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ABSTRACT. The research is devoted to the study of the
life and work of the outstanding Ukrainian astronomer-the-
oretician Kostyantyn Savchenko (1910-1956), who
worked in the field of celestial mechanics and dynamic cos-
mogony at the Kharkiv and Odesa astronomical observato-
ries in 1930-1950 years. As a result of historio-graphic
analysis, we found that till now there is no comprehensive
study of his scientific biography besides several publica-
tions related to certain facts of his life and activity, mostly
in the Odesa period, including the reminiscences by Prof.
V.K.Abalakin. Despite this, the vast majority of aspects of
the scientist’s life, including his scientific and teaching ac-
tivity in the Kharkiv period in 1930s, remains unexplored.

The astronomer's scientific work was devoted to the study
of the motion and rotation of celestial bodies with variable
masses, the exploration of the perturbations of the planets by
geometry methods, research of the physical nature of gravity,
and the development of cosmogonic theories.

We consistently describe the life and activity of Prof.
K.N.Savchenko at the Kharkiv and Odesa astronomical
observatories, the scientific and teaching work at the
Kharkiv State University, the Kherson State Pedagogical
Institute, and the Odesa State University, analyzing the
archive documents and his scientific publications.

Keywords: dynamic astronomy, minor planets, celestial
mechanics, cosmogony, Kharkiv Astronomical Observa-
tory, Odessa Astronomical Observatory.

AHOTAIIA. YV po6oTi onpriTrofHEHO OCHOBHI BiXH KHUTTS
Ta TBOPYOCTI BUJATHOTO YKPAiHCHKOTO acTpOHOMa-Teope-
tuka K.M. CaB4eHKo, KU TpaIfoBaB y ramxy3i HeOecHOi
MeXaHIK{ Ta TUHAMIYHOT KOcMOTOHii. Ha 0CHOBI apXiBHHX
JIOKYMEHTIB HaBeJeHO (akTu 3 Oiorpadii Ta mpoaHaizo-
BaHO OCHOBHI €Taly HayKOBOi pOOOTH aCTPOHOMA, ITPUCBS-
YeHOI IOCTI/KEHHIO PyXy Ta o0epTaHHS HEOeCHHX TiN 3i
3MIHHOIO Macoio, 30ypeHb IUIaHeT METOJaMH TeOMeTpii,
(bi3UIHOT IPUPOIN THKIHHS, PO3POOIT KOCMOTOHIYHUX Te-
opii#i mpo noxomkeHHst COHsYHO{ CUCTEMU.
JloKyMEeHTaJIbHO TiATBEp/UKEHa HAyKOBa MisJIBHICTD
npod. K.M.CaBuenka B XapkiBCchKiil Ta Onmecbkiil acTpo-
HOMIYHHUX 00cepBaTOpisxX, BUKJIaAaIbka podoTa B XapKis-
CbKOMY aepkaBHOMY YyHiBepcuteTi iM. O.M.I'opbkoro,
XepCOHCHKOMY JIep)KaHOMY IEearorivHoMy 1HCTHTYTI Ta
OpnecbKkoMy JiepkaBHOMY yHiBepcuTeTi im. I.I.MeunukoBa,
MIPOaHaTi30BaHO HOro HAyKOBi MyOmiKaItii.

KuarouoBi ciioBa: quHaMiuHa acTpOHOMIsI, Mai IUIAHETH,
HeOecHa MexaHika, KocMOToHiss COHSIYHOI CHCTEeMH, Xap-
KiBChKa acTpoHOMiuHa obcepBaTopisi, Ojiecbka acTpOHOMI-
yHa oOcepBaTopis.

1. Introduction

The personality of Professor Kostyantyn Savchenko
(27.12.1910 Kherson — 29.11.1956 Odesa), who was a
well-known astronomer-theoretician in celestial mechanics
and dynamical cosmogony, still remains out of the scien-
tific community. His scientific and lecturing activity is
mostly related to the period of 1930s in Kharkiv and in
1944-1956 years in Odesa. The astronomer's scientific
work was devoted to the study of the motion and rotation
of celestial bodies with variable masses, the exploration of
the perturbations of the planets by geometry methods, the
calculation and correction of the elements of the orbits of
asteroids of the main belt of the Solar system, the research
of the physical nature of gravity, and the development of
cosmogonic theories about the origin of the Solar system.
He was deeply interested in the development of theoretical
foundations for substantiating the Kant’s cosmogonic hy-
pothesis by the methods of celestial mechanics. Kostyantyn
Savchenko had been dealing with this problem all his life,
but he never published his manuscript.

We conducted historiographical analysis and testified to
the absence of a comprehensive study aimed at reproducing
the scientific biography of the astronomer. Some facts from
the life and work of Prof. Savchenko can be found in a few
biographical and memorial publications, in particular, by
Abalakin (1975, 1995), Alexandrov et al. (2002),
Zakhozhay (2002), Karetnikov (2005), Sharomova (2007),
Vavilova et al. (2012), Bakhchynvanzhy (2015), Omelchuk
(2017), Hrushytska (2017), Ivanchenko (2018) as well as in
the monograph “200 years of astronomy at Kharkiv Uni-
versity” edited by Shkuratov (2008).

In view of the abovementioned, the aim of our work is
to consistently describe the life and activity of Professor
K.N. Savchenko (Figure 1) at the Kharkiv and Odesa astro-
nomical observatories, the scientific and teaching work at
the Kharkiv State University, the Kherson State Pedagogi-
cal Institute, and the Odesa State University analyzing the
archive documents and various publications.
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Figure 1: Professor K.N. Savchenko (1910-1956), theore-
tician in celestial mechanics and dynamic cosmogony

2. The life and scientific activity of Prof.
K.N.Savchenko (Kherson and Kharkiv period of life)

Kostyantyn N. Savchenko was born on December 27,
1910 in Kherson in the family of the worker Nikolay I.
Savchenko. In 1917, he entered the Kherson city elemen-
tary school for seven years; after graduating (1926) he stud-
ied at the Construction Department of the Industrial Voca-
tional School.

In 1927, K. Savchenko entered the Faculty of Physics
and Mathematics of the Kherson Institute of Public Educa-
tion named after N.K. Krupskaya (KIPE). Being at the sec-
ond grade of education, he began also to teach mathematics
(at the Courses for Preparation for Higher Education
providing by the City Committee of the Komsomol) and
physics (at the Cooperative and Veterinary Vocational
Schools) as well as to work as an Assistant Professor in
physics at the KIPE (Archive of the V.N. Karazin Kharkiv
National University (1936-1939), p. 2).

In 1931, after completing a full course of higher educa-
tion at the KIPE, Savchenko K. became the post-gra-duate
student of the Department of Celestial Mechanics of the
Kharkiv Astronomical Observatory (KhAO), Kharkiv State
University (KhSU). His scientific supervisor was Prof. Ale-
ksey I. Razdolsky (1877-1942), the outstanding astronomer-
theoretician (Shkuratov, 2008; Balyshev 2020c). He chose
the topic of his dissertation under the influence of the well-
known works by Prof. 1.V. Meshchersky (1859-1935) on the
gravitational dynamics of bodies with variable masses.

In 1934, Savchenko was appointed a Researcher at the
KhAO. He also began teaching at KhSU as an Associate
Professor of astronomy, in particular, he lectured theoreti-
cal astronomy and celestial mechanics at the Astronomical
Department of the Faculty of Physics and Mathematics.
Since the autumn semester of 1934, Savchenko annually
went also to the Kherson and Poltava pedagogical insti-
tutes, where he lectured these courses as an Associate Pro-
fessor (Archive of the Odesa I.1. Mechnikov National Uni-
versity, Personnel File of Savchenko K.N., p. 2).

At the Kharkiv Astronomical Observatory, Savchenko
has concentrated his attention and skills on a number of top-
ics and problems. Among them we note as follows: correc-
tion of the elements of the orbit of asteroids (89) Julia,
(1115) Sabaud, and (1203) Nanna using the method by
P. Hansen, as well as (1137) Raisa with taking into account
perturbations by the method of mechanical conjugation;
study of the series convergence for the decomposition of
the perturbation function proposed by M.F. Subbotin
(1922); study of the motion of bodies with variable masses;
development of cosmogonic theories and other research
(for example, Savchenko, 1935). In 1935, Kostyantyn
Savchenko defended his dissertation “On the motion of ce-
lestial bodies, the mass of which changes over time”. The
list of his publications to the dissertation is stored in the
Archive of the Institute of Astronomy of the V.N. Ka-razin
Kharkiv National University.

At that time, Kostyantyn Savchenko focuses his attention
to elucidating the cosmogony problems, namely the main
ways of scattering the substance of the gas-dust cloud, which
did not enter the protoplanetary disks during their formation,
filling the gaps between the orbits of these disks and their
satellites. And he came to the conclusion that this substance
plays a significant role in bringing the system to a stable
form, but in the future — it’s dissipated by the same system
just like “... as exhaust gas by the engine”. Savchenko be-
lieves that comets, from this point of view, are streams of
matter that previously belonged to the gas-dust cloud, and
arose due to the perturbed action of protoplanetary disks and
they were pushed out of the Solar system. One of his first
cosmogonic works, “On the question of the origin of the So-
lar system” (Savchenko, 1936) received a good response
(Barabashov, 1936; Abalakin, 1975).

In the second half of the 1930s, his theoretical activity
was aimed to solve problems on perturbed elements of
planetary orbits by the geometrical method, theory of epi-
cyclic motion, problem of two bodies, development of field
theory by the geometric method (State Archive of the
Kharkiv Region, p.10). The Figures 2 and 3 represent a col-
lective of the Kharkiv astronomers (Shkuratov, 2008) with
whom Savchenko has collaborated at those times.

During 1938-1939 years, Savchenko lectured on celes-
tial mechanics and mathematical processing of observa-
tions for students of the Astronomical Department of the
Physics and Mathematics Faculty of KhSU. Altogether
with his wife, astronomer L.I. Krysenko (1907-1997), they
traveled between Kharkiv and Kherson for a whole year,
where they lectured for students at the KhSPI as part-time
Associate Professors. On September 1, 1939, the Kharkiv
period of life of Prof. Savchenko was over.

Savchenko began to work at the KhSPI, Kherson, as his
main place of work, teaching courses in general astronomy
and mathematical physics, and his wife in geophysics and
physics. But till June, 1940, he continued to work as a Sen-
ior Researcher at the Kharkiv Astronomical Observatory.
On July 5, 1940 Savchenko K.N. received a degree of
Cand. Sci. and diploma of Associate Professor at the Math-
ematical Analysis Department (Archive of the Odesa I.I.
Mechnikov National University, Personnel File of
Savchenko K.N.). He followed study on theory of rotational
motion of a solid body (Savchenko, 1939).
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Figure 2: Astronomers of the Kharkiv observatory, early 1930s. From left to right, 1st raw — Krysenko L.1I.,
Razdolsky A.l., Evdokimov N.N., Barabashov N.P., Ostaschenko-Kudryavtsev B.P. and his daughter Zoya,
Gerasimovich B.P., Parkhomenko P.G.; 2nd raw — Zinkovsky K.N., Semeykin B.E. (?), Shyngarev L.1.,
Fadeyev Yu.N., Efimenko E.D., Sawron M.S., Mikhaylov V.A., Savchenko K.N., Inyakhin D.E., Salygin A.S.

Figure 3: Astronomers of the Kharkiv observatory, late 1930s. From left to right,

1st raw — Ostaschenko-Kudryavtsev B.P., Razdolsky A.l., Evdokimov N.N., Slastenov A.l., Krysenko L.I.;
2nd raw — Salygin A.S., Semeykin B.E. (?), Pluzhnikov V.H., Furdylo V.D., Savchenko K.N., Efimenko E.D.,
Fadeyev Yu.N., Parkhomenko P.G.
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The war separated the astronomical Savchenko-Krys-
enko family. In particular, yet in January, 1941, she come
back to Kharkiv because the deterioration of her mother's
health. The last letter from the husband, Savchenko K.N.,
she received on July, 1941, from whom she learned that he
had been drafted into the Red Army. From the memoirs by
K.N. Savchenko about the events of the war period: “In
July 1941, a group of teachers from the Kherson institute,
who did not serve in the army and had no military training,
was sent to organize dig trenches around Mykolaiv. Com-
ing back to Kherson after this work (August 17, 1941), we
were detained by the German troops but released after a
two-day staying in the camp. During the German occupa-
tion of Kherson, | worked as a watchmaker in the artel of
the Kustprom. On November 3, 1943, the German com-
mand ordered all the men to gather at the P.O.W. camp
(Kherson city prison) that meant the general evacuation of
all the men to Germany. Trying to avoid it, | fled to Odessa,
where | got a job as a watchmaker in one of the private
workshops, and worked there until the liberation of the city
by the Red Army” (Archive of the Odesa I.I. Mechnikov
National University, Personnel File of Savchenko K.N.).

3. The life and scientific activity of Prof.
K.N.Savchenko (Odesa period of life)

Prof. K.D. Pokrovsky (1868-1944), at that time the Di-
rector of the Odesa Astronomical Observatory (OAQO) of
the Odesa State University (OSU), helped K.N. Sav-chenko
to settle in occupied Odesa (watch workshop was placed on
the territory of the observatory). At the suggestion of
Pokrovsky, Savchenko began working at the OAO since
April, 1944, as a Senior Researcher. A statement by
K.N. Savchenko, dated April 15, 1944, from his Personnel
File: “From 1934 to 1941, | worked as an astronomer at
the Kharkiv Astronomical Observatory and Associate Pro-
fessor at Kharkiv University, lecturing on celestial mechan-
ics and mathematical processing of observations. During
this time | also lectured at the Kherson Pedagogical Insti-
tute, where taught general astronomy and theoretical me-
chanics”. According to this Personnel File, the fact of his
work at KhSU was confirmed by two former lecturers I.G.
Wittenzon (1902-1969) and G.M. Mirakyan (1907-1964),
who found themselves in post-war Odesa as employees of
the re-evacuated Hydrometeorological Institute. It should
be noted that these colleagues were not only well ac-
quainted with Konstantin Nikolaevich in teaching at the
university (in the 1920s — active members of the Kharkiv
Astronomical Club), but also had common scientific inter-
ests. For example, Wittenzon also dealt with the problems
of dynamics of bodies of variable masses.

In May 1944, Prof. K.D. Pokrovsky was arrested by the
NKVD under Art. 54-1 (parricide). Six months after he
died in an NKVD prison (Archive of the Office of the Se-
curity Service of Ukraine in the Odesa region (1944)).

So, having found himself in Odesa after severe wartime
hardships, in April, 1944, Savchenko K.N. began to work
at the Odessa Astronomical Observatory as a Senior Re-
searcher, later on as a Head of the Department of Theoreti-
cal Astronomy (Karetnikov, 2005). In October 1, 1944,
Savchenko was appointed an Associate Professor of As-
tronomy at the OSU (Archive of the Odesa I.I. Mechnikov

National University, K. M. Savchenko, 1956, p. 34).

In 1945, Savchenko K.N. took part in the Jubilee Astro-
nomical Conference dedicated to the 100th anniversary of
the Astronomical Observatory of the Kyiv University. Cir-
cumstances of wartime did not prevent well-known astrono-
mers, representatives of many observatories, to go to Kyiv.
Scientific reports at the conference from Odesa were made
by Prof. V.P. Tsesevich (1907-1983) and K.M. Savchenko.
He presented a report “On the nature of gravity”, the main
postulate of which was a critique of Einstein's General Rela-
tivity Theory. In his opinion, for the theory of relativity,
gravity remains a hidden property of matter, which it directs
to the geometric properties of space. Based on these assump-
tions, Savchenko considered the gravitational interaction
from other positions, focusing on the comparison of certain
positions of the wave-mechanical hypothesis of the Gravity
Law and the General Relativity. The full text of presentation
was later published in the “Vedomosti of the Odessa Astro-
nomical Observatory” (Savchenko, 1949).

In 1946-1947, in order to prepare his doctoral disserta-
tion, K.N. Savchenko continued to develop the theoretical
research on the cause of gravity (scientific and theoretical
problem of philosophy). He prepared a manuscript of a mon-
ograph on “The Nature of Gravity” (not published), which
covered in detail the history of the issue. In this work,
Savchenko abandoned the critique of A. Einstein's theory,
proposing his own wave hypothesis of gravity “Interference
of de Broglie waves” and predicted its astronomical conse-
quences. Note that the main positions of the new hypothesis
were presented by the author at many scientific events.

In February 1948, Savchenko K.N. defended his doctoral
dissertation “The experience of qualitative substantiation of
Kant's cosmogony hypothesis”; a year later, in October 1949,
by the decision of the Higher Attestation Commission he was
approved in the academic title of Doctor of Physical and
Mathematical Sciences, and in 1952 was awarded in the title
of Professor (Archive of the Odesa I.I. Mechnikov National
University of Odesa (1944-1956), p. 15-18).

After Savchenko's defense, two astronomical depart-
ments were established at the Faculty of Physics and Math-
ematics:; the Department of Astrophysics (headed by Prof.
V.P. Tsesevich, who was the Dean of the Faculty) focused
on cooperation with the Department of Physics, and the De-
partment of Astronomy focused on cooperation with the
Department of Mathematics. In 1949, Savchenko was ap-
proved as a Head of the Department of Astronomy (since
1950 on a permanent basis) and in 1953 he headed the joint
Department of Astronomy and Theoretical Mechanics in
this university (ibid, p. 31-32). He lectured many different
courses, led a student research group, and was a supervisor
of post-graduate student’s works. Among the courses
Savchenko K.N. taught as follows: “Spherical and Theoret-
ical Astronomy”, “Celestial Mechanics”, “Mathematical
Theory of Planetary Figures”, “Higher Geodesy”, “Theory
of Tides”, “Dynamic Cosmogony”, and “History of Astron-
omy”. Later on he began to give lectures on theoretical me-
chanics on a part-time basis at the Odessa Higher Maritime
Academy (ibid, p. 41-44).

In 1954, K.N. became an Editor-in-Chief of the “Ve-
domosti of the Astronomical Observatory of Odessa State
University” (now — “Odessa Astronomical Publications™).

Among the scientific works by K.N. Savchenko during
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the Odesa period of life it is necessary to note the following:
“Kepler's problem”, “On the motion of the centers of cop-
ulation of new stars”, “On the origin of the satellites of the
planets by gravitational capturing”, “On the stability of lo-
cal dust clusters in nebulae”, “On some questions of non-
classical celestial mechanics and cosmogony”; monograph
“Essays on celestial mechanics” and the textbook for stu-
dents “The beginning of the mechanics of the Solar system
(Course of Celestial Mechanics)” (Duboshin, 1968).

In 1954, Savchenko K.N. completed a generalized
work, the monograph “Kant’s cosmogony and the problem
of the origin of minor bodies of the Solar system”
(Savchenko, 1975), in which he proposed his own cosmo-
gonic concept. But this book as well as the most of
Savchenko's scientific works remained in manuscripts and
were not published, as the astronomer died suddenly on No-
vember 29, 1956, after a heart attack.

One of his post-graduate students, later on an outstand-
ing world-well-known astronomer in field of celestial me-
chanics, Prof. Viktor K. Abalakin wrote: “... From numer-
ous, rather frank, conversations with K.N. Savchenko, his
personality was emerged as the talented, original, and ver-
satile scientist, the intellectual-nugget type of a-self-made-
man, who went through arduous and difficult life path in
Soviet times” (Abalakin, 1995). The monograph “Kant’s
cosmogony and the problem of the origin of minor bodies
of the Solar system” was issued only in 1975 due to the
efforts of Prof. V.K. Abalakin.

4, Conclusion

Professor K.M. Savchenko successfully worked in the
field of dynamic astronomy and cosmogony, focusing on
the problems of non-classical celestial mechanics. He con-
ducted research at the top level of those times at the
Kharkiv and Odesa astronomical observatories as well as
lectured at the universities in Kharkiv, Odesa, Kherson. The
main field of Savchenko’s scientific interest was a cosmog-
ony. Investigation of his publications related to the origin
of minor bodies of the Solar system requires a deeper anal-
ysis and will allow us to understand a worldwide of this
outstanding Ukrainian astronomer of the first half of the
XX century (Balyshev, 2021).

We assume that the materials of historical and biograph-
ical research of the life and work of Prof. Savchenko could
be used among others personalities when studying the his-
tory of astronomy in Ukraine. Among such papers we note
essays about Orlov A.Ya. (Yatskiv et al., 2005a, 2012; VVo-
lianskaia et al., 2005), Fedorov E.P. (Korsun’, 1989) and
Braude S.Ya. (Vavilova et al., 2007), dynasties by Knorre
(Pinigin, 2009) and Struve (Krisciunas, 1988; Artemenko
et al., 2009), scientists who worked in field of the General
Relativity (Yatskiv et al., 2005, p. 194-237; 2017), recent
publications dedicated to Tsesevich V.P. (Andronov, 2017;
Vavilova, 2017) as well as series of papers about the
Kharkiv astronomers as Otto Struve (monograph by
Balyshev, 2008; Balyshev, 2007), P. Parkhomenko (Baly-
shev, 2018a), B. Semeykin (Balyshev, 2018b, 2018c), M.
Sawron (Balyshev, 2020a), A. Razdolsky (Balyshev,
2020b) etc. Among the works of a general overview related
to the “Astronomers — Ukraine” we note biographical en-
cyclopedia by Kolchinskij et al. (1986) and Vavilova &

Plachinda (2003), series of books about the Odessa astron-
omers edited by Karetnikov (1994) (see, also, Korpun &
Tsesevich (1956), Mykolaiv astronomers edited by Pinigin
(1998), Kyiv astronomers by Kazantseva & Kislyuk
(2006), Crimean astronomers by Polosukhina (2011), L’viv
astronomers edited by Novosyadlyj (2011), and fundamen-
tal monograph “200 years of astronomy at Kharkiv Univer-
sity” edited by Shkuratov (2008) where numerous papers
are collected about scientific school by Prof. N.P. Ba-
rabashov (see, also, Yatskiv & Vavilova, 2011).

The most of biographies of the Ukrainian astronomers
are available at the web-site of the Ukrainian Virtual Ob-
servatory: http://ukr-vo.org/personalities/index.php?b &6
(Vavilova et al., 2014) as well as some of well-known per-
sonalities are included into the biographical encyclopedias
of astronomers (for example, Lankford, 1996; Krisciunas,
2004; Hockey, 2007, 2013).
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ABSTRACT. In a recent paper, the model of the
galaxy with hot dark matter was considered. The
galaxy is divided into the inner region with the
dominant baryonic matter (the elliptic orbit of the test
particle) and the outer region with the dominant hot
dark matter (the parabolic orbit of the test particle).
It was assumed that the hot dark matter consists of
hypothetical Planck neutrinos arising in the decay
of the protons at the Planck scale. Galaxies formed
from the baryonic matter, and the hot dark matter
appears in the galaxies later. The rotation curves
of the galaxies were studied in the model, including
Milky Way, M33, NGC 2366 and IC 2574. In the
present paper, the hot dark matter model is further
investigated, with the application to M31, the system
of M31 and the Milky Way, the globular clusters
NGC 2419 and MGC1, the dwarf spheroidal galaxy
Sculptor, ultra-massive quiescent galaxies from the
COSMOS and UDS fields. The baryonic matter mass
of M31 was estimated from the rotation curves, with
the average value 1.6 x 10! mg. The gravitational
interaction of the Milky Way and M31 is considered.
In the hot dark matter model, the dynamical masses
of the Milky Way and M31 are twice their baryonic
matter masses that gives the radial velocity of M31
toward the Milky Way, 106 km s~!. The hot dark
matter mass in the globular clusters NGC 2419 and
MGC1 is estimated. The value is small compared
to the stellar mass in both the clusters. The hot
dark matter mass within the half-light radius of
the dwarf spheroidal galaxy Sculptor is estimated,
0.5 x 10°mg. The sum of the stellar and hot dark
matter mass within the half-light radius is consistent
with the dynamical mass within the half-light radius
of the Sculptor derived from the kinematics of the
metal rich stars. The instability of the baryonic
matter due to the influence of the hot dark matter
and some perturbations flattens the velocity profile
of the metal poor stars which is unsuitable to derive
the dynamical mass. The evolution of ultra-massive
quiescent galaxies from the COSMOS and UDS fields
is considered. The dynamical to stellar mass relation
is doubling during the evolution from z = 2 to 0 that

can be explained by the absence of dark matter at
z = 2 and the presence of the hot dark matter at
z=0.

Keywords: dark matter; galaxies: kinematics and
dynamics; galaxies: dwarf; globular clusters: general.

AHOTAIIIA. B HeJIaBHI cTaTTi HaMU
PpO3TyIAIaIacsd MOJETb TaJaKTHKH 3 TapsSIoi0 TEMHOIO
MaTepi€ro. lasakTrka po3miieHa HA BHYTPIITHIO
06Js1acTh 3 IepeBayKHO OapioHHOI Marepii (esinTH4HA
opbita npoOHOI YacTWHKM) 1 30BHIMHIO 06JacTb 3
[EPEBAaKHO Tapsa90i0 TeMHOIO MaTepieio (mapabo/idna
opbita NMPOGHOT YACTHHKH). [Tpumyckaerbesi, 110
rapsya TE€MHA MaTepisi CKJIAJA€ThCA 3 TiMOTETUIHUX
[InanKiBCHKUX HEHTPUHO, IO BUHUKAIOTH y PO3ITaIi
nporoniB Ha [IJaHKOBCHKit TIIKAJII. laakTukn
dopmyroThest 3 OapioHHOI MaTepii, a rapsda TeMHA
MaTepisi 3’sBJISIEThCST B TajakThKax ImisHimre. Kpusi
obepTaHHs TAJJAKTUK BUBYAJUCS B PAMKAX MOJEJI, B
romy umciai Yymanekuit [nax, M33, NGC 2366 i IC
2574. YV nmamiit cTaTTi TPOIOBXKEHO BUBUYEHHS MOJIE 3
rapsaoi0 TeMHOI0 Marepieio crocoBHo M31, cucremu
M31 i Yymampkoro IImsxy, KyascTHX CKyITYeHb
NGC 2419 ta MGC1, xapaukoBol cdepoimaabaol
rasakTui  CKyJabOTOp, yJIBTPAMACHUBHUX ITACHBHUX
rajaktuk 3 nosie COSMOS ta UDS. Maca 6apionnol
marepil y M31 6ysna orinena 3 KpuBUX OOepTaHHS,
cepeqna Besmumna 1.6 x 10''me.  Posrsmamaca
rpaBiTamniitna B3aemomis Uymamnpkoro Illmaxy Ta
M31. Y wMozmeni 3 rapguold TEMHOIO MAaTepieio
muaaMiaai  macu  dymampkoro Mlmaxy i M3l y
JBa pa3u Oingbime Macu OapioHHOI MaTepil, MO 1ae
panianbay mBRAKicTs M31 y Hanpamky YywmarbKoro
Ilnaxy, 106 xm c~'. DByna omimena maca rapsdol
TemHOI MaTepil B Kyssctux ckymdennsx NGC 2419
ta MGC1. [i Besmumma meBesmka y mopiBHsHHI i3
30pSHOI0 Macoi0 B 000X CKym4deHHsSX. Maca rapsaol
TeMHOI MaTepil BcepemauHi edEKTHUBHOTO PaJIiyca
KapJInKOBOI  cdepoinaibrol rajgakTuku  CKyJIbITop
6yna omimena ax 0.5 x 10mg.  Cyma sopsamoi
Macu 1 Mach rapsgadol TeMHOl MaTepil BcepeanHi
eEeKTUBHOIO pajiyca y3TOMKYETHCST 3 JIUHAMITHOIO
Macom0 BcepeauHi eDEeKTUBHOrO pajiyca TaJaKTUKN
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CKyJIbIITOP, OTPUMAHOI 3 KIHEMATUKHU 3iPOK 3 BUCOKUM
BmicToMm MerajiB. HecrabinpHicTh ODapioHHOI MaTepil,
K& BUKJIMKAHA Tapsd0l TEMHOI MATEpPIeEro 1 JeaKuMu
30ypeHHsIMA, TPU3BOAUTH [0 ILUIOCKOTO MIPOodiaio
MBUJIKOCTEN 31POK 3 HU3BKUM BMICTOM METAJIB, SAKUI
He MiJXOJIUTh [ OTPUMAaHHS JUHAMIYHOI MAacH.
Posrnsinamacs eBoJiortiss  yIbTpAMACUBHUX TACHBHUX
rasaktuk 3 moiaie COSMOS ta UDS. Bigmomenns
JUHAMIYHOl 1 30pSAHOI MacC TOJABOIOETHCS MTPOTATOM
epojonili Bim z = 2 go 0, mo MOXKHA IIOSICHUTH
BIJICYTHICTIO TeMHOI MaTepil nmpu z = 2 i HagBHICTIO
raps4ol TeMHOl MaTepil npu z = 0.
Kuaro4uosi TEeMHa MaTepist;
KiHeMaTuKa 1 JWHAMIKa; TaJIAKTUKU:
KYJISCTI CKYITYeHHS: 3arajibHe.

CJIOBa: TaJIJaKTUKU:

KapJIMKOBI;

Introduction

The flat rotation curves of spiral galaxies can be
explained by the presence of dark matter (DM),
e.g. (Battaner & Florido, 2000) and references therein.
The modified Newtonian gravity (MOND) (Famaey
& McGuagh, 2012) gives another explanation. DM
is a main component (~ 85%) in the universe (Ade
et al., 2016). The nature of DM is thought to be
non-baryonic (Trimble, 1987). There is a belief that
DM was present in the early universe and took part
in the structure formation (Trimble, 1987). Observa-
tional constraints on the structure formation give sup-
port to the models with cold dark matter (CDM) and
disfavour those with hot dark matter (HDM). All the
known particle species are not suitable for the CDM
candidates. Among the proposed CDM candidates, the
most popular are weakly interacting massive particles
(WIMPs) (Bertone & Tait, 2018). Attempts to detect
WIMPs in several experiments have failed (Marroddn
Undagoitia & Rauch, 2016; Liu et al., 2017).

The rotation curves of massive star-forming galax-
ies at 0.6 < z < 2.6 from the KMOS?” and SINS/zC-
SINF surveys show a fall-off beyond the turnover (Lang
et al., 2017). The discs of these galaxies are strongly
baryon dominated (Genzel et al., 2017). This is in con-
trast to the flat rotation curves of local spiral galaxies
of similar masses. Several studies of observed high red-
shift galaxies (Tanaka et al., 2019; Casey et al., 2019;
Stockmann et al., 2020) found the dynamical to stellar
mass relation, mgyn/m. ~ 1. The EDGES collabo-
ration reported the detection of 21 cm absorption at
z &= 17 (Bowman et al., 2018). The observed signal is
about twice the value predicted in the ACDM model.
The EDGES result can be explained in a universe de-
void of DM, with the baryon fraction 100% (McGaugh,
2018).

The foregoing data imply the absence of DM in the
universe at high redshifts above z ~ 2. In this case,
the galaxies formed from the baryonic matter (BM),

and the DM come there later. As such, there is no re-
strictions on the models with HDM from the structure
formation.

DM may emerge in the decay of the pro-
tons (Khokhlov, 2015). The mode of the decay of
proton at the Planck scale into positron and hypo-
thetical Planck neutrinos, p — eT4vp;, was suggested
in Khokhlov (2011c). The process was studied for the
protons falling onto the gravastar, by giving an exam-
ple of Sgr A* while interpreting Sgr A* as a gravas-
tar (Khokhlov, 2014, 2017). Planck neutrino can be
classified as a HDM candidate.

The standard cosmology is considered within the
framework of the ACDM model (Ostriker & Stein-
hardt, 1995). It complies with the observations on
large scales (Reyes et al., 2010), see however (Lépez-
Corredoira, 2017) and references therein. Also, obser-
vational constraints from the density perturbations in
the range 10° — 10® my give the preference to the
model with the dominant HDM fraction rather than
the ACDM model (Demianski & Doroshkevich, 2017).
The standard cosmology is in contrast to the electro-
dynamics in the laboratory frame (Khokhlov, 2013).
An alternative model of the universe was developed
in Khokhlov (2011a,b). Testing the ACDM model on
galaxy scales reveals several problems, e.g. (Weinberg
et al., 2015; Kroupa, 2012, 2015) and references therein.

In a recent paper (Khokhlov, 2018), the model of
the galaxy with HDM was considered. The HDM was
treated as a gas of hypothetical Planck neutrinos,
arising from the decaying BM. It was assumed that
only BM took part in the galaxy formation, and the
HDM appears in the galaxies later. The proposed
model was successfully tested on the galaxies: Milky
Way, M33, NGC 2366 and IC 2574. In the present
paper, we shall further investigate the HDM model,
with the application to M31 (Andromeda galaxy),
the system of M31 and the Milky Way, the globular
clusters NGC 2419 and MGC1, the dwarf spheroidal
galaxy Sculptor. Also, we shall consider the evolu-
tion of ultra-massive quiescent galaxies from z = 2 to 0.

1. The HDM model of the galaxy

We shall review the HDM model of the galaxy pre-
sented in Khokhlov (2018). Assume that the HDM
consists of hypothetical Planck neutrinos arising in
the decay of the protons at the Planck scale, p —
et4vp; (Khokhlov, 2011c). Planck neutrino is speci-
fied as a massless particle propagating with the speed
of light (Khokhlov, 2011c). Therefore, Planck neutri-
nos do not form a condensed structure. Assume that
the galaxy is formed from the BM, and the HDM comes
there later.

Consider the BM of the galaxy embedded into the
HDM. The circular velocity of the test particle at the
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radius r is defined by the BM mass and the HDM mass
(energy) within the radius r as

02 = G(mb(< 7‘) + mhdm(< 7")) (1)

where G is the Newton constant, my(< r) is the BM
mass within the radius r, mpgm (< r) is the HDM mass
within the radius r. The radial velocity of the test
particle at the radius r is defined by the HDM pressure

2GMmpam (<
2 = 2onin{< 1) ®
T
The energy of the test particle of the unity mass is
given by
o %UE " lvz _ G(mp(< 1) + Mpam (< 7‘))
r

(3)

The energy eq. (3) defines the motion of the test par-
ticle in the galaxy with HDM.

The distribution of the HDM is supposed to be
homogeneous, with the HDM pp4, = const and
the HDM mass mpgm(< 7) oc 3. The galaxy is
divided into the inner region with the dominant
BM and the outer region with the dominant HDM.
The border between the regions at some radius rg is
defined by the equality of the HDM and BM mass,
Mpam (< 10) = mp(< 70). In the inner region r < 7o,
the energy of the test particle is negative, £ < 0, that
defines the elliptic orbit of the test particle (Landau
& Lifshitz, 1960). In the outer region r > rg, the
energy of the test particle is equal zero, £ = 0, that
defines the parabolic orbit of the test particle (Landau
& Lifshitz, 1960). The stability of the structure of
the galaxy implies that the HDM perturbation does
not exceed the BM gravitational potential. Hence,
the enclosed dynamical mass is limited by the double
baryonic mass enclosed. In the outer region r > rq,
the enclosed dynamical mass is the double baryonic
mass enclosed, mgyn (< 1) = 2my(< r).

2. Observational constraints on the model of
M31

The rotation curve of M31 was under study in several
works (Geehan et al., 2006; Seigar et al., 2008; Chemin
et al., 2009; Corbelli et al., 2010; Tamm et al., 2012).
From ~ 10 kpc to ~ 30 kpc, it is approximately flat,
decreasing from ~ 250 km s™! to ~ 220 km s~!. Above
~ 30 kpc, the rotation curve is decreasing (Tamm et
al., 2012). The models of the rotation curve include
the mass components: the bulge, the stellar disc and
the DM halo. Besides, the mass of the gas is added
in Chemin et al. (2009); Corbelli et al. (2010).

Consider the HDM model of M31. We need to define
the radius rqg of the border between the inner and outer

regions in M31. In Khokhlov (2018) the radius r¢ was
determined through the features in the anisotropy pro-
file in the Milky Way, in the curve of the position angle
in M33, NGC 2366, in the curve of the inclination in IC
2574. Two warps of the disc in M31 can be seen from
the curves of inclination and position angle (Chemin
et al., 2009). The location of the second warp have
been reported by several authors, using the HI data:
r > 18 kpc (Henderson, 1979; Brinks & Burton, 1984),
r > 25 kpc (Corbelli et al., 2010), r > 27 kpc (Chemin
et al., 2009), r > 28.5 kpc (Newton & Emerson, 1977),
and the optical data: r > 20.5 kpc (Walterbos & Ken-
nicutt, 1988), the values are rescaled to the distance
to M31, 785 kpc (McConnachie et al., 2005). Assume
that the second warp of the disc in M31 exhibits the
transition to the outer region. Adopt the radius of the
border between the inner and outer regions in M31,
ro = 19 kpc. The BM and HDM masses are equal at
ro = 19 kpc.

Estimate the BM mass of M31 from the circular ve-
locity at r9 = 19 kpc. The rotation curve in Corbelli
et al. (2010) gives the circular velocity, v(rg) = 238
km s~!'. From this, the BM circular velocity is es-
timated to be vy (ro) = v(ro)/v2 = 168 km s,
and the BM mass, m;(< r9) = 1.25 x 101 mg. Be-
yond ~ 20 kpc, the fraction of the luminous mass in
M31 is estimated to be ~ 10% (Ibata et al., 2005).
Then, the total BM mass of M31 can be estimated as
mp = 1.4 x 10 mg,. The rotation curve in Chemin et
al. (2009) gives the circular velocity, v(rg) = 252 km
s~!. From this, the BM circular velocity is estimated
to be vpm (ro) = v(ro)/v2 = 178 km s~!, and the BM
mass, mp(< 179) = 1.4 x 101 mg. By adding ~ 10%,
the total BM mass of M31 is my = 1.5 x 10" mg,.

At ro = 19 kpc, the radial velocity is equal to the
circular velocity. The radial velocity can be calculated
through the radial velocity dispersion as v, = 20,.
Chapman et al. (2006) reported the radial velocities
of the red giant branch stars in M31 in the range
10 — 70 kpc. The radial velocity dispersion at 19 kpc is
o, = 135 km s~! (Chapman et al., 2006) that gives the
radial velocity, v, = 270 km s~!. Adopt the same circu-
lar velocity, v, = 270 km s~!. The BM circular velocity
is estimated to be vy, (ro) = 191 km s=!. This gives
the BM mass, my,(< rg) = 1.6 x 10 m¢. By adding ~
10%, the total BM mass of M31 is mp = 1.8 x 10! mg.
Taking the average, the BM mass within the radius
ro = 19 kpc is my(< 19 kpe) = 1.45 x 10! mg, and
the total BM mass of M31 is m; = 1.6 x 10" mg,.

The observational circular velocities in the outer re-
gion of M31, » > 19 kpc, correspond to the elliptic
orbit of the test particle. Hence, they are not suit-
able to test the HDM model wherein the test parti-
cle moves along the parabolic orbit in the outer re-
gion. The enclosed dynamical mass in the far outer
region, r >> rg, can be calculated through the ra-
dial velocity. Veljanoski et al. (2014) reported the
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radial velocities of the globular clusters in M31 in
the range 30 — 140 kpc. The radial velocity disper-
sion at 80 kpc is o, = 83 km s™! (Veljanoski et al.,
2014) that gives the radial velocity, v, = 166 km
s~!. The enclosed dynamical mass can be estimated
as Mayn(< 80 kpc) ~ v2r/2G = 2.6 x 101 m, and
the enclosed BM mass, m;(< 80 kpe) ~ 1.3 x 10 m.
The radial velocity dispersion at 100 kpc is o, = 75
km s~! (Veljanoski et al., 2014) that gives the ra-
dial velocity, v, = 150 km s~!'. The enclosed dy-
namical mass can be estimated as mgy, (< 100 kpc) ~
v2r/2G = 2.6 x 10! mg, and the enclosed BM mass,
my(< 100 kpe) ~ 1.3 x 10 mg. The radial velocity
dispersion at 120 kpc is 0, = 69 km s~ (Veljanoski et
al., 2014) that gives the radial velocity, v, = 138 km
s~1. The enclosed dynamical mass can be estimated as
Mayn (< 120 kpe) ~ v2r/2G = 2.65 x 101 m, and the
enclosed BM mass, m;(< 120 kpe) ~ 1.3 x 101 mg.

The mass models estimate the BM mass of M31
to be m, = 1.04 x 10" mg (Geehan et al., 2006),
mp = 0.93 x 10 m (Seigar et al., 2008), m, = 0.99 x
10" mg (Chemin et al., 2009), my = 1.4x 10" mg (Cor-
belli et al., 2010), m; = 1.01 x 10! mg, (Tamm et al.,
2012). The BM mass consists of the bulge+disc+gas
mass in Chemin et al. (2009); Corbelli et al. (2010),
and of the bulge+disc mass in the other works. Tamm
et al. (2012) note the uncertainties in the bulge mass,
(4.4—6.6) x 101%m,, and in the disc mass, (5.7 —8.6) x
10 mg. Thus, the BM mass of M31 estimated in the
HDM model is consistent with the literature data.

Estimate the HDM density from the HDM
mass at rg = 19 kpc. The HDM mass is
equal to the BM mass at 7o = 19 kpc. Hence,

Mmpam(< 19 kpe) = 145 x 101 mg that gives
the HDM density ppam = 3.4 x 1072° gem ™3 =
5.05 x 1073mg pc=3. This is consistent with the
value in the Milky Way, ppgm = 3.1 X 107%° g cm™? =
4.6 x 1073mg pc™® (Khokhlov, 2018) and with
the local DM density at the solar position,
pam(Re) = 0.005 — 0.01 mg pc=3 (Weber & de Boer,
2010), pam(Re) = 0.005 — 0.015 mg pc—2 (Read,
2014). The similar values were obtained for M33,
NGC 2366, IC 2574 (Khokhlov, 2018).

3. Radial velocity of M31 toward the Milky
Way

Consider the system of the Milky Way and M31
in the HDM model. We shall treat the Milky Way
and M31 as points of the BM mass, my yyw = 1.0 X
10" mg, (Khokhlov, 2018) and mp pr31 = 1.6x 10 mg,
respectively. The gravitational interaction of the Milky
Way and M31 is defined by the dynamical masses of the
Milky Way and M31 which are twice the BM masses of
the Milky Way and M31. The radial velocity of M31

toward the Milky Way is given by

Y 4Gmy, pw 1/2+ 4Gmyp, pr31 1/2
R R

where R is the distance between the Milky Way and
M31. For R = 785 kpc (McConnachie et al., 2005),
the radial velocity of M31 toward the Milky Way is
106 km s~!. The observational value is 109.3 & 4.4
km s~! (van der Marel et al., 2012), they adopt the
distance between the Milky Way and M31, R = 770
kpc. Thus, the radial velocity of M31 toward the
Milky Way estimated in the HDM model is consistent
with the observational value.

(4)

4. Dark matter in the globular clusters

Globular clusters (GCs) pose a problem for the
ACDM model. According to the hierarchical struc-
ture formation, the GCs form within their own DM
halos (Peebles, 1984). Observations show no evidence
for DM halos of GCs, e.g. (Mashchenko & Sills, 2005a).
It is reasonable to think that the DM halos of GCs
were stripped by the tidal field of the host galaxy,
e.g. (Mashchenko & Sills, 2005b). However, there ex-
ist GCs at large distances from the centre of the host
galaxy where the effect of the tidal field is negligible.
NGC 2419 in our Galaxy (~ 90 kpc from the galactic
center) and MGC1 in M31 (~ 200 kpc from the galac-
tic center) are distant GCs with negligible tidal effects.
Observations show that the DM mass in these clusters
is limited by the stellar mass as mpys/m. < 1 (Conroy
et al., 2011; Ibata et al., 2013). Although the DM is
admitted in the clusters, it is not needed to explain the
data.

Consider NGC 2419 and MGC1 in the HDM model.
Observations show the stellar mass m, ~ 106 mg
within the radius » ~ 250 pc in both the clusters.
For the HDM density ppgm = 5 x 1072mg pc3,
the HDM mass within the radius ~ 250 pc is
Mpam(< 250 pc) = 3 x 10°mg. Thus, the HDM
content within the radius ~ 250 pc is small compared
to the stellar matter. This is consistent with the
observational data.

5. Dark matter in the dwarf spheroidal
galaxies

Dwarf spheroidal galaxies (dSphs) exhibit the flat
velocity dispersion curves which cannot be explained
by the baryonic mass alone, e.g. (Walker, 2013). The
velocity dispersion gives the dynamical masses which
substantially exceed the stellar masses within the half-
light radii, and the dynamical mass-to-light ratios are
increasing toward the outskirts of the galaxies. For
the Local Group dSphs, the dynamical mass-to-light
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ratios within the half-light radii can be found in Collins
et al. (2014), with [M/L]pay from ~ 10mg/Lg to ~
1000 mg, /L, except for several outliers. Typically, the
discrepancy between the dynamical and stellar masses
is ascribed to the DM.

Sculptor is a typical dSph at a distance of 86 kpc
from the centre of our Galaxy (McConnachie, 2012).
Battaglia et al. (2008) studied the kinematics in the
Sculptor for two components of RGB stars, metal rich
[Fe/H]> —1.5 and metal poor [Fe/H|< —1.7. The pro-
file of the metal rich stars in the l.o.s. velocity disper-
sion shows a fall off from o ~ 9 km s~! in the centre to
o ~2kms~!at 0.7 kpe. The profile of the metal poor
stars in the l.o.s. velocity dispersion is approximately
flat, 0 ~ 11 km s~!, from the centre to 0.5 kpc, and
then is slightly declining to 1.8 kpc.

The difference of the profiles of the metal rich and
metal poor stars can be interpreted as follows. Sup-
pose that the metal rich stars are young, and the metal
poor stars are old. Assume that the declining profile
of the metal rich (young) stars traces the real gravita-
tional potential of the galaxy while the flat profile of
the metal poor (old) stars is a result of evolution not re-
lated to the gravity of the galaxy. When neglecting the
HDM, the gravity of the BM is balanced by the accel-
eration due to the velocity dispersion thus holding the
stable galaxy structure. Addition of the HDM leads to
the instability of the BM. Under the influence of some
perturbations, the unstable BM is spreading out that
results in growing of the size of the dwarf galaxy with
time. The velocity dispersion is defined by the value of
perturbations and cannot be used to derive the dynam-
ical mass of the galaxy. Perturbations may be caused
by the tidal forces of the host galaxy. Hammer et al.
(2018) showed for a bulk of dwarf galaxies in the Milky
Way that the velocity dispersions of the dwarf galax-
ies can be explained by the tidal forces exerted by the
Milky Way.

Estimate the dynamical mass within the half-light
radius of the Sculptor from the velocity dispersion of
the metal rich stars. The half-light radius of the Sculp-
tor is rpqir = 283 pc (McConnachie, 2012). The l.o.s.
velocity dispersion of the metal rich stars at 283 pc is
o ~ 5 km s~! (Battaglia et al., 2008). The calculation
gives [Maynlhatf = 0°Tharr/G = 1.6 x 105 mg.

The observed stellar mass of the Sculptor
is m, = 23 x 10°mg (McConnachie, 2012).
The stellar mass within the half-light radius is
[Malharr = 1.15 x 105me. For the HDM density
Phdm =5 x 1073 me pc—3, the HDM mass within the
half-light radius is [Mpdm|pair = 0.5 x 105mg. The
sum of the stellar and HDM mass within the half-light
radius is [ms« + Mpamlhar = 1.65 x 10°mg. Thus,
the dynamical mass within the half-light radius of the
Sculptor derived from the kinematics of the metal
rich stars is consistent with the sum of the stellar and
HDM mass within the half-light radius.

6. Evolution of ultra-massive quiescent
galaxies

Stockmann et al. (2020) presented an analysis of
15 ultra-massive quiescent galaxies from the COSMOS
and UDS fields (log(m./mg) ~ 11.5) at z 2 2. They
obtained the ratio of dynamical to stellar mass of or-
der unity, mayn /mu ~ 1. This implies the absence of
DM in the galaxies at z = 2. A sample of early-type
galaxies from the MASSIVE Survey was taken as the
local reference sample.

Comparison of the galaxies from the two samples
allows to study the evolution of ultra-massive quies-
cent galaxies from z = 2 to 0. The analysis of the
data shows that the local galaxies have grown by a
factor of 2 in stellar mass, 4 in size, with no evolution
in velocity dispersion. As a result, the dynamical to
stellar mass relation is doubling during the evolution
from z = 2 to 0. When assuming the absence of DM
at z = 2, the two times increase in the dynamical
mass can be ascribed to the HDM in the local galaxies
(#z = 0). This is consistent with the HDM model which
predicts the dynamical mass of the local galaxy as
twice its stellar mass.

Conclusion

In a recent paper (Khokhlov, 2018), the model of the
galaxy with HDM had been considered. The model was
successfully tested on the galaxies: Milky Way, M33,
NGC 2366 and IC 2574. In the present paper, we have
continued investigation of the HDM model, addressing
M31, the radial velocity of M31 toward the Milky Way,
the globular clusters NGC 2419 and MGC1, the dwarf
spheroidal galaxy Sculptor. Also, we have considered
the evolution of ultra-massive quiescent galaxies from
z=2to0.

The galaxy structure in the HDM model is divided
into the inner and outer regions at some radius where
the BM mass is equal to the HDM mass (energy). The
radius of the border between the regions in M31 is
taken ro = 19 kpc, corresponding to the second warp
of the disc in M31.

The BM mass of M31 within g = 19 kpc has been
estimated from the circular velocity at ro = 19 kpc,
and the value is my(< 79) = (1.25—1.4) x 10" mg. By
adding ~ 10%, the total BM mass of M31 is estimated
to be my = (1.4 — 1.5) x 101 mg. Also, the BM mass
of M31 within rg = 19 kpc has been estimated from
the radial velocity dispersion of the red giant branch
stars at 79 = 19 kpc, and the value is my(< r9) =
1.6 x 10 mg. By adding ~ 10%, the total BM mass
of M31 is estimated to be m; = 1.8 x 101 mg,.

The BM mass of M31 has been estimated from the
radial velocities of the globular clusters in the range
80 — 120 kpc. The BM mass of M31 is estimated to be
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mp = 1.3x 10" mg. The BM mass of M31 estimated at
ro = 19 kpc and at 80 — 120 kpc is consistent with the
literature data for the bulge mass, (4.4—6.6) x 1019 m,
and the disc mass, (5.7 —8.6) x 1019 mg, (Tamm et al.,
2012).

The HDM density in M31 has been estimated. The
value obtained is ppgm = 3.4 x 1072° g cm ™3 = 5.05 x
1073 mg pc~3. This is consistent with the values in
the Milky Way, M33, NGC 2366, IC 2574 (Khokhlov,
2018) and with the local DM density at the solar posi-
tion (Weber & de Boer, 2010; Read, 2014).

The gravitational interaction of the Milky Way and
M31 has been considered in the HDM model. The ra-
dial velocity of M31 toward the Milky Way is estimated
to be 106 km s~! which is consistent with the observa-
tional value, 109.3 + 4.4 km s~! (van der Marel et al.,
2012).

We have considered distant GCs NGC 2419 in our
Galaxy and MGC1 in M31. The HDM mass within the
radius ~ 250 pc is estimated to be mpgm, (< 250 pc) =
3 x 10° mg compared to the stellar mass m., ~ 10° mg
in both the clusters. The small DM content in these
clusters is consistent with the observational data.

We have considered the problem of dark matter in
the dwarf spheroidal galaxies in the HDM model, based
on the kinematics of RGB stars in the Sculptor pre-
sented in Battaglia et al. (2008). We have assumed
that the declining profile of the metal rich (young)
RGB stars traces the real gravitational potential of the
galaxy while the flat profile of the metal poor (old)
RGB stars does not. It is a result of evolution caused
by the instability of the BM due to the presence of the
HDM and the influence of some perturbations. The dy-
namical mass within the half-light radius of the Sculp-
tor derived from the kinematics of the metal rich RGB
stars, [Mayn)narr = 1.6 x 10® mg, is consistent with the
sum of the stellar and HDM mass within the half-light
radius, [m. + Mpdm|hary = 1.65 x 105 mg.

We have considered the evolution of ultra-massive
quiescent galaxies from z = 2 to 0, based on the anal-
ysis of the sample of 15 galaxies from the COSMOS
and UDS fields presented in Stockmann et al. (2020).
The dynamical to stellar mass relation evolves from
Mayn/Ms ~ 1 at z = 2 to Mgy, /ms ~ 2 at z = 0 that
is consistent with the HDM model.
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ABSTRACT. Recombination radio lines (RRLs)
of hydrogen (H), helium (He-4), and carbon (C) are
a powerful tool for studying the interstellar medium
(ISM) in space. The RRLs observations allow to obtain
the physical parameters of regions of ionized hydrogen
(HIT regions) as well as of the photo-dissociation
regions; and to estimate the effective temperature
of stars that ionize the HII region. There is also an
important cosmological task for RRL — measuring
Primordial helium abundance produced at the stage of
Primordial nucleosynthesis of the Universe. It turned
out that the Orion A nebula is an interesting object
for the latter task. At the time, the recombination
radio lines observations of hydrogen, helium (H, He),
and carbon (C) at a number of positions in the Orion
A HII region were carry out with the RT22 radio
telescope (Pushchino) at wavelengths of 8 and 13 mm.
The relative helium abundance, y* = n(He™)/n(H™),
in these positions was obtained. The behavior of
this value over the nebula showed that the helium
ionization zone is smaller than the hydrogen one with
different ratios for the core and halo. The location
where the maximum y* value is expected was also
determined. For the established ionization structure,
it means that the actual helium abundance in Orion
A, n(He)/n(H), will not be less than the maximum
ytvalue. This allows to estimate the limitations on
the Primordial helium abundance. In this work, new
H and He RRL observations were made at 13 mm in
the direction of the expected maximum of y*. RRLs
were observed in two transitions - 65« and 66c. It was
found that the maximum y™ value is in the range of
10 — 12%. Hence, we can expect that the Primordial
helium abundance (Yp, the ratio He/H by mass)
lies in the range of ~ 26.4 — 29%, and the number
of light neutrino-type particles during Primordial
nucleosynthesis may exceed the standard value. To
refine the result the work will be continue.

Keywords: Cosmology; Radio astronomy, HII regions,
radio recombination lines.

AHOTAIIIYA. PekombGinamiiini pasioninii  (PPJI)
soguio (H), renito (He-4) i Byrstemto (C) € moryKHAUM
3acO000M  JOCJIKEHHSI MiXK30pSTHOTO — CepeIOBUIIA
(M3C) y xocmoci. Bonu [I03BOJISIIOTH OTPUMYBATH
dizumuni mapamerpm obgacTei i0HI30BAHOTO BOIHIO
(HIT o6nacreit) i obsacreit doromuconianii; omino-
BaTu edEKTUBHY TEMIEpaTypy 3ipoK, sKi i0HI3yIOTH
HII obmacri. € i BakauBe KOCMOJIOTIYHE 3aBIaHHS
nis PPJI - BumipioBaHHS TEPBUHHOTO 3MICTy TeJIiio,
BUPOOJIEHOTO Ha CTail MEePBUHHOTO HYKJIEOCHHTE3Y
Bceecsity. BusBuiocst, 1mo Jjs1 OCTAHHBOTO 3aB/IaHHST
mikaBuM 00’ekToM € TymanHicTh Opiona A. CBoro yacy
Ha pagioresteckori PT22 (ITymuno) wa xsui 8 1 13
MM OyJIu POBEJIEHO CIOCTEPEXKEHHS PEKOMOIHAIIHHIX
pagiominiit Bogmio, remio (H, He) i Byrumemo (C) B
psani manpsivkis obiacti HIT Opion A. Bysto orpumano
BiHOCHMIt BMicT rerio, yT = n(Het)/n(HT), y nux
HanpsiMKax. [loBeiHka 11i€l BeJIMYNHY B3I0BXK TYMAaH-
HOCTI MMOKAa3aJ10, IO 30Ha 10HI3aIlil e MeHIa 30HU
ioHi3aIil BOJIHIO, 3 PI3HUM CHiBBIIHOIIEHHAM JJIsI SJIpa
i rajo. By/so BU3HAYEHO TAKOXK PO3TAITYBAHHS MICIId,
Jle OUiKyeThCs MaKCHUMaJjbHe 3HAYeHHs BEeJUIUHU Y™ .
st BcTaHOBJIEHO! 10HI3AIIHOT CTPYKTYpH 3HAIEHO,
mo aificuuit Bmict resito B Opioni A, n(He)/n(H),
OyZe He MeHIme, HixK MaKCHMaJbHe 3HAdeHHS Y.
Ile moszBoJisie oOIMHUTH OOMEKEHHsT 1 Ha TEPBUHHUIL
BMicT remito. Y maHiit pobori Oyam mpoBejeHi HOBI
cunocrepexkerss PPJI H i He na 13 MM y HanpsMmky
Ha odikyBaHuii MakcumyMm Beauauman yT. PPJI cro-
cTepirajguca y JBOX mepexofax — 6ba i1 66a. Bymo
OTPHMAHO, M0 MaKCHMaJIbHEe 3HAYEHHHA y T 3HAXOIUTH-
ca B inrepsaii 10 — 12%. 3igcn moxkuHa odikysaTh,
mo nepsunHuil BMicT remio (Yp, simmomenns He/H
o Maci) Jiexkuth B iHTepBasi &~ 26.4 — 29%, a gucio
JIETKUX YaCTUHOK TUILYy HEATPUHO I IYaC IEPBUHHOTO
HYKJIEOCHHTE3y MOXKE€ II€PEBUIIUTH CTAHJIAPTHE 3HAa-
qenHst. PoboTa Mo yTOYHEHHIO 1HOTO Pe3yabTary Oyie
IIPOJIOB2KEHA.

Kurrouosi ciroa: Kocwmostorist; Pagioacrporomist, HIT
objtacTi, pagiopekoMOiHaIiitHl JTiHil.
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1. Introduction

Recombination radio lines (RRLs) of hydrogen (H),
helium (Ne-4), and carbon (C) are a powerful tool
for studying the interstellar matter (ISM)(see Gordon
and Sorochenko,2003). The RRLs observations allow to
obtain the physical parameters of the ionized hydrogen
regions (HII regions ) formed around young and hot
stars as well as of the photo dissociation regions, which
are intermediate layer between the HII zone and the
parent molecular cloud (e.g., Sorochenko and Tsivilev,
2010); the effective temperatures of the stars ionized of
HII regions could also be estimated (e.g., Polaykov and
Tsivilev,2007). There is also an important cosmological
task for RRL - measurement of the Primordial helium
abundance. As Hoyle and Taylor (1964) have showed at
their time, about 90% of the observed amount of helium
was formed at the pregalactic phase of the Universe’s
evolution, and most likely at the stage of Primordial
nucleosynthesis. During Primordial nucleosynthesis
(the first 2-3 minutes after the Big Bang), in addition
to He-4, several other light elements were formed:
deuterium (D), helium-3 (He-3), tritium (T), and
lithium (Li-7). But if the yield of these elements
depended only on the baryon density of the Universe,
then the yield of helium (He-4) dependent to a greater
extent on the conditions of the neutron-proton ratio
(n/p) was frozen out (Klapdor-Kleingrothaus, Zuber,
2000). One of these conditions was the number of light
relativistic particles at the time of this freezing out
(~ 10 — 20 s after the Big Bang).

Thus, if the above elements are indicators of the
baryon density of the Universe, then the Primordial
helium abundance is also an indicator of the presence
or absence of unknown light particles. The contribution
of known light particles in the framework of Standard
Cosmological Model (SCM) is calculated with good
accuracy (Klapdor-Kleingrothaus, Zuber, 2000). The
available observations of fluctuations in the microwave
background give the values of the Primordial helium
abundance (Yp) within the Standard cosmological
model (SCM) with high accuracy. (For example, the
He/H ratio by mass is, Yp = 24.84(B + 0.02)% -
Coc, Vangioni (2017)). And it would seem what the
experiment can give in this situation, because it is
difficult to achieve such accuracy in observations? At
the moment, the SCM assumes the presence of three
neutrino species. However, for example, Yang et al.
(1984) showed that the presence of an additional fourth
neutrino would lead to a Yp > 25.3%. The difference
in Yp values would be already quite noticeable and
measurable. Thus, the presence of additional unknown
light particles like neutrinos may indicate a deviation
from the Standard Cosmological Model, which will
manifest itself in the measured excess of the Primordial
helium abundance from the SCM predictions. Within

the framework of this formulation of the problem
(search for deviations from the SCM), the source —
Orion A HII region - turned out to be interesting
object. For a number of years, we have intensively
investigated the well-known Orion A nebula by RRLs
of H, He and C at wavelengths of 13 mm and 8 mm.
It was found that the He™ ionization zone is less than
the HT zone. Under these conditions, the maximum of
the obtained value n(He%)/n(H™) makes it possible
to refine the lower limit of the Yp value.

2. Results and Discussion

At the indicated radio frequencies (the optically thin
case and the absence of Stark broadening of lines)
the relative helium abundance, y = n(He)/n(H), was
calculated as the ratio of integrals of the He and H
RRLs, corresponding to the same transition numbers,
using the following formula:

_ Ty(He) AV (He) )
T)(H) AV (H)

where T; — line amplitude, AV -line width at half
intensity level in km/s.

In reality, we measure the RRL of an ionized gas, i.e.
the ratio of the ionized components of He™ and H+. In
the HII regions, the measured (y* = n(Hev)/n(H™))
and the actual (y = n(He)/n(H)) helium abundance
are related by a structural factor R:

y"=Rxy (2)
where R is determined by the ionization structure, i.e.
the ratio of the sizes and emission measures of the He™
and H 7 zones. The relative helium abundance by mass
(Y) is expressed by the following formula:

Y=4yx(1-2)/(1+4y) (3)
where Z is the relative mass abundance of other
elements heavier than helium, often called metallicity.
Then it need to take into account the stars contribution
to the production of helium. In the case of Orion
A (Tsivilev, 2009) the Primordial helium abundance
can be determined by the following formula, using the
dependence of Y on Z due to the contribution of stellar
evolution:

Yp=Y —dY/dZ x Z (4)

In our previous works, it was shown that the
ionization structure in Orion A has a core-halo
structure, where the He™t zone is smaller than the H+
one, i.e. R < 1 as a whole for the nebula with a different
value for the core and halo. Under these conditions,
the maximum measured value y™ will mean the lower
limit on the actual helium content, y = n(He)/n(H) >
yt .- This opens the way for estimating the lower
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Figure 1: Positions in Orion A (see f.e. Tsivilev et al.,
2019) where RRL observations with RT22 (Pushchino)
were made at wavelengths of 8 mm (large and small cir-
cles) and 13 mm (squares). The yellow circle is the po-
sition where the maximum relative helium abundance
was observed at 13 mm. (The size of the yellow circle
corresponds to the size of the RT22 beam at 13 mm,
the size of the white circle corresponds to at 8 mm one).

bound on the Primordial helium abundance (Yp). So,
the task was to find !, in Orion A.

In our work Poppi et al. (2007), it has been showed
that y* increases with distance from the center with a
maximum value at an angular distance of 2 — 3/, and
then falls. The probable area of maximum y+ ~ 10%
was indicated in the North-West of the region (see
Fig. 1, marked as a blue oval) in positions Ori2 and Ori3
(Poppi et al., 2007). In subsequent works (Tsivilev et
al., 2016; Tsivilev et al., 2019) a high helium abundance
was also found slightly to the south, in the Ori N13
position (Fig.1). Therefore, the highest y* value can
be expected between the Ori3 and Ori N13 positions.
In this work, we carried out the RRLs observations
with RT22 (Pushchino) in this direction by the 65«
transition, (large yellow circle in Fig. 1).

Indeed, we obtained a value of y* & 12% (see Fig. 2),
which is higher than previously measured values. The
result is stable to small variations in the spectrometer
zero line. Since the result was unusually high, we
made additional observations of H and He RRL in this
direction for another transition - 66a. Unfortunately,
the equipment in these observations worked worse; in
particular, the system noise temperature was 1.5 times
higher. All observations were carried out from 2017 to

AmEnna emperanine,

Figure 2: Obtained spectrum (transition 65«) in the
direction of the y™ maximum in Orion A at 13 mm.
The vertical axis — antenna temperatures in Kelvins,
on the horizontal — radial velocities in km/s. Zero cor-
responds to the zero velocity for RRL H. The gray line
is the resulting spectrum, and the black smooth line is
the fitted spectrum.

2020, the time of signal accumulation in the transition
65 — ~90 hours, in the transition 66cc— =~ 60 hours.
Finally, y* = 11.57(£0.59)% was obtained for the 65«
transition and 10.0(£1.13)% for the 66« transition.
The weighted average value for the two transitions
(66cc and 65a) is equal to y* = 11.23(+0.52)%.
The next step was to calculate the Primordial helium
abundance using formulas (3) and (4) and taking
Z = 0.0112(B + 0.0022) (Baldwin et al., 1991) and
dY/dZ = 1.62(B £ 0.29) (Izotov, Thuan, 2010) and
assuming that R = 1 at the maximum y* position:

Yp = 29.2(+1.05)%.

Taking minus 3¢ (errors), we can estimate a formally
"strong lower" constraint:

Yp > 26.0%.

Further, conclusions can be drawn about the
limitations on the existence of unknown light particles
during Primordial nucleosynthesis (Tsivilev, 2009).
For example, Pagel (2000) expressed the calculated
helium yield during Primordial nucleosynthesis by the
analytical formula. Assuming that the free neutron
lifetime closes to 887 s, and combining the first and the
last (dependence on the baryon density) terms of this
formula, and assuming it as the measured SCM value
(Yp,0) we obtain a dependence only on the number of
light particles of the neutrino type (Nv) :

Yp=Yp,o0+0.013(Nv — 3).
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Taking the measured SCM value Yp,o = 24.84%
of Coc, Vangioni (2017), as outlined upper in the
Introduction, we get:

Nv=(Yp—24.84)%/1.3+3 (5)
Next, we derive Nv = 6.35 for the main Yp value and
Nv > 3.9 for the its lower limit, i.e. exceeding over the
standard value Nv = 3.

Is there any reason for the existence of such a high Yp
value? Some arguments are possible. For example, the
presence of a "mirror world"(Okun, 2007). According
to Blinnikov and Khlopov (1983), the number of all
light particles that affect the expansion rate of the
Universe will double. Using formulas available in
the literature (for example, the Internet publication
http://www.ka fO7.mephi.ru/eduroom/DM/DM -

L9.pdf), it can be estimated that the value
of Yp will increase by a factor ~ 1.2, i.e.
Yp ~ 2484 x 1.2 =~ 29.8%. It should also be

noted that lately there are a lot of talk about
the possible presence of fourth type neutrino (for
example, Serebrov et al., 2019). It is interesting to
note the recent measurements of Yp by absorption
lines in intergalactic gas towards distant quasars,
which gave the Yp = 25.0(+3.7; —2.5)% (Cooke and
Fumagalli,2018). Since the authors did not take into
account the contribution of doubly ionized helium,
which is abundant in the intergalactic gas, this value
can be considered as some lower limit, which also
allows exceeding the accepted SCM Yp value.

3. Conclusions

So, RRL observations in Orion A derived a high
helium abundance, y;\ .. = 10 — 12%, which assumes
the possibility of a"high "Primordial helium abundance
(by mass), Yp = 26.4 — 29%, and the number of light
particles of neutrino type can exceed the standard
value. It is clear that the result requires clarification.
We will continue to work in this direction and try to
carry out additional RRL observations in Orion A.
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ABSTRACT. Current studies of extragalactic X-ray
sources using data from orbital observatory XMM-
Newton are at the front line of X-ray astronomy.
Resolution capacity of the observatory instruments
enable to detect separate X-ray sources in the close
galaxies. In this study we used data from recently
published 4XMM-DR9 catalog. This catalog contains
550124 unique sources covering 2,85% of the sky. The
main type of extended extragalactic X-ray source is
hot halo of galaxy cluster. Such objects are important
for astrophysics in the tasks of revealing dark matter
distribution, galaxy formation and different cosmology
studies.

At the same time, some images of the galaxy clusters
contain small scale pointlike X-ray sources scattered
around the clusters or their halos. In many cases the
nature of such objects is not clear yet and require more
detailed studies. Furthermore, energy flux detection
threshold of such objects is limited to a great extend
not only by the instruments on board of the XMM-
Newton observatory but the natural sky background
radiation, which is at the level of 1073 Wm~2sr~! both
for XMM cameras and the sky background.

Using Hyperleda database we revealed 16 galaxy
clusters among the bright XMM sources. Images of the
two galaxy clusters demonstrate bright galaxy cores.
These clusters are galaxy group NGC 507 and Coma
cluster where nucleus of galaxy NGC 4889 was clearly
detected. We also analyzed X-ray images of 14 other
X-ray clusters but had not found AGNs there.

Out of the above mentioned 16 clusters in the 7
of them we have found 30 pointlike X-ray sources.
These sources are presumably mainly AGNs within
these clusters. From the other side, they could be also
more distant X-ray objects.

Keywords: Galaxiess’s X-ray emission, XMM-
Newton, HyperLeda, Active Galaxy Nucleus, galaxy
halo, galaxy clusters.

AHOTAIIIA. Cyuacui mociiijzKeHHs 03arajakTh-

YHUX JIZKEpeJl PEHTTeHIBCbKOIO0 BUIIPOMIHEHHS 3a I0-
IIOMOTOI0 JIAHUX, sIKi OTpUMaHi opbiTaabHOI 0bCcepBa-
Topieto XMM-Newton 3Hax01aThCsT Ha TTepeaoBiit inil
penTreniBcbkol acTporomii. Po3ninbra 3maTHiCTD MpH-
JIaJIiB 00CcepBaTOPil T03BOJISIE BUSABJISITH OKPEMI J7Kepe-
JIa, PEHTTE€HIBCHbKUX IIPOMEHIB y OJIM3bKUX IaJAKTUKAX.
Y IbpoMy JOCHTIPKEeHHI MU BUKOPUCTOBYBAJIM JIaHI He-
moaBHo omyosrikoBanoro karajgory 4XMM-DRY. Teit
KaTaJsor MicTuTh 550124 yHIKaJIBPHUX IKeped], IO 0XO-
woioTh 2,85% mneb6a. OCHOBHUM THIIOM IIPOTSKHOIO
[103arajJak THIHOrO JPKepeJia PEHTIEeHIBCHbKOTO BHIIPO-
MIHIOBaHHSI € Tapsde Iaji0 CKYIYeHHs TajakThK. Ta-
Ki 00’€KTH € BaXK/IMBUMU [IJ1si aCTPOMI3NKA B 3a1a9aX
BUSBJIEHHsT PO3IOJIIJIy TEMHOI MaTepil, yTBOPEHHS ra-
JIAKTUK Ta PI3HUX KOCMOJIOTIYHUX JOCJIJI2KEHbD.

Y Toit ke dac, JesdKi 300pakeHHsI CKYIUeHb TaJa-
KTHUK MICTATH TOYKOBI PEHTTEHIBCHKI JIZKepesia HEBEJIH-
KOrO pO3Mipy, siKi pO3CisiHi HABKOJIO CKYIT9eHb abo ix
rajo. Y 0ararbOX BHUIIQJIKAX IMPUPOJA TaKuX 00’€KTiB
me He sgcHa 1 BUMarae OLIbIN JeTaJbHUX JOCJII?KEHb.
Kpim Toro, mopir merekTyBaHHSI TIOTOKY €HEepPTil TaKuX
006’eKkTiB OOMEXKEeHUIT He TLIbKYM NMpUIagaMu Ha 60pTy
obcepBaTopil XMM-Newton, aste it mpupogauM HoHOM
BUIIPOMIHIOBaHHsT HeOa B PEHTTEHIBCHKOMY JTialla3oHi,
AKe 3HAXOAUThCH Ha piBmi 107 PBr-m2cp™! ax s
XMM kamep, Tak i g7 oy HEdA.

Bukopucrosyioun 6a3y nannx Hyperleda, mu Bussu-
s 16 CKyI4YeHb TajlaKTHK Cepejl sICKPABUX JIZKEPeJs
XMM. 3obpakeHHS JBOX CKYITYE€Hb T'aJaKTUK JIEMOH-
CTPYIOTH siCKpaBi sapa rajmaktuk. i ckymdaerss - rpy-
ma ramakTuk NGC 507 ta ckynuennst Coma, Jie si/1po
rajnakTuku NGC 4889 6yso 4irko BusiBjieHo. Mu Ta-
KOYXK IIPOAHAJI3yBAJIM PEHTIE€HIBCHKI 300parKeHHsI 1H-
X PEHTreHiBChbKUX Kiacrepis mpore AL ram ne Gy-
JIO 3HAJICHO.

Cepen 16 3rajanux BUIE CKyO49eHb y 7 MH
sHaitmmim 30 TOYKOBHX JIKepesl PEeHTTE€HIBCHKOI'O
BunpominoBanus. i jkepesa, iMOBIpHO, B OCHOBHO-
My € AGN B Mexkax Iux KJjacrepiB. 3 IHIOro GOKY,
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Table 1: Counts of discrete sources in X-ray clusters

N BCG Sources
1 | 6dFGS gJ034253.0-533753 0
2 ESO 156-8 1
3 ESO 383-76 0
4 ESO 444-46 0
5 ESO 444-76 0
6 M 87 1
7 NGC 507 9
8 NGC 708 6
9 NGC 1129 0
10 NGC 1650 2
11 NGC 3311 6
12 NGC 4696 0
13 NGC 4756 5
14 NGC 4761 0
15 NGC 4889 0
16 NGC 5044 0

TaKi TOYKOBi JizKepesa MOXKYTb OyTH TaKoK 1 Ol
BiJJIaJIEHUMU PEHTIEHIBCHbKUME 00’ €KTaMIU.

Kuaro4uoBi cioBa: Penrreniscbke BUIIPOMiHEHHS
ranaktuk, XMM-Newton, HyperLeda, Axrusni siapa
rajakTuK, [aJakTHIHe Tajio, raJakTUYIHI KJIacTepu.

1. Introduction

X-Ray observations are of a great importance for
extragalactic astronomy. A number of different active
objects could be currently detected only in X-ray band.
During decades of X-Ray observations using orbital
observatory XMM-Newton there was established a
large data base which is continuously updated and
accessible e.g. through Hyperleda database. Recently
made available version 4XMM-DR9 (Webb et al., 2020)
contains more than 500 thousand sources.

