps its composition. We also neglect variations
of pressure, assuming the cell is at an hydrostatic equilibrium with its surroundings, which
is valid only if the velocities are subsonic. We also de ne pressure scale height as

dr
dp
which describes the length characteristic of the radial variation of pressure. Then, we can
nally write the stability condition as

Hp p; (2.30)

dInText dln-rmt J dlnmext
dinp < dinp + d dinp (2.31)

wherej = m{n andd = Hm’ The subscripint corresponds to properties within the

cell, and the subscripixt to the background material. This can be rewritten using gradients
as

Next < Nint+ JaNm; (2.32)

which is the Ledoux criterion for convective stability. If we assume the background is
also chemically homogeneous, such as in regions, where nuclear burning does not produce
heavier elements, then we can write

Next < Nint; (2.33)

which is the Schwarzschild criterion. Furthermore, if we assume a layer, where all energy
is transported by radiation and that the cell moves adiabatically, i.e., it does not exchange
any heat with the surroundings medium, then we can rewrite the criterion as

Nrad< Nag; (2.34)

while Figure 2.3 shows the course of these terms in a massive star. In both of these criteria,
if the inequality is ful lled, a layer of material is stable and thus no convection occurs.
But if the left-hand side is larger, than the layer becomes dynamically unstable. That may
happen due to increase of flux or opacity.

In conclusion, we can write all the versions of the criteria together as

Nrad> Next> Nint > Nag; (2.35)

which expresses the relation between gradients in a convective zone.

2.3.2 Mixing-Length Theory

As shown in both criteria, Equations 2.32 and 2.33, the convection is a non-local process,
i.e., it depends on properties of the surrounding medium. To simplify the computation of
stellar models, the mixing-length theory (Bohm-Vitense 1958) is applied. It assumes that
we can use an average cell, which allows us to determine properties of convection based
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Figure 2.3: Schematic representation of the course of the terms in the Schwarzschild
criterion as a function of mass in a massive star. In RSGs, the radiative zones would be
much smaller, if present at all (Levesque 2017). Adapted from Maeder (2009).

on local properties. The length, over which the cell is able to sustain itself, is called mixing
lengthl. Usually, it is de ned using the pressure scale height as

la = Hp; (2.36)

wherea is a coef cient, usually given as 1, as we do not expect that the cell would be
able to keep its identity over several scale heights. Current estimates lead to a value of
a 16.

2.3.3 Convection in Red Supergiants

In RSGs, the large radiative pressure coupled with high opacity in cool envelopes favours
convection. The cores and shell fusion regions of RSGs are also convective. Coupled with
the convective envelopes, this makes the RSGs nearly fully convective (Levesque 2017),
as shown in Figure 2.4.

Due to the high opacity and radiative force, the envelope may reach the Eddington limit
(Equation 2.29), i.,eG! 1, or even become supra-Eddington. This generates a density
inversion in the convective envelope, i.e, the density grows in the convective envelope,
causing an inward force due to gas pressure. The density inversion phenomenon introduces
computational dif culties for evolutionary models. In new models, Agrawal et al. (2022)
further investigated this phenomenon and they were able to compute the evolution up to
next evolutionary stages.

It is often necessary to use non-adiabatic treatment of the convection, such as in
layers, where the ionization of hydrogen and helium are incomplete. Furthermore, the
approximation of subsonic motions used in Equation 2.31 is no longer valid due to high
convective velocities. The ratio of (convective) velocity to sound speésl given by
Mach numbeiM, which is typically very low in most of stars. However, in the convective
envelopes of RSGs, it reaches a number of about ve or more, producing shocks (Chiavassa
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Figure 2.4: Kippenhahn diagram, i.e., interior evolution of a star, b5 & star. RSG
phase is in the middle of the diagram. Thick hatched regions indicate ef cient nuclear
fusion, curly regions indicate convective zones and the vertically hatched regions indicate
layers, where chemical composition was changed by previous convection. Adapted from
Lamers & Levesque (2017) and Maeder & Meynet (1987).

