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Abstract

Red supergiants (RSGs) are evolved massive stars in a stage preceding core-

collapse supernova. Investigating evolved-phases of these stars is key to under-

standing the cosmic matter cycle of our Universe, since they enrich the cosmos

with newly formed elements. The work shown in this thesis has two main focuses:

one of these aims is to probe the temperature dependence of RSGs on metallic-

ity. In context, the temperatures of RSGs are thought to be a manifestation of

the Hayashi limit, which fixes the minimum effective temperature a star can have

while still maintaining hydrostatic equilibrium. The Hayashi limit is expected to

depend on metallicity (Z) in such a way that lower-Z RSGs are warmer. This

prediction could be tested by studying the average effective temperatures of RSGs

in galaxies with different metallicities.

We investigate the Z-dependence of the Hayashi limit by analysing RSGs in the

low-Z galaxy Wolf-Lundmark-Mellote (WLM), and compare with the RSGs in the

higher-Z environments of the Small Magellanic Cloud (SMC) and Large Magellanic

Cloud (LMC). We find a correlation between metallicity and the observed effective

temperatures. We also compare the observations with evolutionary models, and

find that while the trend is similar, there is a shift between observations and

model predictions. This mismatch between observations and models could be due

to wrong assumptions in the description of convection for massive stars.

Secondly, the work in this thesis succeeds on modelling the spatially extended

atmospheres of RSGs, where the mass loss is initiated, by plugging in the effect

of a stellar wind in a stellar structure model. The physical processes that extend

the atmospheres of RSGs are still not fully understood, and remain one of the key
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questions in stellar astrophysics. In this thesis, we propose a new 1D method to

study the extended atmospheres of these cold stars, by adding the effect of a semi-

empirical stellar wind based on observations of Betelgeuse. We then can compute

the intensities, spectral energy distributions and visibilities matching the obser-

vations for the different instruments in the Very Large Telescope Interferometer

(VLTI).

Specifically, the work first discusses the robustness of our results when comparing

with the atmospheric structure of HD 56879 and V602 Car of published VLTI/AM-

BER data, comprising the wavelength range of 1.8 < λ < 2.5µm. Then, we also

compare our extended model to newly acquired data of AH Sco, KW Sgr, V602

Car, CK Car and V460 Car with the instruments VLTI/GRAVITY and MATISSE,

that comprise a broader wavelength range (1.8 < λ < 13µm). This later work

represents the most complete spectro-interferometric study up to date of RSGs.

We find that our model can accurately match these observations for the first time,

showing the enormous potential of this methodology to reproduce extended atmo-

spheres of RSGs and to constrain temperature and density stratifications as well

as mass-loss rates.
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Torà G.,) et al., 2023, accepted in A&A (arXiv:2303.00056) - Resolving the

temporal asymmetries in the closest vicinity of the M-type Mira star R Car

with VLTI/GRAVITY, A K-band interferometric study

Proceedings

v
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Chapter 1

Introduction

1.1 Massive stars

Massive stars (M > 8M�) play a crucial role in the composition and structure of

the universe. During their late evolutionary stages, they produce heavy elements,

chemically enriching the interstellar matter and triggering the formation of new

stars and planetary systems (e.g., Spitzer, 1978; Heger et al., 2003). Moreover,

their deaths leading to supernovae are important to understand the current ex-

pansion rate and evolution of the universe (e.g., Schaye et al., 2015; Crain et al.,

2015).

In this chapter, we will talk about the evolution of massive stars, focusing on

one of their late evolutionary stages: the red supergiant phase. We will study

the internal and atmospheric structure of red supergiants, and learn about the

observational tools to observe these stars. Finally, we will introduce the goals of

this thesis.

1.2 Massive stellar evolution

In 1910 Ejnar Hertzsprung and Henry Norris Russell both independently created

a diagram to classify the stars using their absolute magnitudes (or luminosities)

and effective temperatures (Teff). Later called the Hertzsprung-Russell diagram

(HRD), it allowed to better understand stellar evolution, since stars follow a spe-

cific path along it during their lives. Figure 1.1 shows a simplified HRD with stars

1
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Figure 1.1: A simplified HRD. Credits by ESO.

in different evolutionary stages. Here, we will focus on the evolutionary path along

the HRD for stars with M > 8M�.

A star is formed once the hydrogen burning in the core produces enough energy

to counter balance the gravitational collapse. This initial phase is called zero-age

main sequence (ZAMS). During the rest of the main sequence (MS) phase, the star

continues burning hydrogen in the core and producing helium. This is the longest

phase on the stellar evolution of the star, about ∼ 90% of its life is spent on the

MS (e.g., Bertelli et al., 1994; Brott et al., 2011; Ekström et al., 2012; Meynet

et al., 2015; Groh et al., 2019).

Stellar evolution is strongly affected by the initial mass of the star: while on

the MS, stars with M > 1.5M� will burn hydrogen and produce helium in the
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core through the so-called CNO cycle. The energy produced by the CNO cycle

depends on the temperature as εCNO ∼ T 16, while stars with M < 1.5M� produce

the energy with a process that has a lower temperature dependence, εpp ∼ T 5.

A steeper power dependence results in convection being driven in the stellar core

of massive stars. In the outer layers of the massive star (e.g., the envelope) the

temperature at the surface is hot enough to ionise hydrogen, which will allow the

flow of ultraviolet photons. Radiation carries then the energy in the envelope of

massive stars (Hansen et al., 2012).

As the hydrogen in the core gets exhausted, the energy production stops. The

core of the star will contract and to conserve potential energy, the envelope will

expand (known as the mirror principle). As the star expands, the Teff will decrease;

the star will then move to the cool side of the HRD. This stage is schematically

represented as the supergiants cluster in Figure 1.1. The star then crosses the

HRD on a thermal time scale (∼ 103 − 104 years Meynet et al., 2015), which is

very short compared to its overall lifetime. Due to this short timescale, as the

star crosses the HRD there is no loss of energy and the expansion of the envelope

happens quasi-adiabatically. During this stage, the star has a smooth transition

to helium core burning. This helium core is surrounded by a radiative hydrogen

shell and a convective envelope.

While the temperature in the envelope decreases, the opacity rises, making it

harder for the radiative energy transport to occur. The envelope becomes unstable

to convection and a large fraction of its mass will become convective. The star

is then located at the coolest side of the HRD, becoming highly convective while

still maintaining hydrostatic equilibrium. This region of the HRD is know as the

Hayashi limit (Hayashi and Hoshi, 1961).

1.3 Red supergiants

Red supergiants (RSGs) are evolved stars thought to be at a stage preceding

core-collapse supernova (SN). They have luminosities of ∼ 104.39−5.53 L� (e.g.,

Davies et al., 2018a; McDonald et al., 2022), a typical temperature range of Teff ∼
3400− 4500 K, and comparing with evolutionary models by Georgy et al. 2013, a

mass range of∼ 8−25M�. Their luminosities are so high that they are comparable

with those of globular clusters or dwarf galaxies.
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Figure 1.2: The onion-like structure at the core during the end evolution of a
RSG. Credits by NASA.

A massive star moves all the way to the right side of the HRD while smoothly

starting a helium core burning phase. As the helium core grows, the core temper-

ature increases and the star becomes brighter and bigger. The RSG phase starts.

The evolution to the RSG phase will depend on the various physical processes

involved in the evolution of massive stars such as convection, rotation, mass loss,

metallicity and binary interaction (see Farrell et al., 2022).

Eventually, the helium in the core will be depleted and fused into carbon, leav-

ing the RSG with hydrogen and helium burning shells surrounding the core. The

nuclear burning will fuse heavier elements in the core leaving different shells of ele-

ments until iron is produced. These different shells of elements form an onion-like

structure at the centre of the RSG. Figure 1.2 shows an schematic representation

of this onion-like structure. At the iron production stage, no further elements can

be fused and the star will stop thermally supporting itself, causing a gravitational

collapse. This will produce a core collapse SN explosion.

We now focus on explaining both the internal and atmospheric structure of RSGs,

prior to their end evolutionary stages and core collapse.
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1.3.1 Internal structure

As the star becomes cooler, the convective region increases to the point that RSGs

are highly convective stars. Accurately describing stellar convection processes re-

quires an in depth knowledge of 3D magneto-hydrodynamical processes, which

requires extreme computational power (e.g, Freytag et al., 2010; Ahmad et al.,

2023). Most stellar evolution codes need a faster and less computationally demand-

ing way to describe stellar convection. An approximation to describe convection

is the mixing length theory (MLT).

1.3.1.1 The Mixing Length Theory (MLT)

The MLT (Böhm-Vitense, 1958) is a rough approximation to describe the convec-

tive region of stars. It assumes that a fluid parcel can travel a distance l before

dispersing into the surrounding material, l is defined as:

l = αHp (1.1)

where α is the so called mixing length parameter and Hp is the pressure scale

height, defined as Hp = P/(dP/dr) (Prandtl, 1925) where P is the total pressure

of the gas and r the distance. Therefore, Hp is defined as the distance over which

the pressure decreases by a factor of e.

Figure 1.3 is an artist representation of the principle behind the MLT: a bubble or

parcel rises and travels a distance l before dissolving with the surrounding medium.

As the bubble rises, it maintains pressure equilibrium with its surroundings. Since

the parcel starts to rise at a higher heat content than where it dissolves, heat will

be transported from the starting position to a level with height l.

Although it is a very rough approximation that does not take into account 3D

effects, relies on flimsy assumptions and a non-physical free parameter α which

is hard to calibrate (see e.g., Chun et al., 2018), the MLT has been widely used

to describe stellar interiors. However, this theory comes with some difficulties.

The most important problem is the proper calibration of α, since we need a good

knowledge of the stellar interior to find an accurate value. A solar-like mixing

length parameter α� has been assumed for all stellar structure and evolutionary

codes, despite some studies arguing against the accuracy of this assumption (Chun
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Figure 1.3: The principle of the MLT: a bubble or parcel travels upwards a
distance l until it dissolves and transfers energy. Credits by Nedtheprotist.

et al., 2018; González-Torà et al., 2021, see Chapter 2). Assuming a different α�

for massive stars will have consequences on evolutionary tracks, as well as on

model-determined stellar parameters such as the Teff and stellar colours. This

means that integrated stellar populations such as galaxies or clusters, where red

light of such stars dominates, will also be affected. One of the goals of this thesis

is studying the limitations of the MLT in RSGs (see Chapter 2).

1.3.2 Metallicity dependence

Theoretical predictions show a dependency between the Hayashi limit and the

metallicity (Z) of RSGs (see for instance the series Meynet and Maeder, 2000,

2002; Maeder and Meynet, 2001, where stellar evolution in low metallicities has

been extensively studied). The Hayashi limit (Hayashi and Hoshi, 1961) fixes

the minimum Teff of the star and its maximum radius, where the star is known

to have their most extended convective region and still maintaining hydrostatic

equilibrium.

A possible explanation to this Z dependency from a physical point of view could

be the following: when the star has a lower metallicity, it means that its opacity
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is also lower. In consequence, the energy radiated can escape more efficiently.

Therefore the star will be smaller and hotter for the same luminosity. As the

star leaves the MS, since the temperature at the core is hotter, it does not need

to contract as much to reach a high enough core temperature to ignite helium.

The star does not contract as much, so it stays on the left side of the HRD, and

therefore appears overall warmer (e.g., Choi et al., 2016; Dotter, 2016).

Figure 1.4 shows the evolutionary tracks for a star of initial mass 10M� and

different metallicities, from the ZAMS up to the end of the red giant branch (RGB)

using the MESA Isochrones and Stellar Tracks (MIST) by Choi et al. (2016) and

Dotter (2016). We observe in Figure 1.4 that there is a trend for stars of lower

metallicities to move to the right of the HRD, hence to warmer temperatures on

the RGB.

The Hayashi limit is a representation of the Teff for RSGs. Levesque et al. (2005)

studied RSGs in the Large Magellanic Cloud (LMC) and Small Magellanic Cloud

(SMC) and found their Teff to be cooler than the Galactic by 50 − 150 K. To

obtain the Teff of RSGs, Levesque et al. (2005, 2006) performed spectroscopic

analysis by fitting the TiO lines, since for cold stars it is the most prominent

feature in their spectra. Follow-up studies at the Magellanic Clouds (MCs) by

Levesque et al. (2007a,b) also determined the stars to be colder, and therefore

on the right of the Hayashi track. The targets found by Levesque et al. where

located at the ”forbidden zone”, where the star could no longer hold equilibrium.

The unexpected cold temperatures were justified by their variable extinction (since

RSGs suffer dramatic changes on monthly timescales), their supersonic velocities,

poor knowledge of RSGs molecular opacities and possible contamination by stars

in the Milky Way Halo (Levesque et al., 2007b).

However, it appears that this determination method using the TiO lines underesti-

mates the temperature of those stars, appearing cooler than expected. This is not

the case when using the spectral energy distribution (SED) line-free continuum

regions in the NIR (Davies et al., 2013b) instead of TiO, where the stars show

consistent temperatures. A more in-depth study trying the reconcile both temper-

ature determination methods is discussed in Section 5.2 of Davies et al. (2013b),

where they first explore the effects of changing the metallicity and CNO abun-

dances of the model grid. They conclude that these two variables cannot explain

the discrepancy between using the TiO band regions and the NIR continuum of
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Figure 1.4: Evolutionary tracks for a 10M� star without rotation and different
metallicities by Choi et al. 2016 and Dotter 2016.

the spectra. In contrast, they argue that the temperature structure is slightly dif-

ferent when not taking the 3D effects into account. This results in the TiO bands

being formed in outer layers of the atmosphere, and therefore shifting towards

larger radii and lower temperatures than the SED regions. In the SED regions,

the optical depth τ ≈ 1 and the continuum is formed, and has no discrepancies

between the 1D and 3D temperatures. Finally, they suggest that another reason

why the star appears cooler when performing the TiO band fit method could be

the effect of the stellar wind. The strength of the molecules may depend on wind

density in that case (Davies and Plez, 2021).

In Chapter 2 we explore this Z − Teff dependence with the Hayashi limit, as well

as the different Teff determination methods more in depth.

1.3.3 Stellar winds

Stellar winds impact the lives of massive stars and can also change their evolution-

ary path along the HRD. RSGs eject part of their material in the form of stellar

winds, extending their atmospheres by several stellar radii. At around R ∼ 8R?,
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the temperature of the ejected material is cold enough (T < 800 K) so that the

dust grain contribution becomes predominant (Gail et al., 2020). Therefore, when

we observe the atmosphere of RSGs there will be several components present: the

compact stellar atmosphere up to the photosphere, followed by an atmospheric

extension of ejected gas, ending with a dust shell of material surrounding the star

at several stellar radii.

There have been several initial attempts to explain the mechanism of stellar winds

in RSGs (e.g. Salasnich et al., 1999; Josselin and Plez, 2007), but there is still

no consensus. Current modelling attempts to reproduce atmospheric extension

include the addition of a thin static molecular shell (or ’MOLsphere’, e.g., Perrin

et al., 2007; Ohnaka et al., 2009, 2011; Montargès et al., 2014; Kervella et al., 2018)

or 3D radiative hydrodynamics studies but that are not sufficiently extended for

RSGs (e.g., Chiavassa et al., 2009, 2010, 2011b,a). Recent work by Kee et al.

(2021) studied the possibility of turbulent atmospheric pressure in initiating and

determining the mass-loss rates (Ṁ) of RSGs, finding promising results. However,

there is still no dynamical model available that succeeds to reproduce mass-loss

events (Arroyo-Torres et al., 2015; Montargès et al., 2021; Humphreys and Jones,

2022; Dupree et al., 2022). Therefore, further work is needed to unambiguously de-

termine the dynamical processes that trigger massive star wind events in spatially

extended atmospheres.

Stellar winds can also occur in the form of localised events, where the RSG ejects

material inhomogeneously. Arguably, one of the most famous localised events to

date is the great dimming of Betelgeuse during the start of 2019 (Guinan et al.,

2019; Dupree et al., 2020; Dharmawardena et al., 2020), where the visual brightness

of the RSG decreased by 0.6 magnitudes. Various studies revealed that the most

likely cause of its dimming was a mass-loss event in the southern hemisphere of

the star (Montargès et al., 2021; Dupree et al., 2022).

1.3.4 Mass loss

Mass-loss events become important as a massive star leaves the main sequence

phase (Chiosi and Maeder, 1986). For this reason, one of the key stages for mass

loss is the RSG phase. These mass-loss events occur in the extended atmospheres

of RSGs. As already mentioned, the observed extensions are not at all reproduced

by current dynamic model atmospheres.
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The mechanism that triggers mass loss of RSGs is still poorly understood. As

a consequence, their Ṁ can not be derived from first principles. This is not the

case for their low- and intermediate-mass counterparts (Miras), whose mass-loss

processes can be explained by pulsation and dust-driven winds alone (Wood, 1979;

Bowen, 1988; Höfner and Olofsson, 2018).

Hence, there have been few studies that explore the mass-loss effect in cool massive

stars, with most of them focusing on their spectra. Most explore the mid- and far-

IR region, where the dust component is dominant (e.g. Groenewegen et al., 2009;

Beasor and Davies, 2018; Decin et al., 2006; De Beck et al., 2010). Therefore, the

models rely on dust modelling, such as DUSTY (Ivezic and Elitzur, 1997; Ivezic

et al., 1999) or RADMC3D (Dullemond et al., 2012).

Recently, Davies and Plez (2021) explored the extension of the atmospheres close

to the stellar surface at radii smaller than the inner dust shells in the optical and

near-IR. Adding the influence of a stellar wind in the MARCS model atmospheres

(Gustafsson et al., 2008), Davies and Plez (2021) expanded the atmosphere up to

several stellar radii. Their results naturally explained the presence of a mid-IR

excess, as well as the mismatch between temperatures derived from the optical and

the IR (Levesque et al., 2005; Davies et al., 2013b; González-Torà et al., 2021).

They also reproduced many of the features obtained by the addition of a static

molecular shell (or ’MOLsphere’). In short, the work by Davies and Plez (2021)

opened a new window to explore the Ṁ of cool massive stars.

In Chapters 3 and 4, we explore the effect of the new modelling approach by

Davies and Plez (2021) comparing not only with stellar spectra, but also with

interferometric data that spatially resolves the photosphere and extended layers.

The principles of these different observational techniques will be introduced in the

next section.

1.4 Observation techniques

Bellow there is a brief summary of the main observation techniques for astronom-

ical objects, and more specifically, RSGs.
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1.4.1 Photometry

Briefly, photometry measures the intensity of light of astronomical objects. The

maximum intensity will correspond to its peak black-body emission (Kirchhoff,

1862), but we can use different photometric filters to observe the wavelengths that

we are most interested in.

1.4.1.1 Photometric diagnostics

The bolometric luminosity of a RSG is a fundamental parameter that can be

derived by using photometric data in several bands. In Chapter 2, we use syn-

thetic and available photometric data from the SIMBAD database (Wenger et al.,

2000) in different filters to estimate the luminosities of our newly observed targets.

Briefly, if the extinction is known, we can deredden the magnitudes and convert

them to flux. Then, we integrate over the wavelength range for all the photometric

filters available to obtain a bolometric flux. Finally, the bolometric luminosity can

be obtained when using the distance to the star from Earth. The extinction can

be calculated using spectroscopic data: if we know the intrinsic colour of the star,

by estimating the surface gravity (log g) and Teff from a spectrum and comparing

with the dereddened spectrum of the star. The distance can be found with several

methods, such as using the Gaia parallax determinations for the Milky Way stars

(Gaia Collaboration et al., 2018), or A and B-type star spectra for extragalactic

stars (Urbaneja et al., 2008; González-Torà et al., 2022).