Most of X-ray emitting galaxies are more likely
to have AGNs (Tugay & Vasylenko, 2011), but this
statement should be verified. Galaxy clusters are
another type of extragalactic X-ray sources and at
the same time are important tracers of large-scale
structure of the universe. Main morphology features
of LSS may be characterized by filaments (Tempel,
2013; Tugay, 2014) but the clusters are much more
visible especially in X-ray band. Possible coorelation
of X-ray clusters orientation with LSS features was
considered in (Tugay et al., 2016). For complex LSS
studies both optical and X-ray observations are needed
as well as data on peculiar motions of the galaxies
to a maximum possible sample size (Parnovsky &
Tugay, 2005). In the scope of this study the aim of
this paper was to analyze X-ray clusters and search
for point-like sources in them. Later we are going to

mos2-filt-im.fit 0

DEC (deg) NGCA756

-15:15 o

~15230 -

~15:45 I

T
12h54m

Fig. 1: NGC4756 and 5 detected point-like X-ray
sources

study much more faint X-ray extragalactic sources
and compare them with the sources found in this paper.

2. Methodology

XMM-Newton observatory is definitely the best faci-
lity to study large samples of X-ray sources. It holds
on board three European Photon Imaging cameras
(MOS1, MOS2 and PN) capable to obtain images,
spectra and lightcurves of the studied objects. MOS1
and MOS2 cameras are suitably designed to build
images so in this study we selected their data. Detecti-
on energy interval of MOS cameras is in the range
of 0.2 keV to 12 keV. To select bright X-ray clusters
we used Xgal sample of extragalactic X-ray sources
(Tugay, 2014). All sources with Fx >10"13Wm=2sr~!
were identified with Simbad data base'. 16 clusters
were found with at least one X-ray galaxy inside.
For data and image processing software we used fits
viewer available from NASA High Energy Astrophysics
Science Archive Research Center?. The list of our
sample is presented at Table 1. We refer to each cluster
by its brightest galaxy (BCG).

3. Results

Images analysis revealed a number of the point-like
sources in a relative angular proximity to the known
and reliably identified X-ray sources and their X-ray
environment. Such a distance in analysed sample is
nearly up to the size of 10’ which corresponds to radius

Thttp://simbad.u-strasbg.fr/simbad/
2https://heasarc.gsfc.nasa.gov/docs /software/ ftools/fv/
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Fig. 2: NGC3311 and 6 detected point-like X-Ray
sources
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Fig. 3: NGC708 and 5 detected point-like X-ray sources

of the largest X-ray haloes. Some examples of the
detected point-like sources are presented on Figs. 1 to
3. Numbers of detected sources around each BCG are
given in Table 1. Detected point-like X-Ray sources
coordinates are given in the Table 2.

4. Conclusion

Performed study of the currently available data
enabled to reveal 30 point like X-ray objects around 7
NGC and ESO catalogue objects. Further studies of
their nature and properties will be useful for models
of galaxy evolution.

Table 2: Coordinates of discrete sources in X-ray

clusters

N BCG RA DEC

1 | ESO 156-8 | 3h41m44.20s | -53:42:19.46
2 M 87 12h30mb58.47s | 12:11:21.96
3 NGC 507 1h23m11.70s | 33:27:48.86
4 NGC 507 1h23m24.98s 33:25:24.82
5 NGC 507 1h23m44.86s | 33:26:08.52
6 NGC 507 1h23mb4.67s | 33:23:39.22
7 NGC 507 1h22m58.52s | 33:22:47.18
8 NGC 507 1h23m10.95s | 33:19:45.88
9 NGC 507 1h23m06.30s | 33:19:32.86
10 | NGC 507 1h23m07.09s | 33:19:23.33
11 | NGC 507 1h23m10.99s | 33:10:51.15
12 | NGC 708 1h53m12.59s 36:12:16.36
13 | NGC 708 1h53m07.63s | 36:12:25.44
14 | NGC 708 1h52m39.13s 36:12:31.65
15 | NGC 708 1h52m39.13s | 36:07:22.70
16 | NGC 708 1h52m22.30s | 36:06:46.64
17 | NGC 708 1h52m31.96s | 36:05:13.71
18 | NGC 1650 | 4h45m11.45s | -15:46:08.04
19 | NGC 1650 | 4h44m52.06s | -15:48:01.20
20 | NGC 3311 | 10h36m45.29s | -27:25:54.45
21 | NGC 3311 | 10h36m59.29s | -27:30:34.85
22 | NGC 3311 | 10h37m02.15s | -27:33:50.38
23 | NGC 3311 | 10h36m25.70s | -27:37:26.24
24 | NGC 3311 | 10h36m26.57s | -27:38:21.70
25 | NGC 3311 | 10h36m16.02s | -27:39:46.20
26 | NGC 4756 | 12h52m48.39s | -15:26:26.79
27 | NGC 4756 | 12h52m45.18s | -15:25:17.28
28 | NGC 4756 | 12h52m41.13s | -15:26:06.48
29 | NGC 4756 | 12h52m32.08s | -15:26:42.14
30 | NGC 4756 | 12h52m33.02s | -15:30:55.24
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ABSTRACT. At the surface of ~7% of single hot
stars stable mainly dipolar strong magnetic fields have
been detected. The main hypothesis today is that
these magnetic fields are of fossil origin. In other
words, these fields formed from the seed field in the
molecular clouds from which the stars were formed.
The recent observational and theoretical results confi-
rm this theory: the properties of the observed fields
correspond to those expected from fossil fields. Massi-
ve stars are stars whose initial mass exceeds about
8 solar masses. Massive stars play a significant role
in the chemical and dynamical evolution of galaxies.
However, much of their variability, particularly during
their evolved supergiant stage, is poorly understood.
To date magnetic field was registered only at three hot
stars of I-IT luminosity types: p Leo (Bl Ib), ¢ Ori
Aa (09.2 Ib), and ¢ CMa (B1.5 II). We performed
high-accuracy spectropolarimetric observation of the
hot supergiant ¢ Per (B1 Ib) over 26 nights from 1997
to 2012 with long-slit spectrograph mounted in the
coude focus of 2.6-m reflector ZTSh at the Crimean
Astrophysical Observatory. We also used circularly
polarized spectra obtained during 2 nights in 2008 wi-
th echelle spectrograph ESPADONS mounted at 3.6-
m CFHT. Effective magnetic field B. (longitudinal
component of the field integrated over visible hemi-
sphere) of ¢ Per was calculated in the line He I 6678.149
A. Statistically significant longitudinal magnetic field
(Be/op > 3) was registered in 14 from 199 single
measurements. These significant magnetic field values
are all in the range from —145 to +148 G with the
mean error 27 G. We suppose the supergiant ¢ Per can
be magnetic, but its magnetic field properties is diffi-
cult to detect likely due to the insufficient precision of
the used spectropolarimetric measurements compared
to the expected field strength.

Key words: stars: early-type — stars: supergiants —
stars: magnetic fields — stars: individual (¢ Per).

AHOTAIIIS. Ha noepxui ~7% NMOOAMHOKHX rapsi-
9uX 3iPOK BUSBJIEHI CTaOLIbHI, IEPEBAXKHO JIUIOJILHI
MAarHITHI TIOJIS SIKi CATAIOTH IHKOJIM JIECATKIB KiJIorayc.

T'otoBHOMO TiNOTE3010 CHOTOIHI € Te, IO i MarHiTHI 1o-
JIsT MAIOTh PEJIKTOBE MOXOJYKeHHs. [HIIMMHI CJIOBAMH,
I1i TIOJIsl YTBOPUJINCK 13 TOJIsI B MOJIEKYJIIDHAX XMapax,
3 skux yrBopuiucsa 3ipku. OcTaHHI CIIOCTEperKeHHsI
Ta, Pe3yIbTATH TEOPETUIHOIO MOIEFOBAHHS IIiITBED-
JKYIOTh I[I0 TEOPIif0: BJIACTUBOCTI TVIODABHUX OB
1[0 CIOCTEPIraloThCsl, BiAMOBIIAIOTH THUM, IO Majau O
OYiKyBATHUCH y PEMIKTOBUX MaruHiTHuX moJiB. Macusmi
3ipKH - 1Ie Ti 3ipKu, MOYATKOBI MaCH AKHX MPUOJIUIHO
y 8 i Giyibie paziB mepepurnyorb Macy Conrg. Boru
BIIrparoThs 3HAYHY POJIb Y XIMIYHOMY Ta JUHAMIYHOMY
po3BuTKy rasiakTuk. OmHak iX 3MIHHICTB, 0COOJUBO
MiJT 9aC eBOJIIOIIMHOI CTa il HaJINTraHTiB, HEJOCTATHHO
BuBueHa. Ha crorommimmHiit merHp MaruiTHe mose 6ysio
3apEECTPOBAHO JIUIEe y TPhoX rapsgumx 3ipox [-11
tunie csitaocri: p Leo (Bl Ib), ¢ Ori Aa (09.2
Ib) i ¢ CMa (B1.5 II). ¥V wuiif pobori mMn mposenan
BHCOKOTOYHE CIIEKTPOIOJISIPAUMETPUIHE [TOCJIiI2KEHHS
rapsgdoro nagriranta ¢ Per (Bl Ib). Cuocrepexenns
Oy BuUKOHaHI mporsaroM 26 wmodueit 3 1997 mo 2012
PP- 3a JOIIOMOIOK KJIACHYHOIO CIIeKTporpada, BCTa-
HOBJIEHOTO ¥ (boKyci Kyze 2,6-meTpoBoro pedekropa
3TII B Kpumcekiit acrpodizuuniit obcepBaTopii.
Mu TakoXK BUKOPHUCTAJM MUPKYISPHO IMOJIAPUIOBAHI
CIIEKTPH, OTpuUMaHi mpordarom 2 Hodeit B 2008 pori 3a
nomomororo emesie-ciiekrporpaga ESPADONS, Bera-
Hopjienoro Ha 3,6 M Kanama-Ppanko-I'aBaiicbkomy
resteckori (CFHT). Edexkrnsre marnitae mosne B,
(1103M0BXKHS CKJIaJI0BA 1I0JIsl, IHTErPOBAHA 110 BUIUMI
miekysi) ¢ Per 6yso pospaxosano mno uinii He I
6678.149 A. Crarucrudso 3HAUYIIE TT03/I0BYKHE MarHi-
tre noJie (Be/op > 3) Gyso 3apeectposano B 14 i3 199
OJMHUYHUX BUMIPIOBaHb. ¥YCI IIi 3HAYYII 3HAYEHHS
MAarHITHOTO TOJIS 3HAXOJATHCA B Jliana3oHi Big —145
1o +148 raycis 3i cepennboio moxubkKoo y 27 raycis.
Ha mniit mincrasi Mu npuiyckaemo, 1mo HaarirasT ¢ Per
Ma€ Mar”iTHe [oJjie, ajie XapakKTep 3MIHHOCTI sIKOrO IO
HasBHOMY MaTepiayly CIIOCTEPEXKEHb BayKKO BUSIBUTHU
qepe3 HEIOCTATHIO TOYHICTH HAIMAX CIEKTPOIOJIs-
PUMETPUYHUX BUMIPIOBAHb IOPIBHAHO 3 OYIKYBaHOIO
HAIIPYKEHICTIO I10JIS.
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Kuro4oBi cstoBa: 3ipku paHHiX CIIeKTPaJIbHAX KJIACIB,
Ha/INiraHTU, MACHUBHI 3ipKu, rapgdd4i 3ipku, MarHiTHi
I10JIS 31POK.

1. Introduction

At the surface of ~ 7% of single hot stars stable mai-
nly dipolar magnetic fields have been detected. The
main hypothesis today is that these magnetic fields
are of fossil origin. In other words, these fields formed
from the seed field in the molecular clouds from whi-
ch the stars were formed. The recent observational and
theoretical results confirm this theory: the properties of
the observed fields correspond to those expected from
fossil fields.

Massive stars are stars whose initial mass exceeds
about 8 solar masses. These stars play a significant role
in the chemical and dynamical evolution of galaxies.
However, much of their variability, particularly during
their evolved supergiant stage, is poorly understood.

To date only three hot supergiants have been found
to host a magnetic field. Kholtygin et al. (2007)
reported the possible detection of the magnetic field
with polar strength 240 £ 50 G on p Leo (Bl Ib).
Bouret et al. (2008) reported the detection of a weak
magnetic field of 50-100 G on the supergiant ¢ Ori Aa
(09.2 Ib). The result was confirmed by Blazere et al.
(2015). Fossati et al. (2015) detected the magnetic field
with polar strength of at least 13 G on the bright giant
e CMa (B1.5 II).

¢ Per (HD 24398, HR 1203, B1 Ib) is a hot supergi-
ant, which main stellar parameters are shown in
Table 1. We present here the results of magnetic field
measurements on ¢ Per.

Table 1: Stellar parameters of ( Per.

Parameter Value Reference

Sp. Type B1Ib Lesh (1968)

v 2.85 SIMBAD

Tesr (K) 22040 Zorec et al. (2009)

log g 3.061 Huang & Gies (2008)
vsini (km/s) 45  Simén-Diaz et al. (2017)
M/Mg 15.5 Tetzlaff et al. (2011)
R/Rg 26 P. Fracassini et al. (2001)
L/Lg 47039 Hohle et al. (2010)

t (Myr) 12.6  Tetzlaff et al. (2011)

2. Observations

Spectropolarimetric observations of { Per were carri-
ed out with the long-slit spectrograph and the circular
polarization analyzer mounted in the céude focus of
the 2.6-m reflector ZTSh at the Crimean Astrophysical
Observatory (26 nights from 1997 to 2012, spectral
resolution R ~ 30000). We also used polarimetric

600 T T T

400 | .
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—O-0— +HOH

-200 —

-400

2452000 2454000 2456000
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2450000

Figure 1: Magnetic field of ( Per measured in 1997
- 2012. Filled circles indicate data obtained at ZTSh
(CrAO), open circles - data obtained at ESPADONS
(CFHT).

data collected during 2 nights in 2008 with the echelle
spectrograph  ESPADONS (spectral resolution R ~
65000) mounted at the 3.6-m CFHT (Hawaii, USA).
Effective magnetic field B, (longitudinal component
of the field integrated over visible hemisphere) of
¢ Per was calculated in the line He I 6678.149
A (effective Lande factor z = 1) with the procedure
discussed in detail by Butkovskaya & Plachinda (2007).

3. Results

In Figure 1 individual magnetic field (B,)
measurements (N = 199) of ¢ Per are presented.
Statistics on the magnetic field measurement is
illustrated in Figure 2. Most B, values fall in the range
from —50 to +50 G, and the mean value < B, > =
2.6 £ 5.2 G. The mean error of a single measurement,
< o > = 52 G, while the minimum error is 19 G.
Statistically significant longitudinal magnetic field
(Be/op > 3) was registered in 14 single measurements.
These significant magnetic field values are all in the
range from —145 to +148 G with mean error 27 G.

4. Conclusion

We suppose the supergiant ¢ Per can be magnetic,
but its magnetic field properties is difficult to detect
likely due to the insufficient precision of the used
spectropolarimetric measurements compared to the
expected field strength.
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Figure 2: Distribution of the magnetic field B, (top
panel), its errors op (middle panel) and signal-to-noise
ratio Be/op (bottom panel). Normal distribution curve
is shown on the top panel by the strong line.
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ABSTRACT. Cosmic-ray induced y-ray emission in
active galactic nuclei (AGN) has been examined in this
study for the first time. Cross-sections for the formation of
y-quanta in such cosmic-ray collisions were selected in the
1-150 MeV energy range. Synthetic y-ray spectra were
computed for both interstellar gas and dust. At the same
energies of particle collisions and induced emission of y-
quanta, energy intervals of diagnostic interest were
determined. Specific characteristics of emission were
detected in the energy ranges of 5-15 MeV and 23-30 MeV
for most investigated elements. Diffuse continuous y-ray
spectra for the other energy ranges were less informative
with regard to the determination of the chemical
composition of interstellar gas. It has been shown that
exploring cosmic-ray fluxes in the vicinity of galactic
centres by employing the examined y-ray spectra yields a
pattern of their energy distribution. Diagrams of cross-
sections for y-quanta formation were computed for the a-
process elements. Synthetic y-ray spectra of interstellar gas
and dust were calculated individually and collectively. It
has been indicated that, under certain conditions in AGN,
cross-sections for ionisation of atoms due to energy losses
by cosmic-ray induced ionisation and y-quanta emission
resulting from collisions with cosmic rays are similar. It has
been found that when the maximum of proton and a-
particle energy distribution function falls within the
investigated range of energies, it leads to the formation of
the peak flux of y-rays. This is particularly important for
the interpretation of observations in the energy ranges of 5-
15 MeV and 23-30 MeV. Synthetic induced y-ray spectra
of interstellar dust were computed, and methods of their
observations for silicate and carbon-containing dust, which
account for 80% and 20% of the interstellar-dust total mass,
respectively, were determined. It has been deduced that the
contribution of Compton processes to y-quanta emission
can be neglected at the investigated energies.

Keywords: Active Galactic Nucley, Cosmic Rays, Induced
v-Ray Spectra, Diffuse Interstellar Medium.

AHOTAIIISA. B poGori Bhmepme po3risiHYTO i
PO3paxoBaHO IHIyKOBaHE Y-BUIIPOMIHIOBAHHS B aKTHBHHX
spax TAJIAKTHK, SIKe BUHUKAE i/ €10 KOCMIYHUX IMPOMEHIB
(maumi KIT). st inrepany ewepriii (1-150 MeB) mini6pani
MEPeTHHH  BUNPOMIHIOBAaHHA  Y-KBAaHTIB  YHACTJOK
3a3HAUEHUX 3ITKHEHb. [IpOBEICHO PO3paxyHKH CHHTETUYHUX
Y-CHEKTPIB SIK JUIsl MDK30PSHOTO a3y, TaK 1 JUIsl MIXK30pPSHOTO
moty. [lpy 1mX SKke eHepriix 3iTKHEHb YacTHHOK Ta
IHIYKyBaHHS Y-KBaHTIB BU3HAUCHI IHTEPBAJIM €HEPIeTUIHOTO

CIIEKTpa, [0 € BAXIMBHMHM IS JIarHOCTHKH CEPEIOBHIIA.
BusnageHo, mo eHepreTnyHi iHTepBamm 5-15 MeB i 23-30
MeB pmarote emiciiiHi ocobmmBocTi  Ans  OLTBIIOCTI
PO3MIIIHYTHX ~ €NeMeHTiB. /I  IHIIMX  eHepreTWYHHX
IHTepBaJTiB MAa€EMO MeHII iH()OPMATHBHI U1 BHU3HAYCHHS
XIMIYHOI CTPYKTYpPH MDXK30PSTHOTO Ta3y audy3Hi Oe3nepepBHi
y-cextpu. [TokazaHo, 1110 B OKOJIMIIIX TJIaKTHYHUX LEHTPIB
3ouayBaHHsa ToTokiB KII 3a 10omomMoror po3ristHyTHX Y-
CIIEKTPIB Jla€ CTPYKTYpy iX pO3MOJIIy TO EHEprisix.
OOumcreH] liarpaMy TIEpETHHIB YTBOPEHHS Y-KBaHTIB ISt
eNIeMEeHTIB a-npouecy. CHHTETUYHI Y-CIIEKTPU MIXK30PSHOTO
rasy 1 DIy BH3HAYaJMCS OKPEMO Ta B CYKYITHOCTI.
3azHaueHo, mo 3a meBHUX yMoB Al meperuHy ionizamii
aTOMIB B pe3yJbTaTi i0HI3amiHIX BTpat, Bukinkannx KII ta
IHIYKyBaHHS y-KBaHTIB mif miero 3iTkHeHb 3 KII, Marots
Omr3bKi 3HaueHHS. OTPUMAaHO, IO K0 MAKCIMYM (DYHKIIT
PO3MOLTY O EHEPrisX Y MPOTOHIB Ta 0-4aCTHHOK TIPHUIIA/Iae
Ha PpO3IJISTHYTHMH HAMU EHEPreTUYHUH IHTEpBal, TO Lie
MIPU3BOJUTD JI0 YTBOPEHHSI MaKCUMAJILHOTO IMOTOKY €Hepril
y-ipomeHiB. Lle 0coOnmBO BaIJIMBO i IHTEpHpeTari
crocTepexeHb B iHTepBaiax 5-15 MeB i 23-30 MeB.
OOumcIeHl CHHTETHYHI 1HyKOBaHI Y-CIIEKTPU MIXK30PSIHOTO
NIy Ta BU3HAYEHI CIOCOOM X CHOCTEepEeKeHb VISl MY 3i
BMICTOM CHIJIKaTiB Ta [Ty 3 BMICTOM BYIJVICIFO 3a
BiamoBigHuM criBBimHOmEHHIM 5K 80% 1o 20% Bix
3aranbHOI MacH. OTpUMaHO, IO NMPU PO3MIITHYTUX E€Heprisix
BHECKOM Y-KBaHTIB KOMIITOHOBCHKHMHU MpPOIIECAMH MO>KHA
3HEXTYBATH.

KaiouoBi ciioBa: akTHUBHE TalakTHYHE $APO, KOCMIYHI
NPOMEHI, IHAYKOBaHI CIEKTPH Y-TIPOMEHIB, Au(Yy3HE
MIDK30psIHE CepEJOBUIIIE.

1. Introduction

A distinctive feature of active galactic nuclei (AGN) is
their high luminosity in all spectral bands without
exception. This is why it is feasible to observe them in
many diverse regions of the Universe. On such a scale, we
often observe the luminosity produced just by the central
region of a distant galaxy, which may extend to a radius of
about 1 kpc, rather than the integrated luminosity of the
entire galaxy. It has been thought up until recently that the
total flux of y- and X-rays, being initiated by a galactic
central supermassive black hole (GCSMBH), originates
only in the region of 1 pc, which is quite narrow on a
galactic scale. Taking into account the effects of intrinsic
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magnetic fields localised in accretion discs around
GCSMBH, it can be deduced that it is only charged cosmic
rays with energies not exceeding 3GeV that, being
deviated, return to the galactic centre through the halo
(Dermer, 1986). As to the particles of higher energies, they
generally leave such galaxies. In our Galaxy, a power-
series semi-empirical energy distribution of protons and a-
particles is observed along the disc, suggesting that
maximum number of particles thus distributed have
energies from 5 MeV to 150 MeV. The integrated optical
and X-ray luminosity at 1 keV and y-ray luminosity at 1
GeV is close to 10*°-10*7 erg sec?. This has been
indicated in the study (Fan et al., 2016), wherein
observational catalogue data obtained with different space
telescopes are presented and cross-correlated. In particular,
they collected and processed luminosities at the afore-
indicated energies from catalogues of BL Lacertae objects
(BL Lac type of AGN). In this case, having observed
luminosities available, it is reasonable to consider the
kinetics of collisions of protons and a-particles with target
atoms of the interstellar medium in AGN, resulting in
induced emission of y-rays of nuclear-reaction origin.
Moreover, in this case, precise boundary conditions of the
physical problem of proton and a-particle collisions are
known. Astrophysical interest in such processes lies in the
fact that they are quasi-elastic in the range of collision
energies from 5 MeV to 150 MeV with induced y-quanta
produced in these collisions, among other products.
Experimental cross-sections for such reactions have been
selected and adopted by the author from the nuclear data
services (Tanaka et al. 1994) and reported in the present
paper. Even though there are some peculiarities in the
induced y-ray spectra, it will be deduced from the figures
presented below that these spectra are continuous. The
peculiarities per se are not narrow nuclear resonances as
they cover quite a wide range of energies.

Processes of cosmic rays colliding with atoms of the
interstellar medium become explicitly inelastic at energies
reaching 1-3 GeV and produce pions, electrons and positrons
in proportions 0.25:0.25:0.5. Positrons, in turn, produce only
two y-ray lines (at 0.511 MeV or 1.022 MeV) while the
neutral pion decay generates a single y-ray line at 67.5 MeV.
Therefore, a distinctive feature of intense fluxes of cosmic
rays is that they are associated with continuous, collision-
induced diffuse y-ray spectra, as well as y-ray lines,
commonly attributed to products of series of nuclear decays
of A-resonance via the following channels (Dermer 1986):

p+H-omn 4+ >e +-(25%); (1)
p+H-ont+->e* +--(50%) )
p+H-m’+ - - 2y (25%) 3

The intensities of cosmic-ray fluxes falling on a square
centimetre along discs and halo of such galaxies are 108 —
100 higher than those of similar fluxes in our Galaxy (one
particle per square centimetre). Cosmic ray transport from the
central to peripheral regions of AGN is described in sufficient
detail in a number of papers (Lazarian & Yan, 2002; Yan &
Lazarian, 2004; Yan, 2015). The takeaway of these studies is
the detection of a high degree of scattering cosmic-ray fluxes
directed from the AGN centres by large-scale turbulent
structures of galactic discs. Thus, on a scale of up to 1 kpc,

cosmic-ray fluxes have time to become diffuse, whether it is
the galactic disc or halo that they are transported through.
Consequently, the induced y-ray emission described above
arises throughout the periphery of AGN.

The present paper consists of five sections, including
Introduction, three main sections and Summary. Sections 2
and 3 provide the results of computing synthetic y-ray
spectra induced by interstellar gas and dust both
individually and collectively. Section 4 presents the
discussion and conclusions. We introduce new criteria
obtained for processing observational data on the
composition of cosmic rays and y-ray spectra of AGN
adopted from available catalogues of the FERMI and
PAMELLA missions. Also, the physical nature of the
investigated phenomena in AGN is discussed.

2. T-ray emission induced by interstellar atoms in
AGN

As shown in the previous section, the main contribution
to the processes of inducing y-quanta emission is made by
collisions of protons and a-particles with atoms in the
interstellar medium. The contribution to the similar process
by the leptonic component, associated with electrons and
positrons, can be neglected. Thus, we obtain the most
common reactions, which look as follows:

p+iHe >y + - (4)
a+iH->y+-; a+3He>y+- (5)
Cross-sections for the reactions responsible for
producing y-quanta have been collected from

miscellaneous sources and represented graphically below.
The average distribution of matter in AGN from the central
to peripheral regions varies within the number density
range: n;g, =~ (108 — 10*) cm™3. Fluxes of protons and a-
particles, I,(R,e;) and I, (R,.,), depending on  the
distance from the AGN centre, R,.,, can be written as the
following simplified relationships:

IP(RPET) = pO(Rper)/Rzzaer; Ioc(Rper) = Iao(Rper)/er;er
(6)

The energy  spectrum of  cosmic rays,
Lp(Rper ) La(Rper), follows a power law. As compared to
cosmic rays in our Galaxy, the spectra Lp(Rper ), Lo (Rper)
are quite similar, having the same power, but different initial
energies of particles. This is why, as an initial approximation,
the powers for the afore-indicated distributions will be the
same while initial distributions will be adopted from
observational catalogues in similar fashion as described in
the study (Fan et al. 2016). The final stage of determining the
intensity of energy flux at a given wavelength is to establish
a relationship between cross-sections for the processes of
generation of secondary (induced) y-quanta and collision
energies of protons, oy(E), and a-particles, ca(E).

In the figures 1-10 we represent graphically the
dependences of the target cross-sections on the energies E of
the relevant collisions with interstellar atoms in AGN. The
cross-sections oy and oo, represented along the Y-axis, are
expressed in millibarns (1 mbn = 1072*cm? ). As to the
cross-sections for the yield of the target induced (secondary)
y-quanta, the energy E is expressed in MeV. The other
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chemical elements in Mendeleev’s periodic table exhibit
rather low number densities, hence their induced spectra are
only considered in some specific cases; in particular, in gas-
and-dust aggregates. Carbonates and silicates comprise 20%
and 80%, respectively, of interstellar dust grains. Dust grains
account for 1% of the mass of the matter in between
interstellar clouds. The fraction of dust inside dense clouds
is several times larger due to the dust fragmentation.
Therefore, it is reasonable to expect observing induced y-ray
emission, produced in interactions of dust grains with
hadronic component of intense cosmic-ray fluxes. Cosmic-
ray particles contain such elements as C, N, O, Si, Al, Mg,
Mn, S and Fe. Optical, IR and radio spectra have served as
the primary tool for studying the emission from dust grains
until recently. Some interest in regard to intrinsic spectra of
dust has only arisen after the Hubble Space Telescope (HST)
mission discovered the soft X-ray scattering by microscopic
particles (nanoparticles) produced in Novae (white dwarfs).
In the present paper, hard X-ray and y-ray emission from dust
is considered to be exclusively induced. The vy-ray
background produced by interstellar atoms contrasts with
induced emission from dust in gas-and-dust aggregates,
since the abundances of the afore-listed heavy metals in such
dust grains are relatively higher. Observations of AGN
performed by the FERMI and PAMELA space missions
have proven the generation of intense fluxes of cosmic rays
therein. In the next section, we will present cross-sections
and spectra of y-ray emission from dust, induced by
collisions with such protons and a-particles.

3. Induced y-ray emission from interstellar carbon-
bearing dust in AGN

Cosmic-ray dust is comprised of a variety of chemical
compounds, with the a-process elements predominating
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Figure 1: Reaction a+H-->vy + ...

over the others. The problem of the formation of its induced
y-ray emission comes down to the determination of induced
y-ray emissions from its components. Let us consider
systematised cross-sections for induced y-quanta from
major elements comprising dust grains. With regard to
graphite dust, it is sufficient to examine such cross-sections
for pure carbon and its most common compounds,
including simple oxides and complex compounds, such as
carbonates. The mentioned cross-sections are illustrated
below with the same legend as in previous figures. A
specific spectroscopic feature of the CNO elements is that
induced-emission peaks from all these elements are
observed at energies 5-15 MeV and 23-30 MeV. In these
energy ranges, induced y-ray emission reaches its peak
while there are distinctive characteristics of the emission
typical for particular elements. At energies of 50-150 MeV,
the diagnostic potential of the method of induced y-ray
emission decreases, making it less informative and only
suitable for computations and analyses of the mean fluxes
of diffuse y-ray emission. Therefore, in the energy ranges
specified above, the radiation from distant AGN originates
not only from their central regions, but also throughout the
periphery. It turns out that the presence of intense cosmic-
ray fluxes is a prerequisite for maintaining the AGN
luminosity in the y-ray energy range.

Studying cosmic rays in our Galaxy has shown that the
peak distribution of protons and a-particles falls in the
investigated range of energies, which results in the induced-
v-quanta yield factor reaching its maximum. In such a case,
the procedure of constructing integral induced y-ray spectra
of AGN is simplified. Prior to strict computation of the
induced-emission synthetic spectra, we can estimate the
probability of inducing a y-quantum, given the boundary
conditions of the physical problem.
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Figure 2: Reaction a+He4-->vy + ...



Odessa Astronomical Publications, vol. 33 (2020)

31

1.20E+04

1.00E+04

8.00E+03

6.00E+03

oY(E)

4.00E+03

2.00E+03

0.00E+00

© 0

50 100
E( MeV)

150

Figure 3: Reaction p+C12--> vy + ...
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Figure 9: Reaction p+ Si28 --> y + ...

Physically, such a probability will be equal to 1 when the
product no,L = 1 or no,L = 1. The proposed conditions
for interstellar gas are met on the galactic disc scale (L ~
102%°cm). As to gas-and-dust aggregates (interstellar clouds),
such a condition, given their dimensions on a scale of L ~
1018 — 10%cm, is fulfilled for the bulk of interstellar
clouds. The concept of cosmic-ray flux in AGN is quite
conventional. As mentioned in a series of works (Lazarian &
Yan, 2002; Yan & Lazarian, 2004; Yan, 2015), high-energy
cosmic-ray particles with E.,. < 3 GeV, being trapped by
mean galactic magnetic fields, experience diffuse scattering.
The whole bulk of y-ray active medium is filled with protons
and a-particles. Consequently, the appearance of such a
medium will be defined by a formula similar to the
Osterbrock-Lucy escape probability (OLEP) formula,
modified by Varosi & Dwek (Varosi & Dwek, 1999).
Computing the radiative transfer in diffuse medium requires
preliminary calculation of cross-sections for the absorption
(or respective absorption coefficients), a,;, (k,p), and quanta
scattering, g.(os.) in the specified energy range. The cross-
section a,;, was adopted from the study (Kozma & Fransson,
1992). The cross-section o, is employed from the previous
paper of the author (Doikov 2019).

In the figures presented above, we can see the cross-
section for y-quanta emission, a,,,. Then, having computed
the value ®, we can define the flux of quanta towards an
observer, Fg(Rper)-

Jem
Oabt0sc

= ) Fp(o) = G+s)e| O

The ratio between emissivity and absorptivity per one
gram of matter, e/k, corresponds to the ratio of cross-
sections for emission and absorption (per one atom).
Provided that the cosmic-ray flux penetrating the galactic
disc is scattered with increasing depth, the emissivity of
matter for an external observer will be growing with
increasing depth of the disc. Simultaneously, protons and a-
particles will be losing their kinetic energies in the normal
direction towards the surface proportionally to increasing
depth of the disc. In contrast to problems in stellar

Z—;[l—i+

Figure 10: Reaction a+ Si28--->1vy + ...

astrophysics, the number density of matter in galactic discs
does not vary significantly in the indicated direction.

It also should be noted that, on a scale of the galactic disc
depths, each proton or a-particle collides with at least one of
the interstellar atoms and generates a single y-quantum.
When considering a disc as diffusively radiating, we suppose
that the optical depth, t, equals to zero on the surface of such
a radiating disk. To simulate graphical representation in
future papers, we reduce formula (6) to a form, which is more
suitable for computations. In so doing, the cross-section g,
will be reckoned as the cross-section for Compton scattering
of y-quanta by atomic electrons. In the study (Kozma &
Fransson, 1992), the following ratios have been reported:
0qp(H) = 0,06Zm,cm? for hydrogen and g,,(He) =
0,06ZHempcm2 for helium. For the rest of elements, the
ratio is o, (i) = X;0,06Z;m,cm?, where X;,Z; are the
abundances and charge numbers of the examined chemical
elements. When factoring in the contribution by interstellar
dust, we adopt data obtained in the IR studies of the galactic
dust, reporting that it is comprised of 20% of carbon-
containing dust and 80% of silicates.

In conclusion of this chapter we presented the synthetic
spectra from all AGN’s disc. More specifically, the
outflows energetic flux — Fow(E)  (Fig. 11) of y-quanta
created by its periphery, located outside the central zone of
1-2 parsecs. The full synthetic spectra are calculated in
(0,1-150) MeV interval and consists contribution by
combination of the induced y-ray emission and photo-
ionization, Compton, electron-positron scattering. In this
case we used solar abundancies of the AGN’s ISM. The
probability of y-quants escaping from peripheral AGN’s
galactic disc’s a presented in a formula (7) in square
brackets, are calculated and presented in Fig. 12. Number
densities — N = 10*cm™3 are mean values for AGN’s
ISM. Galactic discs with 200 pc depths and radial sizes we
propose how R=400 pc. The changing of this AGN’s
parameters leads to increasing of the energetic flows
Fout(E). The Fig. 13 presented optical dependences t(E) for
this galactic discs.
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Figure 12: The y-ray photon escape probability P(t) from
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4. Discussion and conclusions
Measurements of the intensities of hard y-ray fluxes from

compact sources have been of particular interest recently. In
this regard, soft y-quanta 0.511-5 MeV provide information

mainly about nuclear decays as B-transformations. Induced
emissions in the 5-150 MeV energy range, examined in the
present study, result from collisions between cosmic rays and
interstellar atoms in AGN. Cross-sections and spectra of
such processes, presented in this paper, enabled us to
estimate the composition of radiation fields in the peripheral
regions of AGN, located at a distance greater than 1 kpc, and
also to determine its particular spectroscopic value in the
region of 5-50 MeV, wherein collisions of protons and a-
particles, comprising cosmic rays, with the a-process
elements manifest themselves. In other words, spectra of
induced y-quanta are analogous to continuous stellar spectra.
Meanwhile, the nuclear resonance lines, accompanying
radiative transitions in such collisions, will be reckoned as
analogous to narrow spectral y-ray lines. Taking into account
the relationship between cosmic-ray fluxes and y-ray spectra
induced by their collisions, described in the previous
sections, the indicated y-ray spectra make it possible to
reconstruct a dynamic structure of both directed and
scattered fluxes of cosmic rays. For distant AGN, the
proposed method is the only feasible way to directly study
parameters of cosmic-ray fluxes. A portion of energy
transferred by the hadronic component of cosmic rays is
defined by the structure of accretion discs around
supermassive black holes in AGN. Implementation of the
Blandford-Znajek mechanism (Blandford & Znajek, 1977),
which describes the acceleration of charged particles around
GCSMBH up to the cosmic-ray energies (ranging from MeV
to GeV), requires the presence of strong fluctuations in
magnetic fields, producing a significant potential difference
in the immediate vicinity of a black hole. Integrated
observations of AGN in different spectral bands enable us to
draw a conclusion about existing correlation between the
mass of a black hole, radiative power of the accretion disc
and energy output into the surrounding medium. According
to observational data, a large majority of AGN can be
observed as bright sources of y-ray emission. As it follows
from the present paper, when there is a correlation between
energies associated with such sources of y-ray emission and
cosmic rays, it results in expected intensities of energy fluxes
of y-quanta, induced in collisions of cosmic rays with
interstellar gas and dust in the 5-150 MeV energy range.
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ABSTRACT. For the group of pulsating variable stars
with multi-component variability — which are currently
classified as the RV Tau-type stars — the classification
based on complexity of the periodograms is discussed. Per-
iodograms were computed using the least approximation of
the data with a sinusoid. The periodograms previously clas-
sified by their shape into three groups according to the pres-
ence or absence of certain structures: two peaks in a 2:1
ratio, (biharmonic signal with two waves during a main pe-
riod, or the phase curve is significantly asymmetric), the
presence of satellites of these peaks at the periodogram in-
dicating the result of modulation of characteristics of oscil-
lations. Group | includes objects showing the periodogram
typical for the RV-type stars, and the ratio of the periods of
the two main peaks is indicated. These oscillations appear
to be relatively stable during the observations. The Group
Il includes objects, the periodograms of which contain
signs of multi-periodicity or, vice-versa, only one clear
peak, instead of two. The presence of multiple peaks may
be due to multiple periods, or due to variability of the main
period. The Group I11 includes objects, the periodograms of
which are highly noisy, mainly due to a small number of
observations or they do not show typical structures of RV-
type stars. Such stars may be classified in the catalogue
wrongly, so, additional study is needed. For periodogram
analysis, the photometric observations from the interna-
tional databases of AFOEV, AAVSO and ASAS were used.
A least squares method is used for the analysis, to compare
the variance in the deviations from the smoothed function
with the variance in the initial observations. The mean light
curves and the phase plane diagrams "dxc(@)/d¢" vs "Xc(¢)"”
was compiled and analyzed for the values of the periods
corresponding to the peaks in the periodograms.

Keywords: pulsating variable stars, periodogram analysis,
phase plane diagrams

AHOTANIA. [dns rpynu myabCyIOYMX 3MIHHHX 3ip i3
6araTOKOMITOHEHTHOIO 3MiHHICTIO — 3ip, III0 Hapas3i BigHe-
ceHi g0 3ip Tuny RV Tau - obroBoproeTscst Kinacugikaris
Ha OCHOBI CKJIaJIHOCTI nepiogorpam. [lepiogorpamu Gymnu
o0uncrneHi i3 BUKOPUCTAHHIM alpOKCUMAIIil CUTHAITY CH-
HYCOiZI0I0 METOZIOM HaliMEHIINX KBajpaTiB Boxu nomnepe-
JTHBO Oy Kiacu(ikoBaHi 3a CBO€IO POPMOIO Y TPH IPYIH
3a HasIBHICTIO 200 BiJICYTHICTIO IEBHUX CTPYKTYP: JBa ITiKA
y cniBBigHOmeHHI 2:1 (OirapMOHIMHUI CHrHAI 13 JBOMa
XBUJISIMH 32 OCHOBHUH mepioJ, abo (a3oBa kpuBa OIHCKY

CYTTEBO aCUMETPUYHA), HASIBHICTH “‘CYITyTHHUKIB” IIUX MIiKiB
Ha mepiogorpami, 0 BKa3ye Ha pe3yJbTaT MOAYJILii Xa-
PaKTepUCTHK KOJHMBaHB i3 moBmMM mepiomom. I'pyma I
BKITIOYA€ 00'€KTH, IO MTOKA3YyIOTh IepiojorpamMy, XapaKre-
pHY a4 3ip Tumy RV, i BKa3aHO CHIBBiZHOIICHHS TIEPiOIiB
JIBOX OCHOBHHX TIKiB, 5IKi € MIOPIBHSHO CTAOUTHHIMH IIPO-
TATOM criocTepekeHb. [ pyna 11 Bkimtodae 06'ekty, mepiono-
TpaMU SKUX MiCTATh O3HAKH OaraTtornepiognaHocTi abo, Ha-
BIAKH, JIAIIE OJAWH YiTKUH MK, 3aMicTh aABOX. HasBHICTE
KIJIBKOX MiKiB MO)ke OyTH IOSICHEHa He JIMIIE HasBHICTIO
KIUJIBKOX PI3HUX IEPiOJIiB, a i 3MIHAMH OCHOBHOT'O MEPioTy
i3 wacom. Jlo III rpynu Hanexkate 00'€KTH, epioorpamMu
SIKMX CHJIBHO 3allyMJICHI, TOJIOBHUM YHHOM, 3aBJISIKU HEBe-
JIUKIH KUTBKOCTI CIIOCTEPEIKEHb, a00 BOHH HE JIEMOHCTPY-
IOTh THUTOBHX CTPYKTYp 3ip Tumy RV. Taki 00’extu Mo-
KyTh OyTH Kiacu(ikoBaHi y KaTano3i XubHO, # MOTpPiOHI
JIOJATKOBI JOCHipKeHHS. 11 mepioforpaMHOTO aHallizy
BUKOPHCTOBYBAIN (POTOMETPHYHI CHOCTEPEKEHHS 3 MiXK-
HaponHux 6a3 manmx AFOEV, AAVSO ta ASAS. Hns
aHaJi3y BUKOPUCTOBYEThCS METO]] HAMEHIIMX KBaJpaTiB
JUTS TIOPIBHSIHHS TUCTEPCii BIAXWICHD BiJ 3MIa/PKYIOYOT
(cunycoigansHOT) QyHKINT 3 TUCTIEPCIEI0 MOYATKOBHUX CII0-
crepexeHHb. CepenHi KpuBi Onucky Ta (as3oBi giarpamu
"dxc(g)/dg’ Bim "Xc(@)” Oymu ckiIameHi Ta mpoaHami3oBaHi
JUTSL 3HAYCHB MIEPIOJIiB, IO BIAMOBIIAIOTH MKaM y Hepio0-
rpamax.

1. Introduction

The multi-component variability of pulsating variable
stars of the type of RV Tauri (RV-type) was studied by
method of the mathematical modeling of signals. For peri-
odogram analysis, the observations from the databases of
AFOEV  (ftp://cdsarc.u-strasbg.fr/pub/afoev), AAVSO
(http://aavso.org) and ASAS (http://www.as-
trouw.edu.pl/asas) were used (Andronov et al., 1992; An-
dronov et al., 2013; Kudashkina, 2003). A description of
working with these databases can be found, for example, in
the articles (Andronov and Marsakova, 2006; Marsakova
and Andronov, 2006; Marsakova and Andronov, 2007).
The methods for determination of the characteristics of in-
dividual extrema are reviewed in the articles (Kudashkina
and Rudnitskij, 1988; Andronov, 2005; Andronov et al.,
2016; Andrych et al., 2017; Andrych and Andronov, 2019;
Andrych, Andronov, Chinarova, 2020; Andrych et al.,
2020).
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2. Periodogram analysis of RV Tau-type stars

A least squares method is used for the analysis, to com-
pare the variance in the deviations from the smoothed func-
tion with the variance in the initial observations. The statistic

2 2
S(1)= 7% =1%o @
O-O O-O

is used as a test-function, where O is the mean square deviation
of the “observations” O from the mean. C corresponds to the
“calculated” values and O-C, to the deviations of the “ob-
served” values from the “calculated” ones (Andronov, 1994;
Kudashkina, 2019; Andronov, 2020; Andronov et al. 2020).
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Figure 1: The periodograms for the RV Tau-type stars
(from left to right) AZ Sgr, GK Cyg, and R Sge. All this
stars are assigned to group I.

Figure 1, 2 show examples of the periodograms. The trial
frequency f=1/P is shown at the horizontal axis, and the
value of the test function S(f) is shown at the vertical axis.

Periodograms are previously classified by their shape
into three groups according to the presence or absence of
certain structures: two peaks in a 2:1 ratio, the presence of
satellites at these peaks indicating the result of beats
(Kudashkina, 2020).

Group I includes objects showing the periodogram typi-
cal for the RV-type stars, and the ratio of the periods of the
two main peaks is indicated. The Group Il includes objects,
the periodograms of which contain signs of multi-periodic-
ity (Multi-p) or, vice-versa, only one clear peak (Single-p),
instead of two. The Group Il includes objects, the periodo-
grams of which are highly noisy, mainly due to a small
number of observations or they do not show typical struc-
tures of RV-type stars (figures 1-3).

Sometimes, semi-regular variables show two very dif-
ferent periods. This phenomenologically resembles inter-
mediate polars, in which the two very distinct periods are
seen, although they have different nature (Breus et al.,
2012; Breus et al., 2013).

The mean light curves with the statistically best period,
the approximations are computed using the program MCV
(Andronov and Baklanov, 2004; Kudashkina and Andronov,
2010). These light curves are shown in the figure 4. The char-
acteristics of the mean light curves were calculated with the
program FDCN (Andronov, 1994). These light curves are
shown in the figure 5 (top). Further, phase portraits (Kudash-
kina and Andronov, 2017ab) were constructed: the magni-
tude are on the horizontal axis and its phase derivatives are
on the vertical axis (figure 5 (bottom)).

It can also be assumed that in group 3 there are RV-type
stars (or other types, for example, SR) that undergo a turbulent
(stochastic) stage of self-oscillations before or after chaos.

Let some quantity R be the ratio of two parameters:

R=wy, 2

where p is responsible for the buildup of oscillations, and y
for linear damping. With an increase in R, chaos occurs at
a value of Ry, which is greater than the value of Ry, at which
chaos disappears. A hysteresis region arises R1<R<Rj, in
which either a regime with equidistant spectra or turbulence
is established (depending on the initial conditions) (Rab-
inovich, 1978).

Taking into account the studies of different authors,
such objects can be attributed, for example, DF Cyg
(Plachy, Bodi and Kollath, 2018), R Sct (Veldhuizen and
Percy, 1990), U Mon (Kudashkina, 2019), S Per (SRc)
(Kudashkina, 1999; Kudashkina, 2012; Kudashkina and
Rudnitskij, 1994), Y CVn (Kudashkina and Andronov,
2010), RX Boo (Andronov and Kudashkina, 1988).

In this regard, | would also like to draw attention to the
star IW Car (Kudashkina, 2020) for which it was not possi-
ble to reliably identify a quasi-period typical for RV-type
stars, perhaps, from the scarce data available for it. Actu-
ally, several values of the periods have been determined,
however, the mean light curve can be calculated only ac-
cording to the largest of them.
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Figure 2: In these periodograms we have “prewhitened” the
data by subtracting the contribution with a period corre-
sponding to the highest peak in the figure 1.

Figure 3: The periodograms for the RV Tau-type stars
(from left to right) AD Agl, SZ Mon (group 1) and TX Per

(group 111).
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Figure 4: The mean light curve of AZ Sgr, obtained from
observations by members AFOEV and ASAS. In all the fig-
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The lines show the approximation and the corresponding
+loc and +206 “error corridors”.
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Figure 5: The mean light curves plotted with fundamental
and formal periods and corresponding phase portraits for
the AZ Sgr.
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Figure 6: The light curve of IW Car obtained from obser-
vations by members ASAS (top). The "cyclic part" of the
light curve (bottom).

Even if we divide the ASAS observations into two parts
(completely "chaotic™" and "cyclical™) and carry out the pe-
riodogram analysis of the cyclic part separately, with the
obtained value of the period P = 68+2¢ it is impossible to
calculate good mean light curve.

3. Conclusion

Thus,

1) from the form of the periodogram of IW Car, it can
be assumed that it passes through the stage of stochastic
self-oscillations, which then turn into chaotic ones.

2) The periodograms of several more stars have a simi-
lar form.

3) All stars that have been studied show beats in fre-
quency spectra.

4) For stars from groups | and 11, periodograms clearly
show two peaks with a ratio of 2:1.

The table 1 contains basic information about the studied
stars and the results of periodogram analysis.
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Table 1. Characteristics of some studied RV stars.

Star Group* Speevs)

Pcevs, d

P d PP, N (obs)

AZ Sgr I F5V: 113.6

F7-GO**

P1=56.54+0.02 1.99 322
P>=112.7+0.1
P=6305+112

P=324+1

GK Cyg I 79.75

P1=39.645+0.005 2.00 223
P2=79.25+0.03
P=26.423+0.008

P=22.831%0.006

\V 457 Cyg | GO 79.08

P1=40.141+0.006 2.01 238
P,=79.77+0.05
P=107.2+0.1

P=75.45+0.07

AD Aq I Fp(R) 66.03

P1=33.045+0.003 2.01 602
P=5962+184
P,=66.42+0.03

P=33.702+0.008

SZ Mon | F9-K5 32.685

P1=16.3356+0.0006 2.00 1080
P=466.1+2.4
P=16.265+0.003

P,=32.64+0.01

TX Per Il G5e-K0e 78.

Gp(M2)-
KOe(M2) **

P=74.854+0.006 5128
P=76.431+0.006
P=75.27+0.01

P=99.59+0.02

IW Car I F7/8e 72.1

F7/8+
A3/5Ib/II; **

P=1078+5 573
P=2308+80
P=276.7+0.9

P=71.6+0.1

* Kudashkina L. S., 2020
** https://www.aavso.org/vsx
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ABSTRACT. Low metallicity star HD121135 ([Fe/H] =
-1.5) have been investigated spectroscopically. Its atmos-
pheric parameters and elemental abundances have been
determined, including elements of neutron (n-) capture
processes, which are the keys in the study of early Galaxy
enrichment. Na, Mg, Ni, Co, Sr, Y, Zr, Mo, Ba, La, Ce, Pr,
Sm, Eu, Gd, Dy, Ho, Os, Th abundances were calculated
using the synthetic spectrum method, factoring in the hy-
perfine structure (HFS) for the Eu Il lines. Si, Ca, Sc abun-
dances were determined using the equivalent widths of
their lines. The carbon content was computed by the molec-
ular synthesis fitting for the region of CH (4300-4330 AA).
For the abundances determinations of C, Na, Mg, Ba, and
Th the NLTE corrections have been applied.

We have determined for the first time the abundances
of several n-capture elements and found that the behaviors
of these elements do not show a significant trend with
increasing atomic number. The elements ratios of [Eu/Fe]
=0.06, [Ba/Eu] = 0.13, [Sr/Ba] = - 0.05 do not support the
HD121135 status as a r-process enrichment star. We have
obtained the thorium abundance [Th/Fe] = 0.26. The car-
bon content confirms the effect of canonical additional
mixing in this star.

Keywords: stars: abundances — stars: atmospheres — stars:
Population Il — stars: individual (HD 121135).

AHOTALIS. XimidHi e1eMeHTH, III0 yTBOPIOBAINCS B
pe3yibTaTi MpOLECiB  3aXOIUICHHS HEWTpoHiB (n-), €
KIIIOYOBHMH Y BUBYCHHI paHHBOTO 30aradeHHs ["alakTHKH.
Ix Benmkuiil BMiCT B 30psHili aTMOChEpi 03BONIAE TeCTyBa-
TH TIpOLIECH HyKJIeocHHTe3y. [lepiu 3a Bce, 11e BaXIIMBO Y
BUIMAJKy BHBYCHHS EJIEMCHTIB IIBHAKOrO 3axBary N (I-
NpOLEC), IO BiAJ3EKAIOE, HAIIPUKIIAJL 3TUTTS HEHTPOHHHUX
3ipoK a0 BIUIMB MarHiTOTipOAMHaMIYHHMX HaJIHOBHX. Lle
TaKOXK BaXJIMBO JUISL BiICTEXKEHHS IUISXY 30arauyeHHs] LUMH
eIeMEHTaMH MDK30PSHOTO CEepeloBHINA B PaHHI Tajak-
tiuni yacu. Jns 3ipku HD121135 3 meranesicrio [Fe / H]
= -1,5 Oymm BU3HaYeHI aTMOc(epHi mapaMeTpu Ta PoO3Io-
BCIODKCHHICTB €JIEMCHTIB.

CrekTpalbHUi Matepian OTpUMaHO 3a JOIOMOTOO
emene-cnekrporpada HRS IliBnenHoadhprkaHCHKOTO Be-
qkoro teneckona (SALT) y pexumi cepeiHb0i po3aiabHOT
spatHocti (R ~ 31000-41000) 3 BHcOKMM Koe(iliEHTOM
BIZIHOIIICHHS CUTHAJ 70 Irymy, Omu3bko 100-200, B miama-
30Hi NoBXKMH XBWIb Bix 3900 no 8700 AA. Armocdepni
napameTpu Ta XimiuHud ckiax 3ipku HD 121135 Oynu
Bu3HaueHi B migxoni JITP (JokameHOI TepMOTUHAMIUHOI

piBHOBArM) 3 BUKOPHUCTaHHAM Mojeneii atmochepu Castelli
& Kurucz (2004). Bmict Na, Mg, Ni, Co, Sr, Y, Zr, Mo,
Ba, La, Ce, Pr, Sm, Eu, Gd, Dy, Ho, Os, Th po3paxosanwuii
3a JONIOMOTOI) HOBOi BepCii MpOorpamMHOro 3a0e3reueHHs
STARSP (Iumban 1996), BpaxoByI0UH HAaTOHKY CTPYK-
typy (HFS) nns miwiii Eu 11, a Bmict Si, Ca, SC BusHaueHuit
3 BUKOPHCTaHHAM ekBiBaJeHTHUX mmpur i WIDTH9 P.
Kypyua. Bmict Byriiemno po3paxoBaHo 3a JOIIOMOTOIO TIPH-
MacyBaHHSI MOJIEKYJIIPHOTO CHHTE3y /0 CIIOCTEPEKHOIO
crextpy B o6macti CH (4300-4330 AA).

st smicty C, Na, Mg, Ba ta Th mu po3sristHyu otiiH-
KM TIOTIPABOK 3@ paxyHOK BigxwieHHs Big JITP.

Mu Brepilie BU3HAYMIIM BMICT JIESIKUX SJIEMEHTIB HEHT-
ponHoTro (N) 3aXBaTy, BKJIOYHO 3 Topiem, amst HD121135.
Mu BUSBHIIH, IO TIOBEIIHKAa BMICTy N- €JIEMEHTIB HE Je-
MOHCTPYE CYTTEBOI TEHACHII pOCTy 31 30iTBIICHHAM
aromuoro uucia. CriBBigHoleHHs eixementiB [Eu/Fe] =
0,06, [Ba / Eu] = 0,13, [Sr / Ba] = - 0,05 ne miarpumye
BU3HAYEHHS JOCIIKYBAHOT 3IpKH SIK 31pKHM 31 30aradeH-
HSIM [-Tiporiecy. MU oTpuMaiy BMICT TOPilO 31 3HAYEHHSIM
[Th/Fe] = 0,26. Bumict Byrmento miaTBepmkye epekt Ka-
HOHIYHOTO JIOJIaTKOBOrO 3MilnyBaHHs (J{eHHCEHKOB Ta
[Mincon, 2008) y mocmimKyBaHii 3ipii.

1. Introduction

Metal-poor stars ([Fe / H] <- 1.0) are considered to be
among the oldest existing stars in the Galaxy (Beers &
Christlieb, 2005; Frebel & Norris, 2015). Observations of
these stars may be given an opportunity to get the data
about the early conditions of nucleosynthesis for the Ga-
lactic stars, especially about the nucleosynthesis of rare
elements, yields from early mergers of neutron stars
(NSM) and supernovae (SN), and the chemical evolution
of theGalaxy in general.

The low content of metals, primarily for the iron, indi-
cates the possible contamination of interstellar clouds by a
small number of stars producing chemical elements, espe-
cially at the very first, early stages of the Galaxy, at which
the mixing of matter was still insignificant. Stars enrich-
ment by the elements of the fast (r-) neutron capture pro-
cess are very important for understanding of the early
Galaxy chemical evolution (Sneden et al., 1996, Yong et
al., 2013; Roederer et al., 2014; Hansen et al., 2018).

The sources of of r-process elements production are in
the active stage of researches. There are some transactions
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that strongly support an early mergers of neutron stars
(NSM) hypotheses (e.g. Lattimer & Schramm, 1974;
Rosswog et al. 2014; Lippuner et al., 2017), but other au-
thors suggest that not only NSMs can produce (create) r-
process elements (e.g. Tsujimoto & Nishimura, 2015). At
the same time, standard core-collapse supernovae most
likely cannot produce the basic elements of the r-process
(Arcones & Thielemann, 2013); however, the most likely
candidate for yet another r-process formation site could be
core-collapsed supernovae from strong magnetic stars
(e.g. Winteler et al. 2012; Nishimura et al. 2017).

The study of r-process-enhanced, metal-poor stars are
useful for identifying of the r-process sources types.

Besides, in this case, the detection of radioactive ele-
ments like Th and U is high, that provide cosmochrono-
metric ages can also be determined (see, e.g., Holmbeck et
al. 2018 and references therein).

The r-process-enhanced, metal-poor stars have historically
been divided into two main categories (Beers & Christlieb
2005): the r-1 stars have 0.3<=[Eu/Fe]<=+1.0, while r-1I stars
have [Eu/Fe]>+1.0; both require [Ba/Eu] < O to avoid con-
tamination from the s-process. Variations in the lighter neu-
tron-capture elements, such as Sr, Y, and Zr, have been ob-
served in several stars (e.g., Spite et al. 2018) and a new
limited r- process designation with [Sr/Ba]>+0.5 to classify
stars with enhancements in these lighter elements was pro-
posed by Frebel (2018). A subset of r-11 stars (~30%) also
exhibit an enhancement in Th and U that is referred to as an
“actinide boost” (e.g., Hill et al., 2002; Mashonkina et al.,
2014; Holmbeck et al., 2018a) — a complete explanation for
this phenomenon remains elusive.

The main aim of this work is to study the elements
abundances that have been formed due to n-capture pro-
cesses in the atmosphere of HD 121135, with [Fe/H] near
-1.5. This object is one of the stars from our project to
study the sources (sites) of r-process enrichment in the
early Galaxy.

2. Observations and spectrum processing, radial ve-
locities

The main characteristics of HD 121135 (HIP 67822)
were taken from the SIMBAD database, in particular:
Equatorial coordinates: a = 13 53 33; 8 = +02 41 41
(2000) (GAIA DR2); Galactic coordinates: 336.90;
+61.40 (2000).

Stellar magnitudes: B =10.14; V = 9.37 (SIMBAD);
distance = 755.00 pc (GAIA DR2); parallax (mas): 1.3245
[0.0532] (GAIA DR2); radial velocity (RV) in km/s =
125.60 [0.23] (GAIA DR2).

One spectrum of this star was obtained in 2020 with the
11-metre Southern African Large Telescope (SALT)
(Buckley et al., 2006; O’Donoghue et al., 2006) and fibre-
fed dual-beam echelle-spectrograph HRS (Barnes et al.,
2008, Bramall et al., 2010, Bramall et al., 2012, Crause et
al,, 2014) in the medium resolution mode (R~31000-
41000) with a single exposure of 650s and a high S/N ratio
near 100-200. HRS allows to provide the spectrum in the
blue and red arms over the total spectral range from 3900 to
8700 AA . Primary reduction of HRS data, including over-
scan correction, bias substractions and gain corrections, was
done with SALT science pipeline (Crawford et al., 2010).

All the data were processed using the software package
developed by the authors based on the standard system of
astronomical data reduction MIDAS. Further spectra pro-
cessing, such as the continuum establishment, line depth
and equivalent width (EW) measurements, etc., was con-
ducted using the DECH30 software package by G.A. Gala-
zutdinov  http://gazinur.com/DECH-software.html.  The
radial and rotational velocities were measured by fitting of
the observed spectra with models from Coelho (2014).

3. Atmosphere parameters determination

To determine the effective temperature Teff, we have
precised the value of Terr based on the independence of
the iron abundance obtained from given lines from the
lower-level potential Ejow of this line (Fig. 1). Gravity log
g was determined from the ionization equilibrium balance
for the Fe | and Fe Il abundances. The microturbulent
velocity Vt was obtained from the condition of independ-
ence Fe | abundance on the equivalent width EW (Fig. 2).

The metallicity [Fe/H] was adopted as the iron abun-
dance determined from the Fe I lines. The selection of the
parameters was performed using an iterative procedure.
Finally, the following parameters were adopted: Terr =
4950 K; log g =1.5; Vi = 1.8 km/s.

Table 1 represents the comparison results of our data
with those from other works. As can be seen in Table 1,
there is a good agreement between Ter , and [Fe/H] ob-
tained by different authors. However, some discrepancies
are evident for log g and turbulent velocity Vt values.
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Table 1. Comparison of parameters obtained by different

authors

Test logg | [Fe/H] | Vt, km/s | reference

4950 15 -1.47 18 our

4934 1.91 -1.54 1.6 Simmerer et al.2004

-1.37

4934 - - - Alonso et al.1999

4925 15 -1.57 2.1 Pilachowski et al.,
1996

4927 Ramirez&Melendez,
2005

4925 15 -1.57 2.1 Burris et al. , 2000

5005 Gonzalez Hernandez
& and Bonifacio,
2009

Our determinations corroborate with the mean values
of the parameters within the errors: <Teff> = 4955 + 44
K; <log g>=1.63 £0.23; <[Fe/H]> =-1.45 £ 0.12; <Vt>=
1.85 +0. 35 km/s.

In the atmospheres of metal-poor stars the deviations
from the Local Thermodynamic Equilibrium (LTE) may
influence to the stellar parameters and abundance of iron
(see, e.g., Lind et al., 2012). But, for such stars Roederer
et al. (2014) shown that the Fe Il abundance determined in
the LTE approaches agree with those ones under non-LTE
approximations within 0.02 dex. The obtained results ena-
bled Roederer et al. (2014) to adopt the iron abundance
derived from the Fe Il lines as an indicator of metallicity
[Fe/H]. Our values of the iron abundance obtained from
the Fe I and Fe 1l lines are almost similar, and we used the
Fe | abundance as metallicity [Fe/H].

4. Abundances determination

The elements abundances were determined using the
LTE approximation and the atmosphere models by Castelli
& Kurucz (2004). The choice of model for each star was
made by means of standard interpolation for Tes and log g.

Na, Mg, Sr, Y, Zr, Mo, Ba, La, Ce, Pr, Sm, Eu, Gd,
Dy, Ho, Os, Th abundances were calculated employing
the synthetic spectrum method by a new version of the
STARSP software (Tsymbal, 1996) and new version of
the VALD2018 line list (Kupka et al., 1999), Si, Ca, Sc
abundances using EWs of lines and WIDTH9 code by
Kurucz R. Two lines of Eu Il 4129 A and 6645 A with
HFS taking into account (lvans et al., 2006) were used.
The carbon abundance was determined using the molecu-
lar synthesis fitting in the region of CH (4300-4330 AA).

For the Na, Mg, and Ba abundances determinations we
have used the NLTE corrections: the NLTE departures for
Na, Mg and Al at [Fe/H]~-1.5 varied from 0.03 to 0.15
dex depending on Te and log g (Andrievsky et al., 2010);
the NLTE correction for the Ba lines at [Fe/H] close to -
1.5 was about 0.1 dex (Korotin et al., 2015) and for 4019
A Th line, for Sun it is 0.01 dex, and for [Fe/H] near -1.5
it is about 0.05 dex (Mashonkina et al,. 2012).

The spectrum synthesis fitting of the Eu and Th lines to
the observed profiles for star is shown in Figs. 3,4.
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Figure 3. Observed (asterisk) and calculated (solid lines)
spectra in the region of Eu I lines.
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Figure 4. Observed (asterisk) and calculated (solid and
dashed lines) spectra in the region of Th II line 4019 A

To determine the systematic errors in the abundance esti-
mates due to uncertainties in the atmospheric parameter de-
terminations, we have derived the elemental abundances for
the target star from several models with modified parameters
(6Teff= £100 K; dlog g= +0.2; 3Vt= £0.1). The total uncer-
tainty due to the parameter and EW errors for the Fe | and Fe
Il are 0.11 and 0.12, respectively. The determination accura-
cy for other elements varies from 0.10 to 0.18 dex.

We compared our abundance determinations with those
obtained by other authors (Pilachowski et al., 1996, Burris
et al., 2001; Simmerer et al., 2004). As seen our data are
in good agreement with those of other authors (Table 2).

The elemental abundances [EI/H] as a function of the rel-
evant atomic numbers for HD 121135 are depicted in Fig. 5.
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Figure 5. [EI/H] vs. Atomic Number.

5. Results and discussions

We have studied HD 121135 both from the point of
view of the advanced stages of stellar evolution of metal-
poor stars, and in the context of n-capture elements en-
richment.

5.1. Stellar evolutionary effects

Stars in the advanced stages of their evolution may be
show some changes in the abundances of the certain
chemical elements. Elements like Li, CNO, Na, Mg and
Al may be expected these changes, which is the subject of
long-term researches in the atmospheres of galactic clus-
ters giants (e.g. Charbonnel C., 1994; 1995). Table 2 pre-
sents the abundances of the C, Na, Mg, Si, Ca, Sc, Ni, Ba
and La/Eu ratio obtained in our research, as well as those
reported in Pilachowski et al. (1996), Burris et al. (2001)
and Simmerer et al. (2004).

Table 2. C, Na, Mg, Si, Ca, Sc, Ni, Ba abundances and
La/Eu ratio

. . | Burris | Simmerer
Pilachowski
Elem our etal. 1996 etal.,, etal.,
" 2001 2004
[CIFe] -0.53 - -0.45
[OfFe] - -
[Na/Fe] -0.04 -0.10
[Mg/Fe] 0.43 0.44
[Al/Fe] - -
[SilFe] 0.50 0.48
[Ca/Fe] 0.27 0.30
[Sc/Fe] -0.13 -0.06
[Ni/Fe] -0.02 -0.24
[Ba/Fe] 0.19 0.20
logA(La.Eu) | 0.46(0.40) 0.37

A detailed analysis of mixing along the red-giant
branch field stars within the metallicity range of —2 <
[Fe/H] <— 1 was carried out by Gratton et al. (2000). The
abundances of light elements in lower-RGB stars (i.e.
stars brighter than those with the first dredge-up luminosi-
ty and fainter than the RGB bump) are in agreement with
the predictions made using classical evolutionary models.

[C/H]

log (L/Lg)

Figure 6. The carbon abundance vs. log L/Le; the figure
corresponds to Figure 2 in Denissenkov&Pinsonneault
(2008).

LTE analysis of several extreme metal-poor (EMP) gi-
ants in order to understand the CNO abundance variations
found in some, but not all EMP field giants, considering
mixing beyond the first dredge-up in the standard stellar
models performed by Spite et al. (2006). They found out a
C-N anti-correlation that corroborated the hypothesis that
the surface abundances could be modified by the CNO
processed material from the inner regions.

In our investigated star we found the carbon undera-
bundance (Table 2) that may be agreement with the stellar
evolution calculations and associated with canonical extra
mixing (e.g., Denissenkov & Pinsonneault, 2008; for the
CMEP stars). Figure 5 in their paper illustrated variations
in the surface C and N abundances (black curve) due to
canonical extra mixing with the depth rmix = 0:045 Rl
and rate Dmix = 0:04K in the RGB model with M = 0:83
Mso and Z = 0:0001, but the extra mixing depth does not
seems to depend strongly on the metallicity (Denissenkov
& VandenBerg, (2003). The authors called this universal
non-convective mixing process “canonical extra mixing”

We compared our result with calculation of Denissen-
kov & Pinsonneault (2008). For that we have computated
the value of log L/Le = 2.60 for HD121135 based on the
classical formula:.

Log L/Le = log M*/M¢ + 4logTeff*/Teffo - log g*/go

were Teffo= 5780 K, log go = 4.44 and assuming the stel-
lar mass M* = 0.85Mp,

Fig. 6 presented the data by Denissenkov & Pinsonneault
(2008) for canonical extra mixing at log L/Le > 2.2 (this
figure correspond to black curves in Figures 2 in the cited
paper). If we compare our values of [C/H] = -2.00 and log
L/Le = 2.60 with the prediction reported in the afore-
mentioned study, we can see that our star is located in the
black curve which corresponds to canonical extra mixing
for non-C-enhanced extremely metal-poor stars (Fig. 6).

43
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5.2. Galactic n-capture element’s enrichment

Based on the values of the components of spatial veloc-
ities taken from (Simmerer et al. 2004 ): U Isr (km/s)= -
8.2 £11.1 ; V lIsr (km/s)= -169.5 +24.4; W Isr(km/s)=
111.3 £1.9 and the criterion for separating of stars belong-
ing to the thick disk and the halo, for which the velocity
component is equal — VIsr = 175 km/c (Marsakov, Borko-
va 2005) , we can classify this star after study as a halo
rather than thick disc.

The obtained pattern of the abundances of elements de-
pending on their atomic numbers (for the elements with
AN > 50, Fig.5), the abundance slightly increases with
increasing atomic number) is in agreement with the results
obtained by Sneden et al. (2003) for the star CS 22892-
052 exhibiting a scaled solar system r-process abundance
(as stars with no r-process enriched).

We compare also obtained Sr, Ba, Eu abundance with
indicators of strong r-process evidence.  Our values of
[Eu/Fe] = 0.06, [Ba/Eu]=0.13, [Sr/Ba]=-0.05 do not sup-
port the definition of a star as enriched with r-process el-
ements (r-1 stars: [Eu/Fe]>0.3, [Ba/Eu] <0.0, [Sr/Ba]>0.5).

6. Conclusion

»  Carbon abundance confirms the operating of ca-
nonical extra mixing (Denissen-
kov&Pinsonneault 2008).

* The abundances of some n-capture elements
were determined for the first time, including Th,
[Th/Fe] = 0.26.

* Behavior of n-capture element’s abundances
don’t show significant trend with atomic number
increasing.

e Our values of [Eu/Fe] = 0.06, [Ba/Eu]=0.13,
[Sr/Ba]=-0.05 do not support the definition of a
star as enriched with r-process elements (r-1 stars:
[Eu/Fe]>0.3, [Ba/Eu] <0.0, [Sr/Ba]>0.5).
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THE ON- AND OFF-STATE GENERATIONS IN CLASSICAL
MICROQUASARS. 3-D NUMERICAL HYDRODYNAMICAL
SIMULATIONS ON HIGH RESOLUTION GRID IN THE CASE
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ACCRETION DISK OF MICROQUASAR CYG X-1
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ABSTRACT. In the present work we have com-
puted the accretion disk time evolution over 50 orbital
periods on high resolution grid (the grid size is equal
to 140*180*140) for microquasar CYG X-1 for the
case of intermediate mass transfer rate (the initial
one-point density is equal to 8.184-10'2 e¢m ™3, that
corresponds to mass transfer rate order of 5-10~ solar
mass per year). Our task in the present research is to
generate ON-OFF-states (high/soft+low/hard states)
in the accretion disk of the given microquasar. For
this purpose we will simulate the precession motion
of an accretion disk (the precession period is equal
to 8 orbital ones in the present simulations). Thus,
our key goal in the present work is to show that the
precession motion in an accretion disk of microquasars
results in ON-OFF state production. We have used
the radiation cooling explicitly to obtain the real
magnitudes of temperature in the calculations. The
results show that in disk over the precession motion
the mass accretion rate modulation occurs. This
modulation is such that the states of low accretion
rate replaced by the high accretion rate states, thus
this replacement occur on the very short time scales,
order of 15 + 20 minutes that in turn makes about
of 0.0025 of orbital period. The relation of the
magnitude of accretion rate between both states is
by a factor of 100. The centre disk temperature also
shows the strong modulations in the magnitudes.
These temperature modulations are that that centre
disk high temperatures are corresponding to the low
mass accretion rate and centre disk low temperatures
are corresponding to the high mass accretion rate. We
interpret this situation as ON-OFF-state (high/soft -
low/hard states) generation in our calculations. The
ON-state time intervals are equal to OFF-state time
intervals and these intervals are equal to 2 precession
periods. The calculations also show that the time
intervals of OFF-state are longer in space below

orbital plane relatively these intervals upper orbital
plane. This circumstance is explained by as follows:
the one-point stream motion is strong nonuniform over
the precession motion. The most part of this stream
is moving upper orbital plane and a gas is more dense
in this space. Thus, a gas in space in the disk centre
below orbital plane have the relatively small density
and radiation cooling is not effective in this case. The
temperatures are strong increased in this case and
the jets are launched more often in the disk centre
below orbital plane in our present research. Finally we
may conclude that we show above haw the precession
mechanism of ON-OFF-state (high/soft - low/hard
states) generation is working in our present research.

Keywords: Stars: binaries — stars: jets — methods:
numerical — hydrodynamics.

