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Abstrakt

Pøesto¾e je jev známý jako vysokorychlostní absorpèní události, zkrácenì HVA z
anglického High-Velocity Absorption, pozorovaný ve spektrech pozdních B a raných
A typveleobr, znám ji¾ od konce minulého století, stále zùstává záhadou. Tyto
události jsou charakteristické náhlým prohloubením absorpèních pro�lèar Balmerovy
série, zvlá¹tì prominentní u èáry H� , a té¾ výrazným dopplerovským posunem
smìrem do modré oblasti spektra.

Pro pochopení podstaty událostí HVA jsme zkoumali døíve publikované výsledky
a archivní spektrální data z rých zdroj, vèetnì databáze projektu IACOB a databáze
2m Perkova dalekohledu Astronomického ústavu Akademie vìd Èeské republiky.
Sna¾ili jsme se odli¹it události HVA od bì¾ných variací ve spektrech hvìzd na zák-
ladì jejich èasových, spektrálních a kauzálních charakteristik. Se zamìøením na
morfologický vývoj a kinematické vlastnosti spojené s událostmi HVA jsme roz¹íøili
na¹i analýzu na èáry vy¹¹í Balmerovy série a vybrané fotosférické èáry. Na zák-
ladì shromá¾dì ných dat jsme navrhli potenciální souvislost mezi fenoménem HVA
a vnitøními konvektivními zónami v atmosférách hvìzd spektrálního typu B.





Abstract

The phenomenon of high-velocity absorption (HVA) events observed in the spec-
tra of late B and early A-type supergiants remains enigmatic, even decades after its
discovery. These events are characterized by a sudden increase in the depth of ab-
sorption lines, accompanied by a signi�cant blue shift and are particularly prominent
in the hydrogen Balmer series such as the H� line.

To understand the nature of HVA phenomenon we investigated previously pub-
lished results and archival spectral data from various sources, including the IACOB
project database and the database of Perek 2m telescope of the Astronomical Insti-
tute of the Czech Academy of Sciences. We aimed to distinguish HVA events from
ordinary variations in stellar spectra based on their temporal, spectral, and causal
characteristics. By focusing on the morphological evolution and kinematic proper-
ties associated with HVA events, we extended our analysis beyond the H� line to
include higher Balmer lines and selected photospheric lines. Based on collected data
we proposed a potential link between the HVA phenomenon and inner convective
zones in the atmospheres B-type stars.
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Introduction

For over a century, late B- and early A-type supergiants have intrigued astronomers
with their spectral variability, yet the driving mechanism behind these observed
variations remains unknown despite decades of extensive research.

Among the poorly understood phenomena in this context are High-Velocity Ab-
sorption (HVA) events. Manifesting as a sudden and dramatic change in absorption
line pro�les accompanied by signi�cant blue shifts which are prominent in Balmer
hydrogen series, particularly in H� line. Up to now the events were observed in very
few supergiants and despite extensive research, fundamental questions about the trig-
gering mechanism and the limited occurrence of HVA events in certain stars remain
unanswered. Although these rare HVA events, discovered decades ago, are known
only to a narrow circle of specialists, their study holds potential for understanding
the internal structure and evolution of blue supergiants.

Based on the analysis of historically published results, as well as the study of spec-
tral data collected at the Canary Islands Institute of Astrophysics (IACOB project)
and at the Astronomical Institute of the Czech Academy of Sciences, we aim to
describe in detail the observational properties of HVA events.

Focusing mainly on H� line where the events manifest the most, we traced the
morphological evolution of the event and also the evolution of its parameters such as
blue-edge velocity, line intensities and the duration of the event to establish whether
they display any repetitive behavior. Additionally higher Balmer lines and selected
photospheric line are also analysed to see the imprint of the event in di�erent layers
of the atmosphere.

With use of observational properties of several HVA events recorded for a few
supergiants, we proposed potential scenario how this extraordinary phenomenon is
triggered.
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Chapter 1

� Cygni variables and
High-Velocity Absorption events

1.1 � Cygni variables

Deneb (� Cyg), owing to its distinctive type of variability, has emerged as a prototype
of a class of pulsating post-main sequence stars characterized by both, spectroscopic
and photometric variability. This relatively poorly studied class of� Cyg variables
is primarily identi�ed by low-amplitude light variations (generally less than tenth of
magnitude) occurring over a wide range of periods, spanning from days to several
months (Catelan and Smith, 2015).

Figure 1.1: The distribution of � Cyg variables in the Milky Way galaxy. Data used
in this �gure were collected from Samus' et al. (2017).

These objects exhibit variability not only in their light but also in the pro�les

{ 3 {
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and radial velocities of spectral lines. The H� line, in particular, undergoes dra-
matic changes in pro�le strength and even type. Variability in photospheric lines is
generally lower compared to that observed in the H� line. The variations in radial
velocities are attributed to stellar pulsations, most likely non-radial (Achmad et al.,
1997), and observations indicate a correlation between changes in brightness and
variations in the radial velocities of lines (Fath, 1935).

Considering the position of� Cygni variables in the HR diagram (Fig. 1.2), the
evolutionary status and therefore their current age remain uncertain. These stars
are all evolved objects situated in the transitional region between the Main Sequence
(MS) and the Red Supergiant Stage (RSGs). However, the pathway by which massive
stars enter this region is not de�nitively established, as they may enter directly from
the MS or evolve leftward after previously undergoing the RSG phase.

Fig. 1.2 reveals a signi�cant scatter in both luminosity andlog(Te� ) among� Cyg
variables. This raises questions about whether such a wide range is governed by the
same pulsational mechanism or if these stars are grouped into the class based solely
on similar manifestations of di�erent underlying causes. The wide range oflog(Te� )
poses a potential challenge if the pulsations originate from an instability speci�c to
� Cyg stars, as pulsational mechanisms are typically found to operate within narrow
temperature ranges (Gautschy, 1992), such as RR Lyrae,� Scuti, etc.

In light of this, the mechanism proposed by Saio et al. (2006) to explain the
long-period oscillations observed in HD 163899 (classi�ed as SPBsg - Slowly Pulsat-
ing B supergiant) may o�er promise. The observed behavior could be interpreted
as over-stable g-mode pulsations trapped in the envelope just above the convec-
tive zone overlaying the H-burning shell. This concept was further developed a few
years later by Gautschy (2009), who studied the properties of over-stable low-degree
modes and their signi�cance in clari�cation of the� Cyg phenomenon. One of the
suggested statement from discussion should be pinpointed, and it is the one sup-
porting the paper by Glatzel and Mehren (1996) saying that the� Cyg variables are
not homogennous in sense pulsation excitation mechanism even though the observed
manifestation is similar or the same.

In conclusion, despite signi�cant progress made in both observational and the-
oretical directions, the long timescale observations and low-amplitude variability
associated with� Cyg variables still leave many open questions. This is particularly
challenging given that the typical variability characteristic of� Cyg type decreases in
both timescale and amplitude with increasing e�ective temperature. Consequently,
observing such processes is considerably more straightforward in cooler supergiants
such as Deneb, as discussed in e.g., Lefever et al. (2007).

These stars continue to pose intriguing questions that challenge our current un-
derstanding. However, ongoing research e�orts hold promise not only for further
unraveling the complexities of these pulsating variable stars but also for discovering
new candidates e.g. Dorn-Wallenstein et al. (2020) that may not yet be classi�ed.
Additionally, determining the variability properties of Deneb as a prototype with
precision is crucial so that it can serve as a reliable template for classi�cation pur-
poses.
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Figure 1.2: Sample of� Cyg variables in the HR diagram. Evolutionary tracks with
blue crosses marking the end of the Main Sequence for massive stars were collected
from (Yusof et al., 2022). The data for individual stars are taken from (Kudritzki
et al., 1999; Lefever et al., 2007) and Tab. 2.2, Tab. 2.3 for the stars analyzed in the
frame of this work as they are classi�ed as� Cyg variables.

1.2 High-Velocity Absorption events and Discrete
Absorption Components

The variability in H � line of blue supegiants was early noted in papers e.g. by
Sanford (1947) and Snow and Morton (1976) and later by e.g. Kaufer et al. (1996b)
and Markova et al. (2008). A group from Heidelberg took a signi�cant step forward
by initiating a long-term, high-resolution monitoring of B- and A-type supergiants.
As a result, subsequent publications by Kaufer et al. (1996a), Kaufer et al. (1996b),
and Kaufer et al. (1997b) became the �rst to discuss the appearance of peculiar
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events observed in the H� line for Rigel.
These events are characterized by a signi�cant increase in absorption line depth

accompanied by a pronounced blue shift encompassing a considerable fraction of the
terminal velocity. They most prominently observed in the hydrogen Balmer series,
especially in the H� line. In some cases, the deepening may be accompanied by the
appearance of a secondary absorption component, which evolves over time as the
event progresses. Based on these characteristics, this feature is commonly referred
to as an HVA event, an abbreviation for High-Velocity Absorption.