Mass-loss measurements are also derived mainly from mid-IR photometry (e.g.,

Beasor et al., 2020). The dust emission from the RSG is shown in the mid-IR ex-

cess and is compared to dust shell models such as DUSTY (Ivezic et al., 1999), a

radiative transfer code that assumes a 1D dust shell obscuring the star. However,

Ṁ determinations using mid-IR photometric excess come with several assump-

tions such as the dust to gas ratio and composition that lead to big uncertainties.

Chapters 3 and 4 explore a new Ṁ determination method that does not use mid-IR

photometry.
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Figure 1.5: The spectrum of a RSG using the MARCS models and the stellar
parameters Teff = 4000 K, surface gravity log g = 0.0, mass M = 15M�, and
microturbulence ξ = 5km/s. The spectrum comprises the wavelength range

from the optical to the thermal-IR, with a spectral resolution of R = 1500.

1.4.2 Spectroscopy

In addition to just observing the color of the star using different filters, we can

make its light pass through a dispersing element, e.g., a prism, to obtain the

spectrum of the atmosphere of the star. The continuum radiation will have a

similar shape as a black-body spectrum. However, due to the presence of electrons,

atoms and molecules in the atmosphere of the star, the photons observed will

have several interactions with matter. The most important interactions are the

bound-bound, bound-free and free-free. There are also other interactions with

matter that shape the spectra such as the electron scattering or the presence

of H− and molecules. The reader is referred to stellar atmospheric and radiative

transfer books for more details on the opacity sources (e.g., Mihalas, 1978; Rybicki

and Lightman, 1979). Accounting for all these interaction processes, we obtain a

spectrum like in Figure 1.5.

1.4.2.1 Spectral diagnostics

The first fundamental parameter that can be derived from the spectra is the Teff .

As previously mentioned, Levesque et al. (2005, 2006) obtained spectrophotometric

data of a sample of RSGs in the Milky Way and the Magellanic Clouds (MCs)

in the optical to near-IR region of the spectrum, where the TiO molecular bands

are present (4000Å < λ < 9500Å). Levesque et al. also define the spectral
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classification of the RSG using the TiO molecular bands. They compared the SED

of the observations with MARCS atmospheric models fitting for the best Teff to the

TiO lines, and then adjusting the reddening values E(B− V ) to produce the best

fit to the continuum. However, we already mentioned that the temperatures found

underestimated the Teff by 50 − 150 K (i.e. Section 1.3.2). A new determination

method for Teff was explored by Davies et al. (2013b) focused on fitting the line-

free continuum regions of the SED to MARCS model atmospheres (see Table 2.2

in Chapter 2 for the specific regions used). Davies et al. (2013b) found warmer

temperatures and also higher extinctions, AV. In Chapter 2 we use the method of

Davies et al. (2013b) to find Teff and Av for a sample of RSGs in the MCs and in

the galaxy Wolf-Lundmark-Mellote (WLM).

The metallicity of the star can be also found by studying the absorption lines in the

J band. Davies et al. (2010) introduced a technique to derive chemical abundances

from RSG spectra in the J band for low resolutions (R ∼ 2000− 3000). Using the

spectral metallic lines of Fe I, Mg I, Si I and Ti I to compare with MARCS models,

they derive chemical abundances as well as Teff , log g and microturbulences (ξ).

With this technique, not only the metallicity of the star is derived, but also the

abundance probes of their host galaxies, such as the Sculptor Galaxy NGC 300

(Gazak et al., 2015), the MCs (Davies et al., 2015), NGC 4038 (Lardo et al., 2015)

or massive star clusters in M83 (Davies et al., 2017).

Mass-loss rates can also be determined by molecular emission lines such as CO

(De Beck et al., 2010) or atomic lines (Sanner, 1976). However, these methods

have high degrees of uncertainties due to the relatively low CO presence in stellar

winds and the numerous assumptions about the physical properties of the stellar

wind. In Chapter 4, we use both spectra and interferometry on a new method to

estimate Ṁ not only using CO, but also several other molecules such as SiO and

water.

1.4.3 Interferometry

The angular resolution of a telescope, θ, is defined by:

θ =
λ

D
(1.2)
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where λ is the observing wavelength and D the diameter of the telescope. Ar-

guably, as we increase the λ the D of the telescope should also increase to preserve

the same θ. Equation 1.2 will gain importance as we move to the IR or longer λ,

or simply if we want a resolution high enough to resolve finer details of our source.

Since increasing the D of the telescope comes with technical difficulties, a feasible

solution is to use an array of telescopes instead.

Interferometry uses an array of telescopes to increase the angular resolution of the

observations. The array of telescopes will synthesise a larger aperture telescope.

The resolution of the interferometer will be given by the distance between its indi-

vidual array components. This distance between array elements is called baseline,

B.

Instead of directly measuring the intensity of a star, the interference pattern cre-

ated by combining the light of the array telescopes is measured. This interfer-

ence of light creates fringes with a resulting pattern of alternating dark and light

bands. The fringes will contain the information about the observed source (e.g.,

size, shape, brightness) as seen in more detail in the next section. The observables

derived from the fringe pattern are the complex visibilities. The relation with the

complex visibility of an object and its brightness distribution is described by the

van Cittert-Zernike theorem. Briefly, the theorem relates the complex visibility of

a source with the normalised Fourier transform of the brightness distribution of

that source. The expression resulting from the theorem is written as:

I(α, β) =

∫ ∫
V (u, v) expi2π(αu+βu) dudv, (1.3)

where V (u, v) is the complex visibility, u and v are the components of the vector

baseline between the two sampling points projected onto a plane perpendicular

to the source direction and measured in wavelengths. Quantities u and v are

called spatial frequencies and can be defined in terms of the baseline components

u = Bx/λ and v = By/λ. I(α, β) is the brightness distribution of the object, while

α and β are the angular coordinates in radians.

The complex visibility obtained from the fringes is composed of an amplitude and

phase. The amplitude is a measure of the fringe contrast, related to the maximum

and minimum intensities of the fringe pattern,

V =
Imax − Imin

Imax + Imin

. (1.4)
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Figure 1.6: Interferometric observations of a single star. As we increase the
distance between the telescopes, the fringe pattern changes. Credit by ESO.

This expression means that when V = 1, Imin ∼ 0, so the dark bands in the fringe

pattern would go to zero and the object is unresolved. When V < 1 means that

the fringe contrast decreases, and the object becomes resolved.

Figure 1.6 shows the interferometry pattern for an observed single star as we

increase the distance between the two telescopes, or baseline. The fringe pattern

changes as we increase the baseline.

Depending on the length of the baseline, we will obtain different information on

the scale structure of the object. As an example, Figure 1.7 shows a visibility

curve with respect to the baseline and the reconstructed image for the case of a

star surrounded by a dust shell. The main point is that the small baselines resolve

the large scale structure of the object (so the dust shell), while the longer baselines

resolve the smaller structure, so the inner star.

The second observables are the fringe phases, which are related to the position of

the fringe pattern. However, due to atmospheric events such as turbulence, the

phases become corrupted. To solve this problem, we define the closure phase by

combining the phases measured in a triangle of three telescopes. In this way, the

phase errors introduced in the telescopes produce an equal but opposite phase shift

so that the effect of the atmospheric turbulence is cancelled. The closure phase

is measured from 0 to 2π. A 2π phase corresponds to an offset of a whole fringe

period. The closure phase will be sensitive to possible asymmetries in the source

distribution (Monnier, 2007). More examples are shown in the next section. The
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Figure 1.7: Visibility curve and the corresponding image of the star with
a dust shell. The black and white dots represent the visibilities taken with
different baselines for the observation. The solid black line is a simple model to
fit the large baseline observations, while the dashed lines represent the errors
of the model. The main takeaway is that the small baselines resolve the larger
structures so the dust shell, while the long baseline resolves the smaller star.

Figure taken from Monnier (2007).

combination of closure phases and amplitudes from a well sampled visibility plane

allows to reconstruct the image of an object.

1.4.3.1 Diagnostics with interferometry

The first fundamental parameter derived from interferometry is the brightness

distribution, as it can be found directly by definition from the van Cittert-Zernike

theorem and Equation 1.3. As mentioned, the shape of the source is shown by the

closure phases. More specifically, the closure phases will indicate asymmetries of

the source. For example, a source that is not point symmetric will have a closure

phase different from zero or π. For clarity, we introduce examples of reconstructed

images of resolved stellar objects with interferometry data.

Figure 1.8 shows the interferometric data and reconstructed image for the young

stellar object MWC 349 by Danchi et al. (2001). The top left panel shows the
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Figure 1.8: Visibilities, closure phases and reconstructed image of the young
stellar object MWC 349. Figure taken from Monnier (2007).

visibilities, while the lower left panel shows the closure phases. We can see that

the visibilities show different values for a single baseline depending on the position

angle. This means that we do not have a point source and that the object is

elongated. The closure phases are close to zero, so the source is axi-symmetric.

Indeed, once we reconstruct the image, the right panel in Figure 1.8 shows that

we are observing an edge-on disk.

Figure 1.9 shows another example of a reconstructed image by obtaining the visi-

bilities and closure phases of an interferometric observation. The object observed

is LkHα 101 by Tuthill et al. (2001). In this case, while we still have different

visibilities for a single baseline, there is no difference in the spread of the values

for long or short baselines. This indicates that the object is spherical. When we

look at the closure phases, the values vary from the zero vicinity at long baselines,

so the source is asymmetrical in small scales. The reconstructed image on the

right of Figure 1.9 is consistent with the interferometric data: an emission ring

which is brighter on one side.

Interferometry also allows for the determination of other fundamental stellar pa-

rameters such as the angular diameter, linear size and Teff . The angular diameter
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Figure 1.9: Visibilities, closure phases and reconstructed image of the young
stellar object LkHα 101. Figure taken from Monnier (2007).

of a star can be derived with:

V =
2J1(x)

x
, with x =

θUDπB

λ
, (1.5)

where V is the visibility, J1 is the first-order Bessel function, θUD the angular

diameter of an equivalent uniform stellar disk, B the baseline, the constant π and

wavelength λ (van Belle, 2015). As we have seen, for some objects a uniform disk

approximation is not accurate, but for single stellar objects it is a good initial

approximation. In Chapters 3 and 4 we estimate the angular diameter of our

observations.

From the angular diameter θ, the linear size of the star can be found by simply

knowing the parallax π and the relation R = πθ, where R is the linear radius. From

this radius definition and by applying the definition of luminosity or bolometric

flux Fbol, we can obtain the Teff (van Belle, 2015),

Teff ∝
(
Fbol

θ2

)1/4

. (1.6)
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Figure 1.10: Spectra (top panel) and |V |2 (lower panel) as a function of wave-
length for the RSG V602 Car, taken with VLTI/AMBER. The three different
|V |2 curves where taken each with a different baseline. Adapted from Arroyo-

Torres et al. (2015).

This measurement would be independent from the other spectroscopic measure-

ments of Teff such as Levesque et al. (2005); Davies et al. (2013b).

Finally, in this thesis we use both spectra and interferometry to derive Ṁ , by mod-

elling the effect of a stellar wind in the extended atmosphere of a RSG. Spectro-

interferometry allows to simultaneously obtain the spectra, visibilities and closure

phases as a function of wavelength. An example is seen in Figure 1.10, adapted

from Arroyo-Torres et al. (2015): the spectra and squared visibility amplitudes

as a function of wavelength are shown for VLTI/AMBER data of the RSG V602

Car, comprising the wavelength range of 2.1 < λ < 2.5µm.

In this thesis, we have focused in spectro-interferometric observations. For the case

of spectro-interferometry, we do not reconstruct the image. The reason is that the

data taken is a snapshot : the concatenations are standalone without aiming to

fill the uv plane. The uv plane is where the spatial frequencies are defined. For

the examples in Figures 1.8 and 1.9, the type of data was taken as imaging : a

set of concatenations with different baseline configurations to uniformly fill the uv
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plane. Since we do not have enough information in the uv plane (i.e. we did not fill

the plane with enough observations in different baselines), we cannot reconstruct

the image. We also do not use the closure phases in this thesis, firstly because

of the low uv plane coverage, but also because we are interested in 1D modelling

the extension of the atmosphere for different wavelengths, without studying the

asymmetries.

Despite not allowing for image reconstruction, snapshots present several advan-

tages. The most important is that the exposure time of the observations is faster

than imaging. The second is that snapshots can probe already the structure of

the atmosphere for different wavelengths. That is, different spectral features form

at different depths in the atmosphere. This difference in depths is shown in the

shape of the |V |2. Indeed, in Figure 1.10 we already see a correlation between the

CO absorption lines in the flux at the 2.25 < λ < 2.45µm region (upper panel)

and the |V |2 in the same region. The correlation is even more evident in Chap-

ters 3 and 4. Our modelling, analysis and results of using spectro-interferometry

to probe the structure of the atmosphere of RSGs are shown in Chapters 3 and 4.

We have introduced the basics behind the theory of interferometry and its diag-

nostics. In the next section, we will briefly comment on the characteristics of the

instruments used to preform interferometric observations in this thesis.

1.4.3.2 VLTI

The Very Large Telescope Interferometer (VLTI) comprises the four Unit tele-

scopes (UTs) and the four Auxiliary Telescopes (ATs) of the VLT as the light

collecting elements of the interferometric array. The VLTI instruments recom-

bine the light from the four ATs or UTs simultaneously. Currently, the VLTI has

three operational instruments: PIONIER (Le Bouquin et al., 2011), GRAVITY

(Gravity Collaboration et al., 2017) and MATISSE (Petrov et al., 2007). For this

thesis, we have used data of both GRAVITY and MATISSE. The GRAVITY and

MATISSE data has been obtained, reduced and analysed by the author and com-

prises the observing proposals with IDs 109.231U, 11023NZ (co-I) and 110.23P1

(PI). We have also used published data of AMBER (Petrov et al., 2007), which

was decommissioned in 2018.
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Figure 1.11: The VLT in ESO Paranal, the Unit telescopes and Auxiliary tele-
scopes get arranged to create the VLTI. In the middle lies the VLTI laboratory.

Credit by ESO/G.Hüdepohl.

• GRAVITY: GRAVITY is an interferometer of the VLTI (Gravity Collab-

oration et al., 2017) optimised for the K band, comprising the wavelength

range of 1.8 < λ < 2.4µm. By combining the four telescope beams of

the VLTI, it can perform both interferometric imaging and astrometry by

phase referencing. The VLTI UTs form an equivalent diameter of 130 m

and a collecting area of 200 m2. The GRAVITY instrument has two differ-

ent modes: the split polarisation mode splits the light into two polarisation

angles and increases the internal fringe contrast, the combined polarisation

mode increases the sensitivity of the instrument instead. Our observations

are bright enough allowing for no sensitivity constraints, so we chose the

split polarisation mode. We average the two polarisation modes so we do

not use polarimetry data in this thesis, we only use the split polarisation

mode to increase the internal fringe contrast.

• MATISSE: The Multi AperTure mid-Infrared SpectroScopic Experiment

(MATISSE, Lopez et al., 2014) is a mid-IR spectro-interferometer combin-

ing four beams of the VLTI. The instrument is optimised for the L, M and

N bands, comprising a wavelength range of 3.2 < λ < 13µm. For each

spectral band, MATISSE uses a beam combiner, where the four separated

telescope beams are focused in a detector, producing six dispersed fringe

patterns mixed into a single focal spot. For the L and M bands, MATISSE
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uses the SiPhot photometric mode, where the photometry is measured si-

multaneously with the dispersed interference fringes. This mode allows to

properly calibrate the visibilities. For the N band, the photometric mea-

surement mode is obtained separately after the interferometric observations,

allowing to improve the sensitivity by sending the total flux in the different

channels (high sens mode). Recently, a new mode designated for faint tar-

gets uses the GRAVITY instrument as a fringe-tracker, called GRAVITY

for MATISSE (or GRA4MAT, Lopez et al., 2022). This new mode provides

improved sensitivities for the ATs and increases the spectral coverage.

• AMBER: The Astronomical Multi-BEam combineR (AMBER, Petrov et al.,

2007) was a spectro-interferometer that operated in the J , H and K bands,

comprising the wavelength range of 1.1 < λ < 2.4µm. The instrument com-

bined coherently the light of three telescope beams instead of the four of

GRAVITY and MATISSE. This instrument was decommissioned in 2018,

but we have used published data of RSGs obtained with AMBER in Chap-

ter 3.

1.5 This thesis

This thesis can be organised in three main topics: studying the temperatures of

RSGs and their metallicity dependence, modelling the extended atmospheric layers

using already available spectro-interferometric data, and further modelling using

newly obtained spectro-interferometric data. The main goals for each of the topics

are discussed in this section.

• Temperature dependence of RSGs on metallicity: Despite numerous

efforts, understanding the properties of massive stars and their evolution has

been a challenge due to their extended atmospheres, demanding NLTE (non-

local thermodynamic equilibrium) models, unstable structures, stellar winds,

and atmospheric molecular compositions. One of the hot topics for cool

massive stars (a.k.a. RSGs) is how to correctly determinate their effective

temperature, particularly since there has been disagreement in the recent

literature on this topic (e.g., Levesque et al., 2005, 2006; Davies et al., 2013b),

where some authors have argued that RSGs are cooler than stellar theory

allows (see Section 1.3.2).
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The correct determination of the temperatures of RSGs is crucial to obtain

RSGs luminosities, since the bolometric correction (BC) can vary up to 2 mag

in the optical (Levesque et al., 2005) at that typical temperature range (Teff ∼
3400 − 4500 K). To obtain effective temperatures of RSGs, spectroscopic

analysis has been generally performed by fitting the TiO lines (Levesque

et al., 2005, 2006) since for cold stars it is the most prominent feature in

their spectra. However, it appears that this method underestimates the

temperature of those stars (Davies et al., 2013b), appearing cooler than

expected, and it is not in accordance with the theoretical predictions.

In Chapter 2 of this thesis, we explore a Teff determination method inde-

pendent of the TiO bands, by fitting the whole SED except the regions

dominated by molecular absorption (see Davies et al. 2013b). We analyse

three samples of RSGs from the Local Group neighbouring galaxies Wold-

Lundmark-Mellote (WLM), SMC and LMC. This allows us to explore the

metallicity effects in the determination of the stellar parameters, as all galax-

ies have a lower metallicity than the Milky Way. The Teff and extinctions

(AV) have been obtained, as well as their bolometric luminosities (Lbol) us-

ing synthetic and observed photometry available at the SIMBAD database

(Wenger et al., 2000). We also perform a population synthesis using the

theoretical evolutionary tracks by Ekström et al. 2012; Georgy et al. 2013;

Groh et al. 2019, and compare the observations with the predictions from

the simulations to assess the statistical significance of the discrepancy.

• Modelling the atmospheric extension of RSGs: So far, stellar at-

mosphere models have been constrained mostly by comparison to stellar

spectra. The spectral computation shows the flux integrated over the stellar

disk and misses the spatially resolved information. Therefore, if we want

a detailed way to study spatially extended stellar atmospheres, we need to

use interferometric data. Interferometry is a very powerful tool to study the

topography of extended atmospheres in detail, and it has been used widely

both for RSGs (e.g. Arroyo-Torres et al., 2013; Wittkowski et al., 2012; Cli-

ment et al., 2020; Chiavassa et al., 2022) and Miras (e.g. Wittkowski et al.,

2018; Kravchenko et al., 2020). As a consequence, interferometry represents

a stronger test for models.

