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Abstrakt

HD 21389 je veleobr spektralniho tgidy A, ktery patai mezi prominné hvizdyaypu
Cyg. Pgesto¥se je hvizda HD 21389 ji% vice ne% sto let pozorovana, stéle se o ni z jejich
spekter dozvidame nové poznatky. Cilem této prace je shrnout informace o této hvizdi
a doplnit je o vysledky analyzy spekter, pogizenych mezi lety 2017 a¥s 2022, ve viditelné
oblasti Perkovym 2m dalekohledem a 1.5m dalekohledem AZT-12 v Estonsku.

Abstract

HD 21389 is an A-type supergiant star that belonga ©yg variables. However, this
star undergoing continuous observation for more than one hundred years still reveals new
ndings. This thesis aims to summarize information about this star and expand them for
our results based on the analysis of spectra taken from 2017 up to 2022 in the optical region
by Perek 2-m and AZT-12 telescopes.
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Introduction

Based on strength of absorption lines the stars were systematically divided into 7 classes
named by letters (O, B, A, F, G, K, M). Later it turned out that this was not enough and
therefore each sequence has been subdivided by numbers (02, 03..., 09, B0, ...) where
the hottest stars belong to 0 and cooler to 9 - excluding the O sequence which starts by O2.
They are often designated as early (hotter) or late (cooler) type stars. Moreover, the stars
are assigned with the luminosity clasa’(, la, lab, Ib, II, llI, ..., VII).

B- to A-type supergiants (la) are massive stars bright enough to be easily observed
even at a large distance. The complex physics of their atmospheres makes them interesting
objects for further study not only in this eld but also for stellar evolution in the upper part
of the H{R diagram, asteroseismology, and galactic physics with regard to the study of the
ionized H Il regions.

Late B- and early A-type supergiants are known for decades to show variability in
brightness and radial velocities. However, this group of stars undergoing continuous
observation, the mechanism responsible for such changes is not well understood. In a way
to better understand and describe the mechanism a detailed and continuous study of an
early type supergiants is required.

This study presents results based on ve years of spectroscopic observation of A-type
supergiant HD 21389. Optical spectra mainly in tha Hegion were taken by Perek's
2-meter telescope at the Astronomical Institute of Czech Academy of Science and AZT-12
1.5-meter telescope at the Tartu Observatory which belongs to the University of the Tartu
in Estonia.

HD 21389 has been observed for the rst time to show variability more than one
century ago. Since that time undergoing continuous spectroscopic observation and still
reveal new ndings on the variability of supergiants. This star is a member ©¥qg
variables which main characteristics are described in the rst chapter together with its
physical characteristics and overview of past observations.

First chapter is then followed by the description of spectral data proceeding and it is
supplemented by information about the instruments used for data collection.

In the third chapter, which is the last one, the spectral data analysis is discussed. H
line as the most extensively studied spectral line shows the complex structure, which is
typical for supergiant stars. Although this star has been observed many times in the past,
no one ever mentions the presence of an extended emission feature around Balmer lines,
which is most prominent aroundaH Moreover, this study discusses observed variability
in the strength of this emission feature. Lines' pro le variability and variability in radial
velocities of selected lines are analyzed with a possible sign of binary character.

We believe that our results may be useful for further studies of these rare stars.

{1{






Chapter 1

HD 21389 as One of the Deneb Type
Variables

1.1 Massive Stars and Deneb Type Variables

Massive stars are stars with initial masses betwglh and150M that are spread in

the upper part of the Hertzsprung{Russell (H{R) diagram. Such stars form a degenerate
iron core that eventually leads to an explosion of a core-collapse supernova (SN), a long-
lasting gamma-ray burst (GRB), or a direct collapse into a black hole. Massive stars in
comparison to Sun-like stars have a much shorter lifetime ranging from units to several tens
of Myr, which made them quite rare. Their fast passage through H{R diagram, from Main
Sequence to Red Supergiants (RSGs) or Wolf{Rayet stars (WR) depending on initial mass.
During their evolution may cross stages Blue supergiants (BSG), Luminous Blue Variables
(LBVs), and even the Yellow Hypergiants (YHGS) phase. After leaving Main Sequence
they starting show variability where some of them manifest themselvasGgni type
variables.