& Freytag 2015; Lopez Ariste et al. 2018), and thus complicating the standard treatment
of mixing-length theory. Thus, the acoustic flux becomes important in the convective
envelopes of RSGs and we need to account for turbulent pressure. Turbulent acceleration
is given as
_ a dFturbr_
Gturb = F da F’

whereFy, is the mechanical flux due to turbulent motiodsis a numerical factor in the
order of unity, andh  0:3. Near the stellar surface, the acceleration is directed outwards.
There exists a limit of total zero gravity at the surface, Ogy= 9gravt Grad* Gwurb = O,
which gives

(2.37)

GM a dF’[urb
- 1 + — =
r2 16 J da

The last term becomes negative and opposes gravity, as the turbulent flux decreases
outwards. This stability limit is known as de Jager limit (de Jager 1984). It means that pho-
tosphere may dissipate due to the flux of turbulence and radiative pressure. Meanwhile, the

Eddington limit is due to the radiative force only and larger pressure causes the dissipation
to become relevant deeper in the ghotosphere. The de Jager limit likely explains, why

there are no RSGs with luminosityg LL > 5:5, as the mass-loss rates are signi cantly

enhanced.
Furthermore, for some models the de Jager and Eddington limit also mostly explain,
why massive stars witM  25M are not able to cool enough to become (or remain)

(2.38)
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a RSG star. Their envelopes become unstable, allowing for severe mass loss to occur.
Eventually, these stars begin to evolve to the left in the HR diagram again (Ulmer &
Fitzpatrick 1998; Lamers & Levesque 2017; Levesque 2017). The lack of super luminous
cool stars is known as the Humphreys-Davidson limit (Humphreys & Davidson 1979).

Ekstrom et al. (2012), Meynet et al. (2015) and Levesque (2017) suggested that the
supra-Eddington mass-loss could be the missing piece to better constraining the mass-loss
process in RSGs. Meynet et al. (2015) noted that even small changes to mass-loss rates can
have a dramatic effect on evolutionary tracks, therefore it is necessary to better constrain
the mass-loss process. Ekstrom et al. (2020) reviewed the state of modelling of massive
stars and points out that neither convection or mass loss arise naturally in the commonly
used 1D models, therefore they are included only by various prescriptions.

Giant Convective Cells

Schwarzschild (1975) predicted that the surface of RSGs is covered by a small number of
giant convective cells, which was in agreement with the mixing-length theory by Bohm-
Vitense (1958). These predictions were supported by both simulations (e.g., Freytag et al.
2002) and observations (e.g., Josselin & Plez 2007; Lopez Ariste et al. 2018). Chiavassa
et al. (2009) showed that pressure scale height should be treated more precisely and
modi ed it as

kTeff

gnmmy

2
Hp = 1+ bg V%b : (2.39)
wheremy is the mass of hydrogen,is the adiabatic exponent for a perfect gas bnd

related to anisotropy of the velocity eld. This considerably increases the pressure scale
height and gives a good match with observations of Betelgeuse (Chiavassa et al. 2010).

2.4 Radial Pulsations

This Section 2.4 is adapted from Maeder (2009) and Kippenhahn et al. (2013), unless when
stated otherwise.

Oscillations are frequent in the nature. In stars, generally, they are induced, when a
layer increases its temperature, while the opacity also increases. The high opacity makes
it dif cult for the layer to lose its excess energy in another way than by expanding. As the
layer expands, its temperature and opacity decrease and eventually, the layer can lose its
excess energy. The gravity force pulls the layer back, causing it to contract and thus heat up
again. The cycle repeats, as the star attempts to restore equilibrium. The inverse behaviour
of opacity (usually it decreases with growing temperature) is typically present in layers
with partial hydrogen or helium ionization.

Such conditions are present mainly in stars that departed the main sequence, and thus
they become variable. The oscillations are highly periodic in many types of variable stars,
such as in the Cepheids. Meanwhile, in RSGs the situation is more complex, mainly due
to the interplay of pulsations with the large-scale convection.
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2.4.1 Non-adiabatic Oscillations

The layer may exchange its heat with other layers, therefore it is necessary to consider
non-adiabatic effects, as these effects may drive or damp the pulsations.
To examine the stability of pulsations, we can use the stability conditions, given as

. 4 .
kTNgg+ k — + 4N : 2.4
(kTNag+ kp) 3 ad O (2.40)

wherekt and kp are logarithmic derivatives of opacity by temperature and pressure,

respectively, and where the change of density during compression is given by the rst

adiabatic exponent for a general equation of gjate g:%rp i We will now examine the
a

terms present in the equation. Figure 2.5 shows the stability condition for a Cepheid star.