Recently, Davies and Plez (2021) developed a semi-empirical model based on

a hydrostatic MARCS model atmosphere (Gustafsson et al., 2008) and the
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addition of a wind profile. Using this model to extend the stellar atmosphere,

Davies and Plez (2021) found that they could reproduce most of the spectral

features obtained by addition of a MOLsphere, without the need of dust.

In Chapter 3, we compare the model by Davies and Plez (2021) to published

Very Large Telescope Interferometer (VLTI) AMBER data by Arroyo-Torres

et al. (2015). Interferometry allows to explore the extension of the atmo-

spheres of RSGs thanks to its unprecedented high angular spatial resolution.

We find that our model can reproduce the atmospheric extension for the first

time up to ∼ 8R?, where R? is the stellar radius at the photosphere, defined

as the layer where the Rosseland optical depth is τRoss = 2/3. The squared

visibility amplitudes (|V |2) could be reproduced as well for the first time in

the K band. These important results can open a window to explore mass-

loss events of cool massive stars, since they provide atmospheric extensions

and there is no need to rely anymore on the external dust component.

• Further modelling with new data: In Chapter 4, we use new data

from the VLTI/GRAVITY and MATISSE instruments of five new targets

to compare with our models. The data has been obtained by submitting

successful observing proposals where the author has been the PI and co-I.

The observations have been prepared, calibrated, reduced and analysed by

the author. We will also study the formation of SiO in the atmospheres of

RSGs.

We are using the MATISSE wavelength range in new observed RSGs that

includes the SiO feature at 4.0µm. This is one of the first studies of RSGs

using the MATISSE instrument after Chiavassa et al. (2022). Moreover,

Chiavassa et al. (2022) used low spectral resolution, while we obtain the

data with medium spectral resolution. Complementing with GRAVITY ob-

servations in the K band, we have obtained some of the most complete

spectro-interferometric data up to date of RSGs, covering the wavelength

range of 1.8 < λ < 13µm.

Finally, Chapter 5 will summarise the different findings of this thesis and dis-

cuss future work, such as developing a new mass-loss prescription by using our

modelling approach and both spectra and interferometric data.



Chapter 2

Red supergiants in low metallicity

environments

The following chapter contains the publication González-Torà et al. (2021). The

work is published by the Monthly Notices of the Royal Astronomical Society (MN-

RAS), volume 505, number 3, pages 4422-4443 with DOI:10.1093/mnras/stab1611.

The author performed the full analysis, discussion, writing and development of all

the figures.

2.1 Abstract

The temperatures of red supergiants (RSGs) are expected to depend on metal-

licity (Z) in such a way that lower-Z RSGs are warmer. In this chapter, we

investigate the Z-dependence of the Hayashi limit by analysing RSGs in the low-

Z galaxy Wolf-Lundmark-Mellote (WLM), and compare with the RSGs in the

higher-Z environments of the Small Magellanic Cloud (SMC) and Large Magel-

lanic Cloud (LMC). We determine the effective temperature (Teff) of each star by

fitting their spectral energy distributions, as observed by VLT+SHOOTER, with

MARCS model atmospheres. We find average temperatures of TeffWLM
= 4400±202

K, TeffSMC
= 4130± 103 K, and TeffLMC

= 4140± 148 K. From population synthesis

analysis, we find that although the Geneva evolutionary models reproduce this

trend qualitatively, the RSGs in these models are systematically too cool. We

speculate that our results can be explained by the inapplicability of the standard

solar mixing length to RSGs.

25
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2.2 Observations and Data reduction

2.2.1 New data

We have observed several RSGs in WLM, selecting our targets from Levesque and

Massey (2012). We chose the 9 brightest objects in the near-IR, which represents

all RSGs in this galaxy with luminosities log(Lbol/L�) > 4.4 (see Fig. 2.3). Our

targets are listed in Table 2.3. We observed each star with VLT+XSHOOTER

(D’Odorico et al., 2006) in order to obtain contemporaneous spectrophotometry

from the optical to the near-IR, under the ESO program number (093.D-0021(A),

PI: B Davies). All stars were observed with the 5′′ slit to minimise slit losses, in

an ABBA nodding pattern. Slit positions were defined specifically to avoid any

nearby stars clashing in the dispersion direction. The total integration times were

the same for each star; 2248sec, 2760sec, and 3040sec in the UVB, VIS, and NIR

arms respectively. The NIR integrations were broken up into discrete integration

times of 190sec to avoid saturation in the airglow emission lines. In addition to

the science targets, telluric standard stars of spectral type B were observed within

1.5hrs of any science exposure. Data were reduced following the same procedure

described in Davies et al. (2013b).

When observing the stars from a very distant galaxy such as WLM, we cannot

rule out the possibility that the RSGs observed are part of multiple systems,

and other stars can contribute to the flux measured. However, at the resolution

of ground-based survey imaging, we see no evidence of source confusion from

abnormal colors or point spread functions. In addition, we see no evidence of

hybrid spectral features (e.g. Balmer lines) in the blue, which would be indicative

of an unresolved multiple system. Even with other targets being in the slit, RSGs

are much brighter than anything else so the likelihood of significant contamination

is small.

While performing the analysis, we found that the WLM star number 7 (WLM

07) in Table 2.3 has a radial velocity v = 30 km/s, while all the others are v ∼
120 km/s. Checking their parallaxes at SIMBAD (Wenger et al., 2000), WLM 07

has 1.4307± 0.6966 mas (Gaia Collaboration et al., 2018), while the other targets

have parallaxes consistent with 0 mas (Gaia Collaboration et al., 2018). Both

velocities and parallaxes of WLM 07 are not coincident with the rest of the WLM

targets in within the errors. Furthermore, this star has a spectral type (M3) which
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Galaxy Sub-sample T eff (K) Full sample T eff (K)
LMC 3800± 50 3810± 100
SMC 3940± 30 3970± 70

Table 2.1: Results of the statistical significance test. The left column indicates
the galaxy studied, the middle column shows the average Teff retrieved given our
sub-sample from Tabernero et al. (2018), the right column shows the average Teff

for the full sample in Tabernero et al. (2018). The errors from the middle column
are taken from the standard deviation of the histogram of the simulations (see

Appendix A).

is much later than the others (K0-3, see Table 2.3). We have assumed that the

target is a foreground star and not part of WLM. For these reasons, WLM 07 has

been excluded from further analysis.

2.2.2 Archival data

For the LMC and SMC, we used the previous data from the VLT+XSHOOTER

observations, under the ESO programme number 088.B-0014(A) (PI B. Davies).

The observations, selection criteria and reduction steps are described in Davies

et al. (2013b, 2015). The stars from LMC and SMC were selected from Levesque

et al. (2006) to sample the full distribution of spectral types in each galaxy (as

explained in Davies et al. 2013b). As a further test that our sub-sample of stars in

each galaxy has a distribution of Teff representative of the entire RSG population

of that galaxy, we perform the following tests: we randomly select 10 RSGs from

Tabernero et al. (2018) that have the same spectral type distribution as our sample

stars. For each of these 10 stars, we randomly assign a Teff based on that star Teff

measurement and associated error in Tabernero et al. (2018). Next, we obtain the

average Teff of these 10 randomly selected temperatures. We repeat this process

100 times for both LMC and SMC targets. Finally, we compare the results with

the average Teff of the whole sample in Tabernero et al. (2018). The error in the

average temperatures is calculated with the mean error of the individual stars and

the standard deviation. In Figure A.1 of Appendix A we show the results of the

histogram with the results of the simulations compared with the average Teff of

the full sample.

Checking the results in Table 2.1, we see that the mean value for the sub-sample

distribution is within the error limits of the average temperature of the whole

RSGs sample in Tabernero et al. (2018). Both results are coincident within the
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error limits. Therefore, we conclude that our two sub-samples of stars have Teff

distributions consistent with those of the entire population in each galaxy.

2.3 Determination of effective temperatures

We begin with a grid of model atmospheres generated with the MARCS code

(Gustafsson et al., 2008). The 1D code assumes local thermodynamic equilibrium

(LTE), hydrostatic equilibrium, and spherical symmetry. We fixed the metallicities

to be [Z]WLM = −1.0 (Urbaneja et al., 2008), [Z]LMC = −0.35, and [Z]SMC = −0.55

(Davies et al., 2015). As for the metallicity adopted in WLM, in Urbaneja et al.

(2008) it is stated that previous photometric studies show WLM as having a young

population in the disk, and an old metal-poor halo. By observing the red giant

branch color, McConnachie et al. (2005) found a metallicity of [Z] = −1.45 with

respect to solar. This result however did not take into account the contribution of

the younger population. When inspecting rich-metal line spectra of A supergiants,

Urbaneja et al. (2008) found an average metallicity of [Z] = −0.87 ± 0.06. The

[Z]WLM = −1.0 adopted in this work is consistent with that found from analysis of

WLM blue supergiants by Urbaneja et al. (2008) once the differences in the Solar

abundances used in that study and ours are taken into account (see Appendix of

Davies et al. 2017).

We assumed the fiducial values for the microturbulence of ξ = 3 kms−1 (see Davies

et al. 2015). Surface gravities used are log g = −0.2 for the Magellanic Clouds

(MCs), as in Davies et al. (2015), while for WLM log g = 0. The log g of the

WLM stars was found iteratively, by comparing their luminosities and tempera-

tures determined from our analysis with the evolutionary tracks of Georgy et al.

(2013). We have found gravities ranging from −0.2 to +0.4, with the majority

around ∼ 0.0. The robustness of our results to these fiducial values for gravity,

metallicity and microturbulence are discussed in Section 2.4.1. The model grid

is computed between 3400 K < Teff < 5000 K in steps of 100 K, which we then

interpolate into a finer grid of 20 K steps.

In addition to fitting for the best Teff, we also allow the extinction AV to vary,

since this parameter can make the star appear cooler and create a large degree

of degeneracy with Teff. For the MCs we use the extinction law of Gordon et al.

(2003), which is specifically tuned to the interstellar medium in the direction of
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λmin (nm) λmax (nm)
821.6 831.9
871.7 880.0
1036 1080
1212 1278
1610 1614
1649 1659
1716 1723
2120 2250

Table 2.2: Regions used of the SED for the analysis.

these galaxies. For WLM we use instead the law derived by Cardelli et al. (1989),

and assume a RV = 3.1 as of the Milky Way. The robustness of this assumption

is explored in Section 2.4.1. For the baseline (i.e. Galactic) extinction towards

WLM, Schlafly et al. (2014) shows that it is very low, and consistent with zero

(0 ≤ E(B − V ) ≤ 0.1). Therefore, it will not influence our results. The grid of

extinction parameters used is 0 < AV < 2 with a step of 0.01.

For the analysis, we fit the SED windows unaffected by line and molecular absorp-

tion as seen in Table 2.2, which are the same used in Davies et al. (2013b). We

avoid the BVR spectral region, the molecular absorption bands of TiO, VO, CO

(at ∼ 1.5µm and > 2.3µm), and the CN band at 1.1µ m. While Davies et al.

(2013b) performed a pixel-by-pixel matching of these spectral regions, we fit the

mean flux of each SED window. The reason is that the SNR in the near-IR region

of the WLM spectra are not high enough to do pixel-by-pixel analysis.

At each point in the model grid (i.e. for each value of Teff and AV) we adjusted the

SED to the same data flux by minimising the
∑

(log(SEDmodel)− log(SEDdata))

at the line-free continuum, where log(SED) represents the base-10 logarithm of

the SED flux regions, in order to compare both fluxes.. We then performed a

2-parameter fit by means of a χ2 minimisation, assuming Gaussian correlation as

shown in eq. 2.1:

χ2
i =

n∑
i=1

(SEDdata − SEDmodel)
2
i

σ2
i

, (2.1)

where n is the number of spectral regions in Table 2.2, SEDdata represents the

mean flux of the data for each one of the regions, SEDmodel the mean flux of the

model, and σ2
i the standard deviation of the data in each SED region.
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The result of the analysis is a 2D-array of χ2, one value for each AV and Teff. The

best fit parameters correspond to those at the minimum value of the χ2 2D-array.

For the errors on Teff and AV, we first determine the 68% dispersion contours

of the χ2 fit, that for two degrees of freedom like the present case (Teff and AV),

corresponds to all the grid models with values χ2 < χ2
min+2.3 (Avni, 1976), where

χ2
min is the best-fitted model. The errors on each parameter are then defined as

being the minimum values within this range.

The Lbol were calculated for WLM targets using synthetic photometry and avail-

able photometry at the SIMBAD database (Wenger et al., 2000), with 2MASS

(Pickles and Depagne, 2010), Gaia DR2 (Gaia Collaboration et al., 2018), PAN-

STARSS (Chambers et al., 2016), VISTA (McMahon et al., 2013), SkyMapper

(Wolf et al., 2018) and Spitzer/IRAC (Boyer et al., 2015) photometry. The

magnitudes for the different filters were converted to flux, dereddened using the

previously determined extinction AV, and integrated over the wavelength range

for all the photometric filters available (from 0.36µm to 7.5µm). We trans-

formed to bolometric luminosities using the most recent distance determination

dWLM = 995 ± 46 kpc (Urbaneja et al., 2008). Dorda et al. (2016) showed that

SMC RSGs display a high degree of spectral variability, finding evidence that vari-

ability increases with decreasing metallicity. Furthermore, Beasor et al. (2021b)

studied the effect of the variability between the minimum and maximum states

of the RSGs in the stellar cluster Westerlund 1. Even when the most extreme

assumptions were made, the resulting impact on the Lbol was at most ±0.2 dex.

Therefore, any systematic uncertainty due to spectral variability in the stars in

this work must be less than this.

To determine the error on Lbol, we propagated the errors through those on the

individual flux measurements, the error on AV, as well as the distance of the

galaxy. Of these, the dominant source of uncertainty is the AV.

2.4 Results

The best Teff, AV and log(Lbol/L�) obtained after the analysis, for each object in

WLM is listed in Table 2.3 (with the errors from the 68% ∆χ2 isocontours), as well

as their stellar coordinates, apparent magnitudes, spectral types from Levesque
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Figure 2.1: Three panels showing the results of the analysis. Upper left:
Shows the smoothed data (red) and best fitted MARCS model (black), while
the SED regions for the analysis are shown in gray. Lower left: The residuals
of the fit. Right: shows the 68%, 95% and 99.7% confidence limits for the best

fitted Teff and AV.

and Massey (2012), and identification names as in the SIMBAD database (Wenger

et al., 2000). Figure 2.1 shows the results of the analysis for one case, where we

see the best fit MARCS model (upper left panel) in black with respect to the data

in red, the residuals of the fit in the lower left panel. The right panel of Figure 2.1

shows the best fitted parameters along with the ellipse dispersion contours for the

68% confidence limit, 95% and 99.7%. The best fits for the rest of the targets can

be seen in Appendix B.

In Appendix B, we see that for WLM 01, 05 and 09 there is a continuum shift

for the long-wavelength edge in the observations. This is because in the last order

of the NIR arm there was a variable thermal background which affected the flux

calibration. To investigate the impact of this effect, we repeated the analysis

shifting the fitted region at this order for these particular cases. The results did

not change for the first 2 cases, and changed by −20 K in WLM 09. This does not

increase the errors for these stars. Moreover, WLM 01 has an extinction close to

zero of Av = 0.00± 1.02, but one of the biggest error budgets of all WLM stars.

Table 2.4 shows the calculated values with the SED method for the SMC and

LMC stars, with the errors in Teff and AV from the 68% ∆χ2 isocontours. We

have compared the stars with the previous results from Davies et al. (2013b, 2015);

Tabernero et al. (2018) in Figure 2.2. The results are consistent between 1 − 2σ



2. RSGs in low Z environments 32

S
ta

r
ID

R
A

D
E

C
m

R
T

eff
(K

)
A

V
lo

g
(L

b
o
l/
L
�

)
S
p
T

W
L

M
01

L
G

G
S

J
00

01
53

.1
7-

15
28

13
.4

00
01

53
.1

81
-1

5
28

13
.9

2
18

.5
1

45
80

+
4
2
0

−
1
8
0

0.
00

+
1
.0

2
4.

47
+

0
.0

8
−

0
.1

2
K

0-
1I

W
L

M
02

L
G

G
S

J
00

01
56

.7
7-

15
28

39
.6

00
01

56
.7

85
-1

5
28

40
.1

8
16

.6
2

46
60

+
3
4
0

−
4
4
0

0.
95

+
0
.5

4
−

0
.9

5
5.

52
+

0
.0

7
−

0
.0

6
K

2-
3I

W
L

M
03

L
G

G
S

J
00

01
56

.8
7-

15
31

22
.3

00
01

56
.8

87
-1

5
31

22
.8

4
17

.9
1

42
20

+
2
2
0

−
1
2
0

0.
08

+
0
.5

4
−

0
.0

8
4.

80
+

0
.1

1
−

0
.0

5
K

0-
1I

W
L

M
04

L
G

G
S

J
00

01
57

.0
1-

15
29

54
.0

00
01

57
.0

23
-1

5
29

54
.5

9
17

.8
5

45
60

+
4
4
0

−
3
6
0

0.
65

+
0
.8

4
−

0
.6

5
4.

89
+

0
.0

9
−

0
.0

7
K

0-
1I

W
L

M
05

L
G

G
S

J
00

01
57

.5
5-

15
29

15
.8

00
01

57
.5

45
-1

5
29

16
.0

5
18

.4
1

41
60

+
7
8
0

−
1
4
0

0.
11

+
1
.3

8
−

0
.1

1
4.

66
+

0
.1

3
−

0
.0

6
K

0-
1I

W
L

M
07

L
G

G
S

J
00

01
58

.1
4-

15
23

32
.2

00
01

58
.1

46
-1

5
23

32
.5

8
18

.6
2

44
60

+
5
4
0

−
1
4
0

0.
00

+
1
.1

5
−

0
.0

1
4.

48
+

0
.0

9
−

0
.0

4
M

3I

W
L

M
08

L
G

G
S

J
00

01
58

.7
4-

15
22

45
.5

00
01

58
.7

46
-1

5
22

46
.0

3
17

.5
6

44
20

+
5
6
0

−
2
2
0

0.
40

+
1
.0

4
−

0
.4

0
4.

98
+

0
.0

7
−

0
.0

6
K

0-
1I

W
L

M
09

L
G

G
S

J
00

02
00

.8
1-

15
31

15
.7

00
01

59
.6

10
-1

5
30

59
.9

0
18

.0
7

43
40

+
1
6
0

−
1
6
0

0.
34

+
0
.4

1
−

0
.3

4
4.

80
+

0
.0

8
−

0
.0

7
K

2-
3I

W
L

M
10

L
G

G
S

J
00

02
00

.8
1-

15
31

15
.7

00
02

00
.8

10
-1

5
31

15
.7

0
17

.7
8

43
80

+
2
0
0

−
2
2
0

0.
60

+
0
.5

1
−

0
.5

7
4.