Deneb Type Variables

a Cygni (a Cyg), also known as Deneb, is a high luminous star of A2 la spectral type.
It exhibits low amplitude photometric variabilitpy ~ 0:1mag and variability in radial
velocity with period 1.2 - 100 day (Catelan and Smith 2015). Its position in the night sky
makes Deneb (in the northern hemisphere it may be observed for almost a whole year) one
of the most studied A-type supergiants. With its speci c type of variability, Deneb became
the prototype of a group of stars showing similar behavior knowen @gg variables.

For this class of objects, the variability in line pro les is typical, especiably (H 6563
shows changes in the shape of the prole and its strength. The behavioa afa
be attributed to the star's rotation variability with additional stellar wind modulation
(Kaufer, Stahl, Wolf, Gaeng, Gummersbach, Kovacs, et al. 1996). Photospheric lines
reveal a special pattern of spectral variability too pointing to cyclic variations in radial
velocities, which are still thought to be caused by stellar oscillations. This possibly indicates
simultaneous excitation of pulsation modes typical by period for non-radial oscillations and
radial overtones (Achmad, Lamers, and Pasquini 1997). Simultaneous spectroscopic (Lucy

{3{



4 Chapter 1. HD 21389 as One of the Deneb Type Variables

1976) and photometric observation (Fath 1935) point to a correlation between changes in
the brightness and variability in radial velocities of Deneb.

The variability of those stars is signi cantly stronger on timescale and in amplitudes
toward the lower temperatures, which is why it is easier to observe these processes in
A-type supergiants (Lefever, Puls, and Aerts 2007). However long time scales and low
amplitudes indicating these variables are responsible for further work which needs to be
done to characterize the nature of the variability of this class. Today's knowledge about
the mechanism underlying the variability of such stars is still not well understood.

As an explanation of variability observed in Deneb the non-radial oscillations are essen-
tial. The study of Deneb was advanced by Lucy 1976 where the multiple modes oscillations
are discussed in connection to low-frequency gravity modes (g-modes) pulsations. H. Saio
et al. 2006 found g-mode pulsations trapped in a convective zone just above the H-burning
shell as a possible source of long periodic oscillations in HD 163899. Although this star
Is now classi ed as Slowly Pulsating B-type Supergiant (SPBsg), it has been included in
a Cyg variables. Also foa Cyg, the investigation by Gautschy 2009 gives the evidence
of sub-photospheric convective zone (found in massive stars in the post-main sequence
phase) causing the variability.

Figure 1.1: H{R diagram showing position of sampleafCyg variables and SPBsg.
Taken from Gautschy 2009.

Moreover, the occasional appearance of deep and highly blue-shifted absorptions,
known as high-velocity absorption events (HVAS), was detected for af@yg variables.
The kinematic properties of the HVAs are completely different from those of Discrete
Absorption Components (DACs) observed in the ultraviolet spectra of O-type and early B-
type mass-losing stars. Similar scenario consisting of large-scale wind structure grounded
in the photosphere was suggested to clarify their appearance and development (Markova
etal. 2008).a Cyg variables with HVA events are rare, and occasions of HVAs' appearance
are just a little studied.

The positions of Cyg variables in the H{R diagram (Fig. 1.1) is consistent with pre-
and post-red supergiant phase (Hideyuki Saio, Cyril Georgy, and Georges Meynet 2013).
However, their observable pulsation modes may be the evidence that the star already passed
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through the red supergiant stage during which lost a signi cant amount of mass due to the
strong stellar wind.

1.2 Biography of HD 21389

HD 21389 is an evolved supergiant star located in the Camelopardalis constellation. Its
stellar parameters are listed in Tab. 1.2. Now it is included in a list of Galacigg
variables (e.g. Strai%ys and Laugalys 2007) and it is not that long since HD 21389 was
assigned as a member of the OB1 association in Camelopardalis (Lyder 2001).

OB1 Association in Camelopardalis

Association Cam OB1 was identi ed for the rst time by Morgan, Whitford, and Code
1953. The size of the OB1 Cam association seems to be scatteretRinto latitude

and abouf4 in longitude. The study by Strai%ays and Laugalys 2007 revealed that the
association consists of three independent subgroups Group A, Group B, and Group C
formed by the open cluster NGC 1502. HD 21389 belongs to Group A, where illuminates
the reflection nebulae vdB15. Except for this one Group A contains another nebulae vdB14
and ionized region of H1l Sh 2-202. In study by Strai%ys and Laugalys 2008 the distance
of association was estimated. By taking the average distance of 26 selected M and K type
stars the result gives an average distancH)d0 210 pg which is very close to the value
estimated based dBaia data for HD 21389 (Tab. 1.2).