Figure 2.5: Stability condition (Equation 2.40) and its three terms for a Cepheid star. The
grey area is an optically thick envelope. In the white area, the optical deptk» i%.
Adapted from Maeder (2009).

The k Mechanism

The rsttermin Equation 2.40 influences stability of pulsations most signi cantly. Opacity

is higher during the contraction, which drives the pulsation, while during the expansion, the
opacity drops and energy is released. Therefore, this term is positive and has a stabilising
effect in outer layers, while it is negative and has a destabilising effect in inner layers.

The g Mechanism

In the partial ionization zond\,qdecreases and it may cause the rstterm in Equation 2.40
to be negative, while the third term becomes negligible. Thus, this may lead to instability.
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Radiative Heating

The second term in Equation 2.40 is always destabilizing, as the density increases during
compression. Therefore, more energy is retained.

Radiative Damping

The third term in Equation 2.40 is always stabilizing. It expresses the change of temperature
during compression, therefore how much heat can be lost by the radiative damping.

The value ofN,q also plays a signi cant role in limiting the amplitude of pulsations. If
pulsations become too large, i.e., a layer is fully recombined during an expansion and fully
ionized during contraction, this would lead to laf§gs, which would have a stabilizing
effect.

Furthermore, the amplitude of pulsations is also limited by the amount of damped heat.
To describe non-adiabatic effects, the damping timedgaile used, which is the time it
would take for a layer to radiate all its heat away. The ratio of period of pulsations to
determines the importance of non-adiabatic heat damping during a pulsation cycle.

The e Mechanism

Changes to the rateof the nuclear energy production may also drive instabilities. However,
in most stars this mechanism cannot overcome damping, as this type of instability is driven
only in regions close to stellar cores or burning shells.

2.5 Simulations

The phenomena mentioned in this chapter make it very challenging to simulate atmospheres
of RSGs, especially because of the large-scale convective motions. For hydrodynamical
modeling of convection, it is necessary to include the whole star in a simulation. For that
reason, the proper simulations of RSGs were not computationally possible for a substantial
time.

Freytag et al. (2002) succeeded in doing rst 3D radiative hydrodynamics simulations
of atmospheres of RSGs, using the newly developed COB5BOLD code with a star-in-a-box
approach. They were able to con rm the presence of a small number of giant convective
cells on the surface, as per prediction by Schwarzschild (1975). They were also able to
reproduce brightness variations and formation of shocks.

These results were followed upon by Chiavassa et al. (2009, 2011), who developed
a new 3D pure-LTE radiative transfer code Optimd3D. They con rm the results from
Freytag et al. (2002) and further simulate the evolution of the atmosphere. The simulations
showed that the giant convective cells have strong downdrafts that can penetrate very deep
inside the star, as far as to the convective stellar core. Chiavassa et al. (2010) compared the
simulations to interferometric observations of Betelgeuse and found an excellentagreement.
Furthermore, Chiavassa & Freytag (2015) showed that the acoustic waves produced by
supersonic convective motions propagate outwards into the atmosphere, where they are
compressed and ampli ed, producing shocks. Kravchenko et al. (2019) found that the
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Figure 2.6: Comparison between an interferometric observation of VX Sgr (left picture) and
COB5BOLD simulations of an AGB and a RSG star (bottom right panels). The simulations
were convolved with the interferometric beam (upper right panels), in order to be able to
compare it to the observations. Adapted from Chiavassa et al. (2022).

sound-crossing timescale in outer layers is of the same order as the length of the cycles
of cooling and heating of material, i.e., the hysteresis loops. An example of 3D radiative
hydrodynamics COB5BOLD simulations is shown in Figure 2.6.

Nonetheless, 1D and 3D convection and pulsation models of RSGs fail to predict
the extended molecular envelopes, which were proven by observations (Section 1.2.1).
Therefore, this suggests that neither pulsations nor convection alone drive the mass-loss
process (Arroyo-Torres et al. 2015; Wittkowski et al. 2021).

