ANNI KASIKOV

Evolution and variability of
yellow hypergiant stars

DISSERTATIONES
ASTRONOMIAE
UNIVERSITATIS
TARTUENSIS

26




DISSERTATIONES ASTRONOMIAE UNIVERSITATIS TARTUENSIS
26



DISSERTATIONES ASTRONOMIAE UNIVERSITATIS TARTUENSIS
26

ANNI KASIKOV

Evolution and variability of
yellow hypergiant stars

b

UNIVERSITY or TARTU
Press

—
e —
O ——
D —
—
—



This study was carried out at Tartu Observatory, University of Tartu, Estonia.

The dissertation was admitted on April 8th, 2026, in partial fulfillment of the re-
quirements for the degree of Doctor of Philosophy (PhD) in Physics (astrophysics),
and allowed for defence by the Council of the Institute of Physics, University of
Tartu.

Supervisors

Dr Indrek Kolka
Tartu Observatory, University of Tartu
Toravere, Estonia

Dr Anna Aret
Tartu Observatory, University of Tartu
Toravere, Estonia

Opponent

Dr Erkki Kankare
Tuorla Observatory, University of Turku
Turku, Finland

The public defence will take place on June 3rd, 2026 at Tartu Observatory, Univer-
sity of Tartu.

Copyright © 2026 by Anni Kasikov

ISSN 1406-0302 (print)

ISBN 978-9908-57-193-5 (print)
ISSN 2806-2132 (pdf)

ISBN 978-9908-57-194-2 (pdf)

University of Tartu Press
http://www.tyk.ee/


http://www.tyk.ee/

‘In our world,” said Eustace, ‘a star is a huge ball of flaming gas.’
‘Even in your world, my son, that is not what a star is
but only what it is made of. ..’

—C. S. Lewis, The Voyage of the ‘Dawn Treader’
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1. INTRODUCTION
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Figure 1.1: Illustration of the post-main-sequence evolution of a single massive star that
evolves through the yellow hypergiant phase.

Massive stars are rare, unstable, and short-lived. There are only 2—3 massive stars
(M > 8 M., per a thousand Sun-like stars. Their lifetimes measure in mere millions
of years, while the Sun has lived for billions. Despite their short lifetimes, they
leave a strong imprint on their surrounding environments and their home galaxy as
a whole. Their winds influence the surrounding interstellar medium by depositing
kinetic energy, ionising radiation, and even quenching star formation in nearby
regions. Matter ejected from massive stars during and at the end of their lives
enriches the environment with heavier elements that affect the chemical evolution
of the galaxy.

During their short but turbulent lives, the massive stars go through different
evolutionary stages. Some evolutionary changes can happen quickly on cosmic
timescales — in tens of thousands of years — but the timescales are still far too
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long to be observed in human lifetimes. And thus, we try to piece together the
stars’ life stories by reading the chemical and physical imprints preserved in
stellar atmospheres and their surrounding environments, and comparing stars at
different stages of their lives. Reconciling the observations with evolutionary
and atmospheric models allows us to connect the different types of massive stars.
Further difficulty comes from prevalence of binarity among massive stars — more
than 70% are born in binary systems (Sana et al., 2012). Companion interactions
and mergers can drastically alter the evolutionary scenarios and open up new
possibilities.

Observed stellar populations provide a benchmark for evaluating evolutionary
models, and stars in extreme or transitional stages often prove to be the hardest
to reproduce. The yellow supergiant (YSG) stars are one of such transitioning
stages. A star may become a YSG multiple times in its life — before becoming a red
supergiant (RSG), and in some cases, also afterwards on a post-RSG evolutionary
path. At that point, the most massive and luminous YSGs are called the yellow
hypergiants (YHGs). Two prominent figures in massive star evolution P. Massey
and A. Maeder often quote Kippenhahn & Weigert (1990): “[The yellow super-
giant] phase is a sort of magnifying glass, also revealing relentlessly the faults
of calculations of earlier phases.” Indeed, small changes in the star’s mass loss,
convective and mixing processes can greatly affect how it evolves. The YSG and
YHG phases last only about ten thousand years, a mere 0.1% of the star’s lifetime,
but their short duration makes understanding these transition phases even more
critical to understanding the whole picture of their evolution.

It can be challenging to piece together the life history of a star, but it is even
more so to try to predict its future. After passing through the RSG phase, the
luminous and unstable YHG continues to lose mass in recurring eruptions. Its
future remains unknown. It might continue to evolve to become a luminous blue
variable or a B[e]-type hot blue supergiant (e.g. Mufioz-Sanchez et al., 2026).
The YHG stage might also be a terminal stage, and the star could explode in a
core-collapse supernova (or it might go out without a bang at all; De et al., 2026).
Figure 1.1 gives an illustrated look at the past, present, and possible futures of a
YHG, as we currently understand it from a single-star evolutionary perspective.

This doctoral thesis aims to bring new observational insights into the YSGs and
YHGs in the Milky Way. A study of stellar neighbourhoods of Galactic YHGs
and luminous YSGs determines their memberships in clusters and OB associations
and provides improved distances and luminosities. Detailed studies showcase two
hypergiants at the opposite ends of the YHG evolutionary path. V509 Cas, a well—
studied YHG, has entered an atypically stable high—temperature state that may
signal future evolution toward the blue supergiant phase. At the other extreme lies
RW Cep, a cooler hypergiant that recently underwent a mass-loss outburst, making
it an excellent candidate to connect the red and yellow hypergiant evolutionary
phases.

12



2. EVOLUTION OF MASSIVE STARS
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Figure 2.1: The Hertzsprung-Russell diagram. Grey lines mark luminosity classes. The
locations of RW Cep and V509 Cas are marked based on Paper 1. Data from Anderson &
Francis (2012) and Humphreys et al. (2019).

A central goal in the study of massive stars is to understand how they reach the end
of their lives. The different stellar evolutionary stages are commonly visualised in
the Hertzsprung-Russell (HR) diagram (Fig. 2.1). A young star burning hydrogen
in its core is located on the main sequence (MS). As it evolves, its internal structure
and surface properties change, and its position on the HR diagram shifts accordingly.
High-mass stars begin their lives as O-type main-sequence stars at the very top
of the HR diagram, characterised by high luminosities (log(L/L:)> 4.7) and
effective temperatures (T.> 30000 K). Stellar evolutionary models follow a star’s
progression through the increasingly advanced stages of evolution up until the
star’s final moments before a supernova (SN) explosion.

A star’s evolutionary path is determined primarily by its initial mass Mzams on
the zero-age main sequence (ZAMS) in the HR diagram. Conti (1975) proposed a
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Figure 2.2: HR diagram depicting evolutionary tracks of massive stars. The approximate
areas where different types of stars are located are marked with dashed blocks in different
colours: WR — Wolf-Rayet, LBV — luminous blue variable, YHG — yellow hypergiant,
YSG - yellow supergiant, RSG — red supergiant. ZAMS is marked with a blue dashed line
at the origin points of the tracks. The star symbol on the track marks helium ignition in the
core. The grey diagonal dotted lines represent lines of constant radius. The tracks are from
Ekstrom et al. (2012) at solar metallicity considering stellar rotation.

sequence of different evolutionary stages connecting luminous O-type stars with
evolved Wolf-Rayet stars. Chiosi & Maeder (1986) extended the scheme further,

and it became known as the Conti scenario. A slightly updated version from
Ekstrom & Georgy (2025) is as follows:

M Z 60 M: O — OffWNL — LBV — WNL — WC — WO

M ~ 40-60M,: O — BSG — LBV - WNL — (WNE) - WC — (WO)
M ~ 30—-40 Ms: O — BSG — RSG — WNE — WCE

M ~ 25-30M,: O — (BSG) — RSG — (YHG? LBV?)

M ~ 10—25 Ms: O/B — RSG — (Cepheid loop for M < 15M) — RSG

The abbreviations are: BSG — blue supergiant, LBV — luminous blue variable,
RSG - red supergiant, YHG — yellow hypergiant, and WNL/WNE/WCE/WC/WO
are nitrogen/carbon/oxygen rich Wolf-Rayet stars in progressively advanced stages
of envelope stripping and nuclear processing.

A massive star on the ZAMS with mass Mzams < 25 M, evolves across the HR
diagram and ends its life as a RSG (Fig. 2.2). A star with 25 Mo, < Mzams <S40 Mg,
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evolves to a RSG, but loses enough mass to bring about further evolution back to
the blue, transition through the YHG stage and become an evolved blue supergiant.
Stars with Mzams 2= 40 Mg, never evolve to become RSGs and evolve through dif-
ferent hot supergiant stages. The mass ranges for different evolutionary sequences
depend strongly on model assumptions — mixing in the core, stellar rotation, metal-
licity, and mass loss. Additionally, significantly different evolutionary scenarios
can rise from interactions in multiple star systems. In the context of this work, we
focus on the single-star evolution of massive stars with 20 M, < Mzams < 40 Mg,
as this is the mass range expected for YHG progenitors in Geneva evolutionary
models (Ekstrom et al., 2012).

An O-type star on the MS with a mass of 20 M, < Mzams < 40 M, and a radius
of around 10 R, burns hydrogen in the core for approximately 5—10 Myr. The
timescale is dependent on model assumptions of the star’s rotation and convective
processes. Increasing the convective or rotational mixing can bring more hydrogen
fuel to the core and extend the main sequence lifetime. When hydrogen is exhausted
in the core, it contracts and the star’s envelope expands (also known as the mirror
effect). The star leaves the main sequence, sustained by the hydrogen-burning
shell surrounding the previously hydrogen-burning core. Its envelope continues to
expand, and its surface temperature decreases as it evolves across the HR diagram
and becomes a yellow supergiant (Ekstrom et al., 2012; Ekstrom & Georgy, 2025).

2.1. Yellow supergiants

Stars with Mzams> 20 M, cross the HR diagram very quickly, within few tens
of thousands of years (Meynet et al., 2015). Thus, the YSGs represent a very
short period in post-MS evolution. The timescale depends on the properties of
the hydrogen burning shell: efficiency of convection, temperature, metallicity, and
chemical gradient. The star’s crossing is slowed if the hydrogen shell is strong:
there is a deep and active intermediate convective zone, the temperature is high,
and it generates large amounts of energy (Ekstrom & Georgy, 2025).

Core contraction during the post-MS evolution leads to increase in core temper-
ature. When it reaches ~ 10® K, helium starts burning in the core (marked with a
star in Fig. 2.2). For stars with Mzams> 12 Mg, helium ignites already before star
becomes a RSG. Thus, YSGs are helium-burning stars (Ekstrom & Georgy, 2025).

The YSGs are very rare due to the short duration of the phase. Determining
the YSG content in a galaxy can help improve the stellar evolution models and
constrain the initial mass function (IMF) . Drout et al. (2012) and Neugent et al.
(2012) conducted studies of YSGs in the Magellanic Clouds and M33. They found
that the Geneva evolutionary models (Ekstrom et al., 2012) characterise well the
relative number and expected lifetimes of YSGs in these galaxies. The Ekstrom
et al. (2012) models predict the duration of the YSG stage between 30 000 and
80000 years for stars with Mzams between 20 M, and 40 M,,. Based on the ratio
of YSGs and OB-type massive stars in the LMC, Neugent et al. (2012) estimated a
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duration of ~17 000 yr. However, a previous study with a similar comparison in
M31 (Drout et al., 2009) estimated the YSG phase to last only for ~3000 years.

There are few studies on the variability of YSGs. The stars display small-
amplitude stochastic variations (~0.1 mag) in their light curves, any may have
variable Ha emission (Dorn-Wallenstein et al., 2019; Kourniotis et al., 2017). The
variability may be due to (radial or non-radial) pulsations (Kienzle et al., 1998;
Lovy et al., 1984), the mechanisms are described in Sect. 2.3.5.

2.2. Red supergiants

Following the crossing of the HR diagram, the star spends the next few hundred
thousand years of its life as a red supergiant. Here, its further evolution is deter-
mined by how much and how quickly the star loses mass. The precise mechanisms
for RSG mass loss through the combination of winds, pulsations, convection, or
eruptions are still debated.

The mass-loss rate determines the time spent as a RSG and whether the star
has a future as a post-red supergiant or ends its life in a supernova (SN) explosion
(Georgy, 2012; Meynet et al., 2015). Increased mass-loss rate reduces the time a
star spends as a RSG. Based on the non-rotating Geneva evolutionary model, a
20M., star with the model standard mass-loss rate spends ~ 0.55 Myr as a RSG,
but increasing the rate by a factor of 10 reduces that time to ~ 0.18 Myr (Meynet
et al., 2015).

2.2.1. Mass loss in cool stars

In hot stars, the main driver of mass loss is the line-driven stellar wind (radiation
pressure on spectral lines), but this process is not efficient in the cool SG atmo-
spheres. Unlike the hot stars, the mass-loss of RSGs does not seem to depend
on metallicity (Antoniadis et al., 2024; Kee et al., 2021). The mechanisms of
mass loss in cool SGs (including both yellow and red supergiants) are not fully
established and a number of different theories have been proposed (overview by
Levesque, 2017, and references therein):

* Dust-driven winds. For RSGs and the asymptotic giant branch (AGB) stars,
the model of dust-driven winds is the most commonly used mechanism. In
this model, the dust condenses in a thin shell close to the star, causing the
photons emitted by the star to scatter and transfer part of their momentum to
the dust.

* Pulsations. Radial pulsations may trigger dust-driven winds through expan-
sion and contraction, and also induce shock waves and eject matter from the
outer layers of the star.

* Convective motions. Convective motions may produce turbulent pressure
that decreases effective gravity and facilitates mass loss.
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* Molecular-line-driven winds. An analogous theory to the line-driven winds
in hot stars has been proposed. Winds are driven by radiation pressure on
molecular lines, instead of atomic ones.

* Magnetic fields. Alfvén waves caused by perturbations in the magnetic field
could transfer momentum to circumstellar gas and accelerate the wind.

Each of these theories has caveats: the pulsations drive mass loss in Mira-type
AGB stars, but may not be strong enough in RSGs; the condensed dust appears to
be too far from the stellar surface for efficient winds; other processes may not be
efficient enough in RSGs to explain the observed mass-loss rates. Fig. 2.3 gives an
illustrative overview of the different processes.

dust-driven wind

corona

Alfvén waves

dust bunnies

-

acoustic waves

log(g)

chromosphere

G K early-M late-M

—  log(Ts) spectraltype ——

Figure 2.3: Illustration of different drivers of mass loss in RSGs. K and early-M type
stars also have chromospheres, but it has been separated from the dust for clarity. Figure
adapted from van Loon (2025).

In evolutionary models, the mass loss in cool stars (Te< 10 kK) is described using
observation-based empirical prescriptions. The first such relation between the
mass-loss rate and stellar parameters was proposed by Reimers (1975):

M=55x10""LR/M,

where luminosity L, radius R, mass M are in solar units.

A commonly used mass-loss prescription for cool stars was published by de
Jager et al. (1988). It defines mass-loss rate as a function of effective temperature
Tetr and luminosity L. It is an empirical fit to mass-loss rates of 274 stars covering
spectral and luminosity classes from dwarfs to supergiants without considering
the type of mass-loss driving mechanism. The mass loss increases with increasing
L and decreases with increasing T.fr. Linearised de Jager et al. (1988) mass-loss
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estimates are plotted in Fig. 2.4. An important result of the analysis of de Jager
et al. (1988) is determination of an area of instability on the HR diagram near the
Humphreys-Davidson (HD) luminosity limit (Humphreys & Davidson, 1979) in
a broad range near Ter ~ 10000 K and log(L/Ls)= 6. The implications of this
region are discussed in Sect. 2.3.3. In recent years, many more empirical mass-loss
prescriptions have been published.

22— T T
—— de Jager log(L/Lo)=5.0
-3t Antoniadis - i
—— Yang
—4} —— Beasor, 20M, i
_5t Tefs = 4000 K E =

{RSG |

SMC/LMC HD limit \ N\ N

. ) . . . . i . . . i .
42 44 46 48 50 52 54 5.6 58 7000 6000 5000 4000 3000
log(L/L o) Tetr [K]

Figure 2.4: Comparison of mass-loss prescriptions from Antoniadis et al. (2024), Beasor
et al. (2020), de Jager et al. (1988), and Yang et al. (2023). On the left panel T.¢ is fixed
at 4000 K, HD luminosity limits in the Milky Way (Humphreys & Davidson, 1979) and
SMC/LMC (Davies et al., 2018) are marked with dotted lines. On the right panel, lumi-
nosity is fixed at log(L/Ls)=5.0. Yang et al. (2023) and Beasor et al. (2020) prescriptions
are not dependent on T, but Beasor et al. (2020) is dependent on Mzawms, Which is set to
20M,.

Several mass-loss studies have been done for RSGs in the Magellanic Clouds.
Yang et al. (2023) and Antoniadis et al. (2024) used samples of over 2000 RSGs to
study their mass loss through stellar winds. They both found enhanced mass loss
for RSGs with luminosities above log(L/Ls )~ 4.4 — 4.6, but depending on model
assumptions, the mass-loss rates vary by 2—3 orders of magnitude. Other studies
estimate much lower mass-loss rates. Beasor et al. (2020, 2023) studied the mass
loss of RSGs in Galactic open clusters. They predict that through stellar winds, a
RSG can lose a maximum of ~ 1 M., of mass, which is not enough to strip the star
and trigger blueward evolution. For example, the Geneva stellar evolution models
predict mass-loss rate during the RSG phase greater by a factor of 20 compared
to the results of Beasor et al. (2020) — a total mass lost for a Mzams= 20 M, star
would be ~ 9 M, in Geneva models compared to 0.79 M., found by Beasor et al.
(2020).

So far, the only analytical prescription for RSG mass loss was published by
Kee et al. (2021). Their model uses turbulent pressure for mass ejection (triggered
by hydrogen recombination in the convective cells, see Sect. 2.2.2). They found

18



increased mass-loss at higher luminosities, making it possible for the most luminous
RSGs to evolve blueward. Thus, the selection of a RSG mass-loss prescription has
important implications for the post-RSG evolutionary pathways.

There is no mass-loss prescription specifically for YSGs and YHGs, except for
the one provided by de Jager et al. (1988) for the entire HR Diagram. Thus, for
calculating mass loss in stellar evolutionary models either a RSG prescription can
be extrapolated to higher temperatures, or a combination of de Jager et al. (1988)
and one of the RSG mass loss prescriptions can be used.

2.2.2. Observable indicators of atmospheric convection

The structure of RSGs is shaped by convection. The outer convection zone reaches
into 99% of the stellar radius and includes 60-70% of the star’s total mass (Ekstrém
& Georgy, 2025). The convective motion creates deep mixing within the star
and dredges up products of the CNO cycle, enriching the surface with nitrogen
and depleting carbon and oxygen (Davies et al., 2009; Iben, 1964). However, the
vast atmosphere of a RSG contains only around a dozen of giant convective cells
(Josselin & Plez, 2007; Schwarzschild, 1975).

Observed Aligned 10
1.0f 1 =
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2 o8} / N
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. 3
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Figure 2.5: Spectral line variability as a result of the movement of giant convective cells in
RW Cep. Left: observed spectral line profiles of two FeT lines over two years; right: same
profiles shifted and scaled together. The velocity variation in the spectral lines reflects the
rise of the giant cells to the surface of the star. Spectra are from the ELODIE spectrograph,
observations described in Sect. 5.2.

Interferometry of surfaces of RSGs reveals a large-scale structure of convection
cells as well as smaller-scale granules (e.g. Montarges et al., 2017; Norris et al.,
2021). The larger features vary on timescales of several years, while the small-
scale features change on timescales of a few months (Kravchenko et al., 2019;
Norris et al., 2021). In spectral lines, the movement of large-scale convective cells
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results in varying intensity and radial velocity, while keeping the general shape
of the line profile (Fig. 2.5; Gray, 2021). The mean T of the stellar surface
varies in conjunction with the star’s visible magnitude due to the movement of
the cells. However, the photometric and T.¢ variability follow the radial velocity
with a phase lag of few tens of days. The phase lag could be due to the turn-
over of material in the stellar atmosphere, where the rising plume creates brighter
and hotter areas on the stellar surface (Gray, 2008) or due to acoustic waves
originating from the disturbances in the convective flow propagating through the
photosphere (Kravchenko et al., 2019). Additionally, atmospheric tomography of
RSGs Betelgeuse and u Cep revealed a velocity gradient in spectral lines formed at
different optical depths (Kravchenko et al., 2019, 2021). In Paper I1I, we observed
a similar velocity gradient in the atmosphere of RW Cep, the results are detailed in
Chapter 5.

2.2.3. Eruptive mass loss

Eruptive episodes in RSGs received wider attention from the public and scientific
community during the ‘Great Dimming’ of Betelgeuse in 2019 and early 2020.
The media reports of an imminent SN explosion were greatly exaggerated. The
leading explanation to the rapid decline in brightness became the condensation of
ejected matter into a dusty shell shielding the starlight (Montarges et al., 2021).
Since then, such mass-loss eruptions have been observed in several Galactic and
extragalactic luminous RSGs: RW Cep (Anugu et al., 2023, 2024b; Paper III), in
the historic light curve of VY Cma (Humphreys et al., 2021), in [W60] B9O in the
LMC (Munoz-Sanchez et al., 2024), and in M51 galaxy RSG M51-DS1 (Jencson
et al., 2022).

Based on numerous multi-wavelength observations of the Betelgeuse event,
the trigger for dimming events seems to be a combination of convective motions
and shocks propagating through the photosphere (Dupree & Montarges, 2025, and
references therein). A hot plume rising through the interior of the star breaks out
of the photosphere in a surface mass ejection event, which affects the whole stellar
surface (L6pez Ariste et al., 2023) and causes temporary change in the pulsation
period of the star (MacLeod et al., 2025). Indication of gaseous outflows during
the dimming of RW Cep was given by the blue-shifted Ho emission (Paper I11).
The cooling of the photosphere by a few hundred degrees and the condensation of
ejected matter into dust cause the decrease in brightness (Montarges et al., 2021).
The formation and time evolution of a fainter region on the surface of a star was
observed with interferometry both for Betelgeuse (Montarges et al., 2021) and for
RW Cep (Anugu et al., 2023, 2024b), reinforcing the dust cloud hypothesis.

The dust cloud in front of the star can reduce its visual brightness by 1-2
mag, and variability also appears in the mid-infrared light curve at a smaller scale
(Munoz-Sanchez et al., 2024) and at sub-millimeter wavelengths (Dharmawardena
et al., 2020). The dimming of starlight during such mass-loss eruptions can last
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from a few hundred days to several years, the duration can depend on the size of
the star or the size, geometry, and opacity of the dust clump (Anugu et al., 2024b;
Humphreys et al., 2021). Such events may reoccur on timescales of decades, and
may be common in RSGs (Anugu et al., 2024b; Munoz-Sanchez et al., 2024).
Indeed, in the case of VY CMa, traces of mass loss eruption events reach back a
thousand years (Humphreys et al., 2021; Smith et al., 2001). Such localised eruptive
events create an asymmetric nebula with filaments and arc-like structures around
the star (Smith et al., 2001). It remains unclear, how significant the contribution of
such events is to the total amount of mass lost during the RSG stage, or how many
such events have remained undetected due to the ejected dust cloud not aligning
with our line of sight.

The Geneva evolutionary models (Ekstrom et al., 2012) simulate enhanced mass
loss for stars more massive than Mzams= 15 M. When the star evolves through
the RSG stage, in the outer layers of the stellar envelope the luminosity may locally
exceed Eddington luminosity Lgqq = 4mcGM /x (where K is the opacity) due to
the increase in opacity from variation in hydrogen ionisation levels. In such cases,
the mass-loss rate of the star is tripled to simulate ‘enhanced’ mass loss during this
instability. When such supra-Eddington layer disappears, normal mass-loss rate
is restored. With the Geneva code mass-loss estimates, rotating stars with Mzams
between 20M, and 32M;, lose a large amount of mass as RSGs, enabling them
to evolve back towards hotter temperatures on a post-RSG evolutionary track. A
similar process of Eddington-limit induced mass loss has been successfully used in
the stellar evolution code MESA to reproduce the observed populations of cool
evolved massive stars in the Magellanic Clouds (Pauli et al., 2026). Thus, the
expected effects of enhanced mass loss are approximated by temporarily increasing
the mass-loss rate defined by an empirical prescription by a pre-defined factor. The
single-star post-RSG evolutionary pathway remains an open prospect. Zapartas
et al. (2025) compared different mass-loss prescriptions for RSGs and found that
depending on the prescription chosen, the expected ratio of YHGs to YSGs varies
between <1% (Beasor et al., 2020) and 23% (Kee et al., 2021).