History of Observation and Stellar Parameters of HD 21389

Spectroscopic study of HD 21389 began in 1911 when Mr. Young found variability in its
radial velocity. The star was suggested as a spectroscopic binary (Campbell et al. 1911).

Later, in study by Abt 1957 the radial velocities of Sill @028, 4030) and Fell
(I 4508, 4515, 4520, 4522) lines were measured. Radial velocity curves obtained from
these lines have a very similar shape and are shifted relative to each other. It was considered
that during the elapsed observation there is one more maximum at 15.4 day-long interval,
then the period is about 7.7 days. Moreover, the study by Percy and Welch 1983 revealed
the period of photometric variability of this star between 6 to 15 days which is close to
what was derived from spectroscopic data by Abt 1957.

A few A-type supergiants were subjected to a study by Aydin 1972. Based on the results
of observed changes for all investigated supergiants the pulsations of a complex character
were suggested. In the case of HD 21389 the investigation of radial velocities of Balmer
lines revealed the contraction phase of its atmosphere. Also, variability in metallic lines
was found. Afterward, this has been con rmed by many other studies (e.g. Denizman
and Hack 1988; Maharramov and Baloglanov 2015; Zeinalov and Rzaev 1990a). The
atmosphere of HD 21389 is suspected to be in the contraction phase at some epoch and
expansion phase at another epoch.
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Parameters Values References
Names HR 1040,
CE Cam, [3] accessed September 20, 2021
BD+58 607
Observed Parameters
RA J2000 3"29"54:75  Gaia Collaboration 2020
DEC J2000 58°5243.8° Gaia Collaboration 2020
My [mag] 7:56
V [mag] 4:54 Ducati 2002
B [mag] 5:10 Ducati 2002
Spectral Type A0 la Lyder 2001

Parallax [mas] | 0:930 0:119 Gaia Collaboration 2020
Estimated Parameters

Tett [K] 9730 Verdugo, Talavera, and Gomez de Castro 1999b

M[M ] 19.3 Verdugo, Talavera, and Gémez de Castro 1999b

R[R ] 97 Verdugo, Talavera, and Gomez de Castro 1999b

logL=L 4.87 de Jager, Nieuwenhuijzen, and van der Hucht 1988

logg[cgs] 1.7 Takeda and Takada-Hidai 2000

Vesc[km s 1] 233 Talavera and Gomez de Castro 1987

v sini[km s 4 53 Verdugo, Talavera, and Gomez de Castro 1999b

MM yr Y] 4:2 10 7 Barlow and Cohen 1977

Distance [pc] 954"328  Bailer-Jones, Rybizki, Fouesneau, Mantelet, et al.
2018

Distance [pc] 1084 123 Bailer-Jones, Rybizki, Fouesneau, Demleitner, et
al. 2021

Table 1.1: Stellar parameters for HD 21389.

Rosendhal 1973 studied mairt§a line in early-type stars and for HD 21389 noted
double-peak emission and in connection to metallic line variability, has been observed
asymmetry in lines' pro le of He 1( 6678.

Particularly interesting is the estimation of mass loss kateom free-free emission at
10mm by Barlow and Cohen 1977, who used Eq. 1.1 derived by Wright and Barlow 1975.
For HD 21389 the value ofy was interpolated from values 40 supergiants, already
published by Snow and Morton 1976, which are typical velocities of the short-wavelength
edges of the P Cyg absorption part of lines in the ultraviolet region.