The situation is better in regards to reproducing the observed spectra, especially in the
optical and infrared region (Levesque 2017). Despite many approximations taken, such
as spherical symmetry, LTE and mixing-length theory, the models are able to produce
a reasonable agreement with the observed spectra, namely MARCS (Plez et al. 1992,
Gustafsson et al. 2008) and PHOENIX (Lancon et al. 2007), which allows us to determine
physical properties of RSGs. Lobel & Dupree (2000) developed non-LTE spherically
symmetric models of Betelgeuse's photosphere and inner chromosphere. This was followed
upon by Lobel (2010), who succeeded in correctly modelling the emission features in the
UVv.

Recently, Davies & Plez (2021) were able to add the influence of a constant stellar
wind model into the MARCS atmospheres (Figure 2.7), which opened a new window to
studying the mass-loss rates of RSGs. They managed to reproduce for the rsttime many of
the observed features, such as the extended molecular envelopes, the increased molecular
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TiO absorption at xed effective temperature, which considerably shifts the spectral type
of a star, and the mid-IR excess from molecular bands, which is caused by high mass-loss

rates.

Figure 2.7: Model spectra for various values of mass-loss rates, for a stagwwiti3800 K,

logg = 0 and solar metallicityUpper panel:zoomed optical regiorL.ower panel.optical

and infrared region with selected mass-loss rates. The same color coding applies. Adapted
from Davies & Plez (2021).

This was followed upon by Gonzalez-Tor, et al. (2023), who were able to improve upon
the previous models, by semi-empirically adding a stellar wind to the model atmospheres.
They correctly reproduced the spectroscopic and interferometric properties of RSGs.
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The Tomographic Method

3.1 Aims of the Method

The tomographic method that studies different slices of stellar atmospheres was rst
introduced by Alvarez et al. (2000, 2001a). It allows us to probe different layers of stellar
atmospheres and thus to reconstruct depth-dependent velocity elds, by grouping lines
based on their formation optical depth (Alvarez et al. 2001b). These groups are called
masks. Therefore, we can use this method to study different processes in atmospheres.

One of the main aims of this method was to study the dynamics of the atmospheres
of long-period variables. Speci cally, they aimed to test the Schwarzschild scenario
(Schwarzschild et al. 1948; Schwarzschild 1952), which could explain, why lines (or
cross-correlation functions) of some Mira-type stars appear double peaked during their
maxima of brightness.

3.1.1 Schwarzschild Scenario

The Schwarzschild scenario describes upward propagation of a shock wave through a pho-
tosphere (Figure 3.1). The cycle begins, when the material in photosphere is in-falling and
therefore all the spectral lines are red shifted. Meanwhile, a new shock wave forms below
the region, where the lines form. Once the shock front reaches the photosphere, material
in the innermost layers begins to rise, therefore the innermost layers are characterized by
a blue shifted component of spectral lines. As the shock front ascends, the intensity of
the blue component increases, while the red component diminishes. Once the shock front
passed through the photosphere, all the matter is rising and only the blue shifted component
remains (Schwarzschild et al. 1948; Schwarzschild 1952; Alvarez et al. 2000; Kravchenko
et al. 2019).

3.2 Development

3.2.1 First Results

Alvarez & Plez (1998) successfully applied the tomographic method to Mira variable
star RT Cyg and recovered Schwarzschild scenario, i.e., the cross-correlation functions

{33{
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Figure 3.1: Schwarzschild scenario. Vertical axes on the left panel show the distance from

a centre of a star and the time increases to the right. The right panel shows the intensity of
blue and red shifted components of a spectral line and the time increases downwards. The
gure shows that a secondary blue-shifted peak appears during th&tirpresenting the

rising material within an atmosphere. It eventually becomes the dominant feature. Adapted

from Alvarez et al. (2000).

(CCF) showed propagation of shock waves through the atmosphere (Figure 3.2). They also
analysed the temporal evolution of Balmer emission lines in relation to absorption-line
velocities in an attempt to nd the origin of the complex pro le ofaHemission line.

For the construction of masks, they used MARCS (1D LTE) model atmospheres with
Turbospectrum (1D LTE) radiative transfer code (Plez et al. 1992) .

Nonetheless, many other long period variable (LPV) stars showed no line-doubling,
as it was demonstrated for example on Mira-type star X Oph in Alvarez et al. (2000). A
subsequent study by Alvarez et al. (2001b), which examined a much larger sample of long-
period variables, suggested that compact LPVs are more prone to exhibit line-doubling
phenomena than large sized LPVs. In the latter case, the CCFs become asymmetric rather
than showing clear line-doubling.