2.2.4. The ‘red supergiant problem’

Majority of single massive stars end their lives as RSGs exploding in type II-P
supernovae — core-collapse SNe from stars with extensive hydrogen envelopes.
A statistical analysis type II-P SN progenitors revealed that they have initial
masses in the range 8.5 M, < M < 18 M., with an upper luminosity limit of
log(Lpol /L) =~ 5.1 (Smartt et al., 2009). However, the most massive RSGs in the
Local Group have initial masses of around 25 M, corresponding to a much higher
luminosity of logL/L:, ~ 5.5 (Davies & Beasor, 2018). This mass discrepancy in
lack of high-mass SN progenitors became known as the ‘red supergiant problem’
(Smartt et al., 2009). Other independent studies have found similar upper progenitor
mass limits (e.g. Dwarkadas, 2014; Fang et al., 2025; Rodriguez, 2022), but the
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statistical significance of this result has been questioned, and the progenitor masses
might be systematically underestimated due to model assumptions, measurement
uncertainties, or circumstellar extinction (Beasor et al., 2025; Davies & Beasor,
2018; Walmswell & Eldridge, 2012).

Various physical explanations to the RSG problem have been proposed. Core-
collapse simulations reveal that RSGs above M 2 20M, do not produce SN ex-
plosions, but rather collapse directly into black holes (BHs; Smartt, 2015, and
references therein). However, so far very few candidates have been identified (see
Sect. 2.5.4). In the context of YHGs, perhaps the most relevant and attractive theory
is explaining the RSG problem through post-RSG evolution. Stellar evolution mod-
els predict post-RSG blueward evolutionary tracks for stars with Mzams = 20 M,
(Ekstrom et al., 2012; Zapartas et al., 2025). Thus, at the end of their lives the
higher mass stars would explode as different types of SNe, explaining the ‘missing’
luminous type II-P SN progenitors.

2.3. Yellow hypergiants

The number of confirmed YHGs in the Milky Way is around 10, with a few more
promising candidates (e.g. Clark et al., 2014; Kourniotis et al., 2025). The first
confirmed extragalactic YHG was Var A in M33 thanks to the direct observations
of the star’s 50-year-long mass-loss episode (Humphreys et al., 1987). Since then,
a few more candidates have been identified in M33 (Kourniotis et al., 2017) and in
the LMC (Dorn-Wallenstein et al., 2025; Kourniotis et al., 2022).

2.3.1. A little bit of history

In the 1950s, five extremely luminous ‘super-supergiants’ were observed in the
Magellanic Clouds with spectral classes between F8 and G5 and all of them
associated with nebulae (Feast & Thackeray, 1956). Seven stars with similar
luminosities and evidence of atmospheric instabilities were also known in the
Milky Way (de Jager, 1980): p Cas, HR 4773 (=HD 96918), HR 8752 (=V509 Cas),
HR 5171, HD 160529, { 1'Sco, and HD 80077, first four of them yellow with
spectral classes F8—G8 and the last three bluer B1-A2 stars.

In 1971, Keenan specified the term ‘super-supergiants’ to refer to stars of the
highest luminosity class of 0 with extended atmospheres, relatively high mass-loss
rate and showing one or more broad emission components in Ho. A few years
later, a criterion of broad absorption lines was added as an indicator of large-scale
motions in the atmosphere (de Jager, 1998). In 1980, de Jager coined the term
‘hypergiants’ in his book The Brightest Stars, replacing the rather clunky ‘super-
super’ prefix. These stars were designated the 1a0 or la+ luminosity class. Most of
the hypergiant stars are yellow hypergiants, though some blue (e.g. three of them
listed above) and red hypergiants also exist. One of the red hypergiants, RW Cep,
is the subject of Chapter 5.
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In 1998, de Jager suggested that ‘yellow hypergiants’ are a post-RSG evolution-
ary state. Various criteria have been proposed to identify post-RSG supergiants.
Including, but not limited to: abundance anomalies and Na excess due to dredge-up
of nuclear reaction products (Boyarchuk et al., 1988b; Takeda & Takada-Hidai,
1994), lower mass due to the advanced evolutionary state (de Jager, 1998), dusty
and gaseous envelopes ejected following the RSG phase (Kastner & Weintraub,
1995), 12C/13C ratio below 5-10 indicating 13C enrichment (Oksala et al., 2013),
or pulsation periods shorter than 1 day (Dorn-Wallenstein et al., 2020). Follow-
ing these criteria, different stars have been included or excluded from the list of
YHG candidates. At its core, the group includes stars in an advanced post-RSG
evolutionary stage with unstable atmospheres and eruptive mass-loss episodes.

2.3.2. The single-star post-red-supergiant evolution

In a single-star evolutionary scenario, if a RSG loses enough mass to significantly
reduce its hydrogen envelope, it moves onto on a blueward evolutionary track.
Thus, such an evolutionary track is very sensitive to the mass-loss estimates of
RSGs. The evolution to the blue begins when the star has lost between 40% and
60% of its initial mass in the RSG stage, and the mass fraction of the He core
comprises 60—70% of the total mass of the star (Meynet et al., 2015).

The duration of the YHG phase also strongly depends on model assumptions.
Using the Geneva evolutionary models, Meynet et al. (2015) determined that
depending on the mass loss rate, the second crossing of the HR diagram as a YHG
would last between 30 000 and 300 000 years. Interestingly, their YHG phase has a
longer duration than the YSG phase, implying that most yellow massive stars are
post-RSGs. Stothers & Chin (1996) proposed a dynamic instability for massive
stars (~ 35 M, in their models) in the final stage of their RSG phase, causing very
rapid transition ~1000 yrs across the HR diagram to the blue. Nieuwenhuijzen
et al. (2012) expect the YHG stage to last around 10 000 yr, or slightly more.

2.3.3. The ‘yellow evolutionary void’

On the HR diagram, a luminous blueward evolving star encounters an area of
enhanced atmospheric instability that has become known as the ‘yellow evolu-
tionary void’ (YEV) due to the relative lack of stars in this region (de Jager &
Nieuwenhuijzen, 1997; Nieuwenhuijzen & de Jager, 1995). This area of instability
affects stars with luminosities around log(L/Ls) 2 5.6 and T. ~8300-10 000 K
(Fig. 2.6; Nieuwenhuijzen & de Jager, 1995). The area of the region depends
on the evolutionary models used and underlying assumptions. The border of the
YEV has also been called the ‘white wall’ (Oudmaijer & Wit, 2013). Stothers &
Chin (2001) connected the YEV to the low-luminosity end of the luminous blue
variable (LBV) instability region, set the lower temperature limit to ~7000 K, and
suggested that after mass loss in the YHG phase, the stars can pass through the
YEV and appear on the other side among the LBVs.
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Figure 2.6: The upper HR diagram of the Milky Way. Different colours and symbols mark
different types of evolved massive stars. Dashed line marks the Humphreys-Davidson
(HD) luminosity limit (Humphreys & Davidson, 1979). Evolutionary tracks for stars with
different Mzams are drawn at solar metallicity (grey dotted lines; Ekstrom et al., 2012).
Two instability regions are marked: YEV (yellow; Nieuwenhuijzen et al., 2012) and LBV
instability strip (blue; Humphreys & Davidson, 1994). Literature data for Galactic RSGs
(red squares; Healy et al. 2024), LBVs (cyan diamonds; Smith et al. 2019), and B[e]
supergiant stars (blue triangles; Miroshnichenko et al. 2025) are shown for comparison.
Figure adapted from Paper 1.

A number of YHGs are seen clustering at the low-temperature side of the YEV,
which suggests an evolutionary explanation for their observed instabilities (Nieuwen-
huijzen & de Jager, 1995). These stars include: IRC +10420 (Koumpia et al.,
2022; Oudmaijer & Wit, 2013), V509 Cas (Nieuwenhuijzen et al., 2012; Paper II),
IRAS 17163-3907 (Koumpia et al., 2020). No stars have been observed to pass
through it on a post-RSG evolutionary track, though LBVs occasionally enter the
YEV region during their eruptive outburst episodes.

The occurrence of the YEV has been explained through a number of instability
properties in the atmospheres of YHGs (listed here as in de Jager, 1998).

1. When calculating the values of effective gravity (gesr) across the upper HR
diagram, Nieuwenhuijzen & de Jager (1995) found that for blueward evolving
stars in the YEV region their models did not converge and geg < 0.1 cm s2. The
small ges >~ 0 values indicate that the atmosphere becomes detached from the star’s
gravitational attraction.

2. In parts of the upper photosphere, negative density gradient occurs due to
the increasing ionisation of hydrogen with increasing temperature from 7000 K to
about 13000 K (de Jager & Nieuwenhuijzen, 1997).
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3. Inside the YEV, the sonic point is located within the star’s atmosphere,
causing the stellar wind to achieve near-supersonic velocity. This contributes to
periods of enhanced mass loss during the pulsational cycle (Nieuwenhuijzen &
de Jager, 1995). Lobel et al. (1998) offered two scenarios explaining the variable
wind: the wind velocity is affected by the variable 7. and opacity during the
stellar pulsations, and the wind is accelerated at higher T.¢ values; alternatively, the
atmospheric pulsations may transfer momentum at the base of the wind, thereby
causing variable wind velocities and mass-loss rate through mechanical means.

4. Inside the YEV, the first adiabatic exponent I'; decreases below % (Lobel
et al., 1992). This property has been debated in the literature and warrants a longer
explanation.

I} is connected to dynamic instabilities in the stellar atmosphere (Eq. 2.1). For
monatomic gas, I’} = % and for photon gas I'| = %. The value of I'; is sensitive
to ionisation of hydrogen, and in ionisation zones its value may decrease, I'; < %.
There is overlap in the areas of the YEV and the region on the HR diagram, where
I'< % (de Jager & Nieuwenhuijzen, 1997). Lobel (2001) noted, that by itself, the
low values of I'] do not cause dynamical instabilities, but combined with pulsations
and strong convective motions, it may contribute to episodic mass loss ejections.

_(dlP\ C,

where P — pressure, p — density, C, and Cy are specific heats for constant pressure
and volume, and the density exponent x, = 1 for monatomic gas. Lobel (2001) and
Lobel et al. (1992) calculated the variation of I'; in Kurucz model atmospheres at
different effective temperatures. They determined that for Kurucz models with low
gravitational acceleration, there exist areas on the HR diagram, where the stellar
atmospheres are unstable to atmospheric instabilities. At T¢~6500-7500 K, the
hydrogen ionisation region is located in the outer parts of the star’s atmosphere,
where I'; decreases below %. Further increase in T results in hydrogen being
fully ionised and I'; increases. A second such region on the HR diagram is
located at around T.g~13 000 K, where helium becomes singly ionised. Above
16 000 K both hydrogen and helium are completely ionised. Nieuwenhuijzen
et al. (2012) established two subregions of the YEV: To~6300-8900 K, where
hydrogen ionisation causes low atmospheric stability (marked on Fig. 2.6), and
Tege~11200-12 500 K, where ionisation of helium begins to play a role.
However, recently Glatzel & Kraus (2024) stated that because of the short
thermal time scales in the envelopes of YHGs, the analysis of atmospheric stability
through the use of adiabatic approximation is not valid. Additionally, even with us-
ing the adiabatic approximation in their models, I'| never decreased below %. Their
interpretation uses strange-mode instabilities manifesting through infinitesimal
radial perturbations in the stellar atmosphere. Strange modes occur for stars with
luminosity-to-mass ratio (in solar units) above 10*. Such instabilities occur for
luminous stars at all temperatures and might cause pulsationally driven mass-loss.
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2.3.4. Extreme mass loss eruptions

Observational indications of instabilities in YHGs have been evident for decades
but the cause of eruptive outbursts remains unclear. The prevailing scenario
connects the long-term evolution and the eruptive mass loss episodes with the YEV
(Nieuwenhuijzen et al., 2012). As the YHG evolves bluewards and its T¢¢ increases,
it encounters the YEV region. There, its atmosphere becomes increasingly unstable,
which triggers an eruptive episode. The ejected matter creates a cooler pseudo-
photosphere around the star, decreasing the observed T and the star moves to
cooler part of the HR diagram. As the pseudo-photosphere disperses, the Tur
appears to increase again until another mass-loss episode occurs, and the cycle
begins anew.

These eruptions occur on timescales of years to decades and they have become
known as ‘bouncing against the yellow void’. It is unknown, how many times
the eruptions can reoccur. It is possible, that the resulting zig-zag motion on
the HR diagram only affects the outer atmospheric layers of the star, while its
underlying evolution continues normally (de Jager, 1998). Though it has also been
suggested, that the corresponding Ti¢ changes of 30004000 K reflect evolutionary
changes within the stellar interior. The recurring eruptions might continue until the
atmosphere of the star stabilises and the star continues on its blueward evolutionary
path or explodes as a type II SN (Israelian et al., 1999).

One of the most well-studied YHGs with recurring eruptions is the bright,
visually 4th magnitude star p Cas. Its major eruption in 1946—47 and the subsequent
formation of a cooler circumstellar shell provided the first clear evidence for
sporadic and extensive mass ejection events (Sargent, 1961). p Cas has a long
timeline of strong outbursts with six eruptions recorded in the last 138 years (van
Genderen et al., 2025). The most well-known are the 1945-47 event (Sargent,
1961), the 1985-86 event (Boyarchuk et al., 1988a), the ‘millennium outburst’ in
2000-01 (Lobel et al., 2003b), and the most recent smaller-scale event in 2013!
(Aret et al., 2017b). Similar episodes have been observed in other famous YHGs:
IRC +10420 (Oudmaijer et al., 1996), HR 5171 (Chesneau et al., 2014), Var A in
M33 (Humphreys et al., 1987), and V509 Cas (de Jager & Nieuwenhuijzen, 1997).
Chapter 4 focuses on the history and current variability of V509 Cas.

During the mass-loss outburst, the optical brightness of the star can decrease
by more than a magnitude and T can decrease by around 3000 K within a few
months (Lobel et al., 2003a; Nieuwenhuijzen et al., 2012). During the outburst
minimum, TiO bands can appear in the spectrum due to the rapid expansion and
cooling of the atmosphere. These are usually seen in much cooler, M-type stars. In
1946, 1986, and 2000 outbursts of p Cas, the TiO bands appeared during brightness
decline and disappeared within a few months following the brightness minimum.
For the ‘millennium outburst’ of p Cas Lobel et al. (2003a) measured a lower limit

! Author’s note: 13 years have passed since the last outburst, which makes it tempting to hope for
another episode soon. At the time of writing this thesis (Feb 2026), p Cas shows normal activity.
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for mass-loss rate of M = 5.4 x 1072 M, yr~!, over 500 times greater than during
quiescent pulsations and of the same order of magnitude as the giant eruptions in
LBV n Car.

Different explanations have been proposed for this outburst behaviour.

Hydrogen ionisation instability. This model was proposed by Lobel et al.
(2003a). Before the outburst, there is a period of very weak stellar winds, which
contributes to build up of momentum in the atmosphere. A release of this energy
results first in rapid decompression and then contraction of the atmosphere. During
the contraction, the T.¢ increases to ~8000 K. This temperature regime corresponds
to the hydrogen ionisation zone and low values of I'; mean that the atmosphere is
unstable. The subsequent expansion and cooling triggers an avalanche of hydrogen
recombination, release of energy, and accelerating stellar wind. The Ti¢ decreases
to ~4000 K with the expansion of the atmosphere.

‘Geyser model’. Nieuwenhuijzen et al. (2012) propose that for the YHGs applies
the ‘Geyser model” by Maeder (1992). If the thermal timescale in the atmosphere is
shorter than the dynamical timescale, a minor thermal instability due to ionisation
or supra-Eddington luminosity in some atmospheric layers produces a density
inversion in the atmosphere. Thus, the ionisation front can move inwards and any
mass ejection beginning in the upper atmospheric layers can rapidly involve matter
from the deeper layers, resulting in an eruptive outburst.

Line-driven mass loss. Koumpia et al. (2020) propose that for hotter YHGs
located near the high temperature border of the YEV (‘white wall’), line-driven
mass loss could provide an explanation. Stellar winds driven by radiation pressure
on spectral lines is the main mechanism for mass loss in hot stars. Changes in
ionisation balance of Fe create wind bi-stability jumps, where small decrease in
T.¢r cause Fe recombination from Fe1v to Fe 11 at ~25 000 K (Vink et al., 1999)
and Fe 111 to Felrl at ~8800 K (Petrov et al., 2016). This increases the stellar
wind density and mass-loss rate. The temperature corresponding to the second
bi-stability jump is comparable to the location of the ‘white wall’ on the HR
diagram.

2.3.5. Quiescent variability

All luminous supergiants are somewhat variable, but the extent of variability
depends on the stellar properties and the physical mechanisms. The light curves
of YHGs display variability on timescales from days and months to several years.
Additionally, they can be variable in colour on timescales from years to decades
(de Jager, 1980). A common property of all YHGs is their variable spectral
type. During periods of eruptive outbursts, this is pushed to the extreme — p Cas
changed from K-type star before 1930 to M-type during the outburst in 1946—47
and returned to its ‘normal’ F8 spectral class by 1950 (Sargent, 1961). Significant
changes in spectral type can also occur over multi-decade continuos evolution, e.g.
IRC +10420 from F8 (Humphreys et al., 1973) to late-A in 20 years (Oudmaijer
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et al., 1996). Minor changes in spectral class arise from quiescent low-amplitude
variability.
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Figure 2.7: Long-term colour change of V509 Cas. The archival data are from Nieuwen-
huijzen et al. (2012) and cover the years 1976—1993. The blue-green colour gradient
indicates the date of measurements: the oldest points from 1976 are dark blue and the most
recent points are light green. Orange data are from Bright Star Monitoring program (PI:
T. Eenmie) covering years 2019-2022. Figure adapted from Paper II.

On timescales of decades, the YHGs undergo changes in colour and spectral
class as a result of the T.i changing by several thousand degrees. This has been
connected to the recurring mass-loss outbursts and gradual evolution through the
YEV (van Genderen et al., 2019). The T gradually increases and the colour
gets bluer, as the YHG approaches the cool boundary of the YEV. van Genderen
et al. (2025) studied three such excursions in p Cas preceding the 1986, 2000, and
2013 mass-loss outbursts, when the star was ‘bouncing against the yellow void’.
They noted that with each cycle, the star went further into the YEV region and the
average T of the star increased by ~500 K. Nieuwenhuijzen et al. (2012) and
Paper 11 studied the long-term evolution of V509 Cas, and determined that the star
has become gradually hotter and bluer from 1976 to 1993 (Fig. 2.7) and is currently
situated at the high temperature border of the YEV. The evolution of V509 Cas is
further discussed in Chapter 4.

During quiescence, YHGs exhibit quasi-periodic pulsational variability with
amplitudes between 0.2 mag and 0.5 mag and periods of several hundred days.
Each pulsation cycle is unique. Comparison of four YHGs (p Cas, V509 Cas,
HD 179821, HR 5171) revealed that the periods and amplitudes are dependent on
the T¢¢r — when the T is higher, periods and amplitudes are smaller (van Genderen
et al., 2019). During quiescent pulsations, Tef can vary by a few hundred degrees
(Paper II) and the radial velocity (v;.q) variability amplitude is of the order of
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Figure 2.8: Variability of V509 Cas in T (red), V-filter magnitude (green), and vy,q
(blue) during quiescent pulsations. Teir and V magnitude vary in phase and there is a
phase shift of around 1/4 of a period between the vy,q and Ti¢ curves. The lag duration is
approximately 30-80 days. Its length is not constant in time and varies with each pulsation
period. Connections have been drawn only between observations taken at intervals of less
than 30 days to have a better visual overview of the data. Figure adapted from Paper II.

10 kms™! (Paper II; Klochkova, 2019). In addition, velocity stratification has been
detected in some stars (e.g. RW Cep and p Cas) where spectral lines formed at
different depths in the photosphere show different radial velocities (de Jager, 1980;
Klochkova, 2019, Paper II). Observations show that the star’s visual brightness
follows the radial velocity curve with an offset of about a quarter of a period in
p Cas (Lobel et al., 2003a) and V509 Cas (Fig. 2.8; Paper II).

In addition to variability in T, colour, and radial velocity, the YHGs also
show variations in spectral line profiles. Klochkova (2019) noted variability in
spectral absorption lines due to pulsations in p Cas, V509 Cas, IRC +10420, and
HD 179821 over several years. The variability can occur due to mass loss (e.g.
emission components in Ha in p Cas; Klochkova, 2019), variable stellar wind
(e.g. V509 Cas; Klochkova, 2019), or shocks propagating through the atmosphere
(p Cas; de Jager et al., 1997). The atmospheric shocks are caused by pressure
waves generated by turbulent motions in the convective regions of the star, and
they appear as microturbulent broadening of spectral lines (de Jager et al., 1991).

Quiescent YHGs lose mass through stellar winds. The wind has been measured
to be supersonic in the case of p Cas, causing variable absorption in the violet
wings of the spectral lines. The strength of the wind varies depending on 7¢¢ during
the star’s pulsational cycle (Lobel et al., 1998). Many YHGs are too hot for the
dust driven winds of RSGs to be effective, their wind dynamics might depend on
pulsations in the photosphere (Gorlova et al., 2006). The quiescent mass loss is
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around 1075-107° Mg yr*l (Israelian et al., 1999; Lobel et al., 1998), but can be an
order of magnitude higher for the dusty YHGs IRC +10420 and IRAS 17163-3907
(Oudmaijer et al., 1996; Wallstrom et al., 2017).

YHGs are non-radial pulsators, as they display slow and irregular pulsational
motions in their extensive atmospheres (de Jager, 1980). The driving mechanism
of YHG pulsations remains unclear, below is a brief overview of two possible
explanations that are not mutually exclusive.

k-mechanism. It has been proposed that the driver of pulsations in YHGs is the
k-mechanism in helium ionisation zones (Fadeyev, 2011). k-mechanism is the
main driver of pulsations in stars with Ty below ~6300 K, where the ionisation
zone is located so that pulsations are excited instead of dampened. The mechanism
depends on cyclically variable opacity due to the ionisation and recombination of
helium. Compression ionises the helium, increasing the opacity and temperature.
This causes expansion, cooling, and recombination of helium, releasing energy.
The shell contracts and the cycle repeats. This process drives radial pulsations in
cepheids (Kippenhahn & Weigert, 1990). However, YHGs are considered non-
radial pulsators (Lobel et al., 1994). When the hydrogen and helium ionisation
zones are located too close to the stellar surface they cannot excite radial pulsations,
but they can drive non-radial modes. Lobel (2001) determined that for low effective
gravity stars on the extended cepheid instability strip, stable non-radial pulsations
can be excited by partial non-local thermodynamic equilibrium (NLTE) ionisation
of hydrogen in the optically thin part of the atmosphere. The low values of I';
create suitable conditions for stable non-radial pulsations in YHGs. Pulsations
combined with strong convective motions can excite unstable modes with very fast
growth rates, resulting in eruptive mass loss.

Gravity waves. For YHGs hotter than the granulation boundary (G0-5 spectral
class, Teir2> 5100 K), the drivers of pulsations are proposed to be internal gravity
waves. For cooler stars the large-scale motions are dominated by (subsurface)
convection. Gravity waves arise in regions above the convective zone due to the
rising convective plume penetrating (overshooting) into the stable upper photo-
spheric layers (de Jager et al., 1991). This can happen in the YHG photospheres
above optical depth Tress ~0.5-0.3 where the supergiant atmosphere is stable
against convection. The light and velocity variations in YHGs are similar to the
Brunt-Viisilad frequencies. Brunt-Viiséla frequency describes the oscillation of a
parcel of fluid when displaced into a stable layer. High-mode gravity waves (with
long wavelengths comparable to a fraction of stellar radius) may be the cause for
quasi-periodic variability in YHGs and manifest as macroturbulence in spectral
line profiles (de Jager et al., 1991).

2.3.6. Circumstellar environments

Clear indication of previous mass-loss events in the form of circumstellar nebu-
lae has been found for a few Galactic YHGs: IRAS 17163-3907 (also known as
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the Fried Egg Nebula; Koumpia et al., 2020; Lagadec et al., 2011), HD 179821,
IRC +10420 (Oudmaijer et al., 2009), which may indicate an exceptional evolu-
tionary path for these objects (Castro-Carrizo et al., 2007). At large scales, the
recurring mass-loss episodes have formed spherical shells around the stars. How-
ever, smaller scale clumps and asymmetries in the morphology of these shells
indicate asymmetric mass loss activity (Castro-Carrizo et al., 2007; Koumpia et al.,
2020). For example, the nebula surrounding IRAS 17163-3907 has three separate
shells, each formed in a mass-loss outburst within the last 100 years (Koumpia
et al., 2020).