My S,48D3=2

M= O:OQSW; (1.2)
where$, is the free-free flux at frequenay, D is distance in kpcd82kpg, mis the mean
atomic gas weigh# is the mean ionic charge of the ggss the mean number of electrons
per ion andg(n;T) is the Gaunt factor. In this case= 1:26, Z = 1.0, andg = 1.0.
Values of the Gaunt factay(n; T) were taken from Karzas and Latter 1961, where wind
temperature was identi ed with effective temperature of the star. For HD 21389 the value of
vy was interpolated from values &0 supergiants, already published by Snow and Morton



Chapter 1. HD 21389 as One of the Deneb Type Variables 7

1976, which are typical velocities of the short-wavelength edges of the P Cyg absorption
part of lines in the ultraviolet region. In 1978 the star has been rst observed in the
ultraviolet region by International Ultraviolet Explorer (IUE) space observatory (Praderie,
Talavera, and Lamers 1980). TaeCyg was included among the observed objects. From
line pro le comparison (Mg I, Sill and C Il) between HD 21389 aadCyg the mass loss
rate was estimated to the orderldf 8M  yr 1. The value oM is consistent with results
predicted by Kunasz, N. D. Morrison, and Spressart 1983. Based on computed pro les
for Mgl (1 2802 they published thatl < 1:5 10 1M yr !is excluded because line
became optically thin in the wind, on the other havid> 8:5 10 8M yr 1is possible,
but not explored to be consistent with Mgl pro le.

Based on observations taken from 1977 to 1987 Denizman and Hack 1988 noted two
different pro les ofHa line. Blue shifted absorption with highly variable pro les without
any emission component, which were taken during one night. And double-peak emission
with a central absorption component. Variability was recorded in radial velocities and
mainly in lines' pro le of Hb, which shows double-peak absorption and from time to time
is more or less symmetric. First spectrataken during one night present a possible expansion,
although those which were obtained within one day point to a moderate contraction phase.
Later it turned back to the expansion.

This star presents a complex structure @f khe pro le. Zeinalov and Rzaev 1990a
tried to systematically describe the evolution of the khe pro le over time. Based on
about a dozen spectra they proposed two scenarios:

(1) absorption pro le turns to P Cyg and it changes to an inverse P Cyg pro le, nally it
goes back to pure absorption

(2) absorption pro le changes to an inverse P Cyg, it turns to a normal P Cyg and back
to the absorption

Denizman and Hack 1988 studied spectra of three white supergiant stars including
HD 21389. Observed asymmettita line pro les showed expansion phase and similar
rapid variability was found in line pro le and radial velocities ofoHwhich was also
con rmed by Verdugo, Talavera, and Gomez de Castro 1999b. In additiorbfdind was
reported to have faint emission wings Gray and Garrison 1987.

In 1999 Verdugo, Talavera, and Gomez de Castro 1999b estimated thevimafss
HD 21389 using interpolation between evolutionary tracks by Schaller et al. 1992 for solar
metallicity and assumption that A-type supergiants have evolved straight away from the
main sequence. And radius was calculated from

Mpol = 42:31 5IogRE 10logTes: (1.2)

Inway to nd a tting value of Tes andlogg the method laying in searching for convergence

of infrared flux, equivalent widths of Balmer lines, Balmer discontinuity and ionization
equilibrium in Teg vs logg plane was applied. It was done in correspond to modeled
spectra (generated by ATLAS 9) without account of highly structured envelope which is
typical for A-type supergiants and also crucial because processes related to existence of
circumstellar envelope are expected to be relevant.
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Corliss, Nancy D. Morrison, and S. J. Adelman 2015 performed the most compre-
hensive study of spectral variability of HD 21389 for today. They analyzed 152 spectra
obtained with a 1-m telescope of Ritter Observatory between 1993 and 2007. This study
also presents results of photometric observation which was in some seasons simultaneously
covered by spectroscopic observation. Photometric changes of HD 21389 are of course
strongly tied to its active phases, thus the star in quiescent ones shows less variability.

Maharramov and Baloglanov 2015 investigated mainly the behavioadit! Ho line.

In addition for this star the radial velocities of Na | D§890;5896 lines were measured.
Both Balmer lines revealed changes in lines' pro les, whereas the pro leafitactive
phases was associated with asymmetries in the pro le of Nal D.

The value of absolute stellar magnitutie, (in Tab. 1.2) was calculated from the

distance modulus including extinction

My =my 5logr+5 Ay; (1.3)
where extinctioAy = 311 Eg )= 31 [(B V) (B V)g]andcolorindexB V)o=

0:06 magwas taken from here corresponding to AO type supergiants.