Since their initial discovery, HVA events have been observed multiple times (e.g.
Israelian et al. (1997), Morrison et al. (2008), Markova et al. (2008), Chesneau et al.
(2014), Ismailov and Ismayilova (2019), and Corliss et al. (2015)), yet they remain
restricted to a very select group of objects, all identi�ed as late B- and early A-
type supergiants exhibiting� Cyg type variability. The limited occurrence of HVA
events, with only sporadic observations over a decade, poses a signi�cant challenge.
Although the number of documented HVA events has gradually increased since their
�rst observation, numerous unanswered questions persist regarding these extraordi-
nary phenomena.

Beside HVA events, there are similar features commonly referred to as Discrete
Absorption Components (DACs) which are prominent structures observed in the
stellar winds of massive hot stars with line-driven winds. These structures appear as
localized narrow absorption features moving blueward from the line center and are
typically observed in resonance lines in ultraviolet (UV) range. Their nature is gen-
erally assumed to be rooted in Corotating Interacting Regions (CIRs), as suggested
by Mullan (1984).

Systematic investigations of DACs, carried out by e.g. Snow (1977) and Prinja
and Howarth (1985), have revealed their variability on timescales shorter than one
hour. On the other hand, for A-type supergiants was observed by Verdugo et al.
(1999a) they may stay unchanged for years.

It is important to note that such features di�er from what is observed in H�
as HVA events, primarily in their kinematic properties. However, both phenomena
have a similar explanation working with large-scale wind structures grounded in the
photosphere (Markova et al., 2008).



Chapter 2

Supergiants exhibiting HVAs

Current research on HVA events aims to characterize the triggering mechanism be-
hind this phenomenon. The �rst step in achieving this goal is to thoroughly un-
derstand their observational properties, including the general characteristics of stars
that sporadically exhibit these extraordinary events.

In this chapter we discuss the physical parameters of known stars exhibiting HVA
events, accompanied by an analysis of their previously observed spectral variability.
Table 2.1 presents list of eleven supergiants with detected HVA events, while their
parameters are collected in Tables 2.2-2.4.

The values of absolute visual magnitudeMV were calculated using distance esti-
mation listed in Tab. 2.2 - 2.3:

MV = mV � 5 log(r ) + 5 � AV ; (2.1)

whereAV is interstellar extinction estimated as:

AV = 3:1[(B � V) � (B � V)0]: (2.2)

The values for intrinsic colour indices(B � V)0 were taken according to individual
spectral type fromStellar Classi�cation Table (n.d.).

{ 7 {
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Table 2.1: List of supergiants with detected HVA components.

Supergiants showing HVA Sp. type Notes
HD 91619 B6 Iab HVA event observed once.

Strong and weak
HD 34085/Rigel� B8 Iae HVA events observed

multiple times.
Only strong events with

HD 199478� B8 Ia large blue shifts
were observed.

HD 21291� B9 Ia HVA event observed once.
HD 96919 B9.5 Ia Strong and weak events observed.
HD 21389� A0 Ia Mostly exhibits weak events.
HD 92207 A0 Ia Shows HVA-like events.
HD 223960 A0.1 Ia Suspected to show HVA events.
HD 207260 A2 Iae Only small fractions of event.

Shows weak and strong
HD 197345/Deneb� A2 Ia HVA events with low

frequency of appearance.
HD 14489 A1 Ia No data about the event.
� { supergiants for which the HVA events were detected in this study or in
the study by Pivoòková (2022)
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2.1 HD 21389

Spectroscopic variability of HD 21389 has been known since the beginning of last
century (Campbell et al., 1911) when it was suspected as a spectroscopic binary.
However, until now we do not have any satisfactory proof of HD 21389 being a binary
or multiple system.

Radial velocity measurements of selected lines (Si II and Fe II) by Abt (1957)
revealed a period of about7:7 days. The analysis also indicated that motions of the
atmosphere across the regions of Si II and Fe II are similar, with radial velocity curves
exhibiting the same shape but being shifted relative to each other. Additionally,
Percy and Welch (1983) estimated a period ranging from6 to 15 days based on
photometric observations.

Aydin (1972) proposed complex pulsations as the likely source of the observed
variability in Balmer lines as same as in metallic lines. Later, the variability in
metallic lines was found by several authors, e.g. Denizman and Hack (1988), Ma-
harramov and Baloglanov (2015), and Zeinalov and Rzaev (1990a). The latter work
speci�cally aimed to investigate the evolution of the H� line pro�le. Despite the
persistent complexity of the line pro�le structure, they proposed a scenario involv-
ing transitions from absorption to P Cygni pro�le, then to inverse P Cygni pro�le,
and back to absorption (or in the reverse order). However, long-term spectroscopic
analyses of this star by Corliss et al. (2015) and Pivoòková (2022) have presented
a broader range of pro�les, including double-peak, multi-component absorption or
peculiar pro�les of highly asymmetric nature. However, none of these studies found
any discernible pattern in the observations.

The most comprehensive study of HD 21389 was conducted by Corliss et al.
(2015). This investigation is based on14 years (1993- 2007) of spectroscopic obser-
vations, with some seasons simultaneously covered by photometric observations. The
results revealed a strong correlation of variability (both spectroscopic and photomet-
ric) with the phase of a star, whether it is active or relatively quiet. Furthermore,
HD 21389 experienced two HVA events, the �rst occurring in 1993 and the second
just a year later in 1994. Subsequent events for HD 21389 were also captured by
Richardson et al. (2011) (without any supporting data) and by Pivonková et al.
(2022) in 2018.

2.2 HD 199478

HD 199478 stands out as the most peculiar supergiant among the HVA targets stud-
ied in this work, as it is the only one that exhibits High-Velocity Emission (HVE)
events (Ismailov and Ismayilova, 2019).

HD 199478 become �rst spectroscopically studied by Merrill and Burwell (1933),
who noted some kind of variability in H� line. They also found He I lines (� 5876,
� 6678) to double and suggested the star to be possibly a binary. Later Rosendhal
(1973a) studied spectra of this star and found that H� line pro�le consisted of an
emission on both sides of an absorption core. Beside that, observed He I lines as
Merrill and Burwell (1933) and also found double structure.
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The star was most extensively spectroscopically studied by N. Markova (Markova
and Valchev, 2000; Markova and Puls, 2008; Markova et al., 2008) and by N. Z. Is-
mailov (Ismailov and Ismayilova, 2021; Ismayilova and Ismailov, 2020) who several
times observed and described observational properties of HVA. The �rst-ever ob-
served HVA event for HD 199478 occurred in 2000, as discussed in Markova et al.
(2008). In this case, they did not �nd any in
uence of the HVA event on photo-
spheric lines, contrary to the �ndings published by Kaufer et al. (1997b) for di�erent
stars during HVA event. They also speculated on the interpretation of the emission
found in the H� line, attributing it to originate in the complex structured stellar
envelope.

Ismailov and Ismayilova (2019) conducted an analysis of H� and H� lines of
HD 199478. The data revealed that HD 199478 experienced an HVA event in 2011
lasting 13� 27 days. This event is likely the strongest HVA event ever detected in
terms of blue shift. The depth of absorption component of H� line reached almost
0.8 of continuum level and radial velocity was blue-shifted to -510 km s� 1. That was
�rst ever taken observation of HVA with velocities higher (more than two times)
than terminal velocity v1 which is reported by Markova and Puls (2008) to be
230 km s� 1. Interestingly, the event was also observed in the H� line. By estimating
the parameters of these two lines over the whole observational time (2011, 2013 -
2015), they established a variability period of around22 days, during which the
pro�le remained stable. Additionally, they detected quasi-periodic variability on a
timescale of90� 100days. The work of Ismailov and Ismailova (2021) suggests that
the behavior of H� line during the spectacular events is correlated with variability
in the photospheric lines.

HD 199478 was recently identi�ed as Blue Hypergiant (BHG) (Clark et al., 2012)
and also found to be a binary. The secondary component has a mass ofM 2 =
864:54 M J and orbiting at an estimated distance of4:624 au(Kervella et al., 2019).

2.3 HD 21291

The stellar parameters of HD 21291 are listed in Tab. 2.2.
As reported in Maíz Apellániz et al. (2021), HD 21291 is identi�ed as a primary

component of a binary system. The secondary component is classi�ed as a less
luminous giant with a spectral type B2. Given its separation of 2.300, the secondary
component often lies outside the aperture and is notably fainter. Even from the
combined spectra, the secondary component remains unresolved, with only minor
changes discernible in certain He I lines.

Rosendhal (1973b) reports this star as a rare type of supergiant exhibiting an
H� line pro�le in the shape of an inverse P Cygni, although such pro�les are now
commonly observed in stars of a similar type.

The spectral variability of HD 21291 was extensively studied by the end of the
last century, beginning with the work of Zvereva et al. (1984) and Rzaev et al. (1989),
who suggested some form of strati�cation in its atmosphere. It was then followed by
Zeinalov and Rzaev (1990a) and Zeinalov and Rzaev (1990b) where, despite focusing
on long time variability, they observed the variability in line pro�les on a time scale
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of an hour for Balmer and photospheric lines. They also speculated on the cyclical
evolution of the H� line pro�le. Overall, the structure of the H� line remained
complicated and variable, which the authors attributed to non-radial pulsations.