84
+

0
.1

0
−

0
.0

6
K

0-
1I

T
a
b
l
e
2
.3
:

T
a
b

le
sh

ow
s

th
e

ID
n

am
e,

R
A

,
D

E
C

,
m

R
(i

n
m

ag
n

it
u

d
es

),
sp

ec
tr

al
ty

p
e

as
in

d
ic

at
ed

at
th

e
S

IM
B

A
D

d
at

ab
as

e,
an

d
th

e
b

es
t
T

eff
,
A

V
a
n

d
lo

g
(L

b
o
l/
L
�

)
ob

ta
in

ed
fo

r
ea

ch
st

u
d

ie
d

R
S

G
at

th
e

W
L

M
ga

la
x
y,

w
it

h
in

th
ei

r
68

%
co

n
fi

d
en

ce
li

m
it

s.
W

L
M

07
is

su
sp

ec
te

d
to

b
e

a
fo

re
gr

ou
n

d
st

ar
.



2. RSGs in low Z environments 33

Star Teff (K) AV

SMC 011709 4100+120
−80 0.49+0.35

−0.3

SMC 013740 4040+100
−80 0.81+0.32

−0.32

SMC 020133 4160+120
−100 1.27+0.37

−0.39

SMC 021362 3940+80
−100 0.37+0.33

−0.35

SMC 030616 4140+100
−120 0.73+0.35

−0.39

SMC 034158 4180+80
−100 0.55+0.32

−0.37

SMC 035445 4120+100
−80 0.46+0.29

−0.28

SMC 049478 4180+100
−100 0.75+0.34

−0.37

SMC 050840 4000+100
−100 0.55+0.33

−0.36

SMC 057386 4160+160
−120 0.39+0.44

−0.38

LMC 064048 3880+140
−120 0.52+0.61

−0.52

LMC 067982 4140+140
−140 1.52+0.47

−0.60

LMC 116895 4140+160
−140 1.10+0.65

−0.56

LMC 131735 4280+120
−120 0.81+0.50

−0.44

LMC 136042 4100+100
−100 1.99+0.01

−0.30

LMC 137818 4040+160
−140 0.85+0.53

−0.55

LMC 142202 4160+100
−160 1.79+0.20

−0.66

LMC 143877 4300+100
−120 1.22+0.47

−0.45

LMC 158317 4140+120
−120 1.55+0.44

−0.54

Table 2.4: Best Teff and AV obtained for each studied RSG at the SMC and
LMC galaxies, within their 68% confidence limits. The stars names are based

on the catalogue available by Davies et al. (2018b).

for the first two panels, the discrepancy with Tabernero et al. (2018) is discussed

in Section 2.4.2.

There is one particular case in LMC that needs to be taken with care. Checking

Figure B.24, we see that for LMC 136042 the observations (upper left panel, in

blue) tend to upper the continuum in the spectral region of <500 nm, meaning

that their flux contribution at the green-blue region of the spectra is higher than

expected. This indicates that there is a blue star next to this target (González-

Fernández et al., 2015). We excluded this target for the rest of the analysis.

The stars are placed in the Hertzprung-Russel diagram (HRD) in Figure 2.3, based

on their Lbol and Teff. We have also plotted for comparison the 9−20M� rotating

evolutionary tracks for RSGs taken from Georgy et al. (2013), in black solid-line

showing the tracks corresponding to a Z = 0.002, comparable to the studied



2. RSGs in low Z environments 34

Figure 2.2: Comparison between the results from this work (y-axis) and the
previous results found by Davies et al. (2013b) (left panel), Davies et al. (2015)
(center panel) and Tabernero et al. (2018) (right panel). The SMC targets are
represented in green, while the LMC in blue squares. The black-dashed line

shows the 1:1 ratio.

galaxies. The average values for the three galaxies (excluding WLM 07 and LMC

136042, for the reasons already mentioned), are:

WLM: Teff = 4400± 202 K,

SMC: Teff = 4130± 103 K,

LMC: Teff = 4140± 148 K,

where the errors correspond to the quadratic sum of the formal errors from the

model fitting and the systematic errors arising from our assumptions when fitting

the data (see Section 2.4.1).

With the results above we see that, as theory predicts (e. g. Maeder and Meynet

2001) there is a dependence with average Teff of RSGs on Z for WLM and the

MCs. Indeed the lowest-Z galaxy shows an average temperature ∼ 250 K higher

than the MCs. In the case of the MCs, we are not able to resolve a temperature

difference between these two galaxies. This result agrees with previous work from

Davies et al. (2015), which claimed that there is no measurable dependence of Teff

on Z between the metallicities of LMC and SMC. In this current work we extend

the metallicity baseline down to [Z] = −1, after which a trend on Teff with Z

becomes clear (see Figure 2.6).
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Figure 2.3: HRD showing the RSGs of WLM (red), LMC (blue), SMC (green),
with the evolutionary tracks from Georgy et al. (2013), with a Z = 0.002,
and rotation v/vc = 0.4 comparable to the galaxies studied. The black dots
correspond to the problematic targets. The luminosities for the MCs are taken

from Davies et al. (2018b).

2.4.1 Robustness of the analysis

As described in Section 2.3, we made several assumptions in our fitting method-

ology. In this section, we now investigate the sensitivity of our results to these

assumptions.

2.4.1.1 Microturbulence

To investigate the effect of varying our choice of ξ for the models employed, we

repeated the analysis for each target with ξ = 2 and 4 km/s, since Davies et al.

(2015) found a range of ξ between 2− 4 km/s for all MCs stars. The median Teff
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does not change for WLM when assuming these ξ values, while for the MCs it

changes in both by −10 K with ξ = 2, and +20 K for ξ = 4. We see that the

effect of varying ξ is a factor of 10 smaller than the fitting errors. Therefore, a

systematically different ξ in WLM cannot explain the Teff differences between this

galaxy and the MCs.

In short, the choice of ξ makes little to no difference to our results. The reason is

that ξ will affect the strong absorption lines of the spectra, but in this work we

are studying the line-free continuum.

2.4.1.2 Surface gravity

We also perform the analysis with log g = −0.5 and log g = +0.5 based on the

gravity range found in Davies et al. (2015). We find that for log g = −0.5 in

WLM the average temperature varies by −100 K while for the MCs it varies by

−40 K for both. With log g = +0.5 the variation is +80 K for WLM, +30 K for

SMC, and +40 K for LMC. As a consequence, we see that the choice of surface

gravity seems to make an impact on the final results in WLM, while for the MCs

the variation is again smaller. As commented in Section 2.3, we expect the range

on surface gravities to be −0.2 < log g < +0.4, with the majority around 0. This

is comparable with the results from Davies et al. (2015).

To sum up, there is a stronger degeneracy when studying the effect of log g. This

offset seems to be of ±80 K, but cannot explain why the Teff in WLM is ∼ 250 K

higher than the MCs.

2.4.1.3 Extinction law

To check the robustness of the extinction law for WLM, we have performed the

analysis using various values of RV from 2 to 6. The results changed by less than

30 K for RV = 2, 4 and 5, while for a extreme assumption such as RV = 6 the

difference was of only +50 K. Since WLM is a metal poor environment, we also

studied the effect of using a SMC-like extinction law, and found a difference on

the average temperature of −20 K, all between the error limits. The best fit for

AV changes a maximum of +0.09 for the extreme assumption of RV = 6, and it is

within the error limits for AV.
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In conclusion, the choice of Rv and extinction law makes barely any difference

when determining the Teff.

2.4.1.4 SED continuum regions

The last assumption that needs to be checked is the choice of the SED continuum

regions. We have recalculated our results with slightly different SED regions (e.

g. including a continuum region at ∼ 400 nm, or varying the JHK band regions in

Table 2.2 by ∼ 50 nm). We find that the choice of continuum windows can shift

the median Teff in each galaxy by ±60 K. We interpret this error to represent the

absolute level of accuracy on our results. In other words, a median Teff difference

between two galaxies within 60 K would be consistent with zero.

Lastly, the choice of the SED continuum regions give a systematics of ∼ 60 K, this

is smaller than the limitations obtained by the 68% dispersion contours, and can

be related with the accuracy of the method.

2.4.2 Comparison with previous studies

Davies et al. (2013b) used two different methods to calculate the Teff of the same

targets: the first one has been conventionally used to analyse M-K type stars,

and is based on fitting the TiO spectral bands (between 500 and 800 nm). The

second method is the same SED continuum fit as used for this work, but with

a ξ = 2 km/s1. In the left panel of Figure 2.2 we compare our results to those

of Davies et al. (2013b). We notice that the star-to-star differences with Davies

et al. (2013b) are always in between 1σ for both MCs, and there is no systematic

offset. The very slight discrepancies between the results from this work (y-axis)

and Davies et al. (2013b) (x-axis) can be justified by the change in log g and ξ,

as seen in Sect 2.4.1.

In Davies et al. (2015) the method consists of comparing the strengths of different

spectral lines on the J-band with non-LTE model grids. We have used the same

log g and ξ as in Davies et al. (2015). In the center panel of Figure 2.2, we can

see that the results are consistent between 2σ, and obtain a median offset of ∼ 60

1As the Davies et al. (2013b) study pre-dated the detailed spectral fitting in Davies et al.
(2015) in which the microturbulent velocities were measured.
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K, which is within the level of precision obtained by the choice of SED regions in

Section 2.4.1. Despite the two completely different methodologies employed, the

agreement is excellent.

The work of Tabernero et al. (2018) differs the most from this work (right panel in

Figure 2.2). We have calculated a median offset of ∼ 150 K between both results,

ours being warmer. In Tabernero et al. (2018), temperatures are estimated by fit-

ting spectral lines in the I-band with predictions from MARCS model atmospheres

and LTE line formation.

The differences between our results and those of Tabernero et al. (2018) are

twofold. Firstly, these LTE models do not include the non-LTE correction em-

ployed in Davies et al. (2015). This can account for ∼ 50 K (see Bergemann et al.

2013b), assuming that the corrections in the I-band are similar to those in the

J-band.

Secondly, the region studied in Tabernero et al. (2018) of the I-band overlaps with

a TiO absorption band. Davies et al. (2013b) showed that the MARCS models

cannot simultaneously reproduce the TiO bands and the continuum (see Figure

set 1 in Levesque et al. 2005 and Figure set 2 in Levesque et al. 2006). This makes

continuum placement in the I-band gradually more problematic at spectral types

M0 and later, as the contamination by TiO grows. Therefore, we would expect

to see a trend of increasing disparity between the Teff of Tabernero et al. (2018)

and those of our study with increasing spectral type. Indeed, this is what we see

in Figure 2.4, a trend for the increasing difference between the Teff of Tabernero

et al. (2018) and those of our work (∆Teff) as we go to later spectral types, for both

LMC and SMC. Therefore, we conclude that the systematic offset in Figure 2.2

can at least be partially explained by this trend.
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Figure 2.4: Panel showing the difference between the Teff results from this
work and Tabernero et al. (2018), with respect to the spectral type of each
RSG studied in the LMC (green dots) and the SMC (blue squares), as in the

SIMBAD database.

2.5 Discussion

In Section 2.4, we have found an average Teff of RSGs in WLM warmer than for

the higher Z environments of the MCs. As seen in Section 2.4.1, these differences

cannot be explained by systematics in the fitting method. In this section, we

investigate how our results compare to the expectations from stellar evolution

models.

To better understand how our results compare to model predictions, we performed

a population synthesis analysis. We generated a number of simulated stars (∼ 105)

with masses of 5− 100M� according to a Salpeter initial mass function. Then we

assigned random ages, and used the evolutionary tracks of Ekström et al. (2012);
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Figure 2.5: Histograms showing the number density of simulated stars, in
solid magenta bins for Z=0.014, dashed bins for Z=0.002 and spotted bins
for Z=0.0004. The median temperature and error bars calculated with the
observations for the three galaxies is also shown in green (SMC), blue (LMC)
and red (WLM). The simulations shown are obtained for non-rotating stars.

Georgy et al. (2013); Groh et al. (2019) to interpolate their luminosities and Teff

at that age. We disregarded stars that are not in the RSG phase or are older than

their expected lifetime. We have then selected the stars with 4.4 < log(Lbol/L�) <

5.6 (following Davies and Beasor 2020) and 3000 < Teff < 5000 K, corresponding

to a RSG phase and the stars in our sample. We determine the Teff distribution of

the stars in the RSG phase. Figure 2.5 shows the histograms of the Teff from the

RSGs after the population synthesis, for the case of non-rotating simulated stars

with Z=0.014, 0.002 and 0.0004. As expected, we see that for higher metallicities

there is a trend to lower temperatures. This trend does not change if we use a

log(Lbol/L�) = 4.5 or 5 cut instead.

A clearer visualisation of this Z dependence with Teff can be seen in Figure 2.6: the
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median Teff of the simulated stars is shown with respect to their [Z], in magenta for

non-rotating and in yellow for rotating simulated stars. The shaded regions show

the 68% confidence limits (analogous to a 1σ standard deviation). The median

Teff are also shown in Figure 2.6 for the observations of each galaxy. Comparing

the model predictions with the data, we point out the following:

• For all three galaxies, the RSGs appear to be warmer than the model pre-

dictions.

• The results show a similar qualitative slope in comparison with the simu-

lations, but the models seem to be too cool, especially for the non-rotating

models. This systematic offset is ∆TeffWLM
= 220 K, ∆TeffSMC

= 140 K, and

∆TeffLMC
= 250 K for rotating models, while ∆TeffWLM

= 300 K, ∆TeffSMC
=

220 K, and ∆TeffLMC
= 300 K for non-rotating. The offset is also out of

the error dispersion for the LMC. The significance of this offset is discussed

below.

To determine the statistical significance of the offset of the observed Teff with

respect to the model predictions, we perform a Monte-Carlo (MC) test. Each MC

trial is constructed as follows: firstly, for each galaxy, we randomly select N stars,

where N is the number of stars observed in that galaxy (e.g. N = 10 in SMC).

We note an individual star may be selected more than once per trial. Then, for

each randomly selected star, we randomly assign a Teff from that star’s observed

probability distribution (illustrated by e. g. the right panel in Figure 2.1). Finally,

we determine the median Teff, T eff, of the N stars. We then repeat this process

1000 times to determine the probability distribution on T eff for each galaxy.

Using Figure 2.6, we interpolate the simulated Teff and its uncertainty at the

metallicity of the galaxy, and its corresponding error limits. Next, we calculate

the probability that the model fits the data by integrating the product of the

observed and simulated Teff distributions. We repeat this process for every galaxy.

For rotating models, we find a probability that the model and data agree of pWLM =

0.07, pSMC = 0.03, and pLMC = 0.01. The probability that all three galaxies are

consistent with the rotating model predictions is ptotal = 10−5. For non-rotating

models we find pWLM = 0.003, pSMC = 0.003, pLMC = 0.0004, and ptotal = 10−7.

We conclude that the systematic offset between observed and predicted Teff in
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all galaxies in this study cannot be explained by random scattering within the

experimental errors.

A possible explanation to this mismatch between observations and simulations

could be a breakdown in the assumptions used to simulate convection in RSGs. In

1D models, the mixing length theory (MLT) (Böhm-Vitense, 1958) is the analytic

approximation used to describe the 3D phenomenon of convection. It assumes that

a fluid parcel can travel a distance fixed by the so-called mixing length, l, before

dispersing into the surrounding material. This mixing length is usually expressed

in terms of the pressure scale height, αMLT = l/HP , where αMLT is the mixing

length parameter. This free parameter is usually calibrated using the standard

solar model with a single depth-independent α�MLT. This solar calibrated value is

used for stars of all masses, metallicities, and evolutionary phases. Indeed, the

evolutionary tracks in this work by Ekström et al. (2012); Georgy et al. (2013);

Groh et al. (2019) use αMLT = α�MLT = 1.6467 for massive star models, arguing

that αMLT only changes to 1.6 for very high mass stars, M = 150M� (Georgy

et al., 2013). This variation was found by accounting for the differences in the

massive stars equation of state.

However, 3D simulations of convection in low mass stars have shown that there is

a strong αMLT dependency on Teff and log g (e.g. Trampedach et al. (2014), where

for Teff < 5000 K a αMLT > 1.8 is found). Work by Magic et al. (2015) also finds

a difference of ∼ 20% in the αMLT depending on the mass of the star. Although

these studies do not extend to the parameter ranges relevant for RSGs, they point

out that the value of αMLT is not independent of the mass.

Specifically studying RSGs, Chun et al. (2018) adopts the approach of tuning

αMLT to match the locations of RSGs in a range of metallicity environments.

Regardless of which RSG temperature scales are used, they argue for a metallicity

dependent αMLT. Moreover, Dessart et al. (2013) studies the supernova type II-

P (SN IIP) progenitors, varying the parameters (e.g. mixing length, overshoot,

rotation, metallicity) in the stellar evolution code MESA STAR. They find that the

RSG radii should be reduced in comparison with Levesque et al. (2005), implying

that the Teff of RSGs should be higher than the Levesque et al. (2005) temperature

scale.

The previously described work, in combination with our results presented in this

study, are part of a growing body of evidence that the assumption of a solar mixing
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Figure 2.6: Plot showing the temperature trend with respect to the metallic-
ity ([Z]), in yellow for rotating simulated stars, and magenta for non-rotating.
The error limits in the trend are calculated using the 68% dispersion of the
cumulative distribution for the skewed histograms. The median temperatures
and error bars calculated with the observations for the three galaxies are also

shown in green (SMC), blue (LMC) and red (WLM).

length parameter is not adequate to explain the locations of RSGs in the HRD as

a function of metallicity.

2.6 Conclusions

We have analysed a total of 28 RSGs observed with VLT-XSHOOTER from the

neighbouring galaxies LMC, SMC and WLM, by fitting the flux of the SED regions

free from molecular features. Our main conclusions are as follows:



2. RSGs in low Z environments 44

• We find an average RSG Teff for WLM which is ∼ 300 K warmer than that

in either of the MCs. This trend of increasing average Teff with decreasing

Z is in qualitative agreement with theoretical predictions.

• From population synthesis analysis, we find that there is a systematic offset

between expected and observed temperatures of RSGs at all metallicities.

Specifically, RSGs in evolutionary models are too cool by ∼ 200 K. This

could be due to a wrong estimation of the mixing length parameter for 1D

models of massive stars.



Chapter 3

Modelling the atmospheric

extension of RSGs

The following chapter contains the publication González-Torà et al. (2023), pub-

lished in Astronomy & Astrophysics (A&A), volume 669, pages A76, DOI:10.1051/0004-

6361/202244503. The author performed the full analysis, discussion, writing and

development of all the figures. The work has been carried out at the European

Southern Observatory (ESO) headquarters in Garching, Germany since the author

was awarded an ESO studentship.

3.1 Abstract

Red supergiants (RSGs) are evolved massive stars in a stage preceding core-

collapse supernova. The physical processes that trigger mass loss in their at-

mospheres are still not fully understood, and they remain one of the key questions

in stellar astrophysics. Based on observations of α Ori (Harper et al., 2001), a

new semi-empirical method to add a wind to hydrostatic model atmospheres of

RSGs was recently developed by Davies and Plez (2021). This method can repro-

duce many of the static molecular shell (or ’MOLsphere’, e.g., Perrin et al., 2007;

Ohnaka et al., 2009, 2011; Montargès et al., 2014; Kervella et al., 2018).

We used the method of adding a semi-empirical wind to a MARCS model atmo-

sphere to compute synthetic observables as seen in Davies and Plez (2021) and

Chapter 3, comparing the model to spatially resolved interferometric observations.