Evolutionary Phase and Location in Hertzsprung{Russell diagram

Characteristics Pre-red supergiant stage | Post-red supergiant stage

Age
(comparison with 11.8 Myr 12.4 Myr

: time to reach the RSG stage time to leave the RSG stage
age estimated from : .
(estimated from stellar (estimated from stellar
cluster or : .
- evolutionary models evolutionary models
association : : . :
according to its mass) according to its mass)

membership)

due to internal mixing and
: mass loss during the
comparable with solar . .
abundances red superglant stgge their
Abundance surface will be enriched by
already processed CN O
H=0.68 He=0.30 N3 10 3 | H=0.55 He=0.44 N#:7 10 2
C=1 10 30=4:6 10 3 C=5:2 10 40=3:4 10 3
Pulsations almost no radial pulsations many radial and non-radial
(a Cyg variables) are excited pulsations are excited

Table 1.2: Comparison of stellar characteristics in two stages { pre- and post-red supergiant
stage. Age and abundances are taken from Geneva evolution track for starmith [4]
accessed April 17, 2022

Association membership, pulsations, and chemical composition of the atmosphere can
help us to better understand an actual evolutionary stage of a star. Depending on the type
of this star it can be said that it is somewhere in the red supergiant evolutionary stage or

close to (pre- or post-red supergiant evolutionary stage).
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Figure 1.2: Modeled stellar evolutionary tracks of stars with initial masses dfl 10
12M ,15M ,18M ,20M , 22M and 25M . The maroon dot represents the
position of HD 21389 in H{R diagram. Tracks were computed with mass, metallicity
(Z= 0:014= Z ) and rotation rate\ Wit = 0:568 as an input parameters. Data are
available here and were published by Ekstrom et al. 2012.

During the persistence on the RSGs stage the changes in atmospheric abundances are
expected. In the study by Corliss, Nancy D. Morrison, and S. J. Adelman 2015 the N/C and
N/O ratios were estimated and compared with the the Sun. In compariso€yg which
is referred to be in the post-red supergiant stage by Przybilla et al. 2010 are the values
for HD 21389 similar to the solar values which suggested that HD 21389 is in pre-red
supergiant stage.

According to C. Georgy, H. Saio, and G. Meynet 2014 most Deneb type variables
exhibit a few pulsation modes during their rst crossing, while much more pulsation
modes are excited during the second crossing of the H{R diagram.

To summarize, the evolutionary stage of HD 21389 according to its atmospheric abun-
dances and pulsational characteristics this star has not undergone the internal mixing in
the red supergiant stage, and its pulsations don't point to the presence of multiperiodic
behavior. So HD 21389 is probably evolving right in its rst crossing which is consistent
with the position of the Deneb type variables in the H{R diagram.






Chapter 2

Observations and Spectral Data
Reduction

2.1 Telelescopes and Instruments

Spectra used for this thesis were obtained with Perek's 2-meter telescope of the Astronom-
ical Institute of the Czech Academy of Sciences and the 1.5-meter telescope AZT-12 of
Tartu University, Estonia. Both telescopes are seen in Fig. 2.1.

Refractor AZT-12 is a 1.5-meter telescope is located at Tartu Observatosyanére.
Its parameters make it the largest telescope in Northern Europe. The telescope was installed
between 1974 and 1975. Since 1976 is still actively used for astronomical observations
mostly by researchers of the Department of Stellar Physics at the Tartu Observatory.

Perek's 2-meter is the largest telescope in the Czech Republic. The telescope is
operating since 1967 and it is still used for scienti ¢ observations mainly research in the
Czech Republic. Since the telescope is in operation, passed through many upgrades. Going
back to 2007 the driving electronics were replaced by the modern ones. In 2009 the mirrors
were recoated. During 2019, due to decreasing ef ciency of the optical system, the optical
con guration was changed. After this improvement, the light travels from the primary
focus through optical bers. [1] accessed September 20, 2021

Observations of HD 21389 by Perek's 2-meter telescope were carried out with two
spectrographs: Ondgejov Echelle Spectrograph (OES) (Kabath et al. 2020; Koubsky et al.
2004), and Single order spectrograph (D700) (Slechta and Skoda 2002). For observations
with AZT-12 in Teravere longslit spectrograph ASP-32 was used.