Three other YHGs, p Cas, V509 Cas, and HR 5171 have had multiple eruptive
mass-loss events within the last century, but show no indication of large-scale
nebulae (Schuster et al., 2006). For YHGs without significant nebulosity, evidence
of circumstellar matter can be found through circumstellar emission lines. Narrow
central emission components in resonance lines of Ball and Cal originate from a
cooler circumstellar shell around p Cas (Lobel et al., 1998) and RW Cep (Paper III).
In p Cas, Shenoy et al. (2016) found evidence of the 1946 mass-loss outburst as a
thin dust shell visible in infrared > 10 um, but no indication of the more recent
outbursts in 1986 (Boyarchuk et al., 1988a), 2000 (Lobel et al., 2003a) or the
smaller one in 2013 (Kraus et al., 2019).

Forbidden emission lines can give information on unique morphology of the
circumstellar environments. [CaII] and [O I] emission lines are connected to disc-
like circumstellar structures (Aret et al., 2012), and have been found in p Cas (Lobel
et al., 1998), V509 Cas (Aret et al., 2017a,c), IRC +10420 (Aret et al., 2017a,c).
Rather unexpected [N I1] emission features originating from a circumstellar shell
with temperature higher than the stellar photosphere are present in two stars:
HR 5171 (Warren, 1973) and V509 Cas (Sheffer & Lambert, 1992). The [N I1]
emission could form in a low-density high-temperature envelope, excited by the
hot companions of these stars (Sheffer & Lambert, 1992).

Variable emission lines of other neutral and ionised atomic spectral lines are
visible in the YHGs as well. Some examples would be the Fe 11 and Sc I1 emissions
in V509 Cas (Paper II; Kasikov et al., 2022) discussed in Chapter 4, and CaTll
emission in p Cas (Gorlova et al., 2006). NaI near-infrared doublet emission lines
indicate the presence of a high-temperature low-density shell surrounding the star,
where the line formation region is shielded from the stellar radiation (Oudmaijer &
Wit, 2013). This emission has been detected in HR 5171 (Wittkowski et al., 2017),
in HD 179821 (Kraus et al., 2023), and in p Cas (Gorlova et al., 2006).

2.4. Binarity among massive stars

It has been estimated that around 70-90% of O-type stars in the Milky Way are
in binary systems (Sana et al., 2012, 2014). But for RSGs, the observed binary
fraction is only around 15-30% (Dai et al., 2025; Dorda & Patrick, 2021; Neugent
et al., 2020; Patrick et al., 2019). Due to the significant increase in stellar radius as
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the star crosses the HR Diagram, binaries with orbital periods shorter than 1500
days are expected to interact with their companions (Patrick et al., 2020). The
binary interactions can lead the primary star to become a stripped star and find
its end in a SN explosion (Podsiadlowski et al., 1992). The secondary star would
continue to evolve to a RSG with a compact companion or if the binary system is
disrupted by the SN, become an unbound ‘walkaway star’ (Renzo et al., 2019).

A significant contribution to the low observed binary fraction in cool massive
stars may be the difficulty of detection, especially in the cases where the companion
is a low-mass and much less luminous young stellar object (YSO). For example,
the efforts to detect the low-mass companion of Betelgeuse required photometric
and radial velocity measurements over many decades to constrain its ~2100-day
orbital period and stellar properties (e.g. Goldberg et al., 2024; MacLeod et al.,
2025; O’Grady et al., 2025). Over a hundred years after the companion’s existence
on a 2100-day orbit was first postulated (Bottlinger, 1911), its successful detection
using speckle interferometry was possible (Howell et al., 2025).

The binary fraction of YSGs and YHGs is not well constrained. In the LMC and
SMC, O’Grady et al. (2024) reported a binary fraction between 20—60% (~44%
in SMC and ~37% in LMC) based on UV excess, while Patrick et al. (2025)
reported the binary fraction in the SMC for AF-type supergiants at around 8% with
a maximum of 15%. In the Milky Way YSG and YHG 35-star sample (Paper ), we
reported a minimum binary fraction of 22% based on confirmed binary systems,
with an expected binary fraction near 50%, if including possible binaries proposed
in the literature and based on RUWE index values from Gaia (metric used for
detecting unresolved binaries; Castro-Ginard et al., 2024). Interestingly, most
YHGs had possible binary companions.

2.5. Future beyond yellow hypergiant stage

The future of YHGs remains unclear. To date, no YHG has been observed to pass
through the yellow void instability region (de Jager, 1998). Single-star evolution
models predict evolution past the YHG stage (Ekstrom et al., 2012), leading the
star to become a hot post-RSG supergiant, such as an LBV (de Jager, 1998) or
a B[e]SG (Aret et al., 2017a,c). Further complexity arises from possible binary
evolution. Binary interactions can strip the YHG/YSG of its outer envelope and
lead to a core-collapse supernova explosion (Filippenko, 1997). However, the most
massive RSGs and YHGs might collapse directly into black holes (Smartt et al.,
2009). The following sections give an overview of the possible future scenarios.

2.5.1. Luminous blue variable

The classical LBVs are rare evolved luminous (log(L/Ls)> 5.4) hot supergiants.
Two luminosity classes are distinguished — above and below log(L/Ls)~ 5.8.
The higher luminosity LBVs are an unstable evolutionary state for stars more
massive than Mzams= 50 M. The less luminous LBVs are suggested to be in a
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post-RSG evolutionary state, and thus, successors of YHGs (Lamers et al., 1983;
Stothers & Chin, 1996). They have lost most of their initial mass during the RSG
stage, and continue to heavily lose mass (rates ~ 107° — 10~* M, /yr) in strong
radiatively-driven stellar winds and mass-loss outbursts (Humphreys & Davidson,
1994). The outbursts (also known as S Dor cycles after a star of the same name in
the LMC) are the main criterion for LBV classification. The outbursts last years
to decades and the star brightens by 1-2 mag, reddens, and appears as a cooler
AF-type supergiant. Quiescent LBVs are difficult to identify as they share many
spectral characteristics with other evolved massive stars in the same region of the
HR diagram. Many LBVs are surrounded by extensive nebulae as a result of the
star’s mass-loss history, which may be highly asymmetric with bipolar outflows or
ring-like structures (e.g. Weis, 2003). A few of the most luminous LBVs undergo
giant eruptions, 1) Car is one of the most famous of them (also depicted in Fig. 1.1
as an illustrative example of the LBV class).

A commonly suggested future for a YHG is to pass through the YEV and
come out on the other side as an LBV (de Jager, 1998). This sequence also arises
from stellar evolutionary models (e.g. Meynet et al., 2015). YHGs have been
even proposed as the ‘missing LBVs’. Smith et al. (2004) found a lack of LBVs
with luminosities log(L/Ls)= 5.7 and suggested that dense stellar winds may
create a pseudo-photosphere that makes the B-type star appear as a cooler AF-type
supergiant, such as a YHG on the HR diagram. Qualitatively, there are similarities
in the variability and outburst behaviours of YHGs and LBVs.

Just as for YHGs, the making of an LBV in stellar evolution models depends
on the model assumptions and mass-loss rate in the RSG stage. Mass loss during
the LBV phase can evolve the star into a low-luminosity WC-type Wolf-Rayet
star (Meynet et al., 2015). However, the low-luminosity LBVs have also been
observed as SN progenitors, and Geneva rotating stellar models with 20-25 M,
predict type 1Ib SNe with LBV progenitors (Groh et al., 2013; Meynet et al.,
2015). As an alternative origin scenario, Smith (2019) and Smith & Tombleson
(2015) propose that LBV phenomenon arises from interactions in a binary or
multiple system. LBVs could be former mass gainers from companion’s Roche-
lobe overflow that have recieved a kick in the SN explosion. Or alternatively, they
could be stars rejuvenated in a merger. Binary origin for YHGs and YSGs remains
under question as well (Patrick et al., 2025) and as the origin and future of LBVs
is not well established, it is not possible to make a robust evolutionary continuity
between the YHGs and LBVs.

2.5.2. B[e] supergiant

Ble] stars are B-type stars with allowed and forbidden spectral emission lines
(e.g. He, Fe1n, [Fe1r], He1, [O1], and [CalI]) and strong infrared excess from
hot circumstellar dust (Allen & Swings, 1976). The B[e] stars consist of a wide
array of stars in various evolutionary stages from young pre-MS stars to evolved
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and massive objects, that are all grouped together under the ‘B[e] phenomenon’
label (Lamers et al., 1998). The spectral emission lines arise from a keplerian disc
around the star. In the context of YHG evolution, we consider the connection to
blue supergiant B[e] stars (B[e]SGs).

The B[e]SGs are located in the HR diagram at luminosities (log(L/Ls) ~5.0—
5.9) and effective temperatures similar to the less luminous LBVs, and can be
easily confused with LBV candidates (Humphreys et al., 2017). Some of the
B[e]SGs are also surrounded by extended nebulae (e.g. Liimets et al., 2022). Their
keplerian discs may be decretion discs formed from matter ejected from the star
(Lee et al., 1991) or formed as a result of binary interactions (Miroshnichenko,
2007). The K-band spectra of many B[e]SGs show CO emission lines formed in
the disc, indicating its composition of processed matter ejected from the stellar
surface. Based on 12CO/"3CO ratio measured from infrared CO lines, Oksala
et al. (2013) found that B[e]SGs are likely in post-MS pre-RSG evolutionary state.
However, the expected isotope ratio in a specific evolutionary phase depends on
the evolutionary model assumptions and is strongly dependent on stellar rotation
(Kraus, 2019). Additionally, the CO emission lines are not present in all B[e]SGs.
For some objects, CO may appear in absorption (Kourniotis et al., 2018), but
for others it is a transient phenomenon, appearing or disappearing over years or
decades (e.g. Oksala et al., 2012).

Evolutionary models by (Stothers & Chin, 1996) predict B[e]SGs to be directly
post-MS and also post-RSG objects, discerning their H-rich and H-poor phases.
Possible evolutionary link between LBVs and B[e]SGs has also been proposed
based on similarities in spectroscopic features, spectral variability, equatorial
outflows, and in some cases, bipolar nebulae (Marston & McCollum, 2008; Morris
et al., 1997; Oksala et al., 2012). Similar reasoning based on similarities in
circumstellar environments (CO bands, axisymmetric outflows, forbidden emission
lines [O 1] and [Ca11] indicating disc-like structures) has motivated the connections
between B[e]SGs and YHGs as well (Aret et al., 2017a,c; Davies et al., 2007). It
is possible, that if the YHGs pass through the YEV, they continue to display B[e]
qualities.

2.5.3. Supernova

The increase in available archival data allows for identification of supernova pro-
genitors. In some cases, the pre-explosion images have revealed luminous yellow
massive stars (e.g., Niu et al., 2024; Reguitti et al., 2025; Yamanaka et al., 2025).
Based on the light curves, the core-collapse SNe with possible yellow progenitors
have been classified type Ib (Kilpatrick et al., 2021), IIb (e.g., Aldering et al., 1994;
Maund et al., 2011), II-P (Elias-Rosa et al., 2009), and II-L (Elias-Rosa et al.,
2010).

The different types are indicative of the mass-loss history of the progenitors
(see reviews by Filippenko, 1997, 2005): SNe type Ib originate from stars stripped
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of their hydrogen envelopes; the type II-P had hydrogen-rich progenitors, mostly
RSGs; Type II-L progenitors had less massive hydrogen envelopes, but some
circumstellar gas. Between these types are the SNe type IIb, which show hydrogen
lines early in their evolution, but after a few months begin to resemble type Ib
SNe, so their precursor could have been a (mostly) stripped star (Woosley et al.,
1987). The loss of a star’s hydrogen envelope could occur due to stripping through
binary interactions or enhanced mass-loss activity in the progenitor (Filippenko,
1997). The HR diagram positions of luminous yellow progenitor candidates are not
compatible with the classical evolutionary tracks from single-star models (Georgy,
2012).

Identifying the possible progenitors to SNe is not unambiguous. A blend
of a RSG and a BSG or stars in a compact cluster could produce the observed
yellow colour (Elias-Rosa et al., 2009; Maund et al., 2015). Several type IIb SNe
(e.g. Aldering et al., 1994; Maund et al., 2011; Niu et al., 2024; Reguitti et al.,
2025) have been connected to yellow progenitors with luminosities in the range of
log(L/Ls) = 4.9 — 5.1, which is higher than the luminosities of normal type II SN
progenitors (Reguitti et al., 2025). The SN may originate from binary or single-star
evolution. Long et al. (2022) considered binary stellar evolution models with
Roche-lobe overflow and determined that the occurrence of type IIb SNe depends
on the orbital period of the binary system: binaries with orbital periods between 50
and 300 days explode as YSGs. Systems with shorter or longer periods explode
in other evolutionary stages as different types of SNe. Georgy (2012) considered
the single-star scenario for SN precursors in the effective temperature range of
3.6 <log(Tefr) < 3.8. Increasing the mass-loss rates in the RSG stage by factors
of 3, 5, and 10, they were able to reproduce the positions of post-RSG yellow
SN progenitors in the HR diagram, and also the expected type IIL/IIb SNe. Thus,
luminous yellow massive stars in post-RSG evolutionary stage may end their lives
as supernovae following enhanced mass loss as RSGs.

2.5.4. Failed supernova

It is possible, that a massive star does not end its life in a SN, but collapses directly
into a black hole. The collapse depends on metallicity and mass-loss estimates
(O’Connor & Ott, 2011). It is possible, that the star simply disappears (Kochanek
et al., 2008) or appears as a dimmer red nova for about a year (Antoni & Quataert,
2023; Lovegrove & Woosley, 2013). The failed SN scenario has been proposed as
an explanation to the RSG problem (Smartt et al., 2009). As of February 2026, at
the time of writing this thesis, five candidates have been identified, three of which
involve luminous yellow stars.

NGC 6946-BH1. This candidate in the NGC 6946 galaxy was detected the in
Large Binocular Telescope survey for failed SNe (Gerke et al., 2015). The star
brightened by 3.5 mag in optical for a few months before disappearance. A dusty
YHG progenitor has been proposed with Tis around 5000 K (Gerke et al., 2015;
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Humphreys, 2019). The star disappeared in optical (S. M. Adams et al., 2017),
but its luminosity persists at mid-infrared wavelengths (Beasor et al., 2024). An
alternative stellar merger scenario has been proposed, and the collapse is disputed
(S. M. Adams et al., 2017; Beasor et al., 2024; Kochanek et al., 2024, and references
therein).

M31 2014-DS1. De et al. (2026) observed an increase in brightness in infrared
over a two-year period before the disappearance. The progenitor’s SED fits a dusty
post-RSG star with T,=4500 K and a high mass-loss rate ~ 10~* M, yr—!. Again,
an alternative explanation could be a stellar merger (Beasor et al., 2026).

NGC 3021-OC1. Reynolds et al. (2015) identified a luminous yellow F8
supergiant in NGC 3021, which dimmed by about 1.5 mag within a year. Another
epoch a year later revealed it still at similar brightness. Without further follow-up
observations, it remains unclear if this is a possible failed SN, or it has a more
ordinary cause for the dimming.

2.6. Motivation for the thesis

The physical processes that govern stellar evolution in the advanced post-RSG
phases remain poorly understood. Addressing these gaps relies on combining
detailed single-star analyses with population-level studies that link different classes
of evolved massive stars. Given their instabilities, the YHGs serve as an ideal
population for exploring late-stage evolution and processes in stellar atmospheres.

The YHGs of the Milky Way are a heterogeneous family. Some of them are
surrounded by dense nebulae of matter ejected in the last few thousand years (e.g.
IRC +10420; Shenoy et al., 2016). Others show only a small amount of infrared
excess, but have evidence of major atmospheric instabilities and eruptions (p Cas;
Shenoy et al., 2016, V509 Cas; Nieuwenhuijzen et al., 2012). It remains unclear,
whether this variety in circumstellar qualities signals different stages of evolution-
ary journey through the YHG phase, or if the different circumstellar environments
imply fundamentally different evolutionary histories. Some similarities in circum-
stellar environments can also be found with the LBVs and B[e]SGs, which are
possible future states of the YHGs.

Information on the evolutionary histories of YSGs and YHGs can be indirectly
revealed by the wider context in which they are found. Memberships in stellar
clusters can help determine their ages, and affiliation in an OB association places
them among other young massive stars (e.g. Rate et al., 2020). Conversely, an
unexpectedly high space motion and distance from other young and massive stars
could imply a history of interactions and dynamical ejections (e.g. Smith &
Tombleson, 2015; Martin et al., 2025, and references therein). This motivated us
to study the stellar populations where the Galactic YHGs and YSGs are located, a
first step on a project to provide a homogeneous characterisation of their (extra-)
Galactic populations.
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The short duration of the YHG phase results in changes that appear as if stellar
evolution is happening in a human lifetime. On timescales of decades, the YHGs
may increase in Toi by several thousand degrees (IRC +10420; Koumpia et al.,
2022), or undergo multiple eruptive mass ejections (p Cas; van Genderen et al.,
2019). Several YHGs are located on the HR diagram near the high-temperature
border of the YEV, prompting close monitoring. One such object is V509 Cas, a
star that seems to have left behind a period of recurring eruptions and has now
reached a more stable evolutionary phase (Nieuwenhuijzen et al., 2012). Is the star
truly stabilising and nearing the end of the YHG phase? If so, could we predict
what type of star it would become based on similarities in spectral and circumstellar
features?

The origin of YHGs is as obscured as their future. Depending on the mass-loss
prescription and the convective processes assumed in the single-star evolution mod-
els, the YHGs may or may not appear. Additionally, the physical processes behind
the pulsations and eruptive mass loss remain open for debate. From observational
perspective, one of the best candidates for a future as a YHG is the Galactic red
hypergiant RW Cep. It is hotter than other red hypergiants, located between the
red and yellow massive stars in the HR diagram. RW Cep gained significant atten-
tion due to its mass-loss eruption and the Great Dimming in 2020-2024, which
provided a unique chance to closely monitor the star’s recovery.
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3. THE FAMILY OF YELLOW SUPER- AND
HYPERGIANTS

This Chapter is based on Paper I: Painting a Family Portrait of the Yellow Super-
and Hypergiants in the Milky Way 1. Constraining the Distances and Luminosities
A. Kasikov, A. Mehner, 1. Kolka, and A. Aret, 2026, A&A 708, A78.

Stellar population studies of young star clusters have revealed numerous massive
stars in transitional evolutionary phases (recently, e.g. Maiz Apelldniz & Negueru-
ela, 2025; Marco et al., 2025). Knowledge of the surrounding stellar population
and environment provides context for understanding the evolution of massive stars.
Homogeneously determined observational parameters of YHGs and YSGs provide
a basis for comparison with stellar evolutionary models, improving our overall
understanding of evolutionary pathways of luminous yellow massive stars and their
role as supernova progenitors (e.g. Aldering et al., 1994; Crockett et al., 2008;
Kilpatrick et al., 2017; Maund et al., 2011; Niu et al., 2024; Reguitti et al., 2025;
Tartaglia et al., 2017).

Studies of YSGs and YHGs in the Milky Way have been hampered by uncertain
distances and high extinction in the Galactic plane. In the era of Gaia and due to
the efforts by Bailer-Jones et al. (2021), the distance estimates for many stars have
improved significantly. For objects that lack reliable Gaia parallaxes, other indirect
methods can be used to estimate distances. We combined and compared the results
of two complementary methods. The first method is based on an analysis of nearby
stars: since many YHGs and YSGs are known or suspected members of stellar
clusters or OB associations, confirming these memberships and combining the
parallaxes of nearby stars (e.g. Campillay et al., 2019) can help refine their distance
estimates. The second method compares the stellar radial velocities with the
Galactic HT kinematics. Agreement between these independent methods increases
confidence in the derived distances.

3.1. Sample selection

We queried Simbad for YSGs and F and G spectral class stars with luminosity
class Ia or Iab with infrared excess (V — K > 3 mag). From the resulting list, we
excluded objects that are identified in the literature as luminous post-asymptotic
giant branch (post-AGB) stars. We also excluded stars with reliable Gaia DR3
parallaxes that place them closer than expected for luminous YSGs. We added
additional luminous YSGs from the literature (de Jager, 1998; Kovtyukh et al.,
2012; Mantegazza, 1992) and included stars that have been proposed as YHG
candidates: IRAS 18357-0604 (Clark et al., 2014) and HD 144812 (Kourniotis
et al., 2025). The resulting 25 stars form our sample of YSGs.

We also included the well-known YHGs in the Milky Way: V509 Cas, p Cas,
IRC +10420, HR 5171, 6 Cas, HD 96918, and the yellow-red hypergiant RW Cep
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(de Jager, 1998), IRAS 17163-3907 (Lagadec et al., 2011), HD 179821 (Hawkins
et al., 1995), and [FMR2006] 15 (Figer et al., 2006). When we mention YHGs, we
refer to the ten stars in this list.

We did not aim for a complete census, but rather for a representative sample of
the most luminous YSGs and YHGs. The final sample of 35 objects is presented in
Table 1.

3.2. Distances based on stellar group identification

Gaia Data Release 3 (DR3; Gaia Collaboration et al. 2016, 2023) has provided
proper motion and parallax measurements for ~1.3 billion sources, enabling
improved determinations of distances and cluster memberships. However, Gaia
parallaxes are subject to systematics and biases. For YHGs and YSGs, the parallax
values can have large uncertainties (>20%) and, in some cases, they are even
negative. A major source of error is their brightness; approximately half of our
sample is brighter than G = 6 mag. Another source of astrometric error for cool
massive stars is caused by photocentric variability due to surface convection (El-
Badry, 2025; Chiavassa et al., 2011; Pasquato et al., 2011). Additionally, some
stars have high values of the renormalised unit weight error (RUWE), indicating
poor astrometric fits, which may result from an unresolved binary companion (e.g.
Castro-Ginard et al., 2024) or circumstellar structure (Fitton et al., 2022).

Bailer-Jones et al. (2021) provided probabilistic distance estimates that take
the Galactic structure into account and mitigate the limitations of the simple
1/parallax distance estimate. Although generally more reliable, these distance
estimates still require careful interpretation. In several cases, the Bailer-Jones et al.
(2021) distances disagree with the values commonly adopted in the literature (see
Table 1). For stars with RUWE< 1.4 and parallax uncertainties better than 20%, the
Bailer-Jones et al. (2021) distances are likely to be reliable.

To improve the distances for YHGs and YSGs with poor Gaia parallaxes,
we explored their kinematics based on proper motions in the context of their
surrounding stellar environments, that is, nearby star clusters, OB associations,
and regions hosting young stellar objects (YSOs). We cross-matched several
catalogues of open clusters and OB associations with Gaia data. Membership in
these co-moving groups implies a common distance.

To determine possible open cluster memberships, we queried the catalogue
of Hunt & Reffert (2024). We counted a YHG or YSG as a member of a cluster
when its projected on-sky position was within the cluster boundaries and its proper
motion was within 3¢ of the cluster mean proper motion. When reliable parallaxes
were available, we also used them to confirm membership. We verified whether
the stars are members of any known OB associations listed by Mel’nik & Dambis
(2017). We compared the proper motions of the YHGs and YSGs with members
of the OB associations in the catalogue by Chemel et al. (2022) to infer a possible
affiliation. OB associations extend farther than clusters in the area projected on sky
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and are less tightly connected in proper motion space. We counted a YHG or YSG
as affiliated with an OB association when at least two association members were
located within a radius of 1 deg on the sky and within a radius of 0.5 mas yr—!
in proper motion space. In most cases, significantly more stars had a similar
proper motion in the same sky region. We list possible cluster and OB association
memberships in the column “Ident. cluster/assoc.” of Table 1.

To estimate the group-based distance for each target, we identified stars with
high-quality astrometric data belonging to the same population. Proper motions
and positions are not enough to distinguish between stellar populations, and another
criterion is therefore needed (e.g. colour index was used by Negueruela et al.,
2022). We used the effective temperature T.¢ from Gaia GSP-Phot as an additional
criterion. Since we searched for co-located and co-moving populations associated
with young clusters or OB associations, we limited our search to B-type and
early A-type stars with effective temperatures 8 700 K < T < 18000 K. This
approach assumes that YSGs or YHGs are still physically associated with their
birth environments. When the star has migrated or has been ejected from its birth
environment, we might not be able to identify a co-moving group, and this method
becomes unreliable. We followed the method given by Campillay et al. (2019) and
Maiz Apelldniz et al. (2021a,b).