45
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We present a case study to model published interferometric data of HD 95687 and

V602 Car obtained with the AMBER instrument at the Very Large Telescope

Interferometer (VLTI).

We computed model intensities with respect to the line-of-sight angle (µ) for dif-

ferent mass-loss rates, spectra, and visibilities using the radiative transfer code

Turbospectrum (Plez, 2012). We were able to convolve the models to match

the different spectral resolutions of the VLTI instruments, studying a wavelength

range of 1.8 − 5µm corresponding to the K, L, and M bands for GRAVITY

and MATISSE data. The model spectra and squared visibility amplitudes were

compared with the published VLTI/AMBER data.

The synthetic visibilities reproduce observed drops in the CO, SiO, and water lay-

ers that are not shown in visibilities based on MARCS models alone. For the case

studies, we find that adding a wind onto the MARCS model with simple radia-

tive equilibrium dramatically improves the agreement with the squared visibility

amplitudes as well as the spectra, with the fit being even better when applying a

steeper density profile than predicted from previous studies. Our results reproduce

observed extended atmospheres up to several stellar radii.

This chapter shows the potential of our model to describe extended atmospheres

in RSGs. It can reproduce the shapes of the spectra and visibilities with a better

accuracy in the CO and water lines than previous models. The method can be

extended to other wavelength bands for both spectroscopic and interferometric

observations. We provide temperature and density stratifications that succeed,

for the first time, in reproducing observed interferometric properties of RSG at-

mospheres.

3.2 Methods

In the absence of models that self-consistently explain winds of RSGs, we added

a stellar wind with a constant Ṁ to an initial MARCS model (Gustafsson et al.,

2008), following the method by Davies and Plez (2021). These models were then

used to calculate both the synthetic spectra and the squared visibility amplitudes

(|V |2). This is described in detail in the following sections.
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3.2.1 Models

We started with a MARCS model atmosphere. This code assumes local thermo-

dynamic equilibrium (LTE), hydrostatic equilibrium, and spherical symmetry. We

defined a radius grid for the model, allowing us to contain a more extended strat-

ification up to ∼ 8.5R?, where R? is defined as the radius where the Rosseland

opacity τRoss = 2/3. Moreover, for simplicity, we assumed that:

• The wind is in LTE. A discussion pertaining to this assumption can be found

in Davies and Plez (2021).

• The model is 1D, so we assumed spherical symmetry.

To determine the outermost density, we used the mass continuity expression

Ṁ = 4πr2ρ(r)v(r), (3.1)

where ρ and v are the density and velocity as a function of the stellar radial

coordinate r, respectively. The wind density ρwind(r) has the following shape

proposed by Harper et al. (2001):

ρwind =
ρphot.

(Rmax/R?)2

(
1−

(
0.998

(Rmax/R?)

)γ)β
, (3.2)

where Rmax is the arbitrary outer-most radius of the model, in our case 8.5R?.

The β and γ parameters define the smoothness of the extended wind region and

were initially set in the semi-empirical 1D model of α Ori by Harper et al. (2001):

βHarp = −1.10 and γHarp = 0.45. In Figure 3.1 we show what happens when

changing the γ and β parameters that define the density profile. The variations

of β mostly influence the smoothness of the density profile close to the stellar

surface, while the variations of γ influence the full density profile to upper or

lower values. We discuss the implications on spectra and interferometric visibility

values in Section 3.3.2.1.

The velocity profile was found assuming a fiducial wind limit of v∞ = 25±5 km/s,

that is the value matched to Richards and Yates (1998); van Loon et al. (2005) and

Beasor and Davies (2017), and Equation 4.1. We assumed no velocity gradient

since the acceleration region is shallow and v∞ is due to turbulent motions (see
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Figure 3.1: Left: Different density profiles for γ = 0.45 and variations of β
with β = −1.10 (blue dots), −1.35 (green triangles), and −1.60 (red squares);
we noticed that as we decreased β, the wind density near R/R? − 0.99 = 10−1

increased and got steeper. Right: Different density profiles for β = −1.10
and the variations of γ with γ = 0.45 (blue dots), 0.25 (black triangles), and
0.05 (yellow squares). In this case, as we increased γ, the slope of the profile
remained the same, but the values of the wind density gradually increased. The
model used with log L/L� = 4.8, Teff = 3500 K, log g = 0.0, M = 15M�, and

Ṁ = 10−5.0 M�/yr corresponds to the stellar parameters of HD 95687.

Davies and Plez, 2021). The model is sensitive to the density ρ, meaning that Ṁ

and v are degenerate with one another.

For the temperature profile, we first used simple radiative transfer equilibrium

(R.E.), defined as follows:

T (rwind) = T (τRoss = 2/3)
√
R?/rwind, (3.3)

where T(τRoss=2/3) and R? are the temperature and radius at the bottom of the

photosphere, and T (rwind) and rwind are the temperature and radius of the wind

extension, respectively. This results in a smoothly decreasing temperature profile

for the extended atmosphere.

In addition, Davies and Plez (2021) defined a different temperature profile in their

semi-empirical 1D model of α Ori by Harper et al. (2001), based on spatially

resolved radio continuum data. The main characteristic of this profile is a tem-

perature inversion in the chromosphere of the star that peaks at ∼ 1.4R? and
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decreases again. ALMA and VLA observations of the RSGs Antares and Betel-

geuse by Lim et al. (1998); O’Gorman et al. (2017) and O’Gorman et al. (2020)

confirm the presence of such a lukewarm chromospheric temperature inversion,

peaking at a radius of 1.3−1.5R? with a peak temperature of ∼3800 K. However,

Lim et al. (1998) pointed out that optical and ultraviolet chromospheric signa-

tures required higher temperatures of ∼5000 K at similar radii (Uitenbroek et al.,

1996). Conversely, modelling spectroscopic and interferometric data of the CO

MOLsphere derived gas temperatures of only 2000 K at 1.2 − 1.4R? (Ohnaka

et al., 2013). O’Gorman et al. (2020) suggest that these components co-exist in

different structures at similar radii in an inhomogeneous atmosphere, and that

they are spatially unresolved by current measurements. Observations at different

wavelengths may then be sensitive to different structures of this type.

Following Davies and Plez (2021), in our model setup, we included either a temper-

ature profile in R.E., which may be more relevant for observations of the near-IR

MOLsphere, or a temperature profile with a chromospheric temperature inver-

sion which may be more relevant for chromospheric signatures in the optical or

ultraviolet or for radio continuum observations.

Once the density, temperature, and velocity profiles were defined, we re-sampled

the model to a constant logarithmic optical depth sampling ∆ log(τ), and we used

0.01 < ∆ log(τ) < 0.05. The reasons for this re-sampling are explained in Davies

and Plez (2021): if the grid is too finely sampled, rounding errors can occur,

leading to numerical difficulties. On the other hand, if the sampling is too coarse,

the τλ = 2/3 surface is poorly resolved for strong absorption lines.

Finally, we defined the outer boundary of the model where the local temperature

is < 800 K, which is reached at ∼ 8.5R?. Below this temperature, our code is

unable to reliably converge the molecular equilibrium. In addition, some species

would be depleted to dust grains. Figure 3.2 shows the density, temperature,

velocity, and Rosseland opacity profiles for the example of an extended model

with log L/L� = 4.8, Teff = 3500 K, log g = 0.0, M = 15M�, and Ṁ = 10−5.5

M�/yr.
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Figure 3.2: From top to bottom: Extended profiles for the density (blue dots),
temperature (blue squares for temperature inversion by Harper et al. (2001)
also known as ’Harper’, and red circles for simple radiative equilibrium), wind
velocity (purple), and Rosseland optical depth (green). The extended model
with log L/L� = 4.8, Teff = 3500 K, log g = 0.0, M = 15M�, Ṁ = 10−5.0

M�/yr, and Rmax = 8.5R? corresponds to the stellar parameters of HD 95687.
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3.2.2 Computation of model intensities

We computed both the spectra and the intensity profiles with respect to µ, where

µ = cos θ, with θ being the angle between the radial direction and the emergent

ray, and cos θ = 1 corresponding to the intensity at the centre of the disk. For this

we used the radiative transfer code turbospectrum v19.1 (Plez, 2012). Setting

a wavelength range from 1.8µm to 5.0µm with a step of 0.1Å, we explored the

spectral range of the following instruments at the VLTI:

• GRAVITY (Gravity Collaboration et al., 2017) for the K band 1.8−2.5µm.

• MATISSE (Lopez et al., 2022) for the L (3.2 < λ < 3.9µm) and M bands

(4.5 < λ < 5µm). We did not use the N band (8 < λ < 13µm) because it

is dominated by dust emission.

For the spectral synthesis, we included a list of atomic and molecular data. Chem-

ical equilibrium was solved for 92 atoms and their first two ions, including Fe, Ca,

Si, and Ti, and molecular data for CO, TiO, H2O, OH, CN, and SiO was included,

among about 600 species.

The spectra and visibilities can be convolved to any spectral resolution used by

GRAVITY and MATISSE, or instruments at other interferometers. In this work,

we show as an example the results convolved to match the HIGH spectral resolution

of MATISSE: R = 10001.

3.2.3 Computation of model interferometric visibilities

To compute the visibility from the intensity profile, we used the following Hankel

transform as in Davis et al. (2000):

VModel(λ) =

∫ 1

0

SλI
µ
λJ0[πθModel(B/λ)(1− µ2)1/2]µdµ, (3.4)

where VModel is the visibility of our model, Sλ is the instrument sensitivity curve,

Iµλ is the computed intensities with respect to µ from Turbospectrum, J0 is

the zeroth order Bessel function, θModel is the angular diameter of the outermost

1The full spectral resolution models are available at CDS via https://cdsarc.cds.unistra.fr/cgi-
bin/qcat?J/A+A/.
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layer of the model, and B is the baseline of the observation. The VModel was then

normalised with respect to the total flux.

To estimate θmodel, we used the relation with the Rosseland angular diameter θRoss,

θRoss =
R(τRoss = 2/3)

Rmax

θModel, (3.5)

found in Davis et al. (2000) and Wittkowski et al. (2004), where R(τRoss = 2/3) is

the radius of the star at τRoss = 2/3, defined as the photospheric layer, and Rmax

is the outer most radius of our model.

We used the definition in Wittkowski et al. (2017) to scale the final visibility of

the model as

V (A, θRoss) = A ∗ VModel(θRoss), (3.6)

where A allows for the attribution of a fraction of the flux to an over-resolved cir-

cumstellar component (Arroyo-Torres et al., 2013), and VModel(θRoss) is the model

visibility computed using Equation 3.4 with an associated Rosseland angular di-

ameter θRoss from Equation 3.5.

3.3 Results

3.3.1 Base model

We computed the spectra, intensities, and |V |2 for a base model of Teff = 3500

K, log g = 0.0, [Z] = 0, ξ = 5 km/s, M = 15M�, R? = 690R�, and Rmax =

8.5R?, corresponding to a RSG similar to HD 95687 (Arroyo-Torres et al., 2015).

The density parameters in Equation 4.2 are βHarp = −1.10 and γHarp = 0.45 as

in Harper et al. (2001) and the wind limit v∞ = 25 km/s. The temperature

profile was initially set to simple R.E., as we are interested in the near-IR K

band MOLsphere (cf. Section 3.2.1). However, we also look at the effect of a

chromospheric temperature inversion in Section 3.3.2.2. We used mass-loss rates

of Ṁ = 10−4, 10−5, 10−6, and 10−7 M�/yr, and a simple MARCS model without

any wind. As an example, we simulated a star with θRoss = 3 mas, a baseline of

B = 60 m, and without any additional over-resolved component, that is A = 1.

Figure 3.3 shows the intensities with respect to the extended stellar radius Rmax

for a cut in the continuum (2.26µm < λ < 2.28µm), the transition CO (2-0)
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Figure 3.3: Intensity with respect to the Rmax of our model for simple
MARCS (orange), Ṁ = 10−4 (red), 10−5 (green), 10−6 (blue), and 10−7

M�/yr (purple) and the different wavelength cuts corresponding to the fol-
lowing: the continuum (2.26µm < λ < 2.28µm, upper left), the transition CO
(2-0) (λ = 2.29µm, upper right), water (1.9µm < λ < 2.1µm, lower left), and
SiO (λ = 4.0µm, lower right). We observe an extension in all cases except for

the MARCS model without the addition of a wind.

(λ = 2.29µm), water (1.9µm < λ < 2.1µm), and SiO (λ = 4.0µm) for the

different Ṁ .

We observed an extension in all cases except for the MARCS model without the

addition of a wind. The CO lines and the SiO lines seem to have the most promi-

nent presence throughout the extended atmosphere (highest intensity compared to

water or the continuum). Figures 3.4,3.5 and 3.6 show the spectra, the normalised

spectra to the continuum, and squared visibility amplitudes (|V |2) computed from
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Figure 3.4: Normalised model spectra with respect to the mean flux for Ṁ =
10−4 (red), 10−5 (green), 10−6 (blue), and 10−7 M�/yr (purple). We also
plotted the spectra and visibilities based on the MARCS model without a wind
(orange).This is the case for R.E. We have convolved the results with the spectral
resolution of R = 1000. The main differences within models can be seen in the
water, CO, and SiO molecular bands, the corresponding wavelength regions are

highlighted in light grey.

our base model with the different Ṁ , from highest Ṁ = 10−4 M�/yr, to the simple

MARCS model without wind.

When comparing the spectra and |V |2 in Figures 3.4, 3.5 and 3.6, there are several

things to notice:

• In Figures 3.4 and 3.5, the spectral signatures of CO in the wavelength range

of λ = 2.29 − 2.7µm (K band) do not strongly depend on the Ṁ , as they

remain relatively unchanged. Only at high Ṁ and high resolution spectra

do the low excitation lines start to become stronger, as predicted by Tsuji

(1988).

• In the region λ > 4.0µm (L and M bands), the spectra show the presence of

SiO lines at wavelengths up to ∼ 4.3µm, which seem to remain in absorption

up to high Ṁ (∼ 10−4 M�/yr). At & 4.3µm we observed the presence of CO

as we increased the Ṁ . The CO lines in the M band were already observed

in emission at low Ṁ (starting at Ṁ = 10−6 M�/yr), while the CO at the

K band remained in absorption.
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Figure 3.5: Same as Figure 3.4, but for the flux normalised to the continuum.

Figure 3.6: Same as Figure 3.4, but for the modelled visibility |V |2. The
baseline assumed is B = 60 m.



3. Modelling winds of RSGs for interferometry 56

• In the |V |2 (Figure 3.6), the most important thing to notice is that the

extended molecular layers, mostly of the CO lines in λ = 2.29− 2.7µm (K

band), are seen in the extended models. This extension was not reproduced

earlier with MARCS or PHOENIX (Hauschildt and Baron, 1999) models

alone.

• The CO extension increases with increased Ṁ (in all K, L and M bands).

The atmospheric extension is best observed in the M band, as we already

see a drop in |V |2 for a low mass-loss rate of Ṁ = 10−7 M�/yr (in purple)

as compared to a simple MARCS model with no extension (in orange).

• The visibility spectra are indicative of extended layers of water vapour (cen-

tred at 2.0µm) for high Ṁ (& Ṁ = 10−5 M�/yr), while the flux spectra are

less sensitive. These water features are present in the observations of RSGs

(e.g. Arroyo-Torres et al., 2015).

• Checking the |V |2, we were not able to reproduce some atomic lines in the

2.10µm < λ < 2.30µm region for mass-loss rates Ṁ < 10−4 M�/yr, which

are the most sensitive to the stratification very close to the stellar surface

(Kravchenko et al., 2020).

• Finally, when comparing both spectra and |V |2, we see that while the CO

absorption lines in the fluxes do not change between pure MARCS and

MARCS+wind, the absorption features in the |V |2 change considerably be-

tween simple MARCS and MARCS+wind models: while simple MARCS

has no features at all, the |V |2 presents strong drops with MARCS+wind.

This could be because for the |V |2 we are obtaining the spatial information

(ie. observing the intensity with respect to the line of sight angle), so a drop

on |V |2 means that the CO is produced in this extended atmospheres. Since

simple MARCS does not provide any extension at all, the drops will not be

reproduced. However, when observing the flux, we see that for both models

we obtain the same absorption components. This could be because when

adding the wind, we will observe the flux integrated over the whole region,

this flux will include the absorption feature at the line of sight gas material

but also the emission of the CO produced at the surroundings of the gas.

Both emission and absorption happening in the extended atmospheric ma-

terial will contribute to the flux, cancelling each other so that we observe

the same features as simple MARCS.
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3.3.2 Variations of the base model

3.3.2.1 Density profile

So far, we have assumed the density parameters (Equation 4.2) from Harper et al.

(2001): βHarp = −1.10 and γHarp = 0.45. Figure 3.7 shows the spectra and |V |2 for

the K band for the different β values defined in Figure 3.1. We did not include

the variations on γ because these produce an almost identical plot. Although

the spectra remain unchanged by variations of β, the |V |2 change slightly: as the

density profile gets steeper (i.e. lower β or γ values), the extension features due

to water in λ = 2.35 − 2.5µm become more prominent. This can be understood

as water layers form close to the stellar surface (Kravchenko et al., 2020), and

therefore are sensitive to variations in the density profile in this region. The

measurements by Harper et al. (2001) and their constraints of β and γ were less

sensitive to the region very close to the stellar surface.

Furthermore, in Figure 3.8 we show the spectra in the optical TiO region (λ =

0.5−0.75µm) to see the effect of changing the β parameter in the TiO lines. Again,

changing the γ parameter produces a very similar plot. A discussion concerning

the general effect of this semi-empirical model on the TiO bands can be found

in Davies and Plez (2021). Briefly, an increase in the mass-loss rate causes the

TiO absorption lines to deepen, shifting the star to later spectral types (e.g. for

a zero-wind model of spectral type M0, if we apply Ṁ = 10−6, Ṁ = 10−5.5,

and Ṁ = 10−5 M�/yr in our model the star is classified as M1, M2, and >M5,

respectively). Changing the density profile parameters with a fixed Ṁ affects the

TiO bands, also shifting the stellar classification slightly to later spectral types

as we deepen the TiO bands (Figure 3.8). On the other hand, the TiO bands

may be more sensitive to a higher chromospheric temperature component than

the molecular layers in the near-IR, which may cause the TiO lines to be less deep

(cf. Section 3.2.1).

3.3.2.2 Temperature profile

Figures 3.9 and 3.10 show the spectra and |V |2 for our two temperature strati-

fications defined in Section 3.2, R.E and temperature inversion, with Ṁ = 10−4

M�/yr and Ṁ = 10−6 M�/yr, respectively.
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Figure 3.7: Normalised model spectra (upper panel) and |V |2 (lower panel)
for a fixed γ = 0.45 and the different β = −1.10 (blue), −1.35 (green), and
−1.60 (red) in the K band. The baseline used is B = 63.8 m, corresponding to
the case study of HD 95687 in Section 3.4. We can see that as the β gets lower,

the water features in λ = 2.35− 2.5µm become slightly more prominent.