AHOTATIIA. B npencrasieniit poboTi Mu BUKOHAIIH
qucesibHe OOYMC/IEHHSI €BOJIIONIT aKpeIifHOTO JUCKY
mpoTsiroM 50 opOiTaJIbHUX I1epPio/iiB 3 BUKOPUCTAHHSIM
YHUCIOBOI CITKM BHCOKOTO PO3JijieHHs (pO3Mip CiTKH
140*180*140) myis mikpoksazapa CYG X-1, Bunasox
MMPOMI2KHOT ~ TBHUJKOCTI TIEPEHOCY PEYOBUHU, IO
nopisrtoe 5:107° Mg /pix (mouaTkoBa KOHIEHTpariis
pevoBuHU B 1epimiii Toumi JlarpaHkKa CTaHOBUTH
8.184-10'2 em™3). Ilepen HaMm cTOsiTa 3aJada
3reHepyBaTH BKJIIOYEHI Ta BUKJIIOYEHI CTaHU B
aKpeIiftHoMy JUCKY JIaHOTO MIiKpOKBa3apa. st
BUPINTEHHA TTOCTABIEHOl 3a/adi HaM TOTpiOHO OyiI0
3MOJIETIOBATH TIpellecifiHmil pyX akpenifiHoro aucky (B
HAIUX OOYMCJIEHHSX TMIperecifiHuit mepioy JOpiBHIOE
BOCbME  OpPOITAIBLHUAM  TI€PIOJAM). Takum 4uHOM,
KJIIOUOBUM 3aBIaHHSM JaHOI poboTH OyJI0 IMOKa3aTH,
IO Tpeneciiiuuii pyX akperiiiHOro JUCKY TPUBOIUTD
JI0 TeHepallil BKJIOYEHHX Ta BUKJIIOYEHUX CTaHIB
TaKoOro JucKy. Mu BUKOPHCTOBYBaJIM paJiialliiiHe
OXOJIOJIZKEHHSI B  SIBHOMY BUJi, 100 Oep:KaTu
peajibHI 3HAYEHHs TEMIEPATYpU B ODYMCIIEHHSIX.
Pesynbratn obumciens mokazasid, IO B JUCKY
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I dYac TPerecifiHOro PpyXy MOJIYJIIOITHCS CHJIbHI
3minn mBuUAKOCTI akperil. IIi momymsmii Taxi, 1o
CTaHW HU3BKOI INMBUJJIKOCTI aKpelil 3MiHIOIOTbHCH
CTaHaMU BHMCOKOI IIBHJIKOCTI aKperil, e Big0yBaeTbCs
IIPOTSATOM Jy?Ke KOPOTKOI'O IPOMIXKKY dYacy, OJIM3bKO
15 + 20 xBuawun, mo Bignosimae 0.0025 opbiTaabHOTO
repioy. CuiBBiHOIIEHH Mi»K  IIBUIKOCTSAMEI
BHCOKOI Ta HH3bKOI akpemil CKJIajJae BeJIUYINHY
6smspko 100. Temmeparypa B HeHTPI JUCKY IIij dac
MIPETIECITHOrO PYXY TaKOXK IMOKA3y€ CUJIBHI MOMYJISIIIT
3a BEJIMYMHOIO. i momymamii Taki, moO BHUCOKA
TeMIlepaTypa B IEHTPl JUCKY BiJIIOBiJIa€ HUIBKIl
IIBUJIKOCTI aKperril Ta, HaBIaKN, HU3bKa TeMIIEPATypa
B TIIEHTPpl JIUCKY BIiJIMIOBiJla€ BHUCOKi#l TIBUJIKOCTI
akperii. Muwu iHTepHnpeTyBajd HASIBHICTH BKa3aHUX
CTaHIB B HAmMNUX OOYHUC/IEHHAX SK MOJETIOBAHHS
BKJIIOUEHUX Ta BUKJIIOUEHUX CTaHIB B aKpEIilHOMY
jgucky. OO4YHC/IeHHsT TOKa3aJiy, [0 YacoBl iHTepBaju
BUKJIIOYEHUX CTaHiB NpuOJU3HO PiBHI 9acOBUM
inTepBajlaM BKJIIOYECHUX CTAHIB 1 BOHU BCI pasoM
npuOJM3HO PpIBHI  JBOM  TIpEreciitHuM — mepiojaM.
OO6uncienHst TAKOXK MOKA3aJIH, M0 YaCOBl iHTEpBAIN
BUKJ/IIOYEHUX CTaHIB B 00jacTi HuK4Ie opOiTaabHOT
TUIONIUHN 32 BEJIMYNHOIO 3HAYHO OiIbIN aHAJIOTITHUX
craHiB B objacTi Buine opbitanbHOl miaomuau. Lle
[IOB’SI3aHO 3 THUM, M0 Ta30BUN MOTIK, IO PyXa€ThCs
3 meprrol Toukm Jlarpam:ka, M 9ac IpereciitHoro
PYXY JINCKY PYXA€ThCS 37€01IBITOTO BHUIIE OpOiTaIbHOT
IUIOIIWHU 3aBJIIKM YOMY Ta3 B IEHTPI JUCKY B Il
obJracti HabaraTo miIbHINIE, HiK Ta3 B IEHTPl JUCKY
HUKYe OpOITAJIbHOI IUIOMMHM. 3 i€l TPUYNHU ra3 B
obsiacti HmK4Ye OpOITAMBHOI IUIONIMHU MAa€ BHUCOKY
TeMIIEpATypy 3HAYHO 4YACTiNlle 3aBJgKHA TOMY, IO
TYT pajiaiiifHe  OXOJO/KeHHsST He  edeKTUBHE.
Tax cama nOpuUYMHA TPUBOJIUTH JO TOrO, IO B
HAIUX OOYMCJIEHHSIX B 00J/acTi HUXK4e opbiTajabHOT
IUIOIIAHA JPKETU 3allyCKAITHCA HADAraTo dacTile.
Takum 9rHOM, B NPEICTABICHUX OOYHC/IEHHAX MU
ITOKA3aJ/Iu K ITPAITIOE TPEIeCiiiHnil MexaHi3M reHeparii
BKJIIOYEHUX Ta BUKJIIOYEHUX CTAaHIB Ha IIPUKJIAJII
mikpokBazapa CYG X-1.

1. Introduction

In the present research we have continued to
simulate the ON- and OFF-states generations on the
base of microquasar Cyg X-1 by the methods of 3-D
numerical hydrodynamics (Nazarenko & Nazarenko,
2014, 2015, 2016, 2017; Nazarenko, 2018, 2019).
The present work is devoted to ON- and OFF-states
simulations in accretion disk on the base of classical
microquasar Cyg X-1 in the case of high resolution
grid. The goal of the present research is to compute
the donor’s wind, one-point-stream formation, its
motion in Roche lobe of accretor, accretion disk
formation and it’s slaved precession on high resolution

grid to see haw the low numerical viscosity will be
affects on the results. We have used such the overflow
degree, that one is corresponding to the mass transfer
rate order of 5-107Y solar mass per year.

2. The numerical algorithm

The description of the numerical algorithm in use
in details is given in our previous works (Nazarenko
& Nazarenko, 2014, 2015, 2016, 2017; Nazarenko,
2018, 2019). Shortly, this algorithm is as follows: to
resolve the non-stationary FEuler’s hydrodynamical
equations we have used the astrophysical variant of
"large-particles" code by Belotserkovskii and Davydov
(Belotserkovskii & Davydov, 1982); to simulate one-
point-stream we use the donor’s atmosphere model
that in turn is constructed on the base Kurucz’s grid
(Kurucz, 1979) with the donor’s parameters; we use
the free-flow boundary conditions allowing to a gas
to flow freely via the calculation area boundaries;
to calculate mass flow real temperature we use the
radiation cooling explicitly (Cox & Daltabuit, 1971).
In the present calculation we use the rectangular
coordinate system centred on the donor’s centre. We
have adopted the donor’s mass to be equal to 40
solar mass and the accretor’s mass to be equal to
10 solar mass. The precession period in the present
simulations is about of 8 orbital periods. Hereafter
all the distances will be given in units of the orbital
separations; the temperature will be given in units of
EV; the density will be given in units of 10 ¢m™3;
the times in the figures (see below) are given in units
of the precession period. The initial one-point density
is equal to 81,84. In the present simulations the grid
size is equal to 140*180*140. The cell sizes in orbital
plane are equal to 0.00755 and this size in the vertical
direction is equal to 0.01. The last means that in
our present simulations the jets will be launched on
highness of 10000 Schwarzschild radiuses.

3. The results

Before a starting precession we run our simulations
over 2.6 precession periods to show a stationary state
in disk over long time. The precession starting is on
time equal to -0.25. After a precession starting we
run our simulation over 9 <+ 10 precession periods to
have the results over long time. This time interval is
containing two ON-states and two OFF-states. The
mass accretion rate in a disk over OFF-states are
equal to 2.5-107!0 solar mass per year. The mass
accretion rate in a disk over on states are equal to
5.5-10~8 solar mass per year. We show mass accretion
rate in a disk versus time on Fig. 1. This figure
shows that to ON-states are corresponding high mass
accretion rate and on contrary to OFF-states are
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Figure 1: The mass accretion rate versus time.
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Figure 2: The central disk’s temperature upper orbital
plane versus time.

corresponding low mass accretion rate. This result is
in the full corresponding with classical microquasars
essential properties. The Fig. 2 and Fig. 3 show the
central disk temperature upper and below orbital
plane respectively. From these figures it is led that the
transition between both states are occurring suddenly,
on the very short time scale,order of 20 minutes of
orbital time. The comparison of both the last two
Figures show that the ON-state time intervals below
orbital plane are much shortly relatively these intervals
upper orbital plane. This circumstance is explained
by the following: the distribution of one-point stream
motion relatively the disk plane over the precession
motion is strong nonuniform; the most part of this
stream is moving upper orbital plane and this results
in small density in the disk centre below orbital plane.
As a result of it the OFF-state time intervals in the
disk centre below orbital plane are very long. The last
means that the jet launch below orbital plane must
be occurring much often relatively this process upper
orbital plane.
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Figure 3: The central disk’s temperature below orbital
plane versus time.

4. Summary and conclusions

The present calculations show that in the case of
intermediate mass transfer rate (order of 10° — 10%
solar mass per year) the time intervals of ON- and
OFF-states are practically the same. The transition
between both states is on very short time scale, order
of 20 minutes of orbital plane. The low mass accretion
rate is corresponding to OFF-states and high mass
accretion rate is corresponding to ON-states. The
relation between both mass accretion rates is order of
100 that is in good accordance with the observations
commonly (Fender et al., 2003; Fender et al., 2004;
Fabrika, 1993; Fabrika, 2004) and is in the very good
accordance with observational data of Cyg X-1 (X-ray
observations — Lachowicz et al., 2006) partially. The
analyse of the present simulations show that the jet
launch is occurring more often below orbital plane in
comparison with this launch upper orbital plane.
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ABSTRACT. Today, the study of stellar magnetic fi-
elds is one of the important research field in astrophysi-
cs because it provides us, in addition to physics, with
information about space weather in the orbits of Earth-
like planets in stars other than the Sun. Local magnetic
fields on stars with convective envelopes are small-scale
magnetic fields different in nature and structure from
their global magnetic field. Unlike the Sun, through
direct measurements we are able to measure only
the magnetic field integrated over the visible disk of
stars. However, we can register the magnetic field in
the leading spot during the time interval when the
corresponding magnetic flux tube already emerges on
the surface of the star, and the magnetic flux tube
of the following spot is still hidden in the interior
under the photosphere. Our research is based on the
spectropolarimetric observations carried out with 2.6m
Shajn telescope equipped with the echelle spectrograph
ESPL, CCD, and the Stokesmeter as a circular polari-
zation analyzer. For measuring stellar magnetic fields
the Single Line (SL) technique was developed at CrAO.
This technique is based on the calculation of Zeeman
effect in individual spectral lines. A key advantage of
the SL technique is its ability to detect local magnetic
fields on the surface of stars. Using SL technique
emergence of large magnetic flux tubes at the surface of
stars of V-IV-III luminosity classes (61 Cyg A, 5 Aql,
B Gem) were first registered. We review the results of
the study of local magnetic fields in these stars, includi-
ng the results of modeling of magnetic field flux density
and the size of their starspots. We also present the new
results of spots modeling on 3 Aql. According to the
considered geometric model, the rotational variabili-
ty of the magnetic field and the extreme value of the
field obtained from observations, we assume that the
extreme radius of the spots at the surface of 5 Aql may
exceed 9°.

Key words: stars, stellar magnetic activity, stellar
magnetic fields.

AHOTAIIIY. Busuennsi 30pstHUX MArHITHUX ITOJIIB
€ OJHUM 13 BaXJIWBUX HAIPSMKIB acTpodi3nKm,
OCKITbKM BOHO HaJa€ HaM iHdOpMaIiio He TLIHKO
npo Gi3uKy 30pi, aje # IpO KOCMIYHY IIOTORy Ha
opbiTax szemiienomioHunx maaHeT. JIokajabHi MarsiTHi
Mot y 3IpOK 3 KOHBEKTUBHUMHU ODOJIOHKAMHU — II€
Mar"iTHI TOJIsT MaJjIoro macmrady, IO BiIPI3HAIOTHCS
3a CBOEIO TIPUPOIOI0 Ta CTPYKTYPOIO Bij IX TyIOOAIb-
HOro MarsitHoro moJjisi. Ha Bigminy Bix Conrg, y
3IpOK 3a JOITOMOIO0 MIPSIMUX BUMIPIOBAHB MU MOXKEMO
peecTpyBaTH JIAIE MATHITHE T0Jie, IO iHTErpoBaHEe
o BuguMoMmy aucky. OTHAK MU MOXKEMO PEECTPYBATH
MAarHiTHe TI0Jie y TOJIOBHIfl IUIAMI IIPOTSTOM dYacy,
KOJTM BiJmoBifiHA TpyOKa MArHiTHOTO TIOTOKY BXKe
BUXOJIUTh Ha IIOBEPXHIO 3ipKH, a TpyOKa MarHiTHO-
ro MOTOKY XBOCTOBOI IISIMHU BCE INe INPUXOBaHA Y
mig dorocdeporo. Hamri mociimkenHst 3acHOBaHI Ha
CHEKTPOTIOJIIPUMETPUIHAX CHOCTEPEKEHHSIX, ITPOBE-
JIeHUX 3a IO0IIOMOroio 2,6M TejiecKoIla iM. akaJleMiKa
[ A ITTaitHa, OCHAIIEHOIO EIIeJIbHUM CIIEKTPOrpadoM
ESPL, CCD ta CrokcMeTpoM sK aHAJI3aTOPOM
Kpyrosoi mnoJgpu3arii. s BUMIpIOBaHHSA 30PSTHUX
maruiTaux mosis B KpAO Gyna po3pobiiera MeToauka
Single Line. Ils1 Meronuka 3acHOBaHA HA PO3PAXYHKY
edekTy 3eeMaHa B OKPEMUX CIIEKTPAJbHHUX JIiHIsIX.
KirouoBoro nepearoro texnikm Single Line mepen,
IHIMUMU € 3JATHICTH PEECTPYBATU JIOKAJbHI MAarHITHI
01T Ha, TIOBEPXHIi 3ipOK. 3a JOIMOMOroi0 TexXHiKu Single
Line Bmeprie 6yJ10 3apeecTpoBaHO MOSIBY BETUKUX TPY-
0OK MAarHiTHOTO TOTOKY Ha moBepxHi 3ipok V-IV-III
kiacie ceirnocri (61 Cyg A, 8 Aql, § Gem). Mu
PO3TISIAEMO PE3YJIbTATH MOJICTIOBAHHS MAaTHITHIX
mwisM Ha 61 Cyg A i f Gem Ta mpeacraBisieMo HOBI
pe3yIbTaT MOJICTIOBAHHSI MArHiTHUX M Ha § Aql.
BigmosigmHo 10 pO3MIAHYTOI T€OMETPUYIHOI MOJIEJ,
3MIHHOCTI MarHiTHOrO TOJIs 3 MePioloM 00epTaHHS
30pi Ta TPAHUYHOIO 3HAYEHHS IOJIsI, OTPUMAHOTO
B Pe3yabTaTi CIOCTEPEKEHb, MH IPHUIIYCKAEMO, IO
MaKCUMAJLHUN pajiyc misiM Ha moBepxHi S Aql moxe
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mepesuiryBaTu 9°.

Kuro4oBi cioBa: 3ipku, MartiTHa aKTUBHICTH 3ipOK,
MarHiTHe MoJie 3ipoK.

1. Introduction

Today, the study of stellar magnetic fields is one of
the important research field in astrophysics because
it provides us, in addition to physics, with informati-
on about space weather in the orbits of Earth-like
planets for stars other than the Sun. Local magnetic
fields in stars with convective envelopes are small-scale
magnetic fields different in nature and structure from
their global magnetic field. Local magnetic fields of di-
fferent spatial scales are observed in the Sun. Solar local
fields change at different time intervals from a few mi-
nutes to the 22-year Hale cycle. But, in contradiction
to the Sun, the topology, evolution and variability of
local and global magnetic fields of stars have not yet
been studied in detail.

When active region is being formed on the surface of
the Sun or a star, a magnetic flux tube of positive or
negative sign first appears. The visible counterparts of
magnetic flux tubes are solar or stellar spots. Sunspots
usually appear in pairs of opposite magnetic polariti-
es (leading and following sunspots). But magnetic flux
tube of the opposite sign appears only after some ti-
me. Time delay between the appearance of the leadi-
ng and following sunspots can reach a day. Unlike
the Sun, through direct measurements we are able
to measure only the magnetic field integrated over
the visible disk of stars. This means that such direct
measurements do not make it possible to estimate the
local magnetic field in the spots if the active region has
already formed on the surface of the star and contai-
ns spots of both polarities. However, we can register
the magnetic field in the leading spot during the ti-
me interval when the corresponding magnetic flux tube
already emerges on the surface of the star, and the
magnetic flux tube of the following spot is still hi-
dden in the interior under the photosphere. Observati-
ons of convective stars support this hypothesis. After
emergence of the magnetic flux tube of the opposite
sign, the opposite polarities cancel each other out and
for given measurement accuracy we lose the ability to
register the magnetic field of this active region.

A similar observational effect can be produced by
a large unipolar spot. This interpretation can be
accepted or rejected only if there are observations of
the magnetic field in the next day. If in the next
day the disk-integrated magnetic field returns to value
expected at given rotation phase, this is evidence in
favor of the emergence of magnetic flux tube. If in
the next day (assuming the star is spinning slowly
enough) the field remains anomalous, then, most li-
kely, a unipolar spot has been registered. More detai-

led information can be obtained by comparing the
theoretically modeled and observed Stokes profiles,
or by measuring the magnetic field using sets of
spectral lines, which formed mainly in the undisturbed
photosphere and using another set of lines, which parti-
cularly formed in the spotted regions. It should be
noted, on the Sun the probability of the formation of a
unipolar spot is much less than the probability of the
formation of a bipolar active region.

Performed at the CrAO observations allow us to
assume that we registered the emergence of magnetic
flux tubes of leading spots during the formation of
the active regions in the stars of V-IV-III luminosity
classes: 61 Cyg A (Sp K5 V, see Plachinda, 2004),
B Aql (Sp G8 IV, see Butkovskaya et al., 2017), /8
Gem (Sp KO IIIb, see Baklanova et al., 2011). Here,
within the framework of this hypothesis, we discuss
our earlier results of measuring the global and local
magnetic fields of selected stars, as well as present
new results of modeling the size and magnetic field of
spots on 8 Aql.

2. Observational and diagnostic techniques
for studing local magnetic fields

Since the 1980s, regular spectropolarimetric
observations of nondegenerate stars of different
spectral classes and evolution stages have been carryi-
ng out at the Crimean Astrophysical Observatory using
the 2.6-m reflector named after academician Shajn
(ZTSh). Today, for spectropolarimetric observations,
the ESPL echelle spectrograph (Lagutin et al., 2019),
the circular polarization analyzer (Stokesmeter) with a
rotating input quarter-wave plate and a CCD detector
(2k x 2Fk) are used. The observations are carried out
in the spectral range of 5000-6900 A at the spectral
resolution of R ~ 51000. To obtain the signal-to-noise
ratio of ~250-450, the duration of an exposure is from
120 seconds for stars of magnitude 0.™0 to 1800-3000
seconds for stars of 5™-6™.

The key difference between solar and stellar
spectropolarimetric observations is that the last ones
give Stokes profiles mean-weighted over star’s visible
hemisphere. In this case the significant cancellation
of the signal from active regions of mixed polarity
is observed. Therefore, unlike solar observations, the
local magnetic fields on stars often remain unresolved.
Semel et al. (1993) proposed a multi-line technique to
add the polarization signal originating from several
spectral lines into one pseudo profile, with an higher
signal to noise. But, in general, the atmospheres of
cool non-degenerated stars are characterized by a
complex of physical conditions: spatial temperature
and gravity inhomogeneities; gradients of temperature,
microturbulence, density, velocity and stratification
of chemical elements with depth; inhomogeneity of
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surface magnetic field (Plachinda et al. 2019). So, any
multiline method, including the most popular Least
Square Deconvolution (Donati et al., 1997), requires
additional independent criteria for selecting spectral
lines formed under the same physical conditions.
Unlike multiline methods, we have developed and used
Single Line method (SL-method), which calculates
magnetic field using observed profiles of individual
spectral lines (Plachinda & Tarasova, 1999; Plachinda,
2004; Butkovskaya & Plachinda, 2007; Plachinda,
2014) and is free from any model restriction.

3. Local magnetic fields of individual ITI-VI-V
stars

Obtained at CrAO observational results allowed us
to hypothesize that we have recorded the emergence
of large magnetic flux tubes during the formation of
an active region in stars of V-IV-III luminosity classes:
61 Cyg A (Sp K5 V), 8 Aql (Sp G8 1V), 8 Gem (Sp
KO IIIb) (Plachinda, 2004; Butkovskaya et al., 2017;
Baklanova et al., 2011). Global and local magnetic
fields of these stars folded with their axial rotation
phases are illustrated in Figure 1.

3.1. 61 Cyg A

Integrated over the visible hemisphere of 61 Cyg A
(Sp K5 V, P,ot = 36.618 + 0.061 days) magnetic field
was estimated taking into account the contribution
of spots of different sizes. Assuming the magnetic
field of the spots is Bgpot = 4000 G, the simulated
spot sizes for different initial parameters are 4.8°
— 6.0°. In the top panel of Figure 1, open symbols
marked values strongly out of the global magnetic field
curve. Most likely, these outliers contain a significant
contribution from the emerging magnetic flux tubes
of active regions. For a more detailed description of
data see Plachinda (2004). It should be noted that all
outliers are of the same sign, as it should be during
the same activity cycle. The arrows connect the values
of consecutive dates. Thus, after almost a day, a
lagging flux tube of an opposite sign compensates the
magnetic flux of the tube that emerges first. This
effect is well known from the physics of the Sun.

3.2. B Gem

Integrated over the visible surface of 5 Gem (Sp KO0
IIIb, P,y = 491.5 days) magnetic field was estimated
taking into account the contribution of spots of di-
fferent sizes. Assuming the magnetic field of the spots
is Bgpot = 3000 G, the simulated spot sizes for different
initial parameters are 1.0° — 1.55°. In the middle panel
of Figure 1, open symbols marked values strongly out
of the global magnetic field curve. As in the case of 61
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Figure 1: Global magnetic fields (filled symbols) and
magnetic fields measured in dates when a strong spots
contribution is supposed (opened symbols) of 61 Cyg A
(top panel), B Gem (middle panel), 8 Aql (bottom
panel) folded in phase with their axial rotational peri-
ods. The dipole fits are shown by solid lines. The arrows
in the top panel connect the values of consecutive dates.

Cyg A, these outliers, most likely, contain a significant
contribution from the emerging magnetic flux tubes
of active regions. For a more detailed description, see
Baklanova et al. (2011). It should be noted that, unli-
ke to 61 Cyg A, observations of 8 Gem overlap several
activity cycles of the latter. As a result, the positive as
well as negative outliers from the magnetic curve are
registered.

Baklanova et al. (2011) additionally tested the
hypothesis of the detection of the emergence of a
large magnetic field tube on S Gem. Assuming the
radiation transfer in magnetic field does not distort
the geometry of the magnetic field, geometric modeli-
ng of the contribution of an unipolar spot to the
magnetic field of the Sun as a star was performed. The
emerging magnetic tube was simulated by a dipole of
a conventional unipolar sunspot without penumbra.
The spot was placed on the central meridian. The
following parameters were used in the simulation: the
coefficient of the linear law of darkening to the edge
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Figure 2: 8 Aql. For contrasts of the intensity in
sunspot shadow to unperturbed photosphere equal to
0.6 (top panel), 0.7 (middle panel), and 0.8 (bottom
panel), the dependencies of the discrepancy between
calculated and measured longitudinal field component
(Difference MF) on the spot radius (Spot size) and
the field vector (Polar field) in the spot are presented.
The asterisks mark points with minimal discrepanci-
es between the observed and calculated magnetic fi-
eld. Projections of these best fitted values on the lower
plane Spot radius — Spot field are shown with indicati-
on of spot radius.

u = 0.55, the angle between the axis of rotation and
the line of sight i« = 90°, the spot latitude ¢ = 30°,
the ratio of the radiation intensity in the spot shadow
to the unperturbed photosphere v = 0.4, the tube
radius » = 1.5°, the magnetic field in the tube
Biube = 4000 G. The contribution of the magnetic flux
tube to the global magnetic field of the Sun as a star
was found to be only 1 G, this is in good agreement
with the solar data. This geometric approach makes it
possible to obtain a family of solutions that provides
information on the radii of floating flux tubes and
their magnetic fluxes.

3.3. B Aql

For 8 Aql (Sp G8 IV-V, P, ~ 5.1 days), all
observations presented in the bottom panel of Figure 1
were obtained at the CrAO (Butkovskaya et al., 2017).
As for the two previous stars, open symbols represent
the magnetic field on dates, where, apparently, a signi-
ficant contribution is made by the small-scale magnetic
field associated with the emergence of the forming acti-
ve regions.

In this work, for the date 2014 October 06, when
strongly deviated magnetic field B, = 23.6 + 1.0 G was
registered, we modeled the possible sizes of magnetic
spots for different magnetic fields in the spots (see
Table 1 and Figure 2). The following parameters were
used in the simulation: the coefficient of the linear law
of darkening to the edge u = 0.583, the angle between
the axis of rotation and the line of sight i = 25°
(Butkovskaya et al. 2017), the latitude of the spot
¢ = 40°, the spot radius from 1° to 10°, magnetic field
in spot from 2000 to 6000 G. The simulated spot was
placed on the central meridian. With these parameters,
the differences between the observed value of the longi-
tudinal field B, = 23.6 G and that simulated for the vi-
sible hemisphere with a spot were calculated. It should
be noted that the radius of § Aql is 3.2Rg, so the
gas pressure in the atmosphere of 8 Aql is less than
the gas pressure in the solar atmosphere. Therefore, to
maintain the configuration of the magnetic field tube
in atmoshere of 8 Aql, a smaller magnetic flux is suffi-
cient. Therefore, we used a contrast value of 0.6 — 0.8,
which is lower than that of the Sun.

According to Biinte & Saar (1993), for stars with
temperatures and luminosities similar to 8 Aql, the
typical magnetic field of spots range from 1800 to
3300 G. According to the top panel of Figure 2,
this range of the magnetic field corresponds to the
range of spot radii from 9° to 7.5°. With decreasing
contrast (for the Sun ~0.3-0.4 in spot shadow), the
radius of the magnetic flux tube (i.e. the radius of the
spot) increases. According to the considered geometric
model, the rotational variability of the magnetic field
and the extreme value of the field obtained from
observations, we assume that the extreme radius of
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Table 1: Simulated sizes of magnetic spots (second
column) for different magnetic fields in the spots (first
column). Here spot sizes best fitted to B, = 23.6
observed at 2014 October 06. The differences between
observed B, and calculated B, magnetic fields are
presented in column 3.

Bgpot, G Spot size, °  Be — Beale, G
Contrast = 0.6
2000 8.9 0.06
3000 7.3 0.13
4000 6.3 0.15
5000 5.6 -0.08
6000 5.1 -0.04
Contrast = 0.7
2000 8.3 0.11
3000 6.7 -0.01
4000 5.8 -0.01
5000 5.2 -0.02
6000 4.7 -0.04
Contrast = 0.8
2000 7.7 -0.08
3000 6.3 -0.10
4000 5.4 -0.02
5000 4.9 -0.01
6000 4.4 -0.07

the spots at the surface of 5 Aql may exceed 9° (1/40
of the circle). The radii of large solar spots at the
same latitude are ~ 1.5°. For such radii of spots on
Aql the magnetic field become abnormally big: Bgpot
~ 20000 G. Thus, our geometric modeling allows us
to conclude that the big spots at the surface of 8 Aql
are several times larger than big sunspots.

4. Conclusions

In this paper we discuss the possibility of detection
of activity regions by direct measurements of magnetic
field in stars with convective envelopes. We present our
results of registration of emergence of large magnetic
flux tubes during the formation of an active region in
selected stars of V-IV-III luminosity classes: 61 Cyg A
(Sp K5 V), 5 Aql (Sp G8 IV), 8 Gem (Sp KO IIIb).
We also present the new results of modeling the size
and magnetic field spots on 8 Aqgl. According to the
considered geometric model, the rotational variability
of the magnetic field and the extreme value of the
field obtained from observations, we assume that the
extreme radius of the spots on the surface of 5 Aql
may exceed 9° (1/40 of the circle).
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ABSTRACT. The RR Lyr variable star Y Vul have
been observed by using a CCD photometer during sev-
eral seasons from 2011 to 2017. Nearly 5960 data points
were obtained spanning over 53 nights. We found the
amplitude and phase modulations with the amplitudes
of 0.16 mag and 0.041 of the pulsating phase in V fil-
ter; 0.15 mag and 0.041 of the pulsating phase in R
filter, respectively. The frequency Fourier analysis of
the light curves with the help of Period04 software was
performed, Blazhko modulation period (59.20 days)
and triplet structures in the Fourier spectrum were de-
tected. The pulsation frequency components in the
Fourier spectrum were identified up to the 7th har-
monic order, while the modulation side lobe frequen-
cies — up to 9th order. The analysis of the light curves
maxima resulted in the same value of the Blazhko pe-
riod. The fundamental pulsation period of the star has
been practically stable over a period of a hundred years.

AHOTAIIIA. ¥V paniit pobori Mu JOCIIIZKYEMO
3minny 3opio Tmony RR Lyr — Y Vul, sxa
crocTepirajacb ~HaMHA —~ Ha  OPOTA3i  JIEKITbKOX
criocTepekHNX ce30HIB 3 2011 mo 2017 pokm 3a
moriomoroo 1133 doromerpa. Byno onepxkano
6l 5960 BuMiproBaHb OJINCKY HPOTATrOM H3 HOYe
cuocrepexkenb. Mu 3HaMNIN aMILUITYAHY 1 ha3oBy
MOyl  KpuBuX Onucky 3 ammunitygoro  0.16
mag i 0.041 nmo ¢daszi gua V dinprpa; 0.15 mag i
0.041 mo ¢daszi mua R dinprpa, signosigmo. s
BCiX KpuBHX OJIMCKYy OYB BHUKOHAHUN YHUCETLHU
@yp’e aHayi3 3a JOMOMOIOK BIJIOMOI IporpamMu
Ui aHaizy Osmmcky 3wminEmx 3ip — Period04;
3HafifleHnit [Eepiol MO/l KpuBUX OJHCKY —
edekr Buaxkko (59.20 quiB) Ta TpPUILIETHA CTPYKTYpPa
®yp’e criekTpa. YacTOTHI MyabcaIlifiHi KOMIIOHEHTH B
Qyp’e cekTpi Oyau imeHTrdikoBani 10 7 rapMOHIKH,
a MOJyJIsAIisi B OOKOBUX MEJIOCTKAX CIEKTPY — 110 9
rapMoOHikH.  AHaji3 MOMEHTIB MAKCHUMYyMIB OJIHCKY
JIaB aHAJOTIYHMIT DPe3yJbTaT MIoa0 Iepiomy edekTa
Braxko. B Toit xe wac ocHoBHMT pyHIaMEHTATLHTN
mepio/l KOJMBAHHA OJsuCKy 30pi OyB INPaKTUYHO
cTabLILHUI Ha TTPOTSA3i cTa POKiB.

Keywords: Stars: variables: RR Lyr stars — Y Vul.

1. Introduction

Y Vul (AN 1907.0004, Gaia DR1 - 286.0678990585,
USNO-A2.0 1125 - 11247385), (cj2000.0 =
19h04m16.38; 0720000 = +24o47/19.1”) is known
as the variable star for more than hundred years, but
this RRab variable has been poorly investigated. The
variability of the star was explored by van Biesbroeck
and Casteels (1914), and they have defined that the
star belongs to RR Lyr variables. However, in spite
of their detailed observations, the authors haven’t
deduced the light curve elements. Using observation
data, reported by van Biesbroeck and Casteels, Tse-
sevich (1960) derived a period and epoch of Y Vul as
follows:

MazJD = 2419221.531 + 07.44941 x E. (1)

He pointed out the difference in height of the light
curves maxima and suspected the presence of the
Blazhko effect in Y Vul. Using photographic observa-
tions in the range JD 2433034-41492, Kazarovets end
Shugarov (1973) determined elements of the light-curve
variation more accurately:

MazJD = 2438939.413 + 0444945164 x E.  (2)

Their estimated range of the light variation was
14™.2 - 16™.0 (pg). The data reported in their study
for Y Vul were included to the General Catalogue
of Variable Stars (GCVS) (Samus’ at al. 2017)
and AAVSO Variable Star Index (VSX database,
https://www.aavso.org/vsx/index.php).

2. Observations

The photometric CCD observations of Y Vul were
obtained at the Astronomical station near Odesa dur-
ing the observation seasons in 2011-12, 2014-16 years
in V filter; later on, in 2017 year the observations were
performed in R filter using the 48 cm reflector AZT-3 of
Astronomical observatory of Odessa National Univer-
sity, equipped with CCD photometer and Peltier cooler
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Table 1: The magnitudes of the comparison and check
stars (NOMAD).

Star a, 52000 magB magV magR

comA 1904 12 14.63 13.76 13.09
+24 4520 - - -

comB 19 04 08 12.905 12.424 12.090
+24 45 47 - - -

check 1904 15 14.40 - 14.18
+24 46 12 - - -

Y Vul 1904 16 15.180 14.680 15.070
+24 4719 - - -

(Sony chip ICX429ALL, ~600x800 pixels) in the /4.5
Newtonian focus (Udovichenko 2012).

The datasets consists of 4290 V-band data points
and 1665 Rc-band points obtaind from over 53 nights
of observations. Two stars were chosen as comparison
and one as check stars as close as possible in B-V color.
The magnitude of comparison star comB we have took
from NOMAD cataloque (NOMAD 2005). We ac-
cepted these magnitudes and measured star comA rel-
ative to star comB on our frames. The resulting mag-
nitudes for star comA are: V = 13.76, R = 13.09 with
errors of 0.02 mag. The exposure time for variable and
comparison stars was chosen to except a saturation of
the frame and appointed as 120 sec. The BVR magni-
tudes of the variable, comparison and check stars from
NOMAD catalogue; are summarized in Table 2.

The standard reduction of the CCD frames
were carried out by using the MUNIPACK (Motl,
http://sourceforge.net /projects/c-munipack )  soft-
ware. The procedures for an aperture photometry is
composed of the dark-level and flat-field corrections,
determination of the instrumental magnitudes and
precision. The magnitude of comparison star "com A"
was used to convert the differential magnitudes to the
corresponding value of variable. The photometry was
transformed to the standard VRec Johnson-Cousins
system by means of the differential photometry
method (Benson 1998). The transformation coefficient
was determined from observations of standard stars
(Udovichenko 2012). The finding chart with market-
out variable, comparison and check stars is shown in
Fig. 1, the whole dataset of observations is presented
in Fig. 2. The errors in individual data points vary
from 0™.005 to 0™.02.

3. Frequency spectrum analysis

All data on the light variation curves nearby max-
ima and minima have been approximated by polynoms
of 2-7 degrees with the best fit option by using sowt-
ware MCV (Andronov and Baklanov 1998). Then
amplitudes of light variations and times of maxima
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Figure 1: The finding chart of Y Vul with the variable,
comparison and check stars marked.
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Figure 2: The all data set of observations of Y Vul.

have been defined. The observations of Y Vul shows
the whole amplitude variation 1™.05 in Rc-band and
1™.33 in V-band. The modulation occurs at the max-
imum brightness and phase shift too. The brightness
at maxima of the light curves in Re-band vary from
14™.265 to 14™.411, the moderate Blazhko modula-
tion of the amplitude reaches about 0.146; in V-band
vary from 14™.316 to 14™.478, and the modulation
reaches 0".162. The phase shift modulation in both
bands varies within about 0.041 of the pulsation phase.
All light curves of the target star obtained by using V
and Rc filters with the pulsating period, are shown on
Fig.3. These phase curves were computed by using
GCVS elements, equation 2.

To analyse the modulation properties of the light
curves for this star, we have used a common technique
a Fourier decomposition. The frequency analysis was
performed using a package of computer programs with
sine-wave fitting by using utilize Fourier algorithms
(program Period04), (Lenz and Breger 2005).

To capture longer time interval, we calculated obser-
vations, obtained with V-band and Rec-band.

The fundamental pulsation period was determined
with the help of using the above-mentioned techniques
as the highest peak on the Fourier amplitude spectrum.
The observed harmonics and triplet were defined by
pre-whitening data and Fourier analysis of the resid-
uals. For each calculated harmonic and triplet, the
signal-to-noise ratio has been estimated to retain only
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Figure 3: The phase curves of Y Vul in V and Rec filters.

significant signals greater than 4. The amplitude and
phase for each frequencies, obtained with the best fit-
ting, are given in Table 2.

The amplitude spectrum for the basic pulsating fre-
quency and after pre-whitening are shown in Fig. 4.
The harmonics of fy are significant to the 7" order,
triplets fy#f,, to 9" order. The fundamental pulsating
period Py=0.44945177 is very close to the GCVS value.
The Blazhko frequency also was determined as the dif-
ference of frequencies f,,, = kfy - kfy+f,, and given in
the last column of Table 2. Some of these frequen-
cies contains an alias frequencies ~(1/365=0.0027) as
a result of the several seasons of observations (2011-
17). Keeping that in mind we only used non-aliased
frequencies to determine the Blazhko frequency. The
average value equals 0.01689 4 0.0004 cd—!, whith cor-
responds to the period of 59.20 + 0.14 day.

The amplitude asymmetry is observed in the mod-
ulation components: Q; = (Af, — A;)/(A} + A7),
where A;rl = ify + £, A; = ify - f,,. The asym-
metry ratios for the first component @1 = 0.36; the
triplet ratios in the side lobes Ry = Af;/A;; = 2.16.
The amplitudes of the pulsation components which
decrease with increasing orders are smooth while the
amplitudes of the modulation components decrease
irregularly.

4. Light curves maxima analysis

The times of maxima in the all light curves was per-
formed with help of fitting the light curve near the
maxima by a polynomial function an order from 2 to 7.
The list of observed light curves maxima presents in Ta-

0.6 T T

amplitude

0.2

0.0

| Spectral window

-10 0 10
frequency

Figure 4: The Fourier amplitude spectrum of the ba-
sic frequency and after the first pre-whitening. In the
above figure the arrows point to the basic pulsation
frequency and its harmonics kfy. In the middle figure
the arrows point to the modulation frequency triplets
kfy£f,, after the next pre-whitening. The bottom fig-
ure shows the spectral window.

ble 3. The modulation Blazhko period was determined
by the (O-C) period analysis (using Period04). The
both method (i.e. frequency spectrum analysis and
(O-C) deviation at maximum) have shown the same
value of a Blazhko period. The value from the light
curves maxima analysis equal 59.20 + 0.02 days. We
selected the highest observed maximum and derived
the elements of the Blazhko cycle:

MazHJDgiaznke = 2457548.505 + 59%.20 X Epiaznko
(3)

The O-C diagram of Y Vul versus the Blazhko phase
with sinusoidal fitting curve is presented in Fig. 5
(top). The O-C values are different in 9% of the pulsa-
tion period, the magnitudes at maximuma are different
in 12-14% of the V and Rc amplitude.

The O-C diagram was constructed by using all the
published observational data available (Tsessevich
1960; Kazarovets and Shugarov 1973) as well as the
data, obtained in this study by using the GCVS
elements. The resulting diagram with linear fit is
plotted in Fig. 5 (bottom). The data covers the
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Table 2: Identify frequencies, amplitudes, phases and modulation frequencies f,, = kfy - kfy+f,, of the V and

Rec light curve solutions of Y Vul.

Identification f (cd™ ') amplitude, mag phase, rad/2r snor  f,(cd” )
V-band
o 2.224936(2) 0.311(1) 0.084(1) 94.2
2f, 4.449874(3)  0.187(2) 0.303(2) 35.2
3f 6.674817(3)  0.160(1) 0.845(2) 314
Af, 8.899735(3)  0.100(2) 0.203(3) 22.1
5f, 11.12464(1)  0.050(4) 0.63(1) 135
7fo 15.5717(6)  0.029(8) 0.06(2) 9.2
fot-fm 2.24188(3)  0.031(9) 0.07(1) 7.1 0.01694(3)
fo-fom 2.20803(6)  0.027(8) 0.3(3) 6.7 0.01691(6)
2fo-fm 4.433004(9)  0.051(2) 0.268(7) 56  0.01687(1)
3fo+fm 6.691688(7)  0.046(2) 0.088(6) 9.3 0.01688(1)
Ao+t 8.91661(1)  0.040(2) 0.952(9) 9.5  0.01687(1)
6fo-frm 13.33284(5)  0.038(9) 0.009(3) 11.4  0.01678(5)
o+ 15.59158(2)  0.018(3) 0.71(3) 45 0.01702(2)
8fo-fm 17.78265(1)  0.017(2) 0.71(2) 4.0  0.01684(1)
Ifo -+ 20.0076(1)  0.09(1) 0.7(3) 7.2 0.0168(1)
R-band
o 2.22491(6)  0.432(4) 0.992(2) 56.2
2f 4.4497(1)  0.152(3) 0.715(8) 36.6
3f 6.6744(4)  0.105(2) 0.415(4) 275
af, 8.8994(4)  0.073(4) 0.813(8) 16.2
5f 11.1235(7)  0.043(6) 0.62(2) 13.0
6fo 13.50(6) 0.022(8) 0.9(3) 5.0
7fo 15.575(1)  0.021(3) 0.19(1) 5.0
fo-fom 2.2094(3)  0.038(4) 0.17(1) 6.9  0.0151(3)
2+ 4.465(4) 0.035(9) 0.9(3) 84  0.015(4)
3fo-fm 6.659(2) 0.037(8) 0.7(1) 9.6  0.016(2)
Ao+ 8.916(4) 0.038(3) 0.30(1) 84  0.016(4)
5fo-fm 11.109(2)  0.028(9) 0.6(1) 8.3 0.016(2)
8fo-fm 17.782(4)  0.016(3) 0.4(1) 46 0.017(4)
period of a hundred years. The O-C difference over
such long period less than 0.02 day, which is less than o-co,gzy_ ' ' N ' ' ' N ]

the Blazhko phase change. It allows to assume, that
Y Vul has practically no secular period changes. The
scattering of dots is due to the Blazhko effect.

5. Conclusions

This paper describes the modulation of the light
curves of a RR Lyrae variable Y Vul. Using the data
obtained from the several observational seasons, we
have found the Blazhko effect for the pulsating in the
fundamental mode. The amplitude of the maximum
brightness variation reaches 0".162 with V filter and
0™.146 in Rc filter; the phase shift is 0.041 of pulsation
phase. Using the Fourier analysis for these data we
have derived the fundamental pulsating period of
0.4494517 + 0.000001 day. The Blazhko period was
defined using the O-C value at maxima and frequency
spectrum analysis. The average period equal 59.20 +
0.02 days. The modulation of the Y Vul light curves
are described by the triplet frequencies kfy+f,, and the
modulation frequency f,,. In the frequency spectrum

-0.01
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Figure 5: The O-C (day) diagram of Y Vul versus
Blazhko phase with the sinusoidal fitting curve (top
figure). The O-C (day) diagram of Y Vul during over a
hundred years with the linear fitting (bottom figure).
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Table 3: List of measured maxima of Y Vul

Maximum HJD Error Magnitude (V-C) Error Cycle O -C Phase Error Filter
2455735.4040 0.00019 0.6209 0.0028 37369 -0.0168 -0.0374 0.0004 \Y%
2455793.3841 0.00021 0.6288 0.0027 37498 -0.0159 -0.0354 0.0004 \Y%
2455801.4702 0.00025 0.6499 0.0034 37516 -0.0199 -0.0444 0.0005 \%
2455802.3706 0.00018 0.6315 0.0027 37518 -0.0184 -0.0410 0.0003 \Y%
2455805.5187 0.00071 0.6752 0.0112 37525 -0.0165 -0.0367 0.0015 \Y%
2455824.4119 0.00028 0.5622 0.0049 37567 -0.0002 -0.0006 0.0006 \%
2455825.3101 0.00023 0.5534 0.0034 37569 -0.0010 -0.0022 0.0005 \Y%
2456156.5371 0.00031 0.6479 0.0034 38306 -0.0198 -0.0442 0.0007 \Y%
2456158.3380 0.00023 0.6349 0.0030 38310 -0.0167 -0.0372 0.0005 \Y%
2456180.3773 0.00020 0.5633 0.0033 38359 -0.0006 -0.0013 0.0004 \Y%
2456181.2759 0.00026 0.5609 0.0041 38361 -0.0009 -0.0021 0.0005 \Y%
2456207.3276 0.00048 0.6349 0.0055 38419 -0.0174 -0.0387 0.0010 \Y%
2456208.2265 0.00024 0.6276 0.0021 38421 -0.0174 -0.0387 0.0005 \Y%
2456868.4714 0.00023 0.6360 0.0030 39890 -0.0169 -0.0377  0.0005 \Y%
2456869.3714 0.00022 0.6290 0.0029 39892 -0.0158 -0.0352 0.0005 \Y%
2457548.5045 0.00027 0.5528 0.0048 41403 -0.0041 -0.0092 0.0006 \Y%
2457593.4476 0.00031 0.6061 0.0040 41503 -0.0063 -0.0140 0.0007 \Y%
2457594.3460 0.00030 0.6009 0.0050 41505 -0.0067 -0.0150 0.0006 \Y%
2457606.4806 0.00022 0.5664 0.0027 41532 -0.0073 -0.0163 0.0004 \Y%
2457657.2694 0.00028 0.5710 0.0045 41645 -0.0066 -0.0147 0.0006 \Y%
2457665.3550 0.00029 0.5695 0.0044 41663 -0.0111 -0.0248 0.0006 \Y%
2457666.2574 0.00040 0.5599 0.0069 41665 -0.0076 -0.0169 0.0009 \Y%
2457899.5228 0.00043 0.5565 0.0078 42184 -0.0076 -0.0170 0.0010 \Y%
2457930.5197 0.00033 1.2740 0.0062 42253 -0.0229 -0.0509 0.0007 R
2457931.4185 0.00038 1.2249 0.0043 42255 -0.0229 -0.0510 0.0008 R
2457935.4719 0.00051 1.2772 0.0060 42264 -0.0146 -0.0325 0.0011 R
2457936.3699 0.00073 1.2768 0.0075 42266 -0.0155 -0.0345 0.0016 R
2457953.4590 0.00034 1.1902 0.0054 42304 -0.0055 -0.0124 0.0007 R
2457958.4014 0.00070 1.1700 0.0064 42315 -0.0071 -0.0159 0.0015 R
2457966.4924 0.00036 1.1909 0.0074 42333 -0.0063 -0.0141 0.0008 R
2457993.4484 0.00066 1.2576 0.0089 42393 -0.0174 -0.0388 0.0014 R

the pulsation harmonic components are detected up
to the 7" order; the modulation side lobe frequencies
are detected up to 9*" order. Thirty pulsation maxima
from the observed light curves have been measured.
The fundamental pulsation period of the star has been
practically stable over a period of a hundred years.
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ABSTRACT. We present the results of a spectro-
scopic and photometric investigation of 18 probable
members of the open cluster Collinder 220, which
contains the Cepheid UW Car. Besides the Cepheid,
we studied tree K-giants, two B-giants, and twelve
B-A-F main sequence stars. Radial velocities (RV),
vsini, T.g, and logg were determined using spec-
troscopic model fitting and atmosphere models. We
have derived color-excesses, reddenings, and intrinsic
colors for these stars using their Tog and logg from
comparison to the atmosphere models, especially
for hot stars. Proper motions, RV, and the GAIA
DR2 2018 parallaxes allowed us to determine their
membership in the cluster and absolute magnitudes.
We found that seven stars along with the Cepheid can
be the cluster members with a high confidence. The
parallaxes and reddenings of the 7 confident cluster
members led to the distances in a range of 1900-2800
pc, while the other stars are probably foreground
objects. All the members have [Fe/H] near 0.1 dex.
The B-giant HD 90435 located near the -cluster’s
“turn-off” point has a low projected rotational veloc-
ity, and this fact allows us to determine its chemical

composition to compare with that of the Cepheid UW
Car. The CNO abundances of HD 90435 are nearly
solar, while the Cepheid shows a deficit of carbon, an
overabundance of nitrogen, a nearly solar oxygen, and
an overabundance of sodium. The confident cluster
member, K-supergiant CPD —57°3199, has CNO- and
Na abundances close to those of UW Car.

Key words: Open clusters: radial velocities; Stars:
abundance; GAIA parallaxes; Cepheids; B - giants;
K-giants; individual: Collinder 220, UW Car, CPD
—57°3199, HD 90435, HD 90552, HD 302751, HD
302759, HD 302760, HD 302761, HD 302858, TYC
8608-1-1, TYC 8608-25-1, TYC 8608-33-1, TYC
8608-69-1, TYC 8608-153-1, TYC 8608-193-1, TYC
8608-213-1, TYC 8608-221-1, TYC 8608-1503-1.

AHOTAIIA. Mwu  npeseHTyeMO  pe3yJIbTaTH
dOTOMETPIYHAX Ta CIEKTPOCKOINYHUX JIOCIIJI2KEHD
18-Tm BiporimHWX dYJIEHIB PO3CITHOrO CKYITYeHHS
Collinder 220, sixe Britouae medeinry UW Car. Okpim
nedeinu, mu mocmigmmu tpu K-ruranta, nsa B-riranra
Ta aBaHaaUATh B-A-F- 3ip rosoBHOI 10CJIiIOBHOCTI.
Pagianpui mBuakocti RV, ta mapamerpu vsini, Teg Ta
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log g 6y orpuMaHi 3a/sIKU BUKOPUCTAHHIO (PITTIHTY
CIIEKTPOCKOIIIHIX MOJeseil Ta Mogmeseir armocdep.
Mu BuBeSM HAJJIUIIKK KOJIBOPY, IOYEPBOHIHHS, Ta
CIIPaBXKHI KOJILOPU JIJIsi IUX 3ip, BUKOPUCTOBYIOYU
ix Teg Ta logg HUISIXOM TOPIBHSHHS 3 MOJIEJISIMU
arMmodep, O0cCobOIUMBO I Tapadux 3ip.  Buracumii
pyx, RV ma mnapamakcu 3 xarajmory GAIA DRI18
JIO3BOJIAIOTH BCTAHOBUTH 1X WIEHCTBO y CKYITY€HHI Ta
ix abcosroTai MaruiTyan. Mu BcTanoBuIH, M0 CiM 3ip
3 1nedeinolo 3 BHCOKOIO BipPOTiJHICTIO MOXKYTb OyTH
WIeHAMM CKymdeHHsi. llapajiakcu Ta OYepBOHIHHS
CcIMOX HAJIIHWX WIEHIB CKyIMYeHH:d HAJAIOTh BiJICTaHI
y pamkax 19002800 mc, Tomi gk i 30pi BiporigHO
€ ob’eKTaMu MepeIHBOro ItaHy.  Yci i ob’ekTu
matore [Fe/H| = 0.1 dex. B-rirant HD 90435, sixwuit
MicTuTbCs Oiist "TOYKH MOBOPOTY" CKyIUeHHsI, Mae
HU3BKY IPOEKIHIO IIBUIKOCTI obepraHHs, el dakTt
JIO3BOJIIE OTPUMATH HOro ximMiuHuit ckjaam, mob
nopiBasiTr 3 aHajorivauM y tedeinn UW Car. Bwicr
CNO y HD 90435 6yu3bKuii J0 COHSYIHOIO, TOJI HAK
nedeina mokasye aediliT ByIJIelto, HaJIUIIOK a30Ty,
OIM3BKUIl JI0 COHSTYHOTO BMHCT KHCHIO Ta HAJJIUIIOK
umarpiro. [lificanit wren ckymaenusi, K-maariranr CPD
—57°3199 mae Bmict CNO Ta Na 6u3bkuii 70 BMicTy
y UW Car.

Koouosi ciioBa: Poscistni ckymdenHs:: mpomeHesi
mBuakocti;  3opi:  xiMidHWIT CKJIAJ; TApaJIaAKCH
GAIA; Kuacuuni uedeinn; B-rirantn; K-riranry;
inpuBinyaspHo:  Collinder 220, UW Car, CPD

—57°3199, HD 90435, HD 90552, HD 302751, HD
302759, HD 302760, HD 302761, HD 302858, TYC
8608-1-1, TYC 8608-25-1, TYC 8608-33-1, TYC
8608-69-1, TYC 8608-153-1, TYC 8608-193-1, TYC
8608-213-1, TYC 8608-221-1, TYC 8608-1503-1.

1. Introduction

Collinder 220 is a rather poorly investigated open
cluster. It contains 41 stars fainter than 10-mag of
mostly B- and A- spectral types. Besides, it contains
a 5.935 Cepheid UW Car as a possible member. Ac-
cording to Segel et al. (2019), the earliest spectral
type stars in it are B7-B8, E(B — V) = 0."25+0.™01,
the age near 370 Myr, and the metallicity [Fe/H] =
0.00 dex. Nevertheless there are some discrepancies
between the distance moduli derived by different stud-
ies. In particular, Vo - My = 11.™9940.20 (Segel
et al. 2019), 11.m4840."24 (Chen 2015) and 10.™83
(Dias et al. 2014). If the ratio of the total to selec-
tive extinction R = Ay /Eg_y = 3.m3440.02, we can
assume that Ay = 0.784+0.02 for the color-excess
from Segel et al. (2019). This way the following dis-
tances, 1698+164, 13424157, and 995 pc have been
derived, respectively. According to Cantat-Granden et
al. (2018) (GAIA catalog), the distance to the cluster
is ~2543 pc.

Kharchenko et al. (2013) gave <RV> = —13.0+0.2
kms ‘for the cluster, while <RV> = —12.19+0.12
kms ‘according to the GAIA DRI8 catalogue.
Collinder 220 has not been carefully studied spectro-
scopically except for UW Car (Luck & Lambert 2011).
Therefore, the main goals of our investigation are as
follows:

1) to measure the radial and rotational velocities of
the cluster’s stars, 2) to determine the atmospheric
parameters, metallicities, CNO and Na abundances
and compare the abundances of the objects of different
spectral types, 3) to determine the distances using
GATA DR2 parallaxes and RV data, and to check
their membership in the cluster.

2. Observations

Our observations were taken at the 11m SALT
(Southern African Large Telescope) equipped with
HRS (High Resolution Spectrograph). HRS is a dual-
beam (3700-5500 & 5500-8900 A) fiber-fed, white-
pupil, échelle spectrograph, which uses VHP gratings
as cross dispersers. We obtained one spectrum for
each object using the medium mode with the spec-
tral resolving power R = 40000 and an average S/N
over 100, which are sufficient to reach the goals of our
study. These spectra have been used to derive the
atmosphere parameters and chemical abundances for
some elements of the open cluster members. The data
were reduced using the échelle context in MIDAS. Also,
the feros package developed for échelle data reduction
from the Fiber-fed Extended Range Optical Spectro-
graph (FEROS) was used. Both FEROS and HRS
provide very similar results.

We used the DECH30 package! designed to use the
spectra in FITS format to measure the line depths and
equivalent widths. The radial and rotational velocities
were measured by fitting of the observed spectra with
models from Coelho (2014). The object IDs, magni-
tudes, spectral types, proper motions, parallaxes from
the GATA DR18 catalogue, measured radial and rota-
tional velocities for each spectrum are given in Table 1.

3. Results and Analysis

3.1 Radial and rotational velocities, proper motions
and parallazes

Distances derived from the Segel et al. (2019) and
Cantat-Granden et al. (2018) data determine one of
the main criteria for membership in the open cluster:
a parallax range from 0.59 to 0.39 mas. According to
Table 1, judging from the proper motion, radial ve-
locity, and parallax measurements, seven objects are

Lhttp://gazinur.com/DECH-software. html
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Table 1: General data for the observed objects in Collinder 220 and derived RVs.

Object V | Sp.type Lo 783 RV, kms~ ! | vsini, kms ! PLX (GAIA)
UW Car? 9.47 | GO Ib —7.305 | +3.590 | +17.11£0.04 36.6+0.1 | 0.263140.0290
CPD —57°3199 10.86 —7.328 | +2.680 | +18.76+£0.43 0.2+0.5 | 0.3463+0.0286
HD 90435 8.88 | B7/8III/IV —7.761 | +3.658 +9.514+0.23 21.04+0.1 | 0.516440.0465
HD 90552 9.82 | A4/7 —15.592 | +4.086 | +30.244+0.12 130.0£0.4 | 1.043340.0606
HD 302751 10.15 | K2 —11.823 | +8.164 +3.574+0.24 0.6+£0.4 | 0.9386+0.0296
HD 302759 11.00 | A —9.162 | +4.149 +9.3540.25 54.0+0.4 | 0.594740.0332
HD 302760 11.00 | A3 —2.414 | +0.091 —2.7240.02 21.3£0.1 | 0.859040.0328
HD 302761 10.28 | F2 —9.068 | 43.600 +5.761+0.19 68.6+£0.2 | 1.9200+0.2500
HD 302858 11.46 | AO —6.330 | +2.781 —0.78+1.10 174.0+£0.4 | 0.6726+0.0381
TYC 8608-1-1 12.01 —8.612 | +1.721 +4.8440.24 39.940.2 | 0.399640.0299
TYC 8608-25-1 12.49 —8.321 | +1.287 —4.40+£0.09 149.6+0.1 | 0.4438+0.0290
TYC 8608-33-1 12.10 -0.5 +3.3 | +11.454+0.31 46.3+0.2

TYC 8608-69-1 11.92 —7.706 | +3.257 +8.774+0.18 34.3£0.2 | 0.354840.0279
TYC 8608-153-1 11.59 —7.844 | +2.164 | +10.9940.13 149.4+1.1 | 1.0902+0.0305
TYC 8608-193-1 10.87 —7.291 | +3.146 | —44.244+0.04 0.0£0.1 | 0.4448+0.0292
TYC 8608-213-1 12.30 —6.243 | +5.414 | +27.50£0.32 62.7£0.1 | 0.515640.0293
TYC 8608-221-1 10.66 —11.166 | —1.933 | —46.78+0.04 0.1£0.2 | 0.7723+0.0327
TYC 8608-1503-1 | 12.04 —7.572 | +3.532 —7.61£0.02 34.1£0.4 | 0.3832+0.0323

1 - Phase 0.F761 according to ASAS SN (Kochanek et al. 2017)

most likely foreground stars, and three others have an
uncertain status.

It should be noted that our results are consistent
with those from other sources: RV = -13.00 kms™!
(Mermilliod et al. 2008) and -12.194+0.13 (GAIA DR2)
for CPD —57°3199; RV — 1.1740.19 kms™' (GAIA
DR2) for HD 302751 and RV = 41.45+0.50 (GAIA
DR2) for TYC 8608-221-1, respectively. It is obvious
that the majority of the confident cluster members have
close RV's. As seen, these objects RV's lie in the range
from —7.0 to +19.0 kms™!. As for UW Car, besides
our estimate, there are two other estimates of the RV =
-14.8040.9 kms~ ' (Gontcharov 2006) and -1.08-14.14
kms™' (GAIA DR2).

As seen in Table 1, three K-giants CPD —57°3199,
HD 302751, and TYC 8608-221-1 as well as the A-star
TYC 8608-193-1 have evidently low vsini, the B-giant
HD 90435 and the A-star HD 302760 have relatively
low vsini, while other hot main-sequence (hereafter
MS) stars are faster-rotating objects. It was very
surprising to detect that the Cepheid UW Car has an
unusually high vsini.

8.2 Color-indices, color-excesses, reddenings, and
atmospheric parameters

As was mentioned above, only Segel et al. (2019) de-
termined a color-excess for the cluster. It corresponds
to a visual extinction of Ay = 0.84+0.702. To im-
prove these parameters, we have used their T.g and
log g determined with the model fitting method. In the
next step, the intrinsic color-indices (B-V)q were deter-
mined for the hot B- and A-type stars using the Kurucz

(1993) models and theoretical color-indices from Bessel
et al. (1998). For more evolved stars of FGK spectral
types with a large number of narrow metallic absorp-
tion lines we used the lines depth relationships to de-
rive Tog (Kovtyukh 2007) and a Fe ionization balance
to derive log g. These estimates give us an opportunity
to determine corresponding (B-V)q for the FGK-stars.
Figure 1 demonstrates a “vsini- T,g” graph for the
studied stars. As seen, the three K - giants, the
Cepheid, the F- and A- MS-stars (12 objects) have a
notable relation, while the hot giants group (6 objects)
are located separately. This graph allows to separate
stars of the different luminosity types in this cluster.
The described above results allowed us to deter-
mine the color-excesses, reddenings, and interstellar
extinction. All these data are given in Table 2. We
used the (B-V) color-indices from TYCHO catalogue
(Hog et al. 2000). Fig. 2 represents the reddening
versus intrinsic color diagram for the cluster. There
are two groups of hot stars: the first group (7 objects)
has reddening values in a range of 0.00-0."*34 with a
mean Ay = 0.20+0.m11, while that for the second
group is 0.m86-1.""41 and a mean Ay = 1."024+0.732,
respectively. The first group most likely consists of
the confident cluster members (according to their
parallaxes), and the second one consists of possible
foreground objects. It is interesting that the possible
foreground objects HD 90552 and HD 302760 fit well
into the first group. TYC 8608-193-1, whose RV esti-
mate differs noticeably from those of the other group,
behaves similarly, while another possible foreground
object TYC 8508-1-153 seems to belong to the second
group. The reddening value Ay = 0.m8440."02 for
the cluster derived from the color-excess suggested
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Figure 1: Relationship between the rotation velocity
and T,g for the objects from our list. Open circles
show the main sequence B- and A- stars and B-giants,
filled five-point stars show the K-supergiants, open five-
point stars show the Cepheid.

by Siegel et al. (2019) is closer to that of the second
group, and the same we can say about the Ay for the
Cepheid UW Car. The average Ay for both groups
comes to 0.”765£0.""18.
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Figure 2: Reddening versus intrinsic color diagram for
probable Collinder 220 members. Open circles rep-
resent probable confident members, filled circles show
probable foreground objects, lines — linear approxima-
tions. Open star — Cepheid UW Car.

3.8 Absolute magnitudes and distances

Table 3 contains the absolute magnitudes of the
Collinder 220 objects derived from the GAIA DR2 par-
allaxes and our T, and Ay data as well as from the
(B-V)q color-indices and Teg from to the Pecaut & Ma-
majek (2013) tables for MS stars. According to Table 3,

the absolute magnitude and distance, which were cal-
culated by these two methods show an acceptable close
range values only for three objects. Figure 3 represents
the HR-diagram for the Collinder 220 objects. It shows
that all the possible confident cluster members except
for TYC 8608-193-1 lie well on the MS. TYC 8608-
69-1 is located near the cluster’s turn-off point, and it
could probably be a blue giant. HD 90435 has already
passed this point and is indeed a blue giant. It is inter-
esting that possible foreground stars HD 302858 and
TYC 8608-153-1 fall onto the cluster’s MS. HD 90662,
HD 302760, and TYC 8608-193-1 are not the cluster’s
members.
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Figure 3: T.g versus My diagram for the Collinder
220 possible members. The symbols represent the
same objects as in Fig. 2., and filled star — K-giant
CPD —57°3199. For UW Car My data accodring to
GATA DRI8 parallax (with error bars) and Fernie et
al. (1995) catalogue. Dashed line — main sequence
according to Pecaut & Mamajek (2013).

Figure 4 represents a Ep_y versus (V - My)
variable - extinction diagram for the possible confident
members of Collinder 220. This diagram shows
that the distance modulus for the open cluster is
11.83+0."71. Therefore, taken into account our
reddening estimates of 0.”20 and 1.”*02 we can derive
the Collinder 220 distances of 2118+590 or 14524405
pc, respectively. The former value takes into account
the Cepheid UW Car, which belongs to the cluster, is
more preferable. However, the intermediate value is
closer to the color-excess and distance modulus from
Segel et al. (2019), as mentioned above.
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Table 2: Atmospheric parameters, rotational velocities, intrinsic colors, color-excesses, reddenings, and inter-

stellar extinctions for the Collinder 220 objects.

Star Totr logg (B—V)(} Ep_v Ay R
UW Carl 498443 2.5240.01 0.57 0.46 1.56 3.51
CPD —57°3199 4855+3 1.7940.01 1.21 0.11 0.41 3.72
HD 90435 13420+2 3.76+£0.01 —0.13 0.11 0.38 3.30
HD 90552 750445 3.43£0.01 0.28 0.05 0.15 3.39
HD 302751 463013 2.01£0.01 - - - -
HD 302759 998516 3.29+0.00 —0.06 2.95 - -
HD 302760 732746 2.47+0.03 0.27 0.10 0.34 3.40
HD 302761 6503+3 2.41£0.01 - - - -
HD 302858 10917+4 3.92+0.01 —0.08 0.07 0.22 3.40
TYC 8608-1-1 11200410 3.84+0.01 —0.08 0.02 0.05 3.35
TYC 8608-25-1 10669+0 3.43£0.00 —0.08 0.30 1.02 3.36
TYC 8608-33-1 1333147 3.84+0.01 —0.13 0.09 0.29 3.30
TYC 8608-69-1 14626+6 3.3240.01 —0.15 0.46 1.49 3.31
TYC 8608-153-1 8882414 3.77£0.02 0.04 0.27 0.91 3.37
TYC 8608-193-1 770545 3.50£0.01 —0.07 0.01 0.00 3.36
TYC 8608-213-1 8010+1 3.5240.01 0.15 - - -
TYC 8608-221-1 4000+3 2.25+0.01 - - - -
TYC 8608-1503-1 12336+27 4.2240.01 0.10 0.26 0.86 3.32

1 - Tett, log g, and (B-V)q for the pulsational phase of 0.761 according to Kochanek et al. (2017).

Table 3: Comparison between absolute magnitudes and distances, determined using the GAIA DR2 parallaxes

and photometric data.

Object My (GAIA) | My (P&M13) | d (pc) (GAIA) | d (pc) (P&M13) | Membership
UW Car —5.031+0.23 3776+£422 m
CPD —57°3199 —1.854+0.18 28884239 m
HD 90435 —2.934+0.19 —0.32 19374174 582 m
HD 90552 —0.2440.12 +2.29 959456 299 fg
HD 302751 1065434 fg
HD 302759 1682+94 fg?
HD 302760 +0.33+0.08 1164+45 fg
HD 302858 +0.38+0.12 +0.60 1487484 1342 fg?
TYC 8608-1-1 —0.04+0.15 +0.45 2503+187 2001 m
TYC 8608-25-1 —0.2940.14 —0.42 2253+147 2389 m
TYC 8608-69-1 —1.8240.16 —1.18 28194222 2101 m
TYC 8608-153-1 +0.87+0.06 +1.89 917+26 575 fg
TYC 8608-193-1 —0.8940.14 +0.70 2248+148 1081 m?
TYC 8608-213-1 1940£110 m?
TYC 8608-221-1 1295455 fg
TYC 8608-1503-1 —0.9040.18 —0.10 26104220 1806 m

P&M13 - Pecaut & Mamajek (2013), [m] - confident member, |[fg] -

3.4 Particular case 1. UW Car problem.

For this 5.735 Cepheid according to the Fernie

et al. (1995) catalogue M, = —3."32 and d =
1844 pc. According to Anderson (2018), its (V -
My) = 11.763+£0.m20 and My = —3."60+0."31.

However, according to the GAIA DR18 parallax, My
—5."03+0.m23 and d = 37764422 pc. Such a large
data scatter rises doubts to the UW Car membership
in Collinder 220. Although using our distance modulus
for the cluster and our Eg_y for the Cepheid, we can
derive My = —4."1740.m71 and d = 2606+1008 pc
for UW Car.

3.5 Chemical abundances

When the atmospheric parameters were derived,
we used the VALD oscillator strengths (Kupka et al.
1999) and LTE model atmospheres from Castelli &

foreground star

Kurucz (2004) to determine the element abundances.
In partucular, we worked on three stars with relatively
low projectional rotation velocities: UW Car, CPD
—57°3199, and HD 90435. As seen from Table 3, two
of these objects (except for the Cepheid) are true
cluster members. Therefore, the chemical abundances
of each object from our list are of interest. Table 4
presents the results of our investigation. It turned
our that all these different spectral type stars have
an equal iron content, solar-like abundances of a—,
Fe-group, r- and s-process elements. Our elemen-
tal abundances are in good agreement with those
derived by Luck & Lambert (2011). At the same
time, the blue giant HD 90435 has a CNO-content
close to the solar one, but the cooler Cepheid and
K-giant have a deficit of C and an overabundance of N.
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Table 4: Chemical abundances for single Collinder 220 objects.

UW Car 76 (HD 90435) 69 (BD —57°3399)

Element | [BI/H]| o | NL | LLI1 | [EI/H] o | NL | [BI/H]| o | NL
C1 —0.51 | 0.16 7 | —0.17 —0.34 | 0.20 3
cII 0.34 - 1

NI 0.55 | 0.07 3 0.46 0.17 | 0.38 4 0.21 | 0.13 2
01 —0.13 | 0.20 3 0.18 0.19 - 1 0.13 | 0.07 3
Na I 0.26 | 0.10 2 0.18 0.39 | 0.07 2
Mg I 0.26 0.53 | 0.18 2
Mg II 0.99 | 0.33 2

All 0.23 | 0.19 2 0.05 0.15 | 0.11 6
Al I 0.76 - 1

Si I 0.04 | 0.14 7 0.14 0.09 | 0.04 6
Si II —0.30 - 1 —0.17 | 0.09 4

SI —0.20 - 1 0.19 | 0.06 2
S II

K1 0.16 - 1 0.23 - 1
Ca 1 0.02 | 0.08 4 0.09 —0.10 | 0.06 3
Sc 11 0.19 | 0.12 5
Til 0.03 | 0.08 | 17 0.19 —0.10 | 0.17 | 21
Ti 11 0.18 | 0.08 2 0.85 | 0.18 4 0.29 | 0.14 4
V1 —0.09 | 0.19 4 —0.11 | 0.10 8
V1T —0.12 | 0.17 3 —0.13 | 0.08 2
Crl —0.19 | 0.16 | 16 0.05 —0.15 | 0.17 | 15
Cr II 0.13 | 0.16 | 16 0.11 - 1 0.36 | 0.08 5
Mn I —0.15 | 0.12 4 | —0.16 0.26 | 0.30 3
Mn 11 0.86 | 0.11 2

Fe I 0.09 | 0.10 | 137 0.09 0.10 | 0.15 | 217
Fe 11 0.09 | 0.11 | 12 0.09 0.04 | 0.20 | 22 0.08 | 0.17 | 19
Co 1 —0.22 | 0.13 8 | —0.04 0.07 | 0.14 8
Ni I —0.07 | 0.15 | 34 | —0.04 —0.04 | 0.11 | 47
Ni 11 0.46 - 1

Cul —0.07 | 0.25 4 0.70 | 0.65 4
Zn 1 —0.09 - 1 0.48 | 0.43 3
Rb I 0.17 - 1 —0.30 | 0.01 2
Y II 0.16 | 0.06 4 0.17 0.36 | 0.22 5
Zr 11 —0.08 | 0.13 2 0.34 | 0.32 3
La II 0.09 | 0.14 4 0.27 0.40 | 0.10 5
Ce I1 0.07 | 0.04 6 0.10 0.13 | 0.12 5
PrII —0.17 | 0.20 3 | —0.15 0.23 | 0.09 4
Nd II 0.03 | 0.11 7 0.07 0.32 | 0.11 7
Sm I —0.12 | 0.12 3 0.01 0.23 | 0.13 3
Eu II 0.03 | 0.20 2 0.22 0.23 | 0.18 3
Gd 11 0.43 - 1 - 0.39 - 1

63

LL11 - Luck & Lambert (2011), NL is the number of spectral lines used for the abundance determination.

4. Summary

1. According to the derived RV, color-indices, and

parallaxes, only 7 of the 18 investigated objects
are confident members of Collinder 220. They are
HD 90435, CPD —57°3199, TYC 8608-1-1, TYC
8608-25-1, TYC 8608-69-1, TYC 8608-1503-1 and
UW Car. TYC 8608-193-1, which was assumed to
be as a confident member, probably do not belong
to the open cluster. Other 11 objects are probably
foreground stars.

. The distances of the confident cluster members,
determined from the GAIA DR2 2018 parallaxes,
lie in a range of 1900-2800 pc. The Cepheid dis-
tance, which is near 3775 pc, is most likely over-
estimated.

. Among the confident cluster members, only TYC
8608-25-1 has a high projectional rotation velocity,
while for other stars and Cepheid UW Car these
estimates lie in a range of 24-40 kms™!. The

K-giant CPD —57°3199 has a very low value of

vsini.

. We have determined color-excesses Ep_y and red-

denings for the majority of objects from the list
that allowed us to refine their intrinsic color-
indices, especially for the hot stars.

. Atmospheric parameters of the hot stars were de-

termined by fitting method, while parameters of
the Cepheid, K- giant, and blue giant were deter-
mined exclusively by the method of atmosphere
models.

. Using Eg_vy, Ay, and R values derived by us for

confident cluster members, we have determined
the mean Ay = 0.m204+0.m11, distance modu-
lus V-My = 11.83+0.m71, and distance d =
21184590 for the cluster. The Cepheid UW Car
has an absolute magnitude of —4."1740."71 and
d = 2606+1008 pc.

. The B-giant HD 90435 is located on the horizontal

branch after the cluster’s “turn-off” point, while
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Figure 4: Variable-extinction diagram for possible
Collinder 220 members. The symbols represent the
same objects as in Fig. 2 and 3.

UW Car and CPD —57°3199 are more evolved
cool supergiants. Therefore the abundances of
carbon, nitrogen, and oxygen in HD 90435 turned
out to be close to the solar ones, while there is
a deficit of C and an overabundance of N and
Na with a solar-like O abundance for the cool
supergiants. This fact indicates that the Cepheid
and CPD —57°3199 have already passed through
the "first dredge-up" stage.
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ABSTRACT. Thirty three spectra of the Polaris
system obtained in August—-December 2019 and
February—April 2020 at the 0.81m telescope of the
Three College Observatory (TCO, North Carolina,
USA) were used to determine the radial velocities (RV)
and effective temperature of the Cepheid Polaris Aa.
These new data have been added to the entire Polaris
system RV data collection (over 2,500 measurements)
to compute a new orbit of the Polaris Aa companion.
Furthermore we have used our eight observational
datasets taken in 2015-2020 and eight datasets taken
in 2011-2018 by Anderson (2019) to check for possible
influence of the orbital motion of Polaris Ab on the
Polaris Aa pulsational activity. It was found that the
mean pulsational period in 2015-2020 was quite stable
(3.976+0.012 days), while the pulsational amplitude
showed evident changes: a growth before HJD 2457350
with a following decrease. This fact could be due to
the Polaris Ab passing through the periastron.

Key words: a UMi (Polaris Aa and Polaris Ab)
system: radial velocities; Polaris Aa effective temper-
atures; Polaris Aa pulsational period and amplitude;
orbital elements.