1. We selected from Gaia DR3 stars within a 10’ on-sky radius based on
following criteria:

* hot stars (8§ 700K < Ti¢r < 18000K)
* good astrometry (RUWE< 1.4)
* bright sources (G < 18 mag)

reliable parallaxes (parallax/error > 5)
* five-parameter astrometric solution (ASTROMETRIC_PARAMS_SOLVED=31)

2. We corrected the Gaia proper motions for known biases affecting bright
targets following the method of Cantat-Gaudin & Brandt (2021). This affects stars
brighter than G < 13 mag due to the different mode of observations used for bright
targets. The proper motion bias depends on the magnitude of the target and reaches
80 was yr~! for targets with 10 < G < 13 mag. The range of the proper motion
cut is flexible and depends on the stellar environment of each YSG in our sample.
By exploring the scatter of proper motions of stars recognised as members of a
single cluster in the catalogue of Hunt & Reffert (2024), we found that cluster stars
typically have a dispersion in proper motion of ~0.2-0.3 mas yr~'. In contrast,
stars in OB associations in the catalogues of Chemel et al. (2022) and Mel’nik &
Dambis (2017) are less strongly bound, showing a proper motion dispersion of
~1-2 mas yr~!. Thus, depending on the stellar environments surrounding each
target, the cut radius varied from 0.1 to 1.5 mas yr—!.

3. We corrected the parallaxes of the final sample for the Gaia zero-point offset
(Lindegren et al., 2021a)'. The parallax bias (zero point) is a function depending

! Using the Python code https://gitlab.com/icc-ub/public/gaiadr3_zeropoint
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on magnitude, colour, and ecliptic latitude and must be subtracted from the parallax
given in Gaia DR3 catalogue:

Ocorr = w—Z(G,Veff,ﬁ), (31)

where G is the G-filter magnitude, V. is the effective wave number from Gaia
photometric pipeline, B is the ecliptic latitude. These offsets are small (~0.02—
0.04 mas).

4. For each parallax, we calculated the ‘true’ or ‘external’ uncertainty. The
parallax uncertainties given in the Gaia catalogue are underestimated and do not
take into account systematic uncertainty (Fabricius et al., 2021).

Ocxt = \/ k>0, + 02, (3.2)

where k is a constant defined below, o is the parallax uncertainty given in the
Gaia catalogue, and o is the systematic uncertainty, measured as 10.3 pas (Maiz
Apelldniz et al., 2021b). The systematic parallax uncertainty gives a minimum
distance uncertainty of ~ d% for a star at d kpc (Maiz Apelldniz et al., 2021b).

The value of the multiplicative constant k depends on G magnitude and describes
underestimation of random uncertainties. It is given with the following equation
(Maiz Apelléniz et al., 2021b):

1.1 G<11
1.140.6(G—11) 11<G<12
1.7-0.1(G—12) 12<G<18
1.1 18<G

3.3)

5. We combined the parallaxes following the recipe of Maiz Apellaniz et al.
(2021b) and Campillay et al. (2019). Combining parallax information of stars
at small separations requires taking into account correlated uncertainties. The
combined group parallax is:

n
0, = Zwiwcorr,ia 3.4
i=1

Where w are the weights depending on external uncertainties:

/62, .
MZATLE%f. (3.5)
i=1 l/cext,i
The group parallax uncertainty is:
n n—1 n
ng = WI-ZGeZXm +2 Z Z WinVm(Gij), (36)
i=1 i=1 j=1
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where the first term describes uncertainties of individual stars and the second term
describes correlated uncertainties. Vg(6;;) is the angular covariance function from
Lindegren et al. (2021b):

Vep(0) ~ (142 pas?) x exp(—0/16°), (3.7)

where 0 is the angular separation of the stars.
6. We converted the group parallax into a geometric distance using the general-
ized gamma distribution (GGD) prior of Bailer-Jones et al. (2021)2.
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Figure 3.1: Sky region around RW Cep (red cross). Left panel: Projected offsets on sky.
Right panel: Proper motions. Field stars from Gaia are marked in grey (one in ten is
plotted), open clusters from Hunt & Reffert (2024) are marked in coloured points, members
of the OB associations Cep OB1 from Mel’nik & Dambis (2017) and no. 122 (Chemel
et al., 2022) are marked with open symbols (some members overlap between the two
catalogues). The arrows in the left panel indicate the motion of cluster and OB association
stars over the past 0.1 Myr based on their proper motions. The coloured circles on the right
panel indicate 3o limits of proper motion scatter of each cluster.

We use RW Cep as an illustrative example of the method. RW Cep has previously
been identified as a member of open cluster Berkeley 94 (Delgado et al., 2013) or a
member of the Cep OB1 association (Humphreys, 1978). However, the distance
in from Gaia DR3 parallax is 66667135 pc with @ /o5 = 3.33. We find, that the
proper motion of RW Cep is within the 3¢ limit of Berkeley 94 (Fig. 3.1), located
at a distance of 4000 =40 pc (Hunt & Reffert, 2024). The other cluster in the same
sky region, Theia 2663, is located in the foreground and has a very different proper

2 Using the interactive Jupyter Notebook based tool
https://github.com/ElisaHaas25/Interactive-Distance-Estimation
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motion. The members of association no. 122 (Chemel et al., 2022) have proper
motions similar to clusters Berkeley 94 and HSC 807, which is located nearby in
the sky at the same distance (3900 4+ 60 pc; Hunt & Reffert, 2024). Following
the criteria listed above, we selected stars with proper motions similar to that of
RW Cep within 0.1 mas yr~!, resulting in a sample of 21 stars. We discarded
any obvious outliers and stars whose parallaxes deviated by more than 10 from
the sample mean value, resulting in a final selection of 15 stars. The resulting
mean parallax for the stars surrounding RW Cep is @ = 0.2558 £0.0103, which
gives a geometric distance of 3921f}g§ pc, where the errors correspond to the 68%
confidence interval. Given the similarity in proper motion and spatial proximity to
Cep OB 1, located at a distance of 3470 pc (Humphreys, 1978), RW Cep might be
a member of this association. For the same reasons, RW Cep might belong to the
same region as association no. 122 identified by Chemel et al. (2022) at a distance
of 3876 pc.

A YHG or YSG might still belong to a stellar group even when no nearby
co-moving stars are identified in our search. We estimated the limiting distance
at which hot stars would still fall within our criteria. As a representative case,
we considered a B3 main-sequence star with Toie = 17000 K and an absolute
G-band magnitude Mg = —1.19 mag.?> We adopted an average visual extinction
in the Galactic disc of Ag ~ 1 mag kpc~!. The extinction value varies strongly
with direction and the local extinction law: in the solar neighbourhood, Ay ~
1 mag kpc*1 and 0.80 < Ag/Ay <0.89 for 2 < Ry <4 (Gontcharov et al., 2023).
The average extinction of open clusters in the Galactic disc is Ay = 0.70 mag kpc ™!
(Froebrich et al., 2010), but the extinction can be as low as Ay = 0.37 mag kpc™!
in diffuse regions (Wang et al., 2017) or higher in specific directions, for example
Ay = 1.45 mag kpc~! for open cluster King 7 (StraiZys et al., 2021). We adopted
an upper magnitude limit of G = 18 mag because fainter stars are unlikely to have
reliable parallaxes. From the absolute magnitude equation G = Mg + 5logd —
5+ Ag, where d is distance in parsecs, we find that a B3 star has an apparent
G-band magnitude of 9.8 mag at 1000 pc, 14.2 mag at 3000 pc, and 15.8 mag at
4000 pc. At the cooler end of our hot-star selection, an A2 main-sequence star with
T = 8800 K and absolute magnitude Mg = 1.35 mag would appear at G-band
magnitudes of 12.3 mag at 1000 pc, 16.7 mag at 3000 pc, and 18.4 mag at 4000 pc.
Because the hotter end of the temperature range contains fewer stars, this method
is generally able to detect stellar populations out to distances of 3000—4000 pc.

3.3. Kinematic distances from the Galactic Hi map

To independently verify the group-based distances derived in Sect. 3.2, we com-
pared the stellar radial velocities of our targets with the kinematics of H1 gas in
the Milky Way. The H1 gas traces the small- and large-scale structures in the

3 http://wuw.pas.rochester.edu/~emamajek/EEM_dwarf_UBVIJHK_colors_Teff.txt
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Galaxy (McClure-Griffiths et al., 2023, and references therein). When a star is
affiliated with a cluster or an OB association, which generally move together with
the Galactic rotation and the surrounding interstellar medium (e.g. Castro-Ginard
et al., 2021), its group-based distance should be consistent with the distance in-
ferred from the kinematics of the surrounding H1 gas. The radial velocities of
supergiants and stars younger than 108 yr are correlated with the HT gas velocity
(Fletcher, 1963; Humphreys, 1970).

We used the spatially coherent 3D kinematic map of the H 1 gas in the Milky Way
by Soding et al. (2025), based on 21 cm emission measurements from the HI4PI
survey (Bekhti et al., 2016). The format of the map was the Hierarchical Equal
Area isoLatitude Pixelation of a sphere (HEALPix). It includes eight posterior
samples for each point in the Sun-centred HEALPix-times-distance grid. We used
the auxiliary fields data product by S6ding et al. (2024), which includes the three
components of the Galactic velocity field in each grid point. The velocity field
was heliocentric and corrected for the peculiar motion of the Sun. The bin size
increased from ~30 pc at a distance of 2000 pc to a distance of ~100 pc at 5000 pc.

For each star in our sample, we extracted the line-of-sight radial velocity of the
H1 gas within a radius of ~0.5 deg and plotted its value as a function of distance.
We compared these gas velocity profiles with the stellar systemic radial velocity
to determine the distance at which the two values were equal. We used systemic
radial velocities from monitoring studies or mean radial velocities and variability
amplitudes from Gaia DR3, where the former were not available. The adopted
stellar radial velocities are listed in App. E of the PaperI. The radial velocity
variability of YHGs makes it difficult to determine accurate systemic velocities,
and the gas velocity map provides accuracy at scales of hundreds of parsecs (Soding
et al., 2025). Therefore, the resulting distances have uncertainties of ~500 pc. The
gas velocity profiles and vy,q for three YHGs are shown in Fig. 3.2.

HR 5171. The radial velocity of HR 5171 has been extensively monitored, with
mean values of —40 km s~! (Humphreys et al., 1971) and —38 km s~! with a
variability amplitude of 3.5 km s~! (Balona, 1982). This velocity corresponds to
H gas at a distance of 3500 pc, similar to the group-based distance of 2953fg§ pc
within errors. The H I-based distance is also consistent with the established distance
of 3600 pc (Chesneau et al., 2014; Humphreys et al., 1971) and with the distance
from the Gaia parallax of 36011’2‘3‘8 pc (Bailer-Jones et al., 2021), and it does not
support the 1500 4= 500 pc distance suggested by van Genderen et al. (2019). For
HR 5171, a more distant distance solution at ~6000 pc is also possible. Such a
distance ambiguity is possible for objects located in the inner Galaxy inside the
solar orbit (Nakanishi & Sofue, 2003). In these cases, the alternative solution is
generally very small (<1000 pc) or very large (>5000 pc) and unlikely for most
targets. We do not list them in Table 1. Our results confirm the distance of HR 5171
at 2900-3500 pc.

IRC +10420. The radial velocity measured from emission lines in IRC +10420
is between 60 and 68 km s~! (Humphreys et al., 2002; Klochkova et al., 1997),
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Figure 3.2: Radial velocity of H1 gas along the lines of sight towards three YHGs. The
thin blue lines show the sampled posterior velocity distribution of HI at each distance bin
within a 0.5 deg region around each star. The solid black line indicates the mean velocity.
The horizontal orange lines mark the observed stellar radial velocity, and the shaded region
shows the approximate variability amplitude. Figure adapted from PaperI.

consistent with the result of CO rotational lines in local standard of rest (LSR)
vLsr 75 km s~ (LSR correction ~16 km s~!; Oudmaijer 1998). This velocity
suggests a very large distance of 5500 pc. We were unable to constrain a group-
based distance. The large distance is consistent with earlier estimates of 5800 pc
(Nedoluha & Bowers, 1992) and 4000-6000 pc (Jones et al., 1993) derived from
Galactic rotation models. Our result is ~1000 pc greater than the distance derived
from the Gaia parallax (4260f§;§ pc). We adopted the Gaia distance for this star.
V509 Cas. The star has a systemic velocity of —60.7 km s~! (Paper II), corre-
sponding to a H1-based distance of ~3800 pc. This agrees with the group-based
distance of 3368 4= 127 pc within the errors. This result is significantly different
from 1370 =480 pc based on the parallax measured by the Hipparcos satellite and
commonly used for this star (Nieuwenhuijzen et al., 2012; van Genderen et al.,
2019), but in good agreement with a distance of 3917f3§2 pc based on its Gaia
parallax (Bailer-Jones et al., 2021). Thus, we adopted the group-based distance.

45



3.4. Comparison of distance results

Figure 3.3 compares our group-based distances for the YHG or YSG sample with
those listed in the Bailer-Jones et al. (2021) catalogue. We used the RGEO values
from that catalogue, as the RPGEO distances that consider the photometric colour
indices are unlikely to reliably characterise supergiants. For stars with relatively
small parallax errors, our results agree well with the Bailer-Jones et al. (2021)
catalogue values. We found significant differences for stars that have very large
parallax errors, where the Bailer-Jones et al. (2021) distances tend to be very large,
above 4000 pc. We found that they are likely much closer, because we identified
possible affiliations with clusters or OB associations at distances of 2000-3000 pc.

10r Cluster member L
g: ] Assoc. member 7
71 O Co-moving stars s
6 L
5t
4 L

Distance based on nearby stars [kpc]

1 2 3 4 5 6780910
Distance based on Gaia parallax [kpc]

Figure 3.3: Comparison of group-based distances derived in this work with distances
derived from Gaia parallaxes by Bailer-Jones et al. (2021). Stars associated with clusters,
OB association, and stars without an origin group are marked with different symbols and
colours. The dashed grey line marks the one-to-one relation. Both axes are logarithmic.
Figure adapted from PaperI.

Overall, we improved the distance estimates for 28 stars out of the 35 stars in our
sample. Eleven of these 28 stars are cluster members, 13 are in OB associations,
and 4 stars do not belong to a stellar group, but we found a co-moving population.
For the remaining 7 stars, we were unable to determine a group-based distance.
IRAS 17163-3907, HD 179821, IRC +10420, V870 Sco, and IRAS 14394-6059
have co-moving stars spanning distances from 1000 pc to 4000 pc, but no clearly
identifiable origin group. Most of these stars are also too distant or too reddened
for this method. The final two stars, [FMR2006] 15 and IRAS 18357-0604, belong
to a distant (~6000 pc) stellar population rich in RSGs. We were unable to obtain
group-based distances for them because of their large distance and high extinction.
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We derived H1-based distances for 32 stars, 6 of which lack a group-based
distance estimate due to a large distance and high extinction. For 3 stars, no
systemic radial velocities were available. One target, IRAS 14394-6059, lacks both
types of distance estimates, but the Gaia parallax places the star beyond 5000 pc,
making it a potentially luminous YSG. Six stars have only H I-based distances.
These are: IRC +10420, HD 179821, IRAS 17163-3907, [FMR2006] 15, IRAS
18357-0604, and V870 Sco. In general, the H1-based distances agree with the
distances derived from the Galactic rotation in previous studies.
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Figure 3.4: Comparison of group-based and H I-based distances. The solid lines indicate
the H 1-based distance ranges, and the lighter lines illustrate the uncertainties. Affiliations
with stellar groups are indicated with different colours as in Fig. 3.3. The dashed grey line
marks the one-to-one relation. Figure adapted from Paper I.

Generally, the results of H 1-based distances coincide well with the group-based
distances within uncertainties of about 500 pc (see Fig. 3.4). For the group-based
distances, the uncertainties are about 100 pc for most stars. Group-based distances
are most reliable when a proper motion alignment with a cluster or OB association
can be established. Otherwise, there remains a higher probability that stars with
similar proper motions do not represent the birth environment. Coincidental proper
motion alignment between a YHG or YSG and an unrelated OB association or
open cluster at a different distance is possible. This problem becomes more severe
towards the Galactic centre, where multiple stellar populations lie along the same
line of sight, complicating the identification of a possible origin population and
preventing reliable distance determination for several stars. Differences between
the H1-based and group-based distances can indicate an incorrect origin group
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association or help identify potential runaway stars. Of the 26 stars that have both
distance estimates, 23 stars have good agreement between the results. For three
stars (¢ Cas, HD 10494, and HD 96918), we found significant discrepancies that
we detail below.

Table 1: Distances of YSGs and YHGs. The targets are ordered by increasing right
ascension. ’Stellar group’ indicates that the star is not associated with any known cluster
or OB association, but a co-moving group of nearby stars is identified.

Identifier Ident. cluster(!) | Distance H1 distance Group  dis-
fassoc.(?) Gaia® (pe) | (po) tance (pc)

¢ Cas NGC 457 397874827 | 1000-1800 29201114

HD 10494 NGC 654 2823"112 1000-1800 2784127
Assoc. 150

HD 12399 - 3792720 | 2000-3200 3564732

HD 18391 SAI25 2263701 | 2000-2800 224218
Assoc. 143

€ Aur Assoc. 147 10561388 | ~700 1127 +£31

HD 57118 Assoc. 25 27597116 ~3300 2790"5%

R Pup NGC 2439 3958%% | ~3500 3331477
Assoc. 68

HD 74180 Assoc. 107 25327500 1500-2000 1657133

HD 75276 Assoc. 106 1443713 ~1500 1538 £24

V709 Car Stellar group | 4006735 | ~3600 3817130

TYC8958-479-1 | Assoc.8 878312122 | - 7025887

HD 96918 Assoc.210/211 | 458371375 | 500/5000 2623788

o' Cen - 37837300 | ~2800 2880+ 100

V810 Cen Stock 14 531278905 | 2400-3500 2330718}
Assoc. 205

HRS5171A SFR 36017839 | ~3500 2953152

UCAC24867478 | Stellar group | 3327465 | ~3600 3322733

IRAS 14394-6059 | — 54501770 | - -

CD-59 5594 Pismis 21 3739735 | ~2500 2849 +77
Assoc. 47

HD 144812 - 1352158 - 1374119

V870 Sco - 39457049 | ~3500 -

48



Table 1: Continued.

Identifier Ident. cluster(!) | Distance Hr distance Group  dis-
fassoc.(?) Gaia® (pc) | (pc) tance (pc)

V915 Sco HSC 2870 17174173 1500-2000 225373/
Assoc. 82

IRAS 17163-3907 | — 5196710% | ~1000 -

V925 Sco Assoc. 82 30067 |oz 1800-4000 23107126

[FMR2006] 15 RSG group® | 36547178 | ~6500 -

IRAS 18357-0604 | RSG assoc.®) | 453971232 | ~5500 -

HD 179821 - 4432738 | >5000 -

V1452 Aql CWNU 15919 | 27487193 | 2500-3500 247211}

IRC +10420 - 4260878 | ~5500 -

V1027 Cyg Assoc. 15 372373% | 2000-4500 3977358

HD 331777 Kronberger 54 | 45597388 | 2000-5000 37891159
Assoc. 15

RW Cep Berkeley 94 666671000 | ~3500 3921188
Assoc. 122

V509 Cas Assoc. 120 39175%9 | ~3800 3368 4 127

6 Cas Assoc. 141 2319755 | 2000-3000 2790179

HD 223767 Assoc. 141 28797135 | 2000-3000  2740718S

p Cas - 674711208 | 2500-3200  2810"]%3

References: (1) Hunt & Reffert (2024); (2) Chemel et al. (2022); ) Bailer-Jones et al. (2021);
(4) Davies et al. (2008); () Clark et al. (2014); (6) He et al. (2023).

3.5. Radius and luminosity

Based on our distance estimates, we determined the radii and luminosities for 15
YSGs and five YHGs in our sample. In this analysis, we only included stars with
available homogeneous angular diameter measurements and adopted literature Ze¢r
values. For stars with multiple published Ti¢ values, we adopted an average tem-
perature, and for stars without spectroscopic temperature estimates, we adopted the
temperature closest to their spectral type classification. Due to the inhomogeneous
data and discrepancies resulting from different methods, we estimated typical
temperature uncertainties of at least 200 K. For stars with multiple published T
measurements, we adopted uncertainties to encompass the range of published
values.

To estimate the stellar radii, we used the limb-darkened angular diameter values
from the JMMC Stellar Diameter Catalog (JSDC; Bourges et al. 2017; Bourgés
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et al. 2014; Chelli et al. 2016). Twenty of the 35 stars in our sample are included in
the JSDC catalogue, providing a homogeneous set of angular diameters based on
optical and near-infrared colour indices. Of these, 19 have group-based distance
values. HD 179821 does not have a group-based distance, but has a relatively good
Gaia parallax and distance from Bailer-Jones et al. (2021). Using these distances,
we calculated the stellar radii (R/Rz = 0.1075 6 d, where 6 is the angular diameter
in milliarcseconds and d is the distance in parsecs). The results are listed in Table 2.
For V509 Cas, the JSDC lists an angular diameter of 1.57 +0.12 mas, while
the diameter measured by van Belle et al. (2009) is smaller by about 20%, 1.24 +
0.03 mas. The calculated radii are 567 & 111 R and 449 420 R, respectively.
The latter value is similar to ~ 400 R found by Nieuwenhuijzen et al. (2012).
For p Cas, the JSDC angular diameter is 2.16 +0.19 mas, while Anugu et al.
(2024a) determined an angular limb-darkened diameter of 2.09 - 0.02 mas from
near-infrared interferometry. At our group-based distance, the resulting radii are
633 +£62 R and 609 £ 27R, respectively. van Genderen et al. (2025) determined
the radius of p Cas from its pulsational cycle and found a quiescent radius of
~ 400 R and an outburst radius of > 700 R at a distance of 2500 pc (~ 450 R
and ~ 780 R at our group-based distance of 2800 pc). Since the last outburst in
2013, p Cas has been quiescent (van Genderen et al., 2025). There is a considerable
discrepancy between the radii derived from interferometric and pulsational studies.
The heterogeneous interferometric studies available for a small number of YSGs
and YHGs do not allow us to consistently quantify any systematic offset between
the JSDC-inferred angular diameters and those obtained from interferometric
measurements. However, comparison with literature values obtained through
different methods suggests that the JSDC angular diameters for V509 Cas and p Cas
are likely overestimated. The JSDC empirical relations between angular diameters
and photometric indices for luminosity classes I, II, and III are primarily calibrated
on K- and M-type giants, with very few hotter stars included (Chelli et al., 2016).
For luminous supergiants in advanced evolutionary states, these relations may not
apply. In addition, the colours of YHGs are intrinsically variable (van Genderen et
al., 2019), which may contribute to the uncertainty in determining diameters from
photometric indices. With limited and heterogeneous interferometric measurements
available, we cannot establish systematic offsets between angular diameters from
the JDSC and those obtained from interferometric measurements. Homogeneously
derived angular diameters from the spectral energy distribution or interferometric
modelling are required to obtain self-consistent radii for the sample stars.
We estimated the stellar luminosities using the Stefan-Boltzmann law.

L=4nR*c Ty, (3.8)

The resulting luminosities are listed in Table 2. The luminosities of YSGs and
YHGs are shown in Fig. 3.5. For V509 Cas and p Cas, we used the radii from
Nieuwenhuijzen et al. (2012) and van Genderen et al. (2025) instead of the JSDC
values to avoid overestimated angular diameters. No angular diameters are listed
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Figure 3.5: Yellow hypergiants and YSGs on the HR diagram. YHGs are shown as
filled yellow circles, and YSGs and candidate YHGs are shown as empty yellow circles.
Literature values for four YHGs are shown as grey circles. The HD luminosity limit
(Humphreys, 1978) is marked with a dashed line. Solar metallicity evolutionary tracks
(Ekstrom et al., 2012) are shown as dotted light grey lines. Figure adapted from Paper 1.

in the JDSC for IRC +10420, IRAS 17163-3907, [FMR2006] 15, and HR 5171,
but we adopted their luminosities from the literature for reference. Three stars
lie near the Humphreys-Davidson (HD) luminosity limit: IRC +10420, IRAS
17163-3907, and V509 Cas. The YSGs occupy a wider range of luminosities,
with the most luminous YSGs partially overlapping with the less luminous YHGs.
The luminosities of three YHGs, HD 179821, RW Cep, and HD 96918, agree
well with previous studies. Significant deviations are found for V509 Cas and
p Cas, where using the angular diameters from JDSC results in unexpectedly large
radii and unreasonably high luminosities (logL/Ls > 5.8), although the large
radius for p Cas is supported by an interferometric study (Anugu et al., 2024a).
The calculated luminosities for YSGs agree very well in general with literature
values. We only found a discrepancy for V810 Cen, where the previous luminosity
estimate of logL/Le = 5.3 (Kienzle et al., 1998) is much higher than our value of
logL/Le = 4.74’:8:(1)? due to a revised distance that is lower by ~1000 pc.
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Table 2: Derived radii and luminosities for the sample stars. For V509 Cas and p Cas we
give the radius and luminosity values for both angular diameters: (JDSC) using the angular
diameter from Bourges et al. (2017) and (interf.) using interferometric studies of van Belle
et al. (2009) and Anugu et al. (2024a).