Although Richardson et al. (2011) reports HVA events in HD 21291, no support-
ing data are provided.

2.4 HD 34085 (Rigel)

The fundamental stellar parameters for Rigel are presented in Tab. 2.2. With a visual
magnitude V = 0:13mag, Rigel stands as one of the brightest stars in the night sky.
Additionally, it is a member of a multiple system composed of four components, as
illustrated schematically in Fig. 2.1.

Figure 2.1: Scheme of the hierarchy of Rigel's multiple system. Data for the scheme
were taken from Tokovinin (1997).

One of the earliest studies to conclude on the peculiar spectral behavior of Rigel
was conducted by Plaskett (1909). He attempted to establish a period of binary
motion based on velocity curves. Unfortunately, due to the quality and low frequency
of observations at the time, the result of21:9day could not be considered �nal and
was proposed more as a rough estimation. The e�ort of Sanford (1947) to revisit the
period in some sense failed, but a quasi-period of similar span was identi�ed. As a
tendency to uncover any periodic signatures in Rigel's spectra grew, Kikuchi (1968)
examined a line pro�le variations of H� line. However, no recurrent patterns were
recognized.

Rigel (its photosphere and wind region) has been most extensively studied by
Kaufer et al. (1996a) and Kaufer et al. (1996b) who analyzed the time-series obser-
vation in the optical region. As they summarized H� line presents a broad variety
of pro�les among which are also Be-stars-like ones which suggests the presence of
an extended equatorial disk-like structure. The reported timescale of spectroscopic
variability ranges from several days to months. Additionally, the HVA event was
caught for Rigel in 1993 and for the �rst time analyzed in detail. For an explanation
of discovered HVA events Kaufer et al. (1996a) and Kaufer et al. (1996b) suggested
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few physical mechanisms of HVA formation. One of them is mass-loss ejecta, other
{ critical ionization structure in the envelope. These mechanisms are presented in
detail in the Section 4.2. Subsequently, Israelian et al. (1997) found the same event in
spectra obtained during spectroscopic monitoring 1993-1997 and suggested magnetic
loops mechanism as reason of HVA formation (more details in Section 4.2) .

A decade-long spectroscopic monitoring of Rigel by Morrison et al. (2008) re-
vealed that the H� line is preferably found in the shapes of P Cygni pro�le, inverse
P Cygni one, or pure absorption. Morrison et al. (2008) captured few HVA events,
the strongest of them (of 2006 year) was comparable in intensity to the one detected
by Kaufer et al. (1996a). The same strong event is also reported by Chesneau et al.
(2014), who caught it just a few days before Morrison et al. (2008).

Except for HVA events, the so called DACs (more details about DACs in Sec-
tion 1.2), stellar wind features were detected in UV Mg II lines of Rigel (e.g. Bates
et al. (1986) and Bates et al. (1988)).

2.5 HD 223960

Verdugo et al. (1999a) and Verdugo et al. (1999b) highlight that within their sample,
HD 223960 stands out as the sole supergiant displaying asymmetric pro�les in H� ,
H
 , and H� lines. Consequently, this asymmetry poses a challenge in estimating the
surface gravity of this star. These distinctive features were suggested by authors to
originate from an unusually structured stellar wind.

In a study by Fischer and Morrison (2001), signi�cant emphasis is placed on
the morphology of H� pro�le for HD 223960, which predominantly exhibits double-
peaked emission. This behavior, characterized by the entirety of the H� line ap-
pearing above the continuum, is unusually observed among other Galactic A-type
supergiants. The exception to this pattern is perhaps only observed in HD 199478,
as reported by Markova and Valchev (2000). The work by Fischer and Morrison
(2001) presents a discussion of the atypical nature of the H� line, suggesting its ori-
gin within a system of interacting binaries. However, despite extensive investigation,
no indication of radial velocity variability in HD 223960 was uncovered, suggesting
its non-binary nature. They also propose that the presence of a double-peaked pro-
�le may indicate similarities between this A-type supergiant and Be stars, possibly
implying the existence of an equatorial circumstellar disk. However, the conclusion
ultimately based on spectroscopic evidence points to a low-density and fast stel-
lar wind. But no clear statement about the appearance of the H� line pro�le is
presented.

2.6 HD 197345 (Deneb)

Deneb, an early A-type supergiant, stands as a prototype of� Cyg-type variables.
The investigation of its behavior started more than a century ago and continues to
these days, yet the underlying processes remain incompletely understood. Spectral
variability studies of Deneb have been conducted numerous times since the early
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1900s. One of the earliest results on variability in radial velocities was presented in
a paper by Lee (1911). This was followed by further studies, such as that by Fath
(1935), who conducted the �rst variability study using photometry. Additionally, Abt
(1957) analyzed several supergiants, including Deneb, and discovered atmospheric
oscillations in early- and intermediate-type supergiants.

A harmonic analysis of Deneb performed by Lucy (1976) revealed multi-periodic
oscillations within its atmosphere. Moreover, due to its variability in radial velocities,
suspicions arose regarding Deneb's potential binary system membership, although its
spectral binarity remains uncon�rmed. Years later, Inoue (1979) discovered signs of
strati�cation in Deneb's atmosphere. Measurements of radial velocities of lines of
various ions revealed di�erent values dependent on the layer where the line arises.
For the bottom part, in the photosphere, the velocity was about 6 km s� 1. For the
layer above, where higher Balmer lines are formed, found an amplitude of15 km� s� 1

and �nally for the upper part, the H � region found an amplitude of 50 km s� 1.
In the works by Kaufer et al. (1996a) and Kaufer et al. (1996b), radial velocity

and line pro�le variations of H� in Deneb and �ve other supergiants were examined.
The analysis unveiled multi-periodicity in radial velocities and equivalent widths of
H� . In contrast to the above-mentioned variability of Deneb, they observed much
more active behavior in H� . It was recognized as an HVA event that Deneb under-
went in 1991. A few years later, in August 1997, Morrison and Mulliss (1998) found
another HVA event. During this event, lasting approximately 40 days, a secondary
blue-shifted absorption component appeared. This sudden appearance of the sec-
ondary absorption component of H� seems to be consistent across all supergiants
with recorded strong events (Kaufer et al., 1996b; Morrison et al., 2008; Ismailov
and Ismayilova, 2019; Shultz et al., 2014).

In the work by Richardson et al. (2011) the detailed analysis of 5-year observations
of Deneb is performed. They found quite rare radial pulsations in the atmosphere
of Deneb. Within the time-series spectra they detected HVA events in 1997 and in
2001, both lasting approximately 40 days, consistent with the �ndings of Morrison
and Mulliss (1998). Notably, the behavior of the H� line was highly variable over
the whole observational period.

More recently, Rzaev (2023) published the results of a four-year (1998-2001, 2007)
spectroscopic analysis of Deneb, primarily investigating He I and H� lines. The study
revealed variability in radial velocities of lines likely due to pulsational motions. They
established a period of radial pulsations at about 14 days and a period of non-radial
pulsations at 22 days. These periods seem to be realistic, supported by evidence
from Gautschy (2009), who pointed to the existence of a subphotospheric convective
zone possibly driving the observed variability in Deneb. The derived periods of a
dozen to several tens of days should be very stable for� Cyg-type variables.

2.7 HD 207260

The �rst spectral study of HD 207260 was conducted by Abt (1957), who estimated
a period of variability to be 7:6 days by measuring radial velocities of Fe II lines
(� 4508, � 4515, � 4520, and � 4522).
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Later, Scholz and Gerth (1981) determined the e�ective magnetic �eld of� Cep
based on 55 Zeeman spectrograms, showing several years of variations. At the be-
ginning of the observational period, the e�ective magnetic �eld was moderate, while
in 1978, it reached+2000 G. Additionally, they reported on an approximately 40
days period of radial velocity variations observed in Balmer lines, as well as lines of
other elements and ions.

Ten years later, Gerth et al. (1991) performed measurements to con�rm the
presence of a magnetic �eld using the same photoelectric method and found the
magnetic �eld to be temporal with a clear period of4:7 years. The magnetic �eld
was found to vary and sometimes disappear from the data. However, this variability
may be attributed to the lower accuracy of the photographic method for measuring
magnetic �elds.

In a study by Takeda and Takada-Hidai (1995), the atmospheric parameters for
HD 207260 were derived, along with N-abundances, where it was noted that the star
exhibits a large N/H ratio compared to solar values. This suggests that HD 207260
has likely undergone some form of nitrogen enrichment.

The CNO abundances derived for HD 207260 by Yüce (2003) do not indicate
atmospheric enrichment by the products of the CNO cycle. This suggests that the
star is likely in a pre-RSG stage.

In a study by Verdugo et al. (2003), a search for magnetic �elds among A-type
supergiants, including� Cep, was conducted. However, no Zeeman splitting was
observed for any of them.

Regarding the magnetic wind con�nement for� Cep, investigated by Shultz et al.
(2014), no Zeeman signature was detected. Additionally they found two HVA events
for HD 207260 (in 2010 and again in 2012), even though Richardson et al. (2011)
reported that � Cep does not exhibit any HVA events.