AHOTAIIIYA. Tpumnsgars Tpu CIHEKTPU  CHCTEME
Tlosspuoi, orpumani B ceprri-rpyaai 2019 Ta moTomy-
kBiTHi 2020 pp. #Ha 0.81-m reneckomni Ob6cepBaTopil
Tprox Komnemxis (TCO, IiBuiuna Kaposina, CIITA)
Oy/l BUKODHCTaHI JJIsi OTPUMAHHSA PAiAJIBHUX

IIBAJIKOCTEH Ta edeKTUBHUX Temueparyp unedeinu
ITonspaoi  Aa. IIi woBi mamui Oyaum gomaHi 10
3araJibHOI KOJIEKIIl paJiiajibHol 1mBuaKoCcTi [lossiprOT
(6lmpmr mizk 2500 omiHOK), mO6 PO3paxyBaTd HOBY
opbity cymyrauka medeimn — Ilongprol Ab. Vi
marm 187 cmekTpu, 1o Oyam OTpuUMaHi 3a Tmepiosn
2015-2020 pp. Yy BOCBMH CIIOCTEPEKHUX CePiIx 3a
nomarkoM BockMu cepiit 2011-2018 pp. 3 poboru
Angyepcona (2019, 164 cnekrpa) Oyium BHKOPUCTaH,
1100 epeBipUTH MOXKJIMBUI BILIUB OPOITAIILHOTO PYXY
[Monsiproi Ab Ha mysbcariiiiny akTuBHicTb IlosisipHOT
Aa. TIleit crnocrepexxkHuil 1epioj € IIKABUM, TOMY
IO BiH OXOIUIIOE YaC MPOXOJKEHHsI dYepe3 IepiacTp
Ta BUCXifHMIT By3os cynytHuka [lomspua Ab. Bymo
BCTAHOBJIEHO, IO CEPeSHIi MIyJabCallilfHuil Tepion y
2015-2020 pp. 6yB gocutsb crabinbaum (3.9722+0.001
mi6), Tomi SIK aMILITyJa IyJbcanil 1I0Ka3ye HasBHI
3MiHM: gpicr gm0 HJD 2457350 3 mHacTynHuUM
3MmenbinieHHsiM.  [uit dakT Moxke OyTu MOsiCHEHUI
npoxokenusaM [lonsprol Ab depes nepiactp opbitu.
3rifiHO 3 IIOBEIIHKOI0 IIyJIbCAIIAHOI aMILIITYA, MU
MOXKEeMO TepeaoatdnTu 11 MOBEMIHKY y HAROIMKIOMY
MaiibyTHBOMY. Y 3B’SI3KY 3 IUM, [IOJIAJIbIII OTPUMAHHS
pamiayibHUX MIBUIKOCTe cucremu losiproi A MaoTh
ayxe BaxknuBe 3HadenHd. OpbitaapHuUii pyx 30pi
[Monspauoi Ab Mae BI/IMB Ha IIyJbCALIHY aMILITYIY
[MonstpHoi Aa B 3asiexkHOCTI Bij opbitaibHol hasu. A
cepeqius edpekTuBHA Temieparypa nedeinn [lossprol
Aa mokasye moMiTHMIT 3pICT 38 KOXKHUI CIIOCTEPEXKHii
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in addition to studies of its pulsation period changes
and the amplitude of the pulsation curve of the main
component, the Cepheid Polaris Aa, are important for
clarifying the properties of the Polaris Ab companion
and the dynamics of this binary system. Over 2,500
RV estimates that cover four orbital cycles of Polaris
Ab have been obtained in the last about 130 years (see
Fig. 1).

The first orbital cycle (HJD 2414900 — 2426000) is
the most covered compared to the second one (HIJD
2426000 — 2436500), while the third cycle is the least
covered. The observations taken between HJD 2445000
and 2447500 were carried out quite frequently. These
data were obtained with photographic plates. A large
fraction of the most recent observations taken during
the fourth covered orbital cycle (since HID 2447500)
was obtained with CCD detectors.

An abrupt decrease of the pulsation amplitude is
clearly visible in Fig. 1. It had began precisely in the
“third orbit” time lag, especially near the ascending
node of the orbit. Since the orbital motion of Polaris
Ab is retrograde (Evans et al. 2018), the moment of its
periastron passage occurs before passing through the
point of the ascending node. It can be noted that no
frequent spectroscopic observations were reported be-
tween 2007 and 2011 except for a few measurements.
Our observations between 2015 and 2018 (Usenko et
al. 2016, 2017, 2018) and those presented by Ander-
son (2019) were taken around these important orbital
phases (see Fig. 2).

Additionally, according to our estimates, the pulsa-
tion period of Polaris Aa has increased compared to
that of 20162017, and the pulsation amplitude showed
a tendency to decrease (Usenko et al. 2018). However,
Anderson (2019) indicates an amplitude constancy in
2011-2018. In this regard, the question arises: what
are the roles of the orbital configuration and the or-
bital motion itself in changing the Polaris Aa pulsation
amplitude?

To answer this question, we carried out further spec-
troscopic observations of the Polaris system from Au-
gust 2018 to April 2020 and analyzed the results of
the RV measurements relative to the orbital system’s
motion. In particular, the following goals were set:

1. To choose short-term data sets (from 10 to 150

HJD 2400000+

Figure 1: Polaris radial velocity estimations over the
last ~130 years.
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Figure 2: Radial velocity measurements of Polaris Aa
from 2011 to 2020. Data from Anderson (2019) are
shown by filled circles, our data obtained from 2015
to the first half of 2018 (open circles), September 2018
— January 2019 (open squares), second half of 2019 —
first half 2020 (filled squares).

days) during which RV changes due to orbital mo-
tion could be neglected.

2. To obtain the best purely sinusoidal approxima-
tion for each of these data sets and to determine
parameters of every orbit/pulsational cycle (pe-
riod, amplitude, mean heliocentric velocity and
the cycle’s initial phase).

3. To determine the mean heliocentric velocity val-
ues (v-velocity) to calculate the orbit of Polaris
system.

4. To subtract the orbital velocity values from the
estimated heliocentric velocity ones.

5. To derive the pulsational cycle parameters from
all our measurements.
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Therefore we have used eight our observational sets,
eight sets from Anderson (2019) data, and some earlier
sets for a more precise determination of the Polaris
system orbital period. The Kamper (1996) data were
omitted due to a very small pulsational amplitude at
that time period.

2. Observations and development of spectra

Fifty three spectra were obtained in the present
data set: 20 in September 2018—-January 2019, 24 in
August—December 2019, and 9 in February—April 2020.
All the observations were obtained with the 0.81m
telescope of the Three College Observatory (TCO) in
North Carolina. This telescope is equipped with an
échelle spectrograph manufactured by Shelyak Instru-
ments '. The instrument operates in the spectral range
from 3850 to 7900 A with a spectral resolving power

of R ~ 12,000 and no gaps the between spectral or- &

ders. The average S/N ratio in the continuum was
150-200, while most spectral lines used in our analysis
were taken from the range 4900-6800 A. The data were
reduced with the échelle package in IRAF.

The DECH 30 software package? was used to measure
the line depths and RVs. The latter were measured
by cross-correlation and the parabolic fitting methods.
The uncertainty of the RV measurements is between
1.0 and 1.8 kms™! . The line depths were used to de-
termine the effective temperature. A method based on
the depth ratios of selected pairs of spectral lines is the
most sensitive to the temperature (Kovtyukh 2007).
The method provides an internal accuracy of the Teg
determination of ~10-30 K (standard deviation of the
average).

The derived values of Tog and RV measured from
hydrogen and metallic lines in each spectrum are
presented in Table 1. These RV values are shown in
Fig. 2.

3. Pulsation and orbital period analysis

The next step in the analysis was to use purely si-
nusoidal approximations for the data sets determined
by the least squares method. As an example, one of
these approximations is shown in Fig. 3, and the best-
fit parameters are presented in Table 2. To derive a
more precise orbital period of the Polaris A system, we
have used the data from our observational seasons in
combination with those from eight seasons published
by Anderson (2019) and from six seasons published by
Roemer (1965). The following general equation for the
RV variations on an elliptical orbit was used for finding
the best fits to the data:

Lhttp://www.shelyak.com
2http://www.gazinur.com /DECH-software.html
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Figure 3: A sinusoidal least square method approxima-
tion for our HJD 2458704—2458837 observational set.
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Figure 4: Comparison of the Polaris orbits: red line
— Kamper (1996), green line — Anderson (2019), blue
line — our data.

RV =~ + K(e cos w+ cos(M + w)), (1)

where K is the semi-amplitude of radial velocity vari-
ations, v is the systemic RV, e is the orbital eccentricity
(was always set to zero), w - the argument of the peri-
astron, M is the true anomaly.

Table 3 contains the orbital parameters of the Po-
laris system that had been published earlier and our
new results. Figure 4 represents the median orbital
RV curves of the Polaris A system using the orbital el-
ements from Anderson (2019), Kamper(1996), and this
work that have been calculated according to a selection
of observational seasons from Table 2 and the data from
Table 1. As seen from Table 3 and Fig. 4, our results
are closer to those found by Kamper (1996). According
to the orbital elements form Anderson (2019), Polaris
Ab passed through periastron on 29 November 2016
and through the ascending node - on 18 October 2017,
while using the elements from Kamper (1996) these
dates are 1 April 2017 and 17 April 2018, respectively.

Figure 5 shows the pulsational period changes ac-
cording to Anderson (2019) and to our data. As seen,
these changes show some periodicity. If we use all our
RV data with the orbital velocity subtracted, then we
have a Fourier power spectrum (Fig. 6) with quite a
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Table 1: Observational data of o UMi (NL — number of lines)

HJID Togr o Phase RV(kms™')
2450000+ K K Metals o) NL Hea Hpg H,

8368.5931 6058 21 0.934 1449 1.70 176 -14.45 -14.84 -14.67
8411.4928 6057 20 0.731 -11.50 1.77 159 —12.23 -9.93 —8.58
8413.5843 6055 19 0.258 -11.68 1.68 189 -12.23 -8.92  -10.96
8416.5683 6073 23 0.009 -13.01 1.61 173 -13.42 -7.80 -11.84
8421.6551 5984 18 0.289 -11.19 1.78 166 —11.20 -7.53 —-10.24
8422.6439 5969 21  0.538 -9.95 1.86 157 -9.47 -4.03 -8.90
8439.6274 6038 22 0.812 1235 1.69 147 -12.07 -987 -11.31
8440.6117 6086 21 0.060 -13.20 191 155 -13.40 -10.75 -12.20
8442.6074 6050 21 0.562 -10.69 1.86 163 -10.18 -6.94 —-8.58
8443.6292 6117 23  0.819 1237 1.60 153 -13.25 -8.88 -11.26
8458.6511 6074 21 0.600 —-10.72 1.48 158 —11.30 -8.21 -8.81
8469.5308 6007 21 0.338 -11.29 147 159 -10.92 -8.52 -9.70
8470.5557 6083 25 0.596 -10.63 1.59 164 -10.74 -6.97 -9.46
8475.5715 6095 24 0.859 -13.30 1.20 161 -14.05 -9.15 -11.57
8477.5626 5948 20 0.360 -11.40 1.34 159 -10.33 -8.56 -9.44
8479.5699 6102 22 0.865 -13.09 145 170 -13.39 -10.70 -12.34
8489.55682 6041 20 0379 -11.07 1.51 164 -10.38 —7.44 -9.77
8499.5614 6090 22 0.897 -11.85 1.37 160 -11.89 -8.81 —-10.80
8509.5801 6050 22 0.418 -10.21 146 171 -10.12 =7.02 -8.83
8514.6088 6042 27 0.684 -11.03 1.63 170 -11.47 -9.57  -9.53

8704.6331 6011 20 0.557 -10.81 1.30 172 -10.82 -8.18 -10.98
8705.5884 6073 24 0.798 1278 1.30 164 -12.85 -11.23 -13.38
8724.5957 6058 19 0.588 -10.84 1.32 171 -10.43 -7.25 -10.49
8729.5863 6072 20 0.846 -13.05 1.38 181 -13.91 -8.96 -12.10
8755.7058 5931 23 0429 -11.05 143 161 -11.09 -7.48 -10.23
8760.6257 6158 27 0.669 -11.35 1.52 164 -11.37 -9.05 -10.88
8766.6023 6032 29 0.176 -13.41 140 163 -14.03 -10.60 -12.85
8767.6403 6009 22 0437 -11.29 1.26 164 -11.17 -7.81 -11.16
8768.6482 5985 26 0.691 -11.54 1.23 160 -11.54 -8.85 —-11.43
8771.6134 6042 24 0439 -11.32 148 159 -11.28 -8.25 -10.17
8774.5861 6078 23 0.188 -13.26 149 163 -14.76 -11.46 —-12.86
8775.5933 6086 24 0.442 -12.00 1.29 164 -12.21 -9.79  -11.66
8780.5991 6049 18 0.703 -11.70 1.28 163 -11.95 -9.45 -11.51
8781.5251 6079 25 0.937 -13.67 137 158 -15.00 -11.83 -13.99
8784.5618 6078 23 0.702 -11.67 1.33 165 -11.20 =797 -10.52
8789.6421 6122 25 0983 -13.53 154 170 -15.50 -12.51 -13.87
8790.5904 6057 25 0.222 1277 1.29 159 1439 -10.87 -12.06
8791.6463 5999 24 0.488 -10.85 1.46 160 -11.31 —7.85 -9.83
8812.5489 6056 21 0.756 -11.93 144 163 -12.30 -9.40 -10.66
8822.5455 6083 23 0.275 -12.02 145 168 -13.87 -10.18 -11.67
8823.5373 6050 20 0.525 -10.77 1.30 162 -10.54 —~7.66 -9.60
8829.56468 6078 18 0.040 -13.41 147 161 -15.32 -11.08 -12.95
8833.5510 6040 26  0.049 1341 1.61 163 -15.63 -11.38 -13.32
8837.5157 6159 25 0.049 -13.65 1.62 192 -15.21 -11.81 -13.19

8907.6854 6031 20 0.734 -12.01 1.56 166 -12.26 -9.55 -10.86
8909.6695 6051 23 0.234 -13.61 1.63 196 -14.32 -14.73 -12.94
8916.6189 6121 23 0986 -14.30 143 156 -14.86 -12.14 -13.28
8936.5658 6106 21 0.013 -14.20 1.85 197 -15.00 -11.32 -12.85
8942.5727 6034 22 0.527 -11.73 1.14 157 -11.45 -9.05 -10.31
8943.6633 6079 18 0.802 -12.62 1.17 153 -12.17 -9.44 -11.01
8944.6059 6145 24 0.040 -14.08 1.40 159 -15.15 -11.92 -13.34
8949.6344 6118 29 0.307 -13.07 149 157 -14.01 -10.48 -11.38
8955.5861 6100 23 0.807 -12.88 147 194 -12.85 -10.62 -11.78
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Table 2: Polaris RV dataset during our and HERM E'S observational sets.

Source JD range JDmid NL Period ¥ K To

2450000+ 2450000+ (days) (kms™') (kms™ ) 2450000+ (days)
Roemer  14876—14951 14918 21 3.95854+0.002 —11.924+0.11 3.7554+0.18 14874.59140.025
Roemer  15378—15403 15391 16 3.9098+0.029  —13.27£0.50 2.358+0.79 15374.715+0.171
Roemer  18784—18878 18831 16 3.8087£0.020 —16.84+0.82 2.426+1.20 18778.901+0.292
Roemer  29792—29833 29816 11 4.0371£0.015  —16.79£0.03 2.047+0.15 29787.812+0.073
Roemer  34492—-34576 34534 16 3.9847+0.005 —18.41£0.15 2.240+0.23  34488.449+0.054
Roemer  36440—36501 36472 8  3.9323+0.023  —10.754+0.10 2.288+0.13  36434.439+0.038
Hermesl 55816—55901 55872 10  3.9681+£0.015  —19.18+0.23 1.466+0.33  55813.885+0.18
Hermes2 56546—56554 56550 9  3.9553+0.004 —19.174+0.02 1.675£0.03  56540.795+0.01
Hermes3 56855—56866 56862 11 3.9586+£0.006 —18.73£0.04 1.821+0.05 56850.632+0.02
Hermes4 57283—57293 57288 9  3.9805+0.013  —17.204+0.07 1.829+0.13  57279.526+0.03
Hermes6  57994—58077 58033 22 3.97194+0.003 —11.67+0.08 1.7754+0.12 57990.516+0.038
Hermes7 58141—-58248 58196 14 3.9719+£0.002  —11.77£0.09 1.733+0.13 58137.504+0.047
Hermes8  58379—58439 58402 9 3.9633+0.0028 —12.2940.05 1.751£0.06 58375.814+0.024
TCO1 57283—57376 57332 21 3.97544+0.011 —16.72+0.41 2.0524+0.60 57279.459+0.174
TCO2 57623—57744 57690 37  3.9787+0.009 —12.75+0.40 1.7174+0.60 57617.0464+0.218
TCO3 57772—57816 57798 12 4.0029£0.016  —11.78£0.17 1.592+0.20 57767.853+0.137
TCO4 57971—-58109 58048 29  3.9633+0.004 —11.13+0.23 1.7314+0.36 57966.9274+0.109
TCO5 58120—58248 58196 38  3.973840.008 —11.65+0.24 1.1154+0.36 58113.639+0.184
TCO6 58368—58514 58453 18  3.9754+£0.005  —11.85£0.23 1.510+0.33 58363.854+0.139
TCO7 58704—58837 58778 24 3.96924+0.007 —12.31+0.20 1.3534+0.27 58701.5324+0.140
TCOS8 58907—58955 58934 9  3.965940.007 —12.9240.10 1.362£0.15 58904.094+0.065

Table 3: Orbital Parameters of Polaris systems.
Parameter Roemer Kamper Turner et al. Anderson This work
(1965) (1996) (2007) (2019)

P, yrs 30.46+0.10 29.59+0.02 29.71+0.09 29.32+0.13 29.25+0.03
e 0.639£0.012 0.608+0.005 0.543+0.010 0.620+0.008 0.633+0.044
To, yr 1928.48+£0.08 1928.484+0.08 1928.57+0.06  2016.19+0.1 1987.22+0.1
w, deg 307.24+1.82 303.014+0.75 309.6+0.7 307.2+2.5 302.5+2.7
K, kms™* 4.094+0.1 3.7240.03 4.414+0.07 3.768+0.073 3.931+0.12
v, kms™? -16.41 —16.42+0.03  —15.90£0.06 —15.387+0.04 —16.61+0.12
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Figure 5: Polaris pulsational period changes in 2011-
2020: red circles — Anderson (2019), black circles — our
data.
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Figure 6: Fourier power spectrum of the Polaris Aa RV
measurements for the 2015 — 2020 data.

constant pulsational period of 3.976+0.012 days (see
Table 2). Anderson’s data suggest a different value,
because they were obtained on the ascending branch
of the RV curve when the orbital velocity was signifi-
cantly changing.

As seen in Fig. 7, the pulsational amplitude
behaviour shows very noticeable changes during the
time of our and Anderson’s observations. Our errors
are somewhat higher because of a lower spectral re-
solving power and longer periods of pulsational cycles
averaging. Two vertical lines denote the moments of
the periastron passage according to Anderson (2019)
(violet) and Kamper (1996) (blue). As seen, the
pulsational amplitude growth could be connected
immediately to the orbital motion of Polaris Ab and
its passing through periastron. Moreover, we can
predict a further decrease of Polaris Aa pulsational
amplitude in the nearest future according to this graph.

4. Effective temperature changes

Figure 8 demonstrates the mean T.g values esti-
mated spectroscopically for each of our observational
season jointly with earlier specroscopic and photo-
metrical ones. As seen, the mean T,y of Polaris
Aa during the last five years has been growing, and

| . | . | . |
0 56000 57000
ID - 2400000

Figure 7: Pulsational amplitude of Polaris Aa accord-
ing to data from Anderson (2019) (red) and our data
from 2015 to 2020 (black). The violet and blue lines
represent the moments of the periastron passage ac-
cording to Anderson (2019) and Kamper (1996), re-
spectively.
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Figure 8: Variations of the mean T.g of Polaris Aa
during the last 75 years. Open circles - values from the
(B—V) vs. Teg relationship by Gray (1992), filled cir-
cles - values from lines depth ratios (Kovtyukh 2007).

this phenomenon could be connected with the orbital
motion of Polaris Ab.

5. Conclusions

The results of using 2585 RV data points during last
130 years we can suggest the following;:

1. Our 187 RV observations obtained during last five
years (8 observational seasons) along with 164 RV
data points published by Anderson (2019) covered
a fragment of the Polaris A orbit, which contained
passages through a periastron and an ascending
node.

2. The mean T.g of Polaris Aa per season shows a
gradual growth.

3. To check the influence of the Polaris Ab orbital
motion on the Polaris Aa pulsational amplitude,
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RV measurements from our data, those published
by Anderson (2019), and some other sources have
been analyzed.

4. Using these data, the orbit of the Polaris A binary
system has been determined.

5. The mean pulsational period during five years
demonstrates a certain stability.

6. The pulsational amplitude of Polaris Aa shows
very strong changes, which contain a growth be-
fore HJD 2457350 with a subsequent decline. It is
interesting that the decline has begun before the
periastron passage.

7. Judging from the pulsational amplitude be-
haviour, we can predict its further decrease in the
nearest future. Therefore further Polaris A RV
observations are essential.

8. Orbital motion of Polaris Ab has an influence on
the Polaris Aa pulsational amplitude depending
on the orbital phase.
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DISTRIBUTION OF THE OCCURRENCE OF THE INTENSIVE
IONOSPHERE SCINTILLATIONS ON THE OBSERVATIONS OF THE
COSMIC RADIO SOURCES AT THE DECAMETER WAVE RANGE
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ABSTRACT. Effect of scintillations arises in the result of
interaction of radio signal from the cosmic radio source with
irregularities of ionosphere plasma which appears at the
registration of observations as amplitude fluctuations.
Wherein fluctuations of the different intensities and with the
different long time periods can be observed. Scintillations of
large intensity and with large characteristic times (periods)
take an interest because its influence on records of the radio
sources is very essential and can distort the record shape. In
this case there is a need to consider the presence of the
intensive fluctuations. In this sense it might be useful to
investigate the frequency of occurrence of the intensive
scintillation. Processing of the radio sources records was
carried out on the observations of power cosmic radio sources
at the passage through direction pattern of the radio telescope
URAN-4 at frequencies 20 and 25 MHz during 1998-2007.
Record's characteristics were obtained including ionosphere
scintillation parameters. Also records with scintillations of
large intensity and with long periods were marked. In this
work daily distribution of intensive scintillations was
analyzed. It was showed that occurrence of intensive
scintillations changes in limits of 4-26% and it is larger on the
lower frequency. Dependence of occurrence of scintillations
from angle between direction on the radio source and line of
geomagnetic field in the observation place was found. It was
obtained that the maximum of the occurrence of the intensive
scintillations for all observed radio sources appears on the
nighttime of the day. Also local maximums of frequency of
occurrence are exist which may be associated with the
moments of sunrise and sunset.

Key words:
decameter range,
scintillations

radio source: ionosphere scintillations,
daily distribution of ionosphere

AHOTALIA. EdexT ionHochepHUX MepeXTiHb BUHHKAE
B pe3yabTaTi B3a€MOJii paJioCHTHANy BiJ KOMITAaKTHOTO
KOCMIYHOTO  pajiopkepesria 3  HEOTHOPIAHOCTIMH
ioHOC(epHOI TIa3MH 1 TPOSBIIEThCA TPH PEECTpaii
crocTepekeHb K aMIunitynHi ¢uykryamii. [Ipu neomy
MOXYTb CIIOCTepiraTich GIIyKTyauii pi3HOT IHTEeHCUBHOCTI
i 3 mepiojamu pi3HOT TPUBAJIOCTI. MepexXTiHHS BEJIUKOI
IHTCHCHBHOCTI 1 3 BEJIHMKHUM XapaKTCPHUM  4acoM
(mepiozioM) BHKJIHMKAIOTh IHTEpPEC TaK sIK IXHIi BIUIMB Ha
3alKiCh  pajiojkepea JAy)Ke BaroMuii 1 BOHU MOXYTh
3HAYHO CIIOTBOPIOBAaTH (opMy 3amucy. B Takomy BUnaaKy
BUHUKAaE  HEOOXiTHICTh BpPaxOBYBaTH  HAasBHICTh
iHTeHCUBHUX (uykryamii. Tomy Moke OYTH KOPHUCHHM

JOCTITUTH YacTOTy IIOSIBM IHTCHCHBHUX 10HOC(EpPHHUX
MepexTinb. Ha pagioreneckom YPAH-4 Ha gactorax 20 i
25 MI'm na mpots3i 1998-2007 pokiB Oynm mpoBeneHi
CIIOCTEPE)XEHHSI ~ MOTYXHUX KOCMIUYHHMX JOKEpel 3
peecTpali€ero y BUIVISAL 3aIKCIB NPU NPOXOJDKEHHI Yepes
Jiarpamy HanpaBJCHOCTI paJiOTEeNeCcKOly, a TaKoX
BUKOHaHa 00poOKa oTpuMaHuX 3amuciB. B pesynbraTi
00poOKkM OyiM OTpHMaHi XapaKTEPUCTUKH KOXKHOTO
3amKcy B TOMY YHCIIi TapaMeTpu MepexTiHb. [Ipu 1mpomy
Oyny BIIMIUEHI 3amMCH 3 MEPEXTIHHSAMU  BEJUKOI
IHTEHCUBHOCTI 1 3 BEIUKHMHU TIepiomamu. B 1iii mpari
MPOAHATI30BaHO JTOOOBUH PO3MOMIN TOSIBU IHTEHCUBHUX
MepexTiHb. [lokazaHo, IO YacToTa TOSIBM IHTEHCHBHUX
MEpEeXTiHb 3MiHIOEThCS B iHTEpBai 4-26% i1 ix iIMOBIpHICTH
3pOCTa€ Ha HIKYiH 9acToTi. 3HAIeHA 3IeKHICTh YaCTOTH
MIOSIBU IHTEHCUBHUX MEPEXTiHb BiJl KyTa MiX HarpsMKOM
Ha PaJioJPKEPEsIo i CUIIOBOKO JIIHIEK TEOMArHITHOTO OIS,
OtpuMaHoO, 110 MAaKCUMyM YacTOTH IOSIBU IHTEHCHBHHX
MEpeXTiHb JIsl BCIX CIIOCTEPEKYBAaHHX Ppajio/pKepelt
NIPOSIBIISIETbCS B HIYHMK 4ac. TakoX iCHYIOTH JIOKaJbHI
MaKCUMYMH, sIKi, CKOpiIlie 3a BCe, OB’ s13aHl 3 MOMCHTAMU
cxony i 3axoxy CoHIs.

KurouoBi cjioBa: pamiomkepeno: ioHOCQEpHI MEpEeXTiHH,
JeKaMeTPOBUH [iama30H pafioXBHIb, JOOOBUI PO3IOMIT
10HOC(EPHIX MEPEXTiHb.

1. Introduction

When the signal from the discrete cosmic radio source
propagates through Earth's ionosphere it undergoes the
amplitude fluctuations caused by interaction with
irregularities of ionosphere plasma [Crane R. K., 1977].
Effect of scintillations is particularly essential for
observations at the decameter wave range. Wherein
amplitude fluctuations can to characterize by different
intensities from weak up to saturated and by different
characteristic time intervals (periods) from several seconds
up to ten minutes. It is reflect the state of irregularity of
ionosphere structure in the moment of observations.
Scintillations with large intensities and periods take an
interest because they largerly distort the observations
records of the cosmic radio sources. For example,
fluctuations with large periods that comparable with size of
radio telescope direction pattern can to distort the shape of
records that caused the incorrecting processing results.
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There is a need to take into consideration the presence of
the intensive fluctuations at the processing of observations.
In this sense it might be useful to investigate the frequency
of occurrence of the intensive scintillation. The daily
distribution of the intensive scintillations is presented in
this work on the observations of the power radio sources at
the decameter wave range.

2. Observations data

The regular observations of the 4-th power radio sources
— 3C144, 3C274, 3C405, 3C461, were carried out on the
radio telescope URAN-4 at frequencies 20 and 25 MHz
during 1998-2007 [Derevyagin V. G. et al, 2019]. Several
records of the passing through RT direction pattern of each
radio source were registered during day. Observations data
are stored in computer memory in the digital form. After
data processing parameters that characterized each record
and scintillation parameters were obtained. Under data
processing the quality of the record was estimated
including the presence or absence of intensive scintillations
in form: '0' - absence; '1' — presence. All data processing
was placed in the text files in chronological order for each
source and on frequencies. The analysis of daily
distribution of occurrence of intensive scintillations was
fulfilled further on obtained estimations.

Table 1: Statistics of the occurrence of the
intensive scintillations for 4-th radio sources at
two frequencies during 1998-2007

NS H D N20  S20 P20 N25  S25 P25
144 66 0 9881 990 0.10 8194 342 0.04
274 56 10 11318 1445 0.13 8859 606  0.07
405 84 19 10883 1761 0.16 11790 1045 0.09
461 77 37 8354 2201 0.26 8021 1177 0.15

3. Analysis and discussion the results on
intensive scintillations

Examples of the records of radio sources with intensive
scintillations obtained on radio telescope URAN-4
observations are showed in the Fig. 1 (Fig. 1b and 1c).
Record with weak scintillations is demonstrated for
comparison (Fig. 1a). Fig. 1 shows that in the case of weak
scintillations the processing of record (that include the
fitting of smooth curve) can to execute better than in second
case and all the more in third case. Proceed from above-
mentioned it is turns out to be important to know statistics
and distribution of occurrence of intensive scintillations.

Data for radio sources that observed is contains in Table
1 at frequencies 20 and 25 MHz: N — total number of
records; S — number of records with intensive scintillations;
P =S/N — relative value of occurrence of intensive
scintillations. Also additional information on radio sources
placed into Table 1: NS—number of source in catalogue 3C;
H — height of source in culmination moment (degrees); D —
angle between on source direction and line of geomagnetic
field (degrees).

o
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o |
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b Source: 3C274

2r Date: 23 01 2001
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Figure 1: Samples of records of radio sources with
scintillations of different intensities. Values of
intensity are measured in relative units

Proceed from table data it is possible to say that
frequency of occurrence of intensive scintillations changes
in limits from 4 up to 26% and this value is larger almost in
two times at 20 MHz than at 25 MHz that corresponds to
increase of scintillation effect on lower frequency [Liu C.
H. et al., 1986]. Also one can note that occurrence of
intensive scintillations do not depends obviously on height
on which radio source observed. However the dependence
of frequency of scintillation occurrence from angle between
on source direction and line of geomagnetic field in
observation place (Fig.2) is observes: the larger this angle
the higher probability of intensive scintillations. The
similar dependence was got in the work [Lytvynenko O. A.
et al, 2000] for such parameter of scintillations as period.
Inversely proportional dependence exists for the
scintillation index. It is demonstrates the role of
geomagnetic field in manifestations of irregularity structure
of ionosphere [Aarons J., 1982].

In order to analyze the behavior of intensive
scintillations occurrence in time the daily distribution of
such occasions was obtained by sum up within each hour
from 0 up to 24. Distribution that obtained was normalized
on maximum value. Result is shown in Fig. 3.
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Figure 2:. Dependence of the frequency of
occurrence of the intensive scintillations from
angle between direction on radio source and line of
geomagnetic field in observation place. Data at the
frequency 20 MHz marked by crests and at 25 MHz
— by circles
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Figure 3: Frequency of the occurrence of intensive
scintillations in dependence from time of day for 4-th
radio sources at two frequencies; there are presented
numbers of occasions divided by maximum value.
Marks for two frequencies are correspond to marks in
Fig. 2

The analysis of occurrence of scintillations with large
intensity was fulfilled by observations of power cosmic
radio sources (3C144, 3C274, 3C405, 3C461) obtained on
the radio telescope URAN-4 at the frequencies 20 and 25
MHz during 1998-2007:

1. Frequency of occurrence of intensive scintillations
changes in limits from 4 up to 26%.

2. Daily distribution of such scintillations was obtained:
minimum observed in daytime and the probability to
observe intensive scintillations increased in nighttime.

3. It is shown that relative frequency of intensive
scintillations occurrence do not depends obviously
from height of radio source observation.

4. The dependence of the frequency of scintillation
occurrence from angle between on source direction
and line of geomagnetic field in observation place is
observes: the larger this angle the higher probability of
intensive scintillations.
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ABSTRACT. We present the results of the analysis of
morphology and evolution of the circular solar flare using
H-alpha images. H-alpha filtergrams were obtained with
the Meudon spectroheliograph. The active region NOAA
9087 had a complex multipolar magnetic field configura-
tion. New magnetic fluxes emerged during the evolution of
this flare-productive active region. The high flare and surge
activity was observed in the active region.

According to Solar Geophysical Data (SGD) the
3N/M6.4 class solar flare occurred on July 19, 2000 at
06:37 UT, peaked at 07:23 UT and lasted 2.5 hours. Two
bright kernels appeared near large positive-polarity sunspot
at the beginning of the flare. In a few minutes bright kernels
occurred in the center of the active region near polarity in-
version line. Space solar observatory Yohkoh detected a
hard X-ray (HXR) coronal source in the 13.9-22.7 keV and
22.7-32.7 keV energy bands in this location.

New kernels appeared in the southern and eastern parts
of the active region at the boundaries of the chromospheric
network. They brightened sequentially clockwise, which
may indicate a slipping reconnection. Magnetic reconnec-
tion was observed in the main phase of the flare in the east-
ern part of the active region. In the late flare phase arcade
of post-reconnection EUV loops connected the main flare
ribbon with the place of repeated reconnection. Additional
heating may be required for the explanation of the long
flare decay phase.

Flare ribbons of the circular shape were formed. The
complex magnetic configuration of the studied active re-
gion and circular shape of the ribbons suggest that it had a
fan-spine magnetic topology with null points. Possibly,
flare ribbons are the locations of intersections of the fan
quasi-separatrix layer with the chromosphere. They ap-
peared as a result of heating or particle beam moving along
a quasi-separatrix layer from a source in the corona.

Keywords: Sun, chromosphere, active regions, solar flares,
magnetic reconnections, multi-wavelength observations.

ABCTPAKT. B poGori mnpeacTaBieHO pe3yJbTaTH
aHalizy Mop¢oJorii Ta €BONIOLii KPYrOBOTO COHSYHOTO
crnanaxy i3 BUkopuctanusaMm H-anme¢a 300paxens. H-ansga
¢ubTpOrpaMM  OTPUMAHO 3a JONOMOIOI  CIEKTpPO-
remiorpada obcepparopii B MenoHi. AKTuBHa 001acTb
NOAA 9087 mana ckinaaHy KoH(irypariro O6aratomnoJsp-
HOT'O MarHiTHOro mnoisi. HoBi MarHiTHI MOTOKH 3'SBISUTHCS
IiJ] Yac CBOJIIOMIT i€l CIaJaX0BO-MPOTYKTHBHOT aKTHBHOT

obmacTi. baraTo cnanaxiB Ta BUKHIIB COCTEPITaIHCh Y it
aKTUBHIH 001acTi.

3rigno 3 CorssyrnMu reodiznaanmu qanumu (SGD) co-
HsyHEil cnanax knacy 3N/M6.4 unuk 19 mumas 2000
poky o0 06:37 UT, nocsrays makcumymy o 07:23 UT i tpu-
BaB 2,5 ronuHu. Ha novatky crnanaxy 3’sBUiIOCS ABa siC-
KpaBHX si1pa OiJIst BEJIMKOI COHSIYHOT IUISIMH 3 IO3UTHBHOIO
noJsipHicTio. Yepes JieKkiibKka XBUIMH B LIEHTPI aKTHBHOI
obmacTi mo6ym3y MiHIi iHBepCii MONSIPHOCTI BUHHUKIIN SIC-
kpaBi sjpa. KocmivHa consiara oocepBaropist Yohkoh Bu-
SBIJIa KOPOHAJIBHE JKEPETIO JKOPCTKOTO PEHTTEHIBCHKOTO
punpominioBanHs (HXR) B enepretmunux cmyrax 13.9-
22.7 ta 22.7-32.7 xeB y mpomy Mmicti.

Hogi siipa 3’sIBUIKCH Y MiBICHHIN Ta CXiJHIN YacTHHAX
AKTUBHOI 00J1aCTi HAa Mekax XpoMochepHoi Mepexi. Byzmu
Criajiaxy cTaBajli SCKpaBilIMMH IOCITIJJOBHO 32 TOJUHHU-
KOBOIO CTPIUJIKOIO, III0 MOXKE CBIIYMTH PO KOB3arOUe Mar-
HiTHe niepe3'enHanHs. [loBTOpHE MarHiTHe nepes'eJHaHHS
criocrepiraiocs B OCHOBHIHM (a3i craysaxy B CXiJHIH 4a-
CTHHI aKTHBHOI o0nacTi. Y mi3HiK cranaxosiif (asi apkama
miciacnanaxoBux EUV nerens 3'eqHyBaza OCHOBHY cIiaia-
XOBY CTPIUKY 3 pO3TallyBaHHSM MICISI TIOBTOPHOTO Mar-
HiTHOTO Tiepe3'emHaHHs. [ mosicHeHHS TpuBanoi ¢asu
crajaxy MoJKe 3HaIOOMTHCS TOAaTKOBE HATPiBAaHHS.

CrataxoBi cTpiuku Manu Kpyriny popmy. CkiagHa mar-
HiTHa KOH(QIrypamis I0oCiiKyBaHOI akTUBHOI o0nacTi Ta
Kpyria ¢popMa CTPIYOK JO3BOJISIOTH MPUITYCTHUTH, 1110 BOHA
MaJla MarHiTHY TOIIOJIOTIIO THITY "Bisuto-IInN" 3 HYJIbOBUMH
TOYKaMHu. MOXITMBO, ClIaJIaXOB1 CTPIYKH — II€ MICIIS Tepe-
TUHY IIapy BisUIOBOI KBazicemapaTpucu 3 XpoMocdeporo.
Bonmn 3’aBHiTIICHE BHACHIOK HAarpiBaHHS a00 MepeMileHHs
IMyYKa YacCTHHOK B3AOBXK KBazicemapaTpUCHOTO IIapy Bif
JDKepeTia B KOpOHi.

1. Introduction

Solar flares occur as a result of magnetic reconnections.
Magnetic reconnections can be initiated at null points, on
separators, in quasi-separatrix layers. Fluxes of energetic
particles from the reconnection region or heating of the
lower atmosphere cause the appearance of flare kernels and
ribbons in the chromosphere.

The magnetic topology is very important for the occur-
rence and development of the flares (Priest and Titov, 1996).
The attention of many authors is directed to the study of

7
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three-dimensional magnetic field topology, containing 3D
null points (eg, Aulanier et al., 2012, Guo et al., 2019).

The skeleton of the magnetic topology in the active re-
gion determines the geometry of flare ribbons (Guo et al.,
2019). Flare ribbons can form at the intersection of the
quasi-separatrix layer with the lower atmosphere (Mandrini
et al., 1991). Study of morphology and evolution of flare
kernels and ribbons can provide information about the to-
pology of the magnetic field and mechanisms that contrib-
uted to flare occurrence and development.

We analyzed the sequence H-alpha images to study an
evolution and morphological features of the two-ribbon so-
lar flare on July 19, 2000 in the chromosphere of the active
region NOAA 9087.

2. Active region, flare and observational data

The active region NOAA 9087 was observed on the so-
lar disk from 15 to 27 July 2000. It had a multipolar mag-
netic field configuration, which became more complicated
every day. Its flare activity increased gradually. A 3N/M6.4
flare occurred on July 19 at coordinates S18E10. It took up
a large area on the disk. According to Solar Geophysical
Data, the H-alpha flare began at 06:37 UT, its main maxi-
mum was at 07:23 UT, and the end was at 09:01 UT. It
lasted for almost 2.5 hours and belonged to the class of
long-term events (LDE - Long Duration Event).

In the paper (Chornogor and Kondrashova, 2020) the
data of space-born and ground based observations of this
flare were analyzed. The hard X-ray (HXR) and soft X-ray
(SXR) data were obtained at the Yohkoh Telescopes (HXT
and SXT) and Geostationary Operational Environmental
Satellite (GOES). The full-disk magnetograms and EUV-
images were provided by the Solar and Heliospheric Ob-
servatory (SOHO) Michelson Doppler Imager (MDI) and
Extreme ultraviolet Imaging Telescope (EIT). Radio data
were obtained with Learmonth Solar Radio Spectrograph,
white light images in Big Bear Solar Observatory (BBSO).
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Figure 1: H-alpha image at 06:44:08 UT and SOHO 195A
image at 06:44:10 UT
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Figure 2: H-alpha image at 06:51:39 UT and SOHO 195A
image at 06:51:12 UT

Wavelenght light curves for hard X-ray and soft X-ray
fluxes, radio solar flux, H-alpha intensity were presented.
Times of burst peaks are given in table. H-alpha intensity
peaks are 06:50:33, 07:01:11, 07:07:34, 07:18:12 UT. The
main H-alpha peak of the flare was at 07:23 UT.

To study the flare evolution in the chromosphere, in this
work we used the H-alpha line filtergrams. Filtergrams
were obtained at the Meudon spectroheliograph in time
steps from 30 seconds to 1 minute. EUV images also used
in this work.

3. Flare evolution in the chromosphere

The flare studied began with the appearance of two
bright kernels near a large spot of positive polarity (Fig. 1).
The SOHO 195A image is also shown in the figure for com-
parison of the development of the flare in the chromosphere
and the corona. A few minutes later, the intensity of the
plages in the center of the group, near the polarity inversion
line, increased (Fig. 2). In the first place of the flare, there
was an arcade of post-flare loops.

A surge occurred at one of its footpoints, which then
fragmented into several jets. Then a tunnel of bright loops
appeared to the southwest of this place (Fig. 3). The flare
kernels in the central part of the active region became very
bright. Possibly, they were caused by a hard X-ray burst the
peak of which was observed at 06:57 UT.

According to the data of the hard X-ray telescope HXT
on board Yohkoh, the coronal source of hard X-ray radia-
tion in the L (13.9-22.7 keV) and M1 (22.7-32.7 keV)
bands located above the line of polarity inversion. A new
kernels has appeared in the southern part of the active re-
gion (Fig. 4).
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Figure 3: H-alpha image at 07:01:11 UT and SOHO 171A
image at 07:00:14 UT
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Figure 4: H-alpha image at 07:09:42 UT and SOHO 284A
image at 07:06:04 UT

The flare ribbons formed had a circular shape. It can be
assumed that the studied flare was circular. At 07:13:57 UT
the flare occupied almost entire central and southern parts
of the active region (Fig. 5). The SOHO 195 A and 304 A
images also show the circular shape of the flare.

Circular flares are usually associated with a magnetic fan-
spine topology containing 3D null points (Yang et al., 2015).
Flare ribbons can be located at the intersection of the fan with
the photosphere. The maximum brightness of all kernels was
at the main H-alpha peak of the flare at 07:23 UT.
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Figure 5: H-alpha image at 07:13:57 UT and SOHO 195A
image at 07:13:49 UT
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Figure 6: H-alpha image at 07:23:33 UT and SOHO 195A
image at 07:26:15 UT

The images, obtained in the main phase of the flare, show
the intersection of bright EUV-loops in the eastern part of the
active region, indicating magnetic reconnection (Fig. 6). The
response of the chromosphere is visible in the H-alpha im-
ages. Further development of the flare took place in the
southern and eastern parts of the active region (Fig. 7).

The brightening of the kernels of the flare studied oc-
curred mainly consistently in different places of the active
region, which may indicate slipping reconnection (Aulanier
et al., 2006). This type of magnetic reconnection can occur
when field lines pass through the quasi-separatrix layer and
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Figure 7: H-alpha image at 07:45:49 UT and SOHO 195A
image at 07:54:10 UT

undergo continuous successive reconnections. In the flare
studied, the brightening of kernels occurred clockwise in
the main.

4, Conclusions

* The evolution of the two-ribbon 3N/M6.4 flare on 19
July 2000 in the chromosphere was analyzed on the base of
the H-alpha filtergrams. Analysis of H-alpha images shows
that the state of the chromosphere was constantly changing
during the flare. The energy was released sequentially in
different places of the active region.

* The kernels appeared along the polarity inversion line
sequentially and were located at the boundaries of the chro-
mospheric network.

» The successive appearance of flare kernels may indicate
slipping magnetic reconnection in the flare. The flare ribbons
were round. It can be assumed that there was a magnetic to-
pology of the fan-spine type, containing null points. In the
main phase of the H-alpha flare, the images show loops in-
tersecting over in the eastern part of the active region, which
are clearly visible in observations of EIT 195 A. They indi-
cate magnetic reconnection.

« The arcade of the EUV loops after reconnection con-
nected the main flare ribbon with the location of these loops
in the late phase in one and a half hour after the flare max-
imum. Additional heating may be required to explain the
long decay phase of the flare.
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ABSTRACT. This paper presents the results of a
comparative analysis of the relationship between solar
cosmic rays (SCR), coronal mass ejections (CME), and
coronal shock waves (CSW) with the parameters of solar
continual type IV radio bursts, as well as with the parame-
ters of type Il radio bursts. The sample under study con-
tains 147 proton events accompanied by type IV continu-
um radio bursts in the 25-15400 MHz range, type Il radio
bursts in the 25-180 MHz range, as well as CME and cor-
onal shock waves. For the analysis, we used original rec-
ords of solar radio emission at 8 fixed frequencies in the
range 245-15400 MHz according to data from RSTN (Ra-
dio Solar Telescope Network), original records of dynam-
ic spectra from SRS (Solar Radio Spectrograph) in the
range of 25-180 MHz, as well as original records intensity
of the flux of SCR protons with proton energies in the
range> 1-100 MeV according to data from the GOES
spacecraft. A comparative analysis showed that the rela-
tionship between the intensity of the SCR proton flux and
the CME velocity is, on average, much stronger with the
parameters of type 1V radio bursts than with the parame-
ters of type Il radio bursts, which indicates the dominant
role of the SCR acceleration process in the flare region,
rather than shock waves. However, detailed studies of the
fine structure of type Il radio bursts have shown that there
is a fairly strong relationship between the intensity of the
flux of mean-relativistic protons I, and the frequency fmin1
at the fundamental harmonic (at the 1-st harmonic) at the
time tmin corresponding to the minimum relative distance
bmin between the harmonics of type Il radio bursts. De-
tailed studies of the fine structure of type Il radio bursts
have also shown that there is a strong relationship between
the intensity of the SCR proton flux I, and parameter Vy,
which characterizes the displacement of the shock front
with time t; in a narrow frequency range of 25-60 MHz.

AHOTALIS. ¥V naniii poOOTI HABOAATHCS PE3YNBTATH
MOPIBHSUIBHOTO aHaJli3y 3B'I3KY COHSYHHMX KOCMIYHHUX IPO-
meniB (CKII). koponansunx Bukuais Macu (KBM) i kopo-
HanmpHUX yAapHuX xBmwib (KYX) 3 mapamerpaMu COHSIHIX
KOHTHHYaJIbHUX paniocrureckiB IV Tumy, a Takox 3 mapa-
Metpamu pamiocmuieckiB II tumy. [ocmimkyBaHa BuOipka
MicTuTh 147 TPOTOHHHMX TMOZIA, MO CYHPOBOKYIOTHCS
KOHTHHYaJIFHUMH pamiociuieckamMu [V Tumy B miama3oHi
245-15400 MI'u, pamiocrieckamu 11 Tumy B miama3oHi 25-
180 MTI', a Takoxx KBM i KOpoHaJIbHUMU yIapHUMH XBH-
ssiMu. {71t aHATi3y BUKOPHCTOBYBAJIMCS OPUTIHAIIBHI 3aIIH-

cu pamioBunpominioBanHs CoHIlg Ha 8 (iKCOBaHUX YacTo-
Tax B Jianmasoni 245-15400 MI'u 3a pmanumu 3 RSTN
(Radio Solar Telescope Network), opuriHanbHi 3anucu
muHamiuHKX criekTpiB 3 SRS (Solar Radio Spectrograph) B
niama3oHi 25-180 MI'm, a Tako» OpHTiHAJBHI 3alUCH 1H-
TeHcHBHOCTI ToTOKy npoToHiB CKII 3 eHeprieto IpOTOHIB B
miamazoni > 1-100 MeB 3a mammmu 3 amapatie GOES.
[NopiBHANBHMI aHAIi3 TIOKa3aB, MO 3B'I30K IHTCHCUBHOCTI
notoky nportoHiB CKII i mBuakocti KBM B cepennbomy
3HAYHO CHJIBHIINE 3 ITapameTpamu paniociuieckis IV Tumy,
HDK 3 mapaMmeTpamu pagioctuieckiB Il tumy, mo Bkasye Ha
JIOMiHyr0uy poiib mporecy npuckopenus CKII y cmanaxo-
Boi obOmacti, a He ymapHUMH XBWIAMH. OfHAK AeTaTbHE
JOCIHIDKEHHSI TOHKOI CTpyKTypu panioctuieckis Il tumy
MOKa3aJIM, MO iICHYE JOCHUTh CHUJIBHHUU 3B'S30K MK 1HTEH-
CHBHICTIO ITOTOKY CEpeIHBOPEIATHBICTCHKHUX MPOTOHIB Ip 1
4acTOTOIO fmin1 Ha OCHOBHI rapmMoHini (Ha 1 rapMoHini) Ha
MOMEHT 4acy, BIINOBIIHUA MIHIMAIBGHOI BiXHOCHOT
BijicTaHi Dmin MiX rapmonikamu pamiocrureckiB Il Tumy.
JletanbHi OCHIKEHHSI TOHKOI CTPYKTYPH PaliOCIIIECKIB
II Tumy TakoXX MOKa3ayy, IO CIIOCTEPIraeThCsl CHUIIBHHUI
3B'I30K MiX IHTEHCHBHICTIO MOTOKy mpotoHiB CKII Iy i
napaMmeTpoM V), M0 XapakTepu3ye 3MillleHHS (QPOHTY
yOapHOi XBWII 3 IUIMHOM 4Yacy tj y By3pKOMY 4acTOTHOMY
JianazoHi 25-60 MI'.

Keywords: Proton events, solar cosmic rays (SCR), coro-
nal mass ejections (CME), coronal shock waves (CSW).

1. Introduction

Prediction of proton events is one of the topical prob-
lems in solar radiophysics. Modern methods for predicting
proton events are based on the relationship between the
parameters of solar cosmic rays (SCR) and the parameters
of solar radio bursts (Akinyan et al., 1977, 1978; Chertok,
1982; Chertok et al., 1987; Melnikov, Epifanov, 1979;
Melnikov et al., 1986, 1991). Proton events have a charac-
teristic U and W - shaped type of frequency radio spec-
trum with maxima in the centimeter and meter wavelength
ranges and a deep minimum in the decimeter range (Pod-
strigach and Fasahova, 1981). It is known that the parame-
ters of microwave bursts can be used to judge the total
number of accelerated particles and their energy spectrum
(Chertok, 1982), while the parameters of meter-decameter
radio bursts can be used to judge the conditions for the
escape of accelerated particles into interplanetary space.
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The presence of a sufficiently powerful meter-long com-
ponent indicates favorable exit conditions, while the ab-
sence indicates unfavorable exit conditions (Akinian et al.,
1977). It was shown in (Melnikov et al., 1986) that the
presence of a strong coupling between the flux of mean
relativistic electrons of solar cosmic rays (SCRs) and the
integral flux of microwave bursts (u-bursts) indicates that
the SCR electrons and the electrons generating the radio
burst are accelerated in a single process. Based on this,
statistical models were obtained that relate the fluxes of
protons and electrons to the parameters of microwave
bursts (Melnikov et al., 1991).

In this paper, present the results of a comparative anal-
ysis of the relationship between SCR, coronal mass ejec-
tions (CMEs), and coronal shock waves with the parame-
ters of type IV continuum radio bursts in the range 245-
15400 MHz and with the parameters of type Il radio
bursts in the 25-180 MHz range. In this work, the empha-
sis is on studying the relationship between the SCR proton
flux and the parameters of type Il radio bursts and on
comparing the results with what is obtained from the pa-
rameters of microwave bursts. Earlier, in (Tsap and
Isaeva, 2011, 2012, 2013), some issues were considered
regarding the relationship between the SCR proton flux
and the parameters of type Il radio bursts. In the course of
studies of the relationship between the frequency drift
velocity of meter-decameter type Il bursts and the intensi-
ty of the proton flux I, of different energies, two families
of events were discovered, which, according to Tsap
(Isaeva and Tsap, 2011), suggests the generation of shock
waves both in the region of the flare energy release and a
moving coronal mass ejection (CME). In works (Isaeva
and Tsap, 2011; Tsap and Isaeva, 2012, 2013), the results
of studying the efficiency of SCR acceleration by coronal
and interplanetary shock waves are presented, as well as
arguments in favor of the model of a two-step proton ac-
celeration process (Wild et al., 1963). A comparative
analysis showed that the acceleration of protons by coro-
nal shock waves is more efficient than by interplanetary
shock waves, and that the main acceleration of protons
occurs in the flare region and additional acceleration by
shock waves (Tsap, Isaeva, 2012). Study of the fine spec-
tral structure of meter-decameter type Il radio bursts
showed that there is a fairly strong relationship between
the proton flux Ip and the relative distance b; = (fi-fir)/fix
between the 1-st and 2-nd harmonics at a given time t;,
where the correlation coefficient r between the studied
values r = 0.70, while the relationship between the drift
velocity Varir and the proton flux I, turned out to be weak,
where the correlation coefficient r between I, and Vit
does not exceed r = 0.40 (Tsap and Isaeva, 2013). HoweVv-
er, further studies of the fine spectral structure of meter-
decameter type Il radio bursts in the 25-180 MHz range
showed that if instead of the drift velocity Vain, the pa-
rameter Vy = (fo-f1)/(ti-to) is used, which to some extent
characterizes the velocity displacement of the shock front
with time t;, where f, and f; are frequencies at the 2-nd and
1-st harmonics at a given time t;, and to is the time of the
onset of a type Il burst at the 1-st harmonic at a frequency
of 180 MHz, then a fairly strong relationship is observed
between the intensity of the flux of protons I, and Vi,
where the correlation coefficient ; between the studied
values is r = 0.79 (Isaeva, 2018), which is quite compara-

ble with what is obtained from the parameters of micro-
wave bursts (Melnikov et al., 1991; lIsaeva, 2018). It
should also be noted that a strong connection between the
proton flux intensity I, and parameter Vy, is observed in a
narrow frequency range of 25-60 MHz. Moreover, de-
tailed studies of the dynamics of the fine structure of type
Il radio bursts revealed a number of features. It was shown
that the relative frequency b; between the harmonics of
type Il radio bursts monotonically changes with time. For
all 112 type Il radio bursts are characterized by a mono-
tonic decrease in the relative distance b; between harmon-
ics to the minimum value bmin With a subsequent increase
(Isaeva, 2019, 2020). It was also shown that the relation-
ship between the intensity of the proton flux I, and the
parameters of type Il radio bursts changes with time t; and
reaches a maximum value when the relative distance b;
becomes minimum, i.e. b; = bmin (Isaeva, 2018, 2019).

2. Relation of the SCR proton flux with the parame-
ters of type IV continual radio bursts in the range 245-
15400 MHz and with the parameters of type Il radio
bursts in the 25-180 MHz range

It is currently believed that SCRs can be accelerated
either in the region of flare energy release or at the fronts
of shock waves, which can be generated by both flares and
CME (Reames, 1999). The results obtained to date do not
allow making an unambiguous conclusion about which of
the acceleration processes is dominant.

Significant progress in solving this problem can be
achieved due to detailed studies of the relationship be-
tween the SCR proton flux and the parameters of type IV
and Il radio bursts in a wide wavelength range. In this
regard, the author of this work carried out studies in a
wide range of wavelengths. For the analysis, we used the
original records of solar radio emission at 8 fixed frequen-
cies 245, 410, 610, 1415, 2695, 4995, 8800, 15400 MHz
(https:/Ammw.ngdc.noaa.gov/stp/space-weather/solar-data/solar-
features/solar-radio/rstn-1-second/), original records of dynamic
spectra of solar radio emission in the 25-180 MHz range ac-
cording to data from SRS (Solar Radio Spectrograph), original
records of proton flux intensity I, with proton energy E,> 1 -
100 MeV according to data from GOES
(https://satdat.ngdc.noaa.gov/sem/goes/data/new_avg/), as well
as a list of proton events (ftp:/ftp.swpc.noaa.gov/pub/indices/
SPE.txt). The sample under study contains 147 proton
events for the period from 06-02-1986 to 14-10-2014. Pro-
ton events were selected according to the generally accept-
ed criteria for protonity. It is known that for events with a U
or W-shaped type of radio frequency spectrum with maxi-
ma in the meter and centimeter wavelength ranges and with
a minimum in the decimeter range, the best correlation is
observed between the parameters of u-bursts and the inten-
sity of the flux of mean-relativistic electrons and SCR pro-
tons. Confirmation of this fact can be seen in fig. 1a) (left),
which shows the relationship between the integral flux of
continuous u - bursts at a frequency of 8800 MHz and the
intensity of the flux of protons I, with an energy E,>30
MeV. For such events, the correlation coefficient r between
[F,dt and 1, =~ 0.80. At the same time, the relationship be-
tween the proton flux intensity I, and the integral flux of
continual radio bursts largely depends on the radio burst
frequency f see fig. 1b) (left) and the proton energy E,
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Figure 1: Relationship between the intensity of the

SCR proton flux I, with the integral flux of x-bursts
[F,dt (left) and with parameter Vy;, which character-
izes the displacement velocity of the shock front

(right).

see fig. 1c) (left). The relationship between I, and the in-
tegral flux of radio bursts [Frdt sharply decreases in the
decimeter range and is practically absent in the meter
range, see Fig. 1b) (left). The strongest relationship be-
tween I, and [Frdt is observed for average relativistic pro-
tons with an energy E,>30 MeV and an integral flux of u-
bursts, see fig. 1c) (left), which is quite consistent with the
results of other authors (Melnikov et al., 1991).

The presence of a strong connection between the flux of
SCR protons and the parameters of wu-bursts definitely
indicates the acceleration of SCR protons in the flare re-
gion. However, there are many indications that shock
waves also play an important role in the acceleration of
solar cosmic rays (Gopalswamy et al., 2002; Cliver et al.,
2004). In this regard, detailed studies of the parameters of
the fine structure of type Il radio bursts and their relation-
ship with SCR were carried out.

Earlier in the article (Tsap, Isaeva, 2013), the relation-
ship between the intensity of the SCR proton flux I, (Ep>
1-100 MeV) with the drift velocity Vg and with the rela-
tive distance b; between the harmonics of a type Il radio
burst at a given time t; was investigated. Comparative
analysis showed that with an increase in the proton energy
(Ep>40-100 MeV), a significant increase in the correlation
coefficient r between I, and b; from 0.40 to 0.70 is ob-
served, while the correlation coefficient r between I, and
the drift velocity Vgis at the maximum does not exceed
0.30. A significant increase in the correlation r between I,
to Tsap (Tsap, Isaeva, 2013), indicates a significant contribu-
tion of shock waves to the acceleration of high-energy pro-
tons. The presence of alow correlation (r <0.30) between
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Figure 2: The relationship between the intensity of the
proton flux I, and the frequency fmin1 at the 1-st har-
monic at the time tmin of the minimum relative distance
bmin between the harmonics of type Il radio bursts and b;
with an increase in the proton energy E,, according

I, and the drift velocity Vairr, according to Tsap (Tsap,
Isaeva, 2013), can be explained by significant changes in
the conditions of shock wave propagation from event to
event due to the strong dependence of the shock wave
intensity on the parameters of the medium. In the case of
using the relative distance bi, which characterizes the
plasma inhomogeneity, this effect is leveled.

Later, in works (lsaeva, Tsap, 2017; lIsaeva, 2018;
2019), on the basis of a larger sample of proton events,
containing 112 proton events (previously there were 69)
accompanied by type 1l radio bursts in the range 25-180
MHz, detailed studies of the fine structure of radio bursts
were carried out type 11 using a new regression model (1)
(Isaeva, Tsap, 2017). This model (1) gives a fairly good
approximation for 95% of type Il radio bursts, which
made it possible to study the dynamics of the parameters
of type Il radio bursts over time t;.

lgfi; = a; - ,ﬂft_i + b; (1)

In model (1), fi; are the frequency values at the 1-st and
2-nd harmonics at time tj, i - is the count number, j- is the
harmonic number, ajand b; are the linear regression coef-
ficients, which were found using the method of least
squares (MLS).

Detailed studies have shown that there is a fairly strong
connection between the intensity of the proton flux I, and
parameter Vy (2), which to some extent characterizes the
displacement of the shock front over time t;, where f; and
f, are the frequency values at the 1-st and 2-ndth harmon-
ics at a given time t;, to is the start time at the fundamental
(at the 1-st harmonic) at a frequency of 180 MHz.

L-h

Ei—tg

Vi = @)

In fig. 1a) (right) shows the dependence of the proton flux
intensity I, with an energy E,>30 MeV on the value of the
parameter Vy;, where the correlation coefficient r between
Ip and Vi = 0.79, which is quite comparable with what is
obtained from the parameters of u-bursts. A comparative
analysis also showed that the relationship between Ip and
V11 reaches maximum values in the range 25-60 MHz (see
fig. 1b) (right) for protons with energies Ep> 30 MeV (see
fig. 2¢) (right) (values for the frequency f; .
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Further studies of the fine structure of type Il radio
bursts showed that the intensity and the relative distance
between the harmonics of a type Il radio burst changes
over time, as well as the relationship between the proton
flux intensity 1, and the parameters of type Il radio bursts
(Isaeva, 2019). It was shown that there is a fairly strong
relationship between the proton flux intensity I, and the
frequency fmin1 at the fundamental (at the 1-st harmonic) at
the time tmin 0f the minimum value of the relative distance
bmin (3) between the harmonics of a type Il radio burst,
where the correlation coefficient r between I, and fiin1 =
0.79 (see fig. 2 a) and 2b)).

bmm — fmz'.}.zifmfn.i (3)
min.i

3. Connection of CME with the parameters of type
1V continual radio bursts in the range 245-15400 MHz
and with the parameters of type Il radio bursts in the
25-180 MHz range

Earlier in the article (Isaeva, Tsap, 2017), the relation-
ship between the CME velocity Vcewve and the parameters
of continual radio bursts in the range 245-15400 MHz was
investigated. Comparative analysis showed that there is a
strong relationship between Vceme and the integrated flux
of u-bursts [F,dt in the 2695-15400 MHz range.
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Figure 3: On a) and b) shows the relationship between
the CME velocity Veme and the integral flux [Fidt of
continual radio bursts in the 245-15400 MHz range, as
well as with the parameter Vy, of type 1l radio bursts in
the 25-180 MHz range (see c));

On d) and e) the relationship between the proton flux
intensity I, and the CME velocity Vcwme is shown;

In fig. 3a) shows the relationship between Vcme and
[F,dt at 8800 MHz, where N is the number of events and r
is the correlation coefficient between the quantities under
study. For the overwhelming majority of proton events,
the correlation coefficient r between Veye and [Fdt is =
0.80. The relationship between the integral flux of micro-
wave bursts and the CME velocity can be well represented
using a linear regression model (4), where Vewme,, - calcu-
lated value of CME velocity.

10815 Vemz o = 0.2322 - logyy [ Edt + 21108 (4)

It was also shown that the relationship between Veme
and the integral flux of continual radio bursts [Frdt de-
creases significantly with decreasing frequency, and al-
ready in the meter range at a frequency of 245 MHz, the
correlation coefficient between Vcwe and [Frdt does not
exceed 0.45 (see fig. 3b).

In fig. 3c) shows the relationship between the CME
velocity and the parameter of type I1 11 radio bursts, which
characterizes the displacement of the shock front with
time. Figures 3a) and 3c) show that the relation between
the CME velocity is much higher with type IV radio
bursts than with type 1l radio bursts, where the correlation
coefficient does not exceed 0.60.

Almost all proton events are accompanied by coronal
mass ejections (CMEs). The presence of a high correlation
between the CME velocity and the integral flux of u-
bursts during proton events indicates the flare origin of
CME. Such CMEs are formed in the region of flare energy
release and are associated with the ejection of high-energy
particles into interplanetary space.

In this regard, in work (Isaeva, 2018), the relationship
between the proton flux intensity I, and the CME velocity
Veme was investigated. The sample under study contained
177 CMEs associated with proton events from 04-11-
1997 to 26-01-2015. For the analysis, we used the tabular
data of the CME velocity Vcme (https://cdaw.gsfc.nasa.
gov/CME_list/UNIVERSAL/text ver/univ_all.txt). Com-
parative analysis showed that there is a fairly strong rela-
tionship between the intensity of the flux of mean-
relativistic protons I, and the CME velocity Vewme. In fig.
3d) shows the relationship between I, with the proton en-
ergy Ep>30 MeV and the CME velocity, where the corre-
lation coefficient r between the investigated quantities is =
0.70, which is in good agreement with the results in (Gre-
chev et al., 2015). In fig. 3e) shows the dependence of the
correlation coefficient r between I, and Vcwme as a function
of the proton energy Ej.

4. Relationship between coronal shock waves and
the parameters of type 1V and Il radio bursts

It is known that shock waves can be generated by both
solar flares and CMEs. It is believed that type Il meter
bursts are associated with shock waves arising in flares
(Wagner et al., 1983; Vrsnak et al., 1995), while bursts in
the decameter-hectometer range are associated with the
propagation of interplanetary shock waves generated by
CME (Gopalswamy et al. al. 1998; Classen et al. 2002).
The most reliable indicator of shock waves in the Sun's
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corona are slowly drifting type Il bursts. It is believed that
the plasma mechanism of radio emission is responsible for
their generation (Cairns et al., 2003).

Earlier in work (lsaeva, Tsap, 2017), the relationship
between coronal shock waves and the parameters of u-
bursts was investigated. For the analysis, we used the orig-
inal records of solar radio emission at 8 fixed frequencies
in the range 245-15400 MHz. Comparative analysis
showed that there is a fairly strong relationship between
the parameter g; in the regression model (1), which char-
acterizes the decrease of the frequency drift rate in the 25-
180 MHz range and the rise time t, u - bursts at 8800
MHz. The correlation coefficient between t, and g; is ~
0.66 see fig. 4a).

Due to the fact that flares differ significantly in intensity
and duration, therefore, the rise time t, is expressed as a
percentage of the duration of x« - bursts. In this case, the
duration of the burst for each event was equal to 100%. The
relationship between the velocity of shock waves Vsnock and
the integral flux [F,dt x - bursts at a frequency of 8800 MHz
was also investigated. The correlation coefficient between
[F,dt and Vsnoek = 0.55 see fig. 4b). The lower relationship
between the shock wave velocity and the integral flux of x -
bursts is most likely due to the fact that different stations
give averaged estimates of the shock wave velocity at dif-
ferent times. And due to the fact that the velocity of the
shock wave decreases very quickly over time, therefore,
when using tabular data, a fairly large variance between
[F,dt and Vsnoek Will be observed. But in spite of this, the
connection between [F,dt and Ve is quite clearly traced
for most proton events, see fig. 4b).

In the present work, also investigated the relationship
between the velocity of coronal shocks waves Vsnock and
various parameters of type Il radio bursts. Comparative
analysis showed that the strongest relationship is observed
between the velocity of coronal shock waves Vsnock and the
frequency fmin1 at the fundamental harmonic (at the 1-st
harmonic) at the moment tyin of the minimum value of the
relative distance bmin, where the correlation coefficient r
between fmin,1 and Vshock = 0.68, see fig. 4¢).

5. Conclusion

On the basis of the carried out comprehensive studies of
the relationship between SCR, CME, and coronal shock
waves with the parameters of solar radio bursts of type IV
and I, a number of regularities were revealed, part of
which fully agree with the previously obtained results of
other authors. For example, the presence of a strong con-
nection between the SCR proton flux and the parameters
of type IV continual u-bursts (Isaeva, Melnikov, Tsvet-
kov, 2010). Also in (Isaeva, Melnikov, Tsvetkov, 2010), it
was confirmed that the accuracy of estimating the SCR
proton flux is largely determined by the conditions for the
release of accelerated particles, which can be judged from
the parameters of type IV meter-decameter continuum
radio bursts. Also, based on the studies carried out, it can
be concluded that, for the overwhelming majority of pro-
ton events, the main acceleration of particles occurs in the
region of flare energy release and additional acceleration
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Figure 4: On a) the relationship between the
parameter a; and the rise time t, of type IV
microwave bursts at a frequency of 8800 MHz is
shown;

On b) the relationship between the velocity of
coronal shock waves Vsnock and the integral flux [F,dt
of type IV p-bursts at a frequency of 8800 MHz is
shown;

On c) shows the relationship between the velocity of

coronal shock waves Vsnock and the parameter of type
Il radio bursts fmin,1, where fmin,1 is the frequency at the
fundamental harmonic at the moment the minimum

relative distance bmin between the harmonics of a type
Il radio burst:

at the fronts of shock waves (Tsap, Isaeva, 2012; Tsap,
Isaeva, 2012). At the same time, new patterns were identi-
fied. For example, detailed studies of the dynamics of the
fine structure of type Il radio bursts in the 25-180 MHz
range over time have shown that all proton events accom-
panied by type Il radio bursts are characterized by a mon-
otonic decrease in the relative distance b; between har-
monics to a minimum value bmin with a subsequent in-
crease (Isaeva, 2019; Tsap, Isaeva, Kopylova, 2020). It
was shown that there is a strong relationship between the
intensity of the proton flux I, (E,> 30 MeV) with the fre-
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quency fmin1 at the fundamental harmonic (at the 1-st har-
monic) at the time of the minimum value of the relative
distance bmin (3) between the harmonics of radio bursts Il
type, where the correlation coefficient r between fmin,1
and I = 0.79 (Isaeva, 2019), which is more fully commen-
surate with what is obtained from the parameters of u-
bursts. It was also shown that there is a strong relationship
between the intensity of the SCR proton flux and parame-
ter Vi (2), which characterizes the displacement of the
shock front with time t;, where the correlation coefficient r
between Vy; (2) and I, ~ 0.79 (Isaeva, 2018). It should also
be noted that the presence of a strong coupling between
Vi and I, is most likely realized in a narrow frequency
range of 25-60 MHz for all 112 proton events.

As a result of detailed studies, a fairly strong connec-
tion was also revealed between the rise time t, of u-bursts
at a frequency of 8800 MHz and the parameter g; in the
regression model (1), which characterizes the decrease in
the drift velocity of type Il radio bursts with time t;, where
the correlation coefficient r between t, and a =~ 0.66
(Isaeva, Tsap, 2017). The revealed regularity may also
indicate that for the overwhelming majority of proton
events, coronal shock waves are generated in the region of
flare energy release and are associated with flares, which
is quite consistent with the conclusions of other authors in
(Wagner et al., 1983; Vrsnak et al., 1995).

In this work, it was also shown that there is a fairly
strong relationship between the velocity of coronal shock
waves Vsnock (tabular data with NGDC) and the frequency
fmin1 at the fundamental harmonic at the time of the mini-
mum relative distance bmin between the harmonics of a
type Il radio burst, where the correlation coefficient be-
tween fmin1and Vsnock = 0.68.

It should be noted that the revealed new patterns require
further detailed studies in order to confirm or refute the
results.
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ABSTRACT. We investigated the role of macroscopic
turbulent diamagnetism in ensuring the long-term stability
of the equilibrium state of the sunspots. The physical
meaning of macroscopic diamagnetism of turbulent
plasma is expulsion of a large-scale magnetic field from
areas with increased turbulence intensity to areas with
reduced turbulence. We follow the idea of Krause &
Riidiger (1975) that a strong magnetic field of a sunspot
modifies the structure of turbulence in spot umbra, so it
becomes two-dimensional. In addition, we take into account
the strong magnetic suppression of turbulence in the spot,
where it becomes less intense than the turbulent convection
around the spot. As a result, a relatively thin transitional
vertical layer of permeable convection (convective overshot
layer) should be formed between these sections, in which
the intensity of turbulent pulsations decreases noticeably
in the transverse direction during the transition from the
convection section to the spot. In this permeable convection
layer, the effect of turbulent diamagnetic displacement of
the magnetic field from the convection region to the sunspot
occurs. Owing to the two-dimensional turbulent diffusion,
the magnetic field of the spot spreads outwards, while the
intense turbulent pulsations in the convection region return
the magnetic field in the opposite direction, back to the
spot. Therefore, these two oppositely directed processes of
magnetic field transfer in the horizontal plane compete
with each other. As a result, the magnetic fields that are
transferred due to turbulent diffusion outward from the
sunspot will be thrown backward into the spot due to strong
external turbulent convection. In our opinion, this effect
should ensure long-term stability of the equilibrium state
of the magnetic field of sunspots and support them in the
form of isolated vertical unipolar magnetic force tubes.

Keywords: sunspots, magnetic fields, turbulence,
convective overshoot layer, macroscopic turbulent
diamagnetism.

AHOTAILISA. Mu nocniguian pojb MakpOCKOIIIYHOTO
TypOyJIEHTHOTO JliaMarHeTH3My Y 3a0e3leueHHi JIOBro-
TpuBasIoi CTabIIBHOCTI PIBHOBAXHOTO CTaHy COHSIYHHX
wissM. Di3MYHKI CEHC MaKPOCKOIIYHOTO JiaMarHeTU3My
TypOyJNEeHTHOI IUIa3MH TIOJIATaE y BHTHUCHEHHI KPYITHO-
MacIITaOHOro MarHiTHOIO IOJIS 13 AUISTHOK 3 I ABHILEHOIO
IHTEHCUBHICTIO TypOYJIEHTHOCTI B AUISHKHU 31 3HI)KEHOIO
TypOynentHicTio. Mu notpumyemochk inei Kpayse Ta
Promirepa (Krause & Riidiger, 1975) mpo Te, mo cuibHe
MarHiTHE IOJIe COHSYHOI IUISIMU 3MIiHIOE CTPYKTYPY

TypOyJeHTHOCTI B TiHI IJISMH, TOMY TYT BOHa CTae
nBoBuMipHOIO. KpimM Toro, Mmu O6epemMo 0 yBaru CHIIbHE
MarHiTHEe IPHUTHIYCHHA TYpOyJISHTHOCTI B IUISAMI, Ie¢ BOHA
CTa€ MCHII iHTEHCHBHOIO, HiXXK TypOyJIeHTHa KOHBEKIIiS
HaBKOJIO IUISIMH. B pe3ynpTati Mixk UMH OiISTHKAMH
MMOBUHEH YTBOPHUTHCS BiJHOCHO TOHKHH TNeEpexiXHHUH
BEPTUKAJIbHMH IIap MPOHUKHOI KOHBEKIIT (KOHBEKTHBHHUH
OBEpUIYT WLIap), B SIKOMY IHTEHCHBHICTh TYpOYJIEHTHHX
NnyJbcanii 3HaYHO 3MEHIIYETHCS B MOMNEPEYHOMY
HamnpsMKy NpHU Mepexoii BiJ AUISHKY KOHBEKIi 10
WISIMH. Y 1bOMY IIapi NMPOHUKHOI KOHBEKLIl BUHUKAE
ehexT TypOyJIEHTHOrO0 [iaMarHITHOTO BHUTICHEHHS
MAardiTHOrO TIIOJISI 13 JUISHKA KOHBEKIUI 0 COHSYHOIL
IUSIMA.  3aBOSKH JTBOBUMIpHIN TypOynmeHTHIH mudys3ii
MAarHiTHe TOJIe TUBIMH TOIIMPIOETHCSA HA30BHI, TOMI SIK
IHTCHCUBHI TypOyJIEHTHI IyJibcalii y IUTAHII KOHBEKIIT
MOBEPTAIOTh MAarHiTHE II0JI€ B 3BOPOTHOMY HAIPSIMKY,
Haszal A0 WIsMH. ToMy Iii ABa MPOTHIIEKHO CIPSIMOBaHI
MPOLICCH MEPSHECEHHSI MArHITHOTO IMOJIsI B TOPU3OHTAIbHIN
TUIOLIMHI KOHKYPYIOTb MK c00010. B pesynbrari, MarHitHi
HOJIsL, SIKI BHACTIOK TypOyJaeHTHOT audy3il mepeHoCsIThCs
Ha30BHI i3 COHSYHOI IUIsIMU, OyIyTh BiIIKMHYTI Hazaja B
IUISIMY Yepe3 CHIbHY 30BHIIIHIO TYpOyJIEHTHY KOHBEKIIIO.
Ha nmam mornsa, uei edext moBuHEH 3a0e3MEeUUTH
JOBTOTPUBATY CTIHKICTH PIBHOBa)XHOTO CTaHy MAaTHITHOTO
MOJS COHAYHHUX IUIAM 1 MIATPUMYBATH IX Yy BHTIAII
130JIbOBaHMX BEPTHKAIBHUX OIHOMOJSIPHUX MAarHITHUX
CHIIOBHX TPYOOK.