Identifier Radius (Rs) Luminosity (logL/L)

¢ Cas 276 +£29 525701

HD 10494 | 187£15 4.831009

€ Aur 236+25 5.1379%

HD57118 | 163£15 4.86+0%

R Pup 245+22 4.9810

HD 74180 | 325428 55709

HD75276 | 11649 4381007

HD 96918 | 616+69 5.570:13

o' Cen 403 £41 533505

V810Cen | 222420 4.74100

HD 144812 | 65+38 3.817019

V925 Sco 242 425 5'22t8:??

HD 179821 | 264422 5137012

V1452 Aql | 18218 4.98+011

V1027 Cyg | 403437 4.78°927

HD 331777 | 278 +23 4961098

RW Cep 902 + 82 5367019

V509Cas | 567111 (JDSC)  6.03%753 IDSC)
449 + 20 (interf.) 5.83700° (interf.)

HD 223767 | 10844 477908

p Cas 653 +63 (JDSC) 5,86@6?19 (JDSC)
628 == 24 (interf.) 5.83702 (interf.)

3.6. Discussion

3.6.1. Spatial distribution

Following discussions of the spatial distribution and possible isolation of LBVs
and supergiants with the B[e] phenomenon (e.g. Aadland et al., 2018; Deman &
Oey, 2024; Martin et al., 2025; Smith & Tombleson, 2015, and references therein),
van Genderen et al. (2019) proposed that the YHGs p Cas, V509 Cas, HR 5171,
and HD 179821 are isolated objects. This might be evidence of an evolutionary
connection with LBVs. An explanation for the potential isolation of LBVs is their
origin through binary evolution: either merger products or mass gainers in Roche-
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Figure 3.6: Family portrait. Illustration of the Milky Way* showing the distribution of
YSGs (circles) and YHGs (stars). Objects with group-based distances are marked with
filled markers, and objects with distances based on H1 or Bailer-Jones et al. (2021) are
marked with empty markers. Figure adapted from Paper I.

lobe overflow systems that were kicked out of their original populations after
the companion exploded as a stripped-envelope supernova (Smith & Tombleson,
2015).

Figure 3.6 shows the locations of our sample stars projected on a schematic
view of the Milky Way. We used the group-based distances where available, and
otherwise, the H 1-based or Bailer-Jones et al. (2021) distances. The stars broadly
trace the spiral arms of the Galaxy. Our results indicate that YHGs are located
in heterogeneous environments. Two YHGs are likely cluster members, three are
in OB associations, and one is in a star-forming region. Four YHGs may not be
affiliated to stellar groups, but two of them are too far away for us to draw a clear
conclusion.

4 NASA/JPL-Caltech/R. Hurt (SSC/Caltech)
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In contrast, a majority of the YSGs in our sample are associated with stellar
groups. The kinematic properties of 20 out of 25 YSGs are consistent with
membership in open clusters or OB associations. For 5 stars, no clear origin group
could be found. In two of these cases, V870 Sco and IRAS 14394-6059, the stars
are distant and have high extinction. For the other three stars, HD 12399, o' Cen,
and HD 144812, we can identify co-moving stars at a similar distance.

Overall, we found that most YSGs are members of young stellar populations.
This is consistent with YSGs being younger pre-RSG objects and still affiliated to
their birth environments. The environments of the YHGs are more diverse, and
for almost half of them, their origin populations remain unclear. This might be the
result of different evolutionary histories. If this is the case, there may be multiple
ways for a star to become a YHG, and the distance from their birth environments
may be a result of binary interactions.

The number of luminous YSGs found in the Large Magellanic Cloud (Martin
& Humphreys, 2023) is more than double the size of our sample and could provide
more insight into their surrounding environments. Improved astrometry and dis-
tances of Galactic YSGs and YHGs will be provided by the Gaia DR4 release”,
which will include epoch astrometry for all sources.

3.6.2. Runaway stars

About 25-30% of the Galactic O-type stars are runaway stars, and about a quarter
of them show bow shocks generated from the interaction between their stellar winds
and the interstellar medium (Carretero-Castrillo et al., 2025, 2023). Studies in the
Small Magellanic Cloud (SMC) suggested that about 65% of the OB-type field
stars are runaways, mainly due to dynamical ejections from clusters (Dorigo Jones
et al., 2020, and references therein). Since OB stars are the progenitors of YHGs
or YSGs, some stars in our sample might have experienced an ejection event. The
YHGs in our sample without a clear group affiliation have variable stellar winds
and have undergone major mass-loss events (e.g. Jura & Werner, 1999; Koumpia
et al., 2020; Lobel et al., 2003a; Oudmaijer, 1998), setting ideal conditions for bow
shock formation in a runaway scenario. However, we found no evidence of a bow
shock associated with any YHG or YSG in our sample, neither in the literature nor
in our examination of Wide-Field Infrared Survey Explorer (WISE; Wright et al.
2010) images.

For stars whose H I-based and group-based distance estimates agree well, a
runaway scenario is unlikely, as dynamical perturbations would affect the proper
motion, radial velocity, or both, leading to inconsistent distances. An exception is
HD 96918, whose proper motion agrees with OB associations no. 210/211 (Chemel
et al., 2022), yielding a group distance of 2623f§§ pc, but the H1-based distance is
~500 pc or ~5000 pc. This discrepancy was already identified by Achmad et al.
(1992), whose distance estimates of 2400+ 900 pc and ~2200 pc from independent

5 https://www.cosmos.esa.int/web/gaia/dr4
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methods agree well with our group-based distance. If HD 96918 were a runaway,
an apparent alignment with an OB association based on similar proper motion
would be unlikely to provide a reliable distance. If HD 96918 has been dynamically
perturbed, its radial velocity could deviate from the H I velocity, but the effect has
not been significant enough to separate it from the stars in the OB association.

Small offsets in proper motions (> 20 of the cluster mean) are observed for
several cluster members: ¢ Cas, HD 18391, and RW Cep have minor proper motion
offsets compared to other members of their clusters. HD 223767 has a projected on-
sky offset of < 0.1 deg of the open cluster King 12 and shares a similar distance of
~ 2800 pc, but its proper motion differs from that of cluster members by more than
30. HD 74180 lies near the open clusters Pismis 6 and Pismis 8, both at distances
of ~ 1700 pc and separated by ~0.3 deg on sky, with proper motion differences
of ~ 0.5 mas yr~!. These clusters may originate from the same molecular cloud
(Fitzgerald et al., 1979). A proper motion difference of 0.5 mas yr~! corresponds
to a velocity difference of ~5 km s~! at a distance of 2000 pc and ~7 km s~
at 3000 pc, indicating small kinematical differences originating from modest
dynamical interactions. Overall, while we found minor kinematic offsets for
several stars, we found no clear evidence of runaway YHGs or YSGs in our
sample.

3.6.3. Comments on binarity

The binary fraction for YSGs is not well constrained. Recently, a multiplicity study
in the SMC suggested that supergiants of spectral classes B, A, and F were either
born as effectively single stars or are products of binary mergers (Patrick et al.,
2025). For AF-type supergiants in the SMC, the binary fraction was estimated
to be smaller than 15% (Patrick et al., 2025). However, O’Grady et al. (2024)
estimated the binary fraction of YSGs in the Magellanic Clouds at 20-60%. For
reference, O-type stars in the Milky Way have a binary fraction of ~70-90% (Sana
et al., 2012, 2014), and the observed binary fraction for RSGs in the SMC and
Large Magellanic Cloud (LMC) is ~15-30% (Dai et al., 2025; Dorda & Patrick,
2021; Neugent et al., 2020; Patrick et al., 2019, 2020).

We summarise that a majority of the well-studied YHGs are likely to have
binary companions: HR 5171 is a double or triple system, where one companion
might be interacting with the hypergiant (Chesneau et al., 2014). 6 Cas is an A+O-
type supergiant binary (Maiz Apelldniz et al., 2021a). V509 Cas has a likely B-type
companion (Lobel et al., 2013). IRAS 17163-3907 has been suggested to have a
binary companion (Wallstrom et al., 2017). p Cas, IRC +10420, and [FMR2006] 15
have RUWE values higher than 1.22, which is the threshold commonly used as an
indicator for unresolved binarity (Castro-Ginard et al., 2024). Only HD 179821
appears to be single, as it is unlikely to have a companion more massive than 5 M,
and a spectral class earlier than B5 (Jura & Werner, 1999). Less information is
available for the YSGs, but some confirmed cases of binarity include € Aur, which
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is an eclipsing binary (Stefanik et al., 2010); HD 144812, which is an interacting
binary (Kourniotis et al., 2025); V915 Sco, which has a Wolf-Rayet companion
(Andrews, 1977); V810 Cen, which is a spectroscopic binary (Kienzle et al., 1998);
¢ Cas and HD 57118, which have been identified as binaries (Burki & Mayor,
1983); and HD 96918, HD 74180, and IRAS 18357-0604, which have high RUWE
values.

Overall, about 50% of the YHGs and YSGs in our sample show direct or indirect
signs of binarity, with a firm lower limit of 22% (eight confirmed binary systems).
We selected our sample based on luminosity estimates in the literature and did not
consider any binarity indicators. Nevertheless, these factors are correlated through
the contribution of a hot companion to the overall luminosity of the system, which
might introduce a bias towards identifying binaries.

3.7. Summary of results

We provided a homogeneous and consistent determination of distances for Galactic
YSGs and YHGs. Because the Gaia parallaxes contain uncertainties, we explored
an indirect method of determining the distance through membership identification
with nearby stellar groups, that is, clusters or OB associations. We compared
the proper motions of YHGs and YSGs with those of clusters (Hunt & Reffert,
2024) and OB associations (Chemel et al., 2022; Mel’nik & Dambis, 2017) in the
surrounding sky region. Using the more reliable parallaxes of co-moving stars, we
calculated group-based distances. We validated this method against the large-scale
Galactic kinematics by comparing the stellar systemic radial velocities with the
Galactic H1 velocity map (Soding et al., 2025). Our H1-based distances agree
well with previous studies, where distances were derived from comparison with
the Galactic rotation curve. The two independent methods agree well for most of
the targets.

We determined membership in a cluster or OB association for 20 YSGs. Five
YSGs remain without a clearly identified stellar group, and two of them are likely
too distant and reddened for the method. The stellar environments of YHGs are
more varied:

 Stellar cluster: RW Cep and [FMR2006] 15.

* OB association: 6 Cas, V509 Cas, and HD 96918.

* Star-forming region: HR 5171.

 Unaffiliated: p Cas, IRAS 17163-3907, IRC +10420, and HD 179821.

We derived luminosities for 15 YSGs and five YHGs by combining our distance
estimates with Tig values from the literature and angular diameters from the JSDC
catalogue. Our results agree well in general with previous luminosity estimates.
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4. V509 CAS — 25 YEARS OF STABILITY IN THE
‘YELLOW VOID’

This Chapter is based on Paper II: Yellow hypergiant V509 Cas: Stable in the
‘vellow void’.
A. Kasikov, I. Kolka, A. Aret, T. Eenmie, and V. Checha, 2024, A&A 686, A270.

V509 Cas is a representative member of the YHGs and has experienced multiple
large-scale shell ejections. Smolinski et al. (1989) described three episodes of
mass ejections: in 1970, 1979, and 1982, though the last two have also been treated
as a single episode (Nieuwenhuijzen & de Jager, 2000). An extensive study of
the yellow hypergiant V509 Cas has been conducted by Nieuwenhuijzen et al.
(2012), providing a comprehensive overview of various physical parameters of
the star, including temperature, luminosity, colour indices, and log g values. They
place V509 Cas at the high temperature border of the first instability region of
the YEV and hypothesise that the star’s approach to this region has increased its
atmospheric stability. However, upon crossing over to the second area of instability,
the atmosphere may become unstable again, leading to severe mass loss.

4.1. History of variability

During the 20th century, the brightness of V509 Cas gradually increased from
around 5.36 mag in the beginning of the 1940s to 4.6 mag by 1976 (Zsoldos, 1986).
Since the mass-loss episodes in late-1970s, the brightness has returned to previous
levels and the star has become ~0.5 mag bluer (Fig. 2.7; Percy & Zsoldos, 1992).

V509 Cas exhibits quasi-periodic variability that is composed of several periods
with varying lengths. The lengths and amplitudes of the periods change over time
(Nieuwenhuijzen & de Jager, 2000; Percy & Zsoldos, 1992; Sheffer & Lambert,
1987; Zsoldos, 1986). From mid-1900s to the beginning of 2000s the periods
decreased from 200-400 days to 100-150 days, and amplitudes from 0.1-0.2 mag
to 0.05-0.1 mag, likely related to the increase in the star’s Tefr (van Genderen et al.,
2019).

In the early 1900s, the star had a GO-G3 spectrum (W. S. Adams et al., 1935;
Cannon & Pickering, 1993), corresponding to Te=5100-5600 K. Over the course
of the 20th century, the temperature of V509 Cas varied by several thousand
degrees. Figure 4.1 illustrates ¢ values from Nieuwenhuijzen & de Jager (2000),
Nieuwenhuijzen et al. (2012), and the current study. In 1969 the T.y ranged
from 5250 K to 5630 K and during the outburst in 1973, it decreased to 4900 K
(Nieuwenhuijzen & de Jager, 2000). This is attributed to the formation of a cooler
pseudo-photosphere from the out-flowing matter. As this pseudo-photosphere
dispersed, the Tif increased. A similar pattern was observed during the second
mass-loss event in 1979-1982. Over a span of 30 years, the star appeared to
bounce’ twice against the border of the yellow void (de Jager, 1998). There is
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Figure 4.1: Variability of Tes of V509 Cas over the last 70 years, including data from
Nieuwenhuijzen & de Jager (2000, Paper 1) and Nieuwenhuijzen et al. (2012, Paper 2).
The uncertainties for Nieuwenhuijzen et al. (2012) data near the beginning of 2000s are
60-80 K (sample error bar size is shown in the box), while the uncertainties for earlier
data are 72 K in 1973, 120 K in 1978, and 240 K in 1984. For Nieuwenhuijzen & de Jager
(2000), the uncertainties for all points were not given. Figure adapted from Paper I1.

no indication of distant nebulosity around V509 Cas, suggesting that if the star
is a post-RSG, it has only recently (within the last 500—1000 years) entered the
instability region (Schuster et al., 2006).

After these mass-loss events, the temperature of V509 Cas continued to rise
from 4570 K in 1980 (Nieuwenhuijzen & de Jager, 2000; Piters et al., 1988) to
7170 K in 1995 (Nieuwenhuijzen & de Jager, 2000), and reached higher-than-
ever values at 7900 £200 K in 1998 (Israelian et al., 1999). Since then, the rate
of temperature increase seems to have slowed. In the early 21st century, Tefr
has remained close to 8000 K (Aret et al., 2017c; Nieuwenhuijzen et al., 2012;
Yamamuro et al., 2007), exhibiting short-term variability of up to a few hundred
degrees (Nieuwenhuijzen et al., 2012).

Variations in the radial velocity (vy,q) of V509 Cas are predominantly caused
by the star’s pulsation cycle (de Jager, 1998). These variations may also reflect
the passage of shockwaves through the photosphere (Lambert et al., 1981). Based
on observations on 5 epochs between 1921 and 1923, the v,q values ranged from
—56.2 to —68.2 km s~!, with a total amplitude of 12 km s~! and an average of
—60.2 km s~! (Harper, 1923). We have no measurements from the intermediate
period until 1976, when during the mass-loss episode Lambert and Luck reported
the v;aq Of ionised lines at —35 km s~ !, and of neutral metallic lines —40 km s~!.
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They also noted asymmetrical trailing blue wings in spectral line profiles. By
mid-1977, the vy,q had shifted to ~60—65 km s~ !, and the profiles became almost
symmetrical (Humphreys, 1978; Lambert & Luck, 1978). Since then, the v,,q has
remained at a similar level with a ~9-19 km s_lamplitude (Klochkova, 2019;
Lambert et al., 1981; Sheffer & Lambert, 1987).

4.2. Observations and methods

4.2.1. Photometry

AAVSO international database. The majority of photometric data are obtained
from the American Association of Variable Star Observers (AAVSO) international
database. We use observations from three observers who have carried out the
longest time series or have transformed their data to Johnson-Cousins photomet-
ric system: W. Vollmann (AAVSO observer code VOL, observations in V-filter
(Vollmann, 2023)), M. Sblewski (SMALI, observations in B filter (Sblewski, 2023))
and E. Van Ballegoij (BVE, observations in B-filter (van Ballegoij, 2023)). The
observations are summarised in Table 3.

Table 3: Observations from the AAVSO international database. The observation
type refers to the used photometric measurement device, where DSLR means
the digital single lens reflex camera, CCD is a CCD camera and PEP refers to
measurements done with a single-channel photometer using a photodiode. The
asterisk marks observations that have not been transformed to the standard Johnson-
Cousins system.

Observer Code Filters Obs. type Data points
Vollmann VOL Vv DSLR 445
Sblewski SMAI  B* CCD 141
van Ballegoij BVE B PEP 54

Observations from AAVSO Bright Star Monitor. The recent photometric variability
of V509 Cas is captured by observations of AAVSO Bright Star Monitor (BSM)
program proposal #115 (PI: T. Eenmie). We used Johnson-Cousins B- and V-
filter observations from two observatories: New Hampshire Henden (NH2) and
New Mexico Stein (NM). Both sites utilise Takahashi E180 7” reflectors with
ASI183MM CMOS-cameras and a selection of photometric filters. Photometric
monitoring using BSM started in September 2019 to support TESS observations in
sectors 16 and 17, and has continued until present time.

The photometric observations from AAVSO BSM programme have been opti-
mised for measuring bright stars. Nevertheless, the data are still affected by the
scintillation effect. To mitigate these scintillation effects when using short expo-
sures, several individual measured data frames are averaged. To better estimate the
differential magnitude of the variable star, we used the combined comparison star
method. The combined comparison star is composed of the summed flux of three
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stars in the field of view: HD 218010, HD 240170 and HD 217127. The first two
are included in the list of AAVSO comparison stars and the constant magnitude
of the third comparison star has been confirmed by measurements done by the
Hipparcos mission (1o scatter of measurements was £0.012 mag (ESA, 1997)).

We obtained pre-processed frames from the BSM programme and measured
the magnitudes of the stars using aperture photometry with programme Aperture
Photometry Tool (APT, Laher et al. (2012)). The aperture size was selected to be
3 x FWHM of the target. We determined the differential magnitude of V509 Cas
either from the average frame of a night (provided by the AAVSO BSM pipeline)
or from many individual frames taken during the same night, the results of which
were then averaged. Therefore, one point on the graph represents the luminosity of
the star in one night. The number of averaged frames and their exposure times are
shown in Table 4.

Table 4: Observations with the AAVSO BSM telescopes, filters, the number of
frames taken in each filter per night, and the exposure times of each individual
frame are given.

Filter Nr of frames Exposure # nights
B 8..10 1.5s 272
Vv 15..20 0.75s 265

The results slightly vary depending on the weather conditions (airmass, trans-
parency of the atmosphere, etc.) and scintillation. The typical root-mean-square
(RMS) value is around 3% for both V509 Cas and the combined comparison star.
We left out nights on which the conditions were highly unstable and the RMS value
was found to be higher than 6%. The resulting differential magnitude of the star
(average per night) has the uncertainty 0.01...0.02 mag.

TESS. V509 Cas was observed with the TESS satellite in sectors 16, 17, 24,
and 57. The observations were performed at the following dates: 50 days in
September—November 2019, 30 days in April-May 2020 and 29 days in October
2022. Although TESS does not provide luminosity measurements in the V -filter,
these observations show the brightness variability of the star with very good
cadence and precision. We measured the differential TESS magnitude of V509 Cas
against the comparison star HD 217127, both of them imaged on the same TESS
camera and CCD. In the selection of proper apertures and in the correction of the
light curve systematics, we have been guided by the papers by Handberg et al.
(2021) and Lund et al. (2021). The resulting magnitudes have a precision better
than £0.005 mag. Therefore, we have used this data to qualitatively describe the
variability of V509 Cas and to complement the V-filter observations from AAVSO.

Gaia. We are using data from the Gaia Data Release 3 (Gaia Collaboration et
al., 2016, 2023). Photometric observations were done between 25th July 2014 and
28th May 2017, spanning a period of 34 months. Gaia has measured the brightness
of V509 Cas in three filters: G, Ggp, and Grp. We converted those observations to
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the Johnson-Cousins system V filter brightnesses, using the colour transformation
equations given in the Gaia Data Release 3 Documentation version 1.3 on the Gaia
webpage!. Gaia’s brightness measurements have small errors (<0.001 mag for Ggp
and Grp, 0.02 mag for G-filter). The more significant errors in the Gaia data come
from the conversion of Gaia’s filters to the Johnson-Cousins V-filter magnitude;
the standard deviation of the colour transformation equation is 0.03 mag.

4.2.2. Smoothing photometric observations
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Figure 4.2: Smoothing of AAVSO data taken by observer Vollmann (VOL). Shifted
brightness observations from TESS (red dots) follow the smoothed curve. The mean
residual of the smoothing is 0.013 mag. The mean error of observations is 0.01 mag.
Figure adapted from Paper I1.

The V-filter observations by AAVSO (W. Vollmann) span the time period from
2017 to 2023, and they are typically conducted more frequently than once in a
fortnight, with a minor gap in early 2020 (see Fig. 4.2). Typical uncertainties of
these observations average around 0.01 mag. The brightness fluctuates without
obvious regularities in the range of 5.4 to 5.2 mag. A smoothing procedure is
advantageous for presenting this variability more clearly. Given the frequent
sampling, we applied a straightforward 30-day weighted running mean, assigning
less weight to points with higher uncertainties. Smoothing of V-filter observation
data is justified by smooth brightness variability evident in the TESS light curve.
While TESS did not measure brightness in the V -filter, our smoothed light curve

! https://gea.esac.esa.int/archive/documentation/GDR3/Data_processing/chap_
cubpho/cubpho_sec_photSystem/cubpho_ssec_photRelations.html
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Figure 4.3: Smoothing of BSM V- and B-filter data. The mean residual of the V-filter fit is
0.012 and the B-filter fit is 0.010. The uncertainty of each point is around 0.01..0.02 mag.
Figure adapted from Paper I1.

effectively tracks the variability behaviour observed in TESS measurements. In
Fig. 4.2, we added an arbitrary vertical shift to TESS measurements to achieve the
best alignment with AAVSO data, only to illustrate the smoothness of variability.
We applied the same smoothing method to BSM B- and V -filter observations —
a running mean with a 30-day window (Fig. 4.3). The BSM magnitudes have been
measured with reference to the standard stars (Sect. 4.2.1) obtaining differential
magnitudes that have not been transformed to the Johnson-Cousins standard mag-
nitude scale. To align the observations with data provided by AAVSO observers,
we shifted them by an empirical constant, which minimised the difference between
two sets of data. The BSM observations show similar variability behaviour to
the observations from AAVSO. We have also included observations from Gaia
(Sect. 4.2.1) to extend the time span covered by the light curve (see Fig. 4.5).