When comparing both temperature profiles in Figures 3.9 and 3.10, we see the

main difference in the CO lines: in the K band region λ = 2.29 − 2.7µm, the

CO is in emission when using the temperature inversion profile (as also predicted

by O’Gorman et al., 2020), while for R.E. it remains in absorption even for very

high Ṁ such as Ṁ = 10−4 M�/yr. This difference can be seen in the lower panels

of Figures 3.9 and 3.10, where the R.E. shows less extension in the CO region as

compared with the temperature inversion. For lower mass-loss rates (Ṁ = 10−6

M�/yr, Figure 3.10), it gets harder to see the difference in both profiles. The only

region that seems to make a difference is the M band (4.5 < λ < 5µm), where we
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Figure 3.8: Normalised model spectra for a fixed γ = 0.45 and the different
β = −1.10 (blue), −1.35 (green), and −1.60 (red) in the optical TiO band

region. As we decrease β, the TiO bands deepen slightly.

see emission in the temperature inversion case.

Observations of CO lines in the K band generally show CO in absorption, even

for an extreme case such as the RSG VY CMa (Wittkowski et al., 2012), con-

firming that the lower temperature based on R.E. is better suited to describe the

CO MOLsphere than the higher temperature components of the chromospheric

temperature inversion (cf. Section 3.2.1).

To sum up this section, the MARCS+wind model shows significant atmospheric

extension in all wavelengths compared to a simple MARCS model (Figure 3.3).

Such an extension has been observed, but it has so far not been reproduced by

current models (Arroyo-Torres et al., 2013). As we increase the Ṁ for a R.E.

temperature profile, the CO, SiO, and water remain relatively unchanged in the

spectra (Figure 3.4); whereas for the |V |2, we see a larger extension in all cases

(Figure 3.6). The R.E. seems to better reproduce the spectra than the tempera-

ture inversion as we did not observe the CO in emission in our case studies (see

Section 3.4) nor other previously published data (e.g. Wittkowski et al., 2012;

Arroyo-Torres et al., 2013, 2015). Changing the β and γ parameters in Equa-

tion 4.2 deepens the water features in the |V |2.
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Figure 3.9: Normalised model spectra (upper panel) and |V |2 (lower panel) for
our base model with simple radiative equilibrium (red) and the chromospheric
temperature inversion profile by Harper et al. (2001) (blue). Both models with
a Ṁ = 10−4.0 M�/yr. We can see that the main differences are in the regions
λ = 2.35 − 3.0µm and λ > 4.0µm due to CO, where for the Harper+01 case
the molecular lines appear more strongly in emission, and the visibilities are

decreased due to a larger apparent diameter of the star.
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Figure 3.10: Same as Figure 3.9, but with a Ṁ = 10−6.0 M�/yr. In this case,
the main differences are only in the λ > 4.0µm region due to CO, where for the
Harper+01 case the molecular lines appear more strongly in emission, and the

visibilities are decreased due to a larger apparent diameter of the star.
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3.4 Case study: Comparison with HD 95687 and

V602 Car

In this section, we compare our model to published VLTI/AMBER data of the

two RSGs HD 95687 and V602 Car available in Arroyo-Torres et al. (2015). As

previously mentioned, we have chosen these two RSGs since they sample different

luminosities, Ṁ , and masses. In addition, the data are readily available, and

these are two well-studied RSGs whose fundamental parameters (e.g. Teff , log g,

θRoss, and log L/L�) are well known. The data were taken using the AMBER

medium-resolution mode (R ∼ 1500) in the K − 2.1µm and K − 2.3µm bands.

The parameters used for each initial MARCS model are shown in Table 4.5,

following Arroyo-Torres et al. (2015). HD 95687 is characterised by a smaller

luminosity, mass, and radius than V602 Car. In addition, HD 95687 shows a

weaker atmospheric extension than V602 Car.

To estimate both θRoss and A, for each studied model, we computed the |V |2 as a

function of their spatial frequency B/λo where λo corresponds to the continuum

region 2.23−2.27µm. We have compared the model and data |V |2, and found the

best-fitting θRoss and A by means of a χ2 minimisation.

Figures 3.11 and 3.12 show the MARCS model fit to the data of Arroyo-Torres

et al. (2015) and our initial MARCS+wind model fit with βHarp = −1.10 and

γHarp = 0.45, compared to the data of HD 95687 and V602 Car, respectively. For

our model fit, we checked both the spectra and |V |2. We used a range of mass-

loss rates of −7 < log Ṁ/M� < −4 with a grid spacing of ∆Ṁ/M� = 0.25. We

obtained a best fit of log Ṁ/M� = −5.50 for HD 95687 and log Ṁ/M� = −5.0

for V602 Car. These Ṁ are reasonable when compared with typical mass-loss

Table 3.1: Parameters of the MARCS models used for the analysis of each
RSG. From left to right: Luminosity log L/L�, effective temperature Teff , sur-
face gravity log g, metallicity [Z], microturbulence ξ, and mass as in Arroyo-
Torres et al. (2015). The last column shows the radius of the star in the photo-

sphere in solar units (defined at τRoss = 2/3).

RSG log L/L� Teff (K) log g [Z] ξ (km/s) M/M� R?/R�

HD 95687 4.8 3500 0.0 0 5 15 690
V602 Car 5.1 3400 -0.5 0 5 20 1015
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prescriptions (e.g. de Jager et al., 1988; Schröder and Cuntz, 2005; Beasor et al.,

2020).

For the temperature profile, we used R.E. since the temperature inversion would

either show depleted CO lines (λ = 2.29 − 2.7µm) for the spectra, which do not

match with the observations, or not enough extension for the |V |2. Therefore, it is

not possible to find a model with the temperature inversion profile that fits both

spectra and |V |2 simultaneously.

We estimate for our best-fit models a θRoss = 5.35±0.7 mas and 2.9±0.8 mas, and

A = 1.0±0.14 and 1.0±0.08 for V602 Car and HD 95687, respectively. The errors

in θRoss and A were derived by the minimum values in the 68% dispersion contours

of the χ2 fit, which for 2 degrees of freedom corresponds to χ2 < χ2
min + 2.3 (Avni,

1976). Our results are in agreement with Arroyo-Torres et al. (2015) within the

error limits.

In this work, we show that when adding a wind to a MARCS model, we are

now able to qualitatively fit the spectra and |V |2. This is something that current

existing models are unable to do.

This initial fit can be further improved by modifying the inner wind density profile.

Figures 3.13 and 3.14 show both the spectra and |V |2 of the new fit changing the

density parameters in comparison with the data and the initial MARCS+wind

fit for HD 95687 and V602 Car, respectively. The main difference between both

MARCS+wind models can be found in the |V |2 water region at λ = 2.29−2.5µm,

where the new γ and β fit better.

We notice that, although our best-fit model for HD 95687 can accurately repro-

duce both flux and |V |2, this succeeds for V602 Car to a lower extent: the flux

is well reproduced in Figure 3.14, but the |V |2 is still missing some extension,

especially in the region λ = 2.29 − 2.5µm. As previously mentioned, this region

not only includes CO, but also the presence of water. A possible explanation for

this mismatch could be that for increasing Ṁ , the models still fail to reproduce

the extension of the water or CO layers. Another possibility is that since our

model neglects velocity gradients, it underestimates the equivalent widths of lines.

Broader and stronger lines would help to increase the apparent stellar extension

at those wavelengths.
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Figure 3.11: Upper left: Normalised flux for the RSG HD 95687 (grey), as
observed with VLT/AMBER for the K − 2.1µm bands. Our initial best-fit
model with β = −1.10 and γ = 0.45 is shown in red, corresponding to the
parameters of the density profile by Harper et al. (2001). The pure MARCS
model fit is shown in orange. As expected, the fluxes are well represented by
both our fit and MARCS. Upper right: Same as the upper left panel, but for
the K − 2.3µm band. Lower left: Same as the upper left panel, but for the
|V |2 and a baseline of B = 60.8 m. Lower right: Same as the lower right panel,
but for the K − 2.3µm band and a baseline of B = 63.2 m. Our model can

represent the data better than simple MARCS.
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Figure 3.12: Same as Figure 3.11, but for V602 Car.
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Figure 3.13: Upper left: Normalised flux for the RSG HD 95687 (grey),
as observed with VLT/AMBER for the K − 2.1µm bands. Our initial best-fit
model with β = −1.10 and γ = 0.45 is shown in red, corresponding to the
parameters of the density profile by Harper et al. (2001). The final best-fit
model with β = −1.60 and γ = 0.05 is shown in green. Upper right: Same as
the upper left panel, but for the K − 2.3µm band. Lower left: Same as the
upper left panel, but for the |V |2 and a baseline of B = 60.8 m. Lower right:
Same as the lower right panel, but for the K − 2.3µm band and a baseline of
B = 63.2 m. The best-fit model for β and γ can reproduce the water features

in λ = 2.29− 2.5µm with a better accuracy than our initial best fit.
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Figure 3.14: Same as Figure 3.13, but for V602 Car.
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3.5 Summary and conclusion

We present 1D modelling for the extended atmospheres of RSGs based on simple

R.E. and chromospheric temperature inversion by Harper et al. (2001), and we

computed synthetic flux spectra and synthetic interferometric visibility spectra.

When comparing our models to a simple MARCS or PHOENIX models, our

synthetic |V |2 showed a stronger atmospheric extension and could fit, for the first

time, the observed extension in the case studies.

Regarding the temperature profile, we find that the R.E. reproduces the spectra

better than the chromospheric temperature inversion since we do not observe any

emission in the CO bands, which are the result of models based on a temperature

inversion. The possible reason that R.E. fits better than the temperature inversion

– even though RSGs are known to have a chromosphere – could be, on the one

hand, because of the presence of different spatial cells with different temperatures

in the hot lukewarm chromospheres of RSGs (O’Gorman et al., 2020). On the

other hand, we do not know the effect that the dust could make where T > 800

K; although, we expect it to be small.

Moreover, localised gaseous ejections, related to magnetic fields and surface ac-

tivity were recently suggested as a major contributor to mass loss from RSGs

(Humphreys and Jones, 2022; Andrews et al., 2022; López Ariste et al., 2022).

To explore this effect in detail, we would need to use 3D models, which is out

of the scope of this work. Our 1D modelling approach relies on an azimuthally

averaged stratification, which is a good approximation for many aspects, but may

not reproduce some of the observed features.

When compared to the observations, we obtain a mass-loss rate that is in accor-

dance with typical mass-loss prescriptions (e.g. de Jager et al., 1988; Schröder and

Cuntz, 2005; Beasor et al., 2020). However, in order to fit both the water and CO

extensions simultaneously, the density shape should be steeper close to the surface

of the star than previously expected by Harper et al. (2001).

Most importantly, we were able to reproduce the |V |2 extension of the case studies.

Simple stellar atmosphere models such as MARCS do not show extension at all.

However, the description very close to the stellar surface may not be optimum yet,

as we were not able to reproduce some atomic lines in the 2.10µm < λ < 2.30µm
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|V |2 region, which are the most sensitive to the stratification very close to the

stellar surface.

This is the first extended atmosphere model to our knowledge that can reproduce,

in great detail, both the spectra and |V |2 simultaneously. Therefore, we have

shown the immense potential of this semi-empirical model of MARCS+wind, not

only to match the spectral features without the need of dusty shells, but also the

visibilities obtained by interferometric means.



Chapter 4

Further modelling with

GRAVITY and MATISSE data

The following chapter contains the publication to be submitted to A&A, where the

author performed the full data calibration, reduction, analysis, discussion, writing

and development of all the figures. The work has been carried out at the European

Southern Observatory (ESO) headquarters in Garching, Germany.

4.1 Abstract

Mass loss plays a crucial role in the lives of massive stars, especially as the star

leaves the main sequence and evolves all the way to the red supergiant (RSG)

phase. Despite its importance, the physical processes that trigger mass-loss events

in RSGs are still not well understood. In Chapter 3, we have shown that adding

the effect of a semi-empirical wind can accurately reproduce the extensions in the

atmospheres of RSGs, where the mass-loss events are taking place, particularly

focusing in the CO and water lines.

In this chapter, by adding a static wind to a MARCS atmospheric model, we com-

pute the synthetic observables to match the new interferometric data taken with

VLTI/MATISSE and VLTI/GRAVITY for the RSGs AH Sco, KW Sgr, V602 Car,

CK Car and V460 Car. KW Sgr uses published VLTI/AMBER data instead of

GRAVITY. The MATISSE wavelength range also includes the presence of the SiO

molecule at 4.0µm with a spectral resolution of R ∼ 500. The model intensities

70
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with respect to the line of sight angle (µ) as well as the spectra and visibilities

were computed using the stellar transfer code Turbospectrum. We found the

best-fit model, mass-loss rate and best-fit angular Rosseland diameter for the ob-

servations. Then, we simultaneously match our model to the data studying a

wavelength range of 1.8− 5.0µm corresponding to the K, L and M bands.

We obtain a range of Rosseland angular diameters between 3.00 < θRoss < 5.05

mas and a range of mass-loss rates of −6.5 < log Ṁ/M�yr−1 < −4 over all our

targets. Moreover, we are able to reproduce the drops in the visibilities due to

CO, water and SiO. The SiO abundance is shown to start increasing at R ∼ 2R?

and its relative intensity depends on the luminosity assumed in our model.

This work provides further demonstration that our MARCS+wind model can re-

produce the observed physical extension of RSG atmospheres for several spectral

diagnostics spanning a broad wavelength range. We reproduce both spectra and

visibilities of newly obtained data as well as provide temperature and density

stratifications that are consistent with the observations. With the new MATISSE

data, we studied the extension of SiO as a precursor of silicate dust.

4.2 Observations and data reduction

We observed the RSGs KW Sgr (ID: 109.231U.001, PI:Wittkowski), AH-Sco (ID:

109.231U.002, PI:Wittkowski), V602 Car, CK Car and V460 Car (ID:110.23P1.001,

PI: González-Torà) with VLTI/MATISSE. We also observed AH Sco (ID:0101.D-

0616(B), PI: Wittkowski), V602 Car and VAR Cet (ID:110.23.P1.002, PI: González-

Torà) with VLTI/GRAVITY.

For the GRAVITY observations (1.8 < λ < 2.4µm), the targets were observed

as snapshots with single split-polarisation mode and the medium interferometric

baseline configuration. We used the HIGH spectral resolution R ∼ 4000 mode.

The sequences were observed as CAL-SCI-CAL, meaning we first observed a cal-

ibrator, then the science target and again a calibrator. For each of these three

observations, the sequence was OOSOOS, where O denotes the object (SCI or

CAL) and S the sky position. The sequences were observed for the same night,

using two different calibrators for the same science target.
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For the MATISSE observations (2.8 < λ < 13µm), the targets were observed as

snapshots with the medium interferometric baseline configuration. For the L and

M bands we used the MED spectral resolution R ∼ 500, while for the N band the

HIGH R ∼ 1000 for AH Sco and KW Sgr, and LOW R ∼ 30 for V602 Car, CK Car

and V460 Car. We observed the sequences CAL-L, SCI, CAL-N for the same night,

where CAL-L is the calibrator for the L and M bands, SCI is the science target

and CAL-N is the calibrator for the N band. Usually, we cannot use the same

calibrators for the L/M and N bands, since we need specific angular diameters and

magnitudes that depend on the bands we are observing. Our observations were

all taken with the new GRA4MAT mode, to obtain the full wavelength coverage

of 2.8 < λ < 5µm in the L and M bands.

The date and time of the observations, as well as the observing conditions are

shown in Tables 4.1 and 4.2 for GRAVITY and MATISSE, respectively. The

stellar properties of our observed calibrators are shown in Table 4.3.

The targets studied are variable stars, whose variability between times of obser-

vations could affect the results. We have checked the dates when the observations

were taken in Tables 4.1 and 4.2 and compared with the light curves of the targets

using the enhanced light curves available by the American Association of Variable

Star Observers1. For the case of AH Sco and KW Sgr, in both cases the obser-

vations were taken around the minimum of the variability cycles. For the other

RSGs, the observations were taken with less than a month, so the variability of

the stars in this short period would not affect our results.

4.2.1 Data reduction

For the data reduction, we used the ESOreflex software with the GRAVITY

pipeline version 1.6.0 and the MATISSE pipeline version 1.7.62. The steps of

the data reduction for both instruments are described in Lapeyrere et al. (2014)

and Millour et al. (2016), respectively. The |V |2, the visibilities, closure phases,

differential phases and coherent fluxes are calculated by the pipeline.

Once the raw data has been reduced, the second ESOreflex workflow calibrates

the visibilities of the science data using the different calibrators. For MATISSE,

1https://www.aavso.org/LCGv2/
2The reduction pipelines are available at http://www.eso.org/sci/software/pipelines/

https://www.aavso.org/LCGv2/
http://www.eso.org/sci/software/pipelines/
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Table 4.3: Properties of the calibrators for the VLTI/MATISSE and GRAV-
ITY observations: name, spectral type, limb-darked disk diameter (LDD) from
Bourges et al. (2017), and the stellar parameters of the synthetic spectra
(MARCS, Gustafsson et al., 2008) used for the calibrators: effective temper-
ature (Teff), surface gravity (log g) and metallicity [Z] available in the VizieR

database of astronomical catalogues (Ochsenbein et al., 2000).

Name Spectral type LDD diameter (mas) Teff (K) log g [Z]

gam02 Nor K0III 2.46±0.25 4750 3.0 0.25
eps Sco K1III 5.93±0.45 4500 2.5 -0.25
nu Oph K1III 2.83±0.29 5000 3.0 0.00

HD94683 K4III 2.49±0.25 4000 0.0 0.00
HD91056 M0III 4.40±0.49 3800 1.0 0.00
HD16074 K2III 1.77±0.13 4250 -0.5 0.00
ups Cet M0III 5.91±0.76 3800 1.15 -0.05

HD302821 A7Ie 1.26±0.10 3700 0.00 0.00
zet Vol K0III 2.23±0.21 4700 2.5 -0.2

CD-55 3254 M3 2.76±0.27 3300 0.00 0.00

HD159881 K5III 2.81±0.24 4500 2.5 -0.25
HD152636 K5III 2.39±0.22 4000 2.5 -0.05
HD96442 M1/2III 1.64±0.16 4000 0.00 0.00
HD103859 K4III 1.43±0.11 4000 0.00 0.00

80 Cet M0III 3.57±0.36 4000 0.00 0.00
HD89736 K5/M0III 2.58±0.23 3900 0.00 0.00
HD90677 K3II 1.99±0.19 4000 0.00 0.00

Q Car K3III 2.45±0.27 4300 0.00 0.00
HD60228 M1III 2.51±0.24 3900 0.00 0.00

the calibration workflow changes slightly for both L/M and N bands: for the N

band, we used the coherent integration instead, and we have changed the spectral

binning to 11 bins/λ and the coherent integration time to 0.3 s.

ESOreflex does not provide us with a flux calibration method, therefore we

calibrated the flux by our own means. The flux calibration for the GRAVITY and

MATISSE data was done with the following steps, for each of the four telescopes:

firstly, the data was corrected for the offsets of the absolute wavelength calibration,

by checking a sky model for the whole K band using the SkyCalc Model calculator

(Noll et al., 2012; Jones et al., 2013) and the individual telluric lines at λ =

3.903µm for the L and M bands and λ = 9.576µm for the N band. Table 4.4

shows the offsets of the absolute wavelength calibration for each band and target.