Kiaw4oBi cjaoBa. COHSAYHI IJISMH, MarHiTHI IOJIA,
TypOyYJIeHTHICTh, IIap MNOPOHHUKHOI KOHBEKIIT,
MaKpOCKOMIYHUH TypOYyJEHTHUN NiaMarHeTH3M.

1. Introduction

Observations show a strange property of surface
magnetic fields on the Sun, which tend to spontaneously
concentrate into widely spaced isolated magnetic flux
tubes (MFT) of the same polarity in the form of sunspots.
The question arises of how to explain the long-term
stability of the equilibrium state of the spot after the fields
float to the surface, when the MFTs in the subphotosphere
layers are close to the vertical position, despite the mutual
repulsion of fields of the same polarity. In connection with
this problem, we investigated the role of macroscopic
turbulent diamagnetism in ensuring the equilibrium state
of vertical MST.
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2. Macroscopic turbulent diamagnetism of plasma

Turbulent viscosity of plasma in absence of magnetic
field is described by the following relationship

vr~ (13)ul, Q)

where u and | are the rms effective velocity and the
characteristic scale of turbulent vortices. Zeldovich
(1956) discovered, and Weiss (1966) then confirmed,
that vortices in turbulent plasma are capable of expulsion
magnetic flux out of the turbulent region. Later, Radler
(1968) called the revealed phenomenon as “the macroscopic
diamagnetic effect”. The physical sense of macroscopic
diamagnetism of turbulent plasma (Krause & Raédler,
1980; Vainshtein, Zel’dovich & Ruzmaikin, 1980; Zeldovich,
Ruzmaikin & Sokoloff, 1983) is expulsion of the mean
(large-scale) magnetic field from areas of high-conductivity
plasma with increased intensity of turbulent motions to
places with less developed turbulence along the gradient
of turbulent viscosity vr with the effective rate

Uy =— Vv /2. )

The expulsion of initially homogeneous magnetic field
from the region of highly conductive plasma with turbulent
vortex motions can be explained as follows. At first, the
magnetic field frozen into the highly conductive plasma is
strongly entangled by vortices and its scale decreases
rather quickly. When the scale becomes small enough,
the ohmic dissipation (which is determined by magnetic
viscosity vm=c%4noc, o is the gas-Kinetic conductivity of
plasma, and c is the speed of light) enters into action,
and the field almost disappears in this region. Ultimately,
this phenomenon can be interpreted as the expulsion
of the field from the region with turbulent motions.

Within the framework of macroscopic magnetohydro-
dynamics, the decay process of the mean magnetic field B
in turbulent plasma is described by the diffusion equation

oB/ot = rot (Uy x B) + (vm + v1) AB. (3)

The first term in the right side of this equation describes
magnetic field transfer due to macroscopic turbulent
diamagnetism, while the second term describes magnetic
field attenuation due to ohmic dissipation and turbulent
diffusion.

It is important to remember that there are frequent
situations in space and in the solar plasma in particular
when characteristic sizes of vortices are large enough to
form zones between turbulent convective structures and
regions without perturbations, where gradual decrease in
turbulent vortices intensity occurs. This structure, referred
to as “the convective overshoot layer”, is formed at the
boundary between the solar convection zone (SCZ)
and the radiative interior of the Sun (Roxburgh, 1978;
Spiegel & Weiss, 1980; VVan Ballegooijen, 1982).

A noticeable positive radial gradient of the turbulent
velocity near the bottom of the SCZ in the overshoot
convection layer causes an intense downward diamagnetic
displacement of the field, which acts against magnetic

buoyancy and thus contributes to the long-term retention
of the field (Krivodubskij, 1984, 2005; Kryvodubskyj,
Rudiger & Kitchatinov, 1994).

We believe that favorable conditions for the appearance
of a convective overshoot layer can also be created near
the surface of the Sun at the transverse transition from the
vertical MFT of the sunspot to the environment convection
region. Let's explore in more detail how these conditions
are created.

3. Turbulence degeneration at strong magnetic field
in sunspot

It is well known that strong magnetic fields appreciably
suppress the turbulent eddies intensity. However, laboratory
experiments by Kit & Tsinober (1971) showed that a strong
magnetic field does not completely suppress turbulence.
Rather, it leads to a change in the spatial structure of
turbulence. By a strong magnetic field turbulence is caused
to become two-dimensional: a variation of the turbulent
velocity in the direction parallel to the magnetic field is
strongly inhibited.

It should be expected that the strong magnetic field in
a sunspot will cardinally modify the structure of turbulent
motions in the sunspot umbra in comparison with the
turbulent convection in sunspot vicinity in the more profound
layers of the SCZ. Indeed, according to Krause & Riidiger
(1975), the turbulent motions in deep sunspot layers by the
influence of the strong homogeneous vertical magnetic
field (B ~3000G) degenerates into a two-dimensional
structure, which does not changes along the magnetic
field (Fig. 1). It was believed that the processes causing
the decay of the magnetic field take place in the deeper
layers, where the field can be assumed vertical. Thus, this
model does not take into account the magnetic lines of
force spread in the upper layers near the surface of the
Sun. In this case, the rate of magnetic field decay in a
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Figure 1: Sunspot magnetic field model. The magnetic
field is assumed to be directed perpendicular to the Sun’s
surface. The turbulent motions in deep sunspot layers by
influence of the strong homogeneous vertical magnetic
field degenerate into a two-dimensional structure. Figure
was taken from the paper (Krause & Riidiger, 1975).
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transverse direction is determined by the two-dimensional
turbulent viscosity (Krause & Riidiger 1975),
vi® = (1/2)ul. 4)

In addition, a strong magnetic field causes noticeably
suppression of turbulent convection (which leads to
decrease in the parameters u and I) in the sunspot umbra
(Obridko & Teplitskaya, 1978; Krat, Karpinsky &
Pravdjuk, 1972). Therefore it should be expected that the
turbulent viscosity in the sunspot will be smaller then this
one the convective region outside of the spot.

4. Vertical turbulent overshoot layer in the vicinity
of the sunspot

We will proceed from the above mentioned model of
the magnetic field of the sunspot. According to Solov'ev
(1976) the magnetic field decreases sharply from 2000-
4000 G in the sunspot to 500-700 G in the convective
region. We believe that in the convective region with a
weak magnetic field, intense turbulent convection has a
three-dimensional structure, while in the sunspot with a
strong magnetic field, turbulent convection degenerates
into a weak two-dimensional structure. As a result, on the
spot outer boundary a relatively thin vertical transitional
layer of permeable convection (convective overshot layer)
should be formed in which the intensity of turbulent
pulsations decreases noticeably in the transverse direction
during the transition from the convective region to the
sunspot (Fig. 2). Therefore, favorable conditions appear in
this boundary layer for transverse (horizontal) macroscopic
diamagnetism that can affect the reconstructing of the
sunspot magnetic field. Intense turbulent pulsations in the
convection region return the magnetic field backward to
the sunspot, which permeates due to turbulent diffusion in
the opposite direction, outward from the sunspot.

Therefore, two oppositely directed processes of magnetic
field transfer in the horizontal plane compete with each
other. Namely, the magnetic fields that are transferred
due to turbulent diffusion outward from the sunspot to the
convection region (the second term in the right side of
eq. (3)) will be thrown backward into the sunspot due to
the gradient of turbulent viscosity in overshoot layer (the
first term in the right side of this equation). In our
opinion, this effect must keep magnetic fields of sunspots
and support them in the form of long-term isolated vertical
MFTs.

5. Transverse (horizontal) turbulent diamagnetic
transfer of fields from the convection region to the
sunspot

To verify our assumption how turbulent diamagnetism
helps the sunspot magnetic fields to keep their structure in
for a long time, we calculated the coefficient of turbulent
viscosity outside a sunspot in the convection region and
compare it with the calculated turbulent viscosity in
the sunspot.
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Figure 2: Vertical turbulent overshoot layer at the boundary
between an MFT and surrounding convection region. In this
layer (with thickness d) the intensity of turbulent pulsations
decreases noticeably in the transverse direction at the
transition from the convective region to the sunspot. Due to
weak two-dimensional turbulent viscosity in sunspot the
magnetic field permeates outwards, however intense three-
dimensional turbulent vortices in the convection region
(large eddies) return this magnetic field backward to the
sunspot. The direction of the macroscopic diamagnetic field
transfer to the spot (with the rate U, = - Vvt /2) is shown in
the overshoot layer by light arrows.

For the convective region we use the following values
of turbulent parameters at a depth of z~400 km in the SCZ
model by Stix (2003): u~2x10°cm/s, | x4 x 10" cm. Then
the turbulent viscosity in the convection region is estimated
to be vr = (1/3)ul = 3 x 10%? cm?/s.

As noted above, the strong magnetic field of sunspot
stimulates the degeneration of three-dimensional turbulence
into two-dimensional one (Krause & Riidiger, 1975). The
following turbulent parameters for sunspot umbra were
taken for calculating: u~1.3 x10%cm/s (Obridko &
Teplitskaya, 1978); 1 ~1.5x107cm (Krat, Karpinsky &
Pravdjuk, 1972). As a result of calculations, the following
estimate was obtained: vi® ~ (1/2)ul = 2 x 10%2 cm?/s.

It is essential that turbulent viscosity in the convective
region exceeds this one in the sunspot. Therefore, our
estimates confirm that the effect of turbulent diamagnetic
expulsion (in the horizontal plane) of magnetic field from
the convection region toward the sunspot must inevitably
appear in the boundary overshoot layer (which occurs
between a vertical MFT and surrounding medium).

Following (Solov’ev, 1976), we assume that the
thickness d of the transitional layer of penetrating
convection between the vertical MCT of the spot and the
surrounding three-dimensional turbulence is 100 km.

We can estimate the velocity of diamagnetic transfer
(“dragging”) of magnetic field from the convection region
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to the sunspot using the obtained parameters of turbulent
viscosity

Uy ~— (vr—vi9)/2d ~— (vr—vi@)/2d ~-10°cmis.  (5)

The minus sign indicates that the magnetic field is
expelled from the convection region to the sunspot. The
time of diamagnetic “dragging” of the field toward the
sunspot is next: tu ~d / |Uy| ~ 100 s.

Therefore, the regime of stable keeping the magnetic field
in the sunspot is settled fairly fast (over the time that is less
than the lifetime of granulation cells on solar surface) due to
macroscopic turbulent diamagnetic effect in the convection
region. The disintegration of the sunspot at its inner side is
determined by slow magnetic diffusion due to relatively low
turbulent viscosity of the sunspot umbra. The sunspot decay
at its outer side is due to diffusion under conditions of
enhanced turbulent convection intensity, which yields an
accelerated rate of magnetic attenuation that can be
interpreted as an “expulsion” of the magnetic field from
surrounding medium backward to the sunspot umbra. It is
this second accelerated rate of magnetic field attenuation at
the outer side of the sunspot that plays an essential role in
long-term stability of equilibrium state of vertical MFTs in
sunspots (effect of macroscopic diamagnetic field expulsion
from the convection region to the sunspot).

6. Conclusion

We considered the difference in turbulent vortices
intensities between the sunspot umbra (where turbulent
vortices are suppressed by a strong magnetic field) and the
surrounding plasma without magnetic fields (the convection
region, where suppression of turbulent vortices due to
magnetic field is absent). As a result, a relatively thin
transitional vertical convective overshoot layer must be
formed between these sections, in which the intensity
of turbulent pulsations decreases significantly in the
transverse direction during the transition from the
convection region to the spot.

This approach enabled us to reveal the effect of
macroscopic diamagnetic expulsion of magnetic field
from the convection region to the sunspot (transverse
turbulent diamagnetism), which can play an essential role
in long-term stability of equilibrium state for vertical
MFTs.
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ABSTRACT. We present results of spectral
observations of two sunspots in six metal lines near Fe |
5434.5 A, which have effective Lande factors gerr from —
0.014 to 2.14. The observations were made on July 8 and
August 25, 2015, with the ATsU-5 telescope of GAO NAS
of Ukraine using a circular polarization analyzer and
spectra registration with the SBIG ST-8300 CCD camera.
The following line parameters are compared: observed
splitting of 1 £ V profiles, the width and depth of the Stokes
I profiles. Significant differences of the measured magnetic
field strengths Berr were found in separate places of the
spots and by lines with different gesr values. The Fe | 5434.5
A line (gerr = —0.014) shows measurable splitting in some
locations of the sunspots, which corresponds to the
magnetic field Boss~ 20 kG. Comparison of the widths and
depths of the line profiles revealed several special places in
the sunspots, where the Fe I 5434.5 A line was expanded
additionally by ~ 15-35%, whereas other lines with larger
Lande factors did not have such a feature. One of the
reasons for this expansion could be a sharp and local
increase of turbulent velocities, but no active processes such
as solar flares or significant Doppler flows were observed at
these locations. A semi-empirical model constructed for the
first sunspot by Fel 5434.5 line using inverse code with
Tikhonov's stabilizers shows an anomalous feature — the
maximum of microturbulent velocities in the upper
photosphere and the temperature minimum zone instead of
the usual small increase of microturbulence at these heights.
This may be the effect of very strong magnetic fields of
mixed polarity or unresolved turbulent structures. As to first
case, the estimated value of the magnetic field in such
locations of sunspots is ~10° G, which requires additional
careful verification.

Keywords: Sun, solar activity, sunspots, magnetic fields,
spectral lines, the Zeeman effect, semi-empirical model,
turbulent velocities, superstrong magnetic fields.

AHOTAILIA. [Ipencrasneni pe3ynbTaru
CHEKTPANbHUX CIIOCTEPEKEHb [BOX COHSYHUX IULIM Y
IIeCTH JiHiAX MeTaniB nobnusy minii Fe | 5434.5 A, sxi

MaroTh epextuBHi pakropu Jlanme gers Big —0.014 mo 2.14.
CriocTepexxeHHs1 OynM BHUKOHaHI 8 JUMHA 1 25 ceprHs
2015 p. Ha Teneckomi AI[Y-5 T'onoBHOI acTpoHOMiYHOT
obceparopii HAH  VYkpainu 3  BUKOpHUCTaHHIM
aHajizaTopa KpyroBol moJsipu3auii i 3 peecTpariero
crnekTpy 3 nomomoror kamepu SBIG ST-8300 CCD
camera. bymm cmiBcTaBieHi Taki mapaMeTpH JIiHIH:
CIIOCTEepeXkeHe posmierieHHs npodiniB | £ V, mmpuan i
rmbuan  npodimie  Crokca |. BusBmeni cyTresi
PO30DKHOCTI BUMIPSIHUX MarHiTHHUX IOJIB Beft y oOkpeMux
JUIAHKAX COHAYHMX IUISIM a TakoX MO JIHIAX 3 Pi3HUMH
BENHMYUHAMH (err . JIiHia Fe | 5434.5 A (ger = —0.014)
BUSBIISIE JIOCTOBIPHE PO3INCIUICHHS Y MCSIKHX MICIISIX
IUISIM, SIKE BIATOBiJa€ MarHiTHOMy noiroo Bops =~ 20 kl'c.
CrnicTapneHds mupuH 1 raubud  npodinmiB  miHii
nokaszano, Mo y JAeAKux Micusx Jiwis Fe 1 5434.5 A
JOJIATKOBO po3iiupeHa Ha =~ 15-35%, Toxi sk iHmi JiHii 3
Outbiiumu  (pakropamu  JlaHae He MarwTh  Takol
ocobmuBocTi. OnHIEI0 3 TPUYHH TAaKOTO PO3IIUPEHHS
MOrJIo OyTH pi3Ke i JIOKanbHe 3pOCTaHHsS TYpOYJICHTHHX
LIBUJKOCTEH, OJHAK HIiSKMX aKTHBHHX MPOLECIB THITY
COHSYHMX ClalaxiB a00 3HAYHUX JOMNILICPIBCHKHAX
MOTOKIB He Oymo TMOMIYeHO y IUX  MICIIIX.
HamiBemnipryHa MoJesb Nepuoi IWIsMH, NoOyqoBaHa 3a
manuMu B timii Fel 54345 imBepcHuM MeTOgOM 3
BUKOPUCTAHHIM cTabinizaTopiB TuxonoBa Ui
3a0e3nedeH s CTIMKOCTI PO3B’S3KIB PIBHSIHb HEPEHOCY
BUIIPOMIHIOBaHHS, Ma€ IiKaBy OCOOJMBICTh — MaKCUMYyM
MIKpOTYpOyJeHTHHX IIBUAKOCTEll y BepXHiil doTocdepi i
30HI TEMIIEpaTypHOTO MIHIMyMy 3aMiCTh CIIAOKOTO
3pOCTaHHS MIKpOTypOyseHuii Ha nux BucoTax. lle mMoxe
OyTH BHACHINOK MOyXX€ CIWIBHAX MAarHITHHX TIIOJIB
3MIIIaHOT MOJSPHOCTI ab0 > BHACHIIZOK NPHUCYTHOCTI
IIPOCTOPOBO  HEPO3IUILHUX TYpPOYJICHTHHX CTPYKTYP.
[IMono mepmoro BHHagKy, TO HAOIMKEHa OIHKA
MarHiTHOTO TOJISI Yy IUX MICHSAX TUISIM JIOPiBHIOE ~10° G,
10 MOTpedye TOAATKOBOI PETEIBHOI MTEPEBiPKH.

Kuarwuogi ciaoBa: CoHIle, COHSYHA aKTHBHICTh, COHSUHI
TJISIMU, MarHITHI OIS, CTIEKTPaNbHI JiHi1, eQekT 3eemaHa,
HamiBeMipMdHa  MOJeNb, TYpOYNeHTHI  IIBHIKOCTI,
HaJCWJIbHI MarHiTHI ITOJI.
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1. Introduction

Magnetic fields in sunspots are measured, as a rule,
using spectral lines with the largest Lande factors. This
provides the highest accuracy of measurements and the
ability to determine such an important characteristic as the
modulus of the magnetic field strength, in addition,
regardless of instrumental polarization, the inclination of
the field vector to the line of sight and the scattered light.
Although in this case, there are some methodological
problems that are encountered when comparing data from
different observatories (Lozitska et al., 2015). As for the
most mass magnetographic measurements to date, they
usually give a longitudinal component of the magnetic
field and, moreover, are not corrected for changing the
profile of the spectral line due to non-magnetic changes in
the transition from the photosphere to the sunspot. As a
result, the most reliable measurements of magnetic fields
in sunspots today are traditional spectral measurements or
modern Stokes diagnostics using realistic models of the
solar atmosphere. However, in the latter case, lines with
large Lande factors are also commonly used. This
automatically limits the range of magnetic field strengths
available for measurements. Regarding direct data for
cases corresponding to the filling factor f close to unity
(i.e., f= 1), the strongest magnetic fields in the spots were
found to be within 5.5-6.1 kG (Livingston et al., 2006;
Lozitsky et al., 2018). However, sunspots with such
superstrong fields are rare; for the most part, the typical
magnetic field strength in developed sunspots (with
shadow and penumbra) is in the range of 2-3 kG.

Subtle effects were found in line profiles which
indicate that the magnetic field strength in spatially
unresolved elements of sunspots can be 7-8 kG (Van
Noort et al., 2013; Lozitsky, 2016). The filling factor for
such elements can reach values f = 0.2-0.3, and the
Doppler shifts correspond to plasma lifting with speeds of
2-3 km / sec. However, in the article by Van Noort et al.
(2013) the conclusion is different: the substance in the
subtelescopic elements goes down with speeds of about 20
km/ sec. A possible reason for the difference between
these findings is that in the papers by Lozitsky (2016) the
umbra of large spots was studied, whereas in the article by
Van Noort (2013) — penumbra of sunspots.

It should be noted that the particularly strong magnetic
fields in the range of 7-8 kG are, in fact, close to the
upper limit of detectable (measurable) fields when to use
the spectral lines like Fel 5250.2 or Fel 6302.5 with large
Lande factors. The mentioned authors analyzed the
spectral lines of Fel 6301.5 and 6302.5 with effective
Lande factors 1.67 and 2.50, respectively, which in case of
high magnetic strengths are split so strongly that their
Zeeman o components begin to overlap mutually,
complicating the diagnosis of fine photometric effects in
the adjacent spectral continuum. This is especially true in
the sunspot umbra where the numerous and variable
molecular blends can occur. That is why it is better to use
spectral lines with small Lande factors ( Qe <1) to
measure even stronger magnetic fields.

It is important to note that modern methods of
measuring magnetic fields in sunspots are mainly oriented
on observations of fields of regular polarity, which give
characteristic manifestations in the Stokes parameters Q,

U and V. However, for spatially unresolved magnetic
fields of mixed polarity, the corresponding observed
manifestations in these parameters may be close to zero,
i.e. not detectable. At the same time, strong mixed-
polarity fields can be detected by the Stokes I profile, that
is, by the integral intensity, on the basis of observations of
significant expansion of this profile. However, in practice,
this parameter is almost never analyzed when interpreting
observations.

In this study, we use both of the mentioned
methodological factors: spectral lines with very small
Lande factors and data on the line profiles in the integral
intensity. The purpose of our work is to obtain new data
for the problem of the upper limit of the magnetic field in
the sunspots using the spectral data obtained with a
circular polarization analyzer.

2. Observations

Observational material for our study was obtained with
the horizontal solar telescope ATsU-5 of Main
Astronomical Observatory of National Academy of
Science of Ukraine. The telescope is well tested and has a
half-width of the instrumental profile~20 mA for
A =6328 A (Osipov, 2015). During observations, the
spectra of sunspots and surrounding areas were recorded
using an SBIG ST-8300 CCD camera in the wavelength
range about = 4 A around Fel 5434.5 A line. To obtain the
spectra | + V and | — V, a polarization mosaic by
Skomorovsky (1974) and a quarter-wave plate were used.

In this paper, we analyze the observations of two sunspots
which were observed on July 8 and August 25, 2015. The
second sunspot was in the tail part of the active region of
NOAA 2403, which was located from the center of the disk
at a distance p/R = 0.415, p = 0.91. The diameter of the
penumbra of this spot was about 45 Mm; the spot was
irregular in shape, especially its umbra (Fig. 1).

The exposure of the spectrum of this spot was made at
the following time interval: 07h36m— 07h46m UT. During
the exposure, the entrance slit of the spectrograph crossed
the spot in the north-south direction on the disk, as it is
shown in Fig. 1.

500

1000

slit, pixels

1500

i1 s

" sam 5434 5436 AA

Figure 1: The images of the sunspot of 25 August, 2015
in white light according to the SOHO data (left), and its
spectrum according to observations on the ATsU-5, which
is analyzed in this paper (right). The strongest spectral line
in the middle part of this spectrum is Fe I 5434.5 A line

(Qert = —0.014).
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Figure 2: Shift of ‘center of gravity’ of spectral lines with
Lande factors gers = 2.143 and gesr = —0.014 for sunspot of
28 Aug 2015. Red and green lines represent calibrated
positions of ‘center of gravity’ of I + V and | — V profiles
along direction of entrance slit of spectrograph.

First sunspot was observed on July 8, 2015, in active
region NOAA 2381. Beginning of exposure of this
sunspot was at 7" 12™UT.

3. Effective magnetic fields

The effective (averaged) magnetic fields Besr were
measured by the displacement of the centers of gravity of
the profiles | + V relative to | — V. For a uniform magnetic
field and incomplete splitting of the Zeeman n and o
components, this should give a value close to the
longitudinal component of the magnetic field.

Figure 2 shows, for illustration, distribution of spectral
positions of two lines with very different Lande factors,
9, 2.143 (upper graph) and 9= —0.014 (lower graph).

These positions are presented along direction of entrance
slit of spectrograph for two orientations of quarter-wave
plate, +45° and —45° relatively optical axis of polarization
mosaic. Along the horizontal axis on Figures, the
horizontal coordinates of corresponding places on the Sun
are given in numbers of pixels (slit, pxI). We will denote
this parameter in the short form as S below.

One can see the following well-visible effects in line
with large Lande factor: (a) periodical deviations of line
position when to transit from given band of mosaic to the
next, and (b) discrete change of the sign of deviation to
the opposite one for different orientations of quarter-wave
plate. Namely such effects demonstrate the magnetic
nature of these manifestations. On this Figure, equivalent
width of the mosaic strip is 3.3 Mm on the Sun.

In order to determine the magnitude of the measured
magnetic field according to these graphs, it is necessary
to take for each specific strip of the mosaic half the
difference of the position of the line with different
orientation of the quarter-wave plate. For example, in
Fig. 2 in the abscissa interval S =800-870 the line posi-
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Figure 3: Comparison of the half-widths of lines with gesr
= 2.143 and -0.014, versus the intensity in the spectral
continuum (lower graph). It can be seen that line with ges
= —0.014 (stroke line) has a sharp jumps at position slits
~ 500 and 1260.

tions correspond to values of +1800 G and — 2000 G.
Subtracting the second value from the first and taking half
of it, we have an average field in this strip, equal to 1900 G.

A similar examination of the observational data for
line with very small Lande factor ( —0.014) shows that in
some places of the sunspot it also has similar evidence of
Zeeman splitting. For example, this is seen in the abscissa
intervals S = 670-720 and 820-830, where, at different
positions of the plate A / 4, the “center of gravity” of the
line deviates in opposite directions relative to the direction
of spectral dispersion. If to interpret it as a manifestation
of the Zeeman effect, then the corresponding magnetic
field should be at the level of=~20KkG. Another
conclusion follows from Fig. 2: the corresponding places
in the sunspot with particularly strong fields are quite
local, with a typical scale, probably 1-3 Mm.

4. Stokes |

Comparison of the half-widths of the Stokes | profiles
for the same lines as in Fig. 2 is shown in Fig. 3. One can
see that line with large Lande factor (solid line on upper
graph on the Figure) has the largest broadening exactly in
such places where the intensity in spectral continuum is
minimal.

This is well expected effect if we take into account that
strongest magnetic fields, as rule, are localized in sunspot
umbra. However, the line with a very small Lande factor
(dashed line in the Figure 3) behaves differently: in two
places, at S ~ 500 and 1260, it has sharp jumps of the half-
width. This is surprising because it does not coincide with
the darkest places in the sunspot.

Of course, for more confident conclusions, it is necessary
to compare the widths of a larger number of spectral lines.
This is shown in Fig. 4 for six lines, which presents the
relative increase in the line half-width as a function of the
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2.00 ° 6. Conclusions

1.80— The present study confirms the assumption of Severny
5 ) et (1957) that magnetic fields of several tens of kilogauss
£ 1.60 can exist in sunspots. Indications of such very strong
= 1 fields follow from both polarization effects and
= 1.40— unpolarized light data. The latest data are especially
& 1 e s interesting because they lead to the conclusion about the
ég 1.20 ez 7 ey possible existence of even stronger fields of the ~10° G
8 y=45° level. In this respect, diagnostics of magnetic fields by the
100 =T oo Fel 5434.5 line are especially attractive for future
research. The current research narrows the search for such
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Figure 4: Comparison of the relative increasing of the
Stokes profile | for six spectral lines with different Lande
factors observed by S.M. Osipov on ATsU-5 in the
sunspot on August 25, 2015.

magnetic sensitivity normalized to the line half-width. The
filled circles with numbers indicate the observations; the
blue curve is Unno (1956) theory for a uniform magnetic
field. One can see that the line Ne3 (gers = —0.014) deviates
significantly from the theoretical dependence. This means
that this line really "falls out™ of the theoretical regularity
that is expected for a uniform magnetic field of the "kilo-
Gaussian" level.

5. Semi-empirical model

Similar effects were found also in the first sunspot,
which was observed on July 8, 2015. For this sunspot, a
semi-empirical model was build using Stodilka’s (2003)
code. This model presents the photospheric layers of the
sunspot and was constructed on a base of observations of
Fel 5434.5 line by solving the inverse problem for non-
equilibrium radiative transfer problem using Tikhonov
stabilizers. The main peculiarity of the model is following:
it has an anomalous feature — the maximum of
microturbulent velocities in the upper photosphere and the
temperature minimum zone instead of the usual small
increase of microturbulence at these heights (detailed
presentation of this model is planned in a separate study).
This may be the effect of very strong magnetic fields of
mixed polarity or unresolved turbulent structures. In the
first case, the estimated value of the magnetic field in such
locations of the sunspot is ~10° G, which, naturally,
requires additional careful verification. Notice, similar
magnetic fields were suspected in solar flares (Lozitsky,
2009) on a base of observations also in Fel 5434.5 line.

extremely strong fields. Firstly, it is not necessary to have
extremely high resolution to detect them. In particular,
even a low resolution of 1-3 Mm may be sufficient, since
the filling factor, rather than the direct resolution limit,
seems to play an important role here. Secondly, data in
unpolarized light can be very valuable, but it requires
simultaneous analysis of several lines with different Lande
factors. Thus, even old observations of sunspots without
polarizing optics can contain important information about
especially strong magnetic fields in the sunspots.
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ON THE POSSIBLE EXISTENCE OF SUPERSTRONG MAGNETIC
FIELDS IN A LIMB SOLAR FLARE
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ABSTRACT. We present the simultaneous
observations of the K Ca II 3933.7 A, H 6 4101.7 A and
Hel 4471.5 A lines in the limb solar flare of July 17,
1981. For two moments of the flare we analyzed Stokes
I £V and V profiles of these lines from observations
made on the Echelle spectrograph of the horizontal solar
telescope of the Astronomical Observatory of Taras
Shevchenko National University of Kiev. In the flash
phase of the flare, all named lines had very wide
emissions, with a wing length of 6-8 A. An interesting
feature was observed in the violet wings of these lines,
namely, narrow emission peaks with a width of only 0.25—
0.35 A. The Zeeman splitting of these emission peaks
correspond to magnetic field strength in range 1300-2900
G at altitudes of 10-15 Mm above the level of the
photosphere. Magnetic fields of ‘kilogauss’ range (up to
3200 G) were found for some locations also in post-peak
phase of the flare. Likely, the true local magnetic fields in
the flare could be even larger, since the obtained results
represent a longitudinal component of the magnetic field
assuming that the filling factor equals unity. A new
indication of the existence of superstrong magnetic fields
follows from a comparison of the kinetic temperatures and
turbulent velocities found from the narrow emission
component in the flash phase of the flare. Considering this
emission component to be optically thin, we found that
there is an anti-correlation between temperature and
turbulent velocity. Such a dependence seems unlikely and,
possibly, the widths of the line profiles reflect, in our case,
not turbulent velocities, but very strong magnetic fields.
The corresponding estimates of the magnetic field by the
K Ca ll line lead to the value B = 8.3 kG, and by the He |
44715 line - to the value B = 6.7 kG. Considering that the
He | line is clearly closer to the case of an optically thin
layer, the closeness of these estimates is very encouraging.
Our results are apparently the first indications of
superstrong magnetic fields of 6-7 kG at an altitude of
about 10 Mm in a solar flare.

Keywords: Sun, solar activity, solar flares, magnetic
fields, spectral lines, the Zeeman effect, temperatures,
turbulent velocities, superstrong magnetic fields.

AHOTAIIA. IIpencraBneHo pe3ynbTaTd OJHOYACHUX
crocTepesxens miniit K Ca 11 3933,7 A, H § 4101,7 A i He
I 4471,5 A y niMGoBoMy coHstuHOMY crianaxy 17 numHs
1981 poky. /Jns 1BOX MOMEHTIB cHajnaxy Oymnu
npoaHaiizoBaHi crokcosi mpodini | + V ta V nux niuii Ha

OCHOBI  CIIOCTEPEXEHb, IPOBEACHUX Ha eIICIbHOMY
criekTporpagi TrOpPU30HTAIBHOTO COHSIYHOTO TEJIecKomna
ActpoHomiuHoi obcepBaropii KuiBcbkoro HanioHaJabHOTO
yHiBepcuteTy iMmeHi Tapaca IlleBuenka. Y ¢mam-dasi
crajaxy BCi Ha3BaHi JiHIl MamM gyXe IIUPOKi eMmicil 3
nomxmHOr0 kpun 6-8 A. IlikaBa ocoGmuBicTh
criocTepiranack y (pioleToBHX KprIax IHX JiHiH, a came —
By3bKi eMiciitni miku 3 mmpunoro mmme 0,25-0,35 A.
3eMaHIBCBKE  pO3INCIUICHHS WX CMICIHHUX  IiKiB
BIJITIOBiJJa€ HATIPY>KEHOCTSIM MATHITHOTO TIOJIS B Jiarma3oHi
1300-2900 T'c i Bucoram 10-15 Mm Hag piBHEM
¢dorocdepu. MaruiTHiI Mo AiaNa30Hy «KLIOTayCCOBOTOY
(mo 3200 I'c) Oynu 3HaiieHI y NESKUX MICISIX TaKOX B
IHIIMIA MOMEHT, IO BiAMoOBiAae ¢asi Mciasi MaKCUMyMy
crianaxy. VIMoBipHO, mificHi TOKambHi MarmiTHI TONA Y
crajaxy MOXyTb OyTH 11e OiIbIINMHE, OCKITBKH OTPUMAaHi
Pe3yJIbTAaTH MPECTABISIOTh COOOI0 TIO30BKHIO CKIIaIOBY
MAarHIiTHOT'O TOJIsl, BBAXKAIOYH, 1110 KOe(]ILliEHT 3arOBHEHHS
JnopiBHIOE  omuHMII. HoBe  cBigueHHS  iCHYBaHHS
HAQJICWJIBHUX MAarHITHUX IIOJIIB BHIUIMBA€ 3 ITOPIBHSHHS
KIHETUYHUX TEMIeparyp 1 TypOYJICHTHUX LIBHIKOCTEH,
3HAMJICHNX 1O BY3bKiM eMiCiiiHIi KOMITOHEeHTI y duami-
¢a3i cmanmaxy. BBakarouum 1eii KOMIOHCHT ONTHYHO
TOHKHM, MU BUSBWJIHM, IO ICHYE aHTHKOPEIAIis MiX
TEMIIEPATYpOI0 Ta TypOYJEHTHOIO MIBHUAKICTIO. Taka
3QJIEKHICTh YSBISETHCS MaJTOMMOBIPHOIO, i, MOXKIIUBO,
IUpUHA JIHIHHUX TpodiliB BimoOpaxae, y HaIIoMy
BHITAJKy, HEe TypOYJICHTHI HIBUAKOCTI, a YK€ CHJIbHI
Mar”iTHI 1ojsa. BiAmoBigHi OIIHKKM MardiTHOIO IIOJS IO
ninii K Ca II matots Benmmunny B = 8,3 k['c, a mo minii He |
44715 - Bemmuuny B = 6,7 k['c. BpaxoByrouu, 1o JiHis
He I sBHO Onmkye [0 BUMAIKY ONTHYHO TOHKOTO IIapy,
ONMM3BKICTh IMX OIIHOK ayke oOHaxmiinuBa. OTpumani
HAMH pe3yJabTAaTH, MOXJIHMBO, € TMCPIIMMH CBIiTYCHHIMHU
HAJICWIBHAX MAarHITHUX MOJIB piBHA 6-7 kK['c Ha BHCOTI
6sm3bpko 10 MM y COHSIUHIN criayiaxy.

KarouoBi cioBa: CoHile, COHIYHA aKTHBHICTH, COHSYHI
CHajaxd, MAarHiTHI TIIOJISA, CIEKTpajbHI JiHii, e(eKT
3eemaHa, TemIeparypd, TypOyJIeHTHI  IMIBHIKOCTI,
HaJCWIbHI MarHiTHI ITOJI.

1. Introduction
At present, there are very little data in the literature

about magnetic fields in limb solar flares. The first such
measurements were made by Koval (1977) using the H a
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line. It was found that the magnitude of the magnetic field,
measured by the relative splitting of the line in orthogonal
circular polarizations (i.e., in the I + V and | — V spectra,
where | and V are the corresponding Stokes parameters),
is typically several hundred gauss (G). However, a case of
a rather significant relative displacement of the |+V
profiles corresponding to a magnetic field of 9000 G was
also detected. Named author had the following point of
view: "However, such large values are unlikely in the light
of existing ideas about the structure of magnetic fields in
the solar atmosphere”. It should be noted that even
magnetic fields of ~10? G are ‘too strong’ for limb flares.
Indeed, if the magnetic field tube is homogeneous and
non-twisted, then the upper limit of Bmax in the tube can be
estimated from the simple condition of the equality of the
magnetic pressure B%8rn inside the tube and the gas
pressure P = nkT outside the tube. Limb solar flares occur
in the chromosphere and lower corona, where the gas
pressure in undisturbed atmosphere is ~ 101+10? dyn/cm?.
However, at such pressure, Bmax should be in range 1+50
G, which is at least an order of magnitude less than
observed. Furthermore, given that observations with a
circular polarization analyzer give a mainly longitudinal
component of the magnetic field, the magnitude of the
magnetic field may be even larger. As it was pointed
above, such strong magnetic fields, maybe, can occur in
strongly twisted magnetic structures like force-free ropes.

The magnetic fields of 200 G were measured using the
H a line also in the limb solar flare of M 7.7 class of 2012
July 19 (Kirichek et al., 2013). The results obtained refer
to a rather high altitude above the limb, about 40 Mm. In
this case, a significant lack of parallelism of the bisectors
of I £V profiles was observed too, with a maximum of
their splitting at a distance of 0.4 A from the center of the
emission profile. In the named paper, a theoretical MHD
force-free model was proposed that allows explain the
existence of such strong fields in the corona due to the
strong twisting of the power lines. According to numerical
estimations in frame of the model, the magnetic field
strength increases by about 2 orders in comparison with
the weak external field of 1-2 G level which is typical for
the solar corona.

Recently, Kuridze et al. (2019) reported on the unique
observation of flaring coronal loops at the solar limb using
high-resolution imaging spectropolarimetry in Ca Il
8542A line from the Swedish 1 m Solar Telescope. They
found magnetic field strengths as high as 350 G at heights
up to 25 Mm above the solar limb. As to field order, these
measurements are similar to above-named data by
Kirichek et al (2013).

2. Observations

The solar flare of 1981 July 17 occurred on the eastern
limb of the Sun, in the vicinity of the place with
coordinates 7°S, 90°E. According to the bulletin
"Solnechnyie Dannyie" (1981), the flare was associated
with the active region Ne 325, which appeared on the
Sun’s disk the next day, 1981 July 18.

This flare was observed with the Echelle spectrograph
of the horizontal solar telescope of the Astronomical

Observatory of Taras Shevchenko National University of
Kyiv (Lozitsky, 2016), starting from about 8"15™ UT.
Observers were N.l. Lozitska, V.G. Lozitsky and P.M.
Polupan. The flare emission was observed initially in a
spectrohelioscope, which allows observe the entire "royal”
(near the equatorial) zone of the Sun's disk in light of the
H o line. Natalia Lozitska, identifying the flare position in
white light at the entrance slit of the Echelle spectrograph,
noticed an interesting detail: this flare was visible for
some time also in white light as a small arched feature on
Sun's limb. As we know from the literature, limb solar
flares were no longer observed in the white light. It should
be noted that in order for such observational
manifestations to be possible, the optical thickness in the
continuum t. must be close to unity. Since t¢ = nyL, where
Ny is the concentration of neutral hydrogen atoms, L is the
effective linear length of the flare, the condition ¢ ~ 1 can
be fulfilled even when the plasma density is less than
photospheric one (~10° cm™3). If for the flare the effective
length is written through Lg and for the photosphere
through Lgh, then we can expect that L/ Lpn = 10-100.
This means that to observe a limb flare in white light, it is
sufficient that ny ~10%+ 10 cm=3.

According to our estimation, the optical flare class was
2B,  which is  higher  than by  bulletin
"Solnechnyie Dannyie" (SB). However, we did not
perform the exact measurements of the flare area required
to strictly determine its class. The main value of our
observations is that a wide spectrum interval, from 3800
to 6600 A, was recorded simultaneously where bright and
interesting emissions of hydrogen, helium, and ionized
calcium lines were observed. Another advantage of our
observations is that | + V and | —V spectra were obtained
simultaneously, on separate adjacent bands of the
spectrum (see Fig. 1 below). This was made thanks to the
fact that the circular polarization analyzer was composed
on a base of a A / 4 plate in front of the entrance slit of the
spectrograph and a two-beams splitting prism (analogous
to the Wollaston prism) behind the entrance slit.
Therefore, | + V and | — V spectra relate to the same
moment of time and to the same places on the Sun.

The flare spectrum was photographed on WP1 ORWO
photo-plates with exposures of 10 + 30 sec. In the 8"17™
9M51™ UT time interval, six exposures were made. Below,
the first Zeeman spectrogram obtained in 8"17™ UT with
exposure of 10 sec is analyzed. This time corresponds,
apparently, to the flash phase of the flare that is evident
due to the very wide wings of the spectral lines (Fig. 1).

3. Line profiles

A visual inspection of the 8"17™ spectrogram shown
that it contains bright emissions of about ten lines of
hydrogen, helium and Ca Il. In this study we present
results obtained from the K Ca I1 3933.7 A, H § 4101.7 A
and He 1 4471.5 A lines.

For flash phase of the flare, 8"17™ , the shape of the
KCall 3933.7 A and Hel 4471.5 A lines clearly
indicates that there were at least two emission components
in these lines: wide and narrow, 1.8-2 A apart in
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Figure 1: Positive images of the He | 4471.5, H 6 4101.7
and K Call 3933.7 lines on the spectrogram for 8M17™
UT. Each line is represented by two images that
correspond to the | + V and | — V spectra. The width of
each stripe corresponds to approximately 32 arc sec or 23
Mm on the Sun.

wavelength (Fig. 1). It can be seen from this Figure that
the total widths of the emission lines of K Call and H ¢
are almost the same. This directly indicates that non-
thermal mechanisms play the main role in the expansion
of lines. In case if the profiles of these lines were
expanded only by temperature, the width of the K line
would be approximately 6.5 times narrower than the
hydrogen line.

16 minutes after the flash phase, at 8"33™, the
emissions in the spectral lines were divided into several
discrete components corresponding to relative radial
velocities up to 170 km/s. The narrow component of the
emission has disappeared till this moment; it was not
visible even in the H and K Ca Il lines. At least 3 separate
emission components are present in the lines under study.
These emissions correspond to the heights of up to 20 Mm
above the level of photosphere

A detailed study of the profiles of these lines was
carried out in two ways: by the traditional method using
an M®-4 microdensitometer and using an Epson
Perfection V 550 scanner, which allows obtain two-
dimensional scans of images recorded on transparent films
or on photo-plates. In the first case, in order to convert the
density into intensity, it is necessary to take into account
the characteristic curve of the photographic material as
well as the scattered light on the photographic plate. In the
second case, it is necessary to take into account two
characteristic curves, namely, the curve of the photo-
emulsion and the curve of the scanner itself. Both curves
are nonlinear and require preliminary determination by
special methods. In order to do this, we used a step
attenuator, for which transmittances are precisely known.
As a result, we could compare the data obtained with the
microdensitometer and the scanner, and it turned out that
these data are very well consistent with each other.

For 8"17™, the photometric line profiles clearly show
the presence of a discrete narrow component in the
‘violet” wing of the observed profiles (Fig. 2). This is
most clearly seen in the K Ca Il line, where this effect can
be traced for about 10 Mm in the direction of the entrance
slit, i.e. by flare height.

KCall3933.7A

0.1 —— ‘ ‘ ‘
- 0
AL, A
Figure 2: The | = V profiles of the K Call line in the
studied flare for 8"17™ observed at a height of about 12
Mm above photosphere. One can see the presence of a

narrow component in the ‘violet’ wing of the flare
emission (at AL = 1.8 A).

4. Magnetic fields

We used various methods to measure magnetic field in
the flare. In particular, we estimated the longitudinal
component to the line of sight, Bios, using weak-field
approximation, when

V = (Ol/ON) An Q)
where V and | are Stokes parameters, ol/0A is Stokes |
gradient in a spectral line, A\y is its Zeeman splitting. For
example, for K Ca I1 3933.7 A line (which has effective
Lande factors geff = 1.167)

BLos = Bcosy = 1.186-10%< [V / (61/6M)], 2
where magnetic field strength Bios is expressed in gauss
(G), and wavelength A — in A. In practice, we determined
the Stokes V amplitude, Vma, and compared one with
corresponding parameter of (O1/OX) max .

For flash phase of the flare, we measured magnetic
field also by Zeeman splitting of the narrow component
after extraction this component in the explicit form and its
approximation by Gaussian. In this case, we fixed shift of
the ‘center of gravity’ of these Gaussian in | + Vand | -V
spectra. For after-peak phase (8"33™), the Zeeman splitting
was measured by wide profiles of lines. In order to reduce
the noise-like fluctuations in wings of profiles, only those
portions of the line profiles were taken into account that
directly adjoined its apex and corresponding to the upper
half of its maximum intensity.

It was found that for 8"17™ magnetic field strengths in
the flare were in range 1300-2900 G at altitudes of 10-15
Mm above the level of the photosphere. Magnetic fields of
‘kilogauss’ range (up to 3200 G) were found for some
locations also in post-peak phase of the flare (8"33™). The
typical errors of our measurements are, as rule, +150 G.
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5. Temperatures and turbulent velocities

In order to determine the temperature T and the
turbulent velocity &wn in the flare, only narrow component
of emission was analyzed (Figs. 1 and 2). For this
purpose, it was necessary to extract this component in its
pure form, without superposing on the wide component.
In order to separate the narrow component from the wide
one, we approximated the wide component by the most
acceptable Gaussian profiles. Moreover, since we could
not approximate the entire wide component with a
Gaussian distribution, we chose the most suitable
Gaussian profile only for those sections of the wide
component that were directly adjacent to the narrow
component. In fact, these were sections in the range from
-3to -1 A in Fig. 2.

We found that shape of extracted narrow component
was close to the Gaussian distribution. This circumstance,
likely, means that approximation of the optically thin layer
is suitable. In this case, we can determine the temperature
T and the turbulent velocity &wm using well-known simple
formula:

Alp = (MolC)x(2KT/m + Eun?)™, ©)

where AXlp is Doppler widths, Ao is the unperturbed
wavelength of the spectral line, c is the speed of light, k is
the Boltzmann constant, m is the mass of the atom.

Results of comparison of &wm vs. T are presented on
Fig. 3. One can see well visible tendency to anti-
correlation of these parameters.

This seems strange because, based on general
considerations, we can expect that turbulent velocities
should also increase with increasing temperature in the
plasma. This leads us to suspect that the additional
(compared to temperature) broadening of the line profiles
is actually caused not by turbulent velocities, but by
strong magnetic fields of mixed polarity.

The corresponding estimates of the magnetic field were
made in assumption, that turbulent velocities should be the
same for different temperatures. Likely, this leads us to some

15
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Figure 3: Comparison of temperatures and turbulent

velocities in the explosive phase of the flare, found from

the widths of the narrow component of the emission.

lover estimation of the mixed polarity magnetic fields. For
this case we found B = 8.3 kG by the K Ca Il line and B =
6.7 KG by the He | 4471.5 line. Considering that the He |
line is clearly closer to the case of an optically thin layer,
the closeness of these estimates is very encouraging. Our
results are apparently the first indications of superstrong
magnetic fields of 6-7 kG at an altitude of about 10 Mm in
a solar flare.

6. Conclusion and Discussion

The main conclusion of our work is that in the limb
solar flare of July 17, 1981, there were very strong
magnetic fields up to about 3 kG in two moments: in its
explosive phase and 16 min after it. Such magnetic fields
were observed at altitudes of 10-18 Mm, i.e. in lower solar
corona. It is important to note that true local magnetic
fields in the flare could be even larger, since the obtained
results represent a longitudinal component of the magnetic
field assuming that the filling factor equals unity.

Another interesting feature of the flare is that very
narrow emissions were observed in the K Ca Il and He |
lines against the background of broad emission typical of
the explosive phase of the flare. If we consider these
emissions to be optically thin, then we get an anti-
correlation of temperatures and turbulent velocities.
Physically, this is unlikely and may reflect the expansion of
the line profiles not by turbulent velocities, but by very
strong magnetic fields of mixed polarity. This assumption
allows to obtain a estimation of the mixed polarity magnetic
fields, namely, B = 8.3 kG by the K Ca Il line and B = 6.7
kG by the He | 4471.5 line. It is also possible that in other
flares the assumed turbulent expansion of the profiles is
actually magnetic expansion. For example, a very local in
height increase in turbulence in a powerful flare on October
28, 2003 (Lozitsky et al., 2017) could be caused, in fact,
due to very strong ‘entangled” magnetic fields.
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A NEW WIDE-FIELD TELESCOPE WITH
A MIRROR DIAMETER OF 600 MM FOR THE TELESCOPE
NETWORK OF THE ODESSA OBSERVATORY
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ABSTRACT. Optical scheme of the new wide-field
telescope of the telescope network of Odessa Obser-
vatory is described.The telescope optical layout is
designed as a mirror-lens system with a Ross-type
two-lens corrector and a hyperbolic primary mirror
with diameter of 600 mm. The prime focus corrector
is capable of imaging a field of 2 degrees, the root-
mean-square radius of the diffraction spot is about
4.5 pm, which is 2.5 times larger than that of the
diffraction-limited spot (Airy disk).

Keywords: Astronomical instrumentation, methods
and techniques

AHOTAIIIA. Ticnst mosiBu podeciitHux onTuaHnx
CCD-Marpunb 3 BHCOKOK UyTJIMBICTIO 3’sIBUJIACH
MOXKJIUBICTh 3aCTOCYBaHHsSI TEJIECKOMIB 3 MAaJUM
JI3EPKAaJIOM JIJIsI BUPITIIEHHS IMUPOKOTO KOJIa BaXKJIUBUX
HAyKOBUX 3aBJIaHb. Bukopucranna TesecKomin
3 MajIIM [3€PKAJIOM J03BOJIsiE He O0MEeXKyBaTH
KiJIbKICTh Yacy Ha CIOCTEPEXKEHHS. Kpim Toro,
HEBEJIMKI  TeJIeCKONM  He3aMiHHI JUId  peaJiizariil
JIOCTITHUIBKAX ~ IpOorpaM  OJIMKHBOI'O  KOCMOCY
(naBros03eMHOrO,  COHSTYHOI  CHCTEMH). Taxki
IHCTpyMEHTH  BUKODHUCTOBYIOTHCS I  BUBYEHHS
METEOPiB, acTepoiiB, KOMET, TJIAHET PAa30M 31 CBOIMU
CYIyTHUKAMU, & TAKOXK IITYYHUX 00’€KTIiB B KOCMOCI.

Y  mift  poboTi  pO3IAIAIOTHCA  IEpIN  eTanu
MIPOEKTYBAHHS TeJeCKONa 3 JIlaMeTpPOM IEePBUHHOTO
J3epKaJa 600-MM, AKUN Ma€ VHIKaJIbHUI
ONITUYHUNA  gu3affH  Ta  [IUPOKE  I1IoJIe  30pYy.
OnruyHy cxemMy TeJIeCcKola pPO3pobUB  HAyKOBUIA
criBpobiTHUK AcTpoHOoMiuHOT 0OcepBaTopii O recbKoro
HaIlloHAJBHOTO yHiBepcuTeTy Mmnkona @armeBcbKuii
y KIHII CBEl Jy»Ke ILIIHOI HAyKOBOI Ta MPAKTUIHOI
JisIbHOCTI, 10 cxeMy BiH HasaB “TimepbosivHumii
Pocc”. s onrmyna cucrema JIy»ke CXOXKa Ha
JIBOJIIH30BUII KODEKTOp, sKuit OyB po3pobJieHuit

Poccom (1935) st mapaGosidHOrO  [EPBHHHOTO
szeprasa 200-moiimoBoro (5 M) Teseckora  Xeiina
obcepsaTopii MaynT ITaigomap.

Y pobori HamaHW OMUC ONTUYIHOI CXEMU HOBOTO
TeJIECKOIIa 3 MIMPOKUM TIOJIEM 30Dy, AKHil CTBOPIOETHCS
JIIsT MEpeXKi TeJIECKOIIB ACTPOHOMIYHOI 0b6cepBaTOpil
Opecbkoro HarioHaJbHOTO yHiBepcuTery. Onrumyna
CcXeMa CKJIQJAEThCS 3 I3€PKAIbHO-JTIH30BO1 KOMOIHAITT
3 JBOJIIH30BUM KopekTopoMm Pocca i rimepbosriauanm
J3epKaJjioM, Jgiamerp sikoro ckiasae 600 mm. KopekTop
MepBUIHOrO (POKYyCy Ja€ 3MOrYy OTPUMATH II0JIE 30Dy
1o gaeox rpamayciB.  CepemHbOKBAIPATUIHUN paiyc
mudpakimiifnoro Kojga poacioBaHHg ckiagae 4.5
MIKpOH, 1m0 y 2.5 pasu Oinbime, HiXk audpakiiiina
mexa (muck Epi). TIpoekTyBaHHsI Ta BUPOGHUIITBO
orrtuvaHOI cuctemu 600-MM TejiecKoma BXKe 3aBEpIIEHO,
i 3apa3 3akiHYyeThcs MOOYI0BA TPYyOM TeEJIECKOIA
Ta MOJIEPHI3aIlis ACTPOHOMIYHOTO MapaJaKTUIHOTO
[ITATUBA, KA [IOBUHEH HECTU Bary TPyOwU.

Kurro4uoBi ciioBa: AcrporoMiune mpusia o0y ryBaHHS,
MeTOJIN i TexXHiKa

1. Introduction

Just a few decades ago astronomy with small tele-
scopes seemed to be receding into the past. Such
views stretched from a growing number of optical tele-
scopes with mirrors of larger diameters, which had been
built and put in operation in those days. However,
it soon turned out that small telescopes managed to
carve a niche for themselves in areas related to as-
tronomy. It is mainly due to the fact that the oper-
ational time on large telescopes is quite costly, and it
is allocated among numerous observation programmes
with a wide range of objectives, which are usually fo-
cused on deep space exploration. Telescopes with small
mirrors, by contrast, are often employed within the
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Figure 1: Original optical layout of the 600-mm tele-
scope

scope of a particular programme, thus putting no lim-
its on the amount of operating time for an individual
observer. Besides, small telescopes are indispensable
to the implementation of near-space (near-Earth, So-
lar System) research programmes. Such instruments
are used to study meteors, asteroids, comets, plan-
ets along with their satellites, as well as man-made
objects in space.One of the good examples related to
the Odessa Observatory telescope network is OMT-800
(Andrievsky et al., 2013).

The optical layout of the telescope is designed as a
mirror-lens system with a Ross-type two-lens corrector
and a hyperbolic primary mirror (Figure 1).

The present paper discusses the first stages of the
design and construction of a telescope with a 600-mm
diameter primary mirror, unique optical design and a
wide field of view.

Figure 2: A Ross-type two-lens corrector of the tele-
scope optical system

2. Optical layout of the 600-mm telescope

A research scientist of Astronomical Observatory of
Odesa National University, Nikolay N. Fashchevsky, at
the end of his fruitful scientific career and practical
activities, performed complex computations of an orig-
inal optical design for the telescope, which he named
“Hyperbolic Ross” (Figure 2).

This optical system is very similar to the doublet lens
corrector designed by Ross (1935) for the parabolic pri-
mary mirror on the 200-inch (5-m) Hale Telescope at
the Mount Palomar observatory. However, the opti-
cal design developed by Fashchevsky has several dis-
tinguishing features. The original Ross corrector con-
sists of two lenses made of optical glass of the same
grade with zero optical power; it was designed specif-
ically for correcting coma of mirrors exclusively (that
is, as a coma-corrector). In our optical system, the cor-
rector is comprised of different types of optical glass,
namely F1 and K8, with low positive optical power of
0.8-dioptres. The primary mirror is a hyperboloid of
high asphericity, which allows us to have a sufficient
number of free parameters for practical correction of
all five third-order aberrations. The result obtained is
illustrated in the spot diagrams for images, presented
in Figure 3.

As is seen from the spot diagrams above, the prime
focus corrector is capable of imaging a field of 2 degrees,
the root-mean-square radius of the diffraction spot is
about 4.5 pm, which is 2.5 times larger than that of
the diffraction-limited spot (that is, the radius of the
Airy disc). This is quite a good result for such a field
of view.

Key characteristics of the computed optical design,
along with some additional parameters, are listed in
the table presented below in scheme (Figure 4).

Nikolay Fashchevsky made a report on the results
obtained to the Scientific Council of the Astronomi-
cal Observatory of Odesa National University, and the
Council made a decision approving optics manufactur-
ing. The manufacturing process got underway. The
primary mirror was polished and configured, getting it
preliminary ready for operation. Regretfully, Nikolay
Fashchevsky did not have time to proceed with all the
works planned. The mirror was lying idle for several
years. Under such circumstances, the Head of the Ob-
servatory, Sergey M. Andrievsky, came to a decision to
resume the optical-system manufacturing activities.

To further the work, first of all, it was needed to
design, construct and test a prototype of the opti-
cal system, in particular to manufacture a compensat-
ing spherical mirror of 400 mm in diameter and a set
of alignment mirrors. We managed to accomplish all
these works successfully. The test (reference) layout



Odessa Astronomical Publications, vol. 33 (2020)

+ @, 13ed
[ BB DE B 4,250 [EG L
+ +
H bBN K TH 4,10 W M -12.239 W

E .57 G (EJ1 -1.0008 EG
a5 b
M -18.361 W M -2 W -5 W
| IRFAE: TN
SPOT OTAGEAM
LEHS HAS WO TITLE.
TUE 3B ZZ thed LMITS ARE po.,  AIEY FAODIS § 1,671 po
FIELD ! | 1 d 4 B ]
RIE PR 2.0m 1.3 4,75 4.0 .74 5.6
GH PRI EAE]] 59 et 15TE ILEA  11.3B S0 T.OAMAP RS FL BB EMNWO M LD
LRI WIDTH: 4B FEFEFENLE i CHIEF FAT COMFICZURATION 1 DOF 1
Figure 3: Resulting spot diagrams for images

Dapert.= 600 Fequiv. = 1365.79  1/Aequiv.= 2.28 1/2 field (deg.) = 1.00
Surf Comment Radius | Thickess d Surf Glass Conic (e"2) Semi-Diametr
OBJ| Object at infinity Infinity Infinity 0

1| Primary mirror 3230.17| 1442.34 0| MIRROR 1.576 300

2 Lens 1 170.76 7.1 1442.34 F1 0 57.529

3 126.5 8.8 1449.44 0 55.21

4 Lens 2 397.6 9 1458.24 K8 0 55.213

5 -600.12| 124.488 1467.24 0 54.912

6| Protective glass Infinity 3.2| 1591.728] QUARTZ 0 26.207

7 Infinity 5.334| 1594.928 0 25.725
IMA Chip Infinity -|  1600.262 0 24.542

Thickess 5= 126.8
124.488
Glass Catalog GOST SCHOTT MISK
Wavelength (um) F1 K8 Quartz

0.48613 nF = 1.6246518934  1.5219510778 1.4631264824
0.58756 nd= 16129259062 1.5163676780 1.4584636856
0.65627 nC = 1.6080589841 1.5138911579 1.4563666190
Fpr. mirror = 1615.09  1/Apr. mirror = 2.69
Fequiv. = 1365.79 1/Aequiv. = 2.28
Field (mm)/ (1 deg.) = 49.041 DFfocal= 1600.262
mm/1'= 0.409 optical
mm/1" = 0.007 corr. power= 0.92506938
Airy disk = 0.0027

Figure 4: Optical system data
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Figure 6: General view of the optical system prototype
during test procedures.

of the primary mirror is depicted in Figure 5. It is a
well-known Maksutov (1948) optical layout upgraded
as suggested by Fashchevsky (2010). At the reference
output point of the optical layout, an image is formed
with a diffraction-spot radius of 8 pm, which is close to
the diffraction limit.

The optical system prototype was assembled and
aligned in the immediate vicinity of the polishing ma-
chine in the optical workshop of the Astronomical Ob-
servatory of Odesa National University; it enabled us
to test the surface quality not removing the mirror from
the polishing machine frame (Figure 6).

Then, the mirror had to be polished to form the de-
sired shape. In so doing, the main challenge was asso-
ciated with too high asphericity of the primary mirror,
which was almost beyond our abilities; in particular,
the eccentricity square was to be 1.58, the deviation
from the best-fitting sphere — 11.8 pm, and the lon-
gitudinal spherical aberration — 25 mm. It was not
feasible to attain the computed targets using classical
methods and techniques. This is why, in order to solve

Figure 7: Two corrector lenses.

such an issue, we selected a special polishing resin and
manufactured specific polishing pads. As a result, the
primary mirror was polished to a shape that was very
close to the computed one within the errors.

Meanwhile, the Ross-type corrector lenses were
manufactured. The first corrector concave-convex
lens, made of F1 optical glass, and the second double
convex lens, made of K8 glass, were polished and
centred to the desired radii and thicknesses. After pol-
ishing, the lenses were treated with diluted acetic acid
as an anti-reflection coating. The finished corrector
lenses are shown in Figure 7.

3. Conclusion

All activities related to the design and manufactur-
ing of the optical system of the 600-mm telescope have
been accomplished, and we are currently finishing
constructing the telescope tube and modernising the
astronomical parallactic tripod, which is to bear the
tube’s weight.
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ABSTRACT. This paper presents the results of the
analysis of possible existence of nine near-Earth
meteorite-producing groups in asteroidal orbits, consisting
of sporadic fireballs from the IAU MDC 2007 database,
sporadic meteors from the SonotaCo database, meteorites
— namely, L5, L6 and H4-H6 ordinary chondrites and an
ureilite, for which atmospheric and orbital parameters are
known from instrumental observations — and their
plausible parent bodies, that is, near-Earth asteroids
(NEAs). Orbits of the selected members of meteorite-
producing groups were classified as asteroidal according
to the Tisserand parameter T; > 3.1.

In order to test the link between meteorite-producing
groups in asteroidal orbits and their plausible parent
bodies, we carried out an investigation into the possible
existence of some known NEAs that move in similar
orbits. Based on the orbital similarity, determined using
the Drummond (Dp) and Southworth & Hawkins (Dsw)
orbital similarity criteria, some associations between the
identified NEAs, known meteorites in asteroidal orbits
and small, as well as meteorite-dropping, meteoroids have
been suggested. As a result, several meteorite-dropping
sporadic fireballs and small meteors, whose orbits are
currently similar to the orbits of known meteorites, have
been detected and reckoned as possible members of the
groups in asteroidal orbits; their plausible source regions
have also been considered.

Keywords:  meteorite-producing group — meteor -
fireball — meteorite — ordinary chondrite — asteroid —
Earth-crossing orbit.

AHOTAIIA. VY crarri mnpencraBsieHi pe3ysbTaTH
aHaJi3y ICHYBaHHS B HaBKOJO3EMHOMY IIPOCTOpI JEB'STH
METEOPUTOYTBOPIOIOUMX TPYN Ha acTepoigHHMX OpoOiTax,
IO BKJIOYAIOTh CHOpaau4Hi Oojigu 3 0a3u METeOpHHX
maanx IAU MDC 2007, cnopamuani mereopu 3 0asu
nmaanx SonotaCo i MeTeopuTH — 3BUYaiiHI XOHIPUTH THITIB
L5, L6, H4-H6 i Ureilite, 3 BimoMuMu 10 iHCTpYMEHTAB-
HUM CIOCTEPEKEHHSIM aTMOC(HEpHUMH 1 OpOiTambHUMU
JAHWMH, Ta IX MOXJIHBI OaTBKIBCHKI Tija — HABKOJIO3EMHI
actepoimu. HanexHicts opOiT BiniOpaHUX WiICHIB TpyH IO
acTepoilHOr0  THIy  BH3HAyajacs 3a  3HAYCHHSIM
napamerpa Ticcepana T;>3.1.

JluHaMigHWH 3B'SI30K YICHIB BUSIBJICHUX
METEOPHTOYTBOPIOIOYHX TPYII 3 aCTEPOiTHUMH OpOiTaMH i
ix 6aTpkiBchkux Tim NEAS mepesipsinacst 3 BAKOPUCTaHHIM
KpuTepiiB O6mm3pKocTi opbiT: Dp-kpurepito JpymmoHA i
Dsn-xputepito CaytBopTa i X0KiHCa.

B pesynpraTi KigbKa CHOpAagWYHUX METEOPHUTO-
YTBOPIOKOYUX OONIJIB 1 MaauX METEOpiB, OpOITH SKUX B
JaHWH 4Yac aHAIOTiYHI acTepoimHuM opbirax 9-tu
BiIOMHX METCOPHUTIB, OyJIM 3HAHACHI B SIKOCTI MOITUBUX
YIICHIB METCOPUTOYTBOPIOIOYUX TPy, 1 Oy PO3MIISTHYTI
iX MOXJIMBI 0AaTHKIiBCHKI TiJla — HABKOJIO3EMHI aCTEPOiIH.
Ha mincraBi opOitanpHOI TOMIOHOCTI OyiM BUSBIICHI
acorriamii MiX BiIiOpaHUMHU HaBKOJIO36MHUMHU
actepoizamMu i 9-Ma METeOpUTOYTBOPIOIOUMUMH TPyNaMHU
Ha acTepoimHux opOitaX, MO BKIOYAIOTh BiJOMI
METEOPHTH, CIIOPAINIHI 00N 1 MaJli METEOpH.

1. Introduction

The notion that meteoroid streams could originate from

asteroids was suggested by Hoffmeister [1] and
Fesenkov [2]. Halliday et al. [3], having analysed the
fireball data from the Meteorite Observation and Recovery
Project (MORP) and the Prairie Network, inferred the
asteroidal origin of some fireball streams. The authors
suggested existing of four possible meteorite-producing
groups, among which group 1 included the Innisfree
meteorite. Shestaka [4] examined a swarm of meteorite-
producing bodies, which produced the Innisfree and
Ridgedale fireballs, and found out that the investigated
swarm was also related to nine small meteoric swarms,
several asteroids and 12 fireballs. Greenberg & Chapman
[5] reckoned meteorites might be pieces of large main-belt
asteroids, derived primarily by cratering collisions rather
than disruptive fragmentation of the parental body. Jopek
& Williams [6] considered the possibility that a meteoroid
stream of asteroidal origin could have formed through the
ejection of fragments from an asteroid due to its collision
with another body (an impact as the formation
mechanism). In such a case, a portion of the fragmented
parent body in the form of small particles and bigger
fragments, such as cobbles and pebbles, survives as debris
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in its orbit. The authors have suggested that a collision
will only produce a meteoroid stream if it involves
relatively large bodies, with the asteroid-impactor being of
several tens of metres in diameter. The fragments of
asteroid Vesta expelled in the collision with the impactor
and subsequently found on Earth as meteorites — vestoids,
can serve as an example of the formation of meteorites
associated with impact events [7].

Spurny et al. [8] supposed the existence of a meteor stream,
which might be produced by tidal disruption of a
heterogeneous, rubble-pile asteroid. The evidences of high
macroporaosities in the interiors of some asteroids, for instance,
(253) Mathilde, (1620) Geographos and (216) Kleopatra, as
well as close-up images of the surface of asteroid (25143)
Itokawa [9], suggest that a considerable portion of asteroids
may have surface cracks (or fractures) and a rubble pile
structure. Such aggregates are only held together by a
relatively weak gravity and may eventually disrupt.

The fact that asteroids can indeed eject dust in such a
manner (the so-called “dusty asteroids”) was proved by
the LINEAR (the Lincoln Near-Earth Asteroid Research
project) image of comet-like asteroid P/2010 A2 with a
dust tail, formed in a collision between two asteroids that
had occurred in February or March 2009 [10]. Williams
[11] claimed that meteoroid streams, formed through the
dust ejection from an asteroidal body, would contain far
less mass and be far more diffuse than those of cometary
origin. In that case, the spatial density of a meteoroid
stream of asteroidal origin should be lower while its
meteor activity should differ from the activity of major
meteor streams of cometary origin.

As the problem of asteroid impact hazard to Earth’s
biosphere has gained increasing attention in recent years, the
international project “Asteroid & Comet Hazard” was
launched. This project involves systematic monitoring of the
sky, aimed primarily at detecting near-Earth asteroids, whose
orbits are similar to Earth-crossing orbits of meteoroid
streams, especially short-period ones, which are close to the
ecliptic and may pose an impact hazard to Earth.

2. Methods for detecting groups of meteorites and
fireballs in asteroidal orbits using meteor
databases

Annual activity of 2,373 bright shower and sporadic
fireballs, observed from across Canada and documented in
the Millman Fireball Archive, was studied in [12]. From
the resulting solar-longitude distribution of the cumulative
number of fireballs, representing an annual fireball
activity profile, the peaks in the activity of fireballs from
known meteor showers were identified. The peaks in the
activity profile of fireballs from four meteorite-producing
groups, which could be related to meteor streams of
asteroidal origin, were identified as well. In the paper
[13], the authors analysed data on the time of observation
of superfireballs and meteorite falls in Spain, based on the
reports in newspapers collected for the period covering the
last 150 years. The analysis revealed statistically
significant peaks corresponding to stronger fireball
activity for some periods of the year, which was not
associated with known meteor streams.

The study [14] yielded histograms of the annual
activity of sporadic bright fireballs, meteors and

meteorites, which were constructed on the basis of data
adopted from two meteor databases [15, 16]. Six major
(Maj) and two minor (Min) peaks in the activity of the
investigated bodies, which were not connected with the
dates of peak activity of known meteor showers, were
identified from the plotted histograms.

All data on the detected periods of the observed activity
of sporadic fireballs, meteors and meteorites laid the
groundwork for addressing the issue of clustering the data
on near-Earth sporadic meteorite-producing meteoroids.
Data on atmospheric paths, radiants and heliocentric orbits
for 24 known meteorites, instrumentally observed in
different years, have been published in scientific journals
to date. Of these 24 Earth-crossing orbits for known
meteorites, four orbits of CI and CM carbonaceous
chondrites and six orbits of L3.5 and H5 ordinary
chondrites are Jupiter-family comet-like orbits, while 14
orbits of L5, L6, H4-H6 chondrites and an ureilite are
recognised as asteroidal.

A search for fireballs and meteors with orbits similar to
Earth-crossing asteroidal orbits of 14 known meteorites
was carried out in two meteor databases. We used the
following method for detecting groups of meteorites and
fireballs in asteroidal orbits: the data on a known
meteorite — in particular, its orbital elements, radiant co-
ordinates and date of observation — were employed as a
reference for the search of members of the relevant
meteorite-producing meteoroid group. The selection of
meteorite-producing meteoroids as members of a specific
group was performed by comparing respective data of the
meteorite and potential members of the group; in so doing,
meteoroids in orbits proven to be similar by the specified
orbital similarity criteria were only selected. The search
among 14 known meteorites in Earth-crossing asteroidal
orbits yielded groups of meteorite-producing meteoroids
linked to nine of the known meteorites, namely Innisfree,
Novato, Villalbeto de la Pefia, Lost City, Krizevcei, St.
Robert, Grimsby and Almahata Sitta.

3. Groups of meteorite-producing meteoroids in
asteroidal orbits and their plausible parent
bodies

In the present study, we investigated the possibility of
the existence of near-Earth meteorite-producing groups in
asteroidal orbits, consisting of sporadic meteoroids,
meteorite-dropping fireballs and instrumentally observed
meteorites. The selection of members of the groups was
carried out as follows: sporadic meteorite-dropping
fireballs, which could survive the flight through Earth’s
atmosphere with a non-zero terminal mass, were selected
from the 1AU MDC 2007 database [15], and sporadic
meteors — from the SonotaCo database [16]. As a group-
membership criterion to be met for the selection of
meteorite-producing sporadic fireballs, meteoroids and
meteorites, we used the similarity of orbits of a group’s
members to the orbit of a known, instrumentally observed
meteorite that fell within the time span of the observed
occurrence of fireballs from the group and that was taken
as a reference for the search of potential group members.

The similarity between the orbits was established
applying two known criteria, used as a quantitative
measure of the distance between the orbits, namely the
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Southworth-Hawkins Dsy  criterion [17] and the
Drummond Dp criterion [18]. The following limit values
of the orbital similarity criteria were used for selecting
into the groups: Dp <= 0.15 and Dsy <= 0.3. Orbits of the
selected fireballs, meteors and instrumentally observed
meteorites were recognised as asteroidal according to the
Tisserand parameter TJ > 3.1.

The search, based on the orbital similarity, duration of
observations (1.5-2 months) and radiant positions (Aogr <
1%), (Adr < 30°) of meteorite-producing meteoroids and
meteors, selected from the meteor databases, resulted in
the detection of associated groups of meteorite-producing
meteoroids for 9 of 14 meteorites of asteroidal origin with
observationally — known  atmospheric and  orbital
parameters. Details about nine detected meteorite-
producing groups are listed in the Table below, providing
the following data for each of the groups: a meteorite’s
name; year, month and date of observations; radiant co-
ordinates — the right ascension (or) and declination (JR);
the entry (pre-atmospheric) velocity (V.); orbital
elements, including the perihelion (q), semi-major axis
(), orbital eccentricity (e¢) and inclination (i), the
argument of perihelion (®), the longitude of the ascending
node Q; the orbital similarity criteria Dp and Dsn, and also
parameters of the respective mean orbit, for which the
number of meteorite-producing meteoroids that are
members of the group is included in round brackets.