4.2.3. Spectroscopy

Tartu Observatory. V509 Cas was observed using the Tartu Observatory (TO)
1.5-m telescope AZT-12 (Folsom et al., 2022) during the period from 2015 to 2021,
in total on 103 nights, fairly evenly distributed across the years. We used the long-
slit spectrograph ASP-32 in Cassegrain focus with 1800 lines mm~! diffraction
grating providing spectra in the wavelength range from 6300 A to 6730 A with a
signal-to-noise ratio (S/N) ~200-300 and resolution R ~ 10000.
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The data were reduced using the IRAFZ(Tody, 1986) software, in which noao,
imred, ccdred, and ctioslit packages for image and long-slit spectral reduc-
tions were used. Bias and flat corrections were applied to the spectra. Dark
correction was not necessary due to the sufficient cooling of the CCD. For the
wavelength calibration, comparison spectra of ThAr hollow cathode lamp were
taken before and after target exposure. In addition, the wavelengths of the diffuse
interstellar band (DIB) at 16379.01 and some telluric lines near 6400 A were used
to check and refine the accuracy of the wavelength calibration. The heliocentric
correction was applied to the spectra. The spectra were continuum normalised by
fitting a cubic spline of the 20th order. Flux calibration was not attempted. The
full list of observations can be found in the App. B of PaperIL.

Nordic Optical Telescope. In addition to the observations at the TO, in 2021 and
2022 for a period of 14 months, V509 Cas was observed at the 2.56 m Nordic Opti-
cal Telescope (NOT) using the FIES echelle spectrograph (instrument description:
Telting et al. (2014)) in medium-resolution mode (R = 45000) and high-resolution
mode (R = 60000) (proposal ID 65-410, PI A. Kasikov). We also include an earlier
observation in 2015 in high-resolution mode (R = 60000). The spectra cover the
wavelength range from 3630A to 8980 A without gaps. Our observations were
carried out with an approximately monthly interval, in total on 16 nights (listed in
App. B of Paper II) and were reduced with FIEStool (Stempels & Telting, 2017)
standard pipeline.

4.2.4. Temperature determination

We determine the Ti¢ spectroscopically using line depth ratios (LDR) of tempera-
ture sensitive lines (Gray, 1994; Gray & Johanson, 1991). The LDR method has
been used successfully for FGK supergiants (Kovtyukh, 2007), for p Cas (Kraus
et al., 2019), and for YSGs in the Magellanic Clouds (Kourniotis et al., 2022). The
last two papers stressed the necessity of using specific pairs of spectral lines.

In the case of V509 Cas, the selection of lines for LDR is limited by circumstel-
lar (CS) emission components that first appeared in the spectrum in the 1970s (e.g.
Lambert & Luck, 1978). This was first seen in spectral lines of neutral atoms, but
now is also present in ionised ones. Other constraints of the LDR method include
abundance effects, which can be overcome by using line pairs of the same chemical
element. Furthermore, the LDR~T.¢ relation depends on the surface gravity and
the metallicity of the calibrators (e.g. Fukue et al., 2015; Matsunaga et al., 2021).
Taking these limitations into account, we relied on Fe I and Fe 11 lines. By visual
inspection of the spectra we noticed that Fe 1 lines with Ejo, = 4.0 eV and Fe 11
lines with Ejoy, >~ 5.0 eV have no clearly distinguishable emission components
and are very minimally or not at all influenced by CS emission.

We selected Fel A5367.47 (Ejow = 4.42 €V) and Fe1l A5387.06 (Ejpw =
10.52 eV) absorption lines. These lines are measurable in the spectra used by

2 https://iraf-community.github.io/
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Figure 4.4: Effective temperature and line-depth-ratio calibration curves. Figures adapted
from Paper II.

Nieuwenhuijzen et al. (2012) and also in the spectra of additional calibrators.
As calibrators, we selected the SGs from the list presented by Kovtyukh (2007)
in Table 4, and added a few more well-analysed SGs to cover the Ty range
7000...8500 K. All calibrators are listed in App. A of Paperll, indicating the
sources of their high resolution spectra and of their temperatures applied for cali-
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bration. The obtained correlation between LDR and T is depicted in Fig. 4.4a
including its third order polynomial approximation.

The commonly used interval in TO data is ~ 6300-6600 A, which does not
include the selected lines. Using high resolution spectra of V509 Cas covering the
entire optical region (listed in App. A of Paper 1), we transformed the calibration
to lines included in this region. In this region, there are several non-blended Fe 1
and Fe 11 lines which would be suitable for LDR calibration (e.g. Lambert & Luck
(1978) indicate the sensitivity of lines Fe 1 16430.85 and Fe 11 16432.68 in the
case of V509 Cas). However, these are affected by CS emission components. By
visual inspection, we noticed that the depth of the Ca1 A6439.08 line (Ejoy =
2.53 V) is remarkably variable while the depth of Fe 11 16446.41 line (Ejoy =
6.22 eV) changes much less. Both of these lines are free of distinguishable emission
components. We obtained the relation demonstrated in Fig. 4.4b. We used the
corresponding second order polynomial fit for calculating the Ti¢r. The values
estimated using the correlative relationship(s) have formal errors up to 140 K.

4.3. Results

4.3.1. B—V colour index

Since the late 1990s, the brightness of V509 Cas has stabilised. Between 2014 and
2023, it has consistently remained near 5.3 mag, displaying occasional short-term
fluctuations with amplitudes up to 0.13 mag. Over the past two decades, the V-
filter brightness variability has remained notably low, especially when compared to
the rapid changes observed in the 20th century. In comparison to the Hipparcos
measurements in the early 1990s (as reported by Nieuwenhuijzen & de Jager
(2000)), the amplitudes of short-term variability have remained at a similar level.

The Hipparcos measurements showed a notable decrease in (B — V) values
(Nieuwenhuijzen et al., 2012), which has currently halted (Fig. 2.7 in Chapter 2).
The (B —V) colour of the star has remained stable over the last six years, averaging
around 0.84 mag with minor short-term fluctuations in the range of 0.05-0.10 mag.
van Genderen et al. (2019) showed that amplitude ratios Ampl B/AmplV and
Ampl V/Ampl (B — V) reveal temperature changes during pulsations, with higher
values indicating unstable atmospheric conditions. These amplitude ratios are
independent of interstellar reddening and extinction. For V509 Cas, the variabil-
ity amplitudes in the V-filter and B-filter are very similar, with smaller ampli-
tudes (0.05 mag) during some years alternating with slightly larger amplitudes
(~0.10 mag) in the following few years (Fig. 4.3). Both amplitude ratios have
small values near 1, which is indicative of a stabilising atmosphere.

4.3.2. Period analysis

We applied the Lomb-Scargle period analysis model to the AAVSO V-filter data.
Most of the detected periods fall within the 100-200 day range. However, there also
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Figure 4.5: Vfilter brightness from AAVSO Vollmann’s data (blue crosses) and Gaia data
(orange dots). The solid green line shows a running mean of 300 days, and the light grey
shading corresponds to the standard deviation of the running mean. In the lower figure we
show the residuals of the mean level that illustrate the amplitudes of short-term fluctuations,
which vary between 0.05-0.13 mag. Figure adapted from Paper II.

appears to be a much longer periodicity in the data, with a period of approximately
1300 days. Neither our analysis nor earlier studies have identified this extended
periodicity in the light curve from 1970s—1990s by Percy & Zsoldos (1992).

In Fig. 4.5, a 300-day running mean has been applied to the light curve, which
smooths out short-term (< 300 days) variability fluctuations and highlights vari-
ability on longer timescales. There is no evident long-term trend of decreasing
or increasing variability amplitudes or mean magnitude. The residuals in the
lower panel of Fig. 4.5 illustrate the variability of short-term brightness fluctuation
amplitudes, when the longer-term curve has been subtracted.

4.3.3. Effective temperature

Over the recent years, the temperature of V509 Cas has remained at a stable level
around 7800 K, with the short-term fluctuations being on average less than 200 K
(Fig. 4.6a). In the beginning of 2000s, the Tes was 7500-8000 K (Nieuwenhuijzen
et al., 2012). It appears that in the last 25 years, the temperature has settled slightly
below 8000 K. Compared to the beginning of 2000s, there is also a decrease in the
amplitude of temperature fluctuations, which may suggest the stabilisation of the
star’s atmosphere.
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Figure 4.6: Effective temperature results. Figures adapted from Paper II.

In Fig. 4.6b, we show the relation between colour and temperature variations
using our temperature values derived from spectroscopy and the smoothed B —V
colour index values. Even during the current ’calming down’ phase of V509 Cas,
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both the colour and the depth of spectral lines continue to adequately reflect the
average effective temperature.

4.3.4. Radial velocity

To characterise the mean expansion and contraction of the stellar surface of
V509 Cas, we measure the radial velocity using two relatively strong Si IT absorp-
tion lines (AA6347,6371). These lines are expected to be formed over the full ex-
tended atmosphere of the star. The high excitation potential of Si Il (Ejow = 8.12eV)
suggests a contribution from deeper layers, while the significant line depth (up to
50% of the continuum level) indicates the contribution from outer layers. Addi-
tionally, there is absence of strongly blending lines and emission in the line wings,
both of which could distort radial velocity measurements.
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Figure 4.7: Radial velocity variability of V509 Cas. Our radial velocity measurements are
based on TO and NOT spectra. Figure adapted from Paper II.

To improve the accuracy of our radial velocities derived from TO spectra, we per-
formed an additional wavelength scale correction procedure. Using high-resolution
FIES spectra with a precise wavelength scale, we determined the location of a
nearby diffuse interstellar band (DIB) at 6379.00+0.01 A. This DIB served as
a stable reference point, allowing us to calculate the offset value for each TO
spectrum, typically of the order of a few hundredths of an angstrom.

We measured the central wavelength of SillI lines by fitting a Gaussian function
to the central part of the line. Figure 4.7 shows the radial velocity time series.
We assume that the systemic velocity is the average value of all measurements
Vsys = —60.7 km s~!. Any deviations from this average value indicate dynamics
within the star’s atmosphere.
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Figure 4.8: Centroid radial velocities of SiIl, Cal, and Fe I lines and their distribution
histograms. The error bars for CaT and Fe 11 (shown in the corner) are larger than the errors
for radial velocities from the Si1I line, because the Fe 11 and Cal lines are much shallower
and therefore the results are more affected by noise. Figure adapted from Paper II.

The radial velocity variability of metal lines has remained at the same level through-
out the entire century, from the beginning 1900s (Harper, 1923), to the time of
major eruptions in the 1970s. Meanwhile, the star’s temperature has increased
by several thousand degrees and its brightness has changed by a magnitude. The
similarity in the variability of radial velocity of V509 Cas could indicate that the
star had been quasi(?)-periodically pulsating already before the activity in the
1970s. If that’s the case, then at the end of the mass-loss episodes the star simply
restored its previous behaviour. In Chapter 2, Fig. 2.8 shows the combined 7-year
Tefe, Vrad, and brightness variability curve.

Temperature sensitive lines. We investigated the radial velocities of the spectral
lines used for our temperature determination (Ca1 46439 and Fe 11 16446). Given
that both of these lines are asymmetric and relatively weak in comparison to SilI
lines, we could not use the same Gaussian fitting method. Instead, we calculated
the centroid (‘centre of gravity’ of the spectral line) radial velocities. Fig. 4.8 shows
the resulting velocity values and the histograms illustrating their distribution.

There is a strong correlation of approximately 0.81 between the radial velocities
of Fe 11 and CaT lines. The position of the Fe IT line centroid oscillates on average
at higher blueshift values (by roughly 3.2 km s~!) than the Si 11 and Ca1. This may
be due to the influence of a weak emission component formed in circumstellar
material. Emission components are visible above the continuum level in many low-
excitation lines, but the emission can affect all lines to a certain degree, depending
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Figure 4.9: Pulsational behaviour of V509 Cas. Left: Radial velocity time series of SilI.
As a zero or ’equilibrium’ velocity, we have chosen the mean radial velocity of the star at
—60.7 km s~! (grey horizontal line). We have marked the epochs, when the star is at its
contraction state (red) and when the star is in an expanding state (blue). We calculated the
mean effective temperature for each state. Right: Histogram of mean effective temperatures.
During the star’s expansion state, the temperatures are on average slightly lower than in
the contraction states. Figure adapted from Paper II.

on excitation energy and abundance of the element (c.f. ScIT which is discussed in
Sect. 4.3.5 and the Fe 11 17712 line discussed previously in Kasikov et al., 2022).
A very weak emission component is indistinguisahble in the shape of the spectral
line, but can cause the centroid to shift in velocity scale.

Effect of pulsations on the temperature. Radial velocity derived from the Si11
lines could describe the radial component of pulsations of the star — the mean
dynamics across the entire visible stellar surface. We aim to describe these move-
ments as expansion and contraction phases of the atmosphere of V509 Cas and
assess how the measured radial velocity correlates with the mean temperature level
during each stage.

We identified distinct epochs within our radial velocity time series when the
star exhibited either contraction (associated with higher radial velocity values) or
expansion (associated with smaller radial velocity values). We assume that both of
these states end near the mean (equilibrium) velocity value. We excluded potential
velocity relaxation periods in which representative data was lacking or when the
velocity exhibited only small-amplitude variability around the mean. On the left
side of Fig. 4.9, we display these selected ‘expansion’ and ‘contraction’ epochs,
marked in blue and red, respectively. We also assume that the ‘contraction’ and
‘expansion’ phases are best developed (and have the characteristic temperature)
when the corresponding velocities already show the trend from the local maximum
or minimum towards the equilibrium value (epochs of the velocity relaxation). We
hypothesised that at the end of the contraction stage, the star should reach higher
temperatures due to the compression of atmospheric layers, while at the end of the
expansion phase, the temperature should decrease due to the drop in the internal
energy (enhanced radiative cooling and work done by gas pressure).
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The histogram on the right side of Fig. 4.9 shows the temperatures during these
‘expansion’ and ‘contraction’ epochs. We found that the mean effective temperature
during the ‘contraction’ epochs was 7790 K and for the ‘expansion’ epochs 7740 K.
The difference is in the order of magnitude of 10 of the distribution. Both data sets
contain temperatures near the overall mean temperature value at 7800 K. Howeyver,
in the ‘expansion’ states, there is a higher representation of lower temperatures,
while in the ‘contraction’ state, a number of higher temperatures are found. These
findings support our hypothesis, although further observations with better temporal
cadence over several pulsational periods would provide a clearer view.

4.3.5. Disc-like circumstellar structure

Notable features in the spectrum of V509 Cas are the presence of several forbid-
den lines ([CaT11], [N 11], [O1]) as well as emission components in the wings of
absorption lines from various elements (e.g. Fe 11, Sc I1). No large-scale nebulosity
has been detected around V509 Cas (Schuster et al., 2003), thus the existence
of these emission features calls for an alternative explanation. Similar features
have been identified in the spectra of B[e] stars, and it has been suggested that
[Car11] and [OT1] lines originate from the inner region of the Keplerian gaseous
disc surrounding the stars (Aret et al., 2012; Kraus et al., 2010). In the case of
V509 Cas, we observe that the [Ca11] line is double-peaked and remains invariable
throughout our observed period (Fig. 4.11). Additionally, [O1] lines have been
found in the spectrum, but unlike the [CaI1] lines, these lines are single-peaked and
rotationally broadened (Aret et al., 2017¢). The shape of the [Ca11] and [O 1] line
profiles in our observations implies that we are seeing an inclined rotating disc-like
structure around the star. The usage of the word ‘disc’ in this context is rather
broad, the structure would be most likely akin to a toroidal cloud in Keplerian
motion surrounding the star, rather than a thin disc with clear edges.

Kasikov et al. (2022) demonstrated that the observed variability of the Fe 11
absorption lines with emissions in the wings can be explained by the superposition
of absorption and emission components formed in different regions. The absorption
component of Fe IT line forms in the pulsating atmosphere and changes in sync
with the SiII line. The double-peaked emission component originates from a
circumstellar disc and is not influenced by the pulsations, similar to the [CaTI]
lines. Consequently, in the resulting composite profile, the intensity of the emission
components in the blue and red wings of the line is determined by the location
and depth of the absorption component, while the emission component remains
unchanged.

Similarly to some Fell lines, the Sc1I A6604 line has a central absorption
component and two emission components on both sides of the central absorption
at velocities of roughly 440 km s~!. Sc 11 line has not received special attention in
the literature, but Harmer et al., 1978 observed the spectrum of V509 Cas in the
Ha region, among other lines showing the Sc1I line nearby. In 1975 and 1976, at
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Figure 4.10: Variability of Sc 11 16604 line over 6 years. Left: A dynamic spectrum of
all TO spectra. White colour corresponds to the continuum level, blue colour indicates
absorption and red colour is emission. Darker colour corresponds to stronger absorption
or emission strength. Epochs of observations are marked with notches on the left, and
gaps between observations have been filled using linear interpolation. The dashed black
line shows radial velocity measured from SiII lines. The box indicates the period of
observations seen on the right. Right: 6 individual observations in 2017 and 2018. The
spectra have been shifted vertically by 0.05 mag between each epoch for clarity. The radial
velocity scale on all plots is the same. Figure adapted from Paper II.

the time when the star underwent an episode of enhanced mass loss, the Sc IT was
an absorption line without any emission peaks.

In Fig. 4.10 (left) we have plotted a timeline spanning more than 6 years of Sc 11
line variability. The central absorption component is located at roughly —60 km s~
With a black dashed line, we have also plotted the radial velocity of the star based
on the SiIl line. The radial velocity of the Sc IT absorption behaves synchronously
with that of the SiII line. On the right, we have extracted 6 observation epochs to
illustrate the variability of ScIT at different SiII radial velocity values. We can see
changes in the relative intensity of emission components of Sc I1. At some epochs
the violet component is stronger and on others the red one is stronger. The shift
occurs within a few weeks. The position of the central absorption determines the
stronger component, as the absorption component ‘consumes’ either the violet or
the red emission wing. There is a correlation between the radial velocity changes
and the changes in the intensities of Sc IT line emission components and it behaves
similarly to the Fe 11 lines.

In Fig. 4.11, we show profiles of [Ca1I], ScII and SiII at two different epochs.
There are two telluric absorption lines at the edges of [CaII] line at approximate
velocities —120 and 20 km s~!, which have been removed through processing the
spectra with a telluric standard star, these lines do not affect the emission peak of
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Figure 4.11: Illustrative drawing of the SiII, Sc11, and [CaI1] lines and where the different
components are formed. The radial velocity of the absorption components of Si I and Sc 11
depend on the mean velocity of the stellar surface during the pulsation cycle, while the
emission component of Sc1I and [Ca 1] are formed in the disc and are static.

[Ca11]. In the figure, the variable Sill profile illustrates the average movement
of the stellar surface and its radial velocity decreases when the star expands and
increases when the star contracts. In contrast, the double-peaked [Ca II] emission
line remains virtually unchanged. The Sc 11 line shows similarities to both of them,
the radial velocity of emission wings does not vary, while the central absorption
component varies in sync with the SiII line in both radial velocity and depth. Thus,
the emission component of Sc IT could be static and formed in the circumstellar
environment unaffected by the pulsations of the star, and its intensity varies as a
result of the variable absorption component.

73



4.4. Summary of results

We monitored the yellow hypergiant V509 Cas over a seven-year period. We
observed no large-scale changes in its variability. The star’s Ty has remained
stable around 7800 K near the high-temperature border of the yellow void. In
comparison to temperature data from Nieuwenhuijzen et al. (2012), the amplitude
of short-term temperature fluctuations has decreased.

Based on our radial velocity measurements of Si1l AA6347,6371 lines, the
mean radial velocity (systemic velocity) is vsys = —60.7 km s~ ! and the total ampli-
tude of the radial velocity variability is up to 20 km s~!. These results are consistent
with historical radial velocity data for V509 Cas. The star displayed similar values
almost a century ago, —60.2 km s~! with an amplitude of 12 km s~! reported by
Harper (1923). Remarkably, during that period the star had a substantially different
temperature (Z¢¢ ~ 5000 K) and brightness (V ~ 5.4 mag) (Nieuwenhuijzen et al.,
2012).

The star’s brightness in the V filter has a short-term variability timescale be-
tween 100 and 200 days, also reported by van Genderen et al. (2019). In addition
to the short-term variability, we have observed a more extended longer-term vari-
ability with a timescale of 3—4 years. Over the past 50 years, the colour index of
V509 Cas has displayed a gradual shift towards bluer values, with current B —V
values at 0.84 mag with a variability amplitude of up to 0.1 mag. This marks a
unique phase of stability that has not been previously observed.

The possible existence of a disc-like structure around the star has been addressed
by Aret et al. (2017¢c) based on the [Ca1I] and [OT] lines in the spectrum. The
behaviour of several absorption lines with emission components also supports
this hypothesis. We specifically examined the Sc 11 A6604 line that has emission
components with variable intensities in both wings at approximately +40 km s~
from the central absorption. The radial velocity of the absorption component
behaves similarly to the Sill line due to pulsations. The radial velocity of the
emission components does not change, and their intensity is affected by the current
state of the absorption.
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5. THE ‘GREAT DIMMING’ OF RW CEP

This Chapter is based on Paper III: Afmospheric dynamics of the hypergiant RW Cep
during the Great Dimming.

A. Kasikov, 1. Kolka, A. Aret, T. Eenmée, S. P. D. Borthakur, V. Checha,

V. Mitrokhina, and S. Yang 2025, A&A 694, A153.

The hypergiant RW Cep has been included in various studies of variable and
massive stars from the second half of the 20th century. Many of the studies did not
specifically focus on RW Cep, although several authors wrote about the exceptional
spectral features of the star (e.g. Gahm & Hultqvist, 1972; Merrill & Wilson, 1956).
RW Cep gained significantly more attention after W. Vollmann and C. Sigismondi
published a notice in the Astronomer’s Telegram about the star undergoing a
historic dimming event (Vollmann & Sigismondi, 2022). We take a spectroscopic
look at this event using high temporal cadence observations taken during and after
the dimming minimum. And we put this event in the context of previous variability
of the star based on archival data from the beginning of the 2000s.

5.1. History and the Great Dimming

RW Cep has been categorised as an irregular variable since at least 1933, with
visual brightness between 6.8—7.5 mag (Keenan, 1942; Rajchl, 1933). Its spectral
class has been a subject of discussion, as different studies have classified the star as
G8 (Josselin & Plez, 2007; Josselin & Plez, 2003; Morgan & Roman, 1950), K0-2
(Gahm & Hultqvist, 1972; Humphreys, 1978; Keenan & McNeil, 1989), or MO
(Keenan, 1942). The uncertainty in determining the spectral class came from the
extreme range in excitation of lines in the spectrum of the star (Morgan & Roman,
1950) or, as Leadbeater (2023) suggests, due to different criteria or spectral regions
used by different authors. Nevertheless, authors agree that RW Cep is one of the
most luminous stars known in the Galaxy with luminosity class la-0 (Humphreys,
1978; Keenan, 1942).

The unusual spectral features of RW Cep have warranted a few detailed studies
(e.g. Josselin & Plez, 2007; Merrill & Wilson, 1956). The star has abnormally
broad and strong lines (Gahm & Hultqvist, 1972) and it’s spectrum has been
compared to YHGs p Cas, HR 5171, and V509 Cas (Humphreys, 1978; Lobel et
al., 2003a). RW Cep has infrared excess characterised by 150-250 K (Jones et al.,
2023) or 300 K (Stickland, 1985) black-body emission. A dusty shell is located at
1000-1400 au from the star, which is compatible with a previous mass-loss ejection
~95-140 years ago (Jones et al., 2023). Five previous dimming episodes were
identified by Anugu et al. (2024a) based on visual observational data, during which
the brightness of the star decreased up to 1.2 mag below normal. The average
length of a dimming episode has been around three years.
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Figure 5.1: RW Cep during the dimming minimum.

The Great Dimming of RW Cep was reported in December 2022 by Vollmann and
Sigismondi, when the star’s V magnitude had decreased from ~ 6.4 mag down to
7.6 mag. In the past 100 years, this recent event seems to be the most significant
dimming episode, so calling it the ‘Great Dimming’ seems very appropriate (Anugu
et al., 2024a). On several occasions (e.g. Anugu et al., 2024a; Anugu et al., 2023;
Leadbeater, 2023; Vollmann & Sigismondi, 2022), parallels have been drawn
between the dimming of RW Cep and the dimming event of Betelgeuse in 2019
(Montarges et al., 2021).

Leadbeater (2023) published spectroscopic monitoring observations taken dur-
ing the dimming minimum from December 2022 to February 2023, when the
star’s brightness was at its lowest. The spectra revealed new emission components
superimposed on the absorption lines — especially a strong emission in Hot. They
estimated the star’s spectral class during the dimming as K4 1.