Study by Kervella et al. (2019) revealed that� Cep is a binary, with secondary
component having a mass ofM 2 = 86:67 M J and orbiting at a distance of3:810 au.

2.8 HD 91619

The spectroscopic monitoring of HD 91619, along with HD 96919, was conducted
by Wolf and Sterken (1976), in conjunction with ubvy photometric observations.
Throughout the entire observational period, HD 91619 exhibited peculiar H� line
pro�les characterized by irregular variations without any discernible pattern. Pho-
tometric observations also revealed a quasi-periodicity of approximately 20 days.

Subsequently, Kaufer et al. (1994) focused mainly on the H� line variability
of HD 91619, demonstrating a broad range of variability. This study was further
extended by Kaufer et al. (1996a) to provide a detailed view of the H� variations.
The results indicated evidence of an HVA event that HD 91619 underwent in 1994
(further details about the event can be found in the relevant table in the Chapter 3.5).

Furthermore, Chini et al. (2012) reported HD 91619 to be a single-line spectro-
scopic binary based on high-resolution spectra.
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2.9 HD 96919

The �rst comprehensive study of HD 96919 was conducted by Wolf and Sterken
(1976), aiming to characterize the variability in the H� line, as they noted to exhibit
a peculiar pro�le. The observations were partially accompanied by simultaneous
photometric observations. Despite no signi�cant strong variations captured, the
period photometric variability was established to be approximately20 days. More
pronounced changes were observed in the H� line. Besides exhibiting extended
emission wings, the H� line showed variations that correlated with changes in its
radial velocities. Additionally, it displayed Be stars-like characteristics, with V/R
radial velocity variations completing an entire cycle in less than a year. In contrast,
no signi�cant changes were found in the H� line.

The most extensive spectral monitoring of HD 96919 has been presented in a
series of papers by Kaufer et al. (1994), Kaufer et al. (1996a), Kaufer et al. (1996b),
and Kaufer et al. (1997b). Through an analysis of the H� line, they identi�ed
three distinct HVA events, occurring in 1993, 1994, and 1995, respectively. Similar
behavior was observed in higher Balmer lines during each event. Additionally, they
emphasized the noticeable e�ect of these extreme wind events, such as HVAs, on
strong lines (with line widths exceeding500 m�A), excluding Balmer lines.

Based on proper motion anomaly analisis, HD 96919 is now identi�ed as the
primary component of a binary system, with the second component having a mass
of M 2 = 409:73 M J and orbiting at a distance of4:203 au(Kervella et al., 2019).

2.10 HD 14489

This particular supergiant is very rarely studied one among the sample of stars
showing peculiar HVA events. Consequently, the number of publications discussing
it is limited. The only mention of an HVA component for this star is found in a
footnote in a paper by Richardson et al. (2011), discovered in the spectral data from
the Ritter Observatory. The comment notes variability similar to that observed in
Deneb, leading to the assumption that this star also exhibits HVA events.

According to a study by Kervella et al. (2019), HD 14489 is identi�ed as a binary.
The secondary component, with a mass ofM 2 = 296:23 M J , orbits at an estimated
distance of3:881 au.

2.11 HD 92207

HD 92207 was found as a primary component of a spectroscopic binary (Levato, 1972)
and later it has been con�rmed by Kervella et al. (2019). The secondary component
with a mass ofM 2 = 141:62 M J orbits at the distance of4:066 au.

In a study by Buscombe (1973) and Buscombe (1974) HD 92207 has been found
to display a large range of variability in spectral lines, consequently in atmospheric
parameters and therefore was denoted as the most variable known A-type supergiant.



18 Chapter 2. Supergiants exhibiting HVAs

Kaufer et al. (1994) found the H� line of HD 92207 to be highly variable on a time
scale of days to several weeks. Kaufer et al. (1996a) report on an extraordinary event
observed in 1994, where the absorption component of H� line reached the velocity
of � 230 km s� 1 and persisted in the spectra for� 150days. This event also left an
imprint on the wind-sensitive line Fe II(� 5169), with related variations suggesting
the event was more likely a DAC than an HVA event (Kaufer et al., 1996a).

Table 2.4: Stellar parameters for HD 92207.

Parameters Values References
HD 92207

Names V* V370 Car adopted from Simbad
HR 4169

Observed Parameters
RA J2000 10h37m27:1s Gaia Collaboration (2020)
DEC J2000 = 58°4400.000 Gaia Collaboration (2020)
V [mag] 5:45 Ducati (2002)
B [mag] 5:95 Ducati (2002)
MV [mag] � 7:9
Spectral Type A0 Ia Houk and Cowley (1975)
Parallax [mas] 0:468� 0:062 Gaia Collaboration (2020)
Membership NGC 3324 Kharchenko and Roeser (2009)

Estimated Parameters
Tef f [kK] 9500� 200 Przybilla et al. (2006)
M [M � ] 25� 3 Przybilla et al. (2006)
R [R� ] 223� 24 Przybilla et al. (2006)
logL=L � 5:56� 0:08 Przybilla et al. (2006)
logg [cgs] 1:2 � 0:1 Przybilla et al. (2006)
v1 [km � s� 1] 235 Kudritzki et al. (1999)
v � sin i [km � s� 1] 30� 5 Przybilla et al. (2006)
_M [M � � yr � 1] 1:31� 10� 6 Kudritzki et al. (1999)

Rv[km � s� 1] � 8:5 � 4:2 Gontcharov (2006)
Distance [pc] 2091+291

� 235 Bailer-Jones et al. (2021)

However, we assume it was an HVA event. The strong P Cygni appearance of the
H� line during the event is only a consequence of the fact that the star has strong
wind, due to which the manifestation of H� appears di�erently than what is usually
observed during HVA events. Another supporting argument against this event being
a DAC is the span of the suddenly appeared component, which in this case is 3�A,
while DACs are assumed to be narrow (Howarth, 1992).

Kaufer et al. (1997b) observed weak blue wings of strong lines (with line widths
exceeding500 m�A - Balmer lines excluded), indicating stronger wind compared to
other analyzed stars (Rigel, Deneb, HD 91619, HD 96919, HD 100262). HD 92207 was
the only star monitored byubvy-Strömgren photometry. The light variations seem to
be correlated with radial-velocity curves, which led to the assumption that the both
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kinds of variations have the same nature, likely variations in radius. Furthermore, a
clear periodicity of approximately 27 days was found based on line pro�le variations.

A recent study by Hubrig et al. (2012) reported the presence of a magnetic �eld
within HD 92207, with a longitudinal magnetic �eld strength of several hundred
Gauss. However, Bagnulo et al. (2013) reanalyzed the same data a year later and
convincingly demonstrated that no measurable magnetic �eld is present in HD 92207.





Chapter 3

Analysis of Archival Data

3.1 Spectral data

With the aim of searching for HVA events, we analyzed archival high- and medium-
resolution optical spectra of all known objects showing HVA events that were acces-
sible via the IACOB database (Simón-Díaz et al., 2011) or the database of the Perek
2m telescope of the Astronomical Institute of the Czech Academy of Science.

While the Perek 2m database contains only spectra taken by the Perek 2m tele-
scope, the IACOB database o�ers a wider range of instruments used for acquiring the
spectra. Details regarding the instruments, number of spectra, and other properties
can be found in Tab. 3.1 - 3.2.

All the archival data were then searched through and subsequently analyzed
for HVA events. Due to the non-systematic nature (in the sense of this study)
of the archival observations, the time series contains numerous gaps without any
observations. It's important to note that many spectra were acquired for various
purposes, such as high-cadence observations to study pulsations, and therefore not
all the lines of interest for this study are included.

All data obtained from the IACOB or Perek 2m database were reduced using
standard IRAF tasks or IDL-based procedures that follow IRAF tasks. Additional
processes, such as barycentric velocity correction or normalization, were performed
using custom Python code. It's important to note that telluric correction was not
performed. Previous research (Pivoòková, 2022) revealed that telluric correction may
arti�cially a�ect the spectrum, particularly in the region of interest, which is the H �
region.

3.1.1 Tools for analysis

For investigation of line pro�le variability the Temporal Variance Spectrum (TVS)
analysis and residual dynamic spectra were used.

To systematically explore a global variability in spectral lines through time-series
observations, a variant of the TVS was employed. This method, originally intro-
duced by Fullerton et al. (1996), was utilized to track the variations in absorption
line pro�les of O-type stars. The method involves computing the average spectrum

{ 21 {
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Table 3.1: Instruments used for acquiring the analyzed spectra.