However, the method still had some signi cant limitations. Namely, there was no
correlation of the masks with geometric depth, which made it dif cult to make quantitative
predictions, e.g., velocity of the shock front. Furthermore, Alvarez et al. (2000) used
Eddington-Barbier approximation (Equation 2.13) in their computations, which assumed
that lines form in layers, wherte= 2, and thus also the line depression.

Josselin & Plez (2007) applied the tomographic method to several RSGs. They revealed
strong line asymmetries, probably of convective origin, while the line-doubling appear
less prominent in RSGs than in Mira-type stars. The convective motions they found are
supersonic, variable on a timescale of a few hundred days. They proposed that the turbulent
pressure produced by the convective motions may play a role in the mass-loss process of
RSGs, in combination with radiative pressure on molecular lines.
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Figure 3.2: Cross-correlation functions of Mira-type star RT Cyg show a successful appli-
cation of the tomographic method. Time increases to the right, and the distance from the
centre of a star increases downwards. A shock wave propagates from the innermost layer
to layers above it. By the time it reaches the upper layers, the innermost CCFs no longer
show any signi cant secondary component. Adapted from Alvarez et al. (2000).
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3.2.2 Validation

The tomographic method was fully validated almost two decades later by Kravchenko
et al. (2018). They added the line-depth contribution function (Equation 3.1) to correctly
assess the formation depth of spectral lines, using MARCS (1D LTE) model atmospheres
(Gustafsson et al. 2008), CODEX (1D LTE) model atmospheres (Ireland et al. 2008, 2011)
and Turbospectrum (1D LTE) radiative transfer code (Plez 2012; Lion et al. 2013). They
successfully reproduced results by Alvarez et al. (2001a) for Mira variable V Tau. Due to
convection in real stars, the line formation may be spread over different optical depths than
in 1D models, therefore they also tested the method in 3D radiative-hydrodynamics (RHD)
simulation, using CO5BOLD dynamical atmospheres (Freytag et al. 2017), which correctly
reproduces the effects of non-radial waves and convection (Chiavassa et al. 2011), and
Optim3D (pure-LTE) radiative transfer code (Chiavassa et al. 2009), which takes Doppler
shifts due to convective motions into consideration. Kravchenko et al. (2018) were able
to con rm that the tomographic method is indeed able to correctly recover the velocity
distribution in 3D as well.

Kravchenko et al. (2019) showed the application of the tomographic method to high-
resolution spectroscopic observations of a RSGrst@ep. They related observed photo-
metric variability with the photometric and temperature variability. The hysteresis loops are
characterized by a timescale of a few hundred days and are similar to the ones observed in
Betelgeuse and they found that physical processes related to convection are likely responsi-
ble for the variations. They further found that the timescales are similar to sound-crossing
timescales, therefore it suggests that acoustic waves originate from disturbances in con-
vective flow and propagate upwards to surface layers, where they modulate the convective
energy flux. Figure 3.3 displays velocity maps for snapshots along the hysteresis loops for
a 3D RHD model of a star of similar parameteraaSep.

As the nal part of the tomography of cool giant and supergiant star atmospheres
series, Kravchenko et al. (2020) used spectro-interferometric observations of Mira-type
AGB star S Ori to derive a relation between the optical and geometric scale, using CODEX
(1D LTE) model atmospheres (Ireland et al. 2008, 2011), COB5BOLD 3D dynamical
model atmospheres (Freytag et al. 2017) and Optim3D (pure-LTE) radiative transfer code
(Chiavassa et al. 2009). This was accomplished by extracting interferometric visibilities
at wavelengths contributing to the tomographic masks. The visibilities were tted with an
uniform disk model to estimate the relative spatial extensions at different optical depths.
These results were compared to 1D and 3D models, which gave a similar relation between
optical and geometrical depths, thus further validating the tomographic method. The results
also revealed a complex multi-layered structure of the atmosphere of S Ori, unlike predicted
by some previous theories for AGB stars. The derived relation shall allow us to measure
shock wave propagation velocity in real stars for the rst time and thus improve our
models and give us means to better understand the mass-loss mechanism in cool giants and
supergiants.