Ondgejov Echelle Spectrograph (OES)

OES is a bre-fed high-resolution spectrograph installed separately from the telescope
in a room with a stable temperature. As it is mentioned above, the light goes from the
primary focus through optical bers to the coudé room. It is reflected there to an echelle
grating. Then the optical mirror reflects the light further to an equilateral prism. After
orders are separated go to the detector. Detector itself is nitrogen-cooled to a working
temperature 110°C. One bre is independently used for the flat eld calibration lamp
and Thorium-Argon lamp. The wavelength coverage of the spectrograph is from 3750 to

{114



12 Chapter 2. Observations and Spectral Data Reduction

9200A, with a resolving power of about R= 50 000 and spectral sam@iag=mm [2]
accessed September 20, 2021.

(a) Perek (b) AZT-12

Figure 2.1: Photos of (a) Perek 2-m telescope and (taken from [9] accessed November 30,
2021) and (b) AZT-12 1.5-m telescope (taken from [6] accessed November 11, 2021.

D700 Spectrograph

Single order spectrograph or D700 spectrograph is also (as OES) bre-fed spectrograph

with medium resolution (R13000). It is working in two spectral orders, the rst one

is going from green to near IR with wavelength cover&@®0 8900A and the second

order from near UV to blue covers the rang@00 5100A. Spectral range is covering
500A adjustable by grating rotation. For data in this study the aBg25 was used.

Resulting spectrum then cover the range freg635A to 67360A. The spectrograph

is completted with detector PyLoN 204812BX with liquid nitrogen-cooled working

temperature 115°C. (Slechta and Skoda 2002, [7] accessed Mars 18, 2022)

Longslit Spectrograph ASP-32

In the time of mid-80, the AZT-12 telescope was equipped with the long-slit spectrograph
ASP-32. The spectrograph is attached directly to the Cassegrain focus and it moves
together with the telescope which brings also some disadvantages of taking comparison
frames (they must be taken in each position of the telescope). With 10 gratings it can cover
the range from 3000 to 11 00%. Its detector is thermoelectrically cooled t80°C. [5]
accessed November 7, 2021
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2.2 Data Reduction

Data reduction of ASP-32 spectra and OES spectra was done using Image Reduction and
Analysis Facility (IRAF) software, while reduction of D700 spectra was performed using
IDL-based package, which includes all standard steps which are discussed in the following
section.

2.2.1 Data Reduction in IRAF

The IRAF is a software designed for scienti ¢ data reduction and analysis using a command-
line interface. Itis a product of National Optical Astronomy Observatories and was mainly
developed for astronomers but later on has been found as a useful tool for general image
processing across different branches.

Due to obtaining data via charge-coupled device (CCD) and of course, the observation
is taken from Earth, the raw data includes some defects such as bad pixels, pixels with
different sensitivity, noise from electronics, cosmic rays, etc., and those flaws must be
removed before further analysis.

Cosmic ray removal and bad pixels correction

The very rst step is to remove pixels that were saturated by the impact of high-energy
particles. Because obtaining spectra of weak targets takes a long time, it is necessary to
clear those frames from pixels that are not affected by the star itself. In the nal image
emission lines which aren't natural to the object may appear. In the case of OES spectra,
the cosmic rays correction is done only with bias, flat, and object frames. Comparison
frames can be damaged by this step. Asitis seenin Fig. 2.2 some lines used for wavelength
calibration may be deleted. This step was partially done in IRAF, most cosmic rays were
subtracted via DCR freely available from here.

Asitis seenin Fig. 2.4 panel (a) some columns or even single pixels are bad, in the way
to x that the 'badpixel mask' (basic text le with a list of known bad pixels or columns)
is applied on all frames.

Although frames from OES and ASP-32 are visually different, proceeding steps are
very similar. The advantage is that raw frames taken by ASP-32 (in Fig. 2.3) do not cover
such an area as echellograms, which means that there is a lower probability to be attacked
by high-energy particles. So for that reason only object frames with exposure t666s
are corrected for cosmic rays.

Bias combine and correction

Bias is a frame with zero exposure time which reflects noise from electronics.

Usually, 10 or more bias frames are taken during one observation. From bias data sets
only good ones (selection is done according to standard deviation and visual comparison)
are used for further reduction. Most important is the stability of all frames. Since we
have a satisfactory set of biases, they are averaged. The result produces 'masterbias’ frame
which is used for further reduction. During this procedure, bad pixels are deleted.
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