Orbits of nine meteorite-producing groups are illustrated
in Figures 1; in particular, each figure depicts a meteorite’s
instrumentally determined orbit, the mean orbit of the
respective group and also orbits of the group members, that
is, meteorite-dropping fireballs in asteroidal orbits.

4, Conclusions

In the present study, the search among objects, selected
from the IAU MDC 2007 and the SonataCo Network
databases by the orbital similarity criteria, duration of the
observed activity and radiant co-ordinates, has yielded
nine meteorite-producing groups of sporadic fireballs and
meteors in asteroidal orbits, which include nine known,
instrumentally observed meteorites — namely, L5, L6, H4-
H6 ordinary chondrites and an ureilite. The analysis of the
search in the meteor databases for plausible meteorite-
producing groups for four meteorites, namely the
Peekskill, Moravka, Bunburra Rockhole and Buzzard
Coulee meteorites, with instrumentally determined
atmospheric paths and orbital parameters has not shown
any results with regard to meteorite-producing groups
found for these meteorites in the available meteor and
fireball databases.

Table 1: The detected groups of meteorites and meteorite-dropping fireballs with similar orbits (at epoch 2000.0).
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Name ‘ Year ‘ M ‘ D ‘ QR ‘ Or ‘ Veo ‘ q ‘ a ‘ e ‘ i ‘ w ‘ Q ’ Do ’ DsH
The Innisfree (L5) meteorite group

Mean (14) - 02 09 41.0 | 54.0 | 13.7 | 0.990 | 1.868 | 0.470 | 8.0 185.0 | 319.0 | 0.00 | 0.00

Innisfree 1977 02 06 6.7 | 66.2 | 145 | 0.990 | 1.868 | 0.470 | 12.0 | 178.0 | 317.0 | 0.03 | 0.10
The Jesenice (L6) meteorite group

Mean (11) - 04 01 1395 | 51.8 | 13.9 | 0977 | 1.838 | 0.456 | 84 | 192.7 | 21.8 | 0.00 | 0.00

Jesenice 2009 04 09 1599 | 58.7 | 13.8 | 0.996 | 1.750 | 0.431 | 9.6 190.5 19.2 | 0.03 | 0.05

The Novato meteorite group
Mean (12) - 10 01 289.8 | -26.1 | 13.8 | 0.982 | 2.132 | 0.534 | 2.7 | 3146 | 21.4 | 0.00 | 0.00
Novato 2012 10 18 268.1 | -489 | 13.7 | 0.988 | 2.090 | 0.526 | 5.5 | 3474 | 249 | 0.11 | 0.33
The Villalbeto de la Pefia (L6) meteorite group

Mean (7) - 12 27 321.1 4.2 159 | 0.921 | 2.379 | 0.607 | 5.3 142.3 | 278.1 | 0.00 | 0.00

Villalbeto 2004 01 04 3114 | -18.0 | 16.9 | 0.860 | 2.300 | 0.630 | 0.0 132.3 283.7| 0.05 | 0.12
The Lost City (H5) meteorite group

Mean (10) - 01 01 2499 | 26.0 | 14.1 | 0.956 | 1.802 | 0464 | 7.1 165.2 | 285.8 | 0.00 | 0.00

Lost City 1970 01 04 3150 | 39.1 | 14.2 | 0.967 | 1.660 | 0.417 | 12.0 | 161.0 | 283.8 | 0.06 | 0.11
The KriZevci (H6) meteorite group

Mean (19) - 02 21 137.0 | 17.8 | 189 | 0.783 | 2.075 | 0.614 | 3.4 | 242.2 | 328.6 | 0.00 | 0.00

Krizevci 2011 02 04 131.2 | 19.5 | 18.2 | 0.740 | 1.544 | 0.521 | 0.6 | 2544 | 315.6 | 0.09 | 0.11

The St. Robert meteorite group
Mean (16) - 06 02 187.9 | 12.0 | 13.3 | 0.994 | 2.085 | 0.517 | 4.2 1915 | 71.6 | 0.00 | 0.00
St. Robert 1994 06 15 176.0 6.0 13.0 | 1.016 | 1.900 | 0.480 | 0.7 179.0 83.7 | 0.04 | 0.08
The Grimsby (H4-6) meteorite group
Mean (8) - 09 17 2519 | 49.8 | 19.4 | 0.997 | 2.290 | 0.554 | 24.4 | 171.5 | 175.7 | 0.00 | 0.00
Grimsby 2009 09 26 2426 | 55.0 | 20.9 | 0.982 | 2.040 | 0.518 | 28.1 | 159.9 | 182.9 | 0.05 | 0.10
The Almahata Sitta (Ureilite) meteorite group
Mean (7) - 09 23 3395 | 139 | 144 | 0.888 | 1.413 | 0.312 | 6.1 | 235.4 | 187.4 | 0.00 | 0.00
AhS 2008 10 07 348.1 7.6 12.4 |1 0.900 | 1.308 | 0.312 | 2.5 234.4 | 194.1 | 0.02 | 0.07
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Almahata S
Mean

Figures 1: Nine groups of meteorites and meteorite-dropping fireballs in asteroidal Earth-crossing orbits.

According to one of possible scenarios, the similarity
of orbits of the group members, that is, members of a
genetically associated group, could have formed through
the disruptive fragmentation of the parent body (NEA)
and thus become a group of genetically related members.
Porub¢an et al. [19] pointed out that they only included as
real genetically related pairs of meteoroids and plausible
parent NEAs those for which the orbital evolution was
proven to be similar over 5,000 years. In an alternative
scenario, such a relationship between meteoroids within a
certain group could have formed randomly. Both
scenarios do not rule out possible existence of meteorite-
producing meteoroids related to the investigated groups.

The feasibility of identifying a plausible parent body
related to a specific group and determining the age of the
group of genetically associated meteoroids is crucial for
establishing relationships between groups of meteorite-
producing meteoroids and their parents, that is, comets or
asteroids, and also for studying mechanisms of formation
of the investigated meteorite groups.

Within the framework of the project addressing the
problem of asteroid impact hazard to the environment and
Earth’s biosphere in particular, it is essential to
systematically monitor the sky at the radiant points
specified for meteorite-producing groups during periods
of their activity. Ultimately, it is extremely important to
detect potentially  hazardous  meteorite-producing
meteoroids in near-Earth space well before they enter
Earth’s atmosphere.
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ABSTRACT. Observations of the comet were
carried out using the OMT-800 telescope (the primary
mirror diameter D = 80 cm; the focal length F =
214 cm) of the Odessa Observatory telescope network
from January to June 2020. Image processing was per-
formed through standard methods using subtraction of
dark and flat field frames. The resulting frames were
employed to analyse the morphology of the cometary
inner coma using digital filters. Isophotes of the coma
and images of its structures appearing as fans and jets
were obtained. The presence of a strong fan, which
distorts the coma’s standard appearance and makes
it elongated perpendicularly to the Sun-comet line, is
observed over the period from January to April. Later
on, a weak jet that hardly affects the coma’s standard
shape appears to replace the fan. The jet reaches its
peak intensity near perihelion and then gets fainter
rapidly. Such behaviour of the coma structures is
indicative of the presence of two active areas on the
cometary nucleus surface, for which the matter outflow
is governed by the Sun illumination conditions. One
of these areas, being more active, is responsible for the
appearance of a strong fan. The other area, which is
far less active, generates a jet that manifests itself near
perihelion. The peak dust production of the comet
120-150 days before perihelion is due to the presence
of an active fan in the inner coma.

Keywords: Comets: individual: C/2017 T2.

AHOTAIIIA. OcobimBocTi CTPYKTYP BHYTPIITHBOT
komu komerun (C/2017 T2 (PANSTARRS) 3a
cnocrepexkenasamu  Ha Tejeckormri OMT-800 wmepexi
TEJIECKOIIIB  0/1echbKoi obcepBaTopii.  CrocrepekeHHst
KoMeTH upoBoiuiuck Ha  rejeckomi  OMT-800
(D=80 cM, F=214 cmM) Mepexi TesecKoliB 0/eCbKOI

obcepBaTopii mporsirom ciueHb—depBerb 2020 p.
O6pobka 300pakeHb MPOBOMWIACA CTAHIAPTHUAM
crocobOM 3  BpaxyBaHHIM TEMHOBHX KaJpiB Ta

KaJIpiB miockoro mojist.  OTpumaHi TaKUM YUHOM
KaJIp¥ BUKOPUCTOBYBAJIUCS [JIsI aHAJI3y MOpPQOJoril
BHYTDIIIHBOI ~KOMH KOMETH 3  BHKOPHUCTAHHAM
nudpoBux  GiIbTPIB. Bynun orpumani isodoru
KOMU Ta 300pakKeHHsI CTPYKTYp y BHUIVIsL ¢eHiB
i mxeriB. DBymo BimMideHO iCHYBaHHS ITOTYKHOTO
deHy B mepiof CideHb — KBIT€HDb, SIKUl CIOTBOPIOE
CTAHJAPTHUI BUTVIS KOMH 1 POOUTH i1 BUTATHYTOIO
nepreHuKy/asspHo HanpsiMky Conre komera. IlisHimme
Ha 3MiHy deHy 3’sBIA€TbCS CIabuil JKeT, sSKUii
Maii>)ke He BILJIMBA€ HA CTAHIAPTHUNW BUTJIS KOMU.
Bin mocsirae MakcmMasbHO! IHTEHCHBHOCTI OJIM3BKO
mepuresifo, a TMOTIiM IBUAKO ciabimrae. Taxka
MIOBEJIIHKA CTPYKTYP CBIIYATH PO HASBHICTH JIBOX
AKTUBHUX JILJISTHOK Ha MOBEPXHI siipa KOMETHU, PEXKUM
BUTOKY PEYOBHHM SIKUX PErYJIIOETHCS  YMOBAMU
ocsiTerocti Conmem. OmHa OLILIT AKTUBHA TiISTHKA
BiITOBITa€ 3a MOABY MOTYKHOTO deny. pyra snadgHo
MEHII AaKTUBHA IOPOJIZKYE JPKET, KU IPOSIBIIAETH 0115t
nepurestiro. HasgBHICTIO aKTUBHOTO (heHY MTOSICHIOETHCST
MaKCHMYM IIHJIOIPOyKTUBHOCTI KoMmeTn 3a 120-150
JIHIB JI0 TIEPUTEJTIIO.

Kurouosi ciioBa: Komeru: inpusinyasnsui: C/2017 T2.

1. Introduction

Comet C/2017 T2 (PANSTARRS) was discovered
on 2 October 2017 at a distance of 9.2 au from the
Sun using a 1.8-metre (60-inch) diameter telescope
in  Hawaii (http://www.ifa.hawaii.edu/info/press-
releases/PS1/).  C/2017 T2 (PANSTARRS) is a
long-period near-parabolic comet. It passed through
perihelion at a heliocentric distance of 1.615 au on 4
May 2020. Most of the comet’s observations have been
conducted earlier in 2020 when the comet reached
its peak brightness; hence, there have been almost
no results of studies of this comet published so far.
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Figure 1: Digitally processed images of comet C/2017 T2 (PANSTARRS) obtained with the OMT-800 telescope.
Figures 1a, 1c, le, 1g, 1i and 1k illustrate isophote lines superimposed on the processed images. Figures 1b, 1d,
1f, 1h, 1j and 11 depict the images digitally enhanced using the rotational gradient filter (negative). Figures la
and 1b present images obtained on 24 January 2020; 1c and 1d — 25 January 2020; le and 1f — 23 April 2020;
1g and 1h — 10 May 2020; 1i and 1j — 13 May 2020; 1k and 11 — 08 June 2020. Arrows indicate the direction to

the Sun (8), North (N) or East (E).

C/2017 T2 is an inactive comet. Even though the
comet is dynamically new and it passed fairly close
to the Sun, it remains relatively faint. It apparently
suggests a small size of the comet nucleus of 10-15 km.
According to the CARA (Cometary Archive for Afrho;
http://cara.uai.it) data, comet C/2017 T2 exhibits
unusual behaviour with respect to dust activity. The
comet’s dust production (Afp) reached its maximum
150-120 days before perihelion (in December 2019 —
January 2020). Moreover, there was a secondary peak
50 days before perihelion (in March 2020). After the
perihelion passage, a noticeable and regular decrease
in dust production has been observed. The present
paper explains such behaviour of the comet through
analysis of morphological changes in the inner coma.

2. Observations and analysis

Observations of the comet were carried out using the
OMT-800 telescope (the primary mirror diameter D =
80 cm; the focal length F = 214 cm) at Mayaki ob-
serving station of Astronomical Observatory of Odesa
National University (Andrievsky et al., 2013). The ob-
servational data are listed in Table 1, which presents
the date of observation, the heliocentric distance — r,
the geocentric distance — §, the phase angle — «, re-
spective magnitudes of the comet, as well as exposures
used to capture the comet in the frame and number of
frames with a given exposure.

Preliminary processing of the obtained frames was
performed using standard methods. A master dark
frame was created from a set of 9-15 dark frames with
an exposure equal to that for light frames using median
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Table 1: Log of the observations of comet C/2017 T2 (PANSTARRS)

# Date r (au) | ¢ (au) | a (deg) | mag* | Teup (sec) N
1 | 24 Jan 2020 | 2.096 | 1.593 26.7 9.6 16,60 12,45
2 | 25 Jan 2020 | 2.087 | 1.599 27.0 9.4 60 48
3 | 23 Apr 2020 | 1.622 1.723 34.8 9.0 16 40
4 | 10 May 2020 | 1.617 | 1.680 35.6 8.6 16 103
5 | 13 May 2020 | 1.619 1.674 35.7 8.4 16 253
6 | 08 Jun 2020 1.682 1.681 35.2 9.0 16 32

*Adopted from https://cobs.si

Table 2: Structures in the inner coma of comet C/2017 T2 (PANSTARRS)

+# Date Structure 1 Structure 2
¢ (deg) | w(deg) | p (104 km) | ¢ (deg) | w (deg) | p (104 km)

1 | 24 Jan 2020 170 7 3.9 - - -

2 | 25 Jan 2020 169 72 3.2 - - -

3 23 Apr 2020 2 45 2.3 176 32 0.7

4 | 10 May 2020 53 33 5.8 209 27 1.3

5 | 13 May 2020 65 30 6.0 214 33 1.5

6 | 08 Jun 2020 100 34 5.2 237 41 1.3

filtering technique. A master flat frame was created in
a similar way. The master dark was subtracted from
each light frame with subsequent division of the result-
ing frame by the master flat. All images were digitally
processed to amplify and extract specific structural fea-
tures of the inner coma. The coma isophotes were plot-
ted for different observation dates. The isophotes were
drawn so that their intensity was decreasing by a factor
of v/2 when shifting towards the coma edges. Images
of the comet were also digitally enhanced employing
the rotational gradient filter (Larson & Sekanina 1984).
The results are shown in Figure 1.

The isophotes indicate a significant asymmetry of
the inner coma. In January, the coma is elongated
southwards and almost perpendicular to the Sun’s di-
rection. In April, the coma is elongated southward,
which is also greatly different from usual anti-solar di-
rection. At later observation dates, the coma is elon-
gated in anti-solar direction due to the contribution of
the cometary tail to the total brightness of the coma.
Fans and jets can be seen in the images processed using
the rotational gradient filter. Such structures were also
highlighted in the study by Manzini et al. (2020). A
wide and contrast fan-shaped structure can be seen in
the images taken in January. Two oppositely directed
jets with substantially different intensities and exten-
sions can be observed in the images obtained in April.
Observations in May and June 2020 show two struc-
tures: a flat (low contrast) structure (b) is a low inten-
sity jet; a more prominent structure (a) in anti-solar
direction is the cometary tail that has not manifested
itself in earlier observations. Parameters of the jets are
given in Table 2, which presents the observation date,
the position angle — ¢, the cone angle (width) — w and
the extension of the jet — p.

3. Interpretation and discussion of the results

The appearance of comet C/2017 T2 depends signifi-
cantly on the presence and activity of jet structures. A
strong fan-shaped structure can be observed in images
taken in January (Figure 1b and 1d); this fan forms
the comet into a peculiar shape, which is elongated
almost perpendicularly to the Sun’s direction (Figure
la and 1c). When approaching the perihelion, the fan
gets fainter, and the second very weak jet appears
(Figure 1f), which results in decreasing compression
ratio of the coma (Figure le). Observations in May
and June show a weak jet (jet 2 in Figure 1h, 1j and 11)
that has reached its peak activity shortly after passing
the perihelion and then became weaker. Structural
feature 1 in the same images practically coincides
with the anti-solar direction and has a noticeable
extension, which suggests that in this case we observe
the cometary tail. Such behaviour of structures in
the inner coma, as well as changes in its shape and
dust production rate around perihelion, is very similar
to the behaviour of well-studied comet 2P/Encke
(Sekanina, 1979; Rosenbush et al., 2020). There are
two active areas in the nucleus of comet 2P/Encke
that have been existing for a sufficiently long period of
time. Due to the location of these active sites in the
nucleus of comet 2P/Encke, as well as orientation of
the rotation axis of the cometary nucleus, it turns out
that one active area is illuminated for the greater part
of the comet’s rotation period, except for a very short
period of time near perihelion. However, depending on
the mutual position of the comet and Earth, this active
area can produce either a wide fan-shaped structure or
narrower jets. When such a wide fan is observed in the
cometary coma, the coma is elongated in the direction
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not coinciding with the anti-solar direction. During
this time, the yield by this active area contributes
markedly to the emission of matter by the remaining
part of the nucleus. The presence of such an active
area in the nucleus of comet 2P/Encke also results in
a shift in the peak brightness with respect to the time
of perihelion passage. The second active area in comet
2P /Encke is far less productive, being illuminated
by the Sun just for a short period of time when the
comet is near perihelion. Similar behaviour of these
two comets allows us to suggest a similar explanation
of such behaviour, in particular, by the presence of
two active areas with different production rates in the
cometary nucleus. Engaging additional observations
of comet C/2017 T2 will enable us to determine the
orientation of its rotation axis and location of active
areas on the nucleus of this comet.

4. Conclusions

Peculiarities of changes in the shape of coma and
behaviour of its specific structural features are indica-
tive of the presence of two active areas in the nucleus
of comet C/2017 T2. The presence of an active high-
productive area in the nucleus of comet C/2017 T2
enables us to explain specific features of dust activity of
the comet, in particular, reaching the maximum dust
production 120-150 days before the perihelion passage.
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CENTENARY OF THE BIRTH OF THE FAMOUS
UKRAINIAN RESEARCHER OF RADIOMETEORS
PROF. B.L.LKASHCHEYEV (1920-2004), HIS HERITAGE
AND TRAJECTORY MEASUREMENTS TODAY

S.V. Kolomiyets, K.A. Kolomiiets, I.Yu. Kyrychenko,Yu.D. Pryimachov

Kharkiv Nationnal University of Radio Electronics
14 Nauky ave., Kharkiv, Ukraine, svitlana.kolomiyets@nure.ua

ABSTRACT. The development of meteor radar
research was stimulated during World War II by air
defense requests to rule out false alarms of radars on
meteoroid intrusions. After the war, many air defense
radars were involved in scientific observations of me-
teors. An additional stimulus for interest in the study
of radiometeors was the phenomenon of the Draconid
meteor shower in 1946, which was recorded by the
radio method as extraordinary. We can talk about the
scientific and technological revolution of this period,
associated with the use and boom in the development
of radio technology and missile technology. The ballis-
tics of the movement of airborne objects in the Earth’s
atmosphere (and outside the atmosphere since 1957)
of artificial and natural origin is becoming increasingly
complex. Radio technology could not have developed
without knowledge of the ionosphere and the effects
of the Sun on radio communications, along with the
effects of the Sun on the ionosphere. In the ionosphere,
a layer at altitudes of 70-130 km is called the meteor
zone, i.e. the zone where cosmic bodies, burning in the
Earth’s atmosphere, cause the appearance of ionized
meteor tracks, which interact with radar radiation
and reflect it. This allows the radar receiver to record
the reflected signal. In the presence of three receivers
spaced 3-5 km apart (and located approximately
at the vertices of a right triangle), it is possible to
determine the guiding cosines of the trajectory of the
meteoroid in the Earth’s atmosphere. Continuing
the trajectory of the meteoroid to the intersection
with the celestial sphere at infinity, we obtain a point
called the meteor radiant. In basic optical meteor
observations, the trajectory is determined differently
than in the radio method. The article highlights the
significance of the event of the centenary of the birth
of the famous Ukrainian researcher of radiometeors
Prof. Kashcheyev B.1.(1920-2004) and its legacy, as well
as the problems and solutions of trajectory measure-
ments today.

Keywords: meteors, ionosphere, trajectory measure-
ments, meteor radar, Kashcheyev heritage.

AHOTAIIIA. Po3BUTOK MeTEOpHUX PaIioJIOKaIliii-
HUAX JIOC/II2KE€Hb OyJI0 CTUMYJIBOBAHO IIiJ 9acC JAPYyTrol
CBITOBOI BifiHM 3amuUTaMU MPOTUIIOBITPSIHOI OOOPOHMI
HA BUKJIIOYEHHs XHOHUX CIPallbOByBaHb paJapis
Ha METEOpOiiTHI BTOPTHEHHSI. Ilicna 3akinveHHs
BiifHu OaraTo pajapiB IPOTUIOBITPSHOI 0OOPOHU Oy/IU
3a/IydeHi 10 HAYKOBUX CIIOCTEPEXKEHb 33 METEOPAMH.
JomaTKoOBUM CTHMYJIOM iHTEpecy [0 JOCJIiI2KEHHS
pPaJlioMeTeopiB  CTAJ0  SABHUINE METEOPHOTO  JIONIA
Hpakonig B 1946 pori, ske came 0Oyso 3adikcoBane
PaJlioMeTOJIOM fK HaJI3BUYAMHE. Moxkna KazaTu
PO HAYKOBO-TEXHIUHY PEBOJIOIII0 ITHOTO IEPIONY,
OB’ sI3aHY 3 3aCTOCYBaHHAM Ta OYMOM PO3BUTKY PaJIio
TEXHOJIOTIi Ta pPAKETHUX TEXHOJIOTIH. Banictuka
pyXy moBiTpstHux 06’ekTiB B armocdepi 3emui (i 3a
Mexkamu armocdepn 3 1957) mTyIHOro Ta IPUPOIHOTO
MMOXO/I?KEHHSI CTa€ OB’ I3aHOIO 31 BCe OLIIBIN CKJIaTHUMN
3amadaMu. PatioTexHosorii He MOIVIM PO3BUBATHCS
6e3 3HaHb 11po ioHOCheEPY 1 po BrtuB COHIS HA PaJIio
3B'SI30K Pa30M 3 HAC/IIJKAMU COHAYHOI'O BILUIUBY Ha
ionocepy. B ioHOCOhEpP] BUIISETHCS IIPOIIAPOK HA
Bucotax 70-130 KM i HA3BOIO METEOPHA 30HA, TOOTO
30HA, JIe KOCMivHi Tista, 3ropsmoun B 3eMHiit aTrMocdepi
BUKJINKAIOTh MOABY 10HI30BAHUX METEOPHUX CJIIJIB, sIKi
B32a€MOJIOTH 3 IIAJ[AI0YNM Ha HUX BUIIPOMIHIOBAHHAM
paJiosiokaTopiB Ta Bimgzepkasoiorh ioro. Ile mae
3MoOry 3adikcyBaTH BiAOWTHII CUTHAJ [OpUiiMadeM
pamionokaTopa. Ilpm HagBHOCTI TpHOX HpUUMAMIB,
pO3HEeCceHuX y npocTopi Ha 3-5 KM (Ta PO3TAIIOBAHUX
IpuUGJIM3HO Yy BEPIIMHAX [PAMOKYTHONO TPHUKYTHUKA)
MOYKHA BU3HAUYHUTU HAIIPABJIAIOYl KOCHUHYCH TPAEKTOPIT
pyxy Mereopoina B armocdepi 3emui. IIpomoxkyroun
TPAEKTOPII0 pyXy MeTeopoijja JI0 TEepeTHHYy 3
HebecHOo cepoio Ha HECKIHYEHHOCTI MM OTPUMYEMO

TOUYKY, K& 3BETbCS MeTeOpHUM pajiantoMm. I[lpu
0a3MCHUX ONTUYHUX METEOPHUX CIIOCTEPEIKEHHAX
BU3HAYEHHSI TPAEKTOPIl IIPOBOJIUTHCH IHAKINE, YUM

npu pagiomeromi. CTaTTs BUCBITIIOE 3HAYEHHS ITOJIT
CcTOpivYYs BiJI JIHS HAPOJKEHHS BiJJOMOTO YKPATHCHKOTO
nocaiauKa  pajgiomereopis mpod.  Kameepa B.JI.
(1920-2004) Ta HOro CHA/IMHK, & TAKOXK MpobseMu i
PillleHHST TPAEKTOPHUX BUMipPIOBaHb CHOT'OJIHI.
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Kurouosi cioBa: mereopu, ioHOChEepa, TpaeKTOPHI
BUMIipIOBaHHSI, MeTeOpHUil pajap, cuaamuHa Kareesa.

1. Introduction. Researcher B.L. Kashcheyev

Science of the XXI century, in particular, related to
the study of meteors, has its own special history with
a powerful layer of the Ukrainian scientific and tech-
nical heritage of the XX century in this area. An
important milestone in this history is 1957 and the
associated program of the International Geophysical
Year (IGY-1957) and the fifth section of this program
"Tonosphere. Meteors” (Hocking & Kolomiyets, 2020;
Kolomiyets et al., 2016; Tsesevich, 1957). In this sec-
tion, the best world-level results in meteor radar stud-
ies were obtained by the Kharkiv scientific group of me-
teor researchers headed by B.L. Kashcheyev and with
his direct participation (Lebedev & Sollogub, 1960).
The significant contribution of B.L. Kashcheyev to the
IGY-1957 program was awarded a certificate and badge
"Gold IGY-1957" in connection with the fiftieth an-
niversary of the IGY 1957 program in 2007 (Kolomiyets
et al., 2016). Kashcheyev B.L. (1920-2004) — a famous
Ukrainian scientist, Honored Scientist of Ukraine, Pro-
fessor, Doctor of Technical Sciences, Honorary Profes-
sor of the Kharkiv National University of Radio Elec-
tronics. He organized and directed the Kharkiv radar
meteor research, starting with the registration of ra-
diometeors for the first time in Ukraine in Kharkiv in
1954 for almost fifty years (Kolomiyets, 2012).

Meteor Scientific Group led by B.L. Kashcheyev be-
gan to conduct meteor research at the Kharkiv Poly-
technic Institute (KhPI), and in July 1971 one was
transferred to the Kharkiv National University of Ra-
dio Electronics (NURE) as part of the Department
Fundamentals of Radio Engineering together with the
Balakliia observatory base.

In 2021 it will be 50 years since the beginning of the
deployment of research under the leadership of B.L.
Kashcheyev within the walls of the NURE on scientific
research meteor topics, including in the field of me-
teor radio astronomy (Kolomiyets, 2012). In 2007, the
meteor radio astronomy direction was formalized in a
separate research laboratory of radio astronomy named
after B.L. Kashcheyev inside the scientific research de-
partment of NURE. In the name of B.L. Kashcheyev
also named asteroid 6811 in 2000 (Kolomiyets et al.,
2016). The merits of B.L. Kashcheyev as the orga-
nizer of science and a high rating of world-class scien-
tific achievements of the team of scientists of NURE
under his leadership, not only in the field of me-
teor radio astronomy, but also in the field of meteor
geophysics, as well as in the applied aspects of me-
teor research. The encyclopedia "Names of Ukraine
in Space" (Kolomiyets, 2003) confirmed the fact that

the names of three minor planets are associated with
the University of NURE. In addition to the asteroid
"Kashcheev" there are also the asteroids "KhTURE"
and "Voloshchuk". This underlines the significant
world-class contribution to science made by the re-
search meteor department of the University under the
leadership of B.L. Kashcheyev, as well as the role
of the University in creating opportunities for B.L.
Kashcheyev and his scientific group. Significant mono-
graphs co-authored by B.L.Kashcheyev, contain theo-
retical and experimental developments, here we note
the following: "Meteor phenomena in the atmosphere
of the Earth", 1967 (Kashcheyev et al., 1967), "Me-
teors and meteor substance", 1989 (Voloshchuk et al.,
1989). B.L. Kashcheyev, together with the scientific
team headed by him, along with achievements in the-
oretical research, had world recognition in conducting
meteor experiments (Kolomiyets, 2012; Kashcheyev &
Tkachuk, 1980; Novoselova & Tkachuk, 1971). Me-
teor radar systems of several generations created under
his leadership, including MARS (Meteor Automated
Radar System) of the period 1968-1978, have always
been at the level of world standards or exceeded world
standards. In 2004, the one of the modification of
the NURE MARS, updated under the leadership of
B.L. Kashcheyev at the end of the twentieth century
was included in the list of objects of national heritage
of Ukraine under the name "Multipurpose geophysical
complex for studying the atmosphere and the influx of
meteor matter", Balakliia district(List of objects that
make up the national heritage — NAS of Ukraine 2013).

In 1968-1970 B.L. Kashcheyev with the scientific
team from Kharkiv together with P.B. Babadjanov and
the scientific team from Dushanbe carried out meteor
scientific experiments in Somalia, Mogadishu. This
event was named the Soviet Equatorial Meteor Expe-
dition. Meteor observations at the equator were made
for the first time in the world (Catalog, 1975). The
name of B.L.Kashcheyev is inseparable from the most
significant geophysical projects of the second half of
the 20th century. The IGY-1957 project mentioned
above was, among other things, the first global project
of joint experiments in the field of geophysics and
astronomy (Tsesevich, 1957) on the widest range of
topics with measurement research inclusive. These
joint astronomical and geophysical studies were contin-
ued in the project under the previous program called
"International Geophysical Cooperation 1959" (Lebe-
dev & Sollogub, 1960; Kashcheyev & Tsesevich, 1965;
Ovezgeldyev et al., 1986).

The level of meteor research in Kharkiv was very
high, which made it possible to consider and solve the
issues of the methodology of radiometeor observations
(Kashcheyev & Nechitaylenko, 1983), create models,
including engineering ones (Andreev et al., 1987), and
make progress in applied aspects (Kashcheyev et al.,
1996).
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2. Trajectories. Meteors. Ballistics

According to (Astapovich, 1958) et al. the visible
meteor trajectory on a sphere is the segment of its
path between the points of appearance and disappear-
ance of the meteor, usually expressed in degree. The
true trajectory of a meteoroid is called a segment of
the path in space, between the corresponding points in
the Earth’s atmosphere. The trajectory of a meteoroid
relative to an observer on the Earth’s surface is called
atmospheric or topocentric, relative to the center of the
Earth — geocentric, with respect to the Sun — a helio-
centric trajectory (orbit). Determination of the orbit
(trajectory) of meteoroids, which they describe around
the Sun as small bodies of the Solar system, is based on
observations of a small part of their path (trajectory)
that they cover in the Earth’s atmosphere. A meteor
phenomenon accompanying the movement of a mete-
oroid in a certain part of its path in the Earth’s atmo-
sphere (meteor zone) is observed by us for a very short
time. If it is possible to obtain from observations the
velocity of the meteoroid in magnitude and direction,
the problem of finding its orbit will be solved, since
the coordinates of the meteoroid relative to the Sun
are known: they are determined by the position of the
Earth at the time of observation. Trajectory elements
for each type of trajectory have a special terminology.

In general, the problem of the motion of a mete-
oroid in the Earth’s atmosphere in the range of Earth’s
speeds and in narrower applications is considered a
problem of external ballistics. One of the special tasks
of ballistics — the movement of a rocket, the mass of
which decreases — is mathematically identical to the
problem of the movement of a meteor body, and even
then with reservations (for certain altitude intervals
above sea level, for a meteoroid that retains part of its
mass, etc.). For practical convenience, the motion of
a meteoroid is distinguished in several sections of its
trajectory in the Earth’s atmosphere: higher, upper,
middle, low and lower. The physical theory of mete-
ors describes the physical processes accompanying the
entry of a meteor body into the Earth’s atmosphere:
glow and ionization of the atmosphere, reflection of ra-
dio waves from a meteor trail (Levin, 1956; Kashcheyev
et al., 1967; Voloshchuk et al., 1989).

The first "artificial meteors" were projectiles and
bullets (for example, experiments with high-speed bul-
lets were carried out in the Astroballistics Laboratory
of the US Navy (Astapovich 1958), appeared others
technologies for laboratory studies of high-speed move-
ment of objects (i.e., with speeds of 3-90 km/s). The
velocity of the meteoroid in the Earth’s atmosphere
is 11-72 km/s, (39,000 — 259,000 km/h). The maxi-
mum speed of the projectiles can reach 0.3 km/s (1000
km/h). The speed of sound in air is 340 m/s (0.34

km/s or 1.224 km/h). The North American X-15 was
a hypersonic rocket-powered aircraft operated by the
United States Air Force and the National Aeronautics
and Space Administration as part of the X-plane series
of experimental aircraft. As of September 2015, the X-
15 holds the official world record for the highest speed
ever recorded by a manned, powered aircraft. It could
reach a top speed of 2 km/s (7.274 km per hour).

Important information about the laws of motion of
meteoroids can be gleaned from meteoritics, the sci-
ence of meteorites and cosmic dust falling onto the
Earth’s surface. This branch of astronomy studies the
movement of meteor bodies and their interaction with
the atmosphere when cosmic matter falls to the Earth.
Scientific research in meteoritics includes the collec-
tion, identification, and classification of meteorites and
the analysis of samples taken from them in a labora-
tory. One of the main tasks of meteoritics is to find a
dropped object. Annually, about 100 thousand tons of
meteor bodies invade the Earth’s atmosphere, among
them about 800 (Kruchinenko, 2012) fall in the form
of meteorites.

Numerical methods, analytical solutions using a
modern computer base, modeling in the study of the
movement and destruction of meteoroids and fireballs
in the Earth’s atmosphere in the form of information
technologies have long been an integral part of meteor
science (Moreno-Ibdne, 2020; Dmitriev, 2015; Bouquet
et al., 2014; Clark & Wiegert, 2011; Ceplecha, 1987).
One of the new methods is determining the fate of the
fireball using the o — g criterion (Sansom et al., 2019).

Fireball networks, which are particularly effective at
detecting meteorites, have become another technology
to improve the methods and means of observing me-
teors. Now successful meteor networks of amateurs
and professionals are deployed in the USA and Canada
(CAMS, CMN etc. (Gural, 2012)), Japan (SonotaCo),
Europe (Fripon).

Among the observational methods of meteor astron-
omy (visual, optical/photographic, television, etc./,
radar, "in suty" and others) from the point of view
of trajectory measurements, we distinguish two types:
1) optical methods, connecting to them visual, 2)radar
methods. One of the main tasks of observational me-
teor astronomy is to determine the orbit of a meteor
body through the parameters of the trajectory in the
Earth’s atmosphere. An important parameter of the
movement of a meteoroid is the meteor radiant (a point
on the celestial sphere). In optical methods, the tra-
jectory of a meteoroid in the Earth’s atmosphere is
recorded as a projection onto the celestial sphere in
the form of an arc of the celestial sphere (Astapovich,
1958). Special techniques have been developed for de-
termining the parameters of the meteor trajectory by
optical methods (Astapovich, 1958), where the deter-
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mination of the coordinates of the meteor radiant pre-
cedes the determination of other parameters of move-
ment. In the radar method, the direction cosines of the
trajectory in the Earth’s atmosphere are determined
first, and secondly, the coordinates of the meteor ra-
diant (Kashcheyev et al., 1967). The fundamental dif-
ference between radar observations and optical ones is
that during optical observations the energy emitted by
the meteor is recorded, and during radar observations
the electromagnetic energy of the transmitter of the
radar station reflected or scattered by the electrons of
the meteor trail is recorded. The parameters of the
Kharkiv meteor radar "MARS II" in the period 1972-
1978 are as follows (Table 1):

Table 1: Ratings MARS 11

Operating frequency/ 31.1MHz
wavelength 9.6m

Pulse Transmitter Power up to 1 MW
Pulse Repetition Rate 500 Hz
Pulse duration 30 kgB-m/s
Antenna type (main antennas) Corner
Antenna gain coefficient, ~250/16

(main/remote)

Direction,altitude,latitude,longitude | east,45°,5°,30°

Minimum detectable receiver signal | 5uV
Type of registered meteor trails ~10Mem ™1
Minimum detectable mass ~1075g

The principles of construction and a complete de-
scription of MARS are given in (Kashcheyev et al.,
1977). MARS was a multidisciplinary observation tool
and made it possible to solve diverse problems of geo-
physics and astronomy (Fedynsky et al., 1976). The ca-
pabilities of MARS in trajectory measurements were as
follows. The meteor radar determined and printed 37
parameters of the meteoroid motion and related char-
acteristics, including: 1) the orbit of the meteoroid; 2)
slant range: 3) time; 4) velocity; 5) time shifts of the
signal at remote points in relation to the main point; 6)
azimuth and zenith angle of the radiant; 7) the height
of the meteor (the height of the reflecting point on the
trail); 8) the elevation angle of the reflecting point.
Additionally, a separate study was devoted to altitude
measurements (Novoselova & Tkachuk, 1971).

Observational experiments in Kharkiv (at an obser-
vation base near Balakliia) for almost 40 years after
1957 left behind a legacy in the form of radiometeor
databases (digitized and not digitized). The digitized
base of radiometeor data from 1972-1978 (Voloshchuk
et al., 2018) can be used as a research tool for various
tasks. Let us demonstrate this for studying the mo-
tion of meteor bodies with a velocities of less than 23
km/s. These are the velocities inherent in meteorites
(Levin, 1957). Fig.1 shows an illustration of the the-
oretical meteorite collection cone according to (Simo-
nenko, 1975). Meteorites vary greatly in size. Most of

* - Hyperbolic

Figure 1: "Cones of collection" of meteorites.

the meteorites have a mass of several grams to several
tens of tons. There are micrometeorites too.

A meteor that reached +1M at a speed of 40 km/s,
appeared at an altitude of 100 km, and disappeared
at an altitude of 80 km at a distance of 150 km from
the observer, will have a flight time of 1.5 seconds,
a size of 0.6 mm and a mass of 6 mg. The perme-
ability of photographic methods is limited by meteors
+4M. Television and electro-optical instruments make
it possible to increase the sensitivity of the method, for
example, the Dushanbe data (Narziev, 2019) refer to
meteors brighter than +5M. Radar techniques provide
even more opportunities for observing weaker mete-
ors, i.e. to conduct research on meteoroids with lower
masses. In the 70s information about weaker meteors
(from + 6.5M to +13M) in Harvard, Obninsk, Kharkiv
and Kazan was obtained by the radar method. The fea-
tures of the influx of meteor substances into the Earth’s
atmosphere are well demonstrated in Fig. 2, credit (Ce-
plecha, 1998), which shows the complexity of this pro-
cess. The Kharkiv MARS in 1972-1978 recorded an in-
flux of meteor substance in the mass range 1076 —1073
g, it was considered one of the most highly sensitive
radars in the world, as it recorded the orbits of ra-
diometeors up to +12M, and the number of radiome-
teors up to +14M. It is believed that the New Zealand
meteor radar AMOR, when registering meteor orbits,
had a sensitivity of up to +13M, although the reliabil-
ity of these data is possibly somewhat lower compared
to the Kharkiv data. The currently active orbiting me-
teor radars CMOR (Canada) and SAAMER (Tierra del
Fuego, Argentina) have a sensitivity of up to +8M.

3. Results and discussion

What can the Kharkiv meteor data tell about mete-
orites in such a difficult situation with the meteor sub-
stances influx into the Earth’s atmosphere and why?
Kharkiv meteor data are statistically secured and reli-
able. Meteoroids from any mass range are part of the
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Figure 2: Credit (Ceplecha, 1998), Heights of meteor
ablations as a function of mass and velocity

world around us and carry partial information about
this world. It remains only to correctly extract this
information. In meteor astronomy, the techniques and
methods of probability theory and mathematical statis-
tics are widely used, the representativeness of samples
is taken into account. In meteor astronomy, the dis-
tributions of the number of cases are analyzed for se-
lected parameters. The trajectories of objects from the
class of the Solar system small bodies and the laws of
their motion are closely related. The bodies falling to
the Earth are endowed with general patterns in their
orbital dynamics. For smaller bodies, the statistical
security is higher and, therefore, a higher probability
of establishing a pattern. From the aforementioned
Kharkiv meteor database, we selected for analysis me-
teoroids in the amount of about 160,000 pieces, for
which orbits were determined. Also, other samples
from this database were used, first of all, a sample of
meteoroids orbits with velocities characteristic of me-
teorites was taken, i.e. Vg < 23 km/s. Fig.3 shows
the distribution of the number of orbits by parame-
ters: a) N = N (Vg) for Q > 100 AU (among 159318),
b) N=N(Nu,Vg) for 1978 (all orbits); ¢) N=N(a,0) for
Q < 1.5 and Vg < 23 km/s (denote the Near Earth en-
vironment); d) N=N(Nu,Vg) for Q < 1.5 and Vg < 23
km/s; e) N=N(a,0) for 1.5 < Q < 3.8 and Vg < 23 km/s
(denote the Asteroids Main Belt); d) N=N(Nu,Vg) for
1.5 < Q < 3.8 and Vg < 23 km/s.

By analyzing the specified database of meteor data,
we have established the following patterns. In Fig. 3,
a we see that the orbits of meteoroids with Vg <
23 km/s may have aphelions Q exceeding 100 AU
(Kolomiyets, 2018); the distribution of the number
of orbits over the coordinates of the radiant for the
selected areas of their aphelions near the Earth and

N=214

N = 6,743 (1978 year)
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Figure 3: Distribution of the number of orbits of mete-
oroids according to the selected parameters, including
under the condition Vg < 23 km/s (c-f).

near the Main Belt of Asteroids have specific features.
It turned out that all the orbits of meteoroids with Vg
< 23 km/s have an inclination less than 90 degrees
(e.g. Fig.4, d). The distributions of orbital elements
(eccentricity, argument of perihelion, perihelion
distance, inclination) for the selected areas of their
aphelions near the Earth and near the Main Belt of
Asteroids have the following course (Fig.4, a-d, Q <
1.5 AU — white (top) and 1.5 < Q < 3.8 AU — gray
(bottom), respectively). The concept of the meteor
sky, set forth in (Kolomiyets, 2018), was used for a
differentiated study of the orbital dynamics of small
bodies in the Solar System from the meteor statistics
of the database with the selected parameters.

4. Conclusion

The purpose of this research was: 1) to show that
in the history of Ukraine there are facts indicating
a significant contribution to world and national
science of Kharkiv scientists under the leadership of
B.L. Kashcheyev in the field of research of meteors by
the radar method; 2) to demonstrate the existence of
these achievements and the stages of their acquisition
in connection with the centenary of the birth of
B.L. Kashcheyev in 2020; 3) once again to point out
the complexity of trajectory measurements in meteor
science and other ballistics application, show different
approaches to solving problems of the movement of
meteoroids; 4) to use the statistical properties of the
Kharkiv meteor database of weak radiometeors to
study the orbital motion of space objects, incoming
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Figure 4: Distributions of meteor orbital elements for a
sample of Near-Earth aphelions, aphelions in the Main
Asteroid Belt and Vg < 23 km/s

into the Earth’s atmosphere with geocentric velocities
less than 23 km/s, and others aspects. It was found
that in the studied meteor database for the sample
Vg <23 km/s, there are no orbits with reverse motion
(i.e., there are no orbits with inclination i > 90°), and
the aphelions distances of their orbits may have values
from 0.98 to 100 AU and higher.
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ABSTRACT. This paper reports on the optical
imaging polarimetry of geostationary satellite Express-
AMS5. Precise optical polarimetry was carried out using
the Nayuta 2-m telescope at Nishi-Harima Astronom-
ical Observatory and a polarimeter. V-band images
were continuously taken in 312 minutes. The degree
of polarization decreased with time until the minimum
phase angle was reached at midnight, and then, it in-
creased until morning. This change in the degree of
polarization is well explained by the reflection of sun-
light from monocrystalline solar panels of the satellite
and possibly from other satellite components such as
the antenna dishes and/or bus.

Keywords: Polarization, Planets and satellites: indi-
vidual: artificial satellite.

AHOTAIIIS. M ryani CYILy THUKHU MaloTh
CIIOCTEPIraTH 3a JIONOMOIOI0 PI3HUX ACTPOHOMIYHUX
TIPUJIA/TIB. OTpumaBiim  KoJIp CyIyTHUKa 33

JIONIOMOr010  (DOTOMETPUYHHUX CIIOCTEPEXKEHb, MOXKHA
OIIHUTH MOBEPXHEBUIl MaTepiaj CymyTHUKA. Koabopu
CYIIyTHHKIB, K IPaBUJIO, YEPBOHIINI 3a COHSYHUI
CIIEKTP 1 CYNYyTHUKH PIi3HUX BUPOOHUKIB MaiOTh
pi3HI KOJIBOPH. Bararo cupob inentudikysaTn
IIOBEPXHEBUII MaTepiajl CyOyTHHKa 3a JOIOMOTOIO0
JUCTAHIIHHONO  30HIyBaHHS Oya0 3pobJjeHO 34
monomoroio crekrpockorii.  Ila crarts mosimomuise
PO JIOCTIIZKEHHST OMTHYIHOI TOJIIPUMETPil 300parkeHb
reOCTAIlOHAPHOTO  IITYYHOrO  CYIIyTHHKA  3eMJi
Express-AM5. BucokoTouny onruyHy HOJSPUMETPIIO
IIPOBOJAMIN 3a JOIOMOIOI0 2-MeTPOBOTO TeJIeCKOIa
Harora (Nayuta) B acrponomiuniii obGcepsaropil
Himi-Xapima  (Nishi-Harima) Ta  mossipumerpa.
Ha mporsasi 312 xBummna y doroMmerpudniit cmysi
V  mociiioBHO OoTpuMyBaJucs 300paKeHHS IHOTO
CyImyTHUKA. DBy/I0o OTpUMAaHO IO CTYIHBL MOJISPU3AIil
3MEHIITyBaJIACAd 3 YacOM, IOKH OJIM3bKO OIBHOYI HE
OyB JOCATHYTHIT MiHiMaJIbHUI (pa30BuUit KyT, a MOTIM
CTYMiHb TOJAPHU3AIil CYIMyTHUKA 30iIbITyBasacs 1o
camoro panky. CryIiHb HOJIsIpU3AIi]l 3MEHIIYBaJIacs

3 IOo49aTKYy CIIOCTEpEXKEHb, i 3aJianiaJiacsd Ha

HAJ3BUYAAHO HHU3BKOMY 3HadeHHi, wmenme 2%,
Mixk 22:51 i 24:42 (JST), a morim 3pocia mo 14% y
KiHmi cnocrepexkenb. KyT moJisspu3aliii 3MeHIITyBaBCs
MIPOTATOM HOYi. ByJio [0CTimKeHO TOJISPU3AIHI0 K
dyuKIio ¢azoBoro Kyra cymyTHuka. Pas3oBuii KyT
po3paxoByBaju 3a jgonomoron Beb-caiity Calsky.
Daz0Buil KyT 3MEHIIMBCA 3 IOYATKY CIIOCTEPEXKEHD 1
nocsar Mminimymy 23,5° o 23:50 a morim 36i/IbITyBaBCst
JI0 caMoro KiHIg crocrepekedb. CynyTHHK ITOKa3aB
BEJIMKWH CTYIHD [OJISPU3AIlil i/ BeJUKUM (Da30BUM
kyToM. st omHOrO i TOro ) ha3zoBOTO KyTa CTYIIHDb
nosigpusarii Oyna MafKe OJHAKOBOIO [0 1 micis
MiHIMaJBHOrO (ha3oBOrO0 KyTa, IO BKa3ye Ha Te,
0 KOMIIOHEHT, IO BiJOMBa€ COHSYHE CBIT/IO, OYB
OJIHAKOBUM [0 1 miciisi MiHIMAJIBbHOTO (DA30BOrO KyTa.
I 3mina crymens mossgpu3ariii go0pe MOsICHIOETHCST
BiIOMBAHHSM COHSIHOTO CBITJIa Bi/l MOHOKPUCTAIITHAX
COHSIYHMX TraHejeil cymyTHuka Express-AMS i
MOXKJIUBO, BiZl IHIMUX CYIYTHUKOBAX KOMIIOHEHTIB,
TAKUX K aHTE€HHI Tapijaku Ta/abo iHII IpUIaIm.

1. Introduction

Artificial satellites have been observed using various
astronomical techniques. By obtaining the color of the
satellite through photometric observations, one can es-
timate the surface material of the satellite. Schmitt
(2020) carried out optical B-, V-, R-, and I-band pho-
tometry of 61 geostationary satellites. They reported
that the colors of the satellites are generally redder
than the solar spectrum and that satellites from differ-
ent manufacturers have different colors.

Many attempts at identifying the surface material
of a satellite through remote sensing have also been
made using spectroscopy. Jorgensen et al. (2004) pre-
sented the optical spectra of two satellites. One satel-
lite exhibited a significant increase in reflectance in the
wavelengths of the U- and B-bands. The authors con-
sidered this to be due to the presence and orientation
of the solar panels. They also noticed a broad absorp-
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tion feature at nearly 8500 A in the spectra of both
the satellites, which was attributed to the presence of
aluminum.

Polarimetry is a powerful tool for investigating the
surface of a solid body. An asteroid is an astronomical
object with a solid surface reflecting sunlight. The re-
flected light is polarized, and by measuring the degree
of polarization, one can estimate the size of the regolith
on the surface. Kuroda et al. (2018) observed an ex-
tremely low-albedo asteroid in 1998, KU,. They ob-
tained linear polarization degrees of 44.6% and 44.0%
at a phase angle (Sun—asteroid-observer angle) of 81.0°
in the Re- and V-bands, respectively. These values are
the highest for the known airless bodies in the Solar
system at similar phase angles. They attributed this
high degree of polarization to a highly microporous re-
golith structure comprising nano-sized carbon grains
on the surface of the asteroid.

An artificial satellite has a solid surface. Speicher
(2015) observed eight satellites using a 20-inch tele-
scope and a polarimeter. The polarimeter used had a
polarizing beam splitter and took horizontally and ver-
tically polarized images simultaneously. A large degree
of polarization was observed during dusk and dawn and
a small degree polarization at midnight.

Express-AMb5 is an active geostationary satellite.
This Russian communication satellite was launched in
2013, and it is located in the geostationary orbit at 140°
east longitude. The satellite is three-axis stabilized.

In this study, we conducted optical imaging po-
larimetry of Express-AMS5 using a unique polarimeter
by which the fluxes of four polarimetric components
were recorded simultaneously. We carried out the
most continuous polarization measurements of a
geostationary satellite to date.

2. Observations

Optical polarimetry of Express-AM5 was carried
out on January 19, 2019 using a simultaneous imag-
ing/spectroscopic polarimeter, called POL (Fujita et
al.  2009), mounted at the Cassegrain focus of the
Nayuta 2-m telescope at Nishi-Harima Astronomical
Observatory, Japan (35.025° N, 134.336° E). POL
has an unpolarized beam splitter and two Wollaston
prisms, which divide light into four channels corre-
sponding to linearly polarized light with polarization
position angles of 0°, 45°, 90°, and 135°. The four
channels were simultaneously captured in a single im-
age. Each channel has a field of view of ~ 0.7’ x 2.5/,
The optical magnitude of Express-AM5 was approxi-
mately 10 mag in the V-band. The celestial coordi-
nate was calculated from a two-line element set. The
satellite remained at 9.9° east from the south with an
elevation of 48.9° in the sky. We observed the satellite
between 21:46 and 27:48 (JST). A total of 162 frames

were obtained with a 90-s exposure in the V-band. Af-
ter observing the satellite, we observed HD 154892 as
an unpolarized standard star and HD 154454 and HD
161056 as polarized standard stars (Turnshek et al.
1990). All images were taken at a position angle of
—29.5° for operational reasons. The seeing size was
approximately 1.5". Dark and flat frames were also
taken. We think that the light reflected by the flat
screen is polarized because a halogen lamp illuminates
the screen in the dome from the lower side. We set the
rotation angle of the Cassegrain rotator, to which the
POL is attached, to 0°, 45°, 90°, and 135°, and took
flat frames at each angle.

Data were processed with the Image Reduction and
Analysis Facility (IRAF). The object frames were cali-
brated in a standard manner, namely dark subtraction
and flat fielding with the dome-flat frames. The flat
frames taken at four rotation angles of the Cassegrain
rotator were combined into a single frame. The fluxes
of the satellite and standard stars were measured using
aperture photometry. The aperture radius was set to
2.5". We calculated the degree of polarization, P, and
polarization angle, «, as follows:

Q _ Foo — Fope (1)
I Foo + Fygo
U _ Fiuse = Fizse @)
Q U
P= /(224 (2 3
@r+ ) ®)
1 U
= §tan71(@)v (4)

where Fy is the flux density for the light polarized at 6,
and Q/I and U/I are the normalized Stokes parame-
ters. In astronomy, § = 0° indicates north and 6 = 90°
indicates east. The degree of polarization of the un-
polarized standard star was measured as 1.54 %. The
polarization was caused by the telescope and/or in-
strument. We subtracted 0.0121 from @Q/I and added
0.0095 to U/I such that the degree of polarization of
the unpolarized standard star was zero. The same cor-
rection was applied to the data on the polarized stan-
dard stars and satellite. The measured degree and an-
gle of polarization of the polarized standard stars were
different from those described in the literature. The
measured /I and U/I were transformed using the
scaling and rotation matrix on the Q/I — U/I plane;
thus, the differences between the measured polarization
and that described in the literature were minimum.
Based on these differences, we consider the uncertain-
ties to be 3/100th of the polarization degree and 5° in
the polarization angle. The same matrix was applied
to the satellite data. Among the 163 frames of the
satellite data, background stars overlapped the satel-
lite in 9 of the frames, and we did not further use these
9 frames.
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Figure 1: Degree and angle of polarization of Express-
AMS5 as functions of the observation time.

3. Results

The polarization of Express-AM5 was detected
throughout the night (Figure 1). The degree of
polarization decreased from the beginning of the ob-
servation, and remained at an extremely low value of
less than 2% between 22:51 and 24:42 (JST) and then
increased to 14% until the end of the observations.
The polarization angle decreased throughout the
night. Figure 2 shows the polarization as a function
of the phase angle of the satellite. The phase angle
was calculated using the Calsky website. The phase
angle decreased from the beginning of the observations
and reached a minimum of 23.5° at 23:50 and then
increased until the end of the observations. The
satellite showed a large degree of polarization at a
large phase angle. For the same phase angle, the
degree of polarization was almost the same before and
after the minimum phase angle, indicating that the
component reflecting the sunlight was the same before
and after the minimum phase angle.

4. Discussion

The polarization of light reflected by the satellite
components was investigated with laboratory measure-
ments. Beamer (2018) measured the polarization of
light reflected by a monocrystalline solar panel, a poly-
crystalline solar panel, a cylinder and a cubic box as a
model of a satellite bus, a painted dish antenna, and
a painted dish antenna with a fiberglass wire mesh.
The intensity of light reflected by the sample in a spe-
cific direction was measured using a power meter. The
bus and antennae of a geostationary satellite are nadir
pointing. To measure the light reflected from the bus
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Figure 2: Degree and angle of polarization of Express-
AMS5 as functions of the phase angle. In the upper
figure, the degree of polarization before the minimum
phase angle is indicated by the filled circles and that
after the minimum phase angle is indicated by crosses.

and antenna components, those and the power meter
were mounted on a rail. A halogen lamp was set sep-
arate from the rail, and by changing the orientation
of the rail with respect to the halogen lamp, the inci-
dence angle of light to the sample was changed. The
solar panels of a geostationary satellite are oriented to-
wards the sun. For measurement, the solar panel was
not mounted on the rail but was set normal to the
halogen lamp. The reflection angle of the light to the
solar panel was changed as the power meter moved.
They measured the degree of polarization using an in-
cidence or reflection angle between 15° and 83°. The
monocrystalline solar panel showed a degree of polar-
ization of less than 2% at a reflection angle between 20°
and 30° and a degree of polarization of ~ 10% at a re-
flection angle of ~ 60°. The painted dish antenna, the
cylinder bus, and the cubic bus showed a degree of po-
larization of ~ 10% even at a small angle of incidence.
The polycrystalline solar panel and dish antenna with
a wire mesh exhibited a low degree of polarization at
all incidence and reflection angles.

Cognion et al. (2013) claimed that the sunlight re-
flected from the front of the solar panels dominates the
reflection light of a satellite at a phase angle below 85°.

The degree of polarization of Express-AMS5 is ~ 2%
at a phase angle less than 30° and 13% at 60°. This
degree of polarization is roughly consistent with that
of the light reflected by a monocrystalline solar panel.
We consider the polarization of light reflected from
Express-AMS5 to be mainly caused by its solar panels.

Nevertheless, the observed degree of polarization of
Express-AM5 is 2%—3% larger than the measured de-
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gree of polarization of a monocrystalline solar panel.
Different solar panels may exhibit larger degrees of po-
larization. Horvath et al. (2010) indicated that solar
panels made by different companies exhibit different
patterns of polarization. Széz et al. (2016) verified
that an anti-reflective coating changes the polarization
properties. Other satellite components, i.e., the bus or
dish antennae, may also contribute to the polarization.
Endo et al. (2016) found a B — V color variation of
approximately 1 mag for Express-AMS5, indicating the
reflection of sunlight by multiple components. Express-
AMS5 has three 1.2-m diameter dishes and three larger
dishes. All dishes have smooth surface. The diameter
of the larger dish seems to be twice that of the small
dish (Amyotte et al. 2013). The total surface area of
six dishes is 17 m?, which is larger than the projected
area of the bus. The area of the solar panels of Express-
AMS5 is 84 m?. If 20% of the reflected light comes from
the antennae and 80% from the solar panels, the degree
of polarization increases by approximately 2%—-3% at a
phase angle of 30° and 1%-2% at a phase angle of 60°,
compared to the reflection solely by the solar panels.

Speicher (2015) measured the polarization of eight
satellites. The polarimeter had a polarizing beam split-
ter and two optical CCDs, allowing the simultaneous
collection of two-channel polarimetry data. The in-
strument was set to obtain horizontally polarized ray,
Fy,, and vertically polarized ray, Fy; then, S;/Sy =
(Fy — Fy)/(Fu + F,) was calculated. Because an alt-
azimuth telescope was used and an instrument rotator
was not applied, S1/Sp differed from @Q/I. Two po-
larized images were obtained for each satellite every
15 min with a 20-s exposure. A negative S;1/Sp was
observed with a large absolute value during dusk and
dawn and with a small absolute value at midnight. A
negative S1/Sy with a large absolute value indicates
strong vertical polarization. They considered that the
bus or antennae exhibited strong vertical polarization,
whereas the solar panels provided only a small contri-
bution to the overall optical signature during dusk and
dawn owing to their edge-on geometry. However, as
shown in Figure 1, the polarization angle of light re-
flected by Express-AM5 changed over time because the
scattering plane rotated over time. A measurement of
linearly polarized light with four polarization angles is
mandatory for the polarimetry of a satellite.

When the phase angle is at its minimum, the pro-
jected point of the satellite onto the Earth, the pro-
jected anti-solar point on the Earth (the anti-sub solar
point), and the observer are along a single line. This
line is an intersection of the scattering plane and the
Earth’s surface. Both planes are orthogonal. The po-
sition angle of this line is 90° +tan_1(%) =
9.2° west from the north. Assuming a vertical polariza-
tion to the scattering plane, the polarization angle of
the reflection light is 80.2° at the time of the minimum
phase angle. The minimum phase angle was observed

at 23:50, and the measured polarization angle was 85.9°
at that time. The angle reached 80.2° approximately
10 min later. Because the uncertainty of the measure-
ment is 5° in terms of the polarization angle, we do not
consider a discrepancy of 5.7° to be significant.

Unpolarized light is 100% polarized if the incidence
angle equals the Brewster’s angle. Because the refrac-
tive index of a vacuum is 1 and that of a solar panel
glass is 1.5, the Brewster’s angle of a solar panel is 56°.
Speicher (2015) reported that there was no significant
increase in the degree of polarization at a phase an-
gle of 56°. In our observations, we also did not find
such an increase. Speicher (2015) speculated that an
anti-reflective coating on the surface of the solar panel
reduces the total reflected light, creating a small polar-
ization. However, as noted by Beamer (2017), a solar
panel of a satellite always faces the sun, and thus, the
incidence angle of sunlight does not equal the Brew-
ster’s angle even when the phase angle is 56°.

Each component of a satellite has its own color.
The antennae of Express-AMS5 are white, black, or
gold, whereas the solar panels of some satellites are
bright in the blue and ultraviolet wavelengths. A bus
consists of numerous materials. Multi-band imaging
polarimetry may resolve the shape, orientation, and
surface material of a satellite.

5. Conclusion

We measured the polarization of sunlight reflected
by the Russian geostationary satellite, Express-AMS5.
The degree of polarization in the V-band ranged
from less than 2% at approximately the minimum
phase angle to 14% at the end of the observations.
The polarization vector rotated clockwise in the sky.
We concluded that the solar panels, and possibly
the antenna dishes and/or bus, contribute to the
polarization of the reflected light.
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ABSTRACT. The photometry of space objects (SO) (mepexeBoi) (oToMeTpii 3  BHCOKOIO  THMYacOBOIO

makes it possible to determine their state of rotation around
the center of mass, orientation of the rotation axis and
rotation speed in the most cost-effective manner. However,
the methods for determining the attitude parameters from
photometric data from a single observation site (OS) require
long series of high-quality and high-frequency
measurements. We propose a method for determining the
orientation parameters of slowly rotating SO based on
simultaneous multi-site photometry with a high temporal
resolution. Preconditions for planning and building a local
photometric network that can accomplish such a task have
been tested via computer simulation. Synchronous
observations of the unoperated spacecraft TOPEX/Poseidon
were carried out. They were attended by the observatories of
Odessa, Lvov and Uzhgorod universities, as well as the
observation station of the State Space Agency of Ukraine in
Zalistsi, Khmelnytsky region, took part. Synchronous
network-based photometric observations from three OSs
enable us to calculate time lags between correlated light-
curve segments and promptly determine the direction of
rotation, as well as the spatial orientation of a SO’s spin axis
and its angular spin rate. A local network of several
distributed observation sites for synchronous monitoring of
the rotation of various SO in LEO will make it possible to
determine the rotation parameters of also slowly rotating
objects that do not exhibit glints within their light curves.

Key words: space object (SO), rotation, attitude,

photometry, synchronous observation.

AHOTALIA. ®ortomerpis kocMmigamx o0’ektiB (KO)
JIO3BOJISIE BU3HAYMTH iXHiH CTaH 00epTaHHS HaBKOJIO LICHTPY
Mac, OpIEHTAIlif0 Ooci OO0epTaHHS Ta IIBHIKICTH OOepTaHHS
HAMOUIBII €KOHOMIYHMM  crocoOoM. OmHak  MeTonu
BU3HAUYCHHS  [apaMeTpiB  Opi€HTamii Ha  OCHOBI
(OTOMETPHYHUX NTAHUX 3 OJHOTO IYHKTY CHOCTEPEKECHHS
(TIC) nmoTpeOyrOTh HOBTUX Cepiii  BHUCOKOSKICHHUX Ta
BHCOKOYACTOTHHX BHMIpIOBaHb. B po0oTi 3ampornoHoBaHO
METO/1 BU3HaueHHs IapaMeTpiB opieHTanii KO, 1110 noBinsHO
00epTaloThCs, Ha OCHOBI OJIHOYAcHOI 0araTOITyHKTOBOI

po3xinbHOIO 31aTHICTIO. [lepeyMOBH Uil TUTAaHYBaHHS Ta
MOOYIOBU JIOKATBHOT (POTOMETPUYHOI MEpexi, sIka MOXKe
BUKOHaTH TaKe 3aBIaHHS, IIEpPEBIpEHI 3a JONOMOTOI0
KOMIT'FOTEPHOT0 MOJIeIoBaHHs. byin npoBeseHi CHHXpOHH1
crioctepexeHHs kKocmignoro kopabdist TOPEX/Poseidon, 1o
BXKE HE TMpaoe. Y HHX B3IM y4acTh obOcepBaTopii
Opnecpkoro, JIBBIBCEKOTO Ta Y3KTOPOACHKOTO YHIBEPCHUTETIB,
a TaKoXK CTaHIIis CHOCTEepexeHHs JlepKaBHOTO KOCMIYHOTO
areHTcTBa YKpainm B M.3amicui XMETbHUIBKOI O0OJACTi.
CuHXpOHHI MepekeBi (POTOMETPHYHI CHOCTEPEKECHHS 3
Tprox [IC 1MO3BOJSIOTH pO3paxyBaTH 3aTPUMKH Yacy Mix
KOPEJILOBAHUMH CETMEHTaMH KPHUBHX OJHCKY Ta ILIBHIKO
BU3HAYUTH HAIpsIMOK OOEpTaHHsA, a TAaKOX IIPOCTOPOBY
opienTarito oci obepranasi KO Ta KyToBy HIBHAKICTH HOTO
obepranHs. JlokanbHa Mepeka 3 KUIBKOX PO3HOIUICHHX
MiCIb CIIOCTEpPEXEHHS I CHHXPOHHOTO MOHITOPUHTY
obepTaHHs  pi3HMX  HHU3bKOOpOiTaNEHMX KO  nmacts
MOJIMBICTh BHU3HAUUTH TapamMeTpud OOepTaHHS TaKOK
00’€KTiB, IO TOBUILHO OOEPTAIOTHCSI Ta HE MAalOTh
MIEPIOIMYHIX CIaJIaxiB y CBOiX KPUBUX OJIHCKY.

KuouoBi cioBa: xocmiunuii 006’ext (KO), obepranms,
opieHTaris, GoToMeTpisi, CHHXpPOHHI CTIOCTEPEIKEHHS.

1. Introduction

Photometric observations of artificial satellites orbiting
Earth are traditionally used as a source of information on the
rotation about the centre of mass, spatial orientation and,
finally, geometric shape of the observed object. Multi-hertz
sample rate photometry is especially valuable as man-made
SOs are commonly designed with smooth surfaces, they
have non-convex overall shapes and can spin fast, etc. This
results in periodic variations in the SO brightness amid
rapidly changing phase and observation angles as the SO
moves in its traectory (see Fig. 1) (Kurosaki et al., 2005;
Koshkin et al., 2018). Notably, such brightness variations are
characterised by the so-called “apparent” period, that is, the
observed period of the SO light curve which can vary
significantly during a flyby of the SO over the ground OS as
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the line-of-sight direction changes. Mathematically, it is
expressed using vector addition of constant angular spin rate
of the SO about its centre of mass and variable angular
velocity of the phase-angle bisector (PAB), which depends
on the SO orbital motion relative to a topocentric observer
(Hall & Kervin, 2014). It is this condition that makes it
possible, when solving the inverse photometric problem, to
estimate the spatial orientation (in the inertial reference
frame) of the SO spin-axis vector. Theoretically, the problem
solution can result from processing of photometric
observations during a single pass of the LEO SO over an OS.
However, until recently, the described method for the real-
time determination of rotation parameters of the SO could
not be widely employed due to a lack of the required
observing instruments and facilities. Therefore, researchers
were often confined to only apparent (or synodic) rotation
period measured from the light curve averaged out (or
convoluted) in one way or another, since the “inertial” or
sidereal rotation period could not be estimated separately
from finding a solution to the SO spin-axis orientation.

The duration of the visibility of a LEO SO during its
single pass is defined by the geometry of its visibility from
the OS and is limited to several minutes. During this time
span, a change in the phase angle (the angle Sun-SO-
observer) can make up about 90° or slightly greater. A
change in the “phase angle projection” onto the plane
perpendicular to the satellite spin axis can be of the same
order of value. It is the last value that determines the
“apparent” period variation during a single pass. If the
rotation period of a LEO SO is just several tens of seconds,
an observer will see several complete revolutions made by
the SO during each pass, which will allow the analysis of

-4,5

the “apparent” period variation in order to find a solution to
the SO spin-axis orientation. These estimates indicate that
a relative change in the “apparent” period in the given
example is just a few percentage points; hence, to measure
it reliably, the LEO SO brightness must be recorded at a
sample rate of at least 10-100 Hz. It is fairly feasible using
a conventional set of instruments and equipment
traditionally employed by different researchers to conduct
photometric observations (Gasdia et al., 2017; Hall et al.,
2006).

Meanwhile, it is known that many SOs experience a
rapid decline in the angular spin rate resulting from their
interaction with the Earth’s magnetic field. Consequently,
the rotation period can exceed (and even significantly) the
duration of viewing a LEO SO during its single pass (see
Figure 2). Our experience of monitoring observations of a
large number of satellites rendered inoperable, as well as
upper-stages of rocket bodies, shows that the light curves
of such targets become non-periodic and often do not have
"features". If that is the case, there is just a vague hope that
the SO spin parameters can be inferred from single-site
photometric data. In the present paper, we offer a problem-
solving technique for such cases. This technique assumes
creating local networks of multiple OSs and acquiring
multi-site synchronous photometric observations of slowly
rotating SOs. Methods of multi-site synchronous
photometric observations have been already discussed in
papers of other researchers (Hall et al., 2007; Gasdia et al.,
2017; Schafer, 2017), though there has not been enough
emphasis therein placed upon the fact that this is actually
the only feasible way to estimate the spin parameters of
“slow” SOs.

-0.5
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Figure 1: A light curve of the inactive Topex/Poseidon satellite (NORAD ID 22076; i = 66.039°, h = 1350 km) obtained in Odessa
with the KT-50 telescope on 23 July 2015. The length of the presented light-curve portion is 2.34 minutes (140 seconds). The
apparent or synodic rotation period Psyn = 11.32 sec. During the observing session, the phase angle changed by 37°.
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Figure 2: A light curve of the upper-stage SL-16 (NORAD ID 23088) obtained in Odessa with the KT-50 telescope on
26 May 2020 within the framework of the IADC (the Inter-Agency Space Debris Co-Ordination Committee) international
campaign for the analysis of space debris (upper-stage rocket bodies) rotation. The length of the presented light-curve

portion is 5.2 minutes (312 seconds).
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2. Model computation to simulate multi-site
synchronous photometric observations

We performed computer simulation of conditions for
acquiring multi-site synchronous photometric observations
of SOs. Our satellite model is a geometric representation of
six identical, symmetrically located polyhedra, which are
randomly oriented with respect to each other and partially
penetrate each other’s facets in order to minimize their
mutual shading (Figure 3). Photometric properties of all flat
facets of the model are identical; the reflection of light from
each facet is quasi-specular, that is, the indicatrix is
noticeably elongated in the direction of the specular
reflection (the half-intensity indicatrix width is ~2 degrees).
The position of the spin axis related to the body of such a
model does not matter; what is important is that the spin-
axis orientation remains the same in all computations. Such
a large number of flat facets integrated into the model is
required to ensure that at varying spatial orientations of the
model spin axis, as well as at different observer’s locations,
the light curve of the spinning model exhibits several
almost randomly temporally-distributed glints given off of
different facets over an interval shorter than the time
required to complete a single revolution.

<

¢

Figure 3: An optical-geometric satellite model represented
as six polyhedra partially penetrating each other (a specular
flash or glint given off a flat facet can be seen on one of the
polyhedra).

The position of a source of parallel light rays (the Sun)
is specified in the inertial equatorial co-ordinate frame with
two angles: the right ascension o = 0° and declination & =
0°. Then, the directions for five observer’s locations in the
same co-ordinate system are specified with the following
pairs of co-ordinates o and 6: (71°, +01°); (73°, -05°); (75°,
00°); (76°, +05°); (78°, -03°). Thus, the phase angle during
simulation of this model is about 75° while the satellite-
centric angular distance between individual modelled
observing sites varies from 3 to 10 degrees. Figure 4 shows
all five light curves simulated for the given observer’s
locations and position of the Sun, upon rotating the model
215° around the spin axis, whose spatial orientation is
specified with oo =40° and 8o = 75°. The rotation phase in
a degree (an analogue to time scale) is plotted on the X-axis
against the light intensity (apparent brightness) of the
model in relative units on the Y-axis. As is seen, at different
observer’s locations, from five to eight glints of varying
intensity occur within each light curve of this model.
Mutual positioning of individual glints, that is, the phase
delay (or time lag) between individual flares, recurs for

some of adjacent pairs throughout different light curves.
This enables us to calculate an overall phase shift between
different light curves, that is, between different
synchronous records (measurements) of brightness
variations of one and the same spinning model.

In this computational experiment, the modelled satellite
does not move along its orbit, that is, geometric conditions
of its visibility, such as the phase angle, etc., remain
unaltered. The entire simulated light curve can therefore be
considered as a continuous curve with the same phase shift
relative to any other light curve, taken as a “reference” one.
Computing the observed phase differences between the
simulated light curves (through calculating the cross-
correlation function), followed by superimposing the light
curves on each other with a phase shift corresponding to the
resulting phase differences, yielded a pattern illustrated in
Figure 5. The light curves, appearing as a series of sharp
maxima, are superimposed on each other quite well
throughout the entire length, demonstrating synchronous
occurrence of glints as viewed by several observers (in
different combinations of the observing locations). In a few
cases, the phase of an individual glint within one of the light
curves is shifted with respect to several other glints that are
well-synchronised. It is associated with a random temporal
(or phase) coincidence of glints produced when the light is
reflected off some other flat facet in this complex model.
Nevertheless, these synchronously occurring glints (flares)
suffice to perform calculations of the phase difference (or
time lag) between all simulated light curves.

An analysis of the observed time lags between “similar”
events within the light curves (or correlated light-curve
segments) recorded by three OSs enables us to compute a
local direction in which a quasi-specularly reflected spot of
light travels along the Earth’s surface. In Figure 6, numbers
denote locations of three ground-based observation sites; the
circle marks a spot of light reflected off of a satellite’s facet,
and the thick black arrow points in the direction of the spot-
of-light’s motion. The Y-axis is directed towards the celestial
pole while the X-axis is parallel to the equator. By measuring
delays in time of the peak brightness occurrence as viewed
from each OS, we can compute a direction of the spot-of-
light’s motion at each location, that is, the inclination of the
small-circle arc along which the spot of light is moving at a
given local network location (the angle y in Figure 6), and
also its angular velocity. Calculating the satellite’s spin-axis
orientation (co-ordinates of the rotation pole) requires
estimating the inclination of the arc, along which the spot of
light is moving, at least at two different positions.