Additionally, Kravchenko et al. (2021) further applied the tomographic method to
Betelgeuse. They revealed two shock waves, which preceded the Great Dimming event.
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Figure 3.3: 3D radiative-hydrodynamics simulation of a star with parameters similar to
m Cep shows line-of-sight velocity maps (for the observer located in front of the gure)
for snapshots along the hysteresis loop of mask C4. Red color corresponds to in-falling
material and blue color to rising material. Adapted from Kravchenko et al. (2019).

3.3 Application

3.3.1 Line-depth Contribution Function

As it was mentioned before, Alvarez et al. (2000) used the Eddington-Barbier approxima-
tion to determine the optical depth of lines formation. However, Magain (1986) demon-
strated that this approximation is correct for strong lines only. To correctly determine the
valid depth of line formation, Kravchenko et al. (2018) used the contribution function to
the absolute line depression (CFLD)

Z
t 1 -
CFLDagk(logto! )= 2p(IN10); = “King (I SineJe ' ™Mdm  (3.1)
G

(Magain 1986; Albrow & Cottrell 199@, which is a solution of radiative transfer (Equation
2.12) for line depression, whettey = Kkcor dx is the optical depth of the continuum
at a reference optical depthy, kc,o the continuum absorption coef cient at reference
wavelength g, I¢ the continuum intensityine thed,ine intensityKiine the line absorption
coef cient, Sine the line source function ang = k; r dx the optical depth along a ray.
The equation is given inlagt scale.

All the necessary quantities for the computation were acquired from synthetic spectra
based on the radiative-transfer codes listed in the previous seigjiserves as a proxy for
a geometrical depth The optical depth, is related to its reference counterpggtas
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at, _ ki

dto - Keo (3.2)

Figure 3.4:Left panel:CFLD for a 1D model of a red supergiamight panel:ithe upper

panel shows a depth function corresponding to the Equation 3l1 idogty plane,

while the lower panel shows a corresponding synthetic spectrum. The bottom right panel
demonstrates that cores of spectral lines form in outer layers, while the wings form in
deeper layers. Adapted from Kravchenko et al. (2018).

Figure 3.4 shows the computed CFLD function for a disk. The set of reference optical
depthst corresponding to the maximum of the function for each wavelehgtte nes
a crest line, which Kravchenko et al. (2018) calls a depth funcbgh), given in a
logt scale. The depth function calculates the optical depth of lines formation, for lines
contributing at wavelength.

3.3.2 Construction of Numerical Masks

Kravchenko et al. (2018) computed the reference optical depth sgalking continuum
opacities ab000A (used in this work as well). Then the atmosphere can be splitinto layers
based on the selected ranges of optical depths (see Figure 3.5), for which the spectral masks
are constructed. The lines in each mask are represented by a Dirac-like distribution.

3.3.3 Mask Cross-correlation

The acquired masks are then cross-correlated with series of spectra (observed or synthetic).

The cross-correlation technique has a long history in astrophysics, some of the rst
uses are for example from Simkin (1974) and Tonry & Davis (1979). It is one of the most
popular procedures in astrophysics for deriving Doppler velocity shifts, superior to simply
comparing central wavelengths (Allende Prieto 2007). It is de ned as

N

NS, X;ills(x)t(x Dx); (3.3)

CCHDx) = s(Dx) t(Dx) =

wheres is a stellar spectrunt, is a template (synthetic) spectrum,is the root mean
square andN is the number of bins based on samplings I§ the same as (or closest to)
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Figure 3.5: Pressure scale height pro les (gray plots) as a function of shell radius for
set of 3D simulations snapshots. The vertical coloured lines show physical locations of
tomographic masks. The location of Borresponds to Rosseland optical depiyés= %).
Adapted from Kravchenko et al. (2019).

t but shifted by a number a units, the CCF will have a peak &t= d. Therefore, this
technique is based on averaging pro les of spectral lines in the spectrum, by comparing
a synthetic spectrum with observed spectrum, resulting into cross-correlation function,
where the location of the peak of corresponds to the Doppler velocity shift.

Combined with the tomographic masks, the resulting CCFs provide us with the "aver-
age" shape of spectral lines forming at a given range of optical depths, and therefore we
can also uncover a corresponding velocity eld.