Instrument Observatory Resolution Sp. range Ref.
D700 Ondøejov 13000 6260-6765 [1]
OES Ondøejov 50000 3950-8730 [9]
Feros ESO La Silla 48000 3530 - 9200 [2]
Fies low La Palma 46000 3600 - 7200 [3]
Fies high La Palma 67000 3700 - 9000 [3]
Hermes La Palma 85000 3760 - 9000 [4]
SONG Teide 35000 4380 - 6900 [5]
HEROS ESO La Silla 20000 5700 - 8600 [6]
Fairborn echelle Fairborn 30000 4900 - 7100 [7]
FLASH ESO La Silla 20000 4000 - 6800 [8]
[1] Slechta and Skoda (2002); [2] Kaufer et al. (1997a); [3] Telting et al. (2014);
[4] Raskin et al. (2011); [5] Grundahl et al. (2011); [6] Kaufer (1998)
[7] Eaton and Williamson (2004); [8] Mandel (1988); [9] Koubský et al. (2004)

Table 3.2: Number of spectra per star used for the analysis.
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through the time series and determining the corresponding deviation, denoted as� :

� =

s P N
i =1 jx i � �xj2

N
(3.1)

As mentioned in the Section. 1.2, the characteristic features for HVA events
appear in the spectra sporadically amidst random pro�le variations. Sometimes, the
event manifests as a deep absorption, signi�cantly shifted H� line, while at other
times, only a weak shift is observed. Establishing criteria to determine whether a
speci�c pro�le corresponds to an event or a normal pro�le is challenging, particularly
because stars exhibiting these events often have peculiar H� pro�les even during
quiescent phases with no observable HVA.

To address this challenge, the ÿresidual dynamic spectra" method was employed.
This method operates on the assumption that the HVA pro�le signi�cantly deviates
from the average pro�le. Consequently, each spectrum is subtracted from the average
spectrum to obtain residual 
uxes. After that these residual 
uxes are compared to
each other, with pixel values being colored according to the minimal and maximal
values.

Given the fact that the time series data are acquired using various instruments,
pixel values may be subject to shifts. Additionally, the barycentric velocity correction
can induce shifts even among spectra obtained by the same instrument. Therefore,
adjustments are made to ensure accurate representation of line pro�le variability.
Speci�cally, all spectra in the series are interpolated to the same wavelength grid
in both the TVS and residual dynamic spectra. This interpolation step is crucial
for computing � and also residual 
uxes, as it is calculated for each corresponding

ux point separately. However, it's important to emphasize that this interpolation
is performed for illustrative purposes only, and further analysis and measurements
of line properties are conducted on the original spectra.

Additionally, equivalent widths (EW) and radial velocities (RV) of selected spec-
tral lines were measured to study of dynamics of atmospheric layers below the wind
during HVA events. Equivalent widths were measured using custom Python code
based on the equivalentwidth function from the Specutils Python library. Radial ve-
locities, apart from those derived from Balmer lines, were determined using Gaussian
�tting methods. However, due to the complexity of highly asymmetric line pro�les,
particularly those seen in the H� line during HVA events, only visual estimation of
the position of the core and the blue edge of the line was feasible. This method was
chosen as the most appropriate way to describe the observational properties of HVA
events.

3.2 HD 92207

HD 92207 was studied by Kaufer et al. (1996a), who focused mainly on variations
in the H� region. A peculiar event was identi�ed in the 1994 campaign, where an
additional blue-shifted absorption component of a P Cygni pro�le was observed. This
component propagated at a velocity around� 230km s� 1, starting at approximately
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� 205 km s� 1 on JD2449390 and evolving to about� 255km s� 1 over roughly 140
days.

Unfortunately, the authors did not discuss the appearance of such a feature in
higher Balmer lines. However, a similar, weaker component was found in the wind-
sensitive line of Fe II (� 5169). As a result, this feature was attributed to a DACs-like
e�ect.

3.3 HD 21389

The results of previous spectroscopic analysis of HD 21389 are summarized in
Pivonková et al. (2022) (attached in the Appendix). Ongoing spectral monitoring
with the Perek 2-m telescope indicates that no new HVA events have occurred over
the past two years. Additionally, 10 spectra of HD 21389 from8 di�erent observa-
tional nights were available in the IACOB database, none of which display signs of
an HVA event.

The radial velocity measurements of selected spectral lines during a 5-year cam-
paign by the Perek 2-m telescope are plotted in Fig. 3.1. Fig. 3.2 presents the
temporal variability spectrum (TVS) for selected spectral lines, including H� , H� ,
H
 , H� , He I � 6678, He I � 5875, and Si II � 6347.

Figure 3.1: The radial velocities of selected lines from 2017 up to 2022. The data
includes a portion of the HVA event that HD 21389 underwent in 2018.

Recent HVA event (2018) recognized in H� line of HD 21389 is recorded in
Pivonková et al. (2022). The event was probably caught around its maximum or af-
ter since the depth of pro�le decreases (seen from Tab. 3.3) { it seems to be common
behavior observed in H� line that depth of pro�le increasing towards the maximum
of the event where we see also maximum of blue-shifted velocity and then in again
decrease towards its end (Kaufer et al., 1996a; Corliss et al., 2015; Morrison et al.,
2008). Another supporting fact about the event from 2018 beeing caught around its
maximum is duration of the event with 46 days being approximately a half of what
was observed by Corliss et al. (2015).
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Figure 3.2: The Temporal Variance Spectrum (TVS) of HD 21389 focusing on seven
selected spectral lines. Bottom panels: the black line represents the averaged spec-
trum, while selected composite spectra are illustrated in di�erent colors. Top panels:
the deviation from the average spectra, providing insights into the general variability
observed in each line.

Due to the lack of observations at the very beginning of the event in 2018, there
is no information about the H� pro�le before the event. However, at the end of the
event, the H� line exhibited a P Cygni shape. This was already seen (HVA event is
closed by P Cygni pro�le) in a work by Chesneau et al. (2014) in Fig.2 for Rigel's
HVA event in 2010. Additionally, as seen from Fig. 3.1 no correlation in RV of other
spectral lines was observed during HVA event which span> 46 days. And since the
spectra were taken by D700 spectrograph in only H� region, the evolution of the
event cannot be traced from higher Balmer lines.

Figure 3.3: H� line pro�les taken during HVA event for HD 21389 in2018.
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Table 3.3: Estimated velocities and intensities of H� during HVA event recorded for
HD 21389 in 2018.

Velocity [ km s� 1]
JD max. depth [cont. lvl]

blue-edge blue-shifted core
2458325:4 0:63 � 206:8 � 49:6
2458330:6 0:62 � 214:2 � 47:6
2458333:5 0:64 � 269:3 � 54:0
2458337:6 0:76 � 213:4 � 49:1
2458341:4 0:78 � 226:5 � 57:2
2458342:6 0:84 � 208:0 � 54:4
2458343:5 0:84 � 211:4 � 57:8
2458346:3 0:84 � 213:5 � 66:4

P Cygni feature appears
2458353:4 0:89 � 206:8 � 17:6
2458359:4 0:93 � 207:8 � 86:1
2458370:4 0:93 � 210:9 � 109:3
2458373:6 0:86 � 206:8 � 28:4
2458382:6 0:88 � 213:9 � 126:5

Table 3.4: Characteristics of HVA event recorded for HD 21389.

Corliss et al. (2015) Corliss et al. (2015)
JD 2449301� 2449390 2449595� 2449709
Dates Nov 9. 1993 - Feb 6. 1994 Aug 30. - Dec 22. 1994
vblue core [ km s� 1] � � 120 � � 80
vblue edge [ km s� 1] � � 190 � � 180
Depth� � 0:30 � 0:50
Duration of event [d] � 90 � 114

Pivonková et al. (2022)
JD 2458325� 2458383
Dates Jul 25. - Sept 21. 2018
vblue core [ km s� 1] � 109
vblue edge [ km s� 1] � 269
Depth� 0:62
Duration of event [d] < 46
� Depth (in continuum lvl) of blue-shifted absorption component.

The very �rst identi�ed HVA events for HD 21389 are analyzed in Corliss et al.
(2015) with fundamental parameters listed in Tab. 3.4. First HVA event was observed
in 1993 followed by the second one just a year after in both cases with high correlated
behavior of blue-edge velocity and equivalent widths of H� line.

Comparing HVA events observed by Pivonková et al. (2022) and the ones taken
by Corliss et al. (2015), two types can be distinguished. The strong ones are typical
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by signi�cant blue-shifted velocity > 100 km s� 1 and the weak ones in which the
velocity does not cross the velocity� 100 km s� 1. Example of H� line pro�le from
weak HVA event is seen in Fig. 3.3. The time evolution of both type of the events is
also di�erent. While during strong events additional absorption component appear,
starts as minor component and as the passes the minor component become stronger
then main absorption component, again decreases and �nally disappears. The weak
events manifests only as deep, broad and blue-shifted absorption.

3.4 HD 199478

HD 199478 with its e�ective temperature about13 000K (Tab. 2.2) is the hottest
object known to exhibit HVA events and was recently classi�ed as a blue hypergiant
(BHG) by Clark et al. (2012).

As shown in Fig. 3.4, H� line of HD 199478 tend to be found in emission. This
characteristic is also con�rmed by Markova and Valchev (2000), Markova et al.
(2008), and Ismailov and Ismayilova (2019).

The variability of the H � line pro�le occurs on a time scale of several days to
weeks. Fig. 3.5 shows the number of occurrences of each pro�le type which examples
may be found in Fig. 3.6. In addition to the H� line, higher Balmer lines also

Figure 3.4: The Temporal Variance Spectrum (TVS) of HD 199478 focusing on seven
selected spectral lines. Bottom panels: the black line represents the averaged spec-
trum, while selected composite spectra are illustrated in di�erent colors. Top panels:
the deviation from the average spectra, providing insights into the general variability
observed in each line.

exhibit variability in their line pro�les, which is most prominently observed during
HVA events.