Interferometric imaging of the surface of RW Cep in H and K filters with
the Center for High Angular Resolution Astronomy (CHARA) array during and
following the dimming episode revealed an asymmetric stellar surface, extended
plume emissions, and localised emission and absorption due to dust (Fig. 5.1a).
Anugu et al. (2023) compared near-infrared K-band spectra taken before and
during the dimming. They detected added flux that corresponds to dust emission.
Additionally, the CO 2.29 um line appears significantly deeper, indicating a lower
photospheric temperature. They estimate the 7. from the pre-dimming spectrum
taken in 2005 to be 4200 K, and during the dimming 3900 K or even less.
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5.2. Observations and methods

5.2.1. Spectroscopic data

We collected spectroscopic data from five instruments, covering the years 1999—
2024, though there are very few observations from 2007 to 2021. In this section
we give a brief overview of all spectroscopic observations used in this paper, the
individual observations are listed in App. D of Paper I11.

ELODIE. We use archival spectra from the beginning of the 2000s. ELODIE
echelle spectrograph was operated at the 1.93 m telescope in Observatoire de
Haute-Provence (Moultaka et al., 2004). The spectra cover the wavelength range
3850-6800 A, with a spectral resolution of R~42 000 (Baranne et al., 1996). The
reduced spectra were accessed through the ELODIE archive'. The signal-to-noise
ratio (S/N) of the spectra is 200-300.

Dominion Astrophysical Observatory (DAO). We include observations taken
with the McKellar spectrograph at the 1.2 m telescope (Monin et al., 2014). The
data were accessed through the Canadian Astronomy Data Centre archive”. The
spectra have resolution R~17 000, the wavelength ranges of spectra vary slightly,
but generally cover the range 6300-6900 A. The S/N of the spectra is 100—300.

Echelle SpectroPolarimetric Device for the Observation of Stars (ESPaDOnS).
Two high resolution (R~80000) and very high S/N (>600) spectra from 2006 are
from the Polarbase® archive (Donati et al., 1997; Petit et al., 2014). Observations
cover a very wide wavelength range from 3700 to 10 500 A.

Ondrejov Observatory. We included one observation epoch from the 2-meter
telescope in Ondfejov Observatory in the Czech Republic, operated by the Astro-
nomical Institute of the Czech Academy of Sciences. The spectra were taken in
wavelength range 6250-6750 A, with resolution R~40 000 and S/N 330.

Flbre-fed Echelle Spectrograph (FIES). We observed RW Cep during its dim-
ming period with FIES (Telting et al., 2014) at the Nordic Optical Telescope on La
Palma. The spectra were taken in medium-resolution (R~45 000) mode covering
the wavelength range 3630-8980 A. The spectra were reduced with the standard
FIEStool pipeline (Stempels & Telting, 2017). The S/N is 200-300.

Tartu Observatory (TO). Observations were made with the long-slit spectro-
graph ASP-32 mounted in the Cassegrain focus of the 1.5 m telescope AZT-12.
The monitoring program began in December 2022, at the brightness minimum of
RW Cep, and the latest spectra included in this paper were taken 1.5 years later,
in May 2024. The spectra were taken using the 1800 lines mm~! grating with
the spectral resolution R~10000, covering the wavelength range 6300-6600 A
(Folsom et al., 2022). The S/N of spectra is 200-300. The data were reduced using
the IRAF“(Tody, 1986) packages: NOAO, IMRED, CCDRED, CTIOSLIT, and RV.

! http://atlas.obs-hp.fr/elodie/

2 https://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/
3 http://polarbase.irap.omp.eu/

4 https://iraf-community.github.io/
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Wavelength calibration was made based on the ThAr hollow cathode lamp. The
spectrograph is mounted at the Cassegrain focus of the telescope, which causes mi-
nor flexure in the instrument due to telescope movement. This affects the accuracy
of the wavelength scale and the resulting error is wavelength dependent, larger
(~0.1 A) near 6300 A, and near-zero at 6600 A. For radial velocity measurements
of a single line, this can be easily remedied by selecting nearby lines with known
wavelengths and measuring the difference (DIB at A6379.01 was used in our pre-
vious work; Paper I). However, in this paper, we measure the radial velocities
of a substantial amount of lines over the entire spectral range, so this single-line
approach is inadequate.

To remedy the instrumental wavelength error, we calculated a correction curve.
We measured the wavelengths of five relatively strong night sky emission lines in
the sky background of a spectrophotometric standard star 10 Lac and compared
them to the wavelengths from the European Southern Observatory UV-visual
echelle spectrograph (UVES; Hanuschik, 2003). Based on the wavelength differ-
ences, we calculated a linear correction curve. To correct the spectra of RW Cep,
we scaled the correction curve to each individual spectrum using the strongest
atmospheric [O 1] 16363.776 line. Measuring all five lines for each spectrum of
RW Cep is not feasible, because the other four are much weaker and only become
visible in long (>1 h) exposures. Following this wavelength scale correction, the
radial velocities measured from TO spectra agree very well to those measured from
FIES spectra at nearby dates. We can guarantee velocity accuracy of approximately
~ 2.5 km s~!. The spectra were normalised to (pseudo-)continuum with the SUP-
PNET software (Rézanski et al., 2022) using a series of carefully selected “anchor
points” in the spectra.

5.2.2. Spectroscopic measurements

Our TO spectral time series begins at the dimming minimum with high temporal
cadence. The observations were made with TO long-slit spectrograph in the
wavelength range of 6300-6600 A. Therefore, most of the spectral lines discussed
in this paper fall in that region.

Radial velocity. We measured the radial velocities of spectral lines by using
Gaussian fitting of the line profile core or by calculating the first moment (intensity
weighted velocity) of the spectral line:

YV’

where [ is intensity and v is velocity. The Gaussian method was preferred for TO,
DAO, and Ondfejov spectra, where the spectral line profiles were more symmetric
and cores of the spectral lines could be fitted well. The moment method was the
preferable method used for FIES, ELODIE, and ESPaDOnS spectra, where the
higher spectral resolution reveals the finer structure and asymmetry of the spectral

(5.1)

Vrad =
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lines. Measurements of the first moment can be significantly affected by any blends
in the line wings. The spectrum of RW Cep is densely packed with spectral lines;
therefore, deblending was necessary in many cases. To deblend two lines, we
fitted a Gaussian to the line next to the target line and subtracted the fit. When
deblending was not possible and the centre of the line was symmetric enough to
be approximated with a Gaussian, we occasionally opted for Gaussian fitting in
the case of FIES and ELODIE spectra as well. In the case of a strong blend and
asymmetric spectral line, the radial velocity could not be reliably measured.

The most significant contribution to the error of the first moment is the selection
of the wavelength window in which it is calculated. To estimate the uncertainty
from window selection, we measured the line moment in windows of various sizes
that extended past line wings or included only the central part of the line. In all
ELODIE, ESPaDOnS, and FIES spectra, we measured some relatively unblended
spectral lines (e.g. Sill 16347 and Fe 1 A16358) using around ten different window
widths. The standard deviation of moments calculated in different wavelength
windows was ~ 1.2 km s~!, though in cases where the S/N of the spectrum is
low (~ 100), or the line is weak (<20 % continuum depth), errors can be up to
~2kms™!

Line depth. We measured the depth of each spectral line. We define the depth of
spectral line in respect to the continuum, and higher values correspond to stronger
absorption lines. Line depth is a more robust measure of the intensity of a spectral
line than the equivalent width. Equivalent width can be complicated to measure
when the lines are blended — as is often the case in RW Cep — and if the continuum
is difficult to place. Line depth is also affected by inaccuracies due to the position
of the continuum, but we minimised it by carefully selecting the points through
which the pseudo-continuum was placed for the spectra of RW Cep. We measured
the line depth either through Gaussian fitting in the cases where it was used for
radial velocity or from the lowest point in the spectral line. Unlike equivalent width,
line depth is sensitive to the resolution of the instrument, which makes it more
difficult to compare results from different instruments. In the case of RW Cep,
this is not a significant issue due to its extremely wide spectral lines, so even
with moderate resolution, the line profile is physical rather than instrumental. We
estimate the precision for line depth measurements at 0.006—0.008.

5.2.3. Photometry

We collected photometric data from several freely accessible archives.

The Kamogata/Kiso/Kyoto Wide Field Survey (KWS). The observations were
taken from 2011 to 2024. The data includes measurements in Johnson-Cousins
V and in Cousins Ic filters (Maehara, 2014),> a total of 416 nights of V filter
observations and 312 nights of Ic filter observations. The mean given instrumental
uncertainty of the V-filter measurements is 0.006 mag, and for Ic-filter observations

3 http://kws.cetus-net.org/ maehara/VSdata.py
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0.009 mag. The mean scatter of measurements taken within one night is around
0.011 mag.

We cleaned the KWS data by removing points with instrumental uncertainties
larger than 0.03 mag, and by filtering the data with a 10-day running median
window and removing points that deviated by more than 30. Additionally, observa-
tions taken within one night were averaged, and nights with a measurement scatter
in the V filter >0.04 mag or in the /c filter >0.05 mag were excluded. These values
are significantly larger than the mean scatter within one night, which is around
0.011 mag for both filters. We also adopted this value as uncertainty displayed
in the figures for KWS, as it better describes the scatter of data points than the
instrumental uncertainty given for each individual point. The mean uncertainty for
(V-Ic) colour is 0.017 mag.

American Association of Variable Star Observers (AAVSO). W. Vollmann, a
member of the AAVSO (observer code VOL) has observed RW Cep using a digital
camera in the Johnson-Cousins V filter (transformed into standard magnitudes)
in 2018-2024 (Vollmann, 2024). The mean uncertainty of the observations is
0.013 mag. The magnitudes in the AAVSO database were systematically slightly
lower than those reported by KWS — a mean difference of ~0.08 mag. To line up
the data from AAVSO and KWS, we shifted all measurements from AAVSO by
this value.

Gaia. Additionally, we have included multi-epoch photometry from Gaia in
G, Ggp and Ggp filters (Gaia Collaboration et al., 2016, 2023). The uncertainties
given for G-band are ~ 0.3 mmag, for Ggp-band ~ 0.9 mmag, and the Ggp-band
~ 0.6 mmag.

5.3. Results

5.3.1. Light curve

In Fig. 5.2a upper panel, we plotted the AAVSO light curve by W. Vollmann,
the smoothed KWS V-filter data, and the Gaia G-band magnitude. The Gaia
data and AAVSO measurements show a smooth variability of brightness in 2012—
2020 between 6.4 and 6.9 mag in V-filter. The Great Dimming of RW Cep lasted
from 2020 to 2024 and minimal brightness was from Dec 2022 to Jan 2023 at
around 7.6 mag. The recovery from the dimming minimum was smooth, without
significant bumps or pauses. By mid-2024 the brightness was back to normal
pre-dimming levels. Our spectroscopic observations begin near dimming minimum
and cover the period of brightness recovery.

In the bottom panel of Fig. 5.2a, we plotted the (V-Ic) colour index from KWS
and (Ggp-Grp) colour from Gaia. Both colour indices show similar variability
during the pre-dimming period, between 2.1 and 2.4 mag for (V-Ic) and 2.3—
2.45 mag for (Ggp-Grp). During the dimming RW Cep reddened by 0.2-0.3 mag
in (V-Ic). The change in colour was accompanied by a change in the 7.y (Anugu
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(b) Correlation between V-filter magnitude and (V-Ic) colour index based on KWS data
and two linear fits: one corresponds to normal variability, and the other to the dimming
period data. The standard deviation of the fit residuals is 0.03 mag for the pre-dimming
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uncertainty of about 0.025 mag.

Figure 5.2: Photometric data. Figures adapted from Paper I11.
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et al., 2023). There is a very good correlation between the brightness change in
V filter and the colour index, as seen in Fig. 5.2b. The slope of the correlation
changes during the dimming, indicating the changed state of RW Cep.

There are some periodicity estimates for the light curve of RW Cep. Anugu et al.
(2024a) find a variable period between 350 and 800 days, with a peak at 403 days,
and also a longer ~6.8-year period. Previous studies by Percy & Kolin (2000)
and Chinarova & Andronov (2000) found periods between 600 and 900 days,
while Kholopov et al. (1998) detected a shorter, 346-day period and Chinarova &
Andronov (2000) also found a longer than 2000-day period.

5.3.2. Following Ha through the dimming

Figure 5.3 shows the radial velocity (first moment, Eq. 5.1) variability of the Ho
absorption component during and after the dimming minimum. Small panels at the
sides show example line profiles. The Ha profile of RW Cep is non-symmetric and
slightly variable in the *calm’ state of the star based on spectra from 1999 to 2016.
The vy,q at that time varied between —55 and —40 km s~!. An extended timeline
of the variability of the Ha profile in RW Cep is given in App. B of Paper III.

The Great Dimming introduced a strong emission component to the line profile
of Ha that spans a wide range of velocities. A hint of emission appeared more
than a year before the dimming minimum in a spectrum from September 2021,
when the blue wing of the Ho line reached almost 10% above the continuum level.
Anugu et al. (2024a) suggests, based on light curve analysis, that the gas ejection
began in 2020. In September 2021, the brightness of RW Cep was already rapidly
decreasing (light curve in Fig. 5.2a). However, at that time, the v;,q of Ha was at a
normal level (—42 km s !). The brightness decrease indicates that around August
2021, the ejected gas was already condensing into dust, which came into our line
of sight and began shielding starlight. The movement of the cloud was perhaps due
to the rotation of the star, simply a physical movement, or a combination of both.
The main panel of Fig. 5.3 starts about a year later, from August 2022, when the
emission component in the blue wing of Ha was readily visible (panel no. 1).

The emission strength increased in the following months while the star’s bright-
ness decreased. The emission reached its maximum in the beginning of January
2023 (panel no. 2), during the brightness minimum. The peak of the emission
was located blueward (at lower velocities) of the central absorption, creating the
asymmetric profile. The emission width extended from near —120 km s~! to
velocities up to 0 km s~ In the figure, the wings of the emission component can
be seen on both sides of the photospheric absorption.

By May 2023 (panel no. 3), the emission strength decreased, and the red wing
of the absorption line broadened, resulting in an increase in the measured vy,q.
In the following panels 4 and 5, we see a further decrease in the strength of the
emission component and a strongly asymmetric tilt of the absorption line towards
higher velocities. From interferometry of Anugu et al. (2023), it is visible that by
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Figure 5.3: Variability of the radial velocity and Ha line profile during the dimming.
The main panel showcases the vy,g variability, and the small numbered panels around it
correspond to spectral line profiles on dates highlighted and numbered on the main panel.
Behind the highlighted line, all other five profiles are drawn in light grey. Panel no. 1
is from before the dimming minimum, but the emission is already visible. Panel no. 2
is taken when the star was faintest. The following panels, 3—6, were taken during the
brightening. Panels 2, 4, and 5 are FIES spectra; panel 1 is from DAQO; and panels 3 and 6
are TO spectra. The lower resolution of panels 3 and 6 results in a smoother profile shape.
The systemic velocity has not been subtracted from the velocity axis. Figure adapted from
Paper I1I.

October 2023 the shape of the stellar surface had become much more symmetric.
Based on the spectral features of Ha, the dust and gas ejected during the eruption
had not yet fully dissipated by then. The emission in Ha was down to continuum
level by the beginning of 2024 (panel no. 6), when the star regained its former
brightness. However, by mid-2024 the Ha line profile had not yet recovered its
former depth or pre-outburst radial velocity, which could still be the influence of
the weakened emission.

5.3.3. Radial velocity variability

We measured radial velocities of 33 unblended Fe I lines, the details of all lines are
given in the App. A of Paper III. Of these lines, 16 are well-resolved in TO spectra
and we followed their variability through the dimming event. The spectral line data
for all selected lines (wavelength, excitation potential of the lower level E,q, and
oscillator strength log g f) are from the Belgian Repository of fundamental Atomic
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Figure 5.4: Mean core velocities of four representative Fe I lines and a SiII line. The full
timeline covers the years from the beginning of the 2000s until mid-2024. We note that
there is a gap in the x-axis. Different symbols mark data from different spectrographs
(mean error bars for each instrument are given in the top-left corner). The colours red,
blue, orange, and green correspond to Fe 1 A16430,6358,6411, and 6322 lines respectively,
and purple corresponds to Si1l A6347. Figure adapted from Paper I1I.

Data and Stellar Spectra (BRASS) database® (Lobel et al., 2019).

In Fig. 5.4, we have drawn a full timeline of the v;,q variability of four distinct
Fe1lines A16430,6358,6411, and 6322 from 1999 to 2024. These four lines are
representative subset of our sample, their Ejy, values vary from 0.8 to 3.6 eV.
Additionally, we have added the Si1t A6347.11 line (Ejy8.121eV and loggf =
0.297.), which has a much lower v,,q4.

At the beginning of 2000s, the spectral lines span a range of velocities from
—63 to —45 km s~ !, with variability amplitudes of individual lines in 5-10 km s~!
range. We consider this period as the 'normal’ or ’calm’ state of the star. There
is a small dip in the v g curve in 2003-2005, but comparison with the long-time
visual brightness curve (Anugu et al., 2023) is stable between 6.8 and 7 mag at
that time. At the same time, the radial velocity of SiII shows barely any change.
Other variations include an abrupt ~10km s~! jump in early 2000; and a sudden
significant drop in late 2006. We have very little data from 2006 to 2021. The
Ondrejov spectrum from 2011 and DAO spectra from 2014, 2016, and 2021 show
that the radial velocity remained relatively on the same level as in the beginning of
2000s. Throughout the years, we see a clear gradient in the v;,q of different spectral
lines. Some lines, such as Si I and Fe 1 16322 have systematically lower v,,q than

% http://brass.sdf.org/
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Figure 5.5: Zoom-in on the dimming period from Fig. 5.4 with the same spectral lines
using the same labels and colours. Light grey shows the V-filter light curve for reference
(y-axis on the right). All four Fe T lines achieve similar maximum v;,q during the dimming
minimum, but the post-dimming behaviour is different: some lines have returned to their
normal levels (orange and green in the figure), while others (red) retain the high radial
velocity for longer. Figure adapted from Paper III.

other lines, such as Fe1 A6430. Even though the radial velocities of individual
lines are variable over time, all lines vary almost in synchronisation with each other
during the velocity drops and rises.

Radial velocity during the Great Dimming. There is a sharp rise in velocity
compared to the calm state. In Fig. 5.5 we show the v,q curves along with the
brightness in the V filter for reference (light grey). For the FeI lines, there seem
to be two separate velocity maxima — one corresponds to the dimming minimum
in late-2022 and early-2023 (JD ~2459950) and the other peak approximately
six months later, in May-June 2023 (JD ~2 460 100). For Si1I, there is only one
velocity maximum in May-June. The SiII line is generally found in much hotter
stars than RW Cep, and therefore must be formed deep in the atmosphere. During
the peak, the velocities of the Fe I and the Si 11 were 10-20 km s~! over the normal
level. The initial maximum that corresponds to the dimming minimum is most
likely related to the added emission component that we saw in Hor. The second
velocity maximum half a year later, and the following behaviour of the spectral
lines are related to large-scale motions in the atmosphere that reach into deeper
atmospheric layers.
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Figure 5.6: Comparison of four FeI lines (columns) on different epochs (rows) before
and during the Great Dimming. The A16358,6430 lines represent the strong Fe I lines
and the AA16322,6411 represent the weak Fe I lines. The colours correspond to Fig. 5.4.
The central thin grey line traces the vgys and two additional lines are drawn at 40 km 57!
to guide the eye. The spectra are from ELODIE (August 1999), ESPaDOnS (December
2006), DAO (August 2022), and FIES (January and September 2023). Figure adapted from
Paper I1I.

After the dimming minimum, the lines have behaved quite differently. Some
(such as Fe1 AA16411,6322,6358) have almost returned to their normal velocities
within a year after the velocity maximum. However, the velocities of other lines
(e.g. A6430) still remain almost 10 km s~! higher than normal. The velocity span
of all Fe lines post-dimming is ~25km s~ !.
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5.3.4. Variability in spectral line profiles

In Fig. 5.6, we have drawn the line profiles of the four FeI lines from Fig. 5.4 (the
colour palette is the same). Before the dimming, all FeT lines displayed minor
variability (1999 and 2006). Shortly before the dimming minimum, in August
2022, the vy,q has increased and the line depths and widths have decreased. This
can be attributed to the added blue-shifted emission. For the Fe I lines, the emission
is not strong enough to reach higher than the continuum level. The emission
strengthens by January 2023, where the resolution is sufficiently high to trace the
small emission bump near —70 km s~!. There is also blue-shifted emission in
many other low-excitation absorption lines: CaTl, TiI, ScII, V1.

The added emission component in the Fe I and many other absorption lines
means that the line-depth-ratio method (Sect. 4.2.4) would be unreliable for esti-
mating the To of RW Cep during the dimming period. Therefore, we rely on the
T measurements from Anugu et al. (2023) of 4200 K in the calm state and 3900 K
during the dimming minimum. The variability in T. is also supported by the
change in (V-Ic) colour index and the shift in its variability behaviour (Fig. 5.2b).
During the dimming minimum, we did not detect any strong TiO bands in the
spectrum of RW Cep. If present, they are either weak or strongly blended with
other lines. TiO bands were present in the YHG p Cas during its outburst, and they
form in the upper atmospheric layers with Teir < 4000 K (Lobel et al., 2003a).

After the dimming minimum, by September 2023, the emission has almost
disappeared in Ha, and in Fe I lines. The two stronger Fe I lines AA6358,6430 no
longer have any indication of an emission affecting their blue wings. Additionally,
they have become significantly stronger, even stronger than before the dimming.
This could be caused by the decrease in T¢¢, which would strengthen lines with
lower Ejy, values (Fe 1 16358 has Ejow=0.859 eV and 16430 has Ej,,,=2.176 V).
The weaker Fe I lines A16322,6411 show a slightly different behaviour. We see
the disappearance of the added emission component in the blue wing, but by
September 2023, the lines have grown increasingly wider, with especially enhanced
red absorption wing. The line profile has acquired an almost rectangular shape,
as the lines have remained shallower than normal. The decreased T.¢ during the
dimming period could account for the shallower line depth in lines with a higher
Eiow; however, it does not account for the increased line width.

Similar flat-bottomed absorption lines have been recorded in the spectrum of
p Cas. These are strong low-energy absorption lines, where the line profile is
affected by added emission from cooler and diffuse shells near the star (Lobel et al.,
1998). However, in our case, the weaker and higher Ej,, lines have flat-bottomed
profile shapes (Fe 1 16322 has Ejo= 2.588 eV and A6411 has E,,,= 3.654 eV).
It would be reasonable to think that any persisting emission effect would primarily
affect the lines with lower Ej, values.

Figure 5.7 illustrates the variability of line profiles during the dimming (c.f.
Fig. 2.5 which shows the ‘normal’ convective variability). The left column shows
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Figure 5.7: Variability of absorption line profiles. We have plotted FIES spectra on three
dates. The January spectrum (blue) was taken during the dimming minimum, and the other
two were taken nine months (orange) and 11 months (green) later, when the brightness had
returned to a near-normal level. Figure adapted from Paper III.

the observed line profiles drawn on top of each other, the colours mark different
epochs. The right column shows the same line profiles, but centred in vy, and
scaled to the depth of the deepest line. This is done for two Fe I lines: 16430 line
in the top panels and 216411 on the bottom panels. The Fe 1 16430 is a very strong
line that shows minor changes in its vy,q during the event, up to 10km s~'. While
the Fe 1 16411 is a weaker line that shows significantly more variability in vy,q, up
to 25km s~ ! (cf. the vyq curves in Fig. 5.4).

In January 2023, the line profiles are much shallower and narrower. When
scaled to the same depth, the added emission contribution can be seen in both
wings of the line. In the Sill line (Ejow= 8.121¢eV, loggf = 0.297), there is no
indication of the line profile becoming narrower, and the vy,q curve does not show a
velocity maximum during the dimming minimum (Fig. 5.5). It is slightly shallower
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in January, which can be explained by the T.i decrease. The September and
November profiles are almost identical for the 16430 line, but the weaker 16411
line shows a change from a more enhanced red wing absorption to a stronger
absorption in the blue wing. This change in line profile shape causes the radial
velocity of this weaker line to decrease quite rapidly in comparison to the stronger
lines (cf. Fig. 5.5). The Si1I line shows a decrease in radial velocity, while the line
depth increases.

5.3.5. Variability in depths of spectral lines

We measured the line depths of the selected Fe1 lines from TO spectra during the
dimming (Fig. 5.8). Two significant observations can be drawn from this figure:
1) Stronger lines exhibit greater variability in their line depth compared to weaker
lines; 2) There is a noticeable shift in the trend of line depth changes in mid- to
late-2023, where the increasing line depths appear to plateau, and in the case of
weaker lines, even begin to decline. The change in the trend takes place after the
radial velocity maximum in mid-2023.