Chapter 4

Summary of Results

The rst part of the results was published in a scienti ¢ journal, while the second part is
going to be submitted. The papers are available in Appendix A (Jadlovsky et al. 2023) and
Appendix B.

4.1 Paper I: Analysis of photometric and spectroscopic
variability of Betelgeuse

In the rst paper, which was the continuation of the results from the bachelor's thesis
(Jadlovsky 2021), we analysed the variability of Betelgeuse using available high-quality
archival spectral and photometric data. Our main intention was to analyse variability of
radial velocity and brightness in different spectral regions.

As part of the spectral analysis in the optical region, we used about 15 spectra from
different instruments to determine radial velocity based on selected lines, while we also
adapted results of radial velocity measurements from Granzer et al. (2021). For the ultra-
violet region, the analysis was more complicated, as spectra from spectrographs onboard
Hubble Space Telescope (HST) are taken at different positions at the surface of Betelgeuse,
in different ultraviolet regions and with different sizes of apertures, while the archive also
included several faulty spectra. In the end, we were able to determine radial velocity of
the Betelgeuse's surface using about 20 observations (about 70 subexposures from differ-
ent parts of the surface in total), based on 2 groups of selected lines in near ultraviolet
region. When available, we used high-level processed HST spectra from ASTRAL archive
(Ayres 2014). For the brightness analysis part, we used photometric Iters spanning from
ultraviolet to near infrared region.

We found that variability of radial velocity and light curve are connected and periods
that we determined based on photospheric velocity and photometric data correlate well
with each other as well as with the values from literature. Meanwhile, the velocity at the
base of outflowing stellar wind also showed variability, with a maximum during the Great
Dimming, but due to limited time coverage it was not possible to conclusively determine its
period. Although, based on the data it is clear that the timescale of this variability is longer
than that of the fundamental mode of pulsations and it is likely driven by processes in outer
atmosphere of Betelgeuse. Similarly, based on the displacement of radial velocity across
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the Betelgeuse's surface in near ultraviolet region, it was not possible to unveil rotational
effects.

In regards to the Great Dimming of Betelgeuse, the photometric data showed that
the brightness in near infrared region underwent only a very small decrease during the
Dimming, relative to the decrease of optical brightness, which suggests that the drop in
brightness could have been caused by an extinction in optical region, or possibly due to a
decrease of effective temperature. The maximum of stellar wind velocity supports that the
Dimming was preceded by an outflow of material. After the Dimming, the mean period
appeared to be shorter, as was also shown by other studies (e.g., Dupree et al. 2022).

4.2 Paper Il: The Great Dimming of Betelgeuse: the pho-
tosphere as revealed by tomography during the past
15 years

Work on the second paper was initiated as part of the internship in the Leibniz Institute
for Astrophysics Postdam (AIP) in summer 2022. The main inspiration for this project was
the application of the tomographic method (see Section 3) to Betelgeuse by Kravchenko
et al. (2021), which even with the small dataset was able to reveal a lot of information
about Betelgeuse's atmosphere and the Great Dimming. Coupled with 15 years of nearly
continuous high-resolution spectroscopic time-series of Betelgeuse (Granzer et al. 2022),
obtained using AIP's STELLA échelle spectrograph (SES, Strassmeier et al. 2004), the
tomographic method could reveal long-term variability of Betelgeuse's photosphere in
an unprecedented detail. Therefore, the application of the tomographic method to AlP's
spectral dataset is the main subject of the second paper.

We combined the line lists from Kravchenko et al. (2019) with a spectral template
for Betelgeuse (see Figure 4.1 for the distribution of lines in a spectrum). The acquired
masks were cross-correlated with STELLA-SES time-series of Betelgeuse, which consists
of about 2500 spectra in optical region (as of January 2023). After the application of
order-by-order cross-correlation procedure and subsequent cleaning, we received about
1500 good CCFs for each mask. Therefore, we were able to analyse a variability of 5 layers
of Betelgeuse's photosphere. Apart from this, we included photometric data in order to be
able to correlate the photospheric motions with brightness variability. We also determined
relative temperatures changes based on line-depth ratio of V | and Fe |, as introduced by
Gray (2008).