According to data collected in this study, the most recently HVA event for
HD 199478 was captured in October 2017. Unfortunately, only one spectrum was
taken during this event. H� line from this event may be seen in Fig. 3.7 in blue
color. Larger sample of pro�les was taken during HVA event which HD 199478 un-
derwent in 2015. H� line from this event may be seen in Fig. 3.7 in red color. The
measured properties of both HVA events from H� line are listed in Tab. 3.5.
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The HVA event from 2015, with the duration of more than 4 days, is recognized
from dynamic spectra in Fig. 3.9 as magenta regions and could be traced for H� (a),
H� (b), H
 (c), and H� (d) lines. Comparing all these lines, it is evident that the
HVA event feature appears �rst in higher Balmer lines and is last seen in the H�
line, indicating that the event arises at deeper layers in the atmosphere.

Figure 3.5: H� line pro�le morphology histogram for HD 199478 with only one pro�le
taken from each night observations.

Figure 3.6: Example pro�les for di�erent classes shown in Fig. 3.5.

In the spectra of HD 199478, the H� line pro�les exhibit the highest blue-shifted
velocities during the events compared to other stars with HVA. Concurrently, an
emission component is consistently present in the H� line throughout most of the
observational period. Consequently, the observed pro�le during HVA events rep-
resents a combination of blue-shifted absorption and emission, with the emission
component �lling the absorption feature. The presence of this emission component
obscures the core of the HVA absorption component, making it impossible to deter-
mine its radial velocity. As a result, a reliable velocity estimate can only be obtained
for the blue edge of the line.
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Figure 3.7: H� line pro�les of HD 199478 taken during HVA event in May/June 2015
(red) and October 2017 (lightblue).

Table 3.5: Estimated velocities and intensities of H� during HVA event recorded for
HD 199478 in 2015 and 2017 (last row).

Velocity [ km s � 1]
JD max. depth [cont. lvl]

blue-edge blue-shifted core
2457171:7 0:93 � 258:6 � 119:6
2457172:6 0:92 � 222:0 � 113:9
2457172:7 0:92 � 251:5 � 118:4
2457173:6 0:91 � 225:6 � 112:7
2457173:7 0:91 � 215:9 � 113:7
2457174:6 0:90 � 183:1 � 108:2
2457174:7 0:90 � 213:7 � 119:9
2458039:4 0:92 � 303:3 � 207:6

Figure 3.8: H� line pro�les of HD 199478 taken during HVA event in May/June
2015.

In addition to the HVA event from 2015 observed in the Balmer lines, traces of
the HVA event can be detected in photospheric lines, particularly in He I (� 5876) and
Si II ( � 6347), Si II ( � 6371). Example of He I and Si II lines are depicted in dynamic
spectra shown in Fig. 3.10. In both cases, the event manifests as asymmetries present
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on the blue side of the line. This was for the �rst time observed by Ismailov and
Ismayilova (2021) for HD 199478, when an increase in equivalent width during the
HVA event was observed for photospheric lines. Until now, HD 199478 is the only
star with an HVA event traceable from photospheric lines.

Figure 3.9: Dynamical spectrum of H� , H� , H
 , H� line, from top to bottom re-
spectively, for HD 199478.

The �rst ever detected HVA event for HD199478 was observed by Markova et al.
(2008) during a simultaneous spectroscopic and photometric campaign conducted
between 1999 and 2000. HD199478 experienced an extraordinary event in 2000,
spanning over 60 days. The line pro�le of H� during this event resembled that shown
in Fig. 3.5 in red color. Measures of this event (in 2000) are listed in the Tab. 3.6.
Additionally, the authors noted that the star was approximately one magnitude
fainter at the onset of the event compared to the moment of maximum absorption
in the H� line.

HD 199478 has experienced several peculiar HVA events since its initial detection.
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At least one such event was detected by Richardson et al. (2011) during observations
conducted at the Ritter Observatory between 2000 and 2006. However, the authors
did not provide any supporting data regarding the event or the number of detection.

Figure 3.10: Dynamical spectrum of He I� 5876and Si II � 6347 line, from top to
bottom respectively, for HD 199478.

The most recent published HVA event for HD 199478 is reported by Ismailov and
Ismayilova (2019). They observed an HVA event in 2011 and conclude about it as the
strongest ever detected HVA event (not only for HD 199478, but among all SGs which
have been recognised to show HVA events). This particular event di�ered from the
typical H� line pro�le observed during HVA events (for more details see Tab. 3.6).
Instead of the pro�le recognized by Markova et al. (2008), it consisted of emission
centered at zero velocity and blue-shifted absorption, similar to a P Cygni pro�le.
Over a period of approximately13 days, the blue-shifted absorption increased in
depth, reaching its maximum around8 days after initiation before decreasing again.
This behavior remained consistent across all HVA events observed.

Before the onset of the event and just after, the H� line was found in emission,
with noticeable variations in its strength and shape. Additionally, Ismailov and Is-
mayilova (2019) reported on an HVA event traceable in the H� line. It's important
to note that the behavior of the H� line during the 2011 event di�ered from that
analyzed in this thesis during the 2015 event. While in Fig. 3.8, the double-peaked
absorption appear in both peaks with comparable strength, in the 2011 event (Is-
mailov and Ismayilova, 2019) only blue-shifted minor absorption component was
found (similar to what is seen in Fig. 3.21 for Rigel's H� line during HVA event).

In addition to the 2011 HVA event, Ismailov and Ismayilova (2019) also mentioned
a feature similar to the HVA phenomenon, which manifested as double-peaked emis-
sion with a blue-shifted component. This kind of event was detected in 2013, with
a blue-shifted velocity of around� 72 km s� 1, and a separation of approximately
110 km s� 1 between the two peaks. However, the authors did not provide detailed
information about this event.
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Table 3.6: Characteristics of HVA event recorded for HD 199478.

Markova et al. (2008) Ismailov and Ismayilova (2019)
JD 2451827� 2451877 2455764� 2455776
Dates Oct 9. - Nov 28. 2000 Jul 21. - Aug 2. 2011
vblue core [ km s� 1] � 130 � 300
vblue edge [ km s� 1] � � 250 � 510
Depth� 0:51 � 0:81
Duration of event [d] 50 < t < 60 13 < t < 27
� Depth (in continuum lvl) of blue-shifted absorption component.

3.5 HD 96919 and HD 91619

The observations of HD 96919 from four di�erent nights revealed three distinct H�
line pro�les: inverse P Cygni, asymmetric emission, and double-peaked pro�les, as
illustrated in Fig. 3.11. Similarly, observations of HD 91619 from three di�erent
nights showed H� line pro�les including inverse P Cygni, P Cygni, and double-
peaked pro�les (see Fig. 3.12). Although no signature of HVA events was found
for either star in our study, HVA events are discussed in the work by Kaufer et al.
(1996a). The parameters of these events for HD 96919 are listed in Tab. 3.7, and for
HD91619 in Tab. 3.8.

Figure 3.11: The Temporal Variance Spectrum (TVS) of HD 96919 focusing on seven
selected spectral lines. Bottom panels: the black line represents the averaged spec-
trum, while selected composite spectra are illustrated in di�erent colors. Top panels:
the deviation from the average spectra, providing insights into the general variability
observed in each line.



Chapter 3. Analysis of Archival Data 33

Table 3.7: Characteristics of HVA events recorded for HD 96919.

Kaufer et al. (1996b) Kaufer et al. (1996b)
JD 2449466 2449750� 2449840
Dates Apr 23. 1994 Feb 1. - May 2. 1995
vblue core [ km s� 1] � 98 � 108
vblue edge [ km s� 1] � � 210 � 160
Depth� 0:78 0:30
Duration of event [d] � < 90
� Depth (in continuum lvl) of blue-shifted absorption component.

Figure 3.12: The Temporal Variance Spectrum (TVS) of HD 91619 focusing on seven
selected spectral lines. Bottom panels: the black line represents the averaged spec-
trum, while selected composite spectra are illustrated in di�erent colors. Top panels:
the deviation from the average spectra, providing insights into the general variability
observed in each line.

Table 3.8: Characteristics of HVA event recorded for HD 91619.

Kaufer et al. (1996a)
JD 2449410� 2449418
Dates Feb 26. - Mar 6. 1994
vblue core [ km s� 1] � � 130
vblue edge [ km s� 1] � 200
Depth� � 0:90
Duration of event [d] > 8
� Depth (in continuum lvl) of blue-shifted absorption component.

3.6 HD 207260 and HD 223960

For each of these two stars only three spectra were accessible from the IACOB
database. As evident from Fig. 3.13 and Fig. 3.14, the signal-to-noise (S/N) ratio is



34 Chapter 3. Analysis of Archival Data

low, and both datasets consist of only two spectra. The last spectrum for each star,
characterized by the lowest S/N ratio, was consequently excluded from the analysis
due to the loss of most lines in the noisy continuum.