Secondly, the calibrator flux was divided by the MARCS model flux, using the

parameters in Table 4.3 (for this step, the MARCS flux was binned to match the

resolution of the data) to obtain the spectral transfer function. Finally, the science

flux was divided by the spectral transfer function so that it can be normalised.
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Table 4.4: Wavelength offset from the telluric lines for each target and band
observed in µm. The spectral resolution for the K band is R ∼ 4000, for the L
and M bands is R ∼ 500, and for the N band it is R ∼ 1000 for AH Sco and
KW Sgr and R ∼ 30 for the rest We did not include the KW Sgr offset in the
K band because the information is not available in Arroyo-Torres et al. (2013).

Target K (µm) L/M (µm) N (µm)

AH Sco 0.0003 0.0013 0.0135
KW Sgr - 0.0002 0.0148

V602 Car 0.0006 0.0013 0.0403
CK Car 0.0006 0.0014 0.0403

V460 Car 0.0006 0.0013 0.0405

For KW Sgr, the requested K-band VLTI-GRAVITY data could not be obtained,

and we used instead published VLTI/AMBER data for KW Sgr available in

Arroyo-Torres et al. (2013). The data was taken using the AMBER medium-

resolution mode R∼1500 in the K − 2.1µm and K − 2.3µm bands. The reader is

referred to Arroyo-Torres et al. (2013) for information about the data acquisition

and reduction.

4.3 Methods

4.3.1 Model

The model is based on work by Davies and Plez (2021) and has been discussed in

Davies and Plez (2021) and Chapter 3 of this thesis. Here we will briefly summarise

the most important features, the reader is referred to Chapter 3 for an extensive

discussion.

To a MARCS model atmosphere we plug in the effect of a stellar wind, using the

mass continuity expression

Ṁ = 4πr2ρ(r)v(r), (4.1)

where ρ and v are the density and velocity as a function of the stellar radial

coordinate r, respectively. The wind density ρwind(r) has the following shape

proposed by Harper et al. (2001):

ρwind =
ρphot.

(Rmax/R?)2

(
1−

(
0.998

(Rmax/R?)

)γ)β
, (4.2)
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where Rmax is the arbitrary outer-most radius of the model, in our case ∼ 8.5R?.

The β and γ parameters define the smoothness of the extended wind region. We

have performed the same analysis as in Chapter 3: using a grid with −1.1 < β <

−1.60 in steps of ∆β = 0.25 and 0.05 < γ < 0.45 in steps of ∆γ = 0.2. Our best

fit parameters were found to be β = −1.60 and γ = 0.05 for all sources, which

are consistent with the best fit from Chapter 3 (see Chapter 3 for a discussion

of the best β and γ parameter determination). The velocity profile was found

assuming a fiducial wind limit of v∞ = 25± 5 km/s, that is the value matched to

Richards and Yates (1998); van Loon et al. (2005) and Beasor and Davies (2017),

and Equation 4.1.

For the temperature profile, we assume the same two profiles as in Chapter 3, one

following simple radiative equilibrium (R.E.) and another assuming a temperature

inversion in the chromosphere of the star that peaks at ∼ 1.4R? and decreases

again, following Harper et al. (2001). As in Chapter 3, the chromospheric tem-

perature profile did not fit well the spectra and |V |2 simultaneously, unlike R.E..

The reason is that this temperature inversion profile shows the CO lines in the

region 2.3 < λ < 2.4µm for the flux as emission lines. Since we do not observe

any emission lines in the observations, we decided to use only the results based on

R.E.. A fit with both profiles for AH Sco is shown in Appendix C for comparison.

For more details, a full discussion about the different temperature profiles of the

MARCS+wind model can be found in Chapter 3.

We re-sampled the temperature, density and velocity profiles to a constant loga-

rithmic optical depth sampling ∆ log(τ) (see the reasons for this re-sampling in

Davies and Plez (2021) and Chapter 3). Finally, we defined the outer boundary of

the model where the local temperature is < 800 K. Below this temperature, our

code is unable to reliably converge the molecular equilibrium. In addition, some

species would be depleted to dust grains. As a clarification, the τλ = 1 surface is

always within this radius if log Ṁ/M�yr−1 < −4.

4.3.2 Analysis

We computed the spectra and intensity profiles with respect to the radius of the

star using the radiative transfer code Turbospectrum v19.1 (Plez, 2012). Set-

ting a wavelength range from 1.8µm to 5.0µm with a step of 0.1Å in order to
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Table 4.5: The parameters for the MARCS models used for the analysis of
each RSG. From left to right: Luminosity log L/L�, effective temperature Teff ,
surface gravity log g, metallicity [Z], microturbulence ξ, and mass as in Arroyo-
Torres et al. (2013, 2015); Cruzalèbes et al. (2019). The last column shows the

radius of the star in the photosphere in solar units (defined at τRoss = 2/3).

RSG log L/L� Teff (K) log g [Z] ξ (km/s) M/M� R?/R�

AH Sco 5.52 3600 -0.5 0 5 20 1411
KW Sgr 5.24 3700 0.0 0 5 20 1009

V602 Car 5.1 3400 -0.5 0 5 20 1015
CK Car 4.86 3500 0.0 0 5 15 690

V460 Car 4.46 3600 -0.5 0 5 15 539

resolve the microturbulence.

For the spectral synthesis, we included a list of atomic and molecular data3. Chem-

ical equilibrium was solved for 92 atoms and their first two ions, including Fe, Ca,

Si, and Ti, and molecular data for CO, TiO, H2O, OH, CN, and SiO was included,

among about 600 species.

The stellar parameters assumed in the MARCS model for the targets observed

are shown in Table 4.5. The parameters were found in Arroyo-Torres et al. (2013,

2015) for AH Sco, KW Sgr and V602 Car and in Cruzalèbes et al. (2019) for

CK Car and V460 Car. We used the MARCS model with the parameters from

Table 4.5 as the initial model to plug in the stellar wind.

4.4 Results

We computed the visibilities with the same method as in Section 2.3 of Chapter 3.

Briefly, we used the Hankel transform defined in Davis et al. (2000), estimated the

angular diameter of the outermost layer of the model (θModel) using the relation

with the Rosseland angular diameter θRoss found in Davis et al. (2000) and Wit-

tkowski et al. (2004), and scaled the final model with an A factor that allows for

the attribution of a fraction of the flux to an over-resolved circumstellar compo-

nent (Arroyo-Torres et al., 2013). This A component depends on the wavelength

range we are observing with.

3The atomic and molecular data is available at https://github.com/bertrandplez/

Turbospectrum2019

https://github.com/bertrandplez/Turbospectrum2019
https://github.com/bertrandplez/Turbospectrum2019
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Figure 4.1: Left panel: Baseline with respect to the spatial frequency for the
GRAVITY data accounting for the continuum, in red for the data points of AH
Sco and in black the best fit model. Right panel: Same as the left panel but for

MATISSE data.

To estimate both θRoss and A, for each studied model, we computed the |V |2 as

a function of their spatial frequency B/λ in the whole wavelength range of the

K, L and M bands. We compared the model and data |V |2 of both instruments,

and found the best-fit θRoss and A by means of a χ2 minimisation. For the case

of KW Sgr, we used the AMBER data instead. We found the same best-fit AL

and AM values for the L and M bands, while the best-fit AK in the K band was

different.

Table 4.6 shows the best fit for the θRoss, AL/M and AK of each RSG. The errors in

θRoss and the A values were derived by the minimum values in the 68% dispersion

contours of the χ2 fit, which for 2 degrees of freedom corresponds to χ2 < χ2
min+2.3

(Avni, 1976). Our results are in agreement with Arroyo-Torres et al. (2013, 2015)

within the error limits.

Figure 4.1 shows the baseline with respect to the angular frequency, for the best fit

model accounting for the continuum in the GRAVITY and MATISSE data. This

is the case for AH Sco, the rest of the targets produce similar plots. We see that

in all cases the best model fits the data points well for the determined model θ. As

expected, the A parameter changes depending on the instrument and wavelength

range we are observing.

We used a range of mass-loss rates of −7 < log Ṁ/M�yr−1 < −4 with a grid

spacing of ∆ log Ṁ/M�yr−1 = 0.50 to determine the best Ṁ fit. In the last
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Table 4.6: From left to right: The best fit θRoss of the star, the A value for the
K and L/M bands, respectively, and the log Ṁ/M�yr−1 fit from the model. The
fixed parameters of our model for all targets are the density profile parameters

β = −1.60 and γ = 0.05, and simple R.E. for the temperature profile.

RSG θRoss (mas) AL/M AK log Ṁ/M�yr−1

AH Sco 5.05 ± 0.5 0.75 ± 0.05 0.85 ± 0.05 -4.0 ± 0.50
KW Sgr 3.00 ± 0.4 0.85 ± 0.05 0.9 ± 0.05 -4.5 ± 0.50

V602 Car 5.5 ± 0.5 0.85 ± 0.05 0.7 ± 0.05 -5.0 ± 0.50
CK Car 3.95 ± 0.5 1 ± 0.05 1 ± 0.05 -5.0 ± 0.50

V460 Car 3.05 ± 0.6 0.95 ± 0.05 0.95 ± 0.05 -6.5 ± 0.50

column of Table 4.6 we also show the best fit log Ṁ/M�yr−1 for our static wind

model and the errors corresponding to the grid spacing.

When checking the log Ṁ/M�yr−1 column in Table 4.6, we see that our best fit

mass-loss rate is in accordance with typical mass-loss prescriptions (e.g., de Jager

et al., 1988; Schröder and Cuntz, 2005). As the stars become more luminous, the

Ṁ becomes very high compared to recent prescriptions (e.g., Beasor et al., 2020),

which is the case of AH Sco and KW Sgr. This could mean that our model has still

some limitations. Even though we have checked that we are not hitting the edge

of our grid models, it could be that the temperature or density profiles are still not

optimum. Another reason for this high Ṁ would be that since the pure MARCS

model is very compact, we could need an unrealistically higher Ṁ to reproduce

the observations.

Figure 4.2 shows a 2D intensity plot for the model of AH Sco and the different

wavelengths showing water, continuum, CO and SiO. We see that, while the con-

tinuum seems to be mainly present at R = 1R?, the rest of the molecules are

present at extended layers: water near the photosphere R ∼ 1.001R?, as seen in

Chapter 3, while CO and SiO at R > 1R?.

4.4.1 GRAVITY

Figures 4.3, 4.4, 4.5 and 4.6 show the reduced data for the K band, the best-fit

MARCS+wind model for the temperature profile of R.E. and the initial best pure

MARCS model fit for AH Sco, V602 Car, CK Car and V460 Car, respectively.

We include every baseline of the observations. Our R.E. model reproduces better

both the fluxes and |V |2 than the pure MARCS model.
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Figure 4.2: 2D plot showing the intensity of the water, continuum, CO and
SiO regions for our extended model of AH Sco.

The most important features that our model can reproduce in this wavelength

range are the CO absorption lines in λ = 2.29 − 2.7µm as well as the water

signatures at λ = 1.8 − 2.2µm and at the edge of the band λ > 2.35µm. These

features are presented as a broader shape in the absorption lines in the flux as well

as the |V |2. We see that for all the cases, while the pure MARCS model matches

our model and the data in the spectra, the |V |2 extensions for the different baselines

are substantially better reproduced by our model as compared to pure MARCS.

While MARCS seems to be able to show only some faint CO features in the |V |2,

our model can match better the shapes in the whole |V |2 for all the studied targets.

This means that the layers where the CO lines are formed are more extended than

in the MARCS models.
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Figure 4.3: Upper panel: Normalised flux for the RSG AH Sco (grey), as
observed with VLTI/GRAVITY for the K band. Our best-fit model is shown in
red for R.E., while the pure MARCS model fit is shown in green. Lower panels:
Same as the upper panel but for the |V |2 with different baselines. Both flux

and |V |2 are better represented by our fit.
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Figure 4.4: Same as Figure 4.3 but for V602 Car.
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Figure 4.5: Same as Figure 4.3 but for CK Car.
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Figure 4.6: Same as Figure 4.3 but for V460 Car.
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4.4.2 MATISSE

Figures 4.7, 4.8, 4.9, 4.10 and 4.11 show the MATISSE reduced data for the L

and M bands, the best fit MARCS+wind model for the temperature profiles with

R.E. and the initial best pure MARCS model fit for AH Sco, KW Sgr, V602 Car,

CK Car and V460 Car, respectively. Our model reproduces better both the fluxes

and |V |2 than the pure MARCS model.

The most important feature that our model can reproduce in the L band is the

SiO absorption line at λ = 4.0µm. Our model matches better the spectra than

compared to MARCS at λ > 4.0µm, specifically for AH Sco (Figure 4.3), where the

SiO features an increase in the flux that MARCS does not reproduce. Regarding

the |V |2 extensions for the different baselines, pure MARCS does not reproduce

at all the extension in SiO, while our model can fit the data and reproduce the

SiO feature. This is the first time that a model can reproduce the extension in

SiO using MATISSE spectro-interferometry data of RSGs.

As for the M band, the visibilities are clearly lower than predicted by pure MARCS

and better consistent with our model. This is due to the presence of CO in this

band (see Chapter 3 for an extended discussion). In this band, R.E. and the chro-

mospheric temperature profile have strong differences, where the chromospheric

temperature profile shows CO in emission in this wavelength region. Four our

targets, R.E. still reproduces better this wavelength region.

The reduced MATISSE N band data is shown in Appendix D. It has not been

analysed since that wavelength region is highly affected by dust, and therefore

cannot be matched to our model.

4.4.3 AMBER

Figure 4.12 shows the published AMBER data in the K band by Arroyo-Torres

et al. (2013), the best fit MARCS+wind model and the initial best pure MARCS,

since we did not have GRAVITY data for KW Sgr.

In Figure 4.12, the extension in the CO lines (λ > 2.3µm) appears to be under-

represented, while the same model fits better the MATISSE data (Figure 4.8). As

mentioned in Chapter 3, a possible explanation for this mismatch could be that for

increasing Ṁ , the models still fail to reproduce the extension of the water or CO
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Figure 4.7: Upper panel: Normalised flux for the RSG AH Sco (grey),
as observed with VLTI/MATISSE for the L (left panels) and M bands (right
panels). Our best-fit model is shown in red, while the pure MARCS model fit
is shown in green. Lower panels: Same as the upper panel but for the |V |2
with different baselines. Both flux and |V |2 are better represented by our fit.
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Figure 4.8: Same as Figure 4.7 but for KW Sgr.
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Figure 4.9: Same as Figure 4.7 but for V602 Car.
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Figure 4.10: Same as Figure 4.7 but for CK Car.
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Figure 4.11: Same as Figure 4.7 but for V460 Car.
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Figure 4.12: Upper left: Normalised flux for the RSG KW Sgr (grey), as
observed with VLT/AMBER for the K − 2.1µm bands. Our best-fit model is
shown in red while the pure MARCS model fit is shown in green. As expected,
the fluxes are well represented by both our fit and MARCS. Upper right: Same
as the upper left panel, but for the K − 2.3µm band. Lower left: Same as
the upper left panel, but for the |V |2 with the different baselines. Lower
right: Same as the lower right panel, but for the K − 2.3µm band and different

baselines. Our model can represent the data better than pure MARCS.
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Figure 4.13: Results for the uniform disk (UD) model fit using the AH Sco
data in the K, L and M bands.

layers. In addition, since our model neglects velocity gradients, it underestimates

the equivalent widths of lines which would help to increase the apparent stellar

extension at those wavelengths.

4.4.4 Uniform Disk model

In order to illustrate the apparent size of the star as a function of wavelength

across the K, L and M bands, we also describe our data with one of the most

simple models to describe the photospheric emission of a star: the uniform disk

(UD) model. The intensity of the uniform disk model, IUD is described as:

IUD(ρ) =

4/(πθ2) if ρ ≤ θ/2

0 if ρ > θ/2
(4.3)

where ρ and θ are the polar coordinates in the object plane (Berger and Segransan,

2007). Assuming a fixed A and following Equation 4.3, we can obtain a best fit

angular diameter θ for each wavelength. Figure 4.13 shows the best UD θ fit

for each one of the K, L and M bands.We see that for each individual band, θ

increases for specific wavelengths where molecules are present (e.g., θ increases

at the CO lines in λ > 2.3µm or there is a big increase in λ = 4.0µm due to

SiO). This indicates that these molecules are formed in the extended atmospheric

region.

The simple UD model already illustrates the extended atmosphere of RSGs over

a large wavelength range from 1.8 < λ < 5.0µm, but with our MARCS+wind

model we are able to accurately reproduce this extension for the first time.
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4.5 Discussion

After finding the optimised model for each of the targets, the profiles are consistent

with the characteristics as in Chapter 3 (i.e. simple R.E. for the temperature and

a density profile with β = −1.60 and γ = 0.05). Moreover, we see that both

a single density and temperature profile fits well both GRAVITY and MATISSE

observations simultaneously, as well as the AMBER observation to a certain extent.

4.5.1 Formation of SiO

SiO is one of the most important molecules in the atmosphere and circumstellar

envelope of evolved cool massive stars, as it is a precursor of silicate dust formation.

MARCS models alone cannot explain the presence of SiO lines in cooler red giants

and RSGs even when taking into account the dust emission. This means that the

SiO is formed in the extended molecular atmosphere (Ohnaka, 2014).

Mapping the extended molecular atmosphere where the SiO is present is important

to understand the mass-loss mechanisms in cool evolved stars. Indeed, the wind

acceleration takes place in the region between the photosphere and the inner region

of the circumestellar envelope. Some attempts to understand the dust formation

processes and to map the circumstellar environment in cool evolved stars include

the ATOMIUM project using ALMA (Gottlieb et al., 2022) or more recently,

VLT/SPHERE observations (Montargès et al., 2023).

Our work focuses on the region where the wind is accelerated. SiO is the strongest

feature of our L band MATISSE data. Therefore, we can study the presence

and formation of SiO in this extended atmospheric region. Figure 4.14 shows the

intensity at the SiO line (λ = 4µm) minus the intensity at the near continuum

(λ ∼ 3.8µm) with respect to the radius of the star for the best-fit models of

our targets. We see that the SiO formation depends on the luminosity used for

our model, since each of the RSGs represented have a different luminosity as

seen in Table 4.5. As the luminosity increases, the formation shifts to higher R?.

In any case, the SiO production starts at a R > 2.5R?, which means that the

production of SiO starts way beneath we reach the maximum extension of our

model (R ∼ 8.5R?). In this case, the temperature formation of dust silicates and

the depletion of SiO would be at T > 800 K. According to the model temperature
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Figure 4.14: Intensity at the SiO line minus the continuum with respect to
radius of the star for the case of R.E. for each different best fit model corre-

sponding to the RSG studied.

profile it will indicate a temperature of the order of T ∼ 1500K, which is in

accordance with previous work by Gail et al. (2020). It could be also possible that

SiO and dust silicates co-exist, as dust production may not be completely efficient.

4.6 Summary and conclusion

We used the 1D modelling approach to add a wind to a pure MARCS model as

in Davies and Plez (2021) and Chapter 3 to compare with new MATISSE and

GRAVITY data of five RSGs. Aside from obtaining the CO and water lines with

the GRAVITY data, the MATISSE data adds the SiO line at λ = 4µm and

additional CO transitions in the M band. After comparing the synthetic interfer-

ometric visibility and synthetic flux spectra to the data, we see that our models

can reproduce better the |V |2 for the observations in all baselines as compared to

pure MARCS. We fit simultaneously the MATISSE and GRAVITY wavelength

coverage. Therefore, we are able to reproduce extensions for the first time in the

L and M bands, and can also reproduce again the extensions for the K band as

in Chapter 3.