The high-precision velocity results provided a unique insight into the long-term evolu-
tion of the photosphere and its connection to brightness variability. We found phase shifts
between the variability of photospheric layers, the photometric variability, and relative
temperature changes, as well as crossing timescales of shocks in the photosphere. We
constructed hysteresis loops, i.e., evolution of temperature and velocity, which illustrates
the cycles of cooling and heating of material in atmosphere. The results suggest that the
material is not able to complete the loops during timescales that correspond to oscillations
of higher overtones, but only during the fundamental mode of pulsations. This, along with
the length of cycles, have implications for convective and sound-crossing timescales in
the photosphere. We also found that pulsations of higher overtones are being excited (and
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damped) in the atmosphere of Betelgeuse more commonly than previously thought, which
may be related to increased data sampling compared to other studies.

Our results also showed a unique behaviour of the photosphere during and after the Dim-
ming. After the previously reported shock wave that preceded the Dimming (Kravchenko
et al. 2021) and a subsequent outflow of material (Dupree et al. 2022; Granzer et al. 2022),
the inner layers begun to in-fall faster than outer layers, causing the inner layers to expand.
By the time of minimum brightness due to the Great Dimming in February 2020, the
velocity reached its minimum and a second shock wave emerged, which was even more
powerful than the rst one, as shown by the data. During the next 2 years that followed the
Dimming, the inner and outer photospheric layers were in dissonance, i.e., the inner layers
were excited to a higher overtone of pulsations, while the outer layers appeared to continue
their previous movement. By the beginning of 2022, the behaviour of photospheric layers
appeared to be synchronized again, although all the layers now pulsated with the rst
overtone.

Figure 4.1: Line distribution of tomographic masks (vertical lines of various colors) used
in Paper Il (Appendix B) across a normalized template spectrum (black line) for cross-
correlation with STELLA-SES, calculated with MARCS model atmospheres (Gustafsson
et al. 2008) fofTesr = 3500K, logg = 0 andVimicroturb= 2kms 1.






Conclusions and Future Insights

Despite the progress in modelling and simulations of red supergiants during the last two
decades, the mass-loss process in these stars remains not well constrained and a large
majority of models failed to predict the observed extended molecular envelopes, as well as
several other phenomena related to mass loss and stellar wind.

While the dust-driven stellar wind in combination with pulsations is able to support
the observed mass-loss rates for red giants on the asymptotic giant branch, this process
does not appear to be suf cient for more massive red supergiants. The additional processes
that drive the mass loss may include interplay of pulsations and convection, activity of
giant convective cells, supra-Eddington instabilities or formation of strong shock waves.
Another proposed process is radiative pressure on molecular lines, similar to line-driven
wind of hot stars, the progenitors of red supergiants.

We investigated the variability of red supergiant Betelgeuse across a wide spectral
range, using a multitude of instruments. High-resolution spectral analysis revealed the
long-term dynamics in different layers of photosphere and chromosphere and yielded new
insights related to pulsations of atmosphere, the line asymmetries caused by passing of
shock waves or by giant convective cells, and the velocity at the base of outflowing stellar
wind. These processes may contribute to the mass loss and some indeed appear correlated
with the mass-loss event that caused the Great Dimming, most importantly the formation
of a strong shock at the base of photosphere and a subsequent outflow of photosphere
followed by a maximum of stellar wind velocity.

The two most dominant modes of variability are the fundamental mode of radial
pulsations and long secondary period. The observed timescales and amplitudes of these two
modes of variability vary, while low-order overtones of radial pulsations are occasionally
being excited and damped. In the transition times, when the mode of variability changes,
the inner and outer layers of the photosphere behave differently, until the change reaches the
upper layers. Nonetheless, following the Great Dimming and the second powerful shock
wave that we detected, the rst overtone of radial pulsations appear dominant for a longer
time than usually. Meanwhile, it is not certain whether the fundamental period is damped
permanently or whether it eventually regains its dominance.

In future, we intend to expand our research to other red giants and supergiants, with
a focus on the mass-loss process, using spectroscopy, spectro-interferometry and interfer-
ometric imaging. The observations will be compared to 1D models and state-of-the-art
3D radiative-hydrodynamics simulations. Simultaneously, new observations of Betelgeuse
will be taken by STELLA-SES, maintained by the Leibniz Institute for Astrophysics Post-
dam, therefore we will be able to further closely monitor the unprecedented aftermath of
the Great Dimming.
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