Figure 3.13: The Temporal Variance Spectrum (TVS) of HD 207260 focusing on
seven selected spectral lines. Bottom panels: the black line represents the averaged
spectrum, while selected composite spectra are illustrated in di�erent colors. Top
panels: the deviation from the average spectra, providing insights into the general
variability observed in each line.

The spectrum of HD 207260 is in the range from 3900�A up to 6800 �A similar
to Deneb's spectra, with only exceptions being interstellar (DIB and NaI D) and
water-vapour lines. In both spectra of HD 207260 analyzed in this study, no signs of
HVA events were found, nor any peculiarities or features signi�cantly deviating from
what is seen in the spectra of Deneb. In both spectra of HD 207260 analyzed in this
study, there are no evidences of HVA events. Although spectra were obtained with
an interval in 9 years, we do not see variability in the H� .

Table 3.9: Characteristics of HVA event recorded for HD 207260.

Shultz et al. (2014) Shultz et al. (2014)
JD 2455402 2456197� 2456201
Dates Jul 24. 2010 Sep 27. - Oct 1. 2012
vblue core [ km s� 1] � � 130 � � 100
vblue edge [ km s� 1] � � 250 � � 250
Depth� � 0:77 � 0:68
Duration of event [d] � > 4
� Depth (in continuum lvl) of blue-shifted absorption component.

However, H� exhibits dramatic changes, as documented by Shultz et al. (2014),
who were the �rst to observe HD 207260 during an HVA event. Their analysis re-
vealed the presence of two events: one in 2010 (based on one snapshot) and the
second one in 2012 (based on two snapshots). While HVA H� line pro�les are typi-
cally observed in absorption with an additional blue-shifted component, during both
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events, a P Cygni pro�le was present. Unfortunately, their paper does not provide
data for other spectral lines, so it remains speculative whether the imprint of the
event could be see n in wind-sensitive lines, since H� shows stellar wind feature.

In contrast to HD 207260 the di�erence is seen in spectra of HD 223960 obtained
on October 30 and December 17, 2013 (Fig. 3.14). Usually HD 223960 exhibits
H� line in emission, as described in the study by Fischer and Morrison (2001) and
spectrum from December 17. 2013 is consist with it. While in spectrum from October
30. H� manifests complex absorption pro�le (Fig. 3.15). Unfortunately, available to
us data are not enough to any speculation about HVA events. Even if the spectrum
from October is taken during a potential HVA event, the lack of imprint in higher
Balmer lines suggests that there is no peculiar event occurring. Moreover, HD 223960
has the highest radial velocity among the objects under study, around� 49 km s� 1,
which is clearly visible in Fig. 3.14 as a substantial Doppler shift in all the lines.

Figure 3.14: The Temporal Variance Spectrum (TVS) of HD 223960 focusing on
seven selected spectral lines. Bottom panels: the black line represents the averaged
spectrum, while selected composite spectra are illustrated in di�erent colors. Top
panels: the deviation from the average spectra, providing insights into the general
variability observed in each line.

Figure 3.15: Line pro�les of Balmer lines (H� , H� , H
 , H� ) during suspicious event
for HD 223960.
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Table 3.10: The date of the suspicious event recorded for HD 223960.

This study
JD 2456595
Dates Oct 30. 2013
vblue core [ km s� 1] � 91
vblue edge [ km s� 1] � � 500
Depth� 0:95
� Depth (in continuum lvl) of blue-shifted absorption component.

3.7 HD 21291

The spectrum of HD 21291 corresponds to its spectral type B9 Ia. Variability in line
pro�les is detected only for few lines including H� , He I (� 5875, � 6678), and Si II
(� 6347, � 6371) (Fig. 3.16).

The H� line pro�le generally remains stable on a time scale of several days, with
exceptions during HVA events when the pro�le can change from day to day. The
frequency of appearance for all observed H� line pro�les can be seen in Fig. 3.17.

The �rst-ever observation of HVA event for HD 21291 was performed at the Ritter
Observatory. However, only mention about HD 21291 showing peculiar events may
be found in Richardson et al. (2011). The authors listed supergiants for which
spectral time series were acquired at the Ritter Observatory, and noted the presence
of one or more HVA events for some of these stars. Unfortunately, no data regarding
the event for HD 21291 were provided in the publication.

Figure 3.16: The Temporal Variance Spectrum (TVS) of HD 21291 focusing on seven
selected spectral lines. Bottom panels: the black line represents the averaged spec-
trum, while selected composite spectra are illustrated in di�erent colors. Top panels:
the deviation from the average spectra, providing insights into the general variability
observed in each line. Contains only data from Fies and Hermes (2011-2016).
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Figure 3.17: H� line pro�le morphology histogram for HD 21291. Only one pro�le
per night is accounted for.

The analysis of D700, FIES, and Hermes spectra did not reveal the presence of
an HVA event for HD 21291. However, SONG data allowed to trace �nal part of an
HVA event in September/October 2016. In the SONG time-series, the event ended
on October 7th, 2016, and after 11-days interval, the time-series continued with
HERMES data where the event disappeared. It is important to note that there was
no signi�cant blue-shift (around � 10 km s� 1) in the H� line core, so the blue region
in the second section of Fig. 3.18 represents the blue wing line asymmetry, which
remained even after the measurable signatures of the event disappeared. Hence, it
is assumed that the duration of the event was more than8 days.

Figure 3.18: Dynamical spectrum of H� , and H� line, from top to bottom respec-
tively, for HD 21291 combined from SONG (�rst and third color section) and HER-
MES (second color section) spectra.
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The detailed view on the line pro�les from the 2016 event is presented in Fig. 3.19,
and the measures of H� line are listed in Tab. 3.11. Unfortunately, the higher Balmer
lines, except for H� , are not covered by the SONG spectra, so the event cannot be
traced in these lines.

Figure 3.19: H� (upper panels) and H� line pro�les of HD 21291 taken during HVA
event in September/October 2016.

Table 3.11: Estimated velocities and intensities of H� during HVA event recorded
for HD 21291 in September/October 2016.

Velocity [ km s � 1]
JD max. depth [cont. lvl]

blue-edge blue-shifted core
2457660:5 0:62 � 305:4 � 103:2
2457661:6 0:62 � 304:8 � 103:7
2457663:5 0:64 � 303:6 � 102:6
2457664:6 0:66 � 368:6 � 103:5
2457665:6 0:69 � 359:8 � 102:4
2457666:6 0:70 � 361:8 � 102:2
2457667:5 0:73 � 354:3 � 102:3
2457668:5 0:76 � 358:7 � 102:4

3.8 HD 34085 (Rigel)

At the outset of studying HVA events (Kaufer et al., 1996a; Kaufer et al., 1996b),
only three supergiants, including Rigel, contributed to initiating the ÿhunt" for this
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phenomenon.
The �rst identi�ed HVA events for Rigel can be found in the study by Kaufer et al.

(1996b). In particular, two events were identi�ed, one strong in 1993 and the second
weak just several months later in 1994, suggesting that such structures may persist
across the star's rotational period (Prot = 93 days). However, no suspected behavior
was observed in 1995, leading to the assumption that events occur sporadically. The
measurements for both events are listed in Tab. 3.12. During 1994 event the blue-
edge velocity of� 278 km s� 1 even exceed the wind terminal velocity (see Tab. 2.2).
In both cases (events in 1993 and 1994) the event was also identi�ed in higher Balmer
lines, but as the authors emphasize, it was blended with photospheric lines. The 1993
event was simultaneously analyzed by Israelian et al. (1997), who found its maximum
a day before Kaufer et al. (1996b). Israelian et al. (1997) especially highlighted the
appearance of a red-shifted emission peak, which was found around200 km s� 1 and
is assumed not to be related to extended emission wings (see Chapter 3.10). The

Table 3.12: Characteristics of HVA events recorded for� Ori.

Kaufer et al. (1996b) Kaufer et al. (1996b)
Israelian et al. (1997)

JD 2449294� 2449316 2449403:5
Date Nov 2.-24. 1993 Feb 11. - 23. 1994
vblue core [ km s� 1] � 115 � 139
vblue edge [ km s� 1] � 238 � 278
Depth� 0:54 0:80
Duration of event [d] > 22 40

Morrison et al. (2008) Shultz et al. (2014)
Chesneau et al. (2014)

JD 2454038� 2454046 2455167� 2455177
Date Oct 29. - Nov 6. 2006 Dec 1. - 11. 2009
vblue core [ km s� 1] � 200 � � 110
vblue edge [ km s� 1] � 390 � � 160
Depth� � 0:77 � 0:95
Duration of event [d] > 8 > 10

Chesneau et al. (2014)
Kaufer et al. (2012)
Shultz et al. (2014)

JD 2455240� 24552865
Date Feb 12. - Mar 9. 2010
vblue core [ km s� 1] � � 160
vblue edge [ km s� 1] � 200
Depth� � 0:85
Duration of event [d] > 25
� Depth (in continuum lvl) of blue-shifted absorption component.

study by Morrison et al. (2008) also reports observing an HVA event. Besides several
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weak events, one strong event in 2006 was identi�ed with comparable properties to
the one reported by Israelian et al. (1997). As previously mentioned in Kaufer et al.
(1996a), the H� line tended to be found in an inverse P Cygni shape just before and
after the events. The same was observed by Morrison et al. (2008), who found that
the H� line exhibited an inverse P Cygni shape after the event, and by Shultz et al.
(2014), who, on the other hand, reported that a weak HVA event observed in 2009
was also preceded by an inverse P Cygni pro�le.