Our best-fit mass-loss rate increases as the star becomes more luminous. The

density and temperature stratification profiles of our model are in accordance



4. Further modelling with GRAVITY and MATISSE 96

with the profiles found in Chapter 3: simple R. E. for the temperature profile and

a steeper density profile with smoothness parameters of β = −1.60 and γ = 0.05

(as defined in Equation 4.2). In addition, the formation of SiO occurs at R ∼ 2R?,

where the temperature is to the order of T ∼ 1500K.

This is one of the first studies of RSGs using the MATISSE instrument after Chi-

avassa et al. (2022). Moreover, Chiavassa et al. (2022) used low spectral resolution,

while we obtain the data with medium spectral resolution. Complementing with

GRAVITY observations in the K band, we have obtained some of the most com-

plete spectro-interferometric data up to date of RSGs, covering the wavelength

range of 1.8 < λ < 13µm.

To conclude, this chapter shows the potential of the simple 1D MARCS+wind

model to fit several spectral bands, providing accurate extensions for the first

time in the |V |2. This model approach could be adapted to other lower and

intermediate-mass stars such as Miras. In the future, we would like to compare

this result with recent 3D extended models (e.g., Ahmad et al., 2023).



Chapter 5

Conclusions and Future work

This chapter presents a short summary of my work along with the main takeaways

and future prospects.

5.1 Red supergiants in low metallicity environ-

ments

Evolutionary models predict a metallicity (Z) dependence on the Hayashi limit.

This limit dictates the minimum effective temperature (Teff) a star can have when

still maintaining hydrostatic equilibrium. When comparing with observations, if

this Z-dependence is not the same as model predictions, it implies that the as-

sumptions used to simulate convection are not correct (e.g., mixing length theory).

This means that there should be a Z-dependence with the mixing length param-

eter instead, which would be important for all studies of stellar physics and all

astronomy that relies on it. We analysed VLT/X-SHOOTER spectroscopic data

of RSGs in different Z environments (the Magellanic clouds and the metal poor

galaxy Wolf-Lundmark Mellotte, WLM). We compared my results to those from

population synthesis, based on model predictions from evolutionary tracks. We

found that our Z trend with respect to the temperatures of RSGs leads to dis-

crepancies with current evolutionary models. These important results show that

the mixing length parameter in current massive evolutionary models has to be re-

evaluated.
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5.2 Spatially extended atmospheres of red su-

pergiants

We applied a semi-empirical model to describe the extended atmospheres of RSGs

using optical interferometric data from the ESO Very Large Telescope Interferom-

eter (VLTI) instruments AMBER, MATISSE and GRAVITY. The model is based

on a combination of simple MARCS models and adding a semi-analytic description

of a stellar wind with a constant Ṁ (Davies and Plez, 2021).

After defining the stellar structure model, we used the radiative transfer code

Turbospectrum (Plez, 2012) to obtain fluxes and intensities with respect to

the line of sight angle for different wavelength ranges. With these intensities, we

could compute the squared visibility amplitudes (|V |2). The |V |2 in molecular

bands are tightly co-related with Ṁ , for a higher Ṁ we obtain stronger |V |2

features. Therefore, by studying the changes on both |V |2 and flux simultaneously

we can better fit the Ṁ of our model. With the optical interferometric data in

the K band (1.8µm < λ < 2.5µm), we compared the |V |2 and spectral fluxes

from different RSGs and my model predictions, to obtain the best estimations

for the Ṁ , the temperature and density profiles of the stellar wind. Our model

not only reproduces the intensity profiles, but it can also accurately reproduce for

the first time the drop of |V |2 in molecular lines of water and CO. This work has

been able to reproduce for the first time the spatial extension of the atmosphere

of RSGs. These results have a big impact in massive stellar astrophysics and

all astronomy dependent on them, providing for the first time accurate empirical

structure stratification profiles of evolved massive stars.

5.3 Further modelling with VLTI/GRAVITY and

MATISSE data

We obtained, reduced and analysed new data of RSGs in the Milky Way using

the VLTI/GRAVITY and MATISSE instruments, comprising the K, L, M and

N bands (1.8µm < λ < 13µm). Using this extended wavelength range in new

targets, we were able to reproduce for the first time the drop of |V |2 in molecular

lines of not only water and CO, but also SiO. Aside from being one of the only
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studies to date that uses MATISSE to observe the atmospheric structure of RSGs,

it also represents one of the most complete spectro-interferometric data coverage

of RSGs up to date.

Comparing the data of a broader wavelength range to our modelling approach

allowed us to corroborate the potential of our extended models. The analysis also

produced for the first time angular diameter determinations, temperature and

density stratifications for the new targets.

Even though the Ṁ obtained are very high compared to current prescriptions (e.g.,

Beasor et al., 2020), we speculate that a possible reason for this high Ṁ would be

that since the pure MARCS model is very compact, we could need a higher Ṁ to

reproduce the same extensions observed. For future work, we would compare with

averaged 3D hydrodynamical models (e.g., Chiavassa et al., 2009, 2010, 2011b,a)

to our current models. Despite the 3D models not being extended enough for

RSGs yet, comparing with 3D averaged models of Mira stars we can already see

that the Ṁ needed to reproduce the same |V |2 is lower. This is because the models

are not as compact as MARCS.

Finally, our models show that the formation of SiO occurs at a T ∼ 1500K, before

the dust shell appearance. There is also a dependence on the formation of the

SiO and the luminosity of our model, in a way that higher luminosities produce a

steeper formation of SiO at a slightly higher radius.

5.4 Future work: a new mass loss rate prescrip-

tion

Evolutionary codes predict that massive stars from 8 to 25− 30M� will evolve all

the way to the RSG stage, core-collapsing in a H-rich SN type II-P (Choi et al.,

2016). However, when compared to observations, the upper limit to the mass range

for SN II-P progenitors is found to be ∼ 17M� instead. This mass discrepancy is

the so-called RSG problem (Smartt, 2009). A possible solution includes increasing

the mass-loss rates (Ṁ) to lower the mass where the H-envelope is shred, but

there is no consensus whether a high Ṁ can occur or not. If the RSG shreds

its H-envelope, it could become a hot stripped progenitor, moving away from the

RSG stage and exploding as a different type of SN (H-poor, type I). Therefore,
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mass loss dictates the final fate of massive stars: it determines whether they will

produce a SN at all, and if so, which type (i.e. H-rich/H-poor). Mass loss is then

crucial to develop accurate stellar evolutionary tracks, obtaining the correct stellar

structure models and upper mass limits for SN progenitors.

Despite its importance, the physical processes that trigger mass loss in the atmo-

spheres of RSGs are still not fully understood, and remain one of the key questions

in stellar astrophysics. As a consequence, their Ṁ can not be derived from first

principles. The current Ṁ prescriptions are based purely on observations. The

most commonly used Ṁ prescription for RSGs (de Jager et al., 1988) is more than

30 years old and based on a small sample of archival observations (< 10 stars).

Other Ṁ prescription attempts focus on Ṁ biased towards the mid-IR (e.g., van

Loon et al., 2005; Goldman et al., 2017). Recently, Beasor et al. (2021a) developed

a Ṁ prescription studying RSGs dust excess in stellar clusters, finding not only a

Ṁ relation with luminosity (L), but also with the initial stellar mass (Minit). Bea-

sor et al. (2021a) found out that the previous prescriptions over-estimate Ṁ by up

to a factor of 20, and in consequence that the Ṁ in the RSGs phase are not effec-

tive at removing their H-rich envelope prior to core-collapse. These controversial

claims imply that single star evolution is irrelevant for massive stars.Therefore, the

only way to obtain core-collapse SN type Ib/c would be through binary evolution,

since the mass lost in the single RSG phase by winds seems to be insignificant.

However, these findings suffer from substantial systematic errors in getting Ṁ from

dust (e.g., gas to dust ratio, composition).

In this thesis, the improved stellar atmospheric models introduced have the po-

tential to retrieve Ṁ from RSG spectra that are free of the systematics described

above. We measure the Ṁ at a smaller radii than the dust region thanks to the

high angular resolution of interferometry.

With my current spectro-interferometric data, by studying the changes on both

|V |2 and flux simultaneously, we can better fit the Ṁ of our model. Once bench-

marked the models using both flux and |V |2, we can obtain an Ṁ by fitting

the spectra alone. In Chapter 3, we see that our synthetic spectra also shows

differences when comparing to pure MARCS, so with the bench-marked models,

the spectral features would be enough to determine Ṁ . Then, we will be able

to measure Ṁ from optical and near-IR spectra alone by using e.g., Gaia (Gaia

Collaboration et al., 2018), X-Shooter (Vernet et al., 2011) or CRIRES (Kaeufl

et al., 2004) observations.
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By using this independent Ṁ determination, we can compare with the predictions

from previous mass-loss prescriptions to determine whether the Ṁ are high enough

to allow the SN progenitor to shred its H-envelope.

Ultimately, we will produce a new Ṁ prescription based on optical, near- and

mid-IR spectra. With my newly measured stellar information, we can obtain new

evolutionary tracks with the stellar code MESA (Paxton et al., 2011).

Finally, we propose to add the dust contribution to our model by studying the N

band data of my VLTI/MATISSE observations. This N band wavelength region

(8µm < λ < 13µm) is largely affected by dust. Our initial model does not include

the dust contribution, since it is expected to have little to no effect at Teff > 800

K, so R < 8R? (Gail et al., 2020). To obtain a complete picture for the full

stellar atmospheric description of RSGs, we need to add the contribution of the

dust produced at Teff < 800 K. This means including the dusty shell contribution

in addition to our MARCS+wind model. By comparing with the heavily dust

affected N band, we would be able to obtain for the first time a complete picture

of the stellar structure model of RSGs. This stellar structure model will allow us

to improve the previous Ṁ prescriptions based on dust excess (e.g., de Jager et al.,

1988; Beasor et al., 2021a).

To sum up, the future work outcomes include: a new Ṁ prescription indepen-

dent from dust, new MESA evolutionary tracks, production of grids for the most

complete stellar atmospheric model of RSGs, and the prediction of many observed

properties including the rates for H-rich/poor single star SN, and surface abun-

dances prior to SN.



Appendix A

Statistical significance test

Figure A.1: Two panels showing the results for the statistical significance of
our sample in the MCs. Left: Shows the histogram produced from the Monte-
Carlo like simulation of the SMC sub-sample stars from Tabernero et al. (2018)
with the same spectral type as our sub-sample, an the average Teff for the full
sample of Tabernero et al. (2018). Right: The same as left but for the LMC.

102



Appendix B

Analysis of RSGs

Figure B.1: Three panels showing the results of the analysis for WLM 01.
Upper left: Shows the smoothed data (red) and best fitted MARCS model
(black), while the SED regions for the analysis are shown in gray. Lower left:
The residuals of the fit. Right: shows the 68%, 95% and 99.7% confidence

contours for the best fitted effective temperature and extinction.
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Figure B.2: Same as Fig. B.1 but for WLM 02.

Figure B.3: Same as Fig. B.1 but for WLM 03.

Figure B.4: Same as Fig. B.1 but for WLM 04.
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Figure B.5: Same as Fig. B.1 but for WLM 05.

Figure B.6: Same as Fig. B.1 but for WLM 07. This star is the problematic
case and we suspect it is not part of the galaxy WLM.
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Figure B.7: Same as Fig. B.1 but for WLM 08.

Figure B.8: Same as Fig. B.1 but for WLM 09.

Figure B.9: Same as Fig. B.1 but for WLM 10.
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Figure B.10: Three panels showing the results of the analysis for the SMC
011709. Upper left: Shows the smoothed data (green) and best fitted MARCS
model (black), while the SED regions for the analysis are shown in gray. Lower
left: The residuals of the fit. Right: shows the 68%, 95% and 99.7% confidence

contours for the best fitted effective temperature and extinction.

Figure B.11: Same as Fig. B.10 but for SMC 013740.
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Figure B.12: Same as Fig. B.10 but for SMC 020133.

Figure B.13: Same as Fig. B.10 but for SMC 021362.

Figure B.14: Same as Fig. B.10 but for SMC 030616.
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Figure B.15: Same as Fig. B.10 but for SMC 034158.

Figure B.16: Same as Fig. B.10 but for SMC 035445.

Figure B.17: Same as Fig. B.10 but for SMC 049478.
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Figure B.18: Same as Fig. B.10 but for SMC 050840.

Figure B.19: Same as Fig. B.10 but for SMC 057386.
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Figure B.20: Three panels showing the results of the analysis at the LMC
064048. Upper left: Shows the smoothed data (blue) and best fitted MARCS
model (black), while the SED regions for the analysis are shown in gray. Lower
left: The residuals of the fit. Right: shows the 68%, 95% and 99.7% confidence

contours for the best fitted effective temperature and extinction.

Figure B.21: Same as Fig. B.20 but for LMC 067982.
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Figure B.22: Same as Fig. B.20 but for LMC 116895.

Figure B.23: Same as Fig. B.20 but for LMC 131735.
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Figure B.24: Same as Fig. B.20 but for LMC 136042. This is a problematic
case that can have a near blue star that contaminates the spectrum.

Figure B.25: Same as Fig. B.20 but for LMC 137818.
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Figure B.26: Same as Fig. B.20 but for LMC 142202.

Figure B.27: Same as Fig. B.20 but for LMC 143877.

Figure B.28: Same as Fig. B.20 but for LMC 158317.



Appendix C

Chromospheric temperature

profile fit

115



C. Chromospheric temperature profile fit 116

Figure C.1: Upper left: Normalized flux for the RSG AH Sco (grey), as
observed with VLTI/GRAVITY for the K band. Our best-fit model is shown in
red for R.E., and in blue for chromospheric temperature profile, while the pure
MARCS model fit is shown in green. Rest: Same as the upper panel but for
the |V |2 with different baselines. We see that the CO lines are in emission for
the chromospheric temperature profile flux, which is not observed in the data.
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Figure C.2: Up: Normalized flux for the RSG AH Sco (grey), as observed
with VLTI/MATISSE for the L (right panels) and M bands (left panels). Our
best-fit model is shown in red, and in blue the chromopheric temperature profile,
while the pure MARCS model fit is shown in green. Low: Same as the upper
panel but for the |V |2 with different baselines. Again, both flux and |V |2 are

better represented by our R.E. fit.
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VLTI/MATISSE N-band data

Figure D.1: Reduced N band normalized flux for AH Sco. We excluded the
region λ > 12µm because it was polluted by very high noise.
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Figure D.2: Reduced N band |V |2 for AH Sco, for each of the four beams.
We excluded the region λ > 12µm because it was polluted by very high noise.

Figure D.3: Same as Figure D.1 but for KW Sgr.

Figure D.4: Same as Figure D.2 but for KW Sgr.
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Figure D.5: Same as Figure D.1 but for V602 Car. The resolution is LOW in
this case.

Figure D.6: Same as Figure D.2 but for V602 Car. The resolution is LOW in
this case.

Figure D.7: Same as Figure D.1 but for CK Car. The resolution is LOW in
this case.
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Figure D.8: Same as Figure D.2 but for CK Car. The resolution is LOW in
this case.

Figure D.9: Same as Figure D.1 but for V460 Car. The resolution is LOW in
this case.
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Figure D.10: Same as Figure D.2 but for V460 Car. The resolution is LOW
in this case.
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Bergemann, M., Kudritzki, R.-P., Würl, M., Plez, B., Davies, B., and Gazak, Z.

(2013b). Red Supergiant Stars as Cosmic Abundance Probes. II. NLTE Effects

in J-band Silicon Lines. ApJ, 764(2):115.

Berger, J. P. and Segransan, D. (2007). An introduction to visibility modeling.

New A Rev., 51(8-9):576–582.

Bertelli, G., Bressan, A., Chiosi, C., Fagotto, F., and Nasi, E. (1994). Theoretical

isochrones from models with new radiative opacities. A&AS, 106:275–302.
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Dorda, R., Negueruela, I., González-Fernández, C., and Tabernero, H. M. (2016).

Spectral type, temperature, and evolutionary stage in cool supergiants. A&A,

592:A16.

Dotter, A. (2016). MESA ISOCHRONES AND STELLAR TRACKS (MIST) 0:

METHODS FOR THE CONSTRUCTION OF STELLAR ISOCHRONES. The

Astrophysical Journal Supplement Series, 222(1):8.

Dullemond, C. P., Juhasz, A., Pohl, A., Sereshti, F., Shetty, R., Peters, T., Com-

mercon, B., and Flock, M. (2012). RADMC-3D: A multi-purpose radiative

transfer tool.

Dupree, A. K., Strassmeier, K. G., Calderwood, T., Granzer, T., Weber, M.,

Kravchenko, K., Matthews, L. D., Montargès, M., Tappin, J., and Thompson,

W. T. (2022). The Great Dimming of Betelgeuse: A Surface Mass Ejection and

Its Consequences. ApJ, 936(1):18.

Dupree, A. K., Strassmeier, K. G., Matthews, L. D., Uitenbroek, H., Calder-

wood, T., Granzer, T., Guinan, E. F., Leike, R., Montargès, M., Richards, A.

M. S., Wasatonic, R., and Weber, M. (2020). Spatially Resolved Ultraviolet

Spectroscopy of the Great Dimming of Betelgeuse. ApJ, 899(1):68.



Bibliography 130

Ekström, S., Georgy, C., Eggenberger, P., Meynet, G., Mowlavi, N., Wyttenbach,

A., Granada, A., Decressin, T., Hirschi, R., Frischknecht, U., Charbonnel, C.,

and Maeder, A. (2012). Grids of stellar models with rotation. I. Models from

0.8 to 120 Mokay at solar metallicity (Z = 0.014). A&A, 537:A146.

Farrell, E., Groh, J. H., Meynet, G., and Eldridge, J. J. (2022). Numerical exper-

iments to help understand cause and effect in massive star evolution. MNRAS,

512(3):4116–4135.

Ferraro, F. R., Fusi Pecci, F., Tosi, M., and Buonanno, R. (1989). A method

for studying the star formation history of dwarf irregular galaxies - I. CCD

photometry of WLM. MNRAS, 241:433–452.

Freytag, B., Steffen, M., Wedemeyer-Böhm, S., Ludwig, H.-G., Leenaarts, J.,
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Bach, N., Baker, S. G., Balaguer-Núñez, L., Balm, P., Barache, C., Barata, C.,

Barbato, D., Barblan, F., Barklem, P. S., Barrado, D., Barros, M., Barstow,
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G., Jonker, P. G., Juhász, Á. L., Julbe, F., Karampelas, A., Kewley, A., Klar,

J., Kochoska, A., Kohley, R., Kolenberg, K., Kontizas, M., Kontizas, E., Ko-

posov, S. E., Kordopatis, G., Kostrzewa-Rutkowska, Z., Koubsky, P., Lambert,

S., Lanza, A. F., Lasne, Y., Lavigne, J. B., Le Fustec, Y., Le Poncin-Lafitte,



Bibliography 132

C., Lebreton, Y., Leccia, S., Leclerc, N., Lecoeur-Taibi, I., Lenhardt, H., Ler-

oux, F., Liao, S., Licata, E., Lindstrøm, H. E. P., Lister, T. A., Livanou, E.,
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Dern, L., Sadowski, G., Sagristà Sellés, T., Sahlmann, J., Salgado, J., Salguero,

E., Sanna, N., Santana-Ros, T., Sarasso, M., Savietto, H., Schultheis, M., Sci-
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