A preliminary conclusion can be inferred from the
simulation results. Specular flares from flat facets, which
serve as excellent markers within the SO light curve, can
only be observed quasi-synchronously from three or more
OSs that form a local photometric network if a certain ratio
between the distance to the satellite and distance between
these OSs is maintained. The satellite-centric angular
distance between OSs should not markedly exceed 0.2
radians. In such a case, it is quite feasible to acquire
correlated light-curve segments from several adjacent OSs.
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Figure 4: Superimposing five light curves of the satellite model simulated for five different modelled OSs forming a local
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Figure 5: Superimposing five light curves of the satellite model simulated for five different modelled OSs, forming a local
photometric network, after compensation for the actually observed phase shift between the light curves.

Figure 6: A pattern for calculating the direction, in which
a “spot of light”, quasi-specularly reflected off of the
satellite surface, travels along the Earth’s surface.

3. Synchronous observations of the
Topex/Poseidon satellite by the Ukrainian
network of observatories

There are several astronomical observatories in Ukraine
that conduct photometric observations of artificial satellites
and space debris. Taking that into consideration, in order to
test the feasibility of obtaining synchronous network-based
(that is, multi-site) photometric observations of such space
objects, a campaign for observing inactive satellite
Topex/Poseidon and the Experimental Geodetic Satellite
Ajisai was carried out. Astronomical observatories of
Odessa, Lviv and Uzhgorod universities, as well the
observing station of the National Space Facilities Control
and Test Centre of Ukraine in Zalistsi, participated in the
campaign.  Astronomical Observatory of Kharkiv
University, located in Grakovo village, has also attempted
to join the campaign, but failed so far. During the periods
from 02 to 13 August and from 21 to 30 September 2020,
synchronous observations of the afore-listed satellites were
acquired from OSs that have the following co-ordinates:
(Odessa: 30.75569° longitude, 46.47775° latitude, 54 m

altitude; Bryukhovichy: 23.9544°, 49.9176°, 360 m;
Uzhgorod: 22.2986°, 48.6334°, 176 m; Derenevka:
22.4538°, 48.5636°, 226 m; and Zalistsi: 26.7183°,
48.8483°, 389.8 m). In so doing, the average distances
between OSs were as follows: 680 km between Odessa and
Uzhgorod; 640 km between Odessa and Lviv; 185 km
between Lviv and Uzhgorod; 400 km between Odessa and
Zalistsi; 320 km between Uzhgorod and Zalistsi, and 235
km between Lviv and Zalistsi. Given that the target
satellites orbit at an altitude of about 1.5 thousand
kilometres, each of the Odessa-Uzhgorod and Odessa-Lviv
distances slightly exceeds the limiting/optimal estimated
distance, which ensures a good correlation between quasi-
specular flares within the light curves, while the distances
between the other OSs are optimal. Figure 7 depicts
portions of two light curves of the Topex/Poseidon satellite
generated from synchronous observations in Odessa and
Derenevka (an observing site of Uzhgorod National
University) on 02 August 2020 at 20:32 (UTC), after
performing a 0.25 sec time shift on one of the light curves.

The total length of the light curve acquired in Odessa is
10.1 minutes (with a short gap near zenith wherein the alt-
azimuth mounted telescope KT-50 have got blind spot); the
duration of the light curve obtained in Derenevka is 8.6
minutes (8.4 minutes of which correspond to synchronised
guiding of the telescopes). During the first half of the pass,
a very good similarity of the satellite light curves acquired
at two sites distant from each other is observed over a long
time span. During the second half of the pass, such a
similarity is retained, though there is a marked contrast
between the magnitudes of specular flares while the light
curves differ in particulars. Figure 8 illustrates portions of
two light curves of the Topex/Poseidon satellite acquired
from simultaneous observations in Odessa and Lviv on 06
August 2020 at 20:05 (UTC), which have also been
superimposed with regard to similar events through a 0.20
sec time-scale shift in one of them.
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Figure 7: Portions of two light curves of the Topex/Poseidon satellite, synchronously observed in Odessa and Derenevka
on 02 August 2020 at 20:32 (UTC), after performing a 0.25 sec time shift in one of the light curves.
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Figure 8: Portions of two light curves of the Topex/Poseidon satellite, synchronously observed in Odessa and Lviv on 06
August 2020 at 20:05 (UTC), after a 0.20 sec time-scale shift in one of the light curves.
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Figure 9: Portions of two light curves of the Topex/Poseidon satellite, synchronously observed in Odessa and Zalistsi on

23 September 2020 at 18:58 (UTC).

Despite a considerably higher noise and lower rate of
brightness measurements as compared to the photometric data
from the KT-50 telescope, the light curve obtained in Lviv is
similar, in principle, to that acquired in Odessa. Four major
increases in brightness with a distinctive wide “diffuse”
maximum and three quasi-specular maxima in between such
increases are observed over a single revolution of the satellite.
The Topex/Poseidon light curve exhibits such behaviour till the
end of this pass.

During another pass, a portion of which is shown in Figure
9, the Topex/Poseidon light curve behaves differently: there are
only two major increases in brightness associated with complex
quasi-specular reflection of light during that pass of the satellite.

Notably, the interval between adjacent maxima changes rapidly
from one revolution to the next, which is usually the case when
the light is reflected off of a smooth conical surface. Synodic
rotation period is characterised by intervals between minima of
the satellite brightness. The light curves presented in Figure 9
were obtained synchronously in Odessa and Zalistsi on 23
September 2020 at 18:58 (UTC), but to obtain visual similarity
in terms of the shape of the light curves, the time-scale of the
Zalistsi observations was shifted additionally by four synodic
periods. At the end of this pass, both light curves have a typical
appearance with four major increases in brightness with a wide
“diffuse” maximum and three quasi-specular flashes in
between them (same as in Figure 7).
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Figure 10: Portions of two light curves of the Ajisai satellite, synchronously observed in Odessa and Zalistsi on 01

September 2020 at 19:15 (UTC).

Synchronous brightness measurements of the geodetic
satellite Ajisai were only employed to verify the time-scale
displacement (shift) at OSs relative to each other and with
respect to Coordinated Universal Time (UTC). It is a
feasible procedure as the Ajisai light curve exhibits
numerous glints with an ultra-short duration of about 0.01
seconds (Koshkin et al., 2017), and the developed model of
this satellite and its rotation makes it possible to calculate
precisely a time lag in the occurrence of each glint as
observed from different OSs within similar error. An off-
nominal delay in the occurrence of the glint at two OSs will
indicate a respective error at the zero-point of the time scale
at one of the OSs.

Portions of two light curves of the Ajisai satellite,
acquired synchronously in Odessa and Zalistsi, are plotted
in Figure 10 (for the sake of convenience, one of the light
curves is already shifted along the time scale by the
computed time lag). As can be seen, a large number of
glints occur synchronously, which suggests that there is no
noticeable systematic error at the zero-point of the time
scale at two OSs. Some glints are missing within the Ajisai
light curve obtained in Zalistsi due to insufficient sample
rate of brightness measurements at this OS.

The analysis of synchronous measurements of the
Topex/Poseidon satellite brightness acquired by the
network of observatories is still ongoing. The main
challenge is a low sampling frequency of measurements
taken at some observatories, which impairs the accuracy of
calculating phase and time delays between correlated
segments of the satellite light curves. A low signal-to-noise
ratio of the brightness measurements for this satellite is also
a factor that contributes to reduced accuracy of the resulting
estimates of time lags.

4. Conclusions

It is well known that photometry of SO enables the
estimation of their spin-axis orientations and spin rates in
the most cost-effective manner; however, methods of
determinate the spin-axis orientation from photometric data
obtained at a single OS require long high-quality time-
series of observations.

This paper introduces a new technique for estimating
orientation parameters of slowly spinning SOs that relies
on simultaneous multi-site photometry with high temporal
resolution. Preconditions for effective planning and
building a local photometric network of OSs have been

tested via computer simulation. Synchronous photometric
observations from three OSs enable us to calculate time
lags (phase delays) between correlated light-curve
segments and almost instantly solve the problem of the
determination of the direction of the SO rotation and its
angular spin rate. Repeated measurement of these
parameters by this local network or second independent
measurements allows the estimation of the spatial
orientation of the SO spin axis.

Monitoring the rotation of different SO in LEO requires
a distributed local network comprising from five to nine
OSs (photometric sensors). Such a local network will allow
solving this problem in general, and in particular, it will
make it feasible to estimate orientation of slowly rotating
SOs that do not produce specular flares with respective
peculiarities in their light curves.
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ABSTRACT. The network of the meteor observation in  mereopuux sBum. CrHocTepexkHi JaHi y BHIVIAAL
the radio range consisting of 6 stations located in TekcroBux TabGmuIP MOTOJMHHMX YHCEN  IIOMICSI
Mykolaiv (3 stations), Rivne, Lviv and Hlukhiv has been  iampasmsitoteest Ha caiit RMOB. Jlns miaTBepIoKeHHs
created. The main goal of the network is to expand mOCTOBIpHOCTI JaHHMX CIIOCTEPEKEHb MPOBEICHO: a)
information about meteor phenomena, including the mepeBipky m00OBUX Bapialiii KiIBKOCTI  METEOPIB,

assessment of the Kkinematic parameters (velocities,
radiants and orbital elements) of meteoroids and their
relationship with other small bodies of the Solar system
(potentially hazardous asteroids approaching the Earth).
The operation of the meteor observing hardware and
software complex is based on the continuous receving of
signals from FM radio station reflected from ionized
meteor trains that occur in the Earth's atmosphere at
altitudes of 80-100 km. SDR technology is used to receive
radio signals from over-the-horizon FM broadcast stations
reflected by a meteor train, which has allowed to improve
the sensitivity and frequency selectivity of radio signals.
In 2017-2020 the network registered 1093015 meteors.
The observational data are posted on the RMOB website.
Diurnal variation of meteor counts and comparison with
Perseids meteor stream activity are presented in the work.

Keywords: Meteors, forward scattering, software defined
radio (SDR).

AHOTALINIA. CrBopeHO Mepexy CIOCTEpPEKEHHS
METEOPIB y pajio Jiana3oHi, iKa CKJIaIaeThCs 3 6 CTaHIIIH,
o 3HaxoaaTbcst B MukonaeBi (3 crBHuii), PiBHOMY,

JIsBoBi Ta [I'myxoBi. OCHOBHOK METOK MEpexXi €
po3mupeHHs  iHQopMamii TpOo  METEOpHI  SABHUIIA,
BKITIOYAalOYH  OI[iHKY  KiHEMaTHYHUX  HapameTpiB

(WIBUAKOCTEH, paJiaHTIB Ta eJIeMEHTIB OpOiT) METEOpOiiB
Ta BUSIBIICHHS B3a€MO3B’S3KYy 3 IHITUMH MaJUMH TiTaMU
CoHsgHOI cucTeMu (30KpeMa MOTEHIIHO HeOe3NeUHUMU
actepoigamu, 1O  30MWKYIOTbCS i3 3emIero).
@OyHKIIOHYBaHHS METEOPHOTO arapaTypHO-IPOrPaMHOTO
KOMITIEKCY 0a3yeThcst Ha Oe3mepepBHOMY, MJI0OT000BOMY
puiioMi CUTHAIIB pagioMmoBHOi FM cranIiii, BinOUTHX Bix
10HI30BaHMX METEOPOIMHUX CIHIJiB, IO BHHUKAIOTH B
atMmocdepi 3emiti Ha Bucorax 80—100 kM. Bukopucranus
SDR  rtexHonorii s  mnpuiiloMy  palioCHUTHaliB
3aropu3oHTHHX FM-cTaHIii, BIIOUTHX METEOPOITHUM
CHIZIOM, AaJ0 3MOTY IMOJINIIMTH YYTJIUBOCTI 1 YacCTOTHY
BUOIPKOBICTb MpHIOMY pajgiocurHaniB. 3a gac poboTu B
2017-2020 pp. mepexero Oyno 3apeectpoBano 1093015

3apeECTPOBAHMUX CTAHIIIMH MEpeXki, Ha BIIIOBIIHICTH
BiIOMill 3aJIe)KHOCTI (CIIOCTepekeHHS METEOpPiB B armekci
Ta aHTHAmNeKci); 0) MOPIBHSIHHS OTPUMAaHHUX MEPEKEIO
XapaKTepUCTHK Il METeOpHOro noToky «llepceinmy, mo
crocrepiraBes B ceprHi 2020 p., Ha BIiAMOBIIHICTH
OYiKyBaHHM, K y 4aci IOSIBH, Tak 1 B IHTEHCUBHOCTI. J{ys
MiBUIICHHS TOCTOBIPHOCTI PEECTpaIlii METCOPHUX SBUIIL
MPONOHYETHCSI ~ MPOBECTH  JTOJATKOBI  JOCIHIKCHHS
XapaKTePUCTUK PaAiONEPEIIKOA, M0 [I0Th B MICIIX
JCTIOKAIlil CTAHIIi{, 3 METOI0 PO3POOKH METOHIB iIXHHOTO
MPUAYIICHHS.

KuarouoBi cioBa: Mereopu, npsme po3sciroBanHsi, SDR
TEXHOJIOTIS1.

1. Introduction

Forward scattering of radio waves off meteor trails is
the most common and accessible way of meteors
observation in radio band. The advantage of this way is that
transmitter which has enough power is located behind the
horizon and the observer only manage receiving station
which is relatively easy to build. According to RMOB
(Radio Meteor Observing Bulletin, https://www.rmob.org/)
46 observers of radio meteors from all over the world send
their data online. Most of them (Europe) receive the signal
from french military radar GRAVES, observers from USA
receive the signal from VHF radio beacons, observers from
Belgium set their own radar station which has small power
but stable signal with known parameters. Radio meteor
observers also establish networks in some countries:
BRAMS (Belgium) (Calders et al., 2018), Bolidozor
(Czech Republic) (Kakona et al., 2016). The main
information received by radio meteor observers is the
number of detected phenomena per hour, which allows both
to estimate the parameters of meteor showers (period and
peak of activity, observability function) and to monitor the
distribution of meteoroid matter during the diurnal and
annual cycles of the Earth motion.
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Table 1: Locations of the network receiver stations and their characteristics

Antenna Frequenc Distance between Azimuth of antenna
Location Latitude Longitude - g 4 transmitter and o
height, m MHz . direction, deg
receiver, km
. 905 (Kielce 302 (Kielce
Mykolaiv 46°58'17" N | 31°5822"E 65 88.2 ( ) ( )
(Ukraine) 715 (Istanbul) 199 (Istanbul)
Rivne 50°37'23" N | 26°14'55" E 205 94.8 637 (Budapest) 240
(Ukraine)
Lviv 49°50'11" N | 24°00'52" E 316 91.7 900 (Sonnenberg) 278
(Ukraine)
Hlukhiv 33°54'56" N | 51°40'43" E 175 88.2 900 (Kielce) 269
(Ukraine)
Table 2: Locations of transmitters and their characteristics
Location Latitude Longitude Antenna height, m Power, kW Frequency, MHz
Kielce (Poland) | 50°51'36.29"N | 21°02'54.76" E 697 120 88.2
Budapest 47°29'30.17" N | 18°58'44.00" E 592 100 94.8
(Hungary)
Sonnenberg 50°26°48.29" N | 11°00°’15.78" E 1005 100 91.7
(Germany)
Istanbul 41°00'58.75" N | 29°03'56.11"E 384 100 88.2
(Turkey)

Our main goal of creating and developing a meteor
observations network using the forward scattering of FM
radio broadcasting signals is to expand information about
meteor phenomena, including the assessment of the
kinematic parameters (velocities, radiants, and orbital
elements) of meteoroids and their relationship with other
small bodies of the Solar system (potentially hazardous
asteroids approaching the Earth).

2. Hardware and software

It is possible to observe meteors by forward scattering
from FM radio stations which work in frequency band 88-
108 MHz. Such experiments were started in Ukraine at
Research Institute «Mykolaiv astronomical observatory»
(RI «MAO») in 2010 (Vovk et al., 2012). During the ten-
year research period, hardware and software were
developed to observe, extract and calculate the parameters
of meteor phenomena (Vovk et al., 2017). Successful
work on observations of meteor phenomena and automatic
processing of results allowed expanding the number of
stations and creating a network of radio observations of
meteors in Ukraine. Herewith three network stations were
set in RI “MAO”, as well as standard station equipment
was set in Rivne (Rivne Minor Academy of Sciences for
Student Youth), Lviv (Lviv Polytechnic National
University), and Hlukhiv (Olexandr Dovzhenko HIlukhiv
National Pedagogical University). The RT “MAQO” stations
were named as “MAIN”, “AMC” and “WAGON”. The
location of receiver stati-

ons and corresponding transmitters are given in tables 1
and 2 as well as transmitters power and frequency an
distances between receiving and broadcasting stations.

Network station hardware consists of:

1) 6 or 8-elements Yagi-Uda antenna;

2) SDR DVB-T receiver RTL2832U;

3) PC with following minimum requirements; the 150
GB hard drive, 2.0 GHz dual-core processor, 2GB RAM,
and 32-bit operating system (OS).

The input information for searching for signals

reflected from meteor trains is the signal from the output
of the receiver quadrature detector or signal that has not
been demodulated yet and whose characteristics fully
correspond to the signal in the carrier frequency. Due to
the use of such a signal, it is possible to determine the
amplitude and Doppler shift of the frequency of the signal
reflected from the plasma trail as a result of carrier
frequency recovery on a known modulation signal, which
is impossible for a signal that has been demodulated and
analyzed in Bushuev et al., 2010.
The HDSDR software, which is freely available, is used to
record radio signals. The program allows to save
recordings of the amplitudes values from the receiver
quadrature channels as wav-files and image files of the
amplitude-frequency-time plot (waterfall) for continuous
monitoring of meteor activity. The minimum bandwidth is
250 kHz, and the maximum is 3.2 MHz. This is much
larger than the spectrum width of the FM signal, which
does not exceed 75 kHz, and which is necessary for
optimal processing of this signal.
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Figure 1: Diurnal variations of meteors HR for each receiving station
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Figure 2: August hourly rate data obtained by RI “MAO” channel MAIN.
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Figure 3: August hourly rate data obtained by RMOB user Chris Steyaert.

Each station provides continuous automatic processing
of observational data and automatic e-mailing to users
which interested in receiving daily data on space
intrusions into the Earth's atmosphere. The method of
processing and extracting of meteor phenomena
parameters is described in Vovk et al., 2017. Monthly
reports are also posted on the RMOB website. The daily
amount of processed information per station is about 80
GB.

3. Results

Total amount of events identified as meteors registered
by the network in 2017-2020 is 1093015. To confirm

reliability of meteor phenomena identification the diurnal
variation of hourly rate was analyzed. From the early
radio meteor research campaigns the certain shape of
meteor number variation curve during day and night is
found: the maximum of hourly rate (HR) is nearly at 6 LT
(local time) and corresponds with meteoroids moving
from apex source. The minimum of HR variation is at 17
LT cased by meteoroids of antapex source. Diurnal
variations of meteors HR averaged for data observed in
2019 for each receiving station of the network are shown
on fig. 1.

From the curves shown on fig. 1, it is seen that for
stations in Lviv and Mykolaiv (MAIN) that variations of
change in time of meteors quantity do not correspond to
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expected. These features may be caused by the appearance
of significant radio interference near the stations in certain
periods during the year. Additional research is needed to
solve this problem.

Certain character of diurnal variation of meteors HR
typically observed when sporadic meteors only registered.
For meteor showers another behavior is typical. On fig. 2 and
3 the comparison of August HR data obtained by RI “MAO”
channel MAIN (fig. 2) and RMOB user Chris Steyaert (fig.
3) is shown. Both curves has maximum near solar longitude
140.0° which is corresponding with Perseids meteor shower
peak activity. HR values on fig. 2 and 3 (gray line) are
smoothed by 24 points moving average trend (black line).

4, Conclusion

The network of observations of the meteor phenomena
in a radio range consisting of 6 stations located in
Mykolaiv (3 stations), Rivne, Lviv and HIukhiv is created.
In 2017-2020 the network registered 1093015 meteor
phenomena. The registration results are posted on the
RMOB website. To confirm the reliability of these
observations, the following was performed: a) verification

of daily variations in the number of meteors registered by
network stations for compliance with the known
dependence (meteor observations in the apex and
antapex); b) comparison of the characteristics obtained by
the network of major meteor showers (Perseids were
chosen as an example) for compliance with the expected
both at the time of peak activity and intensity. To increase
the reliability of registration of meteor phenomena, it is
proposed to conduct additional studies of the
characteristics of radio interference operating in the
locations of stations in order to develop methods for their
suppression.
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ABSTRACT. The study of meteoroids and the phenomena
arising from their entry into the Earth's atmosphere is of
considerable scientific and practical interest to obtain data on
the origin and evolution of the solar system, to study the
physics of planetary atmospheres, and to solve the problem of
problem of asteroid-cometary-meteoroid hazard. Today the
most effective and informative are photometric and spectral
studies of meteor phenomena, which provide information on
the chemical composition and physical properties (density,
combustion temperature, etc.) of meteoroids that allow us to
classify these bodies by parental origin and mineralogical
structure. This paper presents the results of a study of the
photometric system of eight meteor telescopes of the same
type with a lens having a wide field of view (f = 50 mm, f/
1.2) and WAT-902H2 cameras. Telescopes equipped with
broadband Cokin filters P050 (cyan) and P003 in the blue and
red bands are installed in Mykolaiv and Odesa. An original
method is used to observe meteors - the method of
accumulation of shifted frames for TV cameras, which
provide an accumulated image of reference stars in the form
of points on a motionless telescope. In this work, simultaneous
observations of reference stars in two filters obtained on 2
different observation nights were used. Cross-identification of
the observational data with the Gaia DR2 catalog showed that
the standard error of the residual coordinate differences (Obs
— Gaia DR2) is about 7 "for both coordinates in both filters.
The bandwidths of our filters are closest to the photometric
system Gaia BP / RP, which was selected as a standard system
to which the obtained instrumental stellar magnitudes were
transformed. Transformation coefficients for converting
instrumental stellar magnitudes into Gaia BP/RP photometric
system were obtained by linear regression. Average standard
photometric solution errors were 0.2™9 and 0.3™ for red’ and
blue band, respectively. The possibility of determining the
color index based on the array of common stars from
observations in two bands is shown.

Keywords: Meteors, photometry, Gaia BP/RP photometric
system, color index.

AHOTALIS. BuB4ueHHS METEOpOimiB Ta SBHII, IIO
BHHUKAIOTh BHACIIIOK X BXO/DKEHHS B aTMocdepy 3emii,
Ma€ 3HAYHUN HAYKOBHHM Ta NPAKTHYHUI iHTEepec s
OTPUMAHHS JaHUX [P0 TIOXOKEHHS Ta EBOJIOIII0
CoHsyHOI cucTeMM, BHUBYEHHS (I3UKM  IUIAHETHUX
aTMocdep, a TAKOK 715l BUPILIEHHS TPOOJIEMH acTepoiHO-

MeTteopoigHoi Oesmexu. Haitbinpm edexkTuBHUME ¥
iH(pOPMATUBHIUMHY Ha CHOTOIHIIIHIN IeHb € (POTOMETPHUHI
Ta CHEKTPalbHI JOCHIIPKEHHS METCOPHUX SBHUII, SIKi
JI03BOJISIFOTH OTPUMATH iH(OpMarlito po XiMiuYHHUN CKIaf i
¢bi3uuHi BIACTUBOCTI (ILIBHICTH, TEMIIEPATYPY 3TOPSHHS
TOLIO) METEOPOIiB, a BIANOBIAHO 1 Kiacu(iKyBaTH L Tija
32 TOXO/DKEHHSM OaThKIBCBKHX TUI 1 MIHEPaJOTi4HOIO
cTpykryporo. Lls pobora mpexacrtaBisie pe3yibTaTH
JIOCITI IKCHHS (hOTOMETPHYHOI  CHCTEMH BOCBMU
METEOPHHX TEJIECKOIIB OHOTO TUITY 3 00'€KTUBOM, I1I0 M€
mmpoxke mose 30py (f= 50 mm, £/1,2) Ta kamepamu WAT-
902H2. Teneckonu, ocHaiieHi mupokocMyrosumu Cokin
¢ineTpamu  y uepBonomy(P003) Tta cunbomy (P050)
niama3oHaX, BCTaHOBIEHI y MmukomaeBi ta Opeci. s
CIIOCTEPeKEHb METEOPiB BUKOPHCTOBYETHCS OPUTIHAILHUN
METOJ — METOJ HaKONHWYeHHs KaJapiB 3i 3cyBoM s TB
Kamep, sKi 3a0e3le4yloTb OTPHUMAaHHS HAKOIMHYEHOTO
300pa)XeHHsI OIOPHUX 3IPOK Yy BHUIJBSIII TOYOK Ha
HepyxoMoMy Teieckomi. Y  nmaHid pobori  Oynwm
BUKOPHCTAHI OJTHOYACHI CHIOCTEPEKEHHs ONOPHUX 3iPOK B
IBOX (iMBTpax, OTpUMaHi B 2 pi3HI HOYI CHOCTEPEKEHB.
Buxonana kpoc-imeHTH(}IKaIisd OTPHUMaHUX MHaHHX 3
kartanorom Gaia DR2 noka3ana, 1110 cepeIHbOKBaIpaTHYHA
MOMUIIKA OCTaTOYHHX pi3HHUIL KoopauHaT (Obs — Gaia
DR2) cranoButs 0yin3bko 7" it 060X KOOpAWHAT B 000X
¢inprpax. CMyra TMpONyCKaHHS HAUX  (UIBTPIB
HalOubm Onu3bki 10 QoTomerpuuHoi cucremu Gaia
BP/RP, sika Oyna oOpaHa B SIKOCTI CTaHAAPTHOI CHCTEMH,
J0 sKoi OyJo ImepeBeleHO OTpUMaHi IHCTPYMEHTaJbHi
30psiHi  BennunHHU. KoedilieHTH mnepeTBOpeHHs Juis
HepeBeIeHHs] 1HCTPYMEHTAIbHUX 3HAueHb BEIHYMH Y
¢doromerpuuny cucremy Gaia BP/RP orpumani metomom
JHIAHOT  perpecii. CepenHi craHmapTHi MOXHOKH
¢doromerpuyHoro posp’si3Ky ckiamu 0.2 ™9 ta (.39
BIIMIOBITHO JUIA YEPBOHOTO Ta CHHBOTO JIiala30HIB.
[TokazaHO MOXIMBICTH BH3HAUEHHS ITOKAa3HUKA KOJIbOPY
Ha OCHOBi C(OPMOBAHOTO MacuBYy CIHUIBHHX 3ipOK 3i
CIIOCTEPEKEHD Y JIBOX CMyrax.

KurouoBi cioBa: Merteopu, dotomerpis, Gaia BP/RP
(doromeTpuyHa cucTema, KOJIbOPOBHI MMOKa3HUK.

1. Introduction

Photometric studies can be effective and informative
means to obtaining information about the chemical
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composition and physical properties of the target bodies.
But in order to use and compare the data obtained by
different scientists at different times, it is required to
measure magnitudes to a standard internationally agreed
system with good precision. The most studied and
widespread in this respect is the UBVRI Johnson - Cousins
system, in which a large amount of astronomical data has
been accumulated. Unfortunately, there are a number of
difficulties for the mass reproduction of this system,
associated both with the availability of filters and with a
limited number of standard stars for performing
photometric reductions. Gaia DR2 was released in April
2018 and contains a photometric catalogue of more than 1
billion sources over all celestial sphere. This release
contains color information in the form of integrated BP and
RP photometry in addition to the latest G-band photometry
(Riello et al., 2018). This is full-sky survey with the
unprecedented spatial resolution, high accuracy could use
for the purpose of photometric calibration for wide range
of astronomical tasks.

2. Instrumental system

Four pairs of meteor telescopes equipped with TV CCD
cameras WAT-902H2 and lens with focal length 50 mm
(f/1.2) are located at RI «MAO» (2 pairs), Vitovka (1 pair,
12 km baseline) and Kryzhanivka (1 pair, 100 km baseline).
First results obtained with these telescopes are described in
Kulichenko et al., 2019. Telescopes equipped with
broadband Cokin filters P0O50 (cyan) and PO003 (red)
hereinafter referred to as blue and red bands. Observations
are provided using track-and-stack technique for obtaining
frames with reference stars (Kulichenko et al., 2015).
Cameras work in the interlace mode (50 fps) and number
of accumulated frames is 500 (10 s).

3. Astrometric Reductions and Accuracy

Processing of obtained observations included next steps:

1) Frames filtering using software for processing of the
CCD images developed in RI “MAQO”;

2) Extracting stars and cross-match with catalog Tycho-2
for obtaining reduction coefficients using Astrometry.net
software (Lang et al., 2010). Brightness of extracted stars in
ADU with subtracted background also saved in result files;

3) Obtaining a summary csv-table for all detected stars with
measured celestial coordinates and streams from all processed
frames using a Python script developed at the Research
Institute "MAQ". The table also includes coordinates and
magnitudes from Tycho-2 catalogs for all stars.

In this study, further results and calculations were
obtained on the basis of arrays of simultaneous
observations of stars for two evenings (2018/11/08 and
2018/11/09) in P050 (BLUE) and P003 (RED) bands.

The obtained observational arrays were cross matching
with Gaia DR2 catalog to estimate positional accuracy. The
standard deviations of the residual coordinate differences
(Obs - Gaia DR?2) in right ascension and declination were
used as an estimate of the accuracy of the observations. Cross
match procedures was made by TOPCAT software (Taylor
M., 2005) with 30" match radius parameters. The results of
cross matching are shown in Table 1. (Obs — Gaia DR2)

differences and their standard deviations in right ascension
and declination are given in column 3, N — number of stars.
Differences in right ascension include cos DE.

As you can see from the table, there are no significant
systematic differences between obtained coordinates and
Gaia DR2 catalog. The accuracy is almost the same for both
coordinates in the blue and red ranges.

Table 1: Results of cross matching between observational
arrays and Gaia DR2 catalog

Data | Band (Obs — Gaia DR2) N
RA, arcsec | DE, arcsec
11/08 | Blue -0.7+6.8 -0.5+ 6.6 | 6490
11/08 | Red 0.5+£6.9 0.0+6.6 | 1925
11/09 | Blue -0.5+6.9 -0.5+6.7 | 1647
11/09 | Red -02+6.7 02+6.7 | 1530
RED
NeLuE

04 —

Normalised count

[ ]

0.1
ol == |
5 ] 7 8 9 10 " 12

Gaia DR2 BRIRP magnitude, mag

Figure 1: Histogram distribution in BP and RP Gaia DR2
magnitudes.

The histogram of distribution in BP Gaia DR2
magnitude for observational array with blue filter and RP
Gaia DR2 magnitude for observational array with red filter
is presented in Fig. 1. The difference in penetration for the
two bands is associated with the higher sensitivity of WAT-
902H2 camera in the blue region.

4. Photometric reductions

The brightness measurements of stars in the CCD
images were carried out using built-in source extractor of
the Astrometry.net software. The counts from the stars with
the subtracted background were converted to the scale of
instrumental magnitudes according to the known ratio:

Mi = —2.51g(Flux)

The brightness correction for the relative change in the
air mass in the frame field of view was not made here. Since
the Cokin P0O50 (cyan) and P003 (red) filters have wide
bandwidths, Gaia DR2 BP/RP photometric system has been
selected as the standard system. The relationship between
magnitudes and color index in these systems can be
represented in the form (Hardy, 1967):
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magnitudes for observations in blue range, up — before
transformation, down — after transformation.

Magti;aia = al X Magfys + a2 x (BP — RP)éaia + Mg,
(BP - RP)éaia =a3 x Clinstr + C(l;'

where MagL,;,, (BP — RP).,;, — catalog values of star
magnitude and color index, Magt,,sy, Cl,ser- Observational
values of star magnitudes and color indices, al, a2, a3 —
transformation coefficients, M, C{ - zero point constant.

The transformation coefficients were found by the least
squares method. The solution was carried out by the
method of fixed-point iteration using the 3-sigma criterion.
The calculated values of transformation star coefficients
and their errors are presented in Table 2.

Table 2: Transformation coefficients (star magnitude)

al a2 Mo SD N
B 0.980 +£0.004 0.504+0.004 15.84+0.03 | 0.25 | 7684
R 0.938+0.005 | -0.215+0.004 | 14.08+£0.04 | 0.21 | 3302

The Fig. 2 presents correlation between instrumental and
Gaia DR2 magnitudes before and after recalculation of the
instrumental magnitudes.

As could be seen from table 2 the accuracy of link
between the two systems is 0.25™9 in blue band and 0.21M29
in red band.

C

1] 1 2 3 4
Gaia (BP -RP}), mag

Figure 4: Relation between instrumental and standard
(Gaia DR2) color indexes

Relation between residual differences between standard
and instrumental magnitudes is presented in Fig. 3. The
figure shows the absence of significant systematic
differences in magnitudes in the observational range. The
random error is determined by the errors of the least squares
method solution.

To calculate the color relation, the observational arrays
are cross-matched to find common stars in the blue and red
bands.The coefficients were found by the least squares
method, similar to the scheme for determining the
transformation coefficients for the star magnitudes. The
most widely used color characteristic of astronomical
objects is (B-V). The values (B-V) for our stars were
selected from APASS DR9 catalog (Henden et al., 2015).
Transformation coefficients between (B-V) color and
instrumental color index also has been calculated. The
calculated values of transformation color coefficients and
their errors are presented in Table 3.
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Table 3: Transformation coefficients (color index)

a3 c SD N
BP — RP 0.88 £0.01 | -0.08 +£0.02 | 0.28 855
B-V 0.69+0.02 | 0.06 +0.04 | 0.32 265

The obtained data show the possibility to estimate of the
meteors color from the observations at the meteor
telescopes equipped filters in two bands.

5. Conclusion

The transformation coefficients to link the instrumental
values of magnitudes and color indexes of the meteor
complex telescopes to the Gaia BP/RP photometric system
were calculated.

The mean standard errors of the photometric solution are
0.25™8 and 0.21™9 for BP and RP ranges, respectively. The
possibility of color index determinations based on
reference stars observations with red and blue broadband
filters is shown.
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SIGNATURES OF EXOCOMET ACTIVITY AROUND STARS
AT DIFFERENT EVOLUTIONARY STAGES
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ABSTRACT. We discuss the current state of
problems associated with the discovery and study of
exocomets, i.e objects of extrasolar systems, that are in
many aspects similar to the solar system comets. Thus
far, more than 4,300 exoplanetary systems have been
discovered, but little is known about the populations
of subplanetary bodies in these systems, in particular
comets. Existing theories of planet formation suggest
that populations of small bodies in the planetary
systems should be numerous, especially at the early
stages of their formation. Currently, most of the
stars observed with the confirmed transit exoplanets
and candidate stars with exoplanetary systems have
been collected in the Kepler and TESS space mi-
ssion databases. These databases can be used for a
search and study of the exocomet transit signatures
in extrasolar systems. So far, the number of observed
cases of exocomet transits has been small, only about
20 events. Due to the rapid accumulation of data, new
researches aimed to identify the specific transit events
and study the physical characteristics of small bodies in
the extrasolar systems are of great importance.Worth
considering is the concept of “falling evaporating
bodies”, massive enough bodies surrounded by mini-
atmospheres, which fall on the parent star. The events
might produce the variable, short-time red-shifts of
some spectral features in their spectra. Alternative
evidence of exocomet transits can be obtained by
detection of the cometary emissions in CO, C, and
O lines in the millimeter region of the spectra of
debris disks by the ALMA and APEX telescopes.
We discuss the known detection methods based on
the analysis of the photometric and spectral series
of observational data of space missions and ground-
based complexes. Some results of experimental studi-
es of the exocometary transit signatures obtained by
other authors are presented and discussed.
Keywords: extrasolar planetary systems, exocomets.

AHOTAIIIA. ¥V pmaniit pobori 06roBOPIOETHCs Cy-
qacHU cTaH mpobJieM, MOB'3aHUX 3 BIAKPUTTAM Ta
NOCJII>KEHHAM €K30KOMET — OO’€KTIB I103aCOHAYHUX
cucreM, 6araro B YoMy HOJIOHHUX j10 KomeT COHsSYHOT

cucremu. Ha cworomui Bimkpuro BxKe Oisbime 4300
€K30IJIAHETHUX CUCTEM, aJie BOJTHOYAC MAJIO IO BiJIOMO
PO TOMyJIANil CyOIUIAHETHUX TiJT y I[UX CHCTEMax,
30KpeMa KoMmeT. IcHyfoui Teopil dhopMyBaHHS ILTAHET
epe10avaioTh, MO MOMYJIANIl MaJuX Tija TJIAHETHUX
cucTeM MOXKYTb OyTH 0OaraTo4nCceJIbHUMU, OCOOJIHBO
Ha paHHIX cTajisx ix ¢opmyBanas. Hapasi ocHoBHa
KITBKICTh CIOCTEpEXKEHb 3ip i3 MmiATBepIKEeHUMH
TpaH3UTAMU Ta MNMOBIpHMX 3ip-KaH/UJAaTiB 3 €K30-
IJIAHETHUMHU CHCTEMaMU HaKOIMYeHa B 0a3ax JIaHUX
kocmiunux Miciit Kepler ra TESS. 1li 6a3u ganux Mo-
2KYTb BUKOPHCTOBYBATHCH 1 JIJIsT TIONIYKY Ta BUBYEHHS
MMPOSIBIB  €K30KOMETHOI aKTHUBHOCTI B ITO3ACOHSYHUX
cucremMax. Ha ChOTOmHI YMCENBHICTH CITIOCTEPEIKEHUX
MIPOSIBIB €K30KOMETHOI aKTUBHOCTI € JIyKe HE3HAYHOIO,
Bchoro Om3bKo 20 mogiii. AJie MBHIKE HAKOIMYCHHS
JAHUX CTUMYJIIOE AKTUBHI JIOCJIiJI?KEHHSI, HAIIPpaBJICHI
Ha BUSBJIEHHsI Ta BUBYCHHS (DI3MIHUX XaPAKTEPUCTUK
MaJIX T y MO3aCOHAYHAX CACTEeMax. ¥ Halriit pobori
MIPEJICTABIEHO OCHOBHI METOJIM JeTeKTYBaHHHA, sKi
IPYHTYIOThCS Ha aHaJi3i (oroMeTpudHux Ta CIie-
KTPAJIbHUX PSAJIIB CIIOCTEPEKHUX JAHUX KOCMITHUX
Miciit Ta Ha3eMHHUX CIIOCTepeXKHUX KomIutekciB. Hape-
JIEeHO Ta OOTOBOPEHO PEe3yJIbTaTh €KCIIEPUMEHTATbHIX
JIOCJIIJI2KEHb ~ TPOSIBIB ~ €K30KOMETHOI  aKTHUBHOCTI,
oTpuMaHuX iHmmMu asropamu. Harosomyerscs He-
00XigHiCTh OlIBII KOMIIJIEKCHOI'O aHAJI3y HasgBHUX
npobsieM. Baproio posriisily € KOHINIlis Ia iHHS
Ha 30PI0 MAJOMACHUBHUX TiJI, OTOUYEHUX MiHiaTmocde-
pamu, tak 3Banmx '"falling evaporating bodies". V
CIIEKTPaX Il IPOSIBJISAETHCS IOSIBOIO MIHJIMBHUX, YaCTO
KOPDOTKOTPHUBAJINX, 3MiH 31 3MIiIIeHHAM Yy 4YepBOHY
JUJSHKY CHeKTpa. [HImMM HMOBIDHHM  CBiTME€HHSAM
KOMETHOI aKTHBHOCTI € BUIPOMIHIOBAHHS B JIHIAX
CO, C ta O B MugTiMeTpOBIi#l JIAHII CHEKTpa, IO
CIIOCTEPITAJINCS B YJIaMKOBUX JHCKaX TeJIeCKOIIaMu

ALMA rta APEX.

KirouoBi ciioBa: 1mo3acoHsIYHI TIJIAHETHI CHCTEMH,
€K30KOMETH.
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1. Introduction

During recent years, the transit method for the
study of extrasolar planetary systems has shown its
effectiveness. Using this method, the following low-
mass bodies have already been discovered:

e Sub-Earths: the smallest solid body, moon-size
Kepler 37b object, which was detected in 2013
[Barclay et al., 2013].

e Disintegrating planets: Ceres-sized objects wi-
th short-period orbits (~10 hours), which were
detected spectroscopically, but detection is possi-
ble by the transit photometric method assumed
that objects are surrounded by optically thick
material (eg, dust). This fact leads to increasing
of depths on the transit light curve of the parent
star. Examples of such objects are KIC 12557548b,
KOI 3794 [Rappaport et al., 2012], KOI 2700b
[Rappaport et al., 20147], K2-22 [Sanchis-Ojeda
et al., 2015].

e Comets in other stellar systems: 6
asymmetric transits in the system KIC 3542116
(F2V) and one in the system KIC 11084727 (F5V)
were detected; their transit light curves have an
asymmetric appearance and correspond to that,
which could be caused by an object having the
cometary coma and tail [Rappaport et al., 2018].

2. Orbital observational complexes

The majority of observations of stars with confi-
rmed transits and probable candidate stars with
exoplanetary systems have been accumulated in the
Kepler and TESS space mission databases. Kepler
Space Telescope was the first mission planned speci-
fically to discover and study exoplanets resembli-
ng terrestrial planets located in a habitable zone.
Observations were carried out using 0.95 m telescope of
Schmidt system with a CCD photometer in the spectral
range 420 — 905 nm. During the period from 2009 to
2013, the photometric monitoring of brightness changes
of about 170,000 stars within a sky area ~115 square
degrees was performed. The photometric accuracy
for calculating the brightness curves is estimated at
0.002% for a star of 12 magnitude and spectral class
G2V when integrated for 6.5 hours [Jenkins et al.,
2010].

The main task of the TESS (Transiting Exoplanet
Survey Satellite) mission is the search for transits by
exoplanets across the nearest and brightest stars. The
TESS is located in high satellite orbit in 2:1 resonance
with the Moon. It maintains the optimal thermal

regime and necessary geometric conditions for the
approximately similar visibility of selected sky area
for the observations. The TESS has four wide-angle
cameras, each with a field of view 24° x 24°  which
makes it possible to obtain simultaneously an image
of the celestial sphere band 24° x 96° from the ecliptic
plane to its pole. A total of 15,000 — 20,000 stars are
observed in each band for 27 days. The bandwidth of
the cameras cuts the spectral region 600 — 1040 nm. It
is expected that the catalog final version will contain
the results of monitoring of stars brighter than 13 mag
in the camera spectral band, meanwhile a particular
attention will be paid to more than 200,000 cool
dwarfs of spectral classes F-G-K-M to search for
exoplanets with radii between 2.5 and 4.2 of the Earth
radius [Stassun et al., 2019].

3. The difference between the light curves of
exoplanets and exocomets

Ordinary transit profiles of exoplanets are U-shaped.
If a planet passes through the host star disk, the li-
ght curve has a symmetrical profile with respect to
the center of the transit. The asymmetric shape of
the photometric transit profile, as it seen in Fig. 1,
can be considered as a manifestation of the presence
of an object with the dusty tail. Rappaport et al.
(2018) investigated a set of 201,250 photometric li-
ght curves from the Kepler database. Several transi-
ts were found and interpreted as exocometary ones for
stars KIC 3542116 (Fig. 1) and KIC 11084727. These
transits have a pronounced asymmetric shape with a
steeper drop in starlight at the beginning of the transit
event and a slower increase in brightness of the star
when leaving the shadow. The similar shape and depth
of transits are theoretically predicted in the work of
Lecavelier des Etangs et al. (1999) for the case when
an extended comet-like object surrounded by a dusty
atmosphere passes through the star’s disk. The depth
of the light curve in Fig. 1 is about 0.1%, the duration
of the transit is about 1 day. Opposite to planet transi-
ts, photometric profiles of exocometary transits reveal
a relatively small amplitude and a fairly long durati-
on, an average of 1.5 days. It is worth to note that the
transit profile of a disintegrating planet with the long
dusty tail and small fragments could also have a similar
shape. However, the researchers ruled out this possibi-
lity, because in this case there should be periodicity
in transit events, meanwhile an exocomet transits are
sporadic ones.

Rappaport et al. (2018) calculated the basic
parameters of exocomets. They assumed that the
asymmetry of the transit profile is associated with the
transit of a comet having the dust tail shifted in the
direction opposite to the direction of the comet moti-
on. The calculated orbital velocities are within 35.2
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Puc. 1: Asymmetric transit of an exocomet in the
system of KIC 3542116 plotted based on the data from
MAST archive.

— 89.8 km/s; tail lengths are within the range from
3.1 x 10° to 5.9 x 10° km. The estimated mass of the
exocomet M, > 10'7 g, correlates with the mass of
Halley’s comet, i.e. 2.2 x 10'7 g [Cevolani et al., 1987].

Another interesting case for exocomet investigation
provides the star Beta Pictoris (8 Pictoris) located at a
distance of 63.4 light years from the Earth. Fig. 2 shows
the image of the 8 Pictoris system made by HST [Moui-
llet et al., 1997]. The age of the star is estimated as 8 —
10 Myrs. Icy bodies similar to those in the Kuiper belt
in our Solar System are likely condensed in dust and
gas disc around the star. Fortunately, from the Earth
we can see the disk from its edge. Strong dust scatteri-
ng makes the disk quite bright for the observations .

Zieba et al. (2019) analyzed the TESS observation
of star 8 Pictoris for the period October 19, 2018 —
February 1, 2019 and identified several asymmetric
transits. These authors estimated the orbital velocity
of exocomet to be 19.6 + 0.1 km/s, and the probable
length of the tail of order 2 x 10® km at a distance
from the star of r =1 AU.

4. Stars and exocomets

Existing theories of planet formation suggest that
populations of small bodies in planetary systems
should be large. It is expected that more pronounced
signatures of exocometary activity can be detected at
the early stages of the stellar evolution, i.e. around the
stars of spectral types A — F, surrounded by debris
disks of aged from several millions to 0.5 Gyr. It is
considered that more massive stars may have massive
protoplanetary (primordial) disks. In this case larger
bulks of secondary material, like disk fragments, will
remain around a star and become a source of cometary
and asteroid “material” in the system. Such fragments

s
Hubble Space Telescope + ACS/HRC

NASA, ESA, and D. Golimowski (Johns Hopkin: ty)

Puc. 2: The disk of 8 Pictoris formed by the multi-
ple belts of debris material with different inclinati-
ons. The size of dust disk is much more than 100 AU
[Wahhaj et al., 2003; Okamoto et al., 2004; Quillen
et al., 2007]. Credits: ©NASA, ESA, D. Golimowski
(Johns Hopkins University), D. Ardila (IPAC), J. Kri-
st (JPL), M. Clampin (GSFC), H. Ford (JHU), and
G. Hlingworth (UCO/Lick) and the ACS Science Team

can be expected to exhibit CO emissions, as can be seen
for HD 181327 [Marino et al., 2016], n-Corvi [Marino et
al., 2017], and Fomalhaut [Matra et al., 2017]. For these
systems, circumstellar CO emissions were recorded by
radio observations. It was interpreted in favor of the
presence of significant populations of small bodies at
large orbital distances.

In general, emissions of CO, C and O lines are
observed in debris disks by ALMA and APEX
telescopes in the millimeter region of the spectrum.
The Table 1 presents the list of the young stars where
gas has been detected and which may be of interest for
finding exocomets or other low-mass bodies.

As it was noted above, the bulk of the photometric
observations of transit phenomena is accumulated in
the databases of the space telescopes. During the TESS
mission, special attention is paid to the observations
of close bright dwarfs having radii in the range ~0.1
— 4.0 solar radius, in order to detect transits caused
by small objects of the Earth’s size. Could we expect
the evidences of exocometary activity in the systems
of these stars? Assuming that the main component of
exocomets (like for comets of the Solar system) is the
ices of volatile elements, we expect the development
of comet-like activity when the object is approachi-
ng to the parent star and its surface temperature
increases. We calculated the dependence of the equi-
librium temperature on the distance from a host star,
assuming that the amount of radiation absorbed by
the nucleus is equal to the amount of the radiation
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Taba. 1: Stars with debris disks in which gas was detected.

Star Right ascension Declination Reference
HD 21997 03 31 54 -25 36 51 Modr et al. 2011
HD 32297 05 02 27 +07 27 40 Redfield 2007
HD 10908 (eta Crvor, 8 Crv) 12 32 04 -16 11 46  Marino et al. 2017
HD 149630 (sig Her, 35 Her) 16 34 06 +42 26 13 Chen & Jura 2003
HD 158643 (¢ Ophor, 51 Oph) 17 31 25 -23 57 46 Thi et al. 2013
HD 181327 19 22 59 -54 32 17  Marino et al. 2016
emitted. It is shown in Fig 3 together with the subli- 1000( ' ' ' '
mation temperatures of pure ices of ce.rtain volatile R —_ tKh5e,Tj:J:441OK, R=0.65-0.79 Rq,, ]
elements (CO, NHs, CH;OH, H50), which have been 800, - - FO,T4=7300K, R=1.40-4.32 Rg,, .
found in the solar system comets [Meech and Svoren, N ]
2004]. These estimates are based on the simple equi- 600 . ]
librium model and some parameters derived for the - . 1
solar system comets, such as the surface albedo and *+ L s 1
roughness, bolometric emissivity, zero thermal inertia 400 \\ ]
as well as on assumption of rapid rotation of the F T ]
comet’s nucleus [Spencer et al., 1989]. Nevertheless, 200 |- IR H,0
Fig. 3 shows that in the exoplanet systems similar to ST el (":‘H:”:OH:
our Solar system, we can expect the manifestation of el — . CO" 1
cometary activity due to sublimation of water ice at 0.0 05 1.0 1.5 2.0

distances of about 3 AU. In the systems of the hosting
stars larger than the Sun (1.4 — 4.2 solar radii) the ices
of volatile elements, including water ice, are likely to
evaporate at distances greater than 20 AU. Comet-like
activity at close distances is likely to be caused only by
the decay and evaporation of the solid component of
the comet’s nucleus. Around smaller stars (0.65 — 0.79
solar radii), the comet-like activity can occur at closer
distances (~1 AU) and only if the cometary nucleus
includes a significant part of ice impurities that are
more volatile than water ice. Therefore, to search for
comet-like activity in the TESS satellite database, it is
necessary to select the objects from the list of candi-
dates, which includes the dwarfs of spectral types FO —
K5 with radii in the range of 0.7 — 2.0 of the solar radi-
us. Both the relatively small radii of these stars and the
effective temperatures in the range of 4000 — 7500 K
increase the probability to detect a transit phenomenon
caused by small objects, including exocomets. Indeed,
the volatile small bodies in the systems of such stars
may develop the comet-like activity in the interval of
distances of 1 — 20 astronomical units from the host
star.

5. Conclusions

Nowadays, the very fact of the existence of comets
in the exoplanetary systems is not in doubt. First
robust detections, both spectroscopic and photometric,
point out likely the abundance of exocomets in
extrasolar stellar systems. We expect that similarly

log(distance from the star, AU)

Puc. 3: Equilibrium black-body temperature vs. the
distance to a host star. The horizontal lines mark
the sublimation temperature of the pure ices of
corresponding molecules in vacuum.

to comets in the Solar system, exocomets are bodies
of the ages comparable with the age of the planetary
system formation. The detection of exocomets can be
interpreted as indirect evidence of the existence of
exoplanets,as well as the presence of dust in the system
might indicate a large number of collisions of small
bodies in this system.

According to the modern knowledge, volatile
small bodies — remnants of the planet formation
— can deliver water and other volatile substances
to the planets, which indicate their importance for
astrobiology. There is no doubt that the discovery
of exocomets by photometric and spectral methods
using the groud-based optical observations and space
orbital telescopes, provide a better understanding of
the evolution of star-planetary systems and the nature
of physical processes in the Solar system.
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ABSTRACT. A spacecraft in near-Earth orbit is
exposed to extreme environmental factors, such as high
vacuum, zero gravity, collisions with meteors and orbital
debris, corpuscular and electromagnetic radiations, etc.
These factors result in changing properties of spacecraft
surfaces which leads to changes in mechanical, optical,
electrical and physical properties of materials and
elements of spacecrafts. This paper presents experimental
data obtained from ground-based  photometric
observations of several geostationary satellites (GSS) built
on different types of buses, starting from the beginning of
their operational lives and during several years after their
launches. It has been experimentally proved that spectral
reflectance properties of the satellite surface materials
undergo gradual degradation with time of the satellite’s
stay in space. Noticeable changes in spectral reflectance
properties of GSS make it possible to detect damages to
the satellite external payload. Comparison of changes in
the reflective characteristics of different platforms over
time can show the level of technical and scientific
progress of spacecraft designers.

AHOTALILIS. Kocmivynawmii anapar, mo 3HaXOAUTLCSA Ha
HaBKOJIO3eMHIM  opOiTi, WiAMaeThC BIUIMBY IIIJIOTO
KOMIUIEKCY YHMHHHKIB: TJIMOOKMH BakyyM, HEBaromicTh,
3ITKHEHHS 3 METCOPUTAMH 1 YACTHHKAMHU IITYYHOTO
MOXOJDKEHHSI,  KOPIYCKYJSIpHE 1  €JIEeKTpOMarHiTHe
BUIIPOMIHIOBAaHHs pI3HMX BHUIIB 1 T.J. B pesynbrari
3MIHIOIOTBCSI BJIACTHUBOCTI MOBEPXHi, L0 NPH3BOAUTH 1O
3MIHM MEXAQHIYHUX, ONTHYHUX 1 ENEKTPODIZHIHHUX
XapaKTepUCTHUK MaTepialliB 1 eJEeMEHTIB KOCMIYHOTO
amapary. Y CTarTi npeAcTaBlieHi eKCIIepUMEHTANbHI JaHi,
OTpUMaHi 3 Ha3eMHHX (DOTOMETPHYHHX CIIOCTEPEKEHD
JEKUTBKOX T'€OCTAI[iOHAPHUX CYIYyTHHUKIB 3 PIi3HUMH
TunmamMu  wiarhopM 3 MOMEHTY [OYarky poOOTH
CYNyTHHKa 1 uepe3 KiJibka POKIB IiCJIsl 1MOYaTtKky poOOTH.
ExcriepuMeHTanbHO MIATBEPIUKEHO, IO CIEKTpalibHa
BiIOWBHA 3[aTHICTh MAaTepialiB MOBEPXHI CYIMyTHHKA
MOCTYIOBO JIETPaly€e B 3aJIC)KHOCTI BiJ 4acy nepeOyBaHHs
B KOCMoOCi. 3a 3HayHOI 3MIiHM CIEKTPaJIbHUX BiJIOMBHUX
XapaKTEePUCTUK TEOCTALIOHAPHOIO CYIyTHHKA MOJJIUBO
BU3HAYUTH  MOIIKO/DKCHHSI  30BHIIIHBOI ~ KOPUCHOTO
HaBaHTaXXCHHsS CYNMyTHUKA. [TOpIBHAHHS 3MiH BiIOMBHUX
XapaKTEePUCTUK PI3HUX IUIATPOPM 3 YacOM MOXKE

MI0Ka3aTH pIiBEHb TEXHIYHOTO Ta HAYKOBOTO IIPOTpecy
KOHCTPYKTOPIiB KOCMIYHHX amnaparis.

1. Introduction

Studying the effects of the harsh space environment on
the optical properties of materials is a topical and
challenging issue of great interest to not only designers
and engineers of space-based systems. According to
expert data, the space environment effects contribute
significantly to breakdowns, failures and malfunctions in
spacecraft operations [1].

The following key factors affect a spacecraft’s surface
in the space environment:

Meteoric dust and solid particles of orbital debris that
affect optical properties of the surface;

Temporal effect of ageing (degradation) of the
materials covering a spacecraft’s surface and solar arrays
under high-vacuum conditions;

Different types of radiations affecting photo-voltage of
solar arrays, especially when solar flares occur or when
the spacecraft travels through the Van Allen radiation
belts. Exposure to high-energy electrons results in the
breaking and reforming of physical and chemical bonds;

Extreme temperature variations due to continuous
transition of the orbiting spacecraft body from excessive
cooling in dark portions of its orbit to heating when
illuminated by the Sun, and vice versa. It results in
destruction of mechanical fasteners used to mount
elements of solar arrays, payload and bus (platform), as
well as joints between these components.

There have been a huge number of publications and
manuscripts on the subject of space materials science [1,
2, 3, etc.]. However, all these papers, with the exception
of [4], present theoretical findings or results obtained
under laboratory conditions not allowing for the
atmospheric effects [5]. The paper by A. Didenko [4]
presents experimental data on the spacecraft surface-
coating ageing with time for the period of four and a half
years for three types of GSS, namely Horizont, Raduga
and Intelsat, obtained during ground-based observations
through Earth’s atmosphere. As is commonly known,
Earth’s atmosphere distorts the light rays, especially



Odessa Astronomical Publications, vol. 33 (2020)

139

colour characteristics of light, which change with time of
the GSS stay in the space environment.

Availability of the results of long-term ground-based
multicolour photometric observations of one and the same
GSS makes it feasible to detect variations in the reflectance
properties of the satellite. To solve this problem, it is
necessary to have a database of photometric ground-based
observations that should be expanded and updated for many
years. Such a database was created at the Astronomical
Observatory of the 1. Mechnikov Odessa National
University with 2004. It contains more than 2,000 sets of
observational data for satellites of many classes operated by
different GSS operators throughout the world.

In this paper, we present and discuss variations in the
spectral reflectance index over a period of seven years
orbiting in the space environment for the following GSS
built upon the European bus Eurostar 3000: Astra 2E, and
Express AM7. Observations of Sicral 1B on the GeoBus
platform (ItalSat-3000), began 2 years later, when the
IGSS began its work at the sub-satellite point.

Photometric observations of GSS enable to detect
diurnal, seasonal and annual brightness variations. The
causes of variations in the satellite brightness are described
in detail in the studies [6 and 7]. It is known that spectral
optical properties of the satellite surfaces are defined by the
spectral reflectance index. In this case, the spectral
reflectance index (y;) coincides with geometric albedo.

It is known that the spectral-band brightness of a

spacecraft m, is defined by formula [4]:

Sy,Flw)
mizm?—z,Slg{md—z} ()]

where mf is the Sun’s brightness in the respective

spectral band (B, V, R); (y,) is the spectral reflectance
index; (Syy) is the apparent effective reflecting area of the
satellite surface; d is the distance to the satellite, which is
known for GSS; F(¢) is a function of phase which is
analytically solved for simple geometric shapes (plate,
sphere, cone, etc.).

Constant or calculated values in formula (1) are as
follows: the satellite brightness, the Sun’s brightness,
distance to the satellite, function of phase and size
(dimensions) of the satellite (if known).

If the satellite dimensions are not known, as is the case
for Sicral 1B, it is possible to set dimensions similar to
those typical for a certain class of GSS which can be
adopted from different sources. In any case, the pattern of
changes in the spectral reflectance indices becomes
apparent. Taking into account that the dimensions of an
active satellite are invariable over many years of its
operation, it must be the spectral reflectance index (y;) to
change. A. Didenko in the study [4] suggested calculating
relative reflection indices Ayg-vy and Ayw-r). The authors
embraced the idea and suggested studying variations in the
spectral reflectance indices (yo, yv, vr) as a function of time.

2. Results of observational data processing

The figures below depict variations in Ayg-vy and Ay-
r) for the GSS Astra 2E (at the sub-satellite point 28°.5 E),

Express AM7 (at the sub-satellite point 40°.0 E) and the
GSS Sicral 1B at the sub-satellite point 11°.8E.
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Figure 1: The GSS Astra 2E. Changes Aye-v)—solid line;
Ayv-r) — dotted line. Began observations from the moment
the sub-satellite point was reached in 2013.
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Figure 2: The GSS Express AM7. Changes Ay-v)— solid
line, Ay.r) — dotted line. Began observations from the
moment the sub-satellite point was reached in 2017.
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Figure 3: The GSS satellite Sicral 1B. Changes Ayg-v) —
solid line, Ayv.r)— dotted line. Was launched on the orbit
in 2009. It was monitored began after two years of
operation at the sub-satellite point.

3. Conclusions

Geostationary satellites Astra 2E have been observed
from the start of their in-orbit operation. For this GSS,
variations in Ay@-v) and Ayv-r) Were noticeable during the
first three years of observations. For GSS Sicral 1B whose
observations started two years after launch, such a
correlation is practically insignificant. For this GSS,
negative quantities are observed Ay.

The Russian communications satellite Express AM7
showed no significant changes in reflectivity. It probably
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has a nice modified platform and solar panels compared to
the Astra 2E.

It should be noted that all observed objects do not
change their reflective characteristics in the same way.

The obtained relations Ayg-v), Ayv-r) Can serve as a
medical record describing the medical history, that is, the
health of a satellite’s surface. Noticeable changes in these
characteristics make it possible to detect damages to the
GSS external payload. Comparison of changes in the
reflective characteristics of different platforms over time
can show the level of technical and scientific progress of
spacecraft designers. Our database contains sets of
observational data for GSS of many classes operated by
different states, including Azerbaijan, Bulgaria, Belarus,
Greece, China, Turkey, Russia, USA, India, Italy, France,
Israel, ESA etc.
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ABSTRACT. The all-sky survey conducted by
the InfraRed Astronomical Satellite (IRAS) in the
1980’s discovered many objects with infrared excesses
whose nature has not been explored until recently.
IRAS 0708040605 is one of those identified in the
visual spectral range with an early-type star, which
shows the Ble|] phenomenon. The object is puzzling,
because it exhibits one of the strongest infrared
excesses associated with a star of one of the lowest
surface temperatures (~8500 K) among objects with
the Ble] phenomenon, an apparent combination of
spectral features of dwarfs and supergiants, and
the absence of a surrounding optical nebula. Our
photometric and spectroscopic study shows that the
object’s properties are similar to those of the famous
Red Rectangle proto-planetary nebula. In this paper
we describe our findings and hypotheses about the
nature and evolutionary status of IRAS 07080+0605.

Keywords: Stars: emission-line, Be — Stars: evolu-

tion — (Stars:) circumstellar matter — (Stars:) binaries:
general

AHOTAIIIA. 3aBasgku orasyy BChoro Heba,
npoBeseHoMy cymytaukoMm IRAS y  80-1i  poxwm,
Oys10 BuUgABJIEHO Oarato 00’€KTiB 3 iH(dpadepBOHUMU
HaJINIIKAME, 9dsi IPUPOJa He Oyjia JOCTiKeHa J0
coorozientsi. IRAS 0708040605 — oauH 3 mux, 1o 6yB
inenticdikoBannit, y Bi3yaJbHOMY Jiala3oHi CIEKTDY,
K 30Dsi PAHHBOT'O CIIEKTPAJIHLHOIO KJIACY, IO ITOKA3YE
Ble| denomen. 1leit 06’eKT € 3araIKOBUM, TOMY 110 BiH
JIEMOHCTPYE OJIMH 3 HANCHIBHIWMINX iH(pavIepBOHUX
HaJIAIIKIB, IO ACCOIUIOETHCS 3 30pei0 3 OJHIEI 3
naiimenbinx  edexrusaux  remmeparyp (~8500 K)
cepes, ob’ekrie 3 Ble] denomenom, odeBuaHO©
KOMOIHAITIEI0 CITEKTPATBLHIX OCODJIMBOCTEH KAPJIUKIB Ta
HQJITUTAHTIB, Ta BiJICYTHICTIO HABKOJIMIITHBOI ONTUYHOL
tymannocti.  Hamri doromerpiuni Ta crekTpasbHi
JIOCJIIIP>KEeHHST MMOKAa3yITh M0 BJIACTUBOCTI O0’€KTY €
MOMiOHUMHU IO BiOMOI MPOTOILIAHETHOI TYMAHHOCTI
"YepBonuii nupsmMokyTHUK". B miit pobori Mu onucye-
MO HAaIlll 3HAXiJIKU Ta TiNOTe3U IIOJO0 TPUPOJH Ta
eposroniinoro  crarycy IRAS 0708040605. IRAS
07080 + 0605 — me meprmwmit 06’ekt rpynu FS CMa,
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SKUW MOYK€ TPEJICTABJIATA PAHHIO CTAJIiI0 MOJABIHHIX
3ipok micis cranii AGB. 3paernbes, g noasiiitHa MeHI
posBuHeHa, Hixk "YepBoHMil NPAMOKYTHUK'", ajie BoHa
MOX@Ke WTU TUM CAMUM €BOJIIOMIfTHUM MLIAXOM. SIKITO
[PUITYCTUTH, [0 CYIyTHUK TUIy A IIOKasye MaJio
JIOKa3iB JjiedinuTy BOTHETPUBKUX ejieMeHTiB, IRAS
07080 + 0605, #iMOBIpHO, TAKOXK MEHII PO3BUHEHU,
HixK muioBi moABiiH micias cragil AGB. Mojoauit Bik
00’eKTa He MMiTBEP/2KYEThCS €HEePTeTUIHUM 0ATaHCOM
MIXK CIOCTEDPE:KYyBAHUM OOJIOMETPUYHUM IIOTOKOM Ta
inTerpoBanuM [Y-HayIUIIIKOM , BIJICYTHICTIO CYCiIHBOT
30PEyTBOPIOI0YOI 00J1aCTI Ta MIBUIKAM 3MEHIIIEHHSIM
[Y-moToky y HampsMKy MOBIMUX XBUJIb, IO BUSIBJISAE
BIJICYTHICTh XOJIOJTHOTO IHJIy, THUIIOBOT'O JIJIs 3IPOK J10
crasii Tososwiit IToctigoBHOCTI.

Kuroyosi cioBa: 3ipku: ewmiciituna jiniss, Be — 3ipku:
€BOJTIOIS — 3ipKU: HABKOJIO30PSHA PEYOBUHA — JiPKU:
mo/BiitHI aitau: 3aragbHe

1. Introduction

Excess of infrared (IR) radiation in the spectral en-
ergy distribution (SED) of a star or stellar system typi-
cally manifests the presence of a circumstellar material
in the form of gas and/or dust. Various distributions
of this material produce different features in the ob-
ject’s spectrum, such as emission lines (both permit-
ted and forbidden) that form in its gaseous part and
emission or absorption bands that form in its dusty
parts. Examples of these effects in the observational
behavior of early-type stars are known as the Be phe-
nomenon and Ble] phenomenon. In particular, the Ble]
phenomenon discovered by Allen & Swings (1976) is
defined as the presence of line emission (e.g., H 1, Fe
11, [O 1]) and large IR excesses produced by circum-
stellar dust in the spectra of B-type stars. It has
been detected in objects, which belong to five stellar
groups: pre-main-sequence stars, symbiotic binaries,
compact Proto-Planetary Nebulae, some supergiants,
and FSCMa objects. The former four groups were
identified by Lamers et al. (1998), while the latter one
was proposed by Miroshnichenko (2007) to explain the
properties of nearly half (~30) of the objects originally
found by Allen & Swings (1976) and called unidentified
by Lamers et al. (1998).

The group of FSCMa objects exhibits the follow-
ing observational features: a hot star continuum with
emission lines of H 1, Fe 1, O 1, [Fe 11, [O 1], Ca 11
a large IR excess peaking at A = 10 — 30um and
sharply decreasing at longer wavelengths; location out-
side of star-forming regions. A hot star in them has
a spectral type between O9 and A2 and a luminos-
ity range of log L/Lg between ~2.0 and ~4.5. Spec-
tra of some FSCMa objects contain absorption lines
of neutral metals typical of cool stars (e.g., MWC 623,
MWC 728), while several other group members show

evidence for the presence of a very evolved compact or
even a degenerate secondary component (e.g., CI Cam,
AS 386, 3Pup). The main hypothesis about the nature
of the FS CMa group implies that it comprises mostly
intermediate-mass binary systems at an evolutionary
stage after mass-transfer between the stellar compo-
nents (e.g., Miroshnichenko 2007). Mergers of some bi-
naries with remaining circumstellar medium cannot be
ruled out as well (e.g., de la Fuente et al. 2015).

This paper is devoted to a study of the IR source
IRAS07080+0605 (V ~ 12.0 mag), which has one
of the strongest IR excesses among the objects
with the Ble] phenomenon. The star associated
with TRAS07080+0605 was detected by Kohoutek
& Wehmeyer (1999) in a survey for stars with Ho
emission and designated as HBHA 717-01. Mirosh-
nichenko et al. (2007) included it in the FS CMa group
and suggested a binary nature. However, neither
Miroshnichenko et al.(2007) nor a recent study by
Condori et al.(2019) found a direct evidence of a
companion in their limited observations. Additionally,
the latter authors suggested that IRAS 07080-+0605 is
an Ale] star with an uncertain classification, such as
either main-sequence or pre-main-sequence object.

2. Observations

Optical spectroscopic observations of
IRAS07080-+0605 were obtained with échelle
spectrographs at the following telescopes: 3.6m
Canada-France-Hawaii Telescope (CFHT, TUSA,

spectral resolving power R = A/AX = 65000), 2.7m
Harlan J. Smith telescope (McDonald Observatory,
USA, R = 60000), 2.1 m telescope of the Observatorio
Astronémico Nacional San Pedro Martir (OAN SPM,
Mexico, R = 18000). One spectrum taken with the
FEROS spectrograph (R ~ 40,000) was retrieved
from the ESO archive. Photometric observations
were obtained with a 1m telescope of the Tien-Shan
Astronomical Observatory (Kazakhstan) in BV R
filters in 2014-2016. We have also used a V-band light
curve from the ASAS SN all-sky survey (Kochanek et
al. 2017).

3. The properties of IRAS 0708040605

The absorption-line spectrum of IRAS 07080+0605
is represented by weak lines of He 1, Fe 11, Mg 1 as well
as by strong hydrogen lines of the Balmer and Paschen
series. Such a content is typical for early A-type stars.
We found a good fit of the object’s optical spectrum for
Teg ~ 8500 K, log g = 3-4, and a projected rotational
velocity of vsin i ~ 60 kms™! using the the program
SPECTRUM (Gray & Corbally 1994), which calculates
synthetic spectra based on model atmospheres. At the
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Figure 1: Part of the spectrum of IRAS07080+0605 taken at CFHT on 2018/11/20. Most identified spec-
tral lines are shown with dashed vertical lines. Intensity is normalized to the local continuum, heliocentric

wavelengths are shown in A.

same time, the O 1 7772-7775 A triplet (equivalent
width ~3 A) and Si 11 6347 & 6371 A lines (equiva-
lent widths ~0.3-0.5 A), which are weak in the spectra
of dwarf stars, are unexpectedly strong and compara-
ble to those of the highest luminosity supergiants. The
emission-line spectrum of IRAS 07080+0605 includes
emission components of the Ha and HS lines and for-
bidden lines of [O 1], [Fe 11], [Ca 11], and [N 11]. A part
of the CFHT spectrum taken on 2018 November 20 is
shown in Fig. 1.

Most ~ emission lines in the spectrum of
IRAS07080+0605 show wvariable profiles. In par-
ticular, the Ha line profile varies from a single-peaked
to a triple-peaked (Fig.2, top panel). Profiles of the
forbidden oxygen lines (6300 and 6364 A) sometimes
exhibit a strong central peak on top of a double-peaked
structure typical of a circumstellar disk (Fig. 2, bottom
panel).

The IR-excess of TRAS07080+0605 is unusually
strong compared to the observed flux in the visual
spectral region. Assuming that the object’s brightness
is affected by the interstellar extinction only, which is
calculated from the color-excess E(B — V) = 0.1 mag,
and using the effective temperature derived above, the
bolometric flux from the star turns out to be ~10 times
lower than the integrated IR-excess. The low interstel-
lar extinction is supported by the absence of diffuse
interstellar bands in the object’s spectrum. This result
implies that the star may be attenuated by almost grey
circumstellar extinction and/or has a compact compan-
ion, which supplies additional energy to the circum-
stellar dust. The emission features detected in the IR
spectrum of IRAS 0708040605 belong to carbonaceous
molecules, which are typically observed in very evolved
stars (e.g., planetary nebulae).

The parallax measured by the GAIA mission (GAIA
Collaboration 2018) corresponds to a distance of

543+15 pc, which is consistent with the interstellar
extinction law in the object’s direction (Fig.3) and
the derived color-excess. Using the average optical
brightness of IRAS07080-+0605 (V' ~ 12.0 mag,
see Fig.4) corrected for the interstellar extinction
(Ay = 3.1 x E(B —V) = 0.3 mag) and the GAIA
distance result in an absolute visual magnitude of My
= 3.1 mag and a luminosity of 5 Lg, below the main
sequence. It is difficult to reconcile some of the object’s
spectral features mentioned above (e.g., the oxygen
triplet strength) and the strong IR excess with such a
low luminosity. The absence of a nearby star forming
region and a lack of the far-IR excess compared to that
of pre-main-sequence stars contradicts the assumption
of the object’s young age made by Condori et al. (2019).

4. Results and Discussion

Positions of both the absorption and emission lines
in the optical spectrum of IRAS 0708040605 are vari-
able. In particular, the Si 11 absorption lines at 6347
and 6371 A, which are nevertheless weak and noisy
in some spectra, change their radial velocity deter-
mined by Gaussian fitting within 440 kms~!. The
strongest Fe 11 lines (e.g., at 4923, 5018, 5169 A) ex-
hibit both absorption and emission components at their
short-wavelength edge (see Fig. 1). This type of profile
(inverse P Cyg) may be interpreted as evidence of the
matter infall onto the A-type star.

Even a visual inspection of the light curve of
IRAS 07080+0605 composed from the data of the
ASAS SN survey (Fig.4) implies the presence of a
cyclic component in the brightness variations. Never-
theless, no stable period has been found in these data.
After deleting a long-term trend, the most prominent
period in the Fourier power spectrum is found at 127
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Figure 2: Top panel. Comparison of the Ha line
profiles in the spectrum of IRAS 07080+0605 taken at
different times. Bottom panel. Part of the spectrum
of IRAS07080+0605 taken at CFHT on 2018/11/20
with [O 1] and Si 11 lines. Intensity and wavelengths
are in the same units as in Fig. 1.

days, while the last three observing seasons suggest a
period of 190 days. Condori et al.(2019) reported a
most probable period of 72 days, although they also
found that the highest peak in the Fourier power spec-
trum corresponds to 248.2 days based on the ASAS-3
survey data (Pojmanski 1997). The ASAS SN data do
not show regular variations with these two periods.

The BV R photometric data taken at TShAO shows
no noticeable variations in the optical color-indices, al-
though this data set is rather small (10 observations).
Also, the high-resolution spectra taken near a local
brightness maximum (ESO spectrum of 2015/12/06)
and near a minimum (CFHT spectrum of 2018,/11/20),
time of whose taking is shown in Fig. 4) are nearly iden-
tical. Therefore, it is reasonable to assume that the
cyclic variations are due to a variable circumstellar ex-
tinction rather than to eclipses in the system.