In Fig. 5.9a, we correlate the variability of FeT radial velocity with the line
depths. We have plotted the v;,q versus line depth on each observation epoch (the
grey circles for TO data and stars for FIES data). Next, we calculated a linear
fit through the data points for each epoch. The grey areas on the plot mark these
linear fits. Area no. 1 describes the relation between v,q4 and line depth for all
observations made between March 2023 and August 2023; Area no. 2 describes
the relation between v,q4 and line depth in observations starting from December
2023 onwards.

We highlight in blue a couple of epochs from the brightness minimum in late
2022 and early 2023, when the lines were very shallow and the correlation slopes
were notably steeper. We notice a significant change in the slope of the correlation
between v.,q and line depth between the two periods. The correlation shifted
in September-November 2023, the FIES observations taken during that time are
highlighted orange on the plot. The line depths of TO and FIES data are not directly
comparable due to the different resolutions (spectral lines of TO are shallower, and
thus FIES data have not been included in Fig. 5.8), but the slope of the correlation
is comparable. The change in correlation corresponds to the stabilisation of line
depths.

We also measured the spectral line depths and drew a correlation plot for the
early 2000s data (Fig. 5.9b). On most epochs, the correlation between v,g and
line depth follows the same trend marked with the grey area. The true correlation
might not be fully linear, especially for the weakest lines, which have a strong
preference towards lower velocities. Epochs with distinct correlation slopes have
been highlighted with colours. The first group: blue, orange, and red correspond
to the sudden increase in radial velocity in the year 2000 and the correlation
slopes resemble the beginning of the Great Dimming. In the light curve (visual
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Figure 5.8: Line depth variability in time measured from TO spectra. Colours mark
different Fe I lines. The Fe I lines from Fig. 5.5 are marked here with the same red, blue,
orange and green colours. Stronger spectral lines have higher line depth values. The error
bars are up to the same size as the data points. Figure adapted from Paper III.

observations given by Anugu et al., 2024a), we see a minor local minimum at that
time with visual brightness 7.3—7.1 mag. The other outliers in the early 2000s are
the two ESPaDOnS spectra from December 2006 (one of them is plotted in green
on the figure). From these spectra, we measure the lowest v;,q values for RW Cep.
Otherwise, the spectra seem similar to others from that period. Regrettably, we do
not have any more spectra following the ESPaDOnS measurements.

5.3.6. The velocity gradient and systemic velocity

Systematic blueward velocity shifts in the stellar atmosphere are the result of
granulation (Gray, 2021): more light originates from the central parts of the
granules than the inter-granular areas. Therefore, our radial velocity values measure
the granule rise velocity averaged over the stellar disc. The weaker FeT lines, but
also SiII, have generally Ejo > 2.5 eV values and describe the motions deeper in
the atmosphere. Stronger lines describe the upper parts of the atmosphere. We have
shown a clear correlation between line depth and its radial velocity in Fig. 5.9a and
Fig.5.9b. The velocity stratification remains the same during 1999-2006, as well
as in the extraordinary conditions during the dimming period.
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The velocity gradient due to granulation (or in our case, giant convective cells)
allows us to estimate the systemic velocity (vsys) of RW Cep. For this calculation,
we used the mean velocities of the strongest Fe I lines during the relatively calm
period at the beginning of the 2000s. We measured six lines with line depth values
> 0.60 and averaged their radial velocities in 1999-2006 (leaving out the December
2006 event), resulting in a velocity of —50.34-3.3 km s~!, which we adopt as the
Vgys Of the star. Previous literature estimates are —54 km s~ ! (Merrill & Wilson,
1956) and —62.8 km s~ !(Gahm & Hultqvist, 1972).

Kravchenko et al. (2019) studied the atmosphere of u Cep, a RSG with a
radius of nearly 1000 R, and effective temperature 7o ~ 3700 K (at first glance
a rather similar star to RW Cep). They measured the first moments of spectral
lines originating at different depths of the star’s atmosphere over a time period
of almost 7 years. They also detected a velocity gradient in the atmosphere, but
the velocity gradient they measured was not stable in time: over a timescale of
300-800 days, the gradient reversed. If the upper layers had previously had higher
radial velocities, then the velocities decreased and the velocities of deeper layers
increased. The star underwent three variability cycles within their observation
period. This was considered a clear indication of the movement of giant convective
cells and the turn-over of material in the atmosphere.

RW Cep is in both size and temperature very similar to y Cep. Both stars
also show long-term periodic variability in their light curves: Kravchenko et al.
(2019) cite 800-day and 4400-day periods for tt Cep, and Anugu et al. (2024a) find
400-day and 2500-day periods for RW Cep. Thus, it would be expected that the
movement of its giant convective cells (as seen in interferometry by Anugu et al.,
2024a; Anugu et al., 2023) would be revealed in its radial velocity field similarly
to how we see it in y Cep. However, we do not see such atmospheric turn-over
activity in RW Cep.

5.3.7. Emission in resonance lines

In 1956, Merrill and Wilson found several strong resonance lines with two absorp-
tion components, separated by a central maximum (e.g. Cal, Cr1, Mn1, Sr11, Ti1).
They marked that the lines were very asymmetrical and that the central maximum
was very narrow, possibly originating from a superimposed emission. The mean
velocity of the central maximum over 42 lines was at —59.2 km s~!. Gahm &
Hultqvist (1972) found a central emission component in NaI D line doublet with a
mean velocity of —62 km s~!, in good agreement with Merrill & Wilson (1956),
indicating that the physical processes behind the line profiles were similar in 1955
and 1969, when the individual authors took their observations.

Josselin & Plez (2007) attribute the line doubling to ascending and descending
gas in a small number of giant convective cells. The velocity dispersion would
cause the centre of the line profile to split. Lobel et al. (1998) described a visually
similar splitting effect in low excitation (Ejoy < 1.6 V) metallic absorption line
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cores in the spectrum of a YHG p Cas. However, for p Cas, the split profile
shape is caused by the superposition of a static narrow emission upon a broad and
strong absorption line. They gave as an example the profile of the Ba1r A6141.321
resonance line (Ejo,,= 0.7040eV). This gives us here an opportunity to draw a
direct parallel between RW Cep and p Cas.

In Fig.5.10 panel 1, the BaT1l profile in the spectrum of RW Cep looks quite
similar to the profile seen in p Cas (cf. Fig. 13 in Lobel et al., 1998). The velocity
of the central emission peak stays constant in time, while the intensities of the
blue and red absorption wings vary. The other line of the doublet at 16496 is also
visible and has a very similar profile shape.

In panel 2, we have drawn the Cal resonance line (Ejow= 0.0eV) profiles
at same epochs. The Cal line shows a very similar two-bottom profile shape.
The intensities of the absorption components vary more significantly than in
Ba1i, the red component almost disappears in 2006, while the blue component
strengthens. The emission peak in the CaT line has the same velocity as in Ba1l
line, at approximately —56 km s~

During the January brightness minimum, the blue wings of both lines have
almost completely disappeared, most likely due to the added blue-shifted emis-
sion. The emission completely fills the line wing, leaving only a small nook
near —60 km s~! to mark the absorption component. The emission strength has
decreased by September, when we see a deeper line profile.

In panels 3 and 4, we plot the K1 A7698 and Na1 D, A5895.92 lines. The
profiles of these lines are complex, they are not blended with other metal lines, but
some absorption components have an interstellar origin. There is also a notable
telluric blend for K 1 at around —95 km s~!. The central emission components in
K1and NaT are located at the same velocity as in the Ba 1l and the CaT lines. In KT,
the emission reaches approximately 10% above the continuum level. This excludes
the possibility that the central emission feature appears due to a superposition of
two absorption components with different velocities. Two absorption lines could
not form a central feature that would rise above the continuum level.

In addition to increasing in strength, the emission gained a flat-topped shape
during the brightness minimum (January 2023). In the subsequent months, its
strength decreased, but the shape remained the same (cf. September 2023). Asym-
metric emission shape during the dimming period can be seen in the Ball and
the CaT lines as well. The shape of the central emission line forms in a complex
interplay of the circumstellar absorption we see during the calm period and the
added processes during the dimming: both emission and enhanced absorption. The
combination of these would result in the flat-topped shape of the emission line. The
enhanced absorption would cause the emission to weaken by September compared
to the calm period (as seen in K1 and Na1 D lines).

The velocity of the emission components remains remarkably stable in time,
even during the Great Dimming. This implies a similar emission origin, as in the
case of p Cas — a stable and cooler static envelope (Lobel et al., 1998). Interfer-
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Figure 5.10: Selection of resonance lines in the spectrum of RW Cep. Panels 1-4: Ball
A6141.71, Ca1 A6572.78, K1 A7698.96, and Na1 D, A5895.92. Thin blue lines show
the line profiles in August 1999 (dotted, ELODIE), July 2003 (dashed, ELODIE), and
December 2006 (dash-dotted, ESPaDOnS) and profiles during the dimming minimum are
drawn in solid lines: January 2023 (purple, FIES) and 9 months later in September 2023
(red, FIES). Additionally, a telluric standard spectrum from the same January 2023 night
has been included (light grey) to display the locations of blending telluric lines, especially
in K1. For the K1 only ESPaDOnS and FIES spectra are displayed due to the limited
spectral range of ELODIE. Grey vertical lines trace the location of the emission peak at
—56 km s~! and also at +40 km s~! from it to help guide the eye.
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ometric observations show the vast atmosphere and historical light curves show
evidence of multiple previous mass-loss outbursts (Anugu et al., 2024a; Jones et al.,
2023). This creates an environment of cool and diffuse gas surrounding the star —
its upper atmospheric layers transition smoothly to circumstellar matter. Similar
split line profiles of strong absorption lines that are composed of atmospheric and
circumstellar components have been found in AGB stars (Klochkova, 2014).

5.4. Summary of results

We have presented a high temporal cadence spectroscopic time series that covers
the variability of RW Cep from the brightness minimum of the Great Dimming and
its return to near-normal levels. During the dimming, the Ha line gained a strong
emission component that was displaced slightly towards the blue wing. It reached
its maximum strength during the dimming minimum and declined in intensity
following that.

The atmosphere of RW Cep has a velocity gradient of ~10-20 km s~!. The
gradient remained stable in time throughout 1999-2006 and increased during the
Great Dimming. There is a correlation that stronger lines have higher v;,q4 values
and weaker lines have lower v;,4 values, which corresponds to the motions inside
giant convective cells. We observe that atmospheric stratification in radial velocities
has remained stable over all the observations in the last 25 years. We measured the
Vgys Of the star at —50.3 km s~

The radial velocity curve during the dimming reveals different behaviour for
spectral lines of different strengths. The strongest lines have a radial velocity
maximum during the dimming minimum from December 2023 to January 2023,
while the radial velocity of the weaker lines changes only slightly or not at all in the
case of SiIl. The likely cause for this is the added emission, which is blue-shifted.
This results in the absorption component shifting redwards to higher velocities. The
Si1l line forms deeper in the atmosphere and thus is not affected by the emission
or the radial velocity changes at that time. The decrease in the line depth of SiII
and weaker Fe I lines could be caused by the ~ 300 K decrease in T¢s during the
Great Dimming.

All of our studied spectral lines have a radial velocity maximum approximately
six months after the dimming minimum, in May—June 2023, when their velocities
are ~10km s~! higher than in the pre-dimming period. By then, the emission
strength had greatly decreased (to below half of its maximum value based on Ho
profiles), so it probably had a minor influence on the radial velocity changes. This
radial velocity variability shows large-scale motions in the atmosphere of the star.
Lines that are formed deeper in the atmosphere show a faster return to normal
radial velocity values, while the lines that formed at higher atmospheric layers
remained displaced for a longer period of time.

More information about the circumstellar environment of RW Cep was revealed
by the central emission component that splits the cores of strong resonance lines
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(e.g. Ca1,Bail, K1, and Na1D lines). The above-continuum height of the emission
peak in the K line in December 2006 and its velocity stability over time imply its
circumstellar origin. It is the only spectroscopic feature in the spectrum of RW Cep
that holds a stable velocity over time, at —56 km s~ !.

In Betelgeuse, the surface mass ejection was triggered by outward-directed
photospheric motion and shocks (Dupree et al., 2022). However, for RW Cep in
September 2021, the measured v,q values of Ha and other lines (discussed in the
following sections) remained within the normal range, so if any outburst activity
took place in 2021, then either it did not significantly disrupt the stellar atmosphere,
or it was localised to the other side of the star and is thus not visible in our v,
measurements. Within the next year, the gas and dust cloud came further into
our line of sight and, by the time of the brightness minimum, shielded the largest
percentage of the stellar surface (as can be seen in interferometric images by Anugu
et al., 2023) and the emission in Ho reached its maximum strength. Following the
dimming minimum, the cloud either dispersed or moved out of the line of sight,
resulting in a smooth increase of the star’s brightness and, accordingly, a decrease
in Ho emission strength.
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6. CONCLUSIONS

A homogeneous characterisation of YSGs and YHGs is needed to establish trends
in mass-loss, variability, and evolutionary status. As a first step toward a population-
level study of YSGs and YHGs in the Milky Way, we determined their cluster and
OB association memberships to study their stellar environments. This allowed us
to improve the distance estimates for 28 stars out of the 35 stars in our sample.
We found that 15 of the 20 YSGs are affiliated with clusters or OB associations,
whereas the environments of YHGs are more varied — clusters or OB associations
(5 stars), star-forming region (1 star), and no detected affiliation (4 stars). We
found no clear evidence of dynamical ejections, but a ‘walkaway’ scenario remains
plausible for some objects.

We investigated two prominent hypergiants in different evolutionary phases:
V509 Cas appears to be approaching the end of its YHG phase, while RW Cep may
be on the path to become a YHG.

V509 Cas has been stable near the high-temperature border of the YEV at
~7900 K for 25 years. Long-term photometric and spectroscopic monitoring of
the star shows quiescent atmospheric pulsations with amplitude in Teg ~200 K, in
V-filter brightness ~0.05 mag, and in vypg ~10 km s~! on timescales of 100-200
days. The pulsational behaviour resembles p Cas with ~1/4 period phase lag
between the radial velocity and brightness.

RW Cep shows variability consistent with large-scale convective motions ex-
pected for a red hypergiant. During the Great Dimming, the kinematics of its upper
atmosphere changed, with a peak in radial velocity around six months after the
brightness minimum. Blue-shifted emission from the cooling ejected gas filled
in the Ho absorption and appeared in other low-energy and resonance lines. The
appearance of the Ho emission resembled p Cas during its outburst (Lobel et al.,
2003a), but we did not detect TiO absorption bands. Interferometry revealed de-
creased flux on the western hemisphere of the star (Anugu et al., 2023), consistent
with dust formation and our spectroscopic observations.

The circumstellar environments of V509 Cas and RW Cep have similarities
with other evolved massive stars, reflecting similar mass-loss history. The central
emission components in the resonance lines of RW Cep indicate the presence of
a circumstellar shell, akin to the structure surrounding p Cas (Lobel et al., 1998).
The forbidden lines in V509 Cas indicate disc-like circumstellar geometry, such as
the decretion discs of B[e]SG stars, also found in YHGs p Cas and IRC +10420
(Aret et al., 2017¢). Although two objects are insufficient for broad generalisations,
RW Cep and V509 Cas may represent different states in YHG evolution.

The upcoming Gaia Data Release 4 will improve the astrometric measurements
and enable further studies of massive-star populations. Multi-wavelength spectro-
scopic and interferometric surveys of Galactic YSGs and YHGs would be valuable
to homogeneously determine the stellar parameters, better constrain the radii and
luminosities, identify binaries, and study the circumstellar environments.
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SISUKOKKUVOTE
Kollaste huperhiidtahtede muutlikkus ja areng

Massiivsete tihtede elu on kosmilises ajaskaalas lithike (kdigest moned miljonid
aastad), kuid stindmusterohke. Nende tdhetuul, ioniseeriv kiirgus ja aine vél-
japursked mojutavad tugevalt neid iimbritsevat keskkonda.

Massiivsete tihtede elutsiikkel jagatakse erinevateks arenguetappideks. Noorte
kuumade siniste iilihiidude tuumas pdleb kiitusena vesinik. Selle ammendumisel
tdhed paisuvad ja jahtuvad ning muutuvad koigepealt kollasteks ning seejirel
punasteks iilihiidudeks. Enamiku massiivsete tihtede elu 16peb punase iilihiiu
arengufaasis — nad plahvatavad supernoovana. Kuid juhul, kui tdhe algmass on
olnud sobivas vahemikus (20—40 Piikese massi) ja tidht on oma elu jooksul 1ibi
tahetuule ja aine viljapursete kaotanud sellest umbes poole, voib tidht punasest
iilihiiust edasi areneda. Sel juhul tihe temperatuur tduseb, tema atmosfidr muu-
tub viga ebastabiilseks ja teda nimetatakse kollaseks hiiperhiiuks. Kédesoleva t66
keskmeks on selliste kaugelearenenud tihtede muutlikkuse uurimine. Uurisime
kollaste iili- ja hiiperhiidude populatsiooni Linnutees ja vaatlesime detailselt kahte
hiiperhiidtéhte: V509 Cas ja RW Cep, mis on véga erinevates arengujarkudes.

Valisime Linnutees 35 kollast iili- ja hiiperhiidu ja uurisime neid iimbritsevat
keskkonda — millised tihed kuuluvad hajusparvedesse v6i OB assotsiatsioonidesse.
Tahegruppidesse kuuluvus voimaldab miirata tihtede vanuseid ja annab infot
nende diinaamilise mineviku kohta. Tdhtede lahkumist parvedest vdivad pohjustada
kaksiksiisteemi vastastikmojud, supernoovad ja tdhtedevahelised interaktsioonid.
Leidsime, et enamik kollaseid iilihiide (20 tdhte 25st) kuuluvad hajusparvedesse
vOi OB assotsiatsioonidesse ja seega on nad endiselt seotud oma siinnikohaga.
Kiimnest hiiperhiiust on viis samuti seotud tdhegruppidega, iiks seotud tdhetekke
piirkonnaga ja neljal selget grupikuuluvust ei leitud. Need erinevused vdivad olla
seotud tdhe arengu ja mineviku siindmustega. Sellegipoolest ei tuvastanud me
iihtegi “drajooksikut”, ehk téhte, mis oleks minevikus oma grupist vélja heidetud.

Linnutees asuvate massiivsete tdhtede uurimist muudab keerulisemaks kauguste
midramise ebatipsus. Peaaegu pooleteise miljardi tihe parallaksid on mddtnud
kosmoseteleskoop Gaia, kuid muutlike, heledate ja tolmust timbitsetud tihtede
astromeetrilised mootmised on ebatdpsed. Téhti timbritseva keskkonna uurimine
voimaldas meil arvutada tipsemad kaugused. Selleks kasutasime nii naabertihtede
kauguste kombineerimise meetodit kui ka neutraalse vesinikgaasi 3D jaotust Lin-
nutees. Kahe meetodi pohjal leitud tulemused klapivad histi ja nende pohjal tédp-
sustasime ka tdhtede koguheledusi.

V509 Cas on olnud ajalooliselt viga muutlik téht, 20. sajandil vaadeldi temas
kahte aine véljapurset ja sajandi 10pus tema pinnatemperatuur tdusis 3000 K vorra
20 aasta jooksul. Sellest ajast alates on ta olnud ootamatult stabiilne. MoGtsime
tdhe muutlikkust 7 aasta jooksul 2015-2023. a. ja vordlesime tulemusi 2000. aas-
tate algul tehtud modotmistega. V509 Cas pinnatemperatuur on stabiliseerunud
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7900 K juures ja temperatuuri muutlikkuse amplituud on vorreldes varasemaga
vihenenud, jdddes 200 K juurde. Tédht on visuaalselt muutlik umbes 0.05 mag
amplituudiga ja pulseerub kvaasiperioodiliselt 100 kuni 200-pédevase perioodiga.
Téhe pulsatsioonid avalduvad tdhe spektraalse muutlikkusena nii spektrijoonte
stigavustes kui ka nende radiaalkiirustes. Modtes tihe pinna diinaamikat radiaal-
kiiruste pdhjal leidsime, et tihe pinna keskmise paisumise voi kokkutdmbumise ja
tédhe heleduse voi temperatuuri muutlikkuse vahel on faasinihe umbes 1/4 perioo-
dist. Sellist muutlikkust on tiheldatud ka teise kollase hiiperhiiu p Cas puhul (Lobel
et al., 1998). Emissioonijooned V509 Cas spektris moodustuvad tdhte timbritsevas
aines, millel on tdendoliselt kettalaadne morfoloogia. Sellele viitavad kahetipu-
line [CaT1I] emissioonijoone kuju ja see, et erinevalt neeldumisjoontest, [CaII]
emissioonijoone tugevus ajas ei muutu. Kahekomponendiliste joonte, nt mdlema
tiiva emissiooni ja keskse neeldumisega Sc IT ja moned Fe IT jooned, muutlikkust
pohjustab just tdhe pulsatsioonitsiikliga varieeruv neeldumiskomponent. Jareldame,
et V509 Cas on stabiliseerunud Hertzsprung-Russelli diagrammil véhetdidetud
alas, mida nimetatakse “kollaseks evolutsiooniliseks tithimikuks” ja ta v&ib olla
joudmas kollase hiiperhiidtihe arengujirgu 16ppfaasi. Tidhe edasine evolutsioon on
lahtine kiisimus, teda iimbritseva aine morfoloogia sarnaneb kuumadele B[e]-tiiiipi
iilihiidudele ja on vdimalik, et pirast moneajast stabiilsusperioodi (ca tuhanded
aastad?) tdhe temperauur jatkab tdusmist ja temast areneb sinine {ilihiid.

RW Cep on jahe, umbes 4000 K pinnatemperatuuriga punane hiiperhiid. Aas-
tatel 2020-2024 toimus tihes plahvatuslik aine viljapurse, mis sai nimeks “suur
tumenemine” tihe heleduse jarsu languse tottu. Vaatlesime tdhte tema heledus-
miinimumis ja tumenemisest taastumisel. Heledusmiinimumis oli ndha Ha ja
teistes tavaparaselt tugevates neeldumisjoontes sininihkes emissioonikomponenti.
See klapib Anugu ef al. (2023) teooriaga, et heledusmiinimumi pdhjustas tihest
viljapaisatud kuum gaas, mis kondenseerus tolmuks vaatesihis. Mddtsime tihe
spektris erinevate energianivoodega Fe I neeldumisjoonte radiaalkiirusi, et uurida
tdhe atmosfdidri kihtide kinemaatikat. Korgetes atmosfiérikihtides moodustuvad
spektrijooned on heledusmiinimumi ajal tugevalt mojutatud emissioonikompo-
nendist, mis mdjutab radiaalkiiruse mootmisi. Kdikide uuritud joonte puhul on
radiaalkiiruse maksimum umbes pool aastat pérast heledusmiinimumi, mis viitab
aine viljapurske laiaulatuslikule mdjule tihe atmosfiiris. Kitsad emissioonikom-
ponendid madala ergastusega joontes ja resonantsjoontes (nt Ba1l, Ca1, K1) tugev-
nesid aine véljapurske ajal. See emissioon moodustub tdendoliselt jahedamas
tahte imbritsevas aines, mis pirineb varasematest aine viljapursetest. RW Cep
spektraalne muutlikkus suure tumenemise ajal sarnaneb kollaste hiiperhiidude
aine viljapursetele. Spektraalsete omaduste ja timbritseva keskkonna poolest sar-
naneb RW Cep hiiperhiiuga p Cas. RW Cep v0ib olla varajases kollase hiiperhiiu
arengufaasis.

Massiivsete tihtede evolutsiooniteooria kohaselt voivad RW Cep ja V509 Cas
esindada kollaste hiiperhiidude alg- ja l6ppjarku. Kuid jiarelduste tegemiseks ei
piisa kahest tdhest, selleks on vajalikud laiemaulatuslikud kollaste iili- ja hiiper-
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hiidude populatsioonidele suunatud uuringud. Uurimus Linnutee kollastest {iili-
ja hiiperhiidudest oli esimene osa sellest suuremast projektist. Uued ja peatselt
alustavad taevaiilevaateprojektid 4MOST, Nancy Grace Roman Space Telescope
ja Legacy Survey of Space and Time vdimaldavad teha homogeenseid statistilisi
uuringuid massiivsetest tihtedest, sealhulgas kollastest iili- ja hiiperhiidudest, et
siduda tdheevolutsiooni erinevaid etappe ja luua paremat kooskdla mudelite ja

vaatluste vahel.
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