Within this study the largest sample of spectra was obtained and analyzed for
Rigel. However, as mentioned in the Section 3.1.1, the sample contains heterogeneous
data obtained with di�erent instruments. Due to this some interesting lines were not
always covered by spectral range. Additionally, in some spectra, certain lines were
included but found at the edge of the aperture, making their extraction impossible.
Therefore, most recorded events are only shown in the H� line.

Indeed, Rigel stands out as the supergiant with the most recorded HVA events,
not only within the scope of this thesis but also in general among studies that discuss
the appearance of extraordinary events (e.g. Kaufer et al. (1996a), Morrison et al.
(2008), Israelian et al. (1997), and Chesneau et al. (2014)). The large amount of
recorded events can be attributed to Rigel's status as one of the brightest supergiants,
making it a prime and easily observable target. Consequently, regular observations
contribute to the detection of numerous events associated with Rigel.

The only HVA event that could be traced in higher Balmer lines occurred in
February/March 2014. The corresponding residual dynamic spectra can be found in
Fig. 3.22 for the H� , H� , H
 , H� line.

A clear delay is evident in these plots as the event propagates through the at-
mosphere, with the event �rst appearing in the bottom (in the H� line) and then
observed at the very end in the most upper part (in the H� line). While the most
dramatic changes in pro�le are observed for the H� line, in the higher Balmer lines,
it only alters as blue-wing asymmetries.

Figure 3.20: The Temporal Variance Spectrum (TVS) of HD 34085 focusing on seven
selected spectral lines.Bottom panels: the black line represents the averaged spec-
trum, while selected composite spectra are illustrated in di�erent colors.Top panels:
the deviation from the average spectra, providing insights into the general variability
observed in each line. Contains only data from Fies and Hermes (2011-2016).
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Figure 3.21: H� (top), H� (middle), H
 (bottom) line pro�les of Rigel taken during
HVA event in February/March 2014.

A detailed view of the time evolution of the line pro�les of H� , H� and H
 can be
seen in Fig. 3.21. Additionally from these plots, the delay in the appearance of the
event's maximum is also clearly discernible. Particularly, the H� line pro�le captured
at the maximum of the event (third panel in top row of Fig. 3.21) appears to exhibit
the same shape as observed by Kaufer et al. (1996b), Israelian et al. (1997), Rother
(2009), and Morrison et al. (2008).

Moreover, two selected photospheric lines were also examined (see lower panels
of Fig. 3.23) with the aim of �nding the imprint of the event, similar to the case of
HD 199478. However, no sign has been identi�ed, thus we assume that the Rigel's
photospheric lines remain untouched by the event.



42 Chapter 3. Analysis of Archival Data

Figure 3.22: Dynamical spectrum of H� , H� , H
 , H� line, from top to bottom
respectively, for Rigel taken during HVA event in January/March 2014.

Figure 3.23: Dynamical spectrum of He I� 5876(top) and Si II � 6347(bottom) lines
during HVA event in February/March 2014.

The analysis of the last obtained data set from the Fairborn Observatory com-
pleted the HVA event from 2014 in the H� line. Fig. 3.24 presents entire event,
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where the additional data revealed the presence of a weak event just a couple of days
before the strong one appeared.

Figure 3.24: Dynamical spectrum of H� line during HVA event in January/March
2014.

Figure 3.25: Equivalent widths of H� line measured across whole observational period
from February 1992 to February 2019.

Figure 3.26: Dynamical spectra of H� line during HVA event in February/March
1994 (top) and December 2011/January 2012 (bottom).

The behavior of H� line was also traced via equivalent widths. The measurements
across a whole observational period are shown in Fig. 3.25 with a detailed view on
Fig. 3.27 - 3.29. As the strength of pro�le increase while the event evolves towards its
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maximum and decrease when going back to normal, HVA events are also identi�ed as
peaks mainly in blue part of the line exceeding1:0�A in EW. Additionally, oscillations
in EW with the period of � 11 years may be clearly identi�ed from Fig. 3.25.

Figure 3.27: Zoomed part of Fig. 3.25.
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Figure 3.28: Zoomed part of Fig. 3.25.
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Figure 3.29: Zoomed part of Fig. 3.25.
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Figure 3.30: Dynamical spectra of H� line during HVA event in February/March
1994 (top) and December 2011/January 2012 (bottom).

(a) February 2001 (b) November 2006

Figure 3.31: H� line pro�les were taken during HVA events of 2001 (left) and 2006
years.

Based on the frequency of HVA event occurrence, it is reasonable to assume that
the HVA event in 1994 (top panel of Fig. 3.30) is the same event previously identi�ed
by Kaufer et al. (1996a) and Israelian et al. (1997). While the 2006 event (right panel
of Fig. 3.31 ), it may be considered a small fraction of the event previously analyzed
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by Morrison et al. (2008) and Chesneau et al. (2014), with the measurements of both
listed in Tab. 3.12.

As seen from bottom panel of Fig. 3.30 the HVA event in 2011-2012 was weak.
At the onset of the event H� was found in a P Cygni shape, while the event was
enclosed by an inverse P Cygni pro�le with the absorption component stronger than
the one observed during the preceding HVA event.

3.9 HD 197345 (Deneb)

Based on the previously published results by Richardson et al. (2011) regarding
the events observed in Deneb's spectra, it appears that Deneb sets the lower limit
for the temperature of objects that could potentially exhibit HVA events. This
assertion is primarily derived from the rarity of events observed in Deneb compared
to other supergiants. Despite Deneb being considered rare in terms of these events,
the analysis revealed the presence of HVA events. One event was identi�ed in two
snapshots taken within a single observational night by FIES (see the top two lines
in Tab. 3.13) in September 2010, and the second event with a duration of more than
105days was detected in a six-year campaign from 2017 to 2023 using D700 with its
measures listed in Tab. 3.13.

The majority of spectral data for Deneb were acquired using the D700 spec-
trograph, with only two observational nights available from the IACOB database.
Conversely, the Temporal Variability Spectrum (TVS) composed of IACOB spectra
can be seen in Fig. 3.32.

Figure 3.32: The Temporal Variance Spectrum (TVS) of HD 197345 focusing on
seven selected spectral lines.Bottom panels: the black line represents the averaged
spectrum, while the composite spectra are illustrated in di�erent colors.Top panels:
the deviation from the average spectra, providing insights into the general variability
observed in each line.
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Table 3.13: Estimated velocities and intensities of H� during HVA event recorded
for HD 197345 in September 2010 and June-October 2020.

Velocity [ km s � 1]
JD max. depth [cont. lvl]

blue-edge blue-shifted core
2455449:3 0:66 � 559:9 � 90:2
2455449:3 0:66 � 523:0 � 90:2
2459027:4 0:67 � 276:9 � 92:4
2459042:3 0:68 � 279:0 � 82:8
2459043:3 0:68 � 298:0 � 85:5
2459054:3 0:77 � 296:3 � 90:8
2459056:6 0:74 � 308:0 � 88:2
2459057:3 0:74 � 307:2 � 87:5
2459073:3 0:68 � 287:9 � 67:0
2459112:2 0:56 � 303:2 � 86:0
2459113:2 0:55 � 312:1 � 85:5
2459114:2 0:54 � 313:2 � 85:2
2459117:2 0:52 � 306:3 � 80:7
2459125:4 0:49 � 303:4 � 83:8
2459131:2 0:50 � 317:0 � 77:1
2459132:2 0:50 � 335:0 � 78:6
2459132:3 0:50 � 322:1 � 78:7
2459132:4 0:50 � 301:5 � 79:4

With the aim of tracing the event in photospheric lines, the equivalent widths
(EWs) for H� and other lines (see Fig. 3.33) together with radial velocities were
measured. In particular, the event can be observed in Fig. 3.33 at the right edge of
the middle blue region where the EWs of H� exceed1:5 �A, suggesting that the event
was still evolving towards its maximum.

A slight imprint of the event is seen in the EWs of the Si II lines (middle panel
of Fig. 3.33, both in green color), but no sign of an extreme event was identi�ed in
the radial velocities.

Regarding the EWs in Fig. 3.33, it is important to note that in about one-half
of the spectra, the Fe II � 6517 line is surrounded by two unidenti�ed weaker lines
at both wings. The presence of neighboring lines makes the estimation of radial
velocities impossible. Consequently, the equivalent width is also a�ected by their
presence.
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Figure 3.33: Equivalent widths of H� (top panel); Si II, Fe II and He I (middle panel)
and radial velocities of Si II, Fe II and He I (bottom panel) measured across whole
time-series from 2017 up to 2023. Each region with background color marked also
by number in top panel is then shown zoomed in following Fig. 3.34 - 3.36.
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Figure 3.34: Zoomed parts1 and 2, from top to bottom respectively, in Fig. 3.33.
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Figure 3.35: Zoomed parts3 and 4, from top to bottom respectively, in Fig. 3.33.
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