Among many objects with IR-excesses, there is
one with a number of properties similar to those of
IRAS 07080+0605. This is HD 44179, a binary system
with a brighter A/F-type post-AGB star and a much
fainter hot companion. The system is surrounded by
a prominent visual nebula known as Red Rectangle.
Both the absorption-line optical spectrum and the IR

Figure 3: Interstellar extinction law in the direction of
IRAS 07080-+0605. The thick line shows a linear fit to
the star data, while the thin lines show the object’s
distance uncertainty. Filled and open symbols show
data for stars from a 15-arcminute and a 1-degree area
around the object, respectively.

spectrum resemble those of IRAS 070800605 (Fig. 5).

The integrated flux in the IR excess of Red Rect-
angle is ~18 times larger than the bolometric flux
of the bright stellar companion (Oomen et al.2019).
Men’shchikov et al. (2002) modeled the SED of Red
Rectangle and found that large carbonaceous grains in
the circumstellar disk/torus attenuate the visible sys-
tem component by a factor of ~ 30. A similar solution
is probably applicable to IRAS 07080-+0605.

The largest difference between the two objects is that
TRAS 0708040605 shows no detectable nebula around
it, although both are located at about the same dis-
tance from the Sun (0.5 kpc for IRAS 0708040605
and 0.7 kpc for Red Rectangle).  Furthermore,
TRAS 0708040605 shows somewhat wider absorption
profiles of the Balmer lines (see Fig.5, top panel),
which may imply a higher surface gravity than that of
Red Rectangle (log g = 1.5, Men’shchikov et al. 2002).
If this is the case, IRAS 07080-+0605 is less evolved then
Red Rectangle.

Visible components of most of the post-AGB bina-
ries with dusty envelopes are cooler (FGK spectral
type) than IRAS 07080+0605 and demonstrate weaker
absorption lines compared to those in the spectra of
same spectral types with solar abundances. The latter
effect has been explained by depletion of refractory
elements from the star’s atmosphere (Oomen et
al. 2019). Although the absorption-line spectrum of
TRAS 0708040605 resembles those of A-type dwarfs,
it also contains some lines highly sensitive to the
luminosity, such as the Si 11 6347 and 6371 A lines
and the O I triplet at 7772-7775 A mentioned above,
whose strengths are closer to those of giants and
supergiants. This fact can be due to at least partial
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Figure 4: V-band light curve of IRAS07080+0605
from the ASAS SN survey in 2013-2019 (Kochanek
et al 2017). Dates when some spectra of
IRAS 07080+0605 were taken at various observatories
are shown above the light curve.

formation of these lines in the circumstellar area.

5. Conclusions

Our spectroscopic and photometric study of the
FSCMa object candidate TRAS07080+0605 shows
that in order to explain its observed properties one
needs to assume that it is a binary system, in which:

1. the A—type companion’s brightness is attenuated
by the circumstellar disk-like envelope by a fac-
tor of 10 or more in order to explain the large
amount of energy in the IR excess as Men’shchikov
et al. (2002) did for Red Rectangle;

2. the secondary component is a hot star, which sup-
plies UV photons to ionize the circumstellar gas;

3. some absorption lines, such as the Si 11 6347 &
6371 A and the near-IR oxygen triplet at 7772—
7775 A, partially form in the circumstellar disk.

TRAS 0708040605 is the first object from the
FSCMa group that may represent an early stage of
binary post-AGB stars, which has been always studied
separately (e.g., Van Winckel et al. 2009). The binary
seems to be less evolved than Red Rectangle, but it
may follow the same evolutionary path. Assuming
that the A—type companion shows little evidence for
the refractory element depletion, IRAS 07080-+0605 is
probably also less evolved than the dusty post-AGB
binaries. The young age of the object suggested by
Condori et al. (2019) is not supported by the energy
balance between the observed bolometric flux and
the integrated IR excess, the absence of a nearby
star-forming region, and a fast decrease of the mid-IR
flux toward longer wavelengths which manifests a lack
of the coldest dust typical for pre-main-sequence stars.
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Figure 5: Top panel. Comparison of the blue part of
the spectra of IRAS07080+0605 (black line) and Red
Rectangle (red line) taken with the ESPaDoNs spec-
tropolarimeter at CFHT. Bottom panel. Spectral
Energy Distributions of IRAS 0708040605 (black filled
circles — photometric data, black solid line — IR spec-
trum taken at the Spitzer Space Observatory) and Red
Rectangle (red open squares — photometric data, red
solid line - IR spectrum taken at the Infrared Space
Observatory) corrected for the interstellar reddening.
The dashed line shows a theoretical SED for the model
atmosphere for Tog = 8500 K, log g = 3.0. The same
model atmosphere was chosen to show the IR excess,
although the optically brighter component of Red Rect-
angle was found to be ~800 K cooler (Waelkens et
al. 1992).
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RE-REDUCTION OF THE OLD PHOTOGRAPHIC OBSERVATIONS
OF INTERAMNIA (704)
BASED ON GAIA DR2 REFERENCE CATALOGUE
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ABSTRACT. A new astrometric reduction of old
photographic astroplates benefiting from integration of
modern technologies such as the high precision digitizing
machines and the high precision Gaia DR2 catalogue
could be useful to study the orbital motion of Solar system
minor bodies. Based on the newly released Gaia DR2 star
catalogue, the scans of the photographic plates containing
images of Interamnia (704) taken by the Zonal Astrograph
of Mykolaiv Astronomical Observatory (MAO) in 1974-
1985 were re-reduced. For our investigation we used 29
plates from the UkrVVO archive digitized by commercial
EPSON scanner with 1600 dpi resolutions. Besides for 2
of them were digitized by the high precision digitizing
machine of Shanghai Astronomical Observatory of the
Chinese Academy of Sciences (ShAQO) with 2540 dpi
resolution. Almost all the plates have 3 exposures with a
small shift. Each of 29 plates was scanned 6 times by
EPSON scanner in 0° direction. The ShAO digitizing
machine scanned 2 plates also 6 times but 3 times in 0°
direction and 3 times in 90° direction. Totally, 85 asteroid
positions taken from 29 plates were derived. Only 5
asteroid positions were calculated from ShAQ scans.

The full identification was conducted and
coordinates of all objects were obtained with usage of
different options of astrometric reductions. The mean
inner accuracy of obtained asteroid positions is 0.03" in
RA and 0.14" in DEC for EPSON scanner and 0.014” in
RA and 0.013” in DEC for the ShAO digitizing machine
in 0° direction and 0.010” in RA and 0.011” in DEC in
90° direction. The comparison of the new topocentric
asteroid positions with Horizons ephemeris was made for
calculation (O-C) residuals and their RMS. The mean
residual differences between the scan obtained positions
and JPL calculated positions were (0.09 = 0.16)" in RA
and (-0.09 £ 0.25)” in DEC for the MAO digitized plates;
the calculated differences for the ShAO scans are close to
zero. Comparison of the results obtained with previous
reductions of these observations with Tycho2 and UCAC4
reference catalogues showed that the use of the Gaia DR2
reference catalogue does not lead to a significant
improvement in the random and systematic component of
the residual differences (O-C) for scans with EPSON
scanner from the UkrVVO archive. The results obtained by
processing images with the ShAO digitizing machine
suggest that in this case, the re-reduction of all
photographic observations based on the Gaia DR2 could

improve the accuracy of old photographic observations to
the level of modern ground-based CCD observations.

Keywords:  asteroids, photographic
ephemeris, reference catalogue.

observations,

AHOTALIIA. HoBi acTpoMeTpuyHi pemyKiii cTapux
(OTOIUIACTUHOK 13 BUKOPHUCTAHHSIM CYYaCHHX TEXHOJO-
Tiif, TAKUX SK BUCOKOTOYHI MAIIMHK I OU(pyBaHHS, y
TIO€IHAHHI 3 OIOPHUM BHCOKOTOYHHMM KaTajorom Gaia
DR2, w™moxytp OyTH KOPHUCHUMH [ BUBYCHHS
opbitanpHOTO pyxy Manmux Tin CoHA4HOI cucteMu. Jlns
CKaHiB (OTOIUIACTHHOK 13 300paXKCHHSIMH acTepoiga
Inrepamuis (704), mo Oyau oTpumaHi Ha 3OHHOMY
actporpadi MukonaiBcbkoi acTpOHOMI4HOI oOcepBaTopii
(MAO) y 1974-1985 pp., BUKOHaHO HOBI acCTpPOMETPHYHI
penykii. Iy HAaIIoro MOCHiIKCHHS MU BUKOpUCTAIu 29
IUIACTUHOK 3 apXiBy YkpBO, ouudpoBaHux KoMepLiiHIM
ckagepom EPSON 3 poszminmeHOrO 3pmathHicTio 1600 dpi.
Kpim toro, mBi 3 HuX Oynm onm(poBaHi 3a JOIMIOMOTOIO
BHUCOKOTOYHOI MamuHu At onudpysanns Lllanxaicpkoi
actpoHoMigHOi obcepBaropii (LIAO, KHP) 3 pozainsHOO
3matHicTIO 2540 dpi. Maibke Bci IDIACTHHKH MamTh 3
eKCTIO3MLIT 3 HEBEIUKHUM 3cyBoM. KoxHa 3 29 muiacTuHOK
Oyna ckaHoBaHa 6 pasiB ckanepoM EPSON y HanpsiMky
0°. OmudpysanpbHa mamuua [ITAO ckanyBanga 2 miac-
TUHKH TaKoX 6 pazis, asie 3 pa3u y Hanpsamky 0° ta 3 pasu
y Hanpsmky 90°. 3arajgom Oynu oTpumaHi 85 HoyoKeHb
acrepoima 3 29 miacTMHOK. 3i CKaHIB, OTPUMaHUX B
HTAO, 6yno oTpuMaHO JTHUIIE 5 TOJ0XKEHb aCTEPOINiB.

Byna mpoBeneHa moBHa ineHTH(IKAIiL Ta OTPUMaHI
eKBaTOpiallbHI KOOPAWHATH BCiX OO0’€KTIB 3 BHKOpPHUC-
TaHHAM pI3HUX BapiaHTIB AacTPOMETPUYHHUX PETYKIIiH.
CepenHst BHYTPIIIHSA TOYHICTH OTPHMAaHHX IOJIOKECHB
actepoina ctanoBuTh 0.03" 3a mpssmuM migHeceHHAM (RA)
i 0.14" 3a cxmwiennsm (DEC) mns ckamepa EPSON i
0.014" 3a RA i 0.013” 3a DEC pmns mammuu [TAO B
Hanpsamky 0°10.010" 3a RA 10.011" 3a DEC B HanpsMKy
90°. TlopiBHAHHS HOBHX TOIOICHTPUYHHUX ITOJIOKECHb
actepoiny Inrepamuis 3 edpemepumamu Horizons Oyro
MPOBEICHO TSI PO3PaxyHKy ocraTounux piszHuIip (O-C)
Ta iX cepemHbOKBagpaTHUHUX MoxubOok. Cepemni ocTa-
TOYHI PIi3HMII MDK OTPUMaHMMH 31 CKaHIB Ta poO3paxo-
BaHMMH TIOJIOXKEHHsIMU 3a edemepunoto JPL cranoBunm
(0.09 + 016)” 3a RA Ta (-0.09 + 0.25)" 3a DEC mus
IUTACTUHOK, 10 onudpoBani ckanepomM EPSON, a mus
ckanyBaHb IIIAO 3HayeHHS OCTAaTOYHHMX pI3HHIb He-
CYTTEBO BiIPI3HAIOThCA Bix HyJs. IIOpiBHSHHS pe3yIib-
TaTiB, OTPIMAaHUX 3 MOIMEPEIHIX aCTPOMETPHIHUX PEAYK-
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il IUX CIIOCTEPEkKEHD, M0 OYJI0 BUKOHAHO 3 OMOPHUMH
karamoramMu Tycho2 Ta UCAC4, mokasano, IO BHKO-
pucraHHs onopHoro kartanory Gaia DR2 He mpusBoanTh
JIO 3HAQYHOTO IIOJIIIIIEHHS BHIIAKOBOI Ta CHCTEMAaTHYHOI
cKi1anoBoi octatoyHux pizHUNG (O-C) mis 300paxeHb 3
apxiBy YkpBO, mo orpumano ckanepom EPSON.
PesynbraTi, oTprMaHi 3 BUKOPUCTAHHSAM 300pa’keHb, 10
3pobneno mMammHo© ITAO, 103BONSIOTH NPUITYCTUTH, IO
B IIbOMY BHUMAJIKy IOBTOPHI acCTPOMETPHUYHI pEemyKIIi
crapux QororpadidyHUX CHOCTEPESKEHb 3 OIMOPHHUM
katajorom Gaia DR2 MOXyTp MiABHIINTH TOYHICTH
MIOJIOXKEHb 3 (oTorpadivHUX IUIACTHHOK IO PIBHA Cydac-
Hux HazeMHHX [133 coctepesxeHs.

KurouoBi caoBa: Acrtepoinu, ¢ororpadidni crmocrepe-
KCHHs, epeMepuIn, OIOpHi KaTaJoTH.

1. Introduction

The studied astroplates were taken with the Mykolaiv
Observatory Zone astrograph (F = 2044mm, D = 120mm,
FoV 5° x 5°). The telescope was removed to Mykolaiv
from Pulkovo in 1959 with the aim to expand declination
zone up to —20° for Solar system minor bodies’
observations. The telescope has a four-element lens that
has a minimum of aberration. The regular observations of
selected asteroids with this telescope were conducted
during 36 years (1961-1997). Unfortunately, the low
aperture ratio of the instrument did not allow obtaining
good quality images for objects fainter than 12™. In total,
2450 positions of 19 asteroids of the main belt were
obtained. All observational data were processed in the
international ICRS system with the AC TRC reference
catalogue (Gorel et al., 2000). For the first time, the mean
accuracy of the positions of a long series of photographic
observations turned out to be better than 0.2", which
makes these observations valuable material for solving a
number of problems of ephemeris astronomy.

Since 2007, the work on digitizing glass plates in order
to saving and further using the old observations has begun
at the Mykolaiv Observatory (Protsyuk et al., 2007,
2014a; Vavilova et al.,, 2010, 2011). In 2016, we
processed images of 4 asteroids with EPSON scans in the
UCAC4 catalogue reference system (Zacharias et al.,
2013). Reprocessing results of plates with Interamnia
observations showed the repeats (O-C) of the system with
a slight increase in accuracy (Protsyuk et al., 2016). In
this paper, we present the results of astrometric re-
reductions of EPSON scans using the high-precision Gaia
DR2 (Gaia Collaboration, 2018) catalogue as a reference
catalogue, as well as preliminary results of processing of
the some scans obtained by the digitizing machine of the
Shanghai Astronomical Observatory (ShAO).

2. Plate Digitization

Digitization of astroplates at the MAO: we used Epson
Perfection V750 Pro scanner and each plate was scanned 6
times with 1600 dpi resolution with same methodic
(Protsyuk et al., 2014b, 2014c). Digitization of astroplates
at the ShAO: a new digitizing machine was used with
2540 dpi resolution and each plate was scanned 3 times in
2 directions (Zhao et al., 2017).

Table 1: Inner accuracy of coordinates (repeatability) for
the Interamnia asteroid (in 0°| 90° direction).

Cat, method RA, mas DE, mas Scanned
Gaia DR2, Max 121 153 MAO
Gaia DR2, Mid 83 142 MAO
Gaia DR2, No 19 372 MAO
Gaia DR2, Max 74|64 62|86 ShAO
Gaia DR2, Mid 63[77 55(81 ShAO
Gaia DR2, No 1410 1311 ShAO

. GAIA DR2, MAO mid+no u GAIA DR2, ShAO no
% 03 * g 03
’ Qi ':" ’ ) o1

¥
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Figure 1. Difference in coordinate repeatability for the
Interamnia asteroid with the best methods (bold in Table 1)
for the MAO and ShAO scans.

3. Astrometric Reductions and Accuracy

The processing of the digitized images to extract asteroid
astrometry exploits methods that are quite similar to those
for CCD-based image data. The detailed description of all
steps of processing of digitized image of astronegatives
from the UkrVO archive is given by Protsyuk et al. (2014c,
2014d), Andruk et al. (2014, 2015), Pakuliak et al. (2020).
The scan processing includes such steps as follows:
preliminary filtering, choosing PSF (point spread function)
objects and scheme of astrometric reductions to calculating
the equatorial coordinates and magnitudes in a system of
the selected reference catalogues.

In this investigation we used UCAC4 and Gaia DR2
catalogues. The limited magnitude of reference stars were
13™. Also we check three different model of correction of
systematic errors for data from both scanners: “Max”
model with 6 iteration, “Mid” model with 4 iterations and
“No” model without any correction. For the MAO images
we use combined method with 4 iterations for declination
and no correction for right ascension (Table 1). Also for
the MAO scans we used only 5 from 6 images for all the
Interamnia observations with more good inner accuracy.
An inner accuracy of reference stars for the reduced MAO
images is from less than 0.1” for “Max” model to 0.5” for
“No” model. An inner accuracy for the ShAO images is
from 0.01-0.02” for “Max” model to 0.35” for “No”
model. In other case, we have another picture for accuracy
of the Interamnia coordinate repeatability (Table 1).
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4, Results

We have made the comparison of obtained topocentric
equatorial coordinates (O) with the ephemeris (C) one
provided by on-line service HORIZONS and have
calculated the residuals differences (O—C) in both
coordinates for different modes of processing. The mean
differences (O—C) and their standard deviation in both
coordinates are presented in Table 2. The last table row
shows values of the (O—C) for glass photographic plates
reduction from on-line resource AstDys-2 (https://newton.
spacedys.com/astdys/), where C—ephemeris positions are
calculated with OrbFit software.

As can be seen from the Table 2 and Fig. 2, the use of
modern reference catalogues with the high spatial
resolution (such as UCAC4 and Gaia DR2) for processing
the digitized images of photographic plates does not lead
to a significant improvement in the accuracy of asteroid
positions in comparison with the results obtained from
processing glass photographic plates. The expansion of
the reference system is mainly due to faint stars, and the
accuracy of their measurements is limited by the stability
of the EPSON scanner.

Table 2: Differences (O—C) and their standard deviations
for the MAO scans of Interamnia asteroid.

Cat, method RA, mas DE, mas N  Year
Gaia DR2, No -89 + 158 29 2020
Gaia DR2, Max 19 +299 -85+251 28 2020
Gaia DR2, Mid 5 +£281 -87 £257 28 2020
UCAC4, Max 34 +236 -131+£ 254 29 2020
UCAC4, Mid 324244  -144+242 29 2020
UCAC4 -149 + 178 -17 £188 29 2016
Tycho2, Max 77 + 246 -73+£277 28 2020
Tycho2 60+219 -1194312 29 2016
AC TRC -204 +£165 -874+208 29 1992
(AstDys-2)
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Figure 2: Differences (O-C) for the MAO and ShAO
scans of Interamnia asteroid in Gaia DR2 system.

5. Conclusion

Digital scans of 29 photographic plates with images of
an asteroid (704) from the UkrVVO archive (Vavilova et al,
2010, 2011, 2012a, 2012b, 20144, 2020; Savanevych et al.
2015, 2018) obtained with the Zonn Astrograph during
1974-1981 were re-reduced in the Gaia DR2 reference
catalogue system. The average internal accuracy of the
asteroid obtained positions is 0.03"in RA and 0.14" in
DEC for the EPSON scanner; 0.014" in RA and 0.013" in
DEC for scans obtained by the ShAO scanning machine.
The mean residual differences between the positions
obtained from the scans and the positions calculated by
the JPL ephemeris HORIZONS were (0.09 + 0.16)" in RA
and (-0.09 £ 0.25)" in DEC for scans from the UkrVO
archive; the corresponding differences for the ShAO scans
are close to zero. Comparison of the obtained results with
previous reductions of these observations with the
reference catalogues Tycho2 and UCAC4 showed that the
use of the Gaia DR2 catalogue does not significantly
improve the random and systematic component of residual
differences (O—C) for the EPSON scans from the UkrVO
archive. The previous results for repeatability obtained
with scans using the ShAO scanning machine allow us to
suggest that re-reduction of old photographic observations
in the Gaia DR2 reference catalogue system could
increase the accuracy of old photographic observations to
the level of modern ground-based CCD observations.
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ABSTRACT. Double and multiple star systems are the
source of unique information for determining the parame-
ters of star formation models and for testing stellar models
evolution. Therefore observations and measuring of their
mutual configuration parameters is still important.

Observations of double and multiple star systems at the
Research Institute “Mykolaiv Astronomical Observatory”
(R MAO) were performed with different telescopes since
2013. In addition, we also have an observational database
and proceeding results of the fields in open clusters vicini-
ty, which were performed using the KT-50 telescope
(D=500mm, F=3000mm) in 2011-2020. All astrometric
processing was carried out by the Astrometrica software
using UCAC4 or GAIA DR2 as reference catalogs. The
catalogs of stars positions and proper motions in the vicin-
ity of open clusters that contain more than 5.6 million
stars were created as results of these observations. There
are a lot of double and multiple stars in the fields with
open clusters, which, moreover, could be the physical
member of clusters. With this aim software for search and
measuring of mutual configuration parameters of the dou-
ble and multiple stars from the WDS was created. Our
software uses previous reduction data from Astrometrica
software and allows finding stars from double and multi-
ple systems, which are presented in WDS catalog.

We determined separations and position angles for
pairs of the found WDS systems and checked observa-
tional array over 71 nights of 2019. Data of 9679 CCD
images were reduced and 34277 WDS pairs were found in
7232 of them. Total numbers of unique pairs are 1504 in
1091 systems with average number of pair observations
near 23. The standard errors of measurements were 0.15"
for separations and 0.5° for position angles. The epoch
difference between our observations and the last observa-
tion in the WDS database is in the range from 2 to 28
years. The comparison with the WDS data has shown that
residual differences and their standard errors are
(-0.03£0.24)" in separations and (—0.07+0.88)° in position
angles for close observation periods. The obtained data are
of original observations that extend the observation period
of stars from double and multiple systems and can be used
to construct orbits and to determine the masses of compo-
nents. The calculated parameters of mutual configuration
of the found pairs and estimates of differences in magni-
tudes of the components will be sent to the WDS database.

Keywords: CCD observations, double and multiple stars,
WDS catalog.

AHOTAIIA. IoxgiiiHi Ta KpaTHI 30psHI CHCTEMH € JHKe-
peioM YHIKaJIbHOI iH(pOpMaLlii 1711 BUSHAYEHHS Tapa-MeTpiB
Mojeneii GopMyBaHHS 3IpOK Ta JJIsl TCCTYBAHHS CBOJIFOLIi
30psHUX Mojeneid. ToMy CrocTepekKeHHsI Ta BUMIPIOBaHHS
X B3a€EMHHUX NapaMeTpiB KOH}Irypariii Bce Iie € BaKIUBUM.
CroctepekeHHS 32 TOIBIHHMMH Ta KPATHUMH 30PSIHAMH
cucremamu B HJII MAO mnpoBoaATbCsSl 3 BUKOPHUCTAHHSIM
pizanx TeneckoriB 3 2013 poky. KpiM Toro, Mu Takox Mae-
Mo 0a3y JaHHX CIIOCTEPEKEHb Ta Pe3yibTaTiB 00pOOKH 30-
PSIHUX TOJIB MOOJM3Y PO3CISTHUX CKYIYEeHb, SIKI MPOBOJM-
quck 3a gonomororo teneckona KT-50 (D = 500 mM, F =
3000 mm) y 2011-2020 pp. Bes actpomerpuuna o6poOka
MPOBO/IMJIACS] 32 JIOTIOMOTOI0 IPOTPAaMHOI0 3a0e3redyeHHs
Astrometrica 3 BukopuctaHHsM KartanoriB UCAC4 a6o
GAIA DR?2 B sxocrTi omopHuX. 3a pe3yabTaTaMd X CHOC-
TEPEKCHb CTBOPEHO KATAJIOTH ITOJIOKEHb Ta BIACHUX PYXiB
3IPOK B OKOJIMISIX PO3CITHUX CKYITUEHb, IO MICTAThH ITOHA[
5,6 MJIH 3ipoK. B oTpuMaHuX MOJSIX 3 PO3CITHUMU CKYITUCH-
HSMH € 0arato MOJBIHHUX 1 KpaTHUX 3IpOK, SKi, KPIM TOTO,
MOXYTh OyTH (DI3UYHMMH YJICHAMH PO3CISHHUX CKYITYCHb.
Tomy Oynio CTBOpEHO MpOrpaMHe 3a0e3meueHHs IS TOITYKY
Ta BUMIpIOBAaHHS MapaMeTpiB B3aeMHOI KoH(irypauii mo-
JBIHHUX Ta KpaTHMX CHUCTEM 3 BamMHITOHCBKOTO Kartajory
mozagiitarX 3ipok (WDS). Hame mporpamue 3abe3nedeHHs
BHUKOPUCTOBY€E TIOTIEpE/HI NTaHi 0OpOOKH Bi MPOrpaMHOTO
3a0e3reueHds Astrometrica, 3HaXOIWTH TaM ITOABIMHI Ta
KpaTHi 3ipKH, sIKi mpejcTapieHi B katano3i WDS, ta Bu3Ha-
yae X B3a€MHI BificTaHi i mo3uiliiiHi Kytu. [lepeBipeHo Ma-
cuB crioctepeskerb 3a 71 Hiu 2019 poky.

Bceboro Oyno 06pobeno mani 9679 I133-300paxens, i B
7232 3 Hux Oymo 3HaiimeHo 34277 map MOIBIMHKX 3ipOK.
3aranpHa KUTBKICTH YHIKaJdbHHX Tap craHoBuTh 1504 B 1091
CHCTeMax i3 CEpeIHBOI0 KUTBKICTIO CHOCTEpeKeHb map ~23.
CraHmapTHi TOXHOKHM BuMipIoBaHb cTaHoBmwm 0.15" s
Bincraneit ta 0.5° 11 MO3UIIAHMX KyTiB. Pi3HUIE enox mix
HallIMMH CIIOCTEPEKEHHSMH Ta OCTAHHIM CIIOCTEPEKEHHSIM Y
0a3i JaHMX 3HAXOJUTHCS B JianasoHi B 2 1o 28 pokiB.
IopiBustHHS 3 manmMu WDS Tokaszano, 1Mo  3aJIUIIKOBI
pi3HuIi Ta iX craHmapTHi moxubku cranoBwm (—0.03 +
0.24)" y Bincransx Ta (-0.07 £ 0.88)° B MO3ULIHHKIX KyTax JUIs
OnMM3bKMX TepiofiB  crioctepexxeHHs. OTpuMaHi maHi €
OPUTHAILHIMH CHIOCTEPEKEHHSMHU, SIKi MOJIOBXKYIOTh T1epiof]
CTIOCTEPEKEHHS TO/IBIHHUX Ta KPATHHX 3IPOK 1 MOXKYTb OYyTH
BUKOPHCTaHI I TOOyJoBH OpOIT Ta BH3HAYCHHS Mac
KOMIIOHEHTIB. Po3paxoBani apaMeTpu B3a€EMHOI
KOH(QIrypariii BHABICHHX MHap Ta OMIHKK PI3HHIG 30PSHHX
BEJTYMH KOMITOHEHTIB OyayTh TiepenaHi B 6aHk maHnx WDS.

Kuouosi cioBa: 133 criocrepexeHHs, MOBiiHI Ta Kpa-
THi 3ipku, WDS katasor.
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1. Introduction

The observations of double and multiple systems were
conducted at the RI MAO in 2013-2020 with the AMC and
KT-50 telescopes (Bodryagin et al., 2014, 2015, 2017). Ob-
servational data were matched with the Washington Double
Star Catalog (Mason et al. 2001) maintained by the US Naval
Observatory. The WDS Catalog contains positions (J2000),
discoverer designations, epochs, position angles, separations,
magnitudes, spectral types, proper motions, and, when avail-
able, other information and notes for the components of
152,352 systems (till August 8, 2020). Not all the catalog
objects have proven physical linkages between components.
In many cases it is simply the result of close projection onto
the celestial sphere of objects at different distances. As a rule,
for stars in a gravitationally bound system the term “binary”
used. Visual binary and multiple stars are mainly stars in the
vicinity of the Sun with a very long orbital period. Due to the
long period, the binary's orbit can be traced only by numer-
ous observations over the course of tens of years. By this
reason the orbits were determined only for several thousand
stars: for example, the Sixth Catalog of Orbits of Visual Bi-
nary Stars as of July 27, 2017 (Hartkopf et al., 2001) included
2,739 orbits of 2,656 systems with sufficient accuracy to
obtain estimates of the masses of the components.

Under the old processing scheme, our measurements
were performed for each pair separately in manual mode,
which made it impossible to process large volumes of ob-
servations. The REDUC software was used in this variant.
At the same time, a combination of the ground based origi-
nal observations with accurate astrometric catalogues is
available due to the Strasbourg astronomical Data Centre. It
allows to obtain new knowledge about nature of linkage
between components of the investigated double and multi-
ple systems (Maigurova, 2018), to search for vanishing
stars (Villarroel et al., 2020) or probable invisible compo-
nents inside of multiple stellar systems (Maigurova, 2019).

2. Program of observations and software

Simultaneously with the program of observations of
double and multiple systems at the Mykolaiv Observatory,
observations were conducted in frame of other programs.
We have an observational database and proceeding results
of the fields in open clusters vicinity, which were per-
formed using the KT-50 telescope (D=500mm,
F=3000mm) in 2011-2020 (Protsyuk et al., 2014, 2019).
The observations were carried out in the zone of latitudes
+30° from the galactic plane. All astrometric processing
was made with the Astrometrica software using UCAC4

(Zacharias et al., 2013) or GAIA DR2 (Gaia Colla-
boration, 2018) as reference catalogs. As a result of these
observations we created the catalogs of stars positions and
proper motions in the vicinity of open clusters that contain
more than 5.6 million stars (Protsyuk et al., 2014). We
supposed that these catalogs should include many double
and multiple stars in open cluster fields, which, moreover,
could be physical member of clusters.

Firstly, we created software for processing our CCD
observations in manual mode (Fig. 1). This software
works primarily with images with a small number of ref-
erence stars and has more stable results with more conven-
ient manual processing than REDUC software.

Secondly, we created software to search for WDS pairs
in the results of the previous processing performed by
Astrometrica software.

The new AstroWDS program works in batch mode and
uses the downloaded version of WDS catalog. The search
is carried out in the WDS catalog sequentially for all stars
from the Astrometrica’s cat-file. The cross matching pro-
cedure is performing with the following configurable pa-
rameters: search radius of the main star for both coordi-
nates is 3"; distance difference (WDS-Astrometrica) in the
found pairs is no more than 5". Pairs with a distance of up
to 2" in the WDS catalog or in our processing are to be
ignored due to FWHM of stars in our observations. Also,
the angular difference (WDS-Astrometrica) in the found
pairs is no more than 5 degrees.

The processing time is less than 1 second for one CAT
file with few thousands of stars. The results are output in
two files: detail one for all pairs and summary one with
the most relevant information (Table 1), which can be sent
to update the WDS catalog.

470 K4 090,00 D08 650,09 Exp=109.8° RA~20, 7148 Deseia .08

Figure 1: Software for processing CCD observations in
manual mode.

Table 1: File format with summary information about the found pairs of stars.

WDS Comp ObsDate pa sep
00013+6021 AB 2019 09 21 89.35 57.45
00013+6021 AB 2019 09 21 89.35 57.49
00013+6021 AB 2019 09 21 89.51 57.26
00013+6021 AB 2019 10 18 89.26 57.44
00013+6021 AB 2019 10 18 89.31 57.39
00013+6021 AB 2019 11 09 89.09 57.36
00013+6021 AB 2019 11 09 89.44 57.51
00013+6021 AC 2019 09 21 323.61 155.28
0001346021 AC 2019 09 21 323.77 155.29
00013+6021 AC 2019 09 21 323.81 155.63
00013+6021 AC 2019 10 18 323.72 155.32
00013+6021 AD 2019 09 21 117.84 181.50

magl mag?2 dmag pa (O-WDS) sep (O-WDS) T (WDS)
8.07 8.47 0.40 0.35 -0.25 2010
8.93 9.86 0.93 0.35 -0.21 2010
8.42 8.74 0.32 0.51 -0.44 2010
8.34 9.32 0.98 0.26 -0.26 2010
8.54 9.48 0.94 0.31 -0.31 2010
8.88 9.90 1.02 0.09 -0.34 2010
8.57 9.68 1.11 0.44 -0.19 2010
8.42 10.75 2.33 -0.39 0.28 2007
8.07 10.43 2.36 -0.23 0.29 2007
8.93 11.29 2.36 -0.19 0.63 2007
8.34 10.75 2.41 -0.28 0.32 2007
8.07 10.46 2.39 -0.16 0.10 2016
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Figure 2:  Distribution of stars from the MAQO-2019: Figure 4: Celestial distribution of the found WDS SyStemS
number of stars (left) and accuracy (right) vs. magnitude in equatorial coordinates (Aitoff projection).
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Figure 3: Number of observations of the found WDS pairs
(left); distributions of these pairs by stellar magnitude
(right): filled — first component, open — second one.

3. Reductions and results

In this article we use the KT-50 array of observations in
2019, which was processed by Astrometrica software.
Observations were carried out in fields that include open
clusters in the zone of latitudes £30° from the galactic
plane. In total, 9679 CCD frames were obtained;
12 million objects were selected of CCD images. On the
basis of these observation the MAO-2019 catalog of more
than 357 thousand stars (7+16)™, which have more than
five observations was obtained (Fig. 2).

For our work we used these 9679 CAT files obtained in
the process of creating the catalog to find the WDS pairs.
As a result we selected 34277 WDS pairs from 7232
CAT-files. Total numbers of unique found pairs are 1504
in 1091 systems with average number of the observations
of one pair near 23, a mean magnitude for the first com-
ponent is 11.5m, for the second is 13m (Fig. 3, 4). The
standard errors of measurements were 0.15" in sepa-
rations and 0.5° in position angles (Fig. 5). The epoch
difference between our observations and the last obser-
vations in the WDS is in the range from 2 to 28 years.

We compared the obtained values of the configuration
parameters with data from WDS catalog and determined
that residual differences and their standard errors were
(-0.03£0.24)" in separations and (—0.07+0.88)° in position
angles for close observation periods (Fig. 6).

4, Conclusions

New software has been created for the search and sub-
sequent measurement of the parameters of mutual config-
uration (angular distance between components and posi-
tion angle) for double and multiple systems from the WDS
catalog. This software uses positional files obtained in the
process of performing astrometric reductions by Astro-
metrica software as input files.

0
° 05 18 15 20 o 02 04 08 08 10

Measurement precision in positional angle, deg Measurement precision in separation, arcsec

Figure 5: Measurement precision in positional angle (left)
and separation (right) for the found WDS pairs.
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Figure 6: Histogram of positional angle differences be-
tween measured and WDS catalog values (left), relation of
measurement accuracy of positional angle vs separation
parameter (right).

The search and measurement of the parameters of the mu-
tual configuration of the WDS catalog object were carried out
on the array of KT-50 telescope observations of fields with
open clusters in 2019. Totally we found 1504 pairs from
1091 systems of the WDS catalog for which mutual configu-
ration parameters were measured. The average (median)
number of observations of one pair is 15 times. For compari-
son, only 1019 systems with an average number of observa-
tions of about 5 were resulted according to the program of
observations of double and multiple systems in 2014-2018.
Comparison with the WDS data showed that the values of the
differences in measurements of parameters of the mutual
configuration and their standard errors are (—0.03 + 0.24)" for
the angular distance and (-0.07 + 0.88)° for the positional
angle for close periods of observation.

New software will be included into the UkrVO re-
sources (Vavilova et al., 2017, 2020) to help for anybody
to find new objects, likely double and multiple star sys-
tems, inspecting the old observational data.
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ABSTRACT. Asteroid images identification and crea-
tion the positional catalogs based on digitized photograph-
ic observations of previous years were continued. Namely,
the cooperation between Ukrainian Virtual Observatory
(UkrvO) and the Institute of Astrophysics of the
Academy of Sciences of Tajikistan make it possible to
expand this work by involving numerous additional
archives of digitized observations and processing services
and thus obtaining new original data about the Universe.

The Dushanbe part of the Northern Sky Survey (FON
project) is represented by about 1570 photographic plates
obtained in 1985-1992 on the Zeiss-400 astrograph at the
Hissar Astronomical Observatory of the Institute of As-
trophysics of the Academy of Sciences of Tajikistan. At
present, their digitization and further scan processing con-
tinue until the final product is obtained in the form of a
catalog of equatorial coordinates and stellar magnitudes
for all registered objects on the plates. The equatorial co-
ordinates o, & of all objects on the plates were obtained in
the Tycho-2 reference system at the epoch of exposure of
each plate. Photometry of stars for the plates was carried
out based on the principles implemented in the processing
of the plates of the FON project using photoelectric meas-
urements of stars to construct the characteristic curves of
the plates. Photographic B-magnitudes of objects were
calibrated with photoelectric standards.

In parallel with solving the main task of the project to cre-
ate a catalog of stars and galaxies, we analyzed the results of
processing the plates to search for images of asteroids and
comets and create a catalog of their coordinates and values.

About 300 positions of asteroids and comets were obtained
with visual magnitudes from 7 to 16.5. All positions of the
asteroids were compared with the ephemeris. A preliminary
analysis of the O-C differences and their comparison with
similar results obtained from the digitized observations of the
Kyiv and Kitab parts of the FON project are conducted.

Keywords: data archives, digitized observations, catalog,
asteroid positions.

AHOTALIS. Ha ocHosi orudpoBanux (otorpadpigHmx
CIIOCTEPEKEHb TIONEpe/IHIX POKIB MpOJOBXKEHa pobora 3
imeHTH(ikaii 300pakeHb acTepoiliB Ta CTBOPCHHS
KaTaJIOTiB IXHiX TOJIOKEHB 1 30PSHIX BEITHIHH.

Koomeparis Mk~ YKpalHCBKOIO  BIpTYaJIbHOIO
obcepBatopiero i [HcTuTyTOM actpodizuku Akanemii HayK
TamkukucTaHy Jal0Th MOXJIMBICTD  PO3LIMPHTH IO
poboty, momatoun  HOBI  apxiBu  omnu(poBaHUX
CIIOCTEPEIKEHb 1 CEpBicH 1X 00pOOKH, OTPUMYIOUH, TAKUM
YHHOM, HOBi OpHUTiHANBHI JaHi po BcecBir.

CrocrepesxeHHst TpeThoi dactuHM — DotorpadidHoro
oriny miBHIiUHOTO Heba (POH) B [lymanbe mpencraBieHi
npubmzHo 1570 doTomiactuHKkamu, oTpuMaHuMu B 1985-
1992 pp. Ha actporpadi Zeiss-400 B Ticapcekiii actpo-
HOMIYHIl oOcepBartopii [HcTUTYTY acTpodizumku Akaaemil
HayK Tamkukucrany. TpusatoTs odpyBaHHA
(doToHeraTHBIB Ta mNojayblOIa OOpoOKa CKaHIB, IOKH 3a
JMAHAMH BCIX CIIOCTEPS)KEHb Oyle OTpHMaHO KaTaJlor
€KBaTOPIAJIbHUX KOOPIWHAT Ta 30PSHMX BEJIMYMH UL BCIX
3apeecTpOBaHUX O0’€KTIB Ha IUIaCTHHKaX. ExBaTopiasbHI
KOOpIMHATH 0, O YyciX O0’€KTiB OTpMMaHI B cHCTEMI
ormopHoro karaymory Tycho-2 Ha ermoxy eKCIIOHyBaHHS
KO>KHOI TUIACTUHKH. DOTOMETPis 3ip MPOBOAMIACH HA OCHOBI
NPUHIIMIIIB, pPeai3oBaHUX Ipu 00poOLi crocTepexeHb
npoekry DPOH 3 BHKOpUCTAHHAM  (HOTOCIEKTPUIHUX
BUMIpIOBaHb 3ip IS TIOOYIOBH XapaKTEPUCTHIHUX KPUBHX
JU1st KOKHOT TmacTiHKY. @oTtorpadivni B-semmanan 06'exTiB
Bi/IKa1iOpOBaHi 3a (POTOCNEKTPHIHIMHE CTaHIaPTaMHU.

[TapanenbHO 3 BHUpPIMIEHHAM OCHOBHOTO 3aBAAHHS
MPOEKTY 31 CTBOPEHHS KAaTaJOTy 3ip 1 TallakKTUK MH
NpOaHANi3yBaJl pe3yJbTaTH OOpPOOKH IUIACTUHOK 3
METOI0 TMONIYKY 300pakeHb acTepoimiB 1 KOMET Ta
CTBOPEHHS KaTaJIOTy iX IOJIOKEHB 1 B-BenmuunH.

3arasnom Oyino inentudikorano 01m3pko 300 mojoxeHb
acTepoiniB i KOMET 3 Bi3yaJIbHUMH 30pSTHUMH BEJTHIHMHAMHU
Bix 7 mo 16,5. Bei monmokeHHs acTepoiniB Oy MOpiBHAHI
3 edemepuHUME. BrukoHaHO momepenHil aHAI3 Pi3HULB
O-C Tta iX MOpIBHAHHA 3 AHAJIOTIYHUMH pe3yJbTaTaMHu,
OJIep)KaHUMH 3 MU(POBAHUX cHOCTEpexeHb KHiBchKoi Ta
Kira6cpkoi gactun npoekty ©@OH.

KurouoBi cnoBa: apxiBu manmx, ommdpoBaHi criocTepe-
YKEHHsI, KaTaJorT, IT0JIOXKEHHS acTepOi/iB.
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1. Introduction

At the end of the 20th century, six observatories took part
in the implementation of the Photographic Survey of the
Northern Sky (FON project): the Main Astronomical Ob-
servatory of Ukraine (Kyiv, Goloseevo), the Zvenigorod
Observatory of Russia, the Hissar Observatory of Tajiki-
stan, the Abastumani Observatory of Georgia, the Zelen-
chuk Observatory of Russia and the Kitab Observatory of
Uzbekistan (Pakuliak et al., 2016; Andruk et al., 2017h).

The Kyiv and Kitab parts of the project have been suc-
cessfully completed. The processing of the digitized ob-
servations resulted in a few catalogs of coordinates and B-
magnitudes for more than 19 million stars and galaxies
from the FON-KYyiv part (Andruk et al., 2016) and more
than 13 million stars and galaxies from the FON-Kitab
part (Yuldoshev et al., 2017; 2019). Besides, based on
these data, two catalogs for more than 5,000 positions and
B-magnitudes of asteroids were compiled (Shatokhina et
al., 2018a; 2018b). These catalogs are placed on the web-
site of UkrVO (http://gua.db.ukr-vo.org/starcatalogs.php)
and in Strasbourg astronomical Data Center (http://
cdsweb.u-strasbg.fr).

The digitizing of astroplates has been performed using
Epson™ and Microtek™ commercial scanners with 16-
bit gray levels and a resolution of 1200 dpi. Images of all
objects registered on plates were processed using the
advanced software complex for CCD images processing
MIDAS/ROMAFOT in the LINUX environment.
Additional software modules developed and implemented
in the Main Astronomical Observatory of the NAS of
Ukraine and Research Institute “Mykolaiv Astronomical
Observatory” provide both the digitized images
processing and the final product as a catalog of positions
and stellar magnitudes of all registered objects (Andruk et
al., 2015; Protsyuk et al., 2016b; 2019b).

The equatorial coordinates «, 6, and stellar B-
magnitudes of all objects on the plates were obtained in
the reference system of Tycho-2 at the epoch of the
exposition of each plate. The photometry of stars was
made on the principles implemented in processing the
plates of the FON project (Andruk et al., 2017a) using
photoelectric measurements of stars to construct the
characteristic curves of each plate (Relke et al., 2015).
Photographic B-magnitudes of objects were calibrated
with photoelectric standards.

Based on these developed methods (Andruk et al., 2016;
Pakuliak et al., 2020; Protsyuk et al., 2019a), we currently
prepared similar catalogs for the third part of the FON
project in cooperation with the Hissar Astronomical Ob-
servatory of the Institute of Astrophysics of the Academy
of Sciences of the Republic of Tajikistan. Observations
were obtained in 1985-1992 with the Zeiss-400 astro-
graph (Marsden's code 190, D/F=400/2000 mm) at the
Hissar Astronomical Observatory near Dushanbe. The
plate collection includes about 1570 negatives covering
the northern hemisphere from —8° to + 90°. Plate digitiza-
tion began in 2017 after the commercial Microtek
ScanMaker 1000XL Plus scanner was provided. The first
results of this work were published in articles by Mullo-
Abdolov et al. (2017, 2018); Rahimi et al. (2018);
Yizhakevych et al. (2018).

2. Main results

The results of processing the digitized plates contain
coordinates and magnitudes not only for stars, but also for
all objects that were fixed on these plates during exposure.

These data were used for a global search for small bodies of
the Solar System on these plates (Ivanov et al., 2013; Protsyuk
et al., 2015; 2016a; 2017; Shatokhina et al., 2017; 2019).

The asteroid identifications were performed according
to the coordinates and stellar magnitudes of asteroids. The
diameter and maximum intensity of the central pixel of the
asteroid images are also taken into account. Ephemeris
support for asteroid identifications and further precise
comparison of results was made using the online Internet
resources (https://ssd.jpl.nasa.gov/sbfind, https://ssd.jpl.
nasa.gov/horizons).

After such identifications and analysis, the 302 asteroid
positions and magnitudes from the processing results of
digitized plates of the two zones of the FON-Dushanbe
project were compiled into a preliminary catalog. The
positions of asteroids that were fixed on photographic
plates in the immediate vicinity of stars according to the
Gaia DR2 catalog data were excluded from compiled cata-
log. We considered them to be ambiguous identifications
of asteroid or star images.

We analyzed the quantitative and qualitative character-
istics of the catalog data. Figure 1 shows the distribution
of all the identified asteroids by year. Figure 2 shows the
number of asteroid positions obtained from FON-
Dushanbe observations for each visual magnitude interval.
Asteroids with a visual magnitude of up to 16.5™ have
been identified. In comparison to the results of other parts
of FON observations, the asteroids with a maximum visu-
al magnitude of 16™ were identified with FON-Kyiv and
17-17.5™ with FON-Kitab.
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Figure 1: Distribution of identified asteroids by years.
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Figure 2: Distribution of identified asteroids by visual
magnitudes.
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All positions of asteroids were compared with the JPL
DE431 ephemeris. The O-C differences in both coordi-
nates for all asteroids are presented in Fig.3. Additionally,
this figure also shows similar results for all asteroid posi-
tions from the FON-Kyiv and FON-Kitab observations.
The scatter of O-C values is greater in both coordinates
for the FON-Dushanbe observations than for the FON-
Kyiv and FON-Kitab observations. A systematic O-C
shift is noticeable in the RA coordinate for all asteroid
positions from the two FON-Dushanbe zones. To find the
reasons for the appearance of systematic O-C shift at the
asteroid positions, they were further analyzed.

Firstly, several plates were selected, where many
asteroids identified, their O-C differences have large
values, and a clear systematic O-C shift was found. For
example, on plate N0.1108 with identified seven asteroids,
the coordinates of all stars were also analyzed. All stars on
this plate were identified and O-C differences were
calculated (Fig. 4) between the coordinates of the stars
determined on the plate and identified in the Gaia catalog.
From the analysis of the coordinate differences, both
separately for the magnitude intervals, and as a whole,
systematic shifts for the coordinates of stars inherent in
the positions of asteroids were not found.
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==» =FON - KYN
==s =FON - KITAB

N/Nm

0-C,RA, arcsec
w=eeFON - DUSHANBE
==a =FON -KYIV
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4 -3 -2 -1 0 1 2 3 4
0-C,DEC, arcsec

Figure 3: Histograms of distribution of O-C differences
on both coordinates for 302 asteroid positions from the
FON-Dushanbe observations.
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Figure 4: Distribution of O-C differences between the
coordinates determined from plate No. 1108 (observations
of FON-Dushanbe) and identified from the data of the
Gaia DR2 catalog for 14103 stars.
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Figure 5: Dependence of the O-C differences on the
values of orbital velocities for all asteroid positions.

Secondly, the O-C differences for all asteroid positions
were analyzed depending on asteroid orbital velocities
near the corresponding observational moments. The
results are shown in Fig. 5. A clear correlation of the O-C
differences of asteroids with the value of their orbital
velocities near the observational moments was found in
the right ascension coordinate. For asteroids with a higher
orbital velocity, the largest values of the O-C differences
and their significant scatter are observed. Therefore, the
systematic shift of asteroid O-C differences may be the
result of a systemic underestimation of time in the
positions of asteroids, as also noted in the article by
Yizhakevych et al. (2018). According to the preliminary
estimates, its value can reach several minutes. Further
analysis of the results is also required using the remaining
observations from other FON-Dushanbe zones. As a re-
sult, the systematic component of the asteroid positional
errors can be analyzed and, if possible, taken into account.

3. Conclusion

According to the results of processing the digitized
plates of the third part of the FON project in Dushanbe,
more than 300 asteroid positions were obtained.

Precise recording of the time of each exposure on a
photographic plate, as is required when observing moving
celestial objects, was not a necessary requirement for ob-
serving stellar areas in the FON project implementation.

Therefore, using FON observations to determine the
precise positions of moving celestial objects may lead to
some increase in positional errors for different plates or
their groups. However, in most cases, this leads to an in-
crease in the random component of these errors. So, the
systematic components of errors should be analyzed and,
if possible, taken into account.

We note that the observations of the FON-Kyiv and
FON-Kitab parts gave successful results in identifying the
positions of asteroids compiling their catalogs and deter-
mining their positional accuracy.
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The use of new digital technologies for processing ob-
servations made it possible to increase the total number of
positions of small bodies of the Solar System by searching
for images from various digitized archives of observations
of previous years as well as to increase their accuracy.

The covering of time intervals with missing data on as-
teroid positions and their analysis can be useful not only
for modern ephemeris calculations but also for studying
the evolution of asteroid orbits along time, non-
gravitational effects, and others. These missing data can
be obtained from the digitized observational archives of
the UkrVO (Pakuliak et al., 2013; Vavilova et al., 2016;
2017; 2020), modern processing methods (Savanevych et
al., 2015a; 2015b; 2018) and other databases.

The magnitudes of asteroids determined simultaneously
with their coordinates can be used to determine the pho-
tometric characteristics of asteroids, constructing light
curves and phase dependencies.

Note. While the article was being typeset, a previously
lost log-book of observations was found. Preliminary analy-
sis of several records showed differences in observational
moments. This gives hope for a decrease in the values of
the O-C differences for asteroids. The work is continued.
The final complete list and positions of asteroids will be
received after all observations have been processed.
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ABSTRACT. The overview of the content of an Archive
of the spectral photographic observational data stored at the
MAO NAS of Ukraine in 1965-1985 is presented. Being
the part of the Ukr\VVO Joint Digitized Archive, this archive
contains of 50,000 spectra of mostly variable stars.

The spectral photographic material (glass astroplates)
was obtained by the 70-cm reflector AZT-2 (MAO NAS of
Ukraine, Kyiv), 60-cm Zeiss telescope at the Mount Ter-
skol (North Caucasus, Russia), and 1-m telescope at the
Mount Sanglok (Institute of Astrophysics, Tajikistan)
equipped with spectrographs UAGS with a set of gratings
to obtain dispersions in the range of 29...167 A/mm of the
wavelengths 3500...6800 AA. There is also data related to
the observations by the Double Short Astrograph (MAO
NAS of Ukraine) with a pre-objective prism to monitor
Nova Cygni 1975 in the initial stage of outburst. Almost all
the spectra are calibrated with the 9-step attenuator and
comparison spectra for the wavelength scale.

We discuss observational programs (aims, instruments,
results), in frame of which this archive was accumulated, as
well as key principles for digitizing spectra and their pro-
cessing by modern tools of virtual observatory software.

Keywords: astroplates, database, variable stars, spectral
photographic archive.

AHOTAIISL. Y pobori npencTaBiieHO OIS apXiBy aa-
HUX CIEKTPaJbHUX CIOCTepeXeHb, oTpuMaHux B ['AO
HAH VYkpainu 3 1965 poxy. Lleit apxiB oxomiroe nepioa
vacy 0m3bko 20 pokiB i MicTuth 50 000 criekTpiB, rOI0B-
HUM YMHOM, 3MiHHHUX 3ip.

CrexrpansHuii oromarepian (CKJISHI aCTPOIIIACTHHKH)
oTprMaHuii 31e0ibmoro Ha 70-cM pedpaxropi A3T-2 (TAO
HAH Vkpainu, Kuis), a Takoxx 60-cMm Teneckort Lletic Brco-
KoripHoi o6cepsaropii Ha iy Tepckon (ITiBniunmii Kaskas,
Pocis) Ta 1-MeTpoBoMy Testeckorti Ha ropi Canriok (IHcTuryT
actpo¢izuku AH TamkukicTany), OCHaIIICHOMY CIIEKTpOTpa-
¢damu UAGS 3 HaOOpOM TpaToK Jyisi OTPUMAHHS JUCIICPCii
29...167 A/mm y miana3oni nomxuH xBuiib 35006800 AA. A
TaKOX JlaHi, oTprMaHi Ha [ToBIiHOMY HTUPOKYTHOMY acTpo-
rpadi ('AO HAH Ykpainn) 3 10006’ €KTHBHOIO IPU3MOIO IS
monitopunry Nova Cygni 1975 na movaTkoBiii craii cra-
saxy. Maiixe BCi CIIEKTPH BiKaIiOpoBaHi 3a JOMOMOror0 9-
CTYIIIHYACTOTO aTTCHIOATOpA Ta CIICKTPIB MOPIBHSIHHS JUISA
IIKAITH IOBXUH XBUJIb.

YV po0oTi pO3TISHYTO CIIOCTEPEIKHI MporpamMu (MeTa, iH-
CTPYMEHTH, PE3yJIbTaTH), B pPaMKaX SKUX OYB HAKOITHYe-
HHUIA 11e# apXiB, a TAKOXK KIFOYOBI MPHUHIMITH OLU(PYBaHHS

CHEKTPiB Ta X 0OPOOKH CydaCHHMH IHCTPYMEHTaMH Ipo-
TpaMHOTO 3a0e3MevYeHHs BipTyalibHOI 00cepBaTopii.

KrouoBi ciioBa: acTporiacTHHKY, 6a3u TaHUX, 3MiHHI
30pi, CIeKTpanbHui (hoTorpadiuHmii apXiB.

1. Introduction

In 2020, the next International Workshop on Stellar Spec-
tral Libraries (IWSSL) was supposed to be held in Beijing.
One of the main issues to be considered at the meeting can
be defined as the problem of preparation of stellar spectral
libraries (SSL) for data sharing, simplification of access to
their archives, and the use of VO tools for the solution of the
first two challenges (http://svo2. cab.inta-csic.es/projects/is-
sibj/). The priority of this task is determined by the “consid-
erable disagreements on the atmospheric parameters and
chemical abundances of stars, and on the ages, metallicities
of masses of galaxies, persist for decades” due to different
approaches to observations, spectra restoration, and analysis
used in every SSL, as it is noted in the objectives of AU
Commission G5 WG Stellar Spectral Libraries
(https://www.iau.org/ science/scientific_bodies/work-
ing_groups/306/). Thus, the systematic uncertainties of SSLs
prevent the resulted catalogues from providing the compre-
hensive coverage of the galactic evolution even if the internal
accuracies of the components are extremely high.

David Montes presented the most complete list of SSLs
of all types, both existing and future (https://webs.ucm.es/
info/Astrof/invest/actividad/spectra.html). We note some
of the state-of-the-art SSLs.

X-Shooter Library (XSL) contains the collection of 3000—
25000A medium-resolution (R~10000) stellar spectra ob-
tained with the X-Shooter spectrograph at the VLT in 2009—
2010 (pilot program) and 2012-2014 (Large Program).

The second data release (Gonneau et al., 2020) contains
813 observations of 666 stars covered the extended wave-
length range, including infrared data and spectral types be-
tween O and M. Spectra are available via CDS
http://cdsarc.u-strasbg.fr (ftp://130.79.128.5) or via http://
cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/634/ A133.

MILES Library contains near 1000 stars spanning a
large range in atmospheric parameters. The spectra were
obtained at the 2.5m INT telescope and cover the range
3525-7500A at 2.5A (FWHM) spectral resolution.

The shape of the continuum for the stellar spectra has
been carefully calibrated. The current version of the Library
presents a high level of homogeneity (Falcon-Barroso et al.,
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2011). The complete library is available as single tar files
in ASCII and FITS formats at the website of the project as
well as a set of WEBTOOLS to retrieve, handle and trans-
form the data (http://miles.iac.es/pages/stellar-libraries.
php). The VO access to the MILES was developed at Span-
ish VO (http://svo2.cab.inta-csic.esvocats/ v2/miles/).

Gaia Benchmark stars (GBS) is a library of high reso-
lution and high signal to noise ratio stellar spectra. Ex-
tremely high-resolution spectra of ~ 40 stars are spanning
FGK spectral classes. The stars benefit from interferomet-
ric observations and have extremely accurate associated
stellar parameters. This library can be used as a set of cali-
bration stars for automatic stellar parameter pipeline devel-
opments in on-going spectroscopic surveys. Data are avail-
able through https://www.blancocuaresma.com/s/bench-
markstars or at the CDS as catalog 111/281 (Blanco-Cuar-
esma et al., 2014).

Among the SSLs with low-resolution the LAMOST
project (China's Large Sky Area Multi-Object Fiber Spec-
troscopic Telescope) stands out (Cui et al., 2012). The Em-
pirical SSL from the LAMOST in its last release DR7 con-
tains 14.5 million low (10.6 million) and medium resolu-
tion (R ~ 1800) flux calibrated spectra of ~ 8 million stars
across the Galaxy with a wavelength coverage of the entire
optical range. The number of high-quality (S/N>10) spectra
reaches 11.4 million. A catalogue, which has provided stel-
lar parameters of 5.34 million stars, was also released in
this data set. The DR7 is available at http:// dr7.lamost.org.

The examples of the design of SSL web-interfaces for data
search and presentation of query results are the ELODIE on-
line database of 35 000 high-resolution stellar spectra (http:/at-
las.obs-hp.fr/elodie/) and the DAO Spectroscopic Plate Archive
(http://www.cadc-ccda.hia-iha.  nrc-cnre.gce.ca/en/search/?col-
lection=DAOPLATES&noexec=true).

ELODIE archive preserves data obtained with ELODIE
echelle spectrograph at 1.93 m telescope of Observatoire de
Haute Provence. The spectra have the nominal resolution
R~42 000 and S/N>3. Spectra can be visualized on-screen
or are available for download as FITS-files. The re-pro-
cessing of data is organized on the fly as a pipeline. The
present archive is extended with spectra of new instrument
SOPHIE, which are available through the same interface.

The DAO spectroscopic plate collection consists of
1) over 16 800 high-dispersion spectrograms exposed at the
coudé focus of the 1.2-m DAO telescope and McKellar
spectrograph between 1962 and 2000, and 2) more than 93
000 spectra obtained at the Cassegrain focus of the DAO
1.8-m telescope and spectrograph between 1918 and 1984.
The interface of archive and query builder allow searches
by important criteria (object name, date, wavelength) and
presents the results of the search in a tabular format.

The NVO Virtual Observatory Spectrum Services
(http://voservices.net/spectrum/default.aspx) proposes the
web-interface for the search of objects in SDSS DR6 col-
lection by means of related VO services built using the VO
ConeSearch standard. The collection of spectra is expand-
able. The registered users can upload their own spectra and
use VO tools for their processing. The site provides several
visualization and computational tools (Dobos et al., 2004).

The list of available VO tools and software for processing
the spectral data can be accessed through the IVOA web-site
https://www.ivoa.net/astronomers/applications. html.

So, a vast amount of spectral data with a quality from
low to medium resolution is available from releases of the
Gaia space mission and its complementary ground-based
spectroscopic surveys.

The question is: why, having millionth SSL, we intend
to digitize spectral photographic archives with dozens or
hundreds of objects? Which science could be done with ar-
chival data?

The answer is: a collation of archival and modern obser-
vational data is crucial for astronomical objects, which
manifest variability of their physical parameters (novae,
variable stars, multiple systems) and might display new
facts (for example, as € Aurigae) about properties during
evolution (Griffin, 2013).

The correct digitization and treatment of the old stellar
spectra, regardless of apparent quality, is the main demand
for the glass collections of spectral plates to preserve the
information which they bear.

2. The UkrVO database of spectral archive

The glass library of the MAO NAS of Ukraine is still a
hard-to-reach repository of a huge amount of astronomical
data. Searching for information even in a separate glass ar-
chive is an almost impossible task due to problems of its
orderliness, visibility, the ability to use search algorithms,
time consumption, performance, media aging, physical loss
of information, etc. Digitized archives are devoid of all
these shortcomings and make it possible to obtain infor-
mation in full on a set of archives and at finite intervals
(Vavilovaetal., 2011, 2020; Savanevych et al. 2015, 2017).

At the moment, the Ukrainian VO archive contains of
654 digitized spectral astronegatives, mostly of variable
stars. Table 1 shows the name and type of stars as well as
the number of spectral astronegatives for these objects.

We started the process of digitizing this collection with
the photographic spectra, which can be systematized. It aims
at creation a database of free access using modern image dig-
itizing technologies. Plate digitizing is conducted using a
flatbed scanner Epson Expression 10000XL with 16-bit gray
levels, resolution of 4800 dpi. Digitized images are stored in
TIFF and FITS formats (http://ukr-vo. org/spectra/). The
SSL database is described by Pakuliak et al. (2014).

3. Observational and research projects

The spectral photographic material (glass astroplates)
was obtained by the 70-cm reflector AZT-2 (MAO NAS of
Ukraine, Kyiv), 60-cm Zeiss telescope at the Mount Ter-
skol (North Caucasus, Russia), and 1-m telescope at the
Mount Sanglok (Institute of Astrophysics, Tajikistan)
equipped with spectrographs UAGS with a set of gratings
to obtain dispersions in the range of 29...167 A/mm in the
wavelengths 3500...6800 AA.
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Table 1. Description of the UkrVVO archive of spectral pho-

tographic astroplates with variable stars observed in 1965— 33 5 Cyg 1 ngh_ proper-
1985 and stored at the MAO NAS of Ukraine motion Staf
34 {Cyg 7 Spectroscopic
i binary
. Number Type
No Object of spec- (S|My§ AD) 35 & Cyg 17 Spect_roscopic
tral as- binary
tronega- 36 UX Dra 2 Carbon Star
tives 37 B Dra 20 Star
1 R And 26 S Star 38 x Dra 5 Spectroscopic
2 W And 14 S Star binary
3 EG And 5 Symbiotic Star 39 ¢ Eri 3 Variable of BY
4 B And 14 High proper- Dra type
motion Star 40 R CMi 4 S Star
5 a Agl 5 Variable Star of 41 B Gem 24 High proper-
delta Sct type motion Star
6 y Aql 11 Star 42 vy Gem 1 Spectroscopic
7 o Agr 7 Star binary
8 R Boo 1 Variable Star of 43 £ Gem 7 Variable Star
Mira Cet type 44 p Gem 7 Long-period
9 V Boo 1 Long-period variable star
variable star 45 & Gem 6 High proper-
10 n Boo 6 Spectroscopic motion Star
binary 46 p Gem 1 High proper-
11 R Cam 2 S Star motion Star
12 T Cam 6 S Star 47 v Gem 1 High proper-
13 XX Cam 1 Variable Star of motion Star
R CrB type 48 a Her 18 Double or
14 R Cas 22 Variable Star of multiple star
Mira Cet type 49 n Her 17 Double or
15 T Cas 4 Variable Star of multiple star
Mira Cet type 50 ¢ Hya 5 Rotationally
16 V Cas 6 Variable Star of variable Star
Mira Cet type 51 Sp K 3 Unknown star,
17 SU Cas 1 Classical Cepheid possibly K-type
(delta Cep type) star
18 TU Cas 1 Classical Cepheid for comparison
(delta Cep type) 52 R Leo 6 Variable Star of
19 UV Cas 2 Variable Star of R Mira Cet type
CrB type 53 {Leo 7 Variable Star
20 B Cas 12 Variable Star of 54 n Leo 3 Star
delta Sct type 55 alep 3 Variable Star
21 d Cas 2 Eclipsing binary 56 R Lyr 3 Long-period
of Algol type variable star
22 n Cep 15 High proper- 57 W Lyr 4 Variable Star of
motion Star Mira Cet type
23 o Cet 2 Variable Star of 58 a Oph 7 Double or
Mira Cet type multiple star
24 T Cet 6 High proper- 59 a Ori 10 Red supergiant
motion Star star
25 V Cnc 2 S Star 60 B Ori 9 Blue supergiant
26 SCrB 3 Variable Star of star
Mira Cet type 61 7® Ori 2 High proper-
27 R Cyg 2 S Star motion Star
28 U Cyg 2 Carbon Star 62 v Peg 4 High proper-
29 CH Cyg 210 Symbiotic Star motion Star
30 RT Cyg 6 Variable Star of 63 o Per 13 Variable Star
Mira Cet type 64 y Per 1 Eclipsing binary
31 RU Cyg 2 Variable Star of of Algol type
Mira Cet type 65 v Per 3 Star
32 y Cyg 2 Variable Star 66 V Sge 1 Nova-like Star
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67 SU Tau 1 Variable Star of R
CrB type
68 a Tau 15 Long Period
Variable
candidate
69 R Tri 4 Variable Star of
Mira Cet type
70 R UMa 2 Variable Star of
Mira Cet type
71 B UMa 1 High proper-
motion Star
72 R Vir 3 Variable Star of
Mira Cet type
73 y Vir 1 Double or
multiple star
74 R CVn 1 Variable star of
Mira Cet type

The first instrument AZT-2 (D = 70 cm) was mounted
in 1959 at the MAO NASU (Fig. 1) for astrophysical pur-
poses: photometric, spectral, and polarimetric observations
of the Solar System bodies and stars.

The research on stellar spectroscopy have started at the
MAO NASU in 1960. They were initiated by Prof.
Tsesevich V.P. and conducted later by his post-graduate
students and followers (Andronov, 2017; Vavilova, 2017).
Among them were 1.G. Zhdanova, F.l. Lukatskaya,
R.1. Chupryna, and later (the “Odessa landing”) M.Ya. Or-
lov (research of RCrB type stars with anomalous chemical
composition), M.G. Rodriges (research of stars of late spec-
tral classes), A.F. Pugach (research of physics of non-sta-
tionary stars), E.S. Kheilo (variable stars in globular clus-
ters, astronomical instrumentation) and yet later, G.U. Ko-
valchuk, A.E. Rozenbush, R.M. Goncharova.

Observations were carried out at the AZT-2 in Golosi-
ivo (MAO NASU), at large telescopes of the Crimean As-
trophysical Observatory (CrAO) and Shemakha Astrophys-
ical Observatory (ShAQ). Spectral-photometric archive of
the MAO NASU is stored within a large number of obser-
vational projects related to the variable stars of different
types. The observational data are not fully digitized and
systematized due to the absence of observation’s protocols
in several cases. We note several programs.

In 1972, under the leadership of M.Ya. Orlov, the com-
plex studies of non-stationary stars of the R Northern Co-
rona type (R CrB) began, which are characterized by anom-
alous physical composition (significant hydrogen defi-
ciency, carbon excess) and the presence of non-stationary
dust shells, sometimes so dense, that the apparent bright-
ness of the star is weakened by several magnitudes.

In 1974, the photoelectric observations of nonstation-
ary stars were conducted by Pugach A.F., Kovalchuk G.U.,
and Kondratyuk R.R. with AZT-14 at the Terskol Observa-
tory and with MTM-500 television set at the Crimean AO.
Then exactly, the spectral and polarimetric observations of
UV Cas, a little-studied star of the R CrB type, have begun.
Spectral observations of stars of the late spectral types were
continued with AZT-2, the Zeiss universal diffraction spec-
trograph. As a result, 102 spectrograms were obtained (An-
nual Scientific Report of the MAO NASU, 1974, p. 58);

Catalog of B-V stellar magnitudes of spectra of about
20000 stars has been prepared for printing and the spectra
of early stars up to 15™ in the region of the NGC2129 clus-
ter have been recorded (i.e., p. 60); 900 double scans were
obtained at the Terskol Observatory (i.e., p. 80).

Figure 1: The 70 cm reflector AZT-2 (MAO NAS of
Ukraine, Kyiv)

In 1978, the four-color observations of non-stationary
stars with non-periodic brightness attenuation were carried
out (RZ Psc, V530 Cyg, BO Cep, XY Per, RCrB) (Annual
Scientific Report of the MAO NASU, 1978, p. 60); the en-
ergy distribution in the spectrum of n Agl was obtained for
the first time by E.A. Depenchuk (i.e., p. 105).

In 1978, under the “Nadir” research program, the im-
ages of variable stars were registered with the scanning
spectrometer at the observational station “Lisnyky” (Kyiv
National University). The AZT-2 telescope in Golosiivo al-
lowed obtaining 35 scans with a dispersion of 84 A/mm of
Cepheids and standard stars of spectral types F-G. A cata-
log of equivalent absorption line widths in the RR Lyra
spectra has been prepared for publication (i.e., p. 106).

In 1985, the debugging and testing of the operability of
the interface of the automatic electro-spectrophotometer with
the control micro-computer “Electronica DZ-28" (E.A.
Depenchuk, A.F. Pereverzentsev) was completed. Trial ob-
servations were carried out at the Mayaki astronomical sta-
tion near Odessa. Then the equipment was delivered to the
Terskol Observatory and installed at the AT-80 telescope
(Annual Report of the MAO NASU, 1985, p. 105).

The bigger collection of observations of variable stars,
which are at the disposal of the Astronomical Observatory of
the 1.1. Mechnikov National University of Odesa, numbers
~84000 photographic plates obtained with the 7-camera as-
trograph at the Mayaky station in 1957-1998 (Chochol et al.
1999; Simon et al. 2002; Andronov et al. 2014). It could be
used as the complemented photometric data while studying
spectra of individual variable stars. Some description about
collection of spectral and photometric observations of stars
stored at the CrAO (Shlyapnikov et al. 2019) can be found
through web-site of the Crimean Virtual Observatory
(https://sites. google.com /view/cravo-invo/about).
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4. Digital versions of star spectra from photographic
astronegatives

Figure 2 shows a digital version of the XX Cam spec-
trogram from the MAO archive as the example. It includes
information about the star’s name (XX Cam), date of ob-
servation (Oct 15/16, 1978), number in the journal of ob-
servations (Z-413) as well as the time of exposure (70 min).

This object (No. 13 in Table 1) has only one spectrogram
that make unable to use it for the following study with a spectral
archive of the MAO NASU. Object of observation: the star XX
Cam [a (J2000) = 04"08™38.75, 5 (J2000) = +53°21'39.35"], one
of the brightest stars of the R CrB type (V = 7™.35), radial ve-
locity 15.5 km/s, parallaxes 0.6407 + 0.0355 mas, spectral type
F8I C, Gaia DR2 275138564223556608. From the year 1898
till to date, apparently XXX Cam has undergone only one visual
brightness light minimum in 1939-1940. From inspection of a
single low-dispersion spectrogram obtained in 1947, Bidelman
(1948) noted abnormal weakness of the hydrogen lines and
presence of the lines carbon as well as he marked general simi-
larity of the spectra of XX Cam and R CrB (Orlov & Rodriguez,
1974). The stars of R CrB type were deeply studied in various
observational programs of the MAO NASU, see, for example,
the monograph by Zhiliaev et al. (1978) and papers by Zacs et
al. (2007), Yakovina et al. (2013). The R CrB stars as the long-
term variables are of particular interest for the modern projects
such as the VASCO (Villarroel et al. 2020).
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Figure 2: Digital version of the XX Cam spectrogram
from the spectral archive of the MAO NASU

One of the interesting objects from a spectral archive is
the R And (No. 1 in Table 1, 24 spectral astronegatives,
Gaia DR2 379224622732758528). Object of observation
(Fig. 3): R And [o (J2000) = 00"24™M01.95%, § (J2000) =
+38°34'37.33"], S star (V = 5.8™ — 15.2™), parallaxes
4.1281 + 0.4616 mas, radial velocity —6.40 km/s, spectral
type S5-7/4-5e B. It shows periodic variations in brightness
approximately every 409 days (Samus et al., 2009).

The spectrum visualization of digitized spectrogram of
R And in scale of scan is given in Fig. 4. It obtained with
software developed by S.G. Sergeev (Crimean Astrophysical
Observatory), which creates a standard FITS file with the re-
quired header parameters. That is, the source file will be in-
terpreted by any spectra processing software tools likely
IVOA VOSpec (Baines et al., 2009), Aladin, DECH20
(Galazutdinov, 1992) etc. As a result, it will be possible to
“breathe new life” in old spectral photographic archives of
variable stars from their discovery (for example, Pickering,
1895) to nowadays research: chemical composition and mo-
lecular spectra (Lambert 1988), spectral variability (Zacs et

al., 2016), methods of processing (Calderon et al., 2002), VO
spectral stellar library (Mickaelian et al., 2017) etc.
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Figure 3: Digital version of the R And spectrogram from
the photographic archive of the MAO NASU (observa-
tion date: Oct 31 — Nov 1, 1975; exposure: 6 min)
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Figure 4: Visualization of R And spectrum from the dig-
itized astronegatives in scale of scan as in Figure 3 (axis
X: in pixels of X axis of scan; axis Y: relative flux)

5. Conclusion

We describe the start points of the new UkrVO project re-
lated to the development of database of astronegatives with
stellar spectra from the archive of the MAO NASU. Now
it contains 654 systematized spectra, mostly of variable stars,
and covers observational period of 1965-1985 years. We en-
visage the main stages of the project as follows:

« Systematization of spectra collection (creation of data-
base for the archive of photographic stellar spectrograms).

« Search for any reports on the topic and for annual re-
ports in the archieve of the MAO NASU with description
of the observational material (instruments, objectives of ob-
servational programs, observers, results etc.).

» Search for scientific articles written by observers that
describe their results and observational programs, etc.

» Digitization of star’s spectra.

« Further reduction of spectra extracted from astro-
nomical negatives, including programs to compute astro-
metric solution, extract spectra, and apply wavelength and
photometric calibration for objects.

« Interactive access and processing of digital versions
of spectra.

« Identification of spectral lines.
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« Scientific project with archive of Spectral Digital Li-
brary of the UkrVO (http://ukr-vo.org/spectra/).

The implementation of advanced digital technologies to
ensure the interactive use of accumulated data on archive
spectra of individual stars is of particular relevance, given
the possibility of retrospective analysis of their state at time
intervals from decades